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Summary-An accurate spectrophotometric method is proposed for 
the determination of calcium in zirconium powder by use of murexide. 
A 04-g sample is dissolved in hydrofluoric and sulphuric acids, the 
solution evaporated to fumes of sulphuric acid, and a mercury 
cathode electrolysis made if more than 0.05’% copper or nickel is 
present. Ammoniacal precipitation in the presence of ammonium 
chloride separates zirconium and other elements and an aliquot of 
filtrate is collected, equivalent to 0.2 g of sample. The ammonium salts 
are destroyed with nitric and hydrochloric acids and the calcium is 
determined with murexide. The high reagent blank is shown to be due 
to the reagent grade nitric acid, hydrochloric acid, and ammonium 
hydroxide. 

ZIRCONIUM powder is used in pyrotechnics, primers, and flashlight powder. It is 
usually manufactured by reacting zirconium oxide or halide with calcium metal,‘e2 
so calcium is a common contaminant. 

There is need for an improved method for the determination of calcium in zir- 
conium powder. The U.S. Military Specification for zirconium powde? describes a 
method in which zirconium is separated by ammoniacal precipitation, and the 
calcium precipitated as calcium oxalate, which is then titrated with permanganate. 
Elwell and Wood4 pass a hydrofluoric acid solution of the sample through a cation- 
exchange resin which retains the calcium. The calcium is eluted with hydrochloric 
acid and determined by flame photometry or atomic absorption. The recoveries 
are 65-75 % and the method is recommended for the determination of 04014003 % 
calcium. The direct determination by atomic absorption is not feasible because 
of the quenching effect of the zirconium. Because of the lack of data, ASTM does 
not describe limits or methods for calcium in zirconium.j.‘j 

Much work has been performed on the calcium-murexide colour and this work 
has been summarized 
prisingly, the method 
as zirconium powder. 

by Sandel17, by Ivanova and Sirnova and by Hunter.g Sur- 
does not seem to have been applied to metallic materials such 

EXPERIMENTAL 

Reagents 

Stanahrd calcium sohtions. No. 1 (1 ml = I.0 mg Ca): dry reagent grade calcium carbonate 
for 3 hr in an oven at IlO”, transfer 1.2486 g to a covered 400-ml beaker, add 10 ml of dilute 
hvdrochloric acid (1 + 3). wash down the sides of the beaker. boil for 3 min. cool. and dilute to 500 ml 
in’ a volumetric flask. Nb. 2 (1 ml E 0.01 mg Ca): dilute’ 5 ml of solution io. 1 to 500 ml in a 
volumetric flask; prepare fresh daily. 
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,‘Lleth_yI Orange indicator soiution 0.1 %w/v. 
Murexide solution. Dissolve 40 mg of good grade murexide in 75 ml of water at IO’ in a glass- 

stoppered 250-ml Pyrex bottle and add 175 ml of 95% ethyl alcohol. Store in a refrigerator at 
about 10’. This solution will keep for at least 20 days. 

Preparation of calibration curve 

Rinse all glassware with hydrochloric acid before use. Transfer 2.0, 4 0, 6 0, 8-O and lO.O-ml 
portions of standard solution No. 2 to 800-ml beakers and add 50 mf of water, 2 mi of sulphuric acid, 
2.5 g of a~onium chloride, and 3 drops of Methyl Orange indicator. 
the entire procedure (this is essential). While swirlin 

Carry a reagent blank through 
g the beaker add ammonia solution (1 i I) 

until the solution turns yellow and then add 30 ml of nitric acid. Boil down, without cover glasses, 
at the highest heat of the hot-plate to fumes of sulphuric acid and continue heating till complete 
disappearance of fumes. Allow to cool, wash down the sides of the beaker, and add 25 ml of nitric 
acid and 25 ml of hydrochloric acid. Again heat at highest heat of the hot-plate till complete 
disappearance of fumes, Allow to cool, wash down the sides of the beaker, and boil down to dryness. 
Again allow to cool, add 30 ml of water, and boil down to 20 ml. Cool somewhat and wash into 
SO-ml volumetric flasks. Cool to 10-15” in a water-bath. Remove from the water-bath, add 2.0 ml 
of 0.1N sodium hydroxide and wash down with a little water. Add IOGO ml of murexide solution, 
dilute to the mark, and within 30 min measure the absorbance at 505 run with a s~ctrophotometer 
that has been set to 100% transmittance with the reagent blank. (With the Beckman Model B 
spectrophotometer it is necessary to work with a sensitivity of about 3 in order to set the instrument 
to 100% transmittance.) Plot mg of calcium against absorbance. 

Procedure 

Transfer a O-4-g sample to a platinum dish and add 10 ml of water, 4 ml of sulphuric acid and 
2ml of hydrofluoric acid, and swirl. Carry a reagent blank through all steps of the procedure 
(this is essential). Wash down the sides, evaporate to fumes of sulphuric acid at moderate heat, 
and fume for 2 or 3 min. Allow to cool. 

If heavy metals such as copper or nickel are present in amounts greater than 0.05 %, perform a 
mercury cathode electrolysis; otherwise proceed as in the next paragraph. For the mercury cathode 
electrolysis, dilute the solution to about 150 ml, wash into a mercury cathode cell, and electrolyse 
at 5 V for 45 min. Filter through a Whatman No. 42 filter paper into a 400”ml beaker that has 
graduated markings. 

Dilute to about 300 ml, add 5 g of ammonium chloride and 3 drops of Methyl Orange indicator, 
and heat to about 90’. Remove each beaker from the hot-plate individuaIly, add ammonia solution 
(1 + I) from a burette, with vigorous stirring, until the first sign of a precipitate, and then continue 
the addition dropwise until the solution just becomes yellow. Dilute to the 350-ml mark with hot 
water (temperature about 90’) and allow the beaker to stand near the edge of the hot-mate for 
5 min so that the precipitate settles. Filter i~ed~ately through a What&n No. 41 fiber paper 
into a 400-ml beaker with graduated markines. Discard the first 25 ml and collect 175 ml. 

If the manganese con&t is greater th%a 0,05x make a manganese dioxide precipitation; 
otherwise proceed as in the next paragraph. To make the manganese dioxide precipitation, add 
10 ml of bromine water and 5 ml of ammonia solution (I f 1) to the 175 ml of solution in the400-ml 
beaker. Digest at about 95” for 15 min. filter through a Whatman No. 42 filter paper into an 
800-ml beaker, and wash with water. 

Add 30 ml of nitric acid to the solution (contained in an 800-ml beaker) and proceed with the 
evaporations and development of the colour as described for preparation of the calibration curve. 
Convert the absorbance reading into mg of calcium by referring to the calibration curve. Calculate 
as follows: 

%Ca = 
mg of Ca as read from curve 
g of sample in aliquot X 10 

DISCUSSION AND RESULTS 

Effect of temperature 

The use of murexide reagent stabSized by the use of alcohol, as recommended 

by Williams and Moser,lO was found to be desirable. However, the addition of a 

70 % alcohol solution (even if cool) caused the temperature of the sample solution to 
rise 4--S’, owing to the high heat of dilution of alcohol. To prevent this heating effect 
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and subsequent instability, it is recommended that the sample solution be cooled to 
about 10” before addition of the water-alcohol solution of the reagent. The use of 
10 ml of the reagent is recommended, since excess of murexide must be present to react 
with the calcium in the blank. This will be discussed Iater. 

Effect of amount of sodium h_ydroxide solution 

From the work of previous investigators it was judged that an alkaline medium 
was preferable. To ascertain the optimum amount of sodium hydroxide, various 
amounts of 0.1 M sodium hydroxide were added to solutions containing 0.05 mg of 
calcium. Murexide reagent (10X)0 ml) was added, the solutions were diluted to 50 ml, 
and the transmittance was measured (after 5 and 30 min) at 505 nm against the 
reagent bIank. The results (Table I) show that the colour intensity was essentially the 
same over the range 0+3-O ml of 0.1 M sodium hydroxide. The use of 2-O ml of 0.1 M 
sodium hydroxide is recommended (this gave a pH of 10-8 before addition of the 
murexide solution). The colour intensity did not change significantly over the time 
interval 5-30 min. The colour started to change somewhat in hue after about 1 hr. 

TABLE I.-EFFECZ OF AMOUXC OF 0.M SODIUM FVYDROXIDE 
(O-05 mg OF Ca PRESEXr) 

0.1 M NaOH, ml 

0 
0.2 
O-4 
0.7 
1-O 
2.0 
3.0 
5.0 

10.0 

Transmittance, % 

After 5 min After 30 min 

97 91 
59 59 
48 47 
48 48 
45 48 
47 47 
47 48 
54 56 
58 69 

Absorption curves 

The absorption spectrum of murexide has the absorption maximum at about 550 
nm; that of calcium murexide, has the maximum at about 505 nm. It is recommended 
that the calcium murexide colour be read at 505 nm. 

Calcium from the blank 

In applying the method to zirconium, fairly large amounts of nitric acid, hydro- 
chloric acid, and ammonia solution had to be used and it was found that these 
reagents contained surprisingly large amounts of calcium. The source of this calcium 
is probably the soft glass bottles used for shipping these reagents (bottle glass contains 
4614% calcium oxidell,lZ). Therefore IOO-ml portions of these reagents were 
evaporated to dryness in platinum dishes and aIso Pyrex beakers. The residues were 
dissolved in boiling water and the calcium was determined by the murexide reaction. 
The results (Table II) show that on the average there were 0*025,0*032, and O-039 mg 
of calcium in 100 ml of the nitric acid, hydrochloric acid, and ammonia solution 
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TABLE II.-CALCIUM M REACESTS 

Calcium found, mg/lOO ml 

Reagent Evaporated in platinum 

Nitric acid 0.027 
Hydrochloric acid 0.031 
Ammonium hydroxide 0.040 

Evaporated in Pyrex 

0.013 
0.032 
0.035 

respectively. The results did not differ significantly for samples evaporated in platinum 
dishes or Pyrex beakers (this was not unexpected, since Pyrex does not contain 
detectable amounts of calcium13). 

Equilibrium conditions for the calcium murexide complex depend somewhat on the 
amount of calcium present. Hence, in preparing the calibration curve it is necessary 
to treat portions of standard calcium solution with nitric acid, hydrochloric acid, 
and ammonia solution as in the method, in order to compensate for the effect of the 
large amount of calcium contained in these reagents. 

The blank from these materials could be reduced by use of specially purified 
reagents. However, this laboratory was interested in methods that would use ordinary 
analytical reagents. 

Study of separations 

The cupferron precipitation followed by chloroform extraction was ruled out 
because it did not eliminate several interfering metals. Ion-exchange was found to be 
open to the same objections. The separations finally decided upon were a mercury 
cathode electrolysis, followed by an ammoniacal precipitation in the presence of 
ammonium chloride to provide buffering. l3 It is known that zirconium and calcium 
hydroxides are precipitated at pH 3 and 12.5 respectively.r3 To avoid washing the 
precipitate a fraction of the hot filtrate is taken. This is readily done by using beakers 
with graduated markings. There is a small error caused by expansion, but because 
the fraction used is very large and the amount of calcium in zirconium is small (less 
than 0.05 %), the error is not significant. 

An important advantage of the use of the ammoniacal precipitation is that the 
zirconium hydroxide acts as scavenger to remove many possible interfering metals 
from solution. It would be expected that small or moderate amounts of the following 
would be completely co-precipitated with zirconium hydroxide: hafnium, titanium, 
chromium, vanadium, uranium, aluminium, iron, phosphorus, lead, bismuth, 
tin, arsenic, antimony, selenium, tellurium, gallium, germanium, niobium, tantalum, 
beryllium, cerium, thorium, indium, and platinum metals. 

After the ammoniacal precipitation it was necessary to destroy the large amount 
of ammonium salts before the colour could be developed. Initially, this was done by 
evaporating the filtrate to dryness in a platinum dish and heating over an open flame 
to volatilize the ammonium chloride and ammonium sulphate. It was found that 
considerable calcium was lost in the cloud of vapours, so this technique was aban- 
doned. The method finally adopted was the nitric-hydrochloric acid treatment to 
oxidize the ammonium ion to nitrogen. No ammonium salts remained after this 
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treatment and no calcium was lost. The technique is fairly rapid since the evapor- 
ations are conducted at the highest heat of the hot-plate. 

Study of interferences 

The use of both the mercury cathode electrolysis and ammoniacal precipitation 
eliminates all except a few elements. Manganese and tungsten are partially removed, 
while calcium, sodium, potassium, lithium, magnesium, barium and strontium are 
not removed. Potassium and lithium are not found in zirconium. Sodium is occa- 
sionally found in traces in zirconium but does not interfere (the hydroxide is used in 
the procedure). The investigation of interferences was therefore confined to 

magnesium, barium, strontium, manganese, tungsten and mercury (possible 

contamination from the mercury cathode). 
The results are shown in Table III. These indicate that there is a complex equi- 

librium involving calcium, the second metal and murexide. The following are 

suggested as the maximum permissible limits (per 50 ml) for the interfering ions: 
magnesium, O-3 mg; barium, O-2 mg; strontium, 0.01 mg; manganese, O-1 mg; 
tungsten, 1 mg; mercury, O-2 mg. 

Williams and Moser,‘O using pH 11-2 and a different technique, found that the 
maximum permissible amounts of magnesium, barium, and strontium were O-5, 
0.25, and O-05 mg per 50 ml, respectively. 

TABLE III.-STUDY OF INTERFERENCES 

Interfering element, 

“6” 

Mg 0.1 
0.3 

Ba 

0.5 
1.0 
1.5 
0.2 
0.5 
1.0 
1.5 

0.05 
0.01 
0.2 
0.3 
0.5 
1.0 
0.1 
0.3 
0.5 
1.0 

Calcium present, mg Calcium found, mg 

0.000 0.000 
0.000 0.000 
OGOO 0.008 
0~000 O-016 
0~000 0+?4 (amber) 
0.050 0.049 
0.050 0.049 
0.050 0.048 
O-050 0.054 

0400 omo 
0.000 oaoo 
0.000 0.001 
omo 0033 
0.000 0.003 
omo oxlO 
O-050 0.052 
O-050 O-062 
O-050 0.062 
0.050 O-065 

Sr 0.01 oaoo O-002 
0.05 0 000 O-008 
o-1 oxlOo 0.028 
0.3 0.000 0.060 
0.5 0.000 O-072 
0.1 O-050 O-072 
0.3 0.050 O-106 
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TABLE III (continued) 

Interfering element, 

Y Calcium present, rn; Calcium found, rng 

MII 0.05 0.000 0400 

0.1 0.000 0.002 

0.3 0.000 0.006 
0.5 0.000 0.010 
1.0 0.000 0.108 (amber) 
0.05 0.050 O-047 

0.1 0.050 0.049 
0.3 0.050 0.049 
0.5 0.050 0.048 
1.0 0.050 0.125 (amber) 

W 0.1 0.000 O-000 
0.5 0.000 0.000 

20.0 0.000 0.000 
30.0 0.000 0.002 

0.3 0.050 0.053 
1.0 0.050 0.049 
2-O 0,050 0.036 

10.0 0.050 0.000 

HgCII) 0.1 0.000 0.000 

0.3 0.000 0.000 

0.5 0.000 0.006 

1.0 0.000 0.032 

3.0 0.000 ox)49 

0.1 0.050 0.050 

0.3 0.050 0.054 

0.5 0.050 0.056 

1.0 0.050 0.075 

The recommended interference limits would indicate that the proposed method 
would be applicable to samples (0.2.g aliquot) containing less than 0.15 ‘A magnesium, 
O-1 % barium, 0.005% strontium, O-05 % manganese, and O-5 % tungsten. These 
amounts of magnesium, barium, strontium, and tungsten are less than the amounts 
to be found in commercial zirconium powder. It is rare for a sample of zirconium 

powder to contain more than 0.05 % manganese. However, to take care of all even- 
tualities, it was decided to include a precipitation of the manganese dioxide,r4 when 

the manganese content is appreciable. Some of the manganese would, of course, 
be deposited at the mercury cathode. The maximum permissible amount of mer- 
cury is more than that which would be found in the solution after the electrolysis. 

Results for calcium in zirconium powder 

The results obtained for calcium in four samples of zirconium powder are shown 
in Table IV. The samples contained 0~000-0~042°~ calcium. Good recoveries were 
obtained on adding standard calcium solution to samples of calcium-free zirconium 
and carrying these synthetic samples through the procedure (Table V). 
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TABLE N.--RESULTS FOR CALCIUM IN ZIRCONIUM POWDER 

Sample Calcium found, % 

If O-007, 0~006,0008 
2’ 0.004, 0.005 
3* 0~000,0~000 
4 0~011,0~009 
5 (granular, low grade)? 0-039,0~042 

* Mercury cathode electrolysis omitted. 
t Contains 0.10% manganese. 

TABLE V.-RECOVERY OF CALCIUM FROM SYXTHETIC SAMPLES 

Synthetic sample Calcium recovered, mg 

0.4 g of sample 3 + O-025 mg of calcium 0,026 
O-4 g of sample 3 + 0.050 mg of calcium O-049 
0.4 g of sample 3 + 0.100 mg of calcium 0.097 

Zusammenfassung-Eine genaue spektrophotometrische Methode 
zur Bestimmung von Calcium in Zirkoniumpulver mittels Murexid 
wird vorgeschlagen. Eine Probe von 0,4 g wird in Flu%iure und 
Schwefelsiure gel&t, die Ldsung bis zum Rauchen der Schwefelslure 
eingedampft und, falls mehr als 0,05 % Kupfer oder Nickel vorliegen, 
an einer Quecksilberkathode elektrolysiert. Eine Ammoniakfallung in 
Gegenwart von Ammoniumchlorid trennt Zirkonium und andere 
Elemente ab. Ein 0,2 g Probe entsprechender aliquoter Teil des 
Filtrats wird gesammelt, die Ammoniumsalze mit Salpetersiure und 
Salslure beseitigt und das Calcium mit Murexid bestimmt. Es wird 
gezeigt, dan der hohe Blindwert von der analysenreinen Salpeter- 
saure und Salzslure sowie vom Ammoniumhydroxid herrtihrt. 

Rburn~n propose une methode spectrophotomttrique precise 
pour le dosage du calcium dans la poudre de zirconium au moyen de 
murexide. On dissout un Cchantillon de 0,4 g dans les acides 
fluorhydrique et sulfurique, evapore la solution jusqu’a apparition des 
fumees d’acide sulfurique, et effectue une electrolyse a cathode de 
mercure s’il y a plus de 0,05 ‘A de cuivre ou de nickel. La precipitation 
ammoniacale en presence de chlorure d’ammonium &pare le zirconium 
et les autres elements, et l’on recueille une partie aliquote du filtrat, 
equivalant a 0,2 g d’tchantillon. L-es sels d’ammonium sont dttruits 
aux acides nitrique et chlorhydrique et l’on dose le calcium avec le 
murexide. On montre que la valeur elevee du temoin des riactifs est 
due a la qualite de l’acide nitrique, de l’acide chlorhydrique et de 
l’ammoniaque. 
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MICRODOSAGE DU SILICIUM DANS LES COMPOSES 
ORGANIQUES* 

E. DEBAL 
(avec la collaboration technique de M. R.toctw~~) 

Service Central de Microanalyse du Centre National de la Recherche Scientitique, 2. rue Henry 
Dunant, 94-Thiais, France 

(Recu le 28 juin 1971. Accept6 le 23 a&r 1971) 

Rbum&--Les composts organiques silicies sont mintralises en bombe 
de Wtirzschmitt par le peroxyde de sodium et le silicate forme est dose 
par spectrophotomttrie de l’ion silicomolybdique. La masse du 
pmlevement analytique varie de 2 a 6 mg. L’erreur absolue possible 
sur la teneur en silicium est de 0,3-0,4%. 

LE MICRODOSAGE du silicium a l’lchelle microanalytique a donnt lieu a quelques 
travaux dont Reverchon et Legrand’ ont fait un bref rappel. 

Min&aIisation 

En outre, Klimova et collaborateurs,2 puis Klimova et Bereznitskaya,3 Shosta- 
kovskii et collaborateurs,4 Gel’man5 ont decrit des mtthodes permettant les dosages 
simultanes du silicium, du carbone et de I’hydrogene, par combustion sous courant 
d’oxygene, comportant le pesage de la silice formee qui reste a l’interieur de la cart- 
ouche en quartz oh a brQ1e le pr&vement analytique. Leur application n’a pas paru 
appropriee aux besoins de notre Service qui requdraient une mithode plus sptcifique 
se p&ant mieux a une mise en oeuvre sporadique. 

La methode de calcination en creuset de platine en presence d’acide sulfurique 
(Ridge et Todd cites par Belchefl) avec dosage gravimitrique de la silice, mise en 
oeuvre 21 l’echelle milligrammique pendant quelques temps dans notre Service, malgre 
son dtfaut de specificit&, y a et6 abandonnee. Elle conduit en effet trop souvent a 
des erreurs systimatiques portant sur plusieurs microgrammes de silicium et, en 
outre, elle ne convient pas a l’analyse de la plupart des substances liquides. De telles 
difficult& avaient d’ailleurs et6 deja signalees notamment par Belchefl ainsi que 
par Brown et Fowles,’ ces demiers effectuant une attaque initiale du prelbvement 
analytique par un melange d’acide sulfurique et d’acide nitrique. 

La mtthode de mineralisation par combustion en fiole de Schoniger a Cti adopt&e 
par quelques microanalystes tels que Burroughs8 qui utilise une fiole en polyethylene 
et Reverchon et Legrand’ qui emploient une fiole en nickel. 

Les quelques essais que nous avons effectuts avec mineralisation en fiole de 
polypropylene (marque “Nalgene”) dont nous disposions n’ont pas Cti encour- 
ageants : ils ont conduit a l’obtention de resultats errones par defaut et a la per- 
foration frtquente des fioles, par combustion, lorsque des particules enflammCes 
viennent au contact de leur paroi de matiere plastique. La fiole de nickel ne pre- 
sente pas ce demier inconvenient mais son opacite ne se p&e pas non plus A un 
allumage simple en son sein. Ces essais ont done it6 abandonnes au profit de I’ttude 
de la mineralisation en bombe par le peroxyde de sodium A I’instar de quelques 

*Communication present&s dans le cadre des Journtks de microanalyses organis& par la 
Societe Chimique de Fran= et la Socitte de Chimie Industrielle, a Thiais, les 18 et I9 mars 1971. 
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microanalystes tels que Christopher et Fennell qui utilisent 0,2 g de ce reactif et 
portent leur bombe a 500” pendant 15 min. 

La mdthode d&rite ci-apres est une variante de la mtthode initiale de Wiirz- 

schmitt.10 Elle est associee a l’utilisationdes sachets de “Scotch” dlcrits par Reverchonl 
pour le conditionnement, le pesage et l’attaque du prelevement analytique dans la 
bombe; non settlement ces sachets sont indispensables dans le cas de la mineralis- 
ation de produits liquides mais, de plus, ils semblent faciliter la mineralisation de 
certaines substances solides dont les resultats d’analyse sont erronts par defaut 
lorsque les prllevements analytiques sont deposes directement au fond de la bombe 
a l’aide d’un p&se-substance d’apres le mode operatoire original de Wtirzschmitt. 

Dosage 

Le silicate form6 est dose par colorimetrie spectrophotometrique du complexe 
jaune silicomolybdique utilisi par de nombreux analystes tels que Reverch0n.l 

Cependant il n’est pas ttabli de courbes d’etalonnage; il est preferable de pre- 
parer des solutions ttalons en m&me temps que les solutions inconnues qui leur sont 
directement compartes, comme nous l’avons indiqut par ail1eurs.l’ Les calculs sont 
fond& sur l’application d’une simple regle de proportionnalitt. En vue d’ameliorer 
la precision, la loi de Lambert-Beer n’etant pas rigoureusement suivie dans les con- 
ditions operatoires d&rites, les teneurs en silicium des solutions ltalons doivent 

etre voisines de celles des solutions a titrer (les &arts admissibles entre ces teneurs ne 
doivent pas exceder 60-80 ,~g de silicium par fiole jaugte de 200 ml). 

II est connu que le complexe silica-IZmolybdique existe sous deux formes u. et p, 
dont la seconde a un coefficient d’extinction double de celui de la premiere a I. N 400 
nm et se transforme lentement et irreversiblement en forme U. Lorsqu’on effectue la 
mesure de densite optique une quinzaine de minutes aprts l’addition du molybdate, 
comme il est en general indique dans la litterature, le complexe existe alors, en principe, 
sous la forme /? mais d’apres Strickland cite par Hargts I2 il est impossible d’obtenir 

une solution d’isomere /? seul. Nous avons effect& des series de mesures de densitts 
optiques 15 min, 45 min et 17 hr aprts l’addition de molybdate d’ammonium. Elles 
nous ont montr6 que les quantitts de silicium trouvees sont en general tres voisines 
dans le cas des mesures effectuees aprb 15 ou 45 min c’est a dire, sur le complexe p, 
en principe, mais que par contre elles sont quelquefois legerement differentes au bout 
de 15 a 18 hr, c’est a dire sur le complexe CI. Ce sont les dosages effect&s sur le 

complexe c( qui sont les plus exacts. Con-me la quantite de peroxyde de sodium 

utilisee est definie a O,l-0,2 g prb, il s’en ensuit que le pH peut varier legerement 
d’une fiole a l’autre puisque la quantite d’acide ajoutee est constante. Or la valeur 
du pH joue un role important dans la formation des complexes a et /?; il est done 
possible qu’aprb addition du molybdate d’ammonium, il se forme immediatement 
des quantites faibles mais variables de complexe u ce qui expliquerait la meilleure 
reproductibilite des rtsultats lorsque l’ion silicomolybdique est entitrement sous la 
forme u, c’est a dire apres 16 a 18 hr d’attente. 

PARTIE EXPERIMENTLLE 

Materiel 

Microbombes de Wiirzschmitt en nickel aver joint de Tkflon” et dispositif de chauffage et de 
protection. 
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Spectrophotomttre “graphi-spectral” Jouan & 2 cuves. sans enregistreur. 
B&hers de 150 ml en Teflon. 
Accessoires divers: pipettes de precision, bain de sable, fioles jaugees de precision de 200 ml. 

Reuctifs 

Glycol ~thylinique pour usages scientifiques. 
Peroxyde de sodium en poudre pour analyses. 

“Scotch” Minnesota en ruban de 19 mm de largeur. 
Acide sulfurique (d = 1,83) pour analyses. Diluer pour obtenir de I’acide 7N. 
Solution de molybdate d’ammonium. Dissoudre 106 g de molybdate d’ammonium, (NH,), 

Mo70fJ*4Hp0, pour analyses, dans de I’eau distillee. Ajuster le pH h 7-7.5 en ajoutant environ 
28 g de soude en nastilles nour analyses et en diluant a 1 iitre avec de I’eau distiIlke. Conserver la 
so&ion en flacon’de poIy&hyKne. _ 

Solutions de silicate de sodium a 40 et 100 mg de silicium par litre (variante de la methode de 
Reverchon’). Introduire soit 8560 me (solution ?I 40 mg/l), soit 214,00 mg (solution a 100 mg/l) 
de silice exempte de carbone, pour an&es metallurgiqu&, dam une capsde de platine. Ajotter 
soit environ 6 g (solution a 40 mg/l), soit environ 12 g (solution a 100 mg/l) de soude en pastilles 
pour analyses. Faire fondre en chauffant doucement, maintenir le chauffage pendant 30 min et 
apres refroidissement reprendre par de I’eau distill&e bouillante. Ajuster le pH B I,5 (essai a la 
touche sur papier a pHf en ajoutant de I’acide sulfurique 7N (environ 20 ou 40 ml) et en diluant a 
1 litre avec de l’eau distillee. Transvaser i~~diatement dam un flacon en polyethylene. 

Mode opkratoire 

Preparer des sachets de “Scotch” rev&us interieurement de papier filtre sans cendres analogues a 
ceux de Reverchont mais d’environ 10 mm de hauteur totale et saris languette. Peser dans chacun 
de ces sachets 2 B 6 mg de substance de telle sorte que la masse de silicium y soit, si possible au plus 
igale a 0,7 mg.* Lors de l’analyse de substances Iiquides, introduire au pr&aIabfe dans chaque 
sachet quelques car& de papier filtre sans oendres d’environ 2 
le papier B l’aide d’une tige capillaire. 

mm de cotd et deposer le tiquide sur 
Effectuer la mineralisation $t l’aide de 2,6 g de peroxyde de 

sodium en presence de 2 a 3 gouttes d’tthylbne-glycol selon la methode de Wiirmchmitt.lo 
Apres mintralisation et refroidissement, preparer, pour chaque bombe, un b&her de Teflon 

contenant un petit carre de toile de platine (36 mailles par mm?) destine g catalyser la decomposition 
ulttrieure de I’eau oxygtnee form&e par dissolution darts l’eau du peroxyde de sodium. Introduire 
chaque bombe dans un b&her de Teflon; rincer le couvercle de la bombe a I’eau distill&e bouilfante 
et recueillir I’eau de rincage dans le b&her; y ,ajouter de l’eau distilke bouillante jusqu’a ce que le 
corps de la bombe soit juste recouvert, ce qm donne lieu B la dissolution de la masse d’attaque. 
Couvrir le b&her avec un “verre de montre” en Teflon et le poser sur un bain de sable a 200” en 
vue de detruire l’eau oxygen&e. Au bout de 45 min, rincer le “verre de montre”, extraire le corps 
de la bombe et le rincer avec de l’eau distillee bouillante: recueillir toutes les eaux de rigage dans le 
b&her. Ajouter lentement 9,5 ml d’acide sulfurique 7N pour que la solution soit port&e a un pH 
voisin de 1,5 et laisser revenir B temperature ambiante. Transvaser la solution, en la filtrant sut 
papier filtre sans cendres B filtration rapide. dans une hole jaugee de 200 ml prealablement garnie de 
5,7 ml d’acide sulfurique 7N de telle sorte que le pH final reste egal a 1,5. On obtient ainsi une serie 
de fioles correspondant a la skrie de prelivements analytiques et de mineralisations effect&s. Pre- 
parer en meme temps des solutions etalons et un essai a blanc suivant le meme mode opiratoire 
mais en introduisant un sachet de “Scotch” vide dans chaque bombe puis n ml de solution de silicate 
de sodium dans la fiole jaugee correspondante avec n = 0 dam le cas de I’essai a blanc. Ajouter dans 
chacune des fioles 20 ml de solution de molybdate d’ammonium et ajuster IL volume de la solution a 
200 ml avec de l’eau distillee. 

Effectuer la mesure spectrophotom&ique par rapport k l’essai ft bianc & 400 MI apr&s I5 a 18 h 
de repos. 

Soit d la densite optique d’une solution incormue, D, D’, D”, D”’ les densit& optiques de 4 
solutions etalons identiques correspondantes 

d x m’ x 100 
Si % = D + D, + D- + p, 

4 
XltS 

* Lorsque la masse croit au dela de 0,7 mg, la precision dimirme souvent peu B peu. 
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m’: masse de silicium introduite darts chaque solution ttalon, exprimee en mg; m: masse du 
prekvement analytique exprimee en mg. 

(Pour 0,5 mg de silicium, d est de I’ordre de 0,24) 

DISCUSSION 

La mtthode d&rite est de longue duree et delicate iii mettre en oeuvre par suite 
des nombreuses manipulations qu’elle comporte et de la perturbation susceptible 
d’@tre apportee par I’eau oxygenee au cas oh celle-ci ne serait pas quantitativement 
detruite. II est done important que cette destruction soit operee dans des conditions 
rigoureusement reproductibles pour tomes Ies solutions, que, par consequent, les 
volumes de solutions a porter A l’~buIlitioR soient les memes et que la temperature du 
bain de sable soit uniforme. Du fait de l’existence de ces differentes causes d’erreurs, il 
est recommandt de preparer simultanement 4 solutions &talons identiques afin de 
pouvoir iventuellement eliminer le resultat fourni par l’une d’elles s’il apparait que 
celui-ci est manifestement erront. 

Aik de reduire au minimum le temps passe, grouper les substances par teneurs 
afin que la moyenne des resultats obtenus pour ces 3 ou 4 solutions italons soit 
utilisable pour le calcul de la teneur en silicium de plusieurs substances soumises A 
l’analyse (les quantitts de silicium a doser ne doivent pas differer de plus de 60 A 
80 rg: cf. Dosage). 

RESULTATS 

Quelques exemples de risultats de microdosages du silicium sont reportis dans Ie 
Tableau 1. 11s mettent en evidence l’exactitude et la reproductibilite que peut fournir 

TABLEAU I.--EXEMPLES DE R~WLTATS DE MICRODOSAGE DU SILICIUM 

Compose 

PrCl&vement 
analytique, 

V 

Teneur en silicium, % 
Trouvee CalcuICe 

Triphenylsilane 

Triphenylsilanol 5,978 1023, 10,16 
5,717 lo,& - 
5,289 10,2, - 
5,269 lO,l, - 
4,262 979, - 
5,891 lO,O, - 
4,208 lo& - 
5,275 lO,O, - 

3,097 1072, 
3,214 9,8, 1 
5,727 10,4i - 
4,164 10,3, - 
5,472 10,9, 10,79 
3,646 10,6, - 
4,919 10.8, - 
3,950 10,5, - 
4,019 10.8, - 
5,455 1079, - 

5,356 10,4, 
Compose de recherche A 5,165 9,2~ 973 
(Iiquide) 5,231 9,3X - 
Compose de recherche 3 4,300 11,4, 11,22 
(Iiquidef 4,486 11233 - 
Compose de recherche C 3,493 18.21 17,97 

3,721 l&l, - 
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la mkthode d&rite. L’icart type estimi calcull d’aprks la formule classique 
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S= J S(Xi - 2)” 

n-l 

a pour valeur s = 0,17 Si% pour l’ensemble des rkultats, ce qui correspond encore A 

une erreur possible atteignant au plus 0,3-0,4 Si %. 

Stnruna~-Organic silicon compounds are decomposed by sodium 
peroxide in a Wiirzschmitt nickel bomb. The silicate obtained is 
determined spectrophotometrically as silicomolybdate. The sample 
weight is 2-6 mg. The possible absolute error in the silicon content 
is 0.3-0.4 ‘A 

Zusammenfassnng-Organische Siliciumverbindungen werden mit 
Natriumperoxid in einer Nickelbombe nach Wurzschmitt aufge- 
schlossen. Das erhaltene Silikat wird spektrophotometrisch als 
Silikomolybdat bestimmt. Das Probengewicht betragt 2-6 mg, der 
mogliche Absolutfehler im Siliciumgehalt 0.3-0.4 %. 
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Summary-The fluorescence and phosphorescence characteristics of 
14 vitamins were evaluated. The existence or absence of fluorescence 
and phosphorescence was compared with predictions based upon 
molecuIar structure. Analytically useful fluorescence signals were 
obtained for p-aminobenzoic acid, folic acid, calciferol, pyridoxine 
hydrochloride, riboflavine, a-tocopherol and vitamin A, whereas 
analytically useful phosphorescence signals were obtained for p- 
aminobenzoic acid, folk acid, niacinamide, pyridoxine hydrochloride, 
and a-tocopherol. All other vitamins either did not Ruoresce or 
phosphoresce or co&d not be measured, owing to experimental 
difficulties. The complementary nature of fluorimetry and phospho- 
rimetry is evident in these studies. 

NUMEROUS fluorimetric assays have been developed for vitamins1 Most of these 
studies have involved measurement of fluorescence characteristics, study of pH and 
solvent effects upon fluorescence signals and spectra, and development of extraction 
procedures for separation of vitamins from bioIogica1 fluids and conversion of vitamins 
into fluorescent compounds. l In contrast to the rather extensive fluorescence studies, 
the knowledge of the phosphorescence characteristics of vitamins is quite limited, and, 
at present, no use of phosphorimetryeA for analysis of vitamins has been reported. 
The lack of use of phosphorimetry for studies involving biological samples was im- 
peded, until recently, by the difficuity of sampie cell alignment and the need for 
organic solvents which would form clear, rigid grasses at liquid nitrogen temperatures; 
as a result of the rotating sample-cell assembly described by Zweidinger and Wine- 
fordner,5 the previous problems have been minimized, and phosphorimetry is now 
capable of analytical use for measurement of trace species in biological samples. 

The purpose of the present research was to evatuate the fluorescence and phos- 
phorescence characteristics of 14 vitamins and to compare the usefulness of fiuorimetry 
and phosphorimetry for quantitative analysis of these compounds. 

EXPERIMENTAL 
instrumentation 

Fluorescence measurements were performed with either a Baird Fluorispec (Model SF-100; 
Baird Atomic Inc., Redford, Mass.) or an Aminco-Bowman SPF (Model 4-5202, American Instrument 
Co., Inc., Silver Spring, Md.) spectrophotoffuorimeter. A 150 W Hanovia d.c. power suppfy was 

used to power the xenon arc lamp with the Baird unit, whereas a Harrison (Model 6268A, Hewlett- 
Packard, Palo Alto, Calif.) constant current d.c. power supply was used to power the xenon arc lamp 
with the Aminco unit. All spectra were recorded with an X-Y recorder. 

Phosphorescence measurements were performed by using the Am&o-Bowman SPF with an 
Aminco-Keirs phosphoroscope attachment (Model, C27-62140, American Instrument Co., inc.) and 
the rotating sample-cell described by Zweidinger and Winefordners Phototube signals were measured 

* Research carried out as a part of a study on the phosphorimetric analysis of drugs in blood and 
urine, supported by U.S. Public Health Service Grant (GM 1137358). 

j On leave from Laboratoire de Chimie Organique Physique, Paris, France. 
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by using the low noise nanoammeter described by O’Haver and Winefordner.6 The stable Harrison 
power supply used for fluorescence studies was also used to power the 150-W xenon arc source. 

Reagents 

All vitamins studied here were purchased as a kit (Nutritional Biochemicals Corp., Cleveland, 
Ohio) and used as received. Solvents used were ethanol which was purified by distillation through a 
1-5-m vacuum-jacketed column.7 and demineralized water. 

Procedure 

Stock ethanolic solutions of all vitamins, except for inositol, calcium pantothenate, and riboflavin, 
which had to be prepared in water, were prepared. Inositol and calcium pantothenate are insoluble 
in ethanol, and riboflavin is knowrP to photolyse much faster in ethanolic than aqueous solutions. 
Lower concentrations of each vitamin were prepared by successive dilutions. 

The spectrometric slit arrangements for fluorimetry were: 4, 1, 1, 3, 3, 3 for the Aminco instru- 
ment; and 1, 1, 1, 1 for the Baird instrument. The spectrometric slit arrangements for phosphorim- 
etry were: 4, 3, 3,3,3, 3. The numbers refer to the slit dimensions (mm) and the sequence refers 
to the manufacturer’s means of specifying slits within the spectrometric instrument. All excitation and 
emission spectra, analytical curves, and detection limits were obtained (for a given instrument) with 
the same slit arrangement. All spectra were uncorrected for instrumental response. 

RESULTS AND DISCUSSION 

Fluorescence and phosphorescence excitation and emission spectra 

Eight of the 14 vitamins fluoresced or phosphoresced or exhibited both fluores- 
cence and phosphorescence; the measured fluorescence and phosphorescence spectral 
characteristics of these eight are given in Table I. The reported fluorescence and 
phosphorescence characteristics of the parent compounds are also given in Table I for 
comparison. Six compounds, including ascorbic acid, biotin, calcium pantothenate, 
thiamine hydrochloride, inositol and choline chloride did not fluoresce or phosphoresce 
with sufficient intensity to be of analytical use. 

The main reasons for the occurrence (or lack) of fluorescence and phosphorescence 
of vitamins may be attributed to the great variety of structures and to dissociation 
energy considerations. s It is well known that the existence of a conjugated system in 
the molecule is necessary for fluorescence because r-rr* singlet states are preferred; 
on the other hand, aromatic hydrocarbons, heterocycles, and carbonyl compounds 
involving n-x* or r-r * triplet states undergo phosphorescence. Vitamins (see Table II) 
usually contain several of these structural features. From the information in Table II, 
it would seem that all but 2 vitamins should fluoresce and/or phosphoresce. From the 
results in Table I, there are some cases of disagreement between predicted and observed 
fluorescence and phosphorescence. These might be a result of either particular 

geometrical arrangements of the molecule or a result of predissociation. 
In Table III, the absorption maxima (in kJ/mole) of the vitamins with the bond 

dissociation energy (in Id/mole) of their weakest bond are compared. The data show 
that generally the vitamins fluoresce only when they absorb at lower-energy frequencies 
than the dissociation energy of their least stable bond; under these conditions, there 
should be no predissociation and the vitamins are able to fluoresce. Niacinamide 
and thiamine hydrochloride (both were predicted to fluoresce, from their structural 
characteristics, but did not fluoresce experimentally-see Table II) have very much 
higher absorption energies (in kJ/mole) than the dissociation energies of their weakest 
bond and, therefore, they are probably predissociated and unable to fluoresce. 

The fluorescence and phosphorescence bands of vitamins are generally broad and 
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FIG. i.-Phosphorescenceexcitation andemission spectra of folic acid in ethanol (77K). 

structureless. In some cases, the excitation or the emission spectra exhibit several 
peaks. For instance, the phosphorescence excitation and emission spectra of folic 
acid include two peaks each (Fig. 1): the emission peak at 425 nm is attributed to the 
anilino part of the folic acid and the emission peak at 505 nm is related to the pteridin 
part of the molecule, as can be seen by comparing these wavelength vaiues with those 
of the parent compounds (see Table I). Generally, the spectra of the vitamins resemble 
those of the parent compounds very closely (see Table I). However, in some cases, 
such as pyridoxine hydrochloride and a-tocopherol, a red shift of the fluorescence and 
phosphorescence bands is observed relative to the parent compound (Table I); 
this shift may be attributed to the effect of electron-donating alkyi and alkoxy sub- 
stituents. In the case of the niacinamide, the parent compound pyridine does not 
phosphoresce, but the vitamin phosphoresces; the appearance of the phosphorescence 
is related to the substitution of the carbonyl group in the pyridine ring, which is known 
to favour the appearance of phosphorescence.” 

A rralyf ical studies 

Ffuorescence and phosphorescence analytical characteristics are given in Table IV. 
The linear portion of the analytical curves was much the same whether measured with 
the Aminco-Bowman or the Fluorispec instrument. The limit of detection was taken 
as the concentration giving a signal (located on the linear portion of the analytical 
curve) two times that of the background noise; the background signal was suppressed 
by means of the bias adjustment of the nanoammeter read-out or subtracted from the 
total signal value when the Fluorispec spectrophotofluorimeter was used. In Table IV, 
limits of detection obtained for the fluorescent and phosphorescent vitamins are 
given. These values are between O-0001 and 8 ,qg/ml, depending to the structure of the 
vitamin. Practical “sensitivity” has been determined by fluorimetry for some com- 
pounds of biological interest, lo but these values cannot be compared with our values 
because of the arbitrary definition of “sensitivity”. For the vitamins which fluoresce 
and phosphoresce, the limits of detection are about the same for fiuorimetry 
and phosphorimetry ; however for p-aminobenzoic acid, the limit of detection in 
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TILE In.--.bSORFTlON MAXIMA, DISSOCIATION ESERGIES OF LEAST STABLE BO>V 

AND FLUORESCENCE OF VlTAM16S 

Vitamin 

Least stable bond 

Absorption Absorption Dissociation Fluorescence 
maximum,t maximum* energy,: 

nm kJ/mole Type X-J/mole Predicted Observed 

p-Aminobenzoic 
acid 

Ascorbic acid 
Biotin 
Calciferol 
Choline chloride 
Folic acid 
Inositol 
Niacinamide 
Calcium 

pantothenate 
Pyridoxine 

hydrochloride 
Riboflavin 
Thiamine 

hydrochloride 
a-Tocopherol 
Vitamin A acetate 

-290 410 C-NH, 318-380 
247 48.5 C-OH 359-397 
234 510 c-s 213-305 
293 406 c-c 334A18 
NRS NR C-OH 359-397 
365 326 C-NH 364 
NR NR C-OH 359-397 
260 460 C-NH, 318-380 

NR NR C-NH 364 

291 410 C-OH 359-397 
446 268 C-NH 364 

267 448 C-OH 359-397 
297 402 c-o 359-397 
328 364 c-o 359-397 

NW + 
- - 
- - 

+ 
N;F - 

+ 
NpfF - 

- - 

NPF - 

i- + 
+ + 

- - 
+ + 
+ i 

* In ethanol, water, or buffer solution. 
t Taken from Organic Electronic Spectral Data, I-IV, 0. H. Wheeler and L. A. Kaplan, editors, 

Interscience, New York, 1946-1959. 
$ Taken from T. L. Cottrell, T/re Slrengths ofChemica/Bondr, Butterworths, London, 1958, and 

from V. I. Vedeneyen, L. V. Gurvich, V. N. Kondrat’yev, V. A. Medvedev and Ye. L. 
Frankevich, Bond Energies, Ionization Potentials, and Electron Ajhities, Arnold, London, 1966. 

5 NR means not recorded in literature. 
1) NPF means no prediction possible of fluorescence, by reason of lack of imprecision of literature 

data. 

CONCENTRATION (M) 

FIG. 2.-Several typical fluorimetric analytical curves: 
(a) p-Aminobenzoic acid 
(b) Pyridoxine hydrochloride 
(c) Folic acid 
(d) cr-Tocopherol. 
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CONCENTRATION (M) 

FIG. 3.-Several typical phosphorimetric analytical curves: 
(a) p_Aminobenzoic acid 
(b) Pyridoxine hydrochloride 
(c) Folic acid 
(d) cc-Tocopherol. 

phosphorimetry is lower by a factor of about 10 (see Table IV). The slopes of all 
analytical curves are very similar for fluorimetry and phosphorimetry and are close to 
unity (see Figs. 2 and 3) as expected. 

In the past, fluorimetry was used for the analysis of vitamins,’ but not phosphorim- 
etry. However, our results show that the precision, linearity of the analytical curves, 
and limits of detection obtained by fluorimetry and phosphorimetry are very similar 
Therefore, it should be possible to use either fluorimetry or phosphorimetry for the 
routine determination of the nine vitamins in Table I. The choice of method will be 
primarily determined by the structural criteria discussed above. 

Zusammeofassung-Die Fluoreszenz- und Phosphoreszenzeigenschaften 
von 14 Vitaminen wurden ermittelt. Auftreten oder Abwesenheit von 
Fluoreszenz und Phosphoreszenz wurden mit Voraussagen verglichen, 
die an Hand der Molekiilstruktur getroffen wurden. Analytisch 
brauchbare Fluoreszenzen wurden gefunden bei p-Aminobenzoeslure, 
Folslure, Calciferol, Pyridoxin-Hydrochlorid, Lactoflavin, CGTOCO- 
pherol und Vitamin A, analytisch brauchbare Phosphoreszenzen bei 
p-Aminobenzoesiure, Folsiure, NicotinsPureamid, Pyridoxin-Hydro- 
chlorid und cr-Tocopherol. Alle anderen Vitamine fluoreszierten und 
phosphoreszierten nicht oder konnten wegen experimenteller 
Schwierigkeiten nicht gemessen werden. Die komplementare Natur 
von Fluorimetrie und Phosphorimetrie kommt in diesen Untersuchgen 
zum Ausdruck. 

R&me-On a tvalue les caracteristiques de fluorescence et de phos- 
phorescence de 14 vitamines. On a compare I’existence ou I’absence de 
fluorescence. et de phosphorescence aux previsions basees sur la 
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structure moleculaire. Des signaux de fluorescence anaiytiquement 
utiles ont Iti obtenus pour l’acide p-aminobenzoique, l’acide folique, 
le calciferol, le chlorhydratede pyridoxine, la riboflavine,l’x-tocophtrol 
et la vitamine A, tandis que des signaux de phosphorescence analytique- 
ment utiles ont tte obtenus pour l’acide p-aminobenzoique, i’acide 
folique, le niacinamide, le chlorhydrate de pyridoxine et l’cc-tocopherol. 
Toutes les autres vitamines n’emettent pas de flourescence ou de 
phosphorescence, ou ne peuvent etre mesurees a cause de diBicultes 
expirimentales. La nature compltmentaire de la fluorimttrie et de la 
phosphorimetrie est tvidente dans ces etudes. 

REFERENCES 

1. S. Udenfriend, Ff~orescence Assay in Siolo~~ nnd Medicine, Vol. I, p. 230. Academic Press, New 
York, 1966, Vol. II, p. 291. Academic Press, New York, 1969. 

2. M. Zander, The Applications of Phosphorescence to the Analysis of Organic Compounds, Academic 
Press, New York, 1968. 

3. J. D. Winefordner, W. J. McCarthy and P. A. St. John, Methods of Biochemical Analysis, D. 
Glick, Ed., Vol. 15, Interscience, New York, 1967. 

4. J. D. Winefordner, P. A. St. John and W. J. McCarthy, Fluorescence Assay in Biofo,qv and 
Medicine, Vol. II, p. 42. Academic Press, New York, 1969. 

5. R. Zweidinger and J. D. Winefordner, Anal. Chem., 1970,42, 639. 
6. T. C. O’Haver and J. D. Winefordner, J. Chem. Educ., 1969,46, 241. 
7. J. D. Winefordner and M. Tin, Anal. Chim. Acta, 1964,31, 239. 
8. J. Koziol and E. Knobloch, Biochim. Biophys. Acfa, 1965, iO2,289. 
9. E. J. Bowen, Luminescence in Chemistry, Van Nostrand, London, 1968. 

10. D. E. Duggan, R. L. Bowman, B. B. Brodie and S. Udenfriend, Arch. Biochem. Biophys., 1957. 
68, 1. 

11. R. S. Becker, Theory and Interprefafion of Fhcorescence and Phosphorescence, Wiley, New York, 
1969. 

12. A. N. Nikitin, M. D. Galin, G. S. Ter-Sarkisian and B. M. Mikhailov, Opt. Spectry, 1959,6,226. 
13. I. B. Berlman, Handbook of Fluorescence Spectra of Aromatic Molecules, Academic Press, New 

York, 1965. 
14. D. Balke and R. S. Becker, J. Am. Chem. Sot., 1967, 89, 5061. 

3 



Talanta, 1971, Vol. 19, pp. 31 to 36. Pcrgamon Press. Pnnred tn Nonhem hiand 
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Summary-Micro-methods for spectrophotometric and oxidimetric 
determination of a-amino-acids are described. They are based on a 
reaction of the acids with ~er~-naphth~d~-Z,3,4-t~one hydrate at 
pH 2.5 to give a red precipitate of dihydroxy-fern-naph~ind~o~e. 
The red product is dissolved and measured either spectrophoto- 
metrically at 243 nm or titrimetrically by reaction with iodine or N- 
bromosuccinimide. The results obtained by the three methods are 
concordant, the average recovery being 98 %. 

MANY METHODS have been reported for the determination of z-amino-acids. Alkali- 
metric,’ acidimetric,2 manometric,3 gasometric,q and chromatographic5 measurements 
of nitrous oxide, nitrogen, ammonia, carbon dioxide and aldehydes produced by 
reactions with suitable reagents have been proposed. Direct alkalimetric and 
complexometric ’ determination of the free acid after treatment with excess uf 
formaldehyde and copper salts are employed. Enzymatic,8 mass spectrometrics and 
conductometricr” methods have been also utilized. 

However, few calorimetric and redox reactions are known for amino-acid deter- 
mination. Calorimetric reactions with ninhydrin, I1 3,5dibromosalicyldehydel’ and 
~diacetyl~nzene I3 have been mentioned. A method based on a reaction of N- 
ethylmaleimide with carboxydithiocarbamate, formed by the action of carbon 
disulphide on the acid, is described. l3 An oxidimetric method based on deamination 
of the acid followed by oxidation of the resulting hydroxy-acid with vanadium(V) has 
been used.15 

fern-napht~ndan-2,3,4-trione hydrate has been proposed for the determination of 
a-amino-acids by measuring the amount of carbon dioxide,r6 ammonia,l’ and 
aldehydeP produced. In the present work this reagent is used in the development of 
new calorimetric and redox methods for amino-acid determination. 

Reagents 

EXPERIMENTAL 

All reagents were of analytical grade unless otherwise specified. 
Peri-naphthindan-2,3,4-trione hydrate was prepared as described previously.lB*ls 
~ihydroxy-~~-~phIh~nden~n~ was prepared by reduction of the trione with ascorbic acid.‘O 
Citrate buffer solution. Sodium citrate trihydrate (2.06 g) and 19.16 g of citric acid monohydrate 

were dissolved in 500 ml of water. 
The a-amino-acids used were of purity not less than 99%. 

Procedure 

~pec~rophuf#metric deferm~nafj~n of u-amino-acids. Construct a standard caiibration curve as 
fohows. Dissolve l-765 mg of dihydroxy-peri-naphthindenone in 50 ml of methanol. Then take 15, 

31 
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7 ‘.5 3,3.5,4.4.5 and 5 ml of this solution in lo-ml measuring flasks and make up to the mark with -,- , 
methanol. Measure the absorbance of these solutions at 3-Q nm in lo-mm cuvettes within 15 min, 
usilg methanol in the reference cell. Draw a graph of the absorbance against the concen- 
tratlon of amino-acid nitrogen (1 !cg of dihydroxy-peri-naphthindenone zzz 0.066 pg of amino-acid 
nitrogen). 

Into a 25-ml round bottom flask, introduce 4 ml of 0.1 %peri-naphthindan-2,3,4-trione hydrate 
soiution in distilled water and 1 ml of the citrate buffer solution. Add 0.4 ml of 8m’M a-amino-acid 
solution in water (equivalent to a.8 pg of amino-acid nitrogen). Heat the ffask under reflux for I hr 
at loo”, cool in ice and fiiter ~hat~n No. 42 paper). Wash several times with cold water. DissoIve 
the red precipitate of ~hydro~y-berg-naphth~denone in methanoI into a 50-ml graduated flask. 
Measure the absorbance at 342 nm in a IO-mm cell against a blank. 

Titrimetric determination of x-amino-acrds with iodine. Dissolve the dihydroxy-peri-naphthin- 
denone precipitate in 25 ml of methanol in a 250~ml conical flask. Add 100 ml of water and 5 ml of 
0.004Niodine. After 5 min titrate the excess of iodine with 0.004Nsodium thiosulphate, using starch 
as indicator (1 ml of 0.004N iodine = 21 flue of amino-acid nitrogen). 

Titrimetric determination of st-amirto-ait with N-bromosnccin;mide. Dissolve the red precipitate 
in 50 ml of 1: 1 acetic acid-water in a 250~ml conica flask. Dilute with water to 150 ml, add 5 ml of 
4:; potassium iodide solution and 1 ml of 1% starch solution and titrate with O-004N N-bromo- 
succinimide (I ml of 0.004N N-bromosuccinimide = 21 pg of amino-acid nitrogen). 

RESULTS AND DISCUSSION 

Peri-naphthindan-2,3,4-trione hydrate (I) decomposes u-amino-acids quantita- 
tively with the formation of the corresponding aldehyde having one carbon atom less, 
ammonia, carbon dioxide and dihydroxy-peri-naphthindenone (II) according to the 
equation : 

+ R-CH-COOH -* 

NH, 

(c&u~ess, water-soluble) 

(I) 

+ R.CHO + NH, + CO> 

(Ey, water-insoluble) 

(Ii) 

Since one molecule of dihydroxy-peri-naphthindenone is produced for each 
molecule of a-amino-acid, this reaction may be used for amino-acid determination. 
The reaction is quantitative in a citrate buffer solution at pH 2-5 and a low blank value 
is obtained. 

Absorptive spectra. The absorption spectra show maxima at 320 nm (E f-22 x IQ3 
l.mole-l.mm-l) for the naphthindantrione and 342 nm (E 1.14 x IO3 l.mole-l.mm-l) 
for the dihydroxynaphthindenone (Fig. 1). Because of the equal absorption by both 
compounds over a wide wavelength range, prior separation is necessary; in that case 
an excess of the reagent does riot adversely affect the accuracy of the method. 

Beer’s Iaw is obeyed (for dihydroxy-peri-naphthindenone) in the concentration 
range equivalent to 0.1-2 ,ug of amino-acid nitrogen per ml and only one calibration 
curve is required for all z-amino-acids. 

Efict ofpH. Dihydroxy-Peru-naphthindenone dissolves in methanol to give a red 
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FIG. 2 

solution and in glacial acetic acid to give a yellow one. Both solutions absorb at 
around 340 nm with equal molar absorptivity, indicating that the colour intensity at 
this wavelength is independent of the acidity. 

Eflect of standing time. The absorbance of methanolic solutions containing 
different concentrations (up to 12 &ml) of dihydroxy-peri-naphthindenone was 
measured after 1,30 and 120 min and 24 hr. It was observed that the colour intensity 
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FIG. 3. 

remained stable for 30 min, after which fading took place. On standing for 2 hr the 
intensity decreased by 5-10%. After 24 hr the dihydroxy-peri-naphthindenone 
changed (probably by air-oxidation) to peri-naphthindan-2,3,4-trione and the 
absorption maximum was shifted to 320 nm (Fig. 2). However, the dihydroxy 
compound was more stable in glacial acetic acid medium and SS% of the colour 
intensity remained after 24 hr (Fig. 3). 

Determination of u-amino-acids. A number of x-amino-acids were analysed for 
amino-nitrogen content. The results (Table I) show an average recovery of 98.2% 
and a mean absolute error of ho-3 %. Amino-acids containing thiol groups (e.g., 

cysteine hydrochloride) give high recoveries probably because of the interference of 
the thiol group in the reduction reaction. 

TABLE I.-MICRODETERMINAT~ON OF Q-AMWO-ACIDS BY REACTION WITH 
peri-NAPHTHINDAN-2,3,4-TRIONE HYDRATE 

Sample Theory 
Amino-acid nitrogen, ‘A 

Spectro- Titrimetric Titrimetric 
photometric (iodine) (N-bromosuccinimide) 

Giycine 

Phenylalanine 

Glutamic acid 
monohydrate 

Aspartic acid 

Leucine 

Methionine 

Threonine 

Setine 

18.65 19.9 18.7 18.7 

8.48 8-6 8.5 8.5 

8-48 8.4 8.4 8.4 

10.52 10,2 10.1 10.2 

lo-67 10.3 10.3 10.2 

9.38 9.2 9.2 9.2 

11.75 11.3 11.5 11.1 

13.32 12.8 12.7 12.8 
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Titrimetric methods 

Reaction with N-bromosuccinimide. N-Bromosuccinimide quantitatively oxidizes 

the ene-diol group in dihydroxy-peri-naphthindenone to give peri-naphthindan-2,3,4- 

trione. The reaction proceeds according to the equation: 

For determining x-amino-acids, the equivalent amount of the dihydroxy compound 
is separated from the reaction medium by filtration, dissolved in acetic acid and titrated 
directly with standard N-bromosuccinimide solution. 

Reaction with iodine. The ene-diol group of dihydroxy-peri-naphthindenone reacts 
with iodine quantitatively according to the equation: 

Excess of iodine solution is added to the dihydroxy compound (itself equivalent 
to the amino-acid) and the iodine remaining after reaction is titrated with sodium 
thiosulphate. 

Determination of x-amino-acids. Many samples of u-amino-acids were analysed 
by oxidimetric titration of the equivalent amount of dihydroxy-peri-naphthindenone 
obtained in the reaction with the trione. With N-bromosuccinimide, the results 
obtained show an average recovery of 97.8 % and a mean absolute error of &IO*3 %. 
With iodine, the mean absolute error is &O-3%, the average recovery being 98.4% 

(Table 1). 

Zusammenfassung-Mikromethoden zur spektrophotometrischen und 
oxidimetrischen Bestimmung von a-Aminosiuren werden beschrieben. 
Sie beruhen auf der Reaktion der SIuren mit peri-Naphthindan-2,3,4- 
trion-Hydrat be.i pH 2.5; es entsteht ein roter Niederschlag von 
Dihydroxy-peri-naphthindenon. Das rote Produkt wird Eel&t und 
entweder hpektrop-hotometrisch bei 243 nm oder titrimet&ch durch 
Reaktion mit Jod oder N-Bromsuccinimid bestimmt. Die Ergebnisse 
der drei Methoden stimmen iiberein, im Durchschnitt bet&t die 
Ausbeute 98 %. 

R&me-On d&it des micromtthodes pour la determination spectro- 
photomttrique et oxydimCtrique des a-amino acides. Elles sont 
basees sur une r&action des acides avec l’hydrate de peri-naphtindan- 
2,3,4-trione a pH 2,5, donnant un pr6cipitb rouge de dihydroxy-peri- 
naphtindtone. Le produit rouge est dissous et mesure, soit 
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spectrophotometriquement B 243 nm, soit titrimitriquement par 
reaction avec I’iode ou le N-bromosuccinimde. Les rbultats obtenus 
par les trois methodes sent concordants, la recuperation moyenne 
&ant de 98 %. 
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Summary-An indirect near-infrared spectrophotometric method for 
the determination of silicate, based on the absorbance of an equivalent 
amount of molybdenum-2-amino-4-chlorobenzenethiol complex in 
chloroform solution, has been developed. The green chloroform 
solution has an absorbance maximum at 715 nm. The development 
of the spectrophotornetric method for the determination of silicate 
included a study of a buffer system for the purpose of maintaining the 
pH within a narrow optimum pH range, complex stability, effect of 
diverse ions, and conformity to Beer’s law. The limit of detection is 
O-034 pug of silicon per ml of aqueous heteropoly acid solution. 

THE MAJORITY of the spectrophotometric methods for the determination of silicate 
that have been reported in the literature are based on the heteropoly acid chemistry of 
si!icate. The very sensitive indirect methods involve the partitioning of molybdo- 
silic acid from excess of molybdate by extraction with organic solvents followed by the 
decomposition of the extracted heteropoly acid and subsequent measurement of the 
molybdate in the decomposition products. The molybdate, which is equivalent to the 
amount of silicon present in the original sample, can be measured without further 
treatment by spectrophotometryl*? and by atomic-absorption spectrometry.Z*3 Other 
methods have been reported in which the molybdate is reacted with thiocyanate,4 
ammonium l-pyrrolidinecarbodithioate,5 or hydrogen peroxide6 and the resulting 
molybdenum products are measured spectrophotometrically. 

The method proposed in this paper differs from all previous spectrophotometric 
heteropoly acid methods for silicate because it is an indirect near-infrared method. 
The method is based on the measurement of the absorptivity of the chloroform extract 
of a green complex that molybdenum forms with 2-amino4chlorobenzenethiol 
hydrochloride.’ The absorptivity of the molybdenum-2-amino-4chlorobenzenethiol 
complex, in chloroform, has been utilized successfully for the indirect determination 
of phosphorus.s 

The procedure developed by Kirkbright and Yoe for the formation and extraction 
of the molybdenum complex and later used for the indirect determination of phos- 
phorus has been improved as a result of the studies associated with the method reported 
in this paper. 

EXPERIMENTAL 
Reagents 

Standard silicate solufion. Dissolve S-50 g of sodium metasilicate, Na$i03.9H10, in water and 
dilute to 1 litre. The pH of this solution is about 11-5. Standardize this solution gravimetrically and 
use a microburette to transfer sufficient silicate solution to a I-litre volumetric flask so that on dilution 
to the mark, the final silicate solution contains 2-O rg of silicon per ml. 

* Present address: Division of Mathematics and Science, Macomb County Community College, 
Warren, Michigan 48093, U.S.A. 
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Ammonium mctlyhdate solution. Dissolve 25.0 g of ammonium paramolybdate, (NH&Go:OZ,. 
4H,O, in water and dilute to 500 ml. 

Dilute ammonia solution. Prepare a 0.25.V ammonia solution by diluting 17.3 ml of concentrated 
ammonia solution to 1 litre with water. 

Sulphate-bisulphate bufler solution. Dissolve 106.3 g of anhydrous sodium sulphate and 3063 g of 
sodium bisulphate, NaHSO,.H,O, in water and dilute to 1 litre. 

2-.4mitzo-4-chlorobenzertethioi hvdrochkwide solution. 
thiol hydrochloride in 5.0 mI of 93 % ethanol. 

Dtssolve 0.25 g of 2-amino-lchlorobenzene- 

Extractant mixture. 
Prepare the reagent solution fresh every two days. 

mixture fresh each day. 
Mix 1 volume of I-pentanol uith 5 volumes of diethyl ether. Prepare the 

All aqueous solutions were prepared with reagent grade chemicaIs and redistiiled water. The 
solutions were stored in paraffin-lined bottles to avoid silica contamination. Reagent-grade organic 
solvents were used for the extractions that are specified in the procedure. 

Procedure 

Transfer to a 125.ml. separatory funnel a sample containing 2-8 cbg of silicon in the form of soluble 
silicate. Add I.0 ml of hydrochloric acid (1 -!- 1) and dilute the acidified samDIe solution to 45 ml . L 
with redistilled water. Add 5.0 ml of the ammonium molybdate solution, mix, and alfow the solution 
to stand for 20 min to ensure complete formation of the sIlicomoiybdic acid. The pH of this solution 
should be about 1.4. 

Add 30ml of hydrochloric acid (1 + 1) and 30 ml of 5: 1 ethyl ether-1-pentanol extractant 
mixture. Shake the separatory funnel vigorously on a mechanical shaker for 1 min. Rinse the stopper 
with I-2 ml of fresh extractant mixture and collect the rinsings in the separatory funnel. Allow the 
layers to separate for 3 min, then withdraw the lower aqueous layer and discard it. Wash the organic 
phase twice, each time with 25 ml of hydrochloric acid.(l f 10). Each washing consists of shaking 
the organic phase with the wash solution for 15 see, allowin g the two phases to separate, and with- 
drawing and discarding the lower aqueous phase. After the second wash is completed, rinse the funnel 
tip with distilled water. 

Add 20 ml of 0.2j~ammonia to the funnel and shake vigorousiy for 30 sec. After the layers have 
separated, carefully transfer the lower aqueous solution containing the decomposition products of 
silicomolybdic acid to a 100-ml volumetric flask. Rinse the funnel and funnel stopper several times 
with a total of 20-30 ml of distilled water and add the rinsings to the volumetric flask. Acidify the 
flask contents with 4.0 ml of hydrochloric acid solution (1 f 10). Add 25 ml of the sulphate- 
bisulphate buffer solution, dilute to the mark with distilled water, and mix well. The pH of this 
solution should be betneen 1.9 and 2.3. 

Transfer a 2500-ml aliquot of the buffered molybdate solution to a clean 1%ml separatory funnel 
that has a cotton plug inserted into its tip. Numerous sampIes may be simultaneously treated up to 
this point of the procedure and the aliquots of the buffered molybdate solutions may be allowed to 
stand in their respective separatory funnels until they are used to complete the procedure that follows. 

Add 0.25 ml of the ethanolic reagent solution, swirl the funnel to mix its contents, and allow the 
solution to stand for 15-60 min. Add IO-00 ml of chloroform, start a mechanical timer, and shake 
the funnel vigorously on a mechanical shaker for 1 min. Allow the phases to separate for a few set, 
then rinse a IO-mm silica cell with small portions of the chloroform extract that have been drained 
through the cotton plug. Finally, fill the cell with the green chloroform extract and exactly 3 min after 
the chloroform extraction step was begun, place the cell in the spectrophotometer and quickly measure 
the absorbance of the extract at 715 nm with chloroform in the reference cell. Correct for the absor- 
bance of a reagent blank extract. Refer the corrected absorbance to a standard calibration graph 

So that the analyst may use his time more efficiently, the followin, 0 sequence of steps is recommen- 
ded for the completion of the determination of a series of sampie solutions: (I) add the ethanolic 
reagent solution to three of the separatory funnels containing 25.00-ml aliquots of the buffered 
molybdate solution; (2) after 15 min, add the ethanolic reagent solution to three other aliquots of the 
buffered molybdate solutions; (3) complete the extraction and measurement of each of the three 
solutions prepared in step (1) (these operations will require a total of 12-15 min); (4) add the ethanolic 
reagent solution to three more aliquots of buffered molybdate solutions; (5) complete the extraction 
and measurement of each of the three solutions prepared in step (2). Contmue the sequence of steps 
until all molybdate aliquots have been taken completely through the recommended procedure. 

RESULTS AND DISCUSSION 

Figure 1 shows the near-i~rared absorption spectra for the chIoroform extracts of 
the molybdenum-2-amino-~~hlorobenzenethiol complex. The amount of the complex 
in chloroform solution is equivaient to a specific amount of silicon in the original 
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FIG. 1. Characteristic near-infrared spectra of molybdenum-2-amino-4-chlorobenzene- 
thiol in chloroform us. chloroform. 

(1) Reagent blank equivalent in chloroform, 
(2) 0.10 ppm of silicon equivalent in chloroform, 
(3) 0.20 ppm of silicon equivalent in chloroform, 
(4) 0.30 ppm of silicon equivalent in chloroform. 

sample. The chloroform extract of the reagent blank exhibits significant absorbance 
and must be subtracted from the absorbances obtained for the silicate samples. The 
organic reagent used to form the molybdenum complex does not absorb in the spectral 

region 500-1000 nm. 

Effects of solution cariables 

Silicon concentration. Conformity to Beer’s law was observed for the molybdenum 
equivalent to 0.05-0*20 ,~ccg of silicon per ml of chloroform solution, i.e., 2-S ,ug of 
silicon in the original 50 ml of silocomolybdic acid solution. The optimum concentra- 
tion range is equivalent to 0-075-O-175 pg of silicon per ml of chloroform, i.e. 3-7 ,~g of 
silicon in the original 50 ml of molybdosilicic acid solution. 

The various silicon concentrations that have been or will be mentioned in this paper 
should be clarified and delineated. The basis of possible confusion lies in the fact that 
there are four solutions of importance, viz., (1) the original 50 ml of aqueous silico- 
molybdic acid solution, (2) the 100 ml of buffered molybdate solution, (3) the 25-00 ml 
aliquot of the buffered molybdate solution that is taken for the molybdenum deter- 
mination according to the recommended procedure, and (4) the 10.00 ml chloroform 
solution of the molybdenum complex formed from 25 % of the total molybdenum 
recovered from the silicomolybdic acid. Table I indicates the equivalent silicon 
concentration in each of these solutions when a sample containing 4-O pg of silicon is 

taken for analysis. 
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TAZILE I.-EQUWALE~T SILICON CONCESTRATIOS IN VARIOUS P~PARED 
s01un0>s 

Soltition 

Total amount 
of Si. 

/‘g 
Equiv. Si concn., 

p,o/ml 

Original 50-ml silicomolybdic 
acid solution 

IOO-ml buffered molybdate 
solution 

25.00-ml aliquot of buffered 
molybdate solution 

lO.OO-ml chloroform entract from 
25 “/: of recovered molybdate 

4.0 0.080 

4.0 0.040 

1.0 0.040 

1.0” 0.107 

* Theoretical amount of silicon extracted by chloroform. 
t Theoretical concentration of silicon extracted by chloroform. 

Conditions for the formation and extraction of molybdosilic acid. The effects of 
acidity and molybdate concentration on the formation of silicomolybdic acid,l,e.g 
the effect of the acidity on the extent of extractiorV and the choice of the solvent 
system used for the extraction’ have been previously investigated. The optimum 
conditions for the most efficient formation and extraction of the heteropoly acid were 
chosen for this study. 

pH of the molybdate solution. Previous studies have shown that the optimum pH 

range for formation of the molybdenum-Zamino-4-chlorobenzenethiol complex 
is 1-9-3-3 whereas the optimum pH range for chloroform extraction of the complex 
is 1-2*3,7 The procedure that has been used for the pH adjustment of the molybdate 
solution7*s was found to be quite unsatisfactory because of the amount of time re- 
quired to complete the acidity adjustment. The difficulty that was encountered was to 
keep within the narrow optimum pH range and this was probably due to the fact that 
only 3-O ml of a Clark and Lubs’ buffer solution (O-006M in HCl and 0*05M in KCl) 
was used and it provided little, if any, buffer capacity. The tedium and inconvenience 
associated with having to carefully monitor the pH adjustment of the molybdate 
solutions with a pH-meter indicated the need for a more suitable means of adjusting 
and maintaining the pH of the solution. The sulphate-bisulphate buffer system, 

studied by Jeffreys and Swift,‘O was adapted for use in the acidity adjustment because 
other anions and organic reagents that are commonly used in buffer solutions for the 
pH 2 region are known to interfere with this method of molybdenum determination. 

Several studies were made concerning the acidification step. One study showed 
that the final IOO-ml molybdate solution had a pH of about 2.1 when 20-O ml of the 
dilute ammonia solution were used to strip the molybdate from silicomolybdic acid 
and when the ammoniacal solution was treated with 4.0 ml and 25-O ml of hydro- 
chloric acid (1 f IO) and sulphate-bisulphate buffer solution, respectively. Another 
study showed that these volumes can be significantly varied with little effect on the 
resulting pH of the final solution. Table II summarizes the changes in pH observed 
corresponding to the indicated changes in the volumes of the individual solutions that 
were involved in the acidity adjustment. As a consequence of this study, it was pre- 

dicted that the volumes of the dilute ammonia solution and the buffer solution could 
be measured accurately enough in a 25-ml graduated cylinder, and that of the hydro- 
chloric acid solution with a measuring pipette, and the pH of the final buffered 
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TABLE IL-EFFECT OF CHANGE IN VOLUME OF SOLl.XlONS IhYOLVED IS THE 

ACIDITY ADJUSTMENT OF THE MOLYBDATE BACK-EXTRACT 

Solution 
Recommended 

volume, ml 
Change in 
volume, ml 

Average pH 
change 

0~25M NH, 
HCI (1 + 10) 
SO,-“-HSO,- buffer 

20.0 51.0 +o.os 
4.0 iO.5 50.05 

25.0 &I.0 +0.11 

molybdate solution would be within the limits necessary for optimum formation and 
extraction of the molybdenum complex. These predictions were tested by randomly 
selecting 12 molybdate solutions as they, among others, were prepared for use during a 
period of several days. The pH of each of these 12 solutions was measured with a 
pH-meter. The results of this random pH study are summarized in Table III and they 
demonstrate the effectiveness of the sulphate-bisulphate system for maintaining 
the molybdate solutions within the desired pH range of 1.9-2.3. 

Extraction time for the molybdenum complex. A 1-min shaking period is sufficient 
for the complete extraction of the molybdenum complex. 

Stability of the molybdenum complex. The green molybdenum-2-amino-4- 
chlorobenzenethiol complex in chloroform undergoes slow photodecomposition in 
room light and rapid photodecomposition when subjected to the radiation passing 
through the sample cell in the Cary spectrophotometer used. The rate of absorbance 
decrease is about 0.3% per min when the chloroform extract is allowed to stand in 
room light and 3.6% per min when the sample cell remains in the cell compartment 
of an instrument where the radiation emitted by the source passes continually through 
the cell. These observed rates of absorbance decrease do not agree with those reported 
for the determination of molybdenum with this reagent, viz., a decrease of only 6% 
after 4 hr and 9 % after 6 hr.’ It should be mentioned that the larger rate of absorbance 
decrease cannot be attributed to the use of the sulphate-bisulphate buffer solution, 
because the instability of the complex was also observed when the molybdenum 
determinations were performed exactly as recommended in the original method. 

It is postulated that the lower rate of absorbance decrease reported in the original 
method for molybdenum was because the sample was kept in relative darkness or in 
the cell compartment of the Beckman DK-2 spectrophotometer. The optical system of 
DK-2 spectrophotometer is different from that of the Cary 14 spectrophotometer 
when the latter is in the near-infrared mode of operation. In the former instrument, 
the radiation incident to the sample cell is monochromatic whereas the source radiation 
remains polychromatic in the Cary 14 spectrophotometer until after it has passed 
through the sample cell and then reaches the monochromator. Therefore, the flux 
reaching the sample cell and which is responsible for the photodecomposition of the 
green molybdenum complex is considerably less in the Beckman DK-2 spectrophotom- 
eter than in either room light or the Cary 14 spectrophotometer. 

TABLE III.-SLJMMARY OF pH VAIUATIONS OF RANDOMLY-SELECTED 

BUFFERED MOLYBDATE SOLUTlONS 

Number of solutions measured 1’ 
pH range 2.07-2.11 
Average pH 2.08 
Average deviation 0.01 
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TABLE IV.-IE~TERFERING IONS 

IOIl Added 
Amount added, 

JIB oJ’ion 
Relative error, 

e/, 

Permissible 
amount*, 

PPm 

Alff 
Fe3+ 
Pb?+ 
Zn?+ 
AsO,- 
AsO,~- 
Cr,O,*- 
F- 
NO,- 
PO,3- 
vo,- 

NCIO,), 
FeNH,WU, 
Pb(GH,Od, 
Zn(ClOA 
NaAsOz 
Na,HAsO, 
K,Cr,O, 
KF 
KNO, 
KH,PO, 
NH,VOs 

5000 -8-O 50 
250 -7.9 1 

2500 -7.9 25 
5000 -8.1 50 
5000 t9.3 25 
2500 +36 10 
250 -7.9 1 
500 +-16 5 

50 -13 0 
1250 f7.1 10 
250 -14 1 

* Causes less than 5.0 per cent relative error in determination of 4.0 ,ug of silicon per 50 ml of 
aqueous heteropoly acid solution. 

Efect of diverse ions. The effect of 5000 ,ug of diverse ions in solutions containing 
4.0 lug of silicon was investigated. The effect of larger amounts was not investigated. 
The following ions did not interfere with the determination of silicon: ammonium, 
calcium, chromium(III), cobalt(II), copper( magnesium, manganese(H), nickel, 
potassium, silver, sodium, acetate, bromide, chloride, molybdate, nitrate, oxalate, 

perchlorate, permanganate, sulphate and tungstate. The permissible amounts of the 
interfering ions are listed in Table IV. No attempt was made to avoid the interferences 
caused by these ions. 

Precision 

An estimate of the precision of the recommended procedure was obtained from the 
results of 6 samples, each containing 4.0 lug of silicon in the original 50 ml of aqueous 
silicomolybdic acid solution. The mean absorbance of the molybdenum complex in 

chloroform obtained from these samples was 0.698 when measured at 715 run against 
chloroform. The standard deviation was O-017 and the relative standard deviation 
2.4%. The limit of detection was ascertained from a series of six determinations of 
reagent blank solutions. A mean absorbance value of O-145 and a standard deviation 

of 0.024 were obtained. The limit of detection, when based on the equations cited by 
Kaiser,ll is equivalent to about O-043 pg of silicon per ml of chloroform or about 
l-7 rug of silicon in the original 50-ml aqueous silicomolybdic acid solution (0.034 ppm 

of silicon). 

Sensitiliity 

The effective molar absorptivity, based on the original 50 ml of aqueous silico- 
molybdic acid solution, is 1.97 x lo4 l.mole-l.mm-l at 715 nm. The molar absorp- 
tivity is l-58 x 104 l.mole-l.mm-l when based on the equivalent concentration of 

silicon in the chloroform extract. 

Zusammenfassung-Zur Bestimmung von Silikat wurde eine indirekte 
spektrophotometrische Methode im nahen Infrarot entwickelt. Sie 
beruht auf der Messung der Extinktion einer Hquivalenten Menge des 
Komplexes aus Molybdan und 2-Amino-4-chlorthiophenol in Chloro- 
formldsung. Die griine ChloroformIGsung hat ein Absorptionsmaximum 
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bie 715 urn. Bei der Entwicklung des spektrophotometrischen 
Verfahrens zur Silikatbestimmung wurde such ein Puffersystem 
untersucht, das den pH in einem engen optimalen Bereich konstant 
hHlt, sowie die Stabilitit des Komplexes, der EinfluO verschiedener 
Ionen und die Giiltigkeit des Beerschen Gesetzes. Die Nachweisgrenze 
betrigt 0,034 ug Silicium pro ml wtiriger Heteropolyslurelosung. 

Resume-On a ilabort une methode spectrophotomitrique indirecte 
dam le proche infra-rouge pour le dosage du silicate, basQ sur 
l’absorption d’une quantitd tquivalente du complexe molybdene-2- 
amino 4-chlorothiophtnol en solution chloroformique. La solution 
chloroformique verte a un maximum d’absorption g 715 nm. Le 
dtveloppement de la methode spectrophotomitrique pour le dosage du 
silicate comprend une etude d’un systeme tampon dans le but de 
maintenir le pH dans un domaine optimal etroit de pH, de la stabilite du 
systeme, de I’influence de divers ions et de la conformite B la loi de Beer. 
La limite de detection est de 0,034 pg de silicium par ml de solution 
aqueuse d’heteropolyacide. 
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Summary-Conditions have been established for the use of potassium 
chlorate as a primary oxidizing agent in the direct titration of 
vanadium(III), tin(II) and titanium(II1) with visual or potentiometric 
end-points. 

POTASSIUM CHLORATE is available in high purity, some commercial grades assaying as 
high as 99*7x, but has found little use as a titrimetric reagent. It may function in 
acid solution either as a 5- or a 6-electron oxidant, the redox potentials being 1.47 
and 1.45 V respectively, but is relatively inert as an oxidant in dilute acid solution. 
The rate of reaction of potassium chlorate even with substances of very low redox 
potentials such as tin(I1) and titanium(II1) is very low. Potassium chlorate furnishes 
an excellent example of a reagent the practical function of which as an oxidant is 
governed more by kinetic considerations than by thermodynamics. We have now 
found conditions under which potassium chlorate can be used as a convenient oxidant 
for direct titrimetric determination of vanadium(III), tin(I1) and titanium(II1). 

Potassium iodate is kinetically a more facile oxidant than bromate and chlorate, 
although thermodynamically the order of reactivity should be bromate > chlorate 
> iodate, as indicated by the redox potentials .l The kinetic order of reactivity, 
iodate > bromate > chlorate is exemplified by the reaction with iodide. The speed 
of the reaction increases with increasing hydrogen ion concentration. Iodate ion 
reacts rapidly and completely at a much lower hydrogen concentration than does 
bromate. According to Kolthoff and Hume,” at pH 4-5 the iodate-iodide reaction is 
complete whereas the bromate reaction is negligibly slow and iodate can be determined 
in the presence of bromate at pH 4. The bromate reaction requires a hydrochloric 
acid concentration of at least 0*5M, though catalysts such as ammonium molybdate 
can be used at lower acidity. According to Ferrey3 the chlorate reaction is rapid only 

when the hydrochloric acid concentration is 7.5&f, but under these conditions iodide 
is oxtdized by aerial oxygen anyway so the reactton is not useful for analytical purposes. 

More recent kinetic studies confirm these findings.4 The variation in the rate of 
oxidation with the atomic number of the halogen is presumably related to the strength 
of the oxygen-halogen bond and the ability of the halogen atom to achieve an in- 
creased co-ordination number in the transition state. The halate oxidation rates 
show a similarity to the rates of halate oxygen-exchange reactions, iodate giving 
rapid exchange with water at room temperature even in neutral solution, whereas 
bromate and chlorate exchange slowly .5 The rate of oxygen exchange of bromate 
and chlorate with water is dependent on the square of the hydrogen ion concentration, 
and is faster in D,O than in H,O. This suggests that protonation occurs rapidly and 
reversibly before the rate-determining step. 

2Hf f ClO,- + H,ClO,f 

X- + H&IO,+ + products. 

4 45 
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The rates of oxidations with chlorate, bromate and iodate are largely dependent 
on the hydrogen ion concentration of the medium, showing either f&t-order or 
second-order dependence. The reaction of chlorate with a halide follows the rate law 

F = k[ClO,--] IX-1 [H+l_. 

The protons are used in production of water from the halate, and this may occur by 
an Ssl mechanism such as 

GlO,- +- Hf + HOCK.& 

HOCIO, -+ H” -+ CIO.lL 4- H,O 

c10+ -j- x- --+ XCIO, 

or an S,2 mechanism such as 

ClO,- +- zII+ $ H,oc1o,’ 

I&OCiOe+ + X- +XCIO, + H&k 

It appears that on the addition of hydrogen ions the oxy-anions are converted into 
iess stable forms which can easily react with other chemical entities. Another fact of 
importance to the rates of reactions involving oxy-anions is the oxidation state 
of the central atom. The rates of repIacement reactions for a lower oxidation state 
are faster than for a higher oxidation state. Thus the rates of perchlorate reactions 
in aqueous solution are extremely slow, those of hypochlorite very rapid, and those 
of chlorite and chlorate are intermediate. 

Taking into account these theoretical considerations, we have been able to es- 
tablish conditions under which potassium chlorate reacts very rapidly with vanadium- 
(III), tin(H) and titanium(III). The reactions of chlorate with vanadium(III), 
tin(I1) and titanium(II1) become fast enough for titration purposes at very high 
mineral acid concentrations; under the prescribed conditions the reactions have 
been found to be stoichiometric according to the equation: 

CD,- f 6H+ + 6e-- --, Cl- + 3H,O 

EXPERIMENTAL 

Potassium chlorate, O.lN. Prepared from pro anafysi reagent (Merck) dried at 100”; standardized 
as described by Vogel.’ 

Vanadium(ZZZ), O*lN. Prepared by cathodic reduction of O.lN sodium vanadate solution in 
0+5N sulphuric acid.’ Kept in a reservoir fitted with an automatic burette, and stored under carbon 
dioxide. The solution contains mostly vanadium(II1) and a little vanadium(IV) and is standardized 
according to Murty and R~o.~ 

i%(ZI) cklaride and f~~~iurn(II~ ckloride, 0.1N. Prepared in hydrochloric acid, stored and 
standardized by the usual methods. 

Tiirafiun of vQ~~j~~(ZZI) 

Preliminary studies showed that onIy 5-7Mhydrochloric acid is a suitable medium for thepotenti- 
ometric titration, but the potential requires 5 min to stabiiize, and the end-point inflection is poor. 
However, addition of 0.3 ml of 0.1&f iron(III) sulphate in a titration volume of 50 ml gave not only 
potential stabilization within 1 min, but also gave a good inflection in the titration curve. Phos- 
phoric acid, osmium tetroxide and potassium iodide did not have this beneficial effect. A carbon 
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dioxide atmosphere was used, owing to the instability of vanadium(II1) solutions in air. Seven 
titrations gave a value of 6-01 5 O-02 moles of vanadium(II1) oxidized per mole of potassium chlorate 
used, confirming the stoichiometry. 

Procedure 

Take 27-31 ml of concentrated hydrochloric acid and 15-11 ml of distilled water in a 150-ml 
Pyrex titration cell so as to keep the overall acidity 6--7.M on final dilution to 50-60 ml. The cell is 
fitted with a 5-holed rubber stopper accommodatin g the platinum electrode, porous salt bridge, 
microburette, and inlet and outlet tubes for carbon dioxide. A thick platinum wire is used as in- 
dicator electrode and a saturated calomel electrode as reference. Before the titration pass carbon 
dioxide through the mixture for 5-10min to expel dissolved oxygen. Add a 3-6ml portion of 
vanadium(III) solution to the titration vessel and pass carbon dioxide while the mixture is stirred by 
a magnetic stirrer Add 0.3 ml of 0.1.w iron sulphate. Titrate with O.lN potassium chlorate, 
noting the potentials with a wait of 1 min after each addition of the titrant. The potential jump at the 
equivalence point is 200-270 mV per O-04 ml of O.lN potassium chlorate. Some representative 
results are presented in Table I 

TABLE I.-TITRATIONOF VANADIUM(III) WITH PCITASSIUMCHLORATE 

Condition 

Potentiometric, 
6M HCI, 
inert atmosphere 

Indicator 
Methyl Orange, 
6M HCI, 
inert atmosphere 

Vanadium(III), mmole 

Taken Found 

0.2415 0.2424 
0.3650 0.3660 
0.5024 0.5008 
0.5244 0.5230 

0.5352 05337 
0.55ss 0.5571 

0.5816 0.5840 
0.2876 0~2888 

Visual titration 

Methyl Orange can be used as redox indicator for this titration. Ferroin, diphenvlbenzidine, 
diphenylaminesuiphonate, Methyl Red and other dyes did not prove useful. More catalyst is nec- 
essarv. at least 1 ml of O.LM ironCIII) sulohate for 50-60 ml of titration mixture. With a smaller 
amo&t of catalyst the indicator is bleachid before the equivalence point. 

Take 27 ml of concentrated hydrochloric acid, 18 ml of distilled water, 1 ml of O.lMiron(III) 
and 3 drops of 0.1 “/o Methyl Orange solution in the titration cell, and pass carbon dioxide through 
for 5-10 min. Then add the vanadium(III), pass carbon dioxide while the mixture is stirred mag- 
netically, and titrate with O.lN potassium chlorate, rapidly in the beginning and slowly towards the 
equivalence point, where 20-25 set should be allowed between additions of a drop of the reagent. 
The end-point is denoted by the disappearance of the red colour. The indicator correction is O-06 
ml to be deducted. The average relative error is c0.40,;. 

Tifration of tin(U) 

Kulwarskaja) determined tin(R) with chlorate, but had to titrate the solution at boiling temper- 
ature. We titrate tin(U) potentiometrically with potassium chlorate at room temperature in hydro- 
chloric, sulphuric or phosphoric acid media. Conditions have also been found for the visual titration, 
using Phenosafranine, Neutral Red, Methylene Blue and Naphthol Blue Black as indicators in hydro- 
chloric acid medium, and ferroin as indicator in sulphuric acid medium. None of these indicators 
functions in phosphoric acid medium. 

Potassium chlorate reacts with tin(H) rapidly when the acid concentration is >S&f for hydro- 
chloric acid, >6M for sulphuric acid, and >121M for phdsphoric acid, but the stabilization of 
potentials is slow, especially in phosphoric acid, in the vicinity of the end-point (&6 min in HCl. 
3-6 min in HISOI, 4-6 min in initial stages and 10-12 min in linal stages in H,PO,). The potential 
breaks are -500 mV/OGt ml of titrant in HCI and H,SO, media but only -350 mV in H,POI. 
The average relative error is 10. 27/, in hydrochloric acid medium and *0.4% in the other two 
media. Some representative results are presented in Table II. 

Satisfactory visual titrations have been made in an inert atmosphere, with Methylene Blue or 
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TABLE II.-TITRATIONOFTI~JI) WITHPOTA~~IUMCHLOFSTE 

Conditions 

Potentiometric, 
5-6&f HCl 

Indicator 
Methylene Blue, 
67M HCI 

Indicator 
Phenosafranine, 
6--7&f HCI 

Tm(II), mmole 

Taken Found 

0.2345 0.2340 
0.2535 0.2530 
0.2836 0.2842 
0.3325 o-3335 

0.2468 0.2476 
0.3147 0.3139 
0.4055 0.4043 
0.545-F 0,5470 

0.2104 0.2098 
0.323 1 o-3243 
0.3766 0.3750 
0.4566 0.4578 

Phenosafranine in 6-7M hydrochloric acid medium, Neutral Red in 7-8iW acid and Naphthol Blue 
Black in 6-8M hydrochloric acid. It is within these limits of acidity that both the reduction of the 
dye by stannous chloride and the reoxidation of the leuco dye are fast. The indicator corrections are 
negligible. The avera,ge relative error is f0.3%. Typical results are presented in Table II. 

None of these indtcators functions satisfactorily in sulphuric acid medium. Only ferroin works 
satisfactorily. although it does not do so in hydrochloric acid medium. It is used in 6-7M sulphuric 
acid, with the addition of 10 ml of phosphoric acid for 50 ml of titration mixture. The indicator 
correction is 0.07 ml for 2 drops of 0.01&f ferroin. 

Titration of fifunium(IfZ) 

Titanium(II1) can be titrated with potassium chlorate solution at room temperature, using Neutral 
Red or Phenosafranine as indicator, in 6-81M hydrochloric acid. The average relative error is &0.3?/,. 
Some representative results are presented in Table III. 

TABLE III.-TITRATION OF TITANIUM(III) w POTASSIUM CHLORATE 

Conditions 

Indicator 
Phenosafranine, 
6-8M HCI , 
inert atmosphere 

Indicator 
Neutral Red, 
6-81M HCI, 
inert atmosphere 

Titanium(III), mmoie 
Taken Found 

0.3324 0.3334 
0.4249 O-4237 

0.5950 0.5928 
0.7463 0.7452 

O-3485 0.3474 
0.3842 0.3556 

0.5228 0.5235 
0.5719 0.5739 

Zusammenfassung-Fiir die Verwendung von Kaliumchlorat als 
primgres Oxidationsmittel bei der direkten Titration von Vanadium- 
(III), Zinn(I1) und Titan(II1) mit visueller oder potentiometrischer 
Endpunktsanzeige wurden die optimalen Bedingungen ermittelt. 

R&urn&On a Ctabli les conditions d’emploi du chlorate de potassium 
comme agent d’oxydation primaire dans le titrage direct des 
vanadium(III), itain(I1) et titane(III) avec points de virage visuels ou 
potentiomttriques. 
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Summary-The molar absorptivity of the cyanide complexes 
[Cu(CN),]‘- and [Cu(CN)$-, at their isosbestic wavelength (235 nm) 
is l-13 x IO3 I.mole-l.mm-l and can be used for the quantitative deter- 
mination of micro-amounts of copper in the ppm range. The 
determination of l-10 pg of CuZ+ per g of NaCI, or 025-2.5 &ml, is 
described in detail. The co-precipitation of copper with NaCl 
crystallizing from aqueous solutions has been studied by this method. 

CUPRIC CHLORIDE is readily converted, on addition of cyanide, into the cuprous 
cyanide complex even in a concentrated alkali metal halide solution.’ The cuprous 
cyanides have a distinct absorption in the 225-240 nm region which can serve for the 
identification and quantitative determination of micro-amounts of copper. However, 
the shape and position of the absorption band are affected by the concentration of 
copper, by the concentration of cyanide, and by the ratio between them. 

Glasner and Avinur’ have found that in order to obtain a well-developed narrow 
band with its peak at about 235 nm it is necessary to add cyanide in some excess to the 
concentrated alkali metal chloride solutions containing the copper(I1) ions. This 
excess was assumed to be at least 20 moles of cyanide per mole of copper. However, 
the quantitative determination of copper, especially at very iow concentrations in the 
ppm range, was not satisfactory. 

Baxendale and Westcott? found that a 6 x 10-6M solution of K,Cu(CN), shows 
an absorption band with a peak at 234 nm, which they attributed to the Cu(CN)?- 
species. This peak shifted to longer wavelengths on addition of either free cyanide or 
sodium hydroxide, the shift being ascribed to the formation of Cu(CN&?-; the four- 
co-ordinated complex may not be attainable at the low concentrations mentioned. 
Kappenstein and HugeP convincingly proved that both Cu(CN&* and CU(CN),~ 
absorb strongly in the 225-240 nm region, having an isosbestic point at 235 nm. They 
determined the stability constant of the tetracyano complex 

CN- + CU(CN),~- + CU(CN),~ (I) 

in ca. 2M sodium perchlorate solution. 
This constant (418 Jt 12 Lmole-l at 25’) was found to be valid for solutions 

ranging from O-2M to 10-4&f copper, when the mole fraction of Cu(CN),2- varied 
from 0.1 to O-96 respectively, and the amount of other species present was negligible. 
They excluded from their study solutions of lower copper concentration, in the range 
1-5 x 10-5M, in which the caicuiated mole fraction of Cu(CN)a2- would be above 
O-96, and its dissociation to a lower co-ordinated complex most probable. 

* This work was supported by an NBS Grant No. (G)-86 
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FIG. 1 .-The absorption spectra of copper cyanide solutions of varying CN-/Cr.?+ ratio. 
Series 1 contained 1.5 /dg CfT/ml; series 2 contained 25 pg Cu’+/ml. 

As the range of copper con~ent~tions of analytical interest to us coincided with the 
range excluded by Kappenstein and HugeI,S the prime aim of this work was to 
determine the excess of cyanide needed in order to keep the mole fraction of CU(CN&~- 
sufficiently low to prevent further dissociation which woufd affect the value of the molar 
abso~t~vity at the isosbestic point. 

A number of different values of the stability constant required for such a computa- 
tion can be found in the literature;2-6 virtually all of them are “concentration 
constants” determined at different ionic strengths. The reported values vary within 
an order of magnitude. 3 Experimental determination of the cyanide excess needed was 
therefore indicated. 

EXPERIMENTAL 

The test solutions contained 2-5 g of atkali metal hafide (J. T. Baker, ‘beaker-Analyzes’) per 10 ml 
of solution, and appropriate amounts of copper [l-IO ,ug of copper per g of alkali metal halide]. 
Potassium cyanide solution was added in the desired excess before the flask was filled to the mark. 
A pure alkali metal halide solution of identical concentration, but without added copper and cyanide, 
served as the reference. The copper stock solution was prepared from CuS0,.5H&J (J. T. Baker, 
‘“Baker-Analyzed”) and its copper content was ascertained by electrolysis. 

In order to determine the effect of other cations present, the chlorides of Zr?, Mn%+, Cd?+, Fe’+, 
Nit”, Fe*+ and A$+ were used. 

The analytical method was applied to a series of sodium chloride samples crystallized by evapora- 
tion at 65” from solutions containing 490 or 9&O rcg of copper per g of sodium chloride. 

RESULTS 

Figure 1 shows the absorption spectra of two series of copper solutions and their 
variation with the mole ratio CN-/Cu?+. All the solutions contained 0.25 g of sodium 
chloride and 1-5 or 2.5 pg of copper per ml, and 40-mm cells were used. With low 
CN-/CL+ ratios the absorption bands are broad and ill-defined. As this ratio 
increases, a well-developed band, with a peak at 237 nm, reveals itself and the 
absorbance at 235 nm, the isosbestic point, is the same for equal copper concentrations, 
irrespective of the cyanide excess. Also, the greater the concentration of the copper 
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215 235 255 nm 

FIG. 2.-Absorption spectra of copper cyanide in NaCl solutions. 
Composition of solutions l-5 was as given in Table I. 

the smaller the ratio at which this constant value is attained; a tenfold molar ratio was 
sufficient for the solutions containing 2.5 pg of copper per ml. 

Similarly, it has been established that solutions containing 10 yg of cyanide and 
0.25 ,,~g of copper per ml (i.e. 1 ppm of copper in the sodium chloride), will give the 
right band shape for a quantitative determination. This is equal to a mole ratio CN-/ 
Cu”+ of nearly 100, and hence 10 lug of cyanide were added per ml of test solution in 
the following experiments. The spectra obtained with varying amounts of copper 
(O-25-2.5 pg/ml) added to sodium chloride solutions (2.5 g/l0 ml, weighed out 
separately) are recorded in Fi g. 2 (lo-mm cells were used). The shape of the absorp- 
tion curves is satisfactory, but a plot of the absorbance values does not extrapolate to 
the origin, indicating the presence of 0.7 pg of Cu’f per g of sodium chloride on the 
average. 

As the copper content of the sodium chloride may vary from sample to sample, 
even if taken from the same bottle,’ the series of measurements was repeated with 
solutions of similar composition, but the sodium or potassium chloride was taken by 
pipette from a single stock solution. The results are recorded in Table I. 

Assuming that both salts were initially contaminated by a small amount of copper, 
we calculate the molar absorptivity as 1.13 x 103 l.mole-l.mm-l, in close agreement 

TABLE I.-THE ABSORBANCE of COPPER CYANIDE 
SOLUTIONS AT THE ISOSBESTIC POIXT, 235 nm 

Absorbance at 235 nm 
NaCl KC1 

0.25 0.050 0.050 
0.50 0.095 0.095 
I.00 0.190 0.180 
1.50 0.270 0.270 
2.50 0.450 0.450 

Cell path = 10 mm. All solutions contained 0.25 g 
of alkali metal chloride and 10 pg of cyanide per ml. 



TABLE IL-THE ABSORBAXE OF 1-69 ug , OF CU'-/ml, CY.wDE ComLE.xES Is &cl ~~LC?ION, 

IN THE PRESENCE OF v~iuous CATIONS, >IEASURED AT %nm. EVENED ABSORBAXE 

VALLUE : 0483 

Foreign cation Al.? Mn?- 
Absorbance 0.34 0470 
Deviation, 7: -50 -2.7 

Zn’- Cd+ 
0.515 0495 

166 ‘35 

W- Fez- 
0450 04JJ 

-6.8 -1.2 

with the values recorded in the Iiterature1-3 for different salt solutions and ionic 
strengths. Further, we note that the samples of chlorides used contain only about 
0.1 ppm copper. 

The influence of a number of cations on the estimation of copper by the proposed 
method was also investigated. Table II gives some of the absorbance readings of a 
solution containing 2.69 ,~cg of copper and 0.25 g of sodium dhloride per ml, in the 
presence of 10 pg of the ions listed, or 2.5 yg per ml in the case of nickel and iron(IfI). 
The expected absorbance of the pure solutions, without the foreign ions, is O-453. It 
may be observed that only gold ions interfere seriously. The spectrum indicated the 
formation of the [Au(CN),]- complex, which consumed a good part of the excess of 
cyanide ions required for the formation of the [Cu(CN),]‘- species. Adding a larger 
surplus of cyanide ions does not help, as the absorption bands overlap. This measure 
was adopted in the case of the nickel and iron(II1) ions; the latter solutions contained 
2Opg of cyanide per ml. Under these conditions both nickel and copper could be 
determined simultaneously. Small amounts of iron(H) ions appear to be totally 
oxidized to iron(fII), probably by dissolved oxygen. 

The deviations, indicated in Table II, from the expected value are due to the sum 
of the experimental errors as well as to the inhomogeneous distribution of the copper 
ions in the sodium chloride sampIe. The presence of some copper ions in the zinc and 
cadmium chlorides used is also suspected. 

Severai potassium and sodium chIoride products were analysed for copper content 
by the proposed spectrophotometri~ method; 2 ,~g of CL?+ per g of salt were initially 
added to each OF the test solutions, in order to improve the precision of the measure- 
ments. Copper may be determined in other “pure” salts in a similar manner, unless 
the solution absorbs light appreciably in the spectral range 230-240 nm. For exampie, 
the method was not applicabIe to bromide solutions. 

Our attempts to determine copper by atomic-absorption spectroscopy in these salts, 
or in other copper-doped samples, failed as the readings were completely irrepro- 
ducible and non-linear. 

Test solution. Dissolve 25 g of solid sample in 80 ml of tripiy distilled water. Filter off foreign 
particles. 

Reqenfs. Potassium cymide solution, O-26 g/l. If cyanide-complexing cations are present, or if 
the copper content of the final test solution is greater than 2.5 ,ug/m.l, a proportionately more concen- 
trated solution should be prepared. 

.&X&W&. Copper range 2.5-25 mgjt. Triply distilled water throughout. Mix 8 ml of test solution 
with I ml of reagent and I ml of water (or standard copper solution) giving a total of 10 mt. Transfer 
the solution to the photometric ceil and record the absorbance at 235 nm, usin.g 8-O ml of test 
solution + 2.0 ml of water in the reference cell. Zf the spectrum does not reveal a distinct band with 
a peak at 237 nm, use a more highly concentrated cyanide solution. If the copper content of the test 
solution is low (about 0.25 &ml or less), add I ml of a standard copper solution. 
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The co-precipitation of copper with crystalking sodium chloride 

The cyanide method was applied to the estimation of the 

fractions of sodium chloride crystallized by evaporating a 

amount of copper in 

solution at constant 

temperature, 65 k I”, and constant pressure, 20 mbar. The results of two series of 

experiments are given in Table III : 126 g of pure recrystallized sodium chloride were 
dissolved in 360 g of water, with O-98 and 0.49 mg of copper per g of sodium chloride 
added in the two series respectively. The Pyrex glass vessel containing the solution was 
immersed in a large oil-bath, and the solution evaporated by continuous regulated 

pumping. The water vapour was condensed in a cold trap, where its volume or weight 

TABLE III.-AMOUNT OF COPPER IONS CO-PRECIPITATED IN CONSECUTIVE FRACTIONS OF NaCl 
CRYSTALLIZED FROM AN EVAPORATISG AQUEOUS SOLUI'ION AT 65°C 

Fraction 

,Ug cu=+ 
g NaCl 

NaCl 
crystd. 
x, 

73 

NaCl in 
solution 

XELg 

cu co- 
peted 
Y’, rig ln LU,/Wn - WI 103 x R 

Starting material 980* - 
1 5.29 34.16 
2 7.04 7.70 
3 7.37 6.80 
4 12.40 16.93 

Starting material 490t 
1 4.84 - 15.21 
2 4.25 14.17 
3 6.50 14.93 
4 7.09 8.77 
5 7.60 11.13 
6 18.10 13.30 
7 16.10 8.02 

126.0 - - 
126.0 185.0 0.3162 0.585 
90.0 55.3 0.0893 0.619 
SO.9 51.1 008765 0.583 
72.7 214.2 0.265 1 0.808 

126-O - - 
126-O 75; 0.1286 0.584 
109.1 61.4 0.1391 0442 
93.2 99.0 0.1746 0.567 
76.4 63.4 0.1219 0.520 
65.9 86.3 0.1850 0.466 
52.9 246.6 0.2896 0.851 
37.8 131.7 0.2385 0.552 

* Total Cu present in initial solution was 0.1225 g. 
t Total Cu present in initial solution was 0.0612 g. 

could be determined. After fixed intervals the crystallized salt was filtered off by 
suction through a sintered glass filter. A few ml of water were added to the filtered 
supersaturated solution and the fractional crystallization was continued. The filtered 
crystals were thoroughly washed with saturated sodium chloride solution to remove 
all adhering copper-rich solution, weighed after suction, dried at 130’ and then re- 
weighed. 

It may be seen that the copper content (,ug of Cu”+/g of NaCl) of the first fraction 
is only 0*5-1.0% of that of the dissolved salt, i.e., co-precipitation is largely indepen- 
dent of the copper concentration. However the copper content of the crystallized 
fractions increases in an inverse proportion to the amount of sodium chloride in the 
solution.* The latter observation is expressed by the equation Y’ = R In [Xn/ 
(Xn - X’)], where Y’ is the total amount of copper co-precipitated by each fraction, 
R is a constant, Xzr is the weight of sodium chloride in the solution, and X’ is the weight 
of each fraction of salt. The fluctuations in the R values are rather small, considering 
the experimental difficulties involved. Two exceptionally high values, one in each 
series, are thought to be due to incomplete washing of these crystallized fractions, 
and the analytical method appears to be fairly satisfactory. 
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FIG. 3.-Calculated mole fraction of lCu(CN),l”- as a function of the CN-/C$+ 
ratio in the solution. 

Assumed concentration of copper: 1, 3-2.5 ,ug/ml; 2, 5-15 [(g/ml; 4-0~25 pg/ml. 
-K=418; ---K=55. 

DISCUSSION 

It has been proved experimentally that Beer’s law is valid for the absorbance of the 
cyanide complexes [Cu(CN)Je- and [Cu(CN)J3- at the isosbestic wavelength 235 nm, 
in the copper concentration range of 0.25-2.5 pg/ml, if a sufficient excess of cyanide 
ions has been added to the solution. Our results are in good agreement with those of 

Kappenstein and Hugel. 3 These authors stated that if the mole fraction of the 
tricyano complex in the equilibrium equation (1) is calculated to be larger than 0.96 of 
the total copper concentration then the isosbestic point ceases to be reliable, because 
of the formation of complexes with lower co-ordination numbers. In Fig. 3 we plot 
the calculated mole fraction of the tricyano complex for three different concentrations 
of copper: 0.25, 1.5 and 2.5 lug/ml, as a function of the CN-/CuZ+ mole ratio. The 
stability constants K = 418 from Ref. 3 and K = 55 from Ref. 2 (broken line) are used 
for these calculations. The mole fraction O-90 of [Cu(CN),]” is indicated by straight 
lines. This lower value (0.90) was adopted as an analytical safety margin. Comparison 
of Figs. 1 and 3 confirms the higher value of the two stability constants tested, and 
indicates that 0.25 ,ug Cu?+/ml should be readily determinable in the presence of a 
minimum of a 70-fold excess of cyanide ions. However, the cyanide method would 
not be applicable to the determination of copper at lower concentrations. 

No other metal ions except gold were found to interfere with the estimation of 

copper by the cyanide method. A larger excess of cyanide ions should however be 
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added in the presence of cations giving stable cyanide complexes. In the procedure 

given here, a minimum concentration of cyanide was proposed so as to preclude the 

possibility of complications due to contamination. 
The cyanide method was applied to a study of the co-precipitation of copper with 

sodium chloride crystallizing from aqueous solutions. Table III proves that the co- 
precipitation is largely independent of the concentration of copper ions in the solution 
or the amount of salt crystallized; it is inversely proportional to the amount of sodium 
chloride in the solution and can be expressed by an appropriate constant R. The R 
value of copper in sodium chloride is about 0.56 x 10e3, slightly less than that of 

calcium and magnesium ions.g 

Zusammenfassung-Der molare ExtinktionskoefIizient der Cyanidkom- 
plexe [Cu(CN),]“- und [CU(CN),]~- betrlgt bei ihrer isosbestischen 
Wellenllnge (235 nm) 1.13.103 1 mol-1 mm-l; dies kann zur quantita- 
tiven Bestimmung von Mikromengen Kupfer im ppm-Bereich ver- 
wendet werden. Die Bestimmung von l-10 ,ug CU?+ pro g NaCl oder 
0.25-2.5 pg/ml wird in Einzelheiten beschrieben. Die Mitfallung von 
Kupfer beim Auskristallisieren von NaCl aus wil3rigen Losungen 
wurde mit diesem Verfahren untersucht. 

R&urn&-Le coefficient d’absorption moleculaire des complexes du 
cyanure [Cu(CN),]+ et [Cu(CN)$-, a la longueur d’onde isobestique 
(235 nm) est de 1,13 x lo3 l.mol.-l mm-l et II peut etre utilisd pour la 
determination quantitative de micro-quantitts de cuivre dans le 
domaine du ppm. On d&it en detail le dosage de l-10 ,ug de Cup+ 
par g de NaCl, ou de 0,25-2,5 &ml. On a etudit par cette mtthode la 
coprecipitation du cuivre avec NaCl cristallisant de solutions aqueuses. 
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AMMONIUM HEXANITRATOCERATE(IV) AS 
AN OXIDIZING AGENT-V* 
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AT ROOM TEMPERATURE 
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(Received 16 March 1971. Accepted 20 August 1971) 

Summary-Conditions have been established for the accurate titration 
of arsenic(II1) with ammonium hexanitratocerategv) at room tempera- 
ture in sulphuric, nitric and hydrochloric acid media, using suitable 
catalysts, and ferroin as indicator. 

CERIUM(IV) SULPHATE in sulphuric acid medium is used for titration of arsenic(III), 
consequent on the work of Willard and Young’,? and Gleu3 and is nowadays often 
prepared from pure ammonium hexanitratocerate(IV). It would be an advantage if 
the ammonium hexanitratocerate(IV) could be used directly, especially as it is claimed 
to be of fixed composition and obtainable in high purity. Willard and Young” stated 
that arsenic(II1) can be accurately determined in 3442M hydrochloric acid with 

cerium(IV) sulphate at 50”, using iodine monochloride as catalyst and ferroin as 
indicator, but the procedure is rather inconvenient. Gleu3 used three drops of 0.OlM 
osmium tetroxide as catalyst and ferroin as indicator in about 0.5N sulphuric acid 
medium, but even then the oxidant should be added very slowly near the end. It is 
interesting that ferriin, the oxidized form of the indicator, is not readily reduced by 
arsenious acid; even in the presence of osmium catalyst only a faint red colour 

appears. 
We have now established conditions for the rapid and accurate titration of arsenic- 

(III) in l-2M hydrochloric acid or I-1.5M nitric acid, or 0*5-I-ON sulphuric acid 
at room temperature with ammonium hexanitratocerate(IV), using ferroin as 
indicator and a trace of iodine as catalyst. The titration can be done very rapidly 
even at the end-point, which is deemed to have been reached if the ferroin colour does 
not recur within 30 set of the addition of the last fraction of a drop of the oxidant. 
Potassium iodide or iodate or iodine monochloride can also be used as catalysts, but 
corrections have to be made for the first two. At higher acid concentrations the results 
will be low by O-05-0*1 ml of O-IM cerate unless the titrations are carried out slowly 
towards the end. This is due to the slower reduction of ferriin by arsenic(III) at higher 
acid concentrations. The indicator correction is negligible in titrations with O-U4 
cerium(IV) nitrate. With more dilute solutions of the oxidant indicator corrections 

are necessary. 
A large number of titrations with varied acid concentrations showed that satis- 

factory conditions for the titration of arsenic(II1) with ammonium hexanitratocerate- 
(IV) with a potentiometric end-point are: (1) 1N sulphuric acid medium with trace 
amounts of iodide, iodine or iodine monochloride as catalyst, (2) 1M nitric acid with 

l Part IV: Talanta 1964,11,955. 
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O-IM potassium bromide or I&)-jM potassium iodide, IO-“N 1, or 1W6M ICI as cata- 
lyst, (3) l&f hydrochloric acid with 0*1&f potassium bromide or IO-jM potassium 
iodide or 10-J&l iodine as catalyst. A negative correction has to be applied when 
potassium iodide is used, especially when working with dilute solutions of cerium(IV) 
nitrate. 

Bromide failed to catalyse the reaction in sulphuric acid medium, but was effective 
at concentrations >O.lM in nitric or hydrochloric acid medium. In titrations using 
the bromide catalyst the potential break at the end-point is invariably much lower 
than in titrations using iodide, iodine or iodine monochIoride catalyst in a11 the acid 
media tried. Moreover bromide is required at a much higher concentration than 
iodide. For these reasons the procedures usin g the iodine-based catalysts are 
recommended. 

Some representative results are presented in Table I. 

TABLE I.-TITRATION OF ARSENIC(III) AT ROOM TEMPERATURE WITH 

.AblMONUM HEXANTRATOCERATE(IV) 

Medium 
Arsenic(II1) mm& 

Taken Found Relative error % 

1iCf HCI 
Ferroin indicator 

1 IZI HNO, 
Ferroin indicator 

l.OM HNO, -I- O.Ilki KBr 
Potentiometric 

l*OM HNO, f 10-5,M RI 
Potentiomelric 

l-O,%4 HCI + O-l&f KBr 
Potentiometric 

1-OM HCI i IO-“iM KI 
Potentiometric 

0.2200 0.2194 -0.3 
01650 0.1645 -0.3 
0.1140 O-f 137 -0.3 
0.0865 0.0862 -0.4 
0.0390 0.0388 -0.5 

0.3500 0.3500 0.0 
0.2150 0.2137 -0-I 
0.1600 O-1600 0.0 
0.1250 0.1252 j-O.2 
0.1050 0.1052 10.2 
0~0800 0.0802 +0,3 
0.0650 O-064& -0.3 
0.0500 0.0502 +0.4 

0.4060 O-4064 +0.1 
0.2775 0.2772 -O*l 
0.2300 0.2294 -0.3 
0-1000 0.0996 -0.4 

0.4000 o-3995 -0.1 
0.2700 0.2702 -to.1 
0.1600 0.1595 -0.3 

o-fit00 OS102 0.0 
0.1500 0.1498 0.0 

0.4000 0.3992 -0.2 
0.3200 0.3196 -0.1 

EXPERIMENTAL 

Preparation of solutions 

Ammonium hexanitrutocerate(ZV), O.ldVf. Prepared in liM nitric acid and standardized against 
arsenic(III).J 

Sodium arsenite, O-IN. Prepared from analytical grade arsenious oxide dried at 105-l 10” for 1 hr. 
AI1 other chemicals employed in this investigation were of analytical reagent quality. The nitric 

acid was heated long enough to drive off oxides of nitrogen, and stored in an amber-coloured bottle. 
All solutions were prepared in demineralized water because of the high susceptibility of the 

cerium(IV)-arsenic(II1) reaction to catalysis by trace impurities. 

Apparatus 
The potentiometric titration assembly is that described ear1ier.j 
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DISCUSSION OF RESULTS 

Willard and Young titrated arsenic(II1) with cerium(IV) sulphate in 3-1.2M hydro- 
chloric acid at 50”, using 5-10 ml of 0.005M iodine monochloride as catalyst and 
ferroin as indicator. For successful potentiometric titration at room temperature they 
had to use 4.2M hydrochloric acid and at least 5 g of potassium bromide as the catalyst 
(per 100 ml of titrand). This corresponds to about 0.4M bromide. We observed that 

arsenic(II1) can be titrated rapidly with ammonium hexanitratocerate(IV) in 1M 
hydrochloric acid at room temperature with lower catalyst concentrations. Under 
our conditions the formal redox potential of the Ce(IV)/Ce(III) couple is about 1.08 V. 
In l-OM nitric acid medium the redox potential of the Ce(IV)/Ce(III) couple is very 
high, about 1-61 V, but a catalyst is still needed for rapid oxidation of arsenic(II1). 
This is indeed interesting because the formal redox potential of Ce(IV)/Ce(III) in the 
presence of bromide falls to about 1.1 V. This result brings out the significant point 

that for a rapid reaction to occur between cerium(IV) and arsenic(II1) the redox 
potential of the oxidant is not of such importance as is usually believed. It is the 
presence of environmental ions that matters. 

The potentiometric titration of arsenic(II1) with cerium(IV) is not possible without 
a catalyst in perchloric acid,‘j nitric acid, sulphuric acid or hydrochloric acid, in which 
the Ce(IV)/Ce(III) couple has formal redox potentials of about 1.7, I-61, 144 and 
1.28 V respectively, but is possible in the presence of O*lM bromide catalyst. In 1M 

nitric acid or IM hydrochloric acid medium sodium chloride can be used in place of 
bromide as catalyst, but the concentration required is very much higher (>4M is 
required). Iodide has an effective catalytic action at a very much lower concentration 
than bromide. 

Our observations may be explained in terms of a substitution reaction giving 
hexahalocerate(IV) instead of hexanitratocerate. It appears that bromide displaces 
the nitrate from the complex more easily than chloride does. The mechanism of the 
catalytic effect of chloride or bromide may be explained as being due to electron 
transfer from the arsenic(II1) to cerium(IV) via the halide ion. The halide ion may 
even be oxidized within the halide complex, and the resulting halogen atom oxidizes 
the arsenic(II1) : 

Ce(IV) -+ Cl- + Ce(II1) + Cl0 (1) 

Cl0 + As(II1) + Cl- j As(IV) (2a) 

Cl0 + As(N) + Cl- + As(V) (26) 

or 2Cl” + As(II1) - 2Cl- + As(V). (3) 

The transient formation of the unstable state As(IV) has been assumed by Csanyi,’ 
and others. That electron transfer from arsenic(II1) occurs via the halide ion is 
evident from the fact that bromide is effective at a much lower concentration than 
chloride. It is known that bromide is more rapidly oxidized than chloride by cerium- 
(IV) nitrate. This mechanism also explains why cerium(IV) does not readily oxidize 
arsenic(II1) in nitric acid or sulphuric acid media in the absence of a catalyst; nitrate 
and sulphate are already fully oxidized and cannot serve as electron transfer agents. 

There are reports that in solutions of ammonium hexanitratocerate(IV) in t2M 
nitric acid, there may not be much of the cerium(IV) present in the complex anionic 
form, only free or hydrolysed and polymerized cerium(IV) ions being present. If that 

6 
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be the case a slight modification of the mechanism suggested above becomes necessary, 
invoking the work of Duke and Borchers .8 They explained the kinetics of the oxidation 
of chloride by ceri~m(~ by assuming the formation of chloro-complexes of the tm 
CeCP, CeCl,“+ etc, folfowed by: 

CeCl,+ -+ Ce” f Cf- +- Cl,- (4) 

CeCl,” -+ cc3+ -j- Cl,- (5) 

The resuking Cl,- (or the Br,- from the bromide) may be assumed to oxidize 
arsenic~I1) rapidly: 

Cl,- -t_ As(III) --+ As(IV) + XX-. (6) 

The mechanism of the action of iodide (iodine or iodine monochloride) appears to 
be somewhat different from that of bromide and chloride. Because iodide works at 
trace concentrations of the order of IWM the mechanism may be believed to be 
truly catalytic and not necessarily involving any breaking of the complex nitratocerate. 
Both iodine and iodide may be converted by nitratocerate in nitric, sulphuric or 
hydrochloric acid medium into iodine(I) (as in iodine monochioride} which then acts 
as the catalyst : 

As(II1) f i(I) -+ As(W) t I@ (3 

As(IV) -i- I(1) --)I As(V) $ I0 (8) 

I0 -t_ I0 -+ I3 (9) 

I* + Ce(IV) -+ I(I) + Ce(III). (10) 

This mechanism impiies that if molecuIar iodine is formed according to reactian 
(9) the speed of oxidation of ~rsenic(II1) would be retarded. Indeed we have observed 
that when the iodine monochloride concentration is increased beyond a certain limit 
the reaction becomes sluggish. In acid solution molecular iodine does not react with 
arsenic(III), because the As(III)/As(V) potential is pH dependent and increased by 
acidity, whereas that of the I-/I, coupie is not. 

That the mechanism of catalytic action of iodine is somewhat different from that 
of chtoride and bromide is also indicated by the fact that iodide is required as catalyst 
even in hydrocblori~ acid medium and has a pronounced catalytic action even in 
suiphuric acid medium where chloride has a negligible, and bromide a poor catalytic 
action; in sulphuric acid medium cerium(IV) forms very strong sulphate complexes 
which cannot be easily transformed into the chforo- and bromo-complexes unless 
very high concentrations of these ligands are added. 

R&urn&-On a Ctabli des conditions pour le titrage p&is de I’arsenic- 
(III> par I’hexar&ratocCrate@V) d’ammonium A temp&ature ordinaire, 
dans des milieux acide sulfurique, acide nitrique et acide ~blorhy~ique, 
en utilisant des catalyseurs convenableset la ferroinecomme indicateur. 

Zusammenfassung-Die Bedingungen fiir eine genaue Titration VOD 
Arsen(IIT) mit Amxnoniumhexanitratocerat(IV) bei Zimmertemperatur 
in schwefefsaurer, salpetersaurer und satzsaurer Ltisung unter Venven- 
dung geeigneter Katafysatoren und Ferroia ais fndikator wurden 
ermitteit. 
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SHORT COMMUNICATIONS 

Ammonium hexan.itratocerate(IV) as an oxidizing agent--VI 

Determination of chromium(IlI) through oxidation to 
chromium(VI) at room temperature 

(Received 16 Murch 1971. Accepted 20 August 1971) 

THE DETEFMSATION of chromium(III) is of importance in the assay of ores, alloys, chromium- 
plating solutions and chrome-tanning liquors, and is usually done by oxidizing the chromium(111) 
to chromium(VI), which is then titrated after destruction of excess of oxidizing agent. The classical 
method of oxidizing chromium(II1) with hydrogen peroxide or sodium peroxide in hot alkaline 
medium is subject to the defect that, if all the peroxide is not removed, it may reduce some of the 
chromic acid formed during acidification before titration of the chromic acid, or may react with the 
iodide added if an iodomet& estimation is used. To facilitate the complete removal of hydrogen per- 
oxide. Feiel er al.’ added nickel nitrate after oxidation of chromium(II1). Schulek and Szakacs” 
proposed destroying the excess of hydrogen peroxide by adding chlorinewater and destroying excess 
of chlorine with cyanide. Willard and Young3 boiled the chromium(II1) with concentrated perchloric 
acid, cooled, added a known and excessive amount of ferrous ammonium sulphate, and back-titrated 
with permanganate. Smith’ stated that some of the chromic acid formed may be reduced by hydrogen 
peroxide, which is a by-product of the reaction. Lynn and Mason5 boiled the chromium(111) solution 
with an excess of 72% perchloric acid in a mixed medium of nitric acid and sulphuric acid containing 
silver nitrate as catalyst. This procedure also appears to be subject to Smith’s criticism, as is eviden- 
ced by the high negative errors (-OG3’~). Jarvenin$ oxidized chromium(II1) with excess of bro- 
mine in alkaline solution, acidified and boiled to remove the excess of bromine. Schulek and Dosza’ 
stated that in this method some chromic acid is lost by reaction with bromide during expulsion of 
the bromine. To avoid this error they oxidized with excess of hypobromite in alkaline medium and re- 
moved the excess with phenol. In our opinion some chromic acid may react with phenol during acidi- 
fication. Kolthoff and Sandells oxidized with an excess of potassium bromate in dilute sulphuric acid 
containing phosphoric acid and manganous chloride, decomposing the excess by boiling with ammon- 
ium persulphate and hydrochloric acid. This process also involves somelossof chromicacidas chromyl 
chloride or by reaction with bromite. Willard and Young9 oxidized chromium(I11) by boiling with 
excess of ceriurn(IV) sulphate in sulphuric acid, and back-titrated the excess with oxalate, or 
nitrite.“’ Both procedures must be subject to some error caused by reduction of cerium(IV) in a boil- 
ing solution, as has been established in recent years. Van der Mettle+ oxidizes with excess of potas- 
sium persulphate in the presence of zinc sulphate, sodium sulphate and silver nitrate, boils to destroy 
excess of persulphate, adds manganous sulphate and heats until the supematant liquid is a clear 
yellow, filters through a sintered glass crucible, cools and determines the chromium(V1) iodime- 
trically. This procedure is time-consuming and requires too many chemicals, though it is accurate. 

We have now made the interesting new observation that ammonium hexanitratocerate(IV) 
oxidizes chromium(II1) in dilute nitric acid at room temperature rapidly and stoichiometrically. 
The optimum conditions are 0.5-1&f nitric acid and 50-100% excess of the reagent for a reaction 
time of 10-15 min. 

Reagents 

EXPERIMENTAL 

Ammonium hexanitratocerate (IV) solution, O-l&f. Prepared according to Smith et al.tz and 
standardized with sodium oxalate (ferroin indicator or potentiometrically13). 

Sodium oxalate solution, O.lN. Sodium oxalate was dried at 120” for 2 hr, dissolved in doubly 
distilled water tested for freedom from heavy metal ions, and stored in an amber glass bottle. 

Chrome alum solution, 0.1 N. Standardized bv the method of van der Meu1en.l’ 
’ 

All other solutions were prepared from chemicals of analytical reagent quality. Nitric acid was 
heated long enough to drive off any oxides of nitrogen present and then stored in an amber coloured 
bottle. 
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Procedure 

TO 3-8 ml of chromium (III) solution (- 0.1.V) add a known and excessive amout of ammonium 
hexanitratocerate(lV) (6-16 ml of 0.1&f), 10 ml of 5OM nitric acid, dilute with water to 50 ml, 
and set aside for 15-20 min. Then titrate the unreacted cerium(IV) slowly with O.lNsodium oxalate 
potentiometrically. I3 The potential break at the equivalence point is N 400 mV per 0.1 ml of oxalate. 

RESULTS AND DISCUSSION 

The stoichiometry was confirmed by taking an aliquot of chrome alum solution, oxidizing, 
adding the calculated amount of sodium oxalate equivalent to the unreacted Ce(IV) nitrate, letting 
stand for 5 min, making 21V in acid by addition of sulphuric acid, and titrating the chromium(V1) 
with iron(H) solution, using barium diphenylaminesulphonate as indicator. 

Typical results are given in Table I. The good agreement between the results affords proof of the 
stoichiometric oxidation of chromium (III) with ammonium hexanitratocerate (IV) to chromium (VI) 
at room temperature. 

TABLE I 

Chromium (III) taken, 
mmole 

Procedure 

Chromium (III) found, mmole 

Iron (II) 
Relative error % titration Relative error % 

0.0667 0.0664 -0.5 0.0665 -0.3 
0~1000 O-1003 +0.3 0.1004 +0.4 
0.1330 0.1327 -0.2 0.1328 +0.2 
0.1687 0.1689 +0.1 0.1688 +0.1 
0.1767 0.1762 -0.3 0.1760 -0-4 
0.2000 0.1997 -0.2 0.1999 -0.1 
0.2033 0.203 1 -0.1 O-2034 O-0 
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Andhra University K. S. MURTY 
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Summary-A new method has been developed for the determination 
of chromium(III), depending on its oxidation to chromium(V1) at 
room temperature by treatment with 50-100% excess of ammonium 
hexanitratocerate(IV) in l.OM nitric acid medium. The reaction is 
complete within 15 min. The unreacted cerium(IV) is titrated poten- 
tiometrically with sodium oxalate. 

Zusammenfassung-Ein neues Verfahren zur Bestimmung von Chrom- 
(III) wurde entwickelt. Es beruht auf der Oxidation zu Chrom(V1) bei 
Zimmertemperatur mit einem Xl-100x-igen UberschuB von Ammo- 
nium-hexanitratocerat(IV) in IM salpetersaurer Msung. Die 
Reaktion ist in 15 min abgeschlossen. Das nicht verbrauchte Cer(IV) 
wird potentiometrisch mit Natriumoxalat titriert. 

R&mu?--On a elabore une nouvelle mtthode pour ledosageduchrome- 
(III), base sur son oxydation en chrome(V1) a temperature ordinaire 
par traitement avec un excks de SO-loo% d’hexanitratocttate(IV) 
d’ammonium en milieu acide nitrique 1,OM. La reaction est complete 
en 15 mn. Le cerium(lV) qui n’a pas reaagi est titre potentiometrique- 
ment a I’oxalate de sodium. 
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A rapid automatic method for the determination of oxygen in organic 

substances, using coulometry at controlled potential 

(Received 15 July 1971. Accepted 28 August 1971) 

SINCE 1954 we have performed routine determinations of oxygen in organic substances according 
to the procedure of Unterzaucher.’ The final step in this method is the following. The iodine which 
is formed by the reaction of carbon monoxide with anhydroiodic acid is collected in a tube containing 
20% sodium hydroxide solution. Bromine in acetate buffer is then added to this solution and all 
iodine is oxidized to iodate. Excess of bromine is removed by addition of formic acid, and bromine 
vapour in the flask is flushed out with a stream of air for 1 min. Sulphuric acid and potassium 
iodide are then added and the iodine formed is titrated with 0.02N thiosulphate. 

The tinal step thus involves several manual operations. Many authors have tried to make the 
procedure more or less automatic and some of these methods will be briefly described. Fraisse 
and Levy* convert the carbon monoxide into carbon dioxide and titrate this with hydroxide ion 
generated coulometrically. Kan-Ichi Nakamura et 01.,~ using a rather complicated procedure, 
oxidize the carbon monoxide to carbon dioxide which is then reacted with lithium hydroxide to 
produce water, which is driven off and determined coulometrically in a Pt-P,O, cell of the Keidel 
type. The accuracy of this method is, however, not very satisfactory. Calme and Keyser’ continuously 
titrate the iodine formed, with thiosulphate solution, in a special cell. Those methods which use 
gas chromatography in the final step, either for determination of carbon monoxide or of carbon 
dioxide, do not usually give such good values as Unterzaucher’s original method. 

The method which is described here is based on the continuous reduction of the iodine formed 
to iodide, at controlled potential. 

Since iodine has been extensively studied in connection with coulometric measurements, and 
since with the help of modem electronic instrumentation quantities of electricity can be determined 
with very high accuracy, this procedure is very attractive. 

Apparatus 

The oxygen apparatus which is described here has been in use for about two years and is in 
principle the same as that of Unterzaucher up to and including the anhydroiodic acid tube. The 
iodine vapour which is formed here is led by the nitrogen gas stream (lOml/min) through the 
electrically heated glass tube A (Fig. 1) down into the electrolysis cell B, also of glass, which contains 
5 ml of 2M sodium iodide and 5 ml of 2M sodium perchlorate. To prevent the temperature from 
rising, the electrolysis cell is surrounded by a glass jacket through which cooling water is led in at 
C and out at D. E is a rotating platinum electrode consisting of a circular Pt gauze (36-mesh), 
diameter about 35 mm, fixed at one end to a rotating Teflon-coated shaft. The shaft rotates at 
about 400 ‘pm. F is a calomel reference electrode (Radiometer K 401). Electrolyte can be added 
to and removed from the cell through the hole stoppered by G. The nitrogen can leave the cell 
via a small hole in G. H is a circular Haldenwanger clay filter, diameter about 15 mm, fixed to the 
cell with special Haldenwanger cement. The anode, K, consists of a platinum gauze (36 mesh, 
20 x 30 mm). The anode compartment contains 2M sodium perchlorate. 

The platinum electrode, E, is connected via a mercury contact at the upper end of the rotating 
shaft with the positive input of an operational amplifier in a potentiostat of exactly the same 
construction as described by Karlsson and Karrman. 5 The reference electrode, F, is connected 
to the negative input of the operational amplifier, and the anode, K, to the output. The potential 
of the working electrode is always - 100 mV vs. the calomel electrode. The temperature of the tube 
A through which the iodine vapour is led from the anhydroiodic acid tube down to the working 
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A rapid automatic method for the determination of oxygen in organic 

substances, using coulometry at controlled potential 

(Received 15 July 1971. Accepted 28 August 1971) 
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iodine is oxidized to iodate. Excess of bromine is removed by addition of formic acid, and bromine 
vapour in the flask is flushed out with a stream of air for 1 min. Sulphuric acid and potassium 
iodide are then added and the iodine formed is titrated with 0.02N thiosulphate. 

The tinal step thus involves several manual operations. Many authors have tried to make the 
procedure more or less automatic and some of these methods will be briefly described. Fraisse 
and Levy* convert the carbon monoxide into carbon dioxide and titrate this with hydroxide ion 
generated coulometrically. Kan-Ichi Nakamura et 01.,~ using a rather complicated procedure, 
oxidize the carbon monoxide to carbon dioxide which is then reacted with lithium hydroxide to 
produce water, which is driven off and determined coulometrically in a Pt-P,O, cell of the Keidel 
type. The accuracy of this method is, however, not very satisfactory. Calme and Keyser’ continuously 
titrate the iodine formed, with thiosulphate solution, in a special cell. Those methods which use 
gas chromatography in the final step, either for determination of carbon monoxide or of carbon 
dioxide, do not usually give such good values as Unterzaucher’s original method. 

The method which is described here is based on the continuous reduction of the iodine formed 
to iodide, at controlled potential. 

Since iodine has been extensively studied in connection with coulometric measurements, and 
since with the help of modem electronic instrumentation quantities of electricity can be determined 
with very high accuracy, this procedure is very attractive. 
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The oxygen apparatus which is described here has been in use for about two years and is in 
principle the same as that of Unterzaucher up to and including the anhydroiodic acid tube. The 
iodine vapour which is formed here is led by the nitrogen gas stream (lOml/min) through the 
electrically heated glass tube A (Fig. 1) down into the electrolysis cell B, also of glass, which contains 
5 ml of 2M sodium iodide and 5 ml of 2M sodium perchlorate. To prevent the temperature from 
rising, the electrolysis cell is surrounded by a glass jacket through which cooling water is led in at 
C and out at D. E is a rotating platinum electrode consisting of a circular Pt gauze (36-mesh), 
diameter about 35 mm, fixed at one end to a rotating Teflon-coated shaft. The shaft rotates at 
about 400 ‘pm. F is a calomel reference electrode (Radiometer K 401). Electrolyte can be added 
to and removed from the cell through the hole stoppered by G. The nitrogen can leave the cell 
via a small hole in G. H is a circular Haldenwanger clay filter, diameter about 15 mm, fixed to the 
cell with special Haldenwanger cement. The anode, K, consists of a platinum gauze (36 mesh, 
20 x 30 mm). The anode compartment contains 2M sodium perchlorate. 

The platinum electrode, E, is connected via a mercury contact at the upper end of the rotating 
shaft with the positive input of an operational amplifier in a potentiostat of exactly the same 
construction as described by Karlsson and Karrman. 5 The reference electrode, F, is connected 
to the negative input of the operational amplifier, and the anode, K, to the output. The potential 
of the working electrode is always - 100 mV vs. the calomel electrode. The temperature of the tube 
A through which the iodine vapour is led from the anhydroiodic acid tube down to the working 
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FIG. 1 .-Electrolysis cell for oxygen determination. 
A, double-walled electrically heated glass tube for transport of iodine vapour. &cathode 
compartment with cooling jacket. C and D, inlet and outlet for cooling water. 
E, platinum cathode at the end of the rotating shaft. F, reference electrode. G, Teflon 
stopper with hole for release of nitrogen. H, Haldenwanger clay filter. Z, anode 

compartment. K, anode, Pt-gauze. 

electrode is about 120”. The quantity of electricity required to reduce the iodine is measured with 
an electronic integrators and the value is read from a digital voltmeter (Solatron LM 1420.2). 

Procedure 

A 2-6 mg sample in a platinum boat is placed in the usual way in the pyrolysis tube. The cell 
is connected and a check made that the residual current is 15-20 PA before the movable furnace is 
put into position about 5 mm behind the boat. After about 3 min the current starts to increase 
rapidly and reaches a maximum value of 25-30 mA after 4-7 min. After about 13-14 min, depending 
on the nature of the sample, the residual current has again reached the 15-20 PA level, and the 
analysis is complete. The oxygen content is then calculated from the value LJ, read from the digital 
voltmeter, using the equation 

X0= 
R, . C . (UO - UB) . 15.32 

Rz.F.n.M.6 
x 100 (1) 

where R,, R, and C are integrator components (see Fig. 2, Karlsson and Karrman”) and have in 
this case the values R, = 03 MQ; R. = 10 fi2; C = 10 pF; F = 96487 C; n = 2 (number of 
electrons involved); M = weight of sample (mg); ZJ, = integrator reading for sample (mV); UB = 
integrator reading for blank (mV); 32 = molecular weight of oxygen. 

The figures 15 and 6 come from the reaction between carbon monoxide and anhydroiodic acid. 
The electrical components have been accurately calibrated, and when the values are inserted in 
equation (1) the following simplified equation is obtained 

%O = 0.020718 (” ; “) (2) 

The integrator read-out for an analysis is 4000-5000mV. The amount of sample is adjusted 
according to the oxygen content of the substance. The blank value in equation (l), U,, is obtained 
by performing the analysis in the absence of the sample, and is 30 & 3 mV. When the analysis is 
complete after 13-14 min (for certain substances which are more difficult to pyrolyse, a further 
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FIG. 2.-Histogram for the increase of the integrator read-out per unit time for the 
pyrolysis of benzoic acid (full line) and 3.5dinitrobenzoic acid (dashed line). 

l-2 min will be required) the residual current is 15-20 ,uA. This means that the residual current 
contributes about 2 mV/min to the integrator read-out. 

RESULTS 

The analyses can be carried out either by placing the movable furnace just behind the boat 
with the sample and then letting the furnace move over the boat, or by placing the furnace directly 
over the boat. With the latter procedure, the pyrolysis starts earlier and the total analysis time is 
reduced by l-2min. With the apparatus described here, the pyrolysis process can be followed 
continuously. Figure 2 shows 2 diagrams obtained by measuring the increase of the integrator read-out 
each whole minute, the time being counted from the moment the movable furnace was placed just 
behind the boat. It may be seen that benzoic acid is pyrolysed considerably faster than 3,5-dinitro- 
benzoic acid. 

Table I gives the collected results from the determinations of oxygen on the milligram scale. 
It can be seen that the aromatic nitro-compounds give rise to a very small but significant systematic 
error. Some experiments have also been performed to determine the carbon dioxide and water evolved 
on heating calcium carbonate and barium chloride dihydrate (Table II). Thus when the amount of 
CO, is determined, only 2 of the 3 oxygen atoms in calcium carbonate are included in the calcu- 
lated value. It has been shown previously, results not yet published, that the barium chloride 
contains l-985 moles of HI0 which corresponds to an oxygen content of 13.02%; the measured value 
was 13.010A. 

Table III shows some determinations made on the submilligram scale, where the weight of 
sample was 05-l*Omg. The weighings were performed on a Rodder ultramicro torsion balance 
and a Sartorius electronic ultramicrobalance 4125. For these determinations, the diameters of the 
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TABLE I.-DETERMIXATION OF OXYGEN ON SAMPLE WEIGHTS OF 2-6 mg 

Substance 

Found 
Calculated y<O 

%O i .i-) 

Number 
Of 

determinations 
in) 

Standard 95% 
deviation Confidence 

(5) interval* 

Benzoic acid 
Tris(hydroxymethyl)- 

aminomethane 
pChlorobenzoic acid 
m-Nitrobenzoic acid 
m-Dinitrobenzene 
3,S-Dinitrobenzoic acid 
1,4_Dimethoxybenzene 
Salicylic acid 
Urea 
&Hydroxyquinoline 

2044 2044 
38.30 38.20 
38-07 38.00 
45.26 45.14 
23.16 23.15 
34.75 34.74 
26-64 26.69 
Il.02 11.02 

26-21 71 0.05 $0.023 
39.61 20 0.09 fO-042 

17 
20 
24 

8 
12 

; 
12 

O-06 *o~ool 
0.11 kO.051 
0.12 10.051 
0.13 +0.109 
O-09 50.057 
0.04 *0.050 
0.08 $0.061 
0.07 *0@l4 

s 
* Calculated from .f i I_ . ro.a,j,n_l, from Student’s f. 

L’ II 

TABLE II 

Substance 
Calculated 

%O 

Number 95% 
Found of Standard Confidence 

%O determinations deviation interval 

Calcium carbonate 
Barium chloride 

dihydrate 

31.96 31.96 6 0.08 io-OS4 
13.02 13-01 9 0.04 rto.031 

TABLE III.-DETERMINATION OF OXYGEN ON SAMPLE WEIGHTS OF 0.5-1.0 mg. 

Substance 

Number 95% 
Calculated Found of Standard Confidence 

%O %O determinations deviation interval 

Benzoic acid 
p-Chlorobenzoic acid 
Salicylic acid 
1.4-Dimethoxybenzene 
Tris(hydroxymethyl)- 

aminomethane 

26.2 1 26.23 8 0.08 &O-O67 
2044 2044 6 0.05 iO.052 
34.75 34.68 6 0.10 iO.lOj 
23.16 23.11 5 0.13 ho.161 
39.62 39.61 9 0.13 io.100 

pyrolysis tube and the anhydroiodic acid tube were decreased to half of the normal size, i.e., the 
diameter of both tubes was about 5 mm and the amount of carbon and anhydroiodic acid was f of 
the amount used in the normal apparatus. The nitrogen flow was 10 ml/min and the analysis time 
11-12 min. 
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Summary-An Unterzaucher apparatus for the determination of 
oxygen in organic compounds is used. The iodine vapour formed in 
the anhydroiodic acid tube is led by a stream of nitrogen to the 
cathodic chamber of an electrolysis cell. Here the iodine is reduced at 
controlled potential at a rotating Pt-electrode. The amount of 
electricity used is determined by an electronic integrator and read from 
a digital voltmeter. For weights of samples in the range 0.5-6 mg the 
standard deviation is about 0.08 % oxygen. 
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Zusammenfassung-Zur Bestimmung von Sauerstoff in organischen 
Verbindungen wird ein Unterzaucher-Gerat verwendet. Der in der 
Rohre mit Anhydrojodsaure gebildete Joddampf wird mit einem 
Stickstoffstrom in die Kathodenkammer einer Elektro&ezeile tiber- 
ftihrt. Hier wird das Jod bei geregelter Spannung an einer rotierenden 
Pt-Elektrode reduziert. Die verbrauchte EIektrizit&smenge wird 
durch einen elektronischen Integrator ermittelt und an einem Digital- 
voltmeter abgelesen. Bei Probengewichten von 0,5-6mg betrPgt 
die Standardabweichung etwa 0,OS % Sauerstoff. 

R&m&-On utilise un appareil d’Unterzaucher pour le dosage de 
I’oxygene dams tes composts organiques. La vapeur diode formee 
dans te tube a acide a~ydroiodique est entrainee par un courant 
d’azote dans le compartiment cathodique dune celhtle B electrolyse. 
L’iode y est reduit a potentiel contrZ& sur une electrode tournante de 
platine. La quantite d’tiectricite utilisee est diterminee par un inti- 
grateur Clectronique et lue sur un voltmttre digital. Pour des pesees 
d’echantillon comprises entre 0,5 et 6 mg, l%cart-type eat d’environ 
0,08 % d’oxygene. 
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Successive complexometric determination of thorium and uranium in sulphuric 
acid media 

(Received 12 April 1971. Accepted 21 August 1971) 

THE SUCCESSIVE complexometric determination of thorium(IV) and uranium(V1) in nitrate solution 
has been reported in the literature, 1 but a large quantity of sulphate or phosphate interferes seriously. 
The method, therefore, requires separation of thorium and uranium by precipitation with carbonate- 
free sodium hydroxide. Very large amounts of sulphate are present when sintered thorium oxides or 
#ovum-u~ni~ oxides are brought into solution by fusion with potassium bismphate, and the 
precipitation procedure is quite time-consuming. 

We have recently described the selective extraction determination of thorium2*3 with N-butylan- 
iline or N-benzylaniline in chloroform from sulphuric acid media. Gagliardi and Ilimaie~ have re- 
ported the specific extraction of uranium(W) with the same reagents. 

The present investigation, therefore, was undertaken to combine the extraction procedure with 
the successive complexometric determination of thorium and uraniurml It was found that extraction 
of uranium with N-butylaniline or N-benzyIaniline in the presence of ascorbic acid and EDTA 
resulted in the removal of the interference of many cations such as zirconium, scandium, gallium, 
indium, yttrium, osmium, rhodium, ruthenium and thallium; palladium and pfatinum remained in 
the organic phase. The reduction of uranium(V1) with sodium dithionite for the titration of uranium 
(VI) was preferred as this reductant was found to be superior to ascorbic acid,’ which reduces uranium 
(VI) in boiling solutions. The reduction of uranium(W) with sodium dithionite at room tempera- 
ture was rapid and quantitative. The de Heer method’ was also modified, it having been found that 
a lower pH gave a sharper end-point. 

&agents 
EXPERIMENTAL 

All solutions were prepared from analytical-grade reagents. Aqueous solutions were prepared 
with doubly distilled water. 
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Tasre I.---IO% WSTHOUT EFFECT ON FXTIUCl-ION OF URA~ILM 

{Urania added, 5.952 mg, 2N HzSOr, 0.l.W EDTA, ~-buty~niline or JV-benzylaruline in 
chloroform] 

Foreign ion Amount, “‘0” Foreign ion Amount, mop 

H&W 100 INI 30 
&m 100 Ca(IIf 30 
Pd(I1) 20 Sr(I1) 30 
Au(W) 20 Mg(I1) 30 
RufIII) 30 Mo(V1) 30 
Ru(J%)* 30 VfIII) 30 
os(vIII)* 30 V(V)* 30 
Cu(II) 30 Ti(IV)* 25 
Cd(H) 30 Sc(II1) 25 
Sb(II1) 24 TI(II1) 40 
Ri(III) 23 In(II1) 30 
Sn(I1) 24 Y(II1) 30 
Fe(H) 30 Cr(III) 30 
AI(W) 30 Fluorides 20 
Be(II) 30 Nitrate 100 
Zr(IV) 27 ChIoride 100 
Ce(IV)* 30 Phosphate 100 
Ce(II1) 30 Citrate 100 
Zn(II) 30 Tartrate 100 
Mn(I1) 30 Oxalate 100 
Co(If) 30 EDTA 186 

* Reduced with ascorbic acid. 
t iMasked with boric acid. 

~~~~j~~x~IV) solution, 0.05&f. Dissolve the required amount of thorium nitrate tetrahydrate in 
%001&f nitric acid, and standardize against EDTA (Xylenol Orange indicator). Prepare more 
dilute solutions from it by accurate dilution. 

Uranictm(V1) soiuiiun, 0.05M. Dissolve the required amount of uranyl nitrate hexahydrate in 
O.OOlM nitric acid and standardize gravimetrically with S-hydroxyquinoline. 

N-bur$miline. DissoIve 9.0 g of reagent (bp. 241-242*) in 100 ml of chloroform. 
N-benr$r&rre. Dissolve 7-O g of purified reagent* (m.p 36”, b.p. 180”/16 mbar) in 100 ml of 

chloroform. 

Procedure 

To an aliquot of solution containmg up to a total of 43 mg of those and ~~ium(VI~ in 
a SO-ml separatory funnel, add enough sulphuric acid and water to give 1-2*&V acid in the case of 
1V-butylaniline and 3-4Nacid in the case of N-benzylaniline, and a total volume of 10 ml. Add 15 ml 
of either N-butylaniline or N-benzylaniline solution in chloroform, shake the funnel vigorously for 
about 1 min and allow the layers to separate. Run off the organic layer into a 50-ml beaker. Extract 
again with 10 ml of the extractant solution. Strip thorium and uranium from the combined organic 
layers by shaking for 2 min with 30-40 ml of water. Transfer the aqueous layer to a 250-n-n conical 
flask and dilute to about 100 ml. Adjust the pH to 25 i: 0.5 with 2iMamrnonia solution (narrow- 
range pH paper or pH-meter). Add 8 drops of 0.1 ‘A Xylenol Orange solution and titrate with O*OlM 
EDTA (yellow end-point). Then add roughly 100% excess of EDTA with respect to uranium. Add 
sodium dithionite till the brown colour of the solution changes to green. Then add cu. IO drops of 
37% formaldehyde solution, followed by 8 drops of Xylenol Orange solution. Adjust the pH to 
2.5 & 0.5 and titrate with standard thorium solution (red end-point). 

RESULTS AND DISCUSSION 

Both thorium(IV) and urani~~1~ can be selectively and q~ntitativeIy extracted from sulphuric 
acid media. The extraction of uranium(VI) in the presence of ascorbic acid and sufficient O-l&f 
EDTA obviates the interference of most cation@ and improves the selectivity of the Gagliardi 
method’ (Table I). Excess of ascorbic acid does not interfere. Palladium(I1) and platinum(I1) or 
(IV) remain in the organic phase. Nitrate, chloride, borate, arsenate, citrate and tartrate do not in- 
terfere. Phosphate and oxalate, which interfere in most methods for the extraction of thorium and 
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TABLE II.-AS~LYSIS OF BINARY MIXTURES OF THORIUM ASD UMNIUM 

73 

Added 

Th(W, U(Vl). 
Th(IV) Error, Uranium(V1) Error, 

0, ,0 % 
mS mR 

found, n;S found, mS 

578 2.3s 5-78 0.0 2.35 -1.3 
11.56 7.14 11.62 +0.5 7.10 -0.6 
17.34 11.90 17.30 -0.2 11.96 i-O.5 
17.34 23.80 17.40 +04 23.70 -0.4 
2.32 S-78 2.31 -0.4 5.51 +0.5 
5.78 30.94 5.81 -0.5 30.76 -0.6 

11.56 11.90 11.6’ A0.j II.84 -03 

uranium, do not interfere. Fluoride interferes seriously but can easily be masked with boric acid in 
dilute sulphuric acid. 

Typical results obtained for mixtures are summarized in Table II. It was found that 25 ml of 
N-butylaniline or N-benzylaniline are sufficient to extract a total of 48 mg of thorium and uranium. 
Larger amounts can be extracted with an increased amount of extractant. None of the experimental 
conditions is critical. The method is simple, rapid, accurate and selective. 

&fence Laborutory 
Jodhpur, India 

Department of Chemistry 
University of Jodhpur 
Jodhpur, India 

M. M. L. KHOSLA 

s. P. RAO 

Summary-A selective analytical extraction method for rapid successive 
complexometric determination of thorium(W) and uranium(W) in 
sulphuric acid media is described. The method is based on the extrac- 
tion of thorium and uranium from suiphuric acid media with IV- 
butylaniline or N-benzylaniline in chloroform. Both thorium and 
uranium are selectively and quantitatively extracted in the presence of 
ascorbic acid and EDTA. Most cations and anions do not interfere. 
The reduction of uranium(W) with sodium dithionite at room tempera- 
ture is rapid and quantitative and superior to that with ascorbic acid, 
which reduces uranium(VI) in boiling solution. The method is simple, 
rapid and accurate, and the experimental conditions are not highly 
critical. 

Zusammenfassung-Eine selektive analytische Extraktionsmethode 
zur raschen komplexometrischen Bestimmung von Thorium(W) und 
Uran(IV) nacheinander in schwefelsaurer Lasung wird beschrieben. 
Die Methode beruht auf der Extraktion von Thoruim und Uran aus 
schwefelsaurer LGsung mit N-Butylanilin oder N-Benzylanilin in Chlo- 
roform. In Gegenwart von Ascorbinstiure und EDTA werden sowohl 
Thorium als such Uran selektiv und quantitativ extrahiert. Die meisten 
Kationen und Anionen stijren nicht. Die Red&ion von Uran(V1) mit 
Natriumdithionit bei Zimmertemperatur verlHuft rasch und quanti- 
tativ und ist der Red&ion mit Ascorbinslure iiberlegen, die Urban(W) 
in siedender Liisuno reduziert. Die Methode ist einfach. schnell und 
genau; die VersucYhsbedingungen miissen nicht sehr kritisch einge- 
halten werden . 

R&urn&-On d&it une m&ode d’extraction analytique selective pour 
la dttermination complexomCtrique successive rapide du thorium(W) 
et de l’uranium(IV) en milieus acide sulfurique. La m&hode est 
bask sur I’extraction du thorium et de l’uranium des milieux acide sul- 
furique par la N-butylaniline ou la N-benzylaniline en chloroforme. Le 
thorium et I’uranium sont tous deux stlectivement et quantitativement 
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extraits en la presence d’acide ascorbique et d’EDTA. La plupart des 
cations et des anions ne g&sent pas. La reduction de I’uranium(IV) 
par le dithionite de sodium a temperature ordinaire est rapide et quanti- 
tative et superieure a celle obtenue avec l’acide ascorbique, qui reduit 
l’uranium(IV) en solution bouillante. La methode est simple, rapide 
et precise, et les conditions experimentales ne sont pas extremement 
essentielles. 
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T&metric determination of arsenic(llI) with potassium dichromate, using 
redox indicators 

(Received 16 April 1971. Accepled 20 August 1971) 

THE DETERhlINATION Of arsenic(III) is of importance in the assay of pharmaceuticals, insecticides, 
glasses. and alloys. Also, several oxidizing agents are estimated indirectly by treatment with excess of 
arsenite and back-titration of the excess with a suitable oxidant. Thus de Bacho’ determined perman- 
ganate, manganese dioxide, barium peroxide, chlorate, hypochlorite, persulphate etc. and Schreyer 
et al.? determined potassium ferrate. Willard and Young3 standardized dichromate solutions similarly, 
titrating the surplus arsenite with cerium(IV) sulphate, with osmium tetroxide as catalyst and ferroin 
as indicator. Van der Meulen’ precipitated lead as chromate with a measured and excessive amount 
of dichromate solution and estimated the excess by reducing with excess of arsenite and back-titrating 
with bromate. 

Arsenic(II1) has been titrated with potassium permanganate, potassium iodate, iodine mono- 
chloride, iodine, potassium bromate, chloramine-T,sodium chlorite, sodium hypochlorite, potassium 
periodate, cerium(IV) sulphate and other oxidizing agents, most of which have disadvantages, such 
as unavailability in analytical grade purity, instability in solution or high cost. Potassium dichromate 
is unique in that it is free from these drawbacks, but has not previously been used successfully for 
titration of arsenic(II1). (Pounds obtained high results, using diphenylamine as indicator.) We have 
now made an investigation of the use of potassium dichromate for determination of arscnic(II1) and 
established conditions for accurate titrations using ferroin and N-phenylanthranilic acid as indicators. 

EXPERIMENTAL 
Solutions 

Sodium arsenite solution, O.lN. Prepared from arsenious oxide dried at 105-110’ for 1 hr and 
stored in a Pyrex bottle kept in the dark. The solution was made acidic to avoid oxidation by atmos- 
pheric oxygen. Demineralized water was used for preparing the solution because traces of heavy 
metal ions are known to catalyse the oxidation, 

Potassium dichromate solution, 0.1 N. Stored in Pyrex. 

All chemicals used were of analytical reagent quality. 

Titration of nrsenic(II1) 

In a preliminary study by photometric titration the rate of oxidation of arsenite by dichromate 
was found to increase with increasing acid concentration, becoming very fast in > 6N sulphuric acid. 
Oxidation of ferroin becomes fast enough in 7.5-8.5N sulphuric acid, but reduction of ferriin by 
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TABLE I.-TKRATION OF ARSEXIC(III)ATROOMTEM~ERATL;RE wmi POTASSIUMDKHROMATE 

Arsenic(III), meq 

Medium Taken Found Relative error, % 

8N H,SO, 

1 ml of O-O&M ICI 
ferroin indicator 

0.9000 0.9000 o-o 
O-7980 0.8000 io.3 
O-7000 0.7020 +0.3 
O-6000 0.5980 -0.4 
0.5000 0.5000 0.0 
0.4000 0.4000 0.0 
0.3228 0.3232 f0.1 
0.3228 0.3232 +0.1 
0.2178 0.2180 FO.1 

8N H,SO, 
I 

0.5 ml of 0&35&f ICI 
ferroin indicator 

0.8980 0.8980 0.0 
0.8020 0.8000 -0.3 
0.6000 0.6000 0.0 
O-5260 0.5240 +0.4 
0.4060 04070 1;0.2 
0.3280 0.3270 -0.3 

1ON H,SO, 

1 ml of O+Oo’sN KI 
N-phenyianthranilic 
acid indicator 

0.9020 0.9020 0.0 
O-8000 0.8000 0.0 
0.7020 0.7020 0.0 
0.6140 0.6140 0.0 
0.5020 0.5010 -0.2 
0.4200 0.4200 0.0 
0.3160 0.3150 -0.3 
0.2160 0.2150 -0.5 

arsenic(lI1) is then slow. To make this second reaction fast it was found necessary to add a catalyst, 
0.05 ml of O.lM potassium iodide for 50 ml of titration mixture. As iodide will be oxidized to iodine 
by potassium dichromate at the end of the titration, a suitable correction has to be made for it. Similar 
observations were made when N-phenylanthranilic acid was used as indicator, except that a wider 
range of acid concentration (8-11N) can be used. 

Procedure 

Dilute the arsenic(II1) solution to about 30 ml, then add slowly and with stirring enough sulphuric 
acid (I+ 1) to make the mixture 7*5-8.5N in acid when diluted to 50 ml. Cool to room temperature, 
add 1 ml of O-005M potassium iodide and 0.05 ml of @025M ferroin and dilute to 50 ml and titrate 
with dichromate, rapidly until within 0.2 ml of the end-point, then dropwise with a wait of 30-40 set 
between drops; use a magnetic stirrer. The end point is indicated by the sharp change in colour from 
brown to blue-grey. If more catalyst is used, a brown turbidity appears, which is very likely due 
to an insoluble ferroin-iodine complex. Deduct 0.06 ml of 0.1 N dichromate to allow for oxidation of 
the catalyst and indicator. Alternatively, adjust the acidity to 8-10N and use 2 drops of 0.2% 
N-phenylanthranilic acid solution as indicator. 

RESULTS AND DISCUSSION 

The reactions underlying the titration may be postulated a follows: 

’ ferroin + Cr(V1) ““’ H2Sot feniin + Cr(V), fast 

Cr(V) + As(II1) ------+ Cr(II1) + As(V), fast 

ferriin + As(II1) 7.5X H2So’ f ferroin f As(W), slow 

feniin + I- - I0 + ferroin, fast 

IO + As(LI1) As(W) + I-, fast 

As(IV) + Cr(V1) Cr(V> + As(V), fast 

or As(IV) + ferriin ~ As(V) i ferroin, fast 
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We have also used 0.5 ml of 0.005.bf iodine monochloride as catalyst, and then the volume of 
dichromate solution consumed was about O-05 ml less than the theoretical on account of the oxid- 
izing action of iodine monochloride on arsenic(II1). 
TabIe I, with the corrections applied. 

Some representative results are presented in 

Interferences 

Iron (0.2-2-O meq), chromium(III) (0~24.0 meq), aluminium(IfI) (O-2-2*0 meq) and man- 
ganese(II) (0*5-2.0 meq) do not interfere. iron(H) and similar reductants interfere by reacting with 
the potassium dichromate. 

G. GOPALA RAO 
Department of Chemistry B. !!iAROJINl 
Andhra University MURALIKRXSHXA GANDIKOTA 
Waitair, fndia 

Summary-Experimental conditions have been established for the 
accurate direct titrimetric determination of arsenic(IX1) with potassium 
dichromate, using ferroin and N-phenylanthranilic acid as redox in- 
dicators. Interferences have been considered. 

Zusammenfassung-Die Versuchsbedingungen fur die genaue direkte 
titrimetrische Bestimmung van A.rsen(III) rnit KaIiumdichro~t und 
Ferroin oder ~-PhenyIanthraniis~ure als Redoxindikatoren wurden 
ermittelt. Stdrnngen werden ertirtert. 

R6sum&--On a Ctabli les conditions experimentales pour le dosage 
titrimetrique direct prtcis de I’arsenic(II1) avec le bichromate de 
potassium, en utilisant la ferroine et I’acide N-phenylanthranilique 
comme indicateurs redox. On a consider6 les interferences. 
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The use of triethanolamine in a buffer for the determination of fluoride in calcium and 

transition metal orthophosphates, using a fluoride-selective electrode 

(Received 26 March. Accepted 3 July 1971) 

THE USE of a fluoride-selective electrode 1,2 has largely superseded, at least for inorganic analysis, 
the earlier spectrophotometric methods3-* for the determination of traces of fluoride. Whilst the 
fluoride electrode “senses” only ionic fluoride below pH 8, it is sensitive to hydroxide ions at higher 
pH values. In addition, the presence of undissociated hydrohuoric acid, or HF,- ions, (which can 
exist below about pH 3.5) rest&s in an apparent loss of fluoride ions as sensed by the electrode. 
Further, the formation of complexes with metal cations reduces the con~ntration of free, ionic 
fluoride in the system. The electrode potential is also affected by changes in the ionic strength of the 
solution, which are often overcome by the addition of a buffer of high ionic strength, such that the 
variation in the ionic strength of the sample solution will have but a small effect on that of the buffered 
system. An early example of this type of buffer for fluoride determination is “Total Ionic Strength 
Adjustment Buffer”* (TISAB). Recently, criticisms have been advanced against the use of this 
buffer in calcium orthophosphate systems’*-‘” on the grounds that the acetate ion forms an insoluble 
calcium complex. The use of the citrate ion, usuahy added as the trisodium satt, as a buffer in place 
of TISAB appears to overcome this objection. In a recent co~~nicationl~ we described a method 
utilizing hydrochloric acid to dissolve solid calcium orthophosphates, and t&odium citrate for pH 
control. Whilst this method has proved useful for the analysis of pure calcium orthophosphates, 
and has also been used with success on many other bivalent metal orthophosphates, it has been found 
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that certain metal ions are complexed preferentially with fluoride rather than with citrate under the 
conditions used in the determination, and therefore give rise to low readings for fluoride content of 
the solutions when this is determined electrometrically. Because many mineralogical and biological 
samples of calcium orthophosphates contain appreciable quantities of some of these ions, we have 
developed a method of minimizing the interference from them in fluoride determinations by employing 
triethanolamine in the presence of citric acid as the complexing ligands, at a pH in the range 4.5-7.5. 

EXPERIMENTAL 

Reagents 

Dissolution acid-either A or B. A: 2M in each of hydrochloric and citric acids: 420 g of analyti- 
cal-reaeent erade citric acid dissolved in 700 ml of demineralized distilled water and 172.5 ml of 
analyti&l-&gent grade concentrated hydrochloric acid and diluted to 1 litre with demineralized 
distilled water. B: 2M in each of perchloric and citric acids: 166 ml of analytical-reagent grade per- 
chloric acid (70_72’/J in place of the hydrochloric acid in A. 

Triethano~amine (TEA) solution. Reagent-grade TEA (266 ml) diluted to 1 litre with demineral- 
ized distilled water. 

Instruments 

For PH. Pye 290 pH meter with a Pye-Ingold E-07 combination pH electrode. 
For pF. Orion 94-09 or 94-09A fluoride-selective electrode with a Cambridge Instrument 42528 

ceramic plug calomel reference electrode, or a Radiometer K401 calomel reference electrode. 
Radiometer mains-operated PHM 53 selective-ion meter. 

Between 0.2 and 0.3 g of solid calcium orthophosphate (or other orthophosphate) is dissolved 
in 5 ml of the dissolution acid, then 5 ml of demineralized distilled water are added followed by 
15 ml of TEA. (The quantities may be scaled down or up as appropriate) The pH of the system 
should now be in the range 5.0-5.8. The pF is now measured after allowing suflicient time for the 
electrode to equilibrate. (N.B. A minor modification introduced after this procedure was devel- 
oped, a Radiometer PHM 51 meter, which has a recorder output, may be connected to a suitable pen 
recorder to facilitate the taking of readings when the response time is long (this is only necessary 
when the fluoride content of the system is less than 5 x lo-j,ci).) The PHM 51 is a combined pH 
and univalent-ion meter; whilst for many purposes it is as good as the PHM 53 for selective ion work, 
experience of both meters in these laboratories suggests that the PHM 53 meter, despite its longer 
response time, yields more reproducible results with fluoride-selective electrodes than does the 
PHM 51. The fluoride content of the solution may be determined by reference to a suitable 
calibration curve constructed by substitution of 5 ml of an appropriate standard fluoride solution 
(analytical-reagent grade sodium fluoride) for the 5 ml of demineralized distilled water. The 
calibration curve method also affords a method for the determination of fluoride in aqueous solutions. 
Higher pH up to 7.5 may be used if desired simply by increasing the amount of TEA used. 
Some decrease in the sensitivity occurs at pH higher than 6.0. 

DISCUSSION 

The technique described here differs from that developed earlier in these laboratories in that 
citric acid is substituted for trisodium citrate, and triethanolamine is used to buffer the system at the 
desired pH. A 2M solution of TEA has a pH of ca 9.2. The total ionic strength of the final solution 
is about 1.7-l-9, which is quite usual for fluoride determination. It is, however, unusual to carry 
out the determination at a pH much above 6-O because interference from hydroxide ions is then more 
likely. We explored the extent of hydroxide interference in the system described here, by using 2M 
TEA solutions, and reducing the quantity of dissolution acid used, the total volume being kept 
constant by addition of demineralized distilled water. This had the effect of increasing the pH 
without greatly decreasing the ionic strength. Two standard fluoride solutions were used for these 
determinations: 5 x 1O-3 and 10e4M. Hydroxide ion interference occurred in both cases when the 
pH exceeded 8.2. Thus in the range pH 5.0-7.5 which may be used in this work, no hydroxide ion 
interference should occur. However, if an alkaline solid sample or solution is being analysed it may 
be advisable to ascertain the pH of the sample solution before the fluoride determination is made and, 
if necessary, to reduce the pH to below 7.5. The optimum pH for the determination is pH 5-4. 

Many transition metal ions form soluble complexes of the type MFZ-’ (where x is the number of 
fluoride ions in the complex, and y is the charge on the metal cation M). Until recently, little was 

6 
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known of the nature of metal-ion interactions with fluortde ions. With the advent of the fluoride- 
selective electrode, more knowledge has been gained of these systems. Recently, the stability con- 
stants of fluoride complexes of H r,13 Al(U) and Fe(III),” Sn(II)” and Cd, iMg, Ni, and Ag(IIPs 
have been determined. Whilst bivalent transition metal fluoride complexes are relatively weak, they 
are nevertheless significant in that distinctly low values for fluoride are recorded in the presence of 
these metal ions. That these complexes are not entirely dissociated by hydrochloric acid-citric acid 
buffer at pH 4.8-5.5 is shown in Table I. 

It has been shown recently” that TEA will form complexes with a number of bivalent transition 
metal ions, and under certain conditions, these can be obtained as solid compounds. We suggest 
that some complexing of these ions by TEA is occurring in aqueous solution, and that this, together 
with the higher pH used in this work for fluoride determination, results in a more complete recovery 
of the fluoride present (see Table I). 

TABLE I.-DETER~IINATION OF FLUOP.IDE IN THE PRESENCE OF VARIOUS METAL IONS 

WITH USEOF HYDROCHLORICACID-CITRATEOFPERCHLORIC ACID-CITRIC ACID-TEA 

BUFFERS 

Fluoride found, barn 

Hydrochloric acid-citrate Perchloric acid-citric 
Metal ion (25 ppm) buffer acid-TEA, pH 7 

A* Bt A+ Bi 

None 
Fe(I1) 
Zn 
Ni 
Co(I1) 
Mn(I1) 
Cr(II1) 
G(H) 
AI (as SO,“-) 

48.5 
44.2 
48.0 4.8 
48.4 4.9 
48.2 4.85 
47.5 4.5 
47.0 4.42 
46.5 4.5 
10.7 o-o 

4.9 
4.2 

48.5 4.92 
48.4 4.90 
48.5 4.91 
48.6 4.90 
48.5 4.95 
48.5 4.95 
48.4 4.89 
48.4 4.89 
15.5 0.0 

* 47.5 ppm fluoride taken. 
t 4.75 ppm fluoride taken. 

Solutions prepared from 1 ml of 500-ppm metal ion solution + 10 ml of lOO-ppm 
or IO-ppm sodium fluoride solution + 10 ml of buffer solution. 

Of the ions investigated, only aluminium causes incomplete recovery of fluoride. This is not 
altogether surprising as the AlF, 3- ion is one of the most stable complex ions known. With this 
proviso, the method described here appears to overcome the majority of the interferences in the 
electrometric determination of fluoride that arise from complexing with metal ions. Repeated 
determinations on samples gave a reproducibility of better than 13 %, similar to that obtained by 
our earlier method. There was no significant difference in the results obtained by using perchloric 
rather than hydrochloric acid for sample dissolution. Neither perchlorate nor chloride interfered 
when present in 5000-fold amounts nor calcium nor orthophosphate (as HPO,*- or H,PO,-) when 
present in 3000-fold amounts. The method has also been used for the determination of fluoride in 
samples of transition metal orthophosphates (Table II). 

A comuarison was made to determine the lower limit of fluoride determination bv this method 
and by ot& earlier method. A calibration curve was constructed for both methods,‘using freshly 
prepared solutions of sodium fluoride (analytical-reagent grade) of concentrations in the range 
10-l-lO-*M. The method described here eave a reuroducible linear calibration curve to 7 x 10-Ln/f. 
1.7 x lO-sM, after which there was a gra&al but ieproducible curvature to 8 x 10-7LV. At fluoride 
at pH 7-O and circa lo-# M at pH 5.4 after which it curved off sharply. The curve obtained by 
using our earlier method” was linear to concentrations below this, the curve fell away sharply. It 
would appear therefore, that this present method is not readily applicable for the determination of 
fluoride at concentrations much below 10V4M at the higher pH which may be used, whereas our 
previous method may, and has been, used successfully down to IO-OM. (N.B. These concentrations 
represent the concentration of fluoride in the buffered solutions and not in the sample solution. At 
these very low concentrations, a response time of 30 min is required in order to obtain repro- 
ducible results.) 
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TABLE II.---DETERMINATION OF FLUORIDE IN VARIOI;S .METAL ORTHOPHOSPKATES 

79 

Fluoride found, ppm 

Compound With 10 ppm With 1000 ppm 
added Relative std. added Retative std. 

In sample fluoride devn “/’ 1, ,o fluoride devn., % 

Cupric apatite 
Nickel 

O~hQphosphate 
Cobalt 

o~hophosphate 
CuHPO, 
Zn&‘0,)2-4H40 
Ni,(P0&7H,O 
CaHPO, 
CaHP0,.2Hz0 
Ca50HCP0,h’ 
CadYPOM 

495 

1064 

238 
8.2 
3.7 

19-5 
8.2 

20.2 
58.2 
37.8 x 10” 

504 

- 

24s 
179 
13.6 
29.4 
19.0 
30.1 
68-3 
- 

1 1241 
I 1009 
I 1001 
1 1021 
1 1009 
I 102i 
1 1054 

- 38.5 x IO3 

1.502 

2050 

3 

* Prepared by reaction from CaHPOa-2H,O in @i&f sodium hydroxide soIutionz8 
t Prepared by reaction from CaHPO&H20 in &IN sodium fluoride solution.‘* 

Care of the electrodes 

The sensitivity and response time of the fluoride-selective electrode appear to be directly related 
to the treatment received by the electrode immediately before the determination. It was found that 
optimum sensitivity and response could be obtained by storage of the electrode in a buffer solution 
made IO-Ji% in sodium fluoride. Care should be taken that this solution does not evaporate, as it 
has been found that a solution more than IOM in TEA may damage the electrode. Immediately 
before use, and immediately after, the electrode should be washed with demineralized distilled 
water, and carefully dried with a tissue, after which the electrode is ready for use, Alternativety, 
the electrode may be stored in demineralized distilled water. It should be noted that although the 
Cambridge Instrument type 42528 calomel reference efectrode appeared to survive storage under 
either of these conditions satisfactorily, the Radiometer type K401 calomel electrode suffered diffusion 
of KC1 from the electrode to the storage solution. This electrode should therefore be stored dry. 
Repeated swings from low a,- samples to high a,- samples should be avoided, and if several samples 
are to be analysed which contain different fluoride levels, it is advisable to begin with those at the 
lower Ievels. Little difference was found between the sensitivity of the older Orion 9409 fluoride- 
selective electrode, which has been used in these laboratories continuously for over 4 years, and a 
new example of the newer type of electrode, Orion 94-09A. 
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Summaty-A method is described for the determination of fluoride in 
inorganic orthophosphates. Interference by complex-forming metal 
ions is avoided by the use of a citric acid-triethanolamine buffer, 
pH < 7.5. 

Zusammenfassung-Ein Verfahren zur Bestimmung van Fluorid in 
anorganischen Orthophosphaten wird beschrieben. Eine Storung 
durch komplexbiIdende Metallion wird dumb Verwendung eines 
Puffers aus Zitronensaure undTri&thanolamin bei pH < 7,.5 verrnieden. 

R&mG-On d&it une mCthode pour fe dosage du ffuorure darts ies 
orthophosphates mintraw. On Cvite l’interference des ions mdtalliques 
formant des complexes par I’emploi d’un tampon acide citrique- 
triethanolamine, pH < 7,5. 
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Determination of phosphorus in coke by the oxygen-fiask method 

(Received 12 Junuary 1971. Accepted 13 July 1971) 

EARLIER~ we described the determination of phosphorus in coke by oxygen-flask combustion followed 
by the method described in B.S. 1016 Part 9.? More recently a new reagent was proposed for the 
reduction of phosphomoiybdate3 and applied to the determination of phosphorus in coal,‘.s the novel 
feature being reduction of phosphomolybdate by ascorbic acid, with potassium antimony1 tartrate 
as catafyst, the reagents being combined in a single solution. This paper shows how these develop- 
ments were combined for dete~ination of phosphorus in coke. 

EXPERIMENTAL 

Preliminary studies of the reducing agent suggested by Shafran et aLs led to minor modifications 
of the method, involving daily preparation of fresh batches of reagent solution, and an increase to 
20 min in the time allowed for development of the colour. 

A comparison was then made of the results obtained by the British Standard method* and the 
modified method using the cataiysed ascorbic acid reagent. The mean results of duplicate tests are 
given in Table I for a series of commercially produced high-temperature metallurgical cokes. The 
phosphorus was extracted from the ash by the British Standard method. 

TABLE I.-COMPARISON OF METHODS FOR THE DETERMINATION OF PHOSPHORUS IN COKE 

Phosphorus content of coke, % 
Sample 

B.S. method2 (A) Proposed method (I%) Difference, A - B 

1 0.0157 0.0155 -to-0002 
2 0.0126 0.0120 +o-0006 
3 O*Olll 0.0106 +0.0005 
4 0.0106 0.0109 -0~0003 
5 00098 @OlOO - 0.0002 
6 00079 0.0080 --0-0001 
7 0.0073 00071 +o-0002 
8 O-0065 PO067 --o-0002 
9 0.0047 O-0045 +o-0002 

10 0.0029 O-003 1 - 0~0002 
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It was concluded that the proposed reducing agent functioned successfully. Because of the volume 
of the IN sulphuric acid used as absorbent in the flask-combustion method it was necessary to 
reduce the concentration of the acid used in the preparation of the reagent solution. 

Reagents 

Sulphuric acid, 5N. 

Ammonium molybdate solution, 6 % w/v. 

Ascorbic acid solution, 5 % w/v. 

Potassium antimonyl tartrate solution. Dissolve 0.34 g of reagent in 250 ml of water. 

Reagent solution. Mix 125 ml of the sulphuric acid, 50 ml of the ammonium molybdate solution, 
50 ml of the ascorbic acid solution and 25 ml of the antimony potassium tartrate solution. Prepare 
freshly each day before use. 

Standard phosphorus solution. Dissolve 0.4392 g of potassium dihydrogen phosphate (dried at 
110” for 1 hr) in water and dilute to 1 litre. Dilute 20 ml of this standard solution to 1 litre with 
water to obtain the working solution, which contains 2 pg of phosphorus/ml. 

Eschka mixture. Analytical reagent quality. 

Apparatus 

A 250~ml combustion flask, fitted with a B24 stopper carrying a platinum wire 60 mm long and 
1 mm in diameter. The sample carrier attached to the platinum wire is 20 mm long and 7.5 mm in 
diameter, fabricated from 36-mesh (422+m) platinum gauze. 

Procedure 

Mix intimately 30 mg of coke, ground to pass a 240-mesh (63+m) test-sieve with approximately 
30 mg of Eschka mixture, wrap the mixture in filter paper and bum it in the oxygen flask, which 
contains 10 n-J of IN sulphuric acid as absorbent. Shake to absorb combustion products, wash the 
platinum basket with distilled water, boil the solution for a few min, cool and filter into a 50~ml 
standard flask. Dilute to 35 ml with distilled water, add 5 ml of fresh reagent solution by pipette, 
swirling the flask during the addition, dilute to the mark with distilled water, shake and stand for 
20 min. Measure the absorbance at 680-710 nm in 40-mm cells against distilled water. 

Run a blank determination and apply an appropriate correction. 

RESULTS 

Table II compares the mean values of duplicate determinations by the present standard method 
and the new method. The same operator carried out all the determinations. 

The within-laboratory tolerance of the determination (95 % limits) is O-0013% phosphorus. 
The corresponding value for the tests carried out by the B.S. method was O-0010%. These limits are 

TABLE II.-COMPAR[SON OF THE PHOSPHORUS CONTENT OF COKE DETERMINED 

BY THE STANDARD METHOD Ah’D BY OXYGEN-FLASK COMBUSTION USING P.A.T. 
REAGENT 

Sample 
Phosphorus content of coke, % 

Flask combustion and Difference, 
B.S. method2 (A) new reagent (B) A-B 

11 
12 
13 
14 
15 
16 
17 

1 0.0157 
18 0.0144 

0.0657 
O-0476 
O-0322 
0.0261 
0.0245 
0.0211 
0.0162 

2 0.0126 
19 0.0070 
8 0.0067 

O-0663 
0.0476 
0.0319 
0.0258 
0.0246 
0.0224 
O-0168 
0.0162 
0.0135 
O-01 23 
O-0079 
0.0069 

-0GOO6 
nil 

i 0.0003 
+ 0.0003 
-0-0001 
-0-0013 
-0-0006 
-0.0005 
+o-0009 
+0~0003 
- 0~0009 
-0~0002 
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within those adopted in the current British Standard (O-00_,, 7” for cokes with a phosphorus content 
of <0.02x, or 10% of phosphorus content >O-02x.) 

The method is shorter, simpler and cheaper than that described in the present standard and is 
thus suitable for use in control or plant laboratories. The technique of reducing phosphomolybdate 
by ascorbic acid, with potassium antimony1 tartrate as catalyst in a single solutton has been adopted 
in the revised version of the B.S. method for the determination of phosphorus in coal and coke.’ 

Acknowledgement-This work formed part of the programme of research of the British Coke Research 
Association. We are indebted to the Director for permission to publish this paper. 
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Summary-Recent developments in the oxygen-flask technique for 
determination of phosphorus in coke are described. The existing 
method was modified by use of the recently proposed potassium 
antimony1 tartrate catalyst for the ascorbic acid reduction of phos- 
phomolybdate. 

ZusammenFdssung-Neue Entwicklungen beim Sauerstoffkolben- 
Verfahren zur Bestimmung von Phosphor in Koks werden mitgeteilt. 
Das bestehende Verfahren wurde durch Verwendung des jiingst 
vorgeschlagenen Kalimnantimonyltartrat-Katalysators bei der 
Reduktion von Phosphomolybdat mit Ascorbinsaure modiliziert. 

R&urn&-On d&it les developpements recents de la technique de la 
fiole d’oxygene pour le dosage du phosphore dans le coke. On a 
modifit la methode existante par I’emploi du catalyseur tartrate 
d’antimonyle et de potassium recemment propose pour la reduction 
du phosphomolybdate par I’acide ascorbique. 
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Spectrophotometric study of the determination of copper with ammonium 

1-pyrrolidinecarbodithioate 

(Received 3 December 1970. Accepted 3 August 1971) 

A NUMBER of chromogenic agents have been proposed for the determination of micro amounts of 
copper. Dithizone gives a sensitive colour reaction but is not very specific.**? Cuproine, 2,2’-bi- 
quinoline, is a more specific reagent for copper but is less sensitive.3.’ Neocuproine, 2,9-dimethyl- 
l,lO-phenanthroline, reacts with copper(I) to form an extractable metal chelate with a molar 
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absorptivity of 7.95 x 10’ l.mole-l.mm- . 1 s The copper(I) chelates of several bipyridyl derivatives 
have been studied: 6,6’-dimethyl-2,2’-bipyridine; 62,6-bis(6-phenyl-2-pyridyl)-4-phenylpyrid;7 
and 2,9-dimethyl-4,7-diphenyl-l,lO-phenanthroline, bathocuproine.3 

One of the most aidely used spectrophotometric reagents for copper is sodium diethyldithio- 
carbamate which forms an extractable complex e.xhibiting a molar absorptivity of 1.3 x 10s 
1 .mole-l.mm-l.o~‘o 

The main disadvantages of this reagent are its instability in acidic media and lack of specificity. 
However, the deleterious effect of many metals can be circumvented by masking the interfering 
cations with EDTA.” Zinc dibenzyldithiocarbamate has been used as an alternative reagent because 
it is more stable in acidic solutions and shows less interference by iron(II1) and several other ions.‘z*‘3 
The extensive use of ammonium I-pyrrolidinecarbodithioate, often designated ammonium pyrroli- 
dinedithiocarbamate, as an extractant for copper before the determination of copper by atomic- 
absorption spectrometry,“-‘8 and the superionty of this reagent in the ultraviolet spectrophotometric 
determination of cadmium, cobalt and bismuth,‘: resulted in the spectrophotometric study of the 
copper(I-pyrrolidinecarbodithioate system. The proposed method is selective and more sensitive 
when ultraviolet absorbance measurements are made. The reagent is more stable. especially in 
acidic solutions, than its diethyl analogue. 

Reagenfs 
EXPERIMENTAL 

Sfandard copper solurion. Transfer 0.1000 g of reagent grade copper metal to a small conical 
flask and add 3-5 ml of concentrated nitric acid to effect dissolution. Add IO-15 ml of water and 
heat to boiling. Rinse the inside of the flask with 10-15 ml of water and heat again to boiling to expel 
oxides of nitrogen. Transfer this solution and several rinsings of the flask to a I-litre volumetric 
flask and dilute to volume with water. A tenfold dilution of this stock solution gives a standard 
solution containing 10-O pg of copper per ml. 

Ammonium I-pyrrolidinecarbodithioate (APCDT) regent sohtion. Dissolve 0.150 g of pure 
ammonium I-pyrrolidinecarbodithioate in 100 ml of water containing 0.1-0.3 ml of ammonia 
solution (1 + 1). Filter and store in an amber glass bottle. The reagent is stable for at least two 
weeks. 

Acetate buffer solution. Dissolve 12.3 g of sodium acetate trihydrate in distilled water. Add 
5.0 ml of glacial acetic acid and dilute to 1 litre with distilled water. The pH of this buffer solution 
is 4.7. 

Phosphate bufir solution. Dissolve 0.40 g of potassium dihydrogen phosphate in approximately 
900 ml of distilled water. Add sufficient potassium monohydrogen phosphate to adjust the pH to 
8-O and dilute to 1 litre. 

Procedure 

Transfer 10 ml of buffer solution to a 60-d separatory funnel. (Use phosphate buffer if absor- 
bance measurements are to be made at 269 nm; use the acetate buffer if absorbance measurements 
are to be made at 435 nm.) Add the sample solution containing about I-80 pug of copper(I1). Add 
5 ml of the 0.15 % APCDT solution, mix and allow to stand for 5 min. Add 10 ml of chloroform 
and shake vigorously for 1 min in a mechanical shaker. Prepare a reference blank solution by the 
same procedure but using distilled water instead of the sample solution (use the same total volume). 
Measure the absorbance at 269 nm (phosphate buffer) or 435 nm (acetate buffer) in IO-mm silica cells. 

Absorption spectra 
RESULTS AND DISCUSSION 

Aqueous solutions of ammonium I-pyrrolidinecarbodithioate exhibit ultraviolet absorbance 
maxima at 254,277 and 336 mn. whereas the chloroform extract of the reagent exhibits absorbance 
maxima at 280 nm and 336 nm. Absorbance maxima for the copper(II)_l-pyrrolidinecarbodithioate 
complex were found at 269 nm and 435 nm. Figure 1 shows the characteristic absorption spectrum 
of the copper-PCDT-chloroform system as measured against a chloroform extract of a reagent blank 
solution. 

Effect of solution variables 

Concentration of copper. Conformity to Beer’s law was observed over a concentration range of 
0.1-8 ppm of copper. The optimum concentration range is 0.2-4-O rg of copper per ml when the 
phosphate buffer is used and the absorbance is measured at 269 nm and 04-4-O pg of copper per ml 
when the acetate buffer is used and the absorbance is measured at 435 nm. 
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Concenrrotion o[reagenr. The effect of adding varying amounts of the 0.15 % APCDT solution 
to a solution containing 2 /~g of copper per ml showed that when absorbance measurements were 
made at 435 nm the absorbance did not change when the mole ratio of reagent to copper varied from 
6 : 1 to 240 : 1. The fact that the reagent does not absorb at 135 nm means that the exact amount of 
reagent used is not critical. Therefore, the 5 ml of O-15 74 reagent used in the procedure provides for 
about a 20-30-fold excess of reagent for the highest concentration of copper which can be determined 
by this method. Because the reagent does absorb at 269 nm careful control of the concentration of the 

Wavelength. nm 

Fig. I.-Characteristic absorption spectra for the Cu-PCDT complex in chloroform. 
1. Copper 1 pg/rnl 
2. Copper 0.5 pg/ml 

reagent is essential when this wavelength is used and necessitates the use of a reagent blank solution in 
the reference ceil. Thus, the higher sensitivity achieved by making absorbance measurements at 
269 nm is accompanied by some l&s in precisioi because of siight variitions in reagent concentration. 

nH. The results of a studv of the effect of nH on the determination of 2 pg of copper per ml 
shdwed that at pH of 4,5,6,7: 8 and 9.5 the co&esponding absorbance values at 235 nm’\;iere-0.429, 
0.422,0.422,0.422,0.420 and 0.418. Hence control of pH is not critical in the range 4-9.5, which is 
useful for trying to mask certain interfering ions. However, if the absorbance measurements are to be 
made at 269 run, it is necessary to use the basic phosphate buffer solution because in acidic media the 
extraction of reagent is excessive and causes difficulty in using the external compensation technique of 
spectrophotometric measurement. 

Exfraction time. The effect of shaking time on the efficiency of the extraction was studied. When 
shaking times of 30.45, 60, 90 and 120 set were used the corresponding absorbances obtained were 
0.419,0.423,0-423,0.422 and 0.420. An extraction time of one minute was selected as being optimum. 
The volume of chloroform used is not critical, because of the very favourable distribution ratio for the 
copper(PCDT system. Although the use of 10 ml of chloroform is designated in the recommended 
general procedure, the use of 5 ml of chloroform was found to be equally efficient and is recommended 
if less than 0.5 rg of copper is to be determined. 
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FIG. L-Mole-ratio plot for the Cu-PCDT complex. 

TAELE L-INTERFERING IONS 

Ion Cont.. ppm 
Permissible amount*, 

Relative error, % fPm 

Bi3-3. IO 
Cd”- 50 
CO’? 5 
Fe?+ 5 
Fe3” 5 
Mn?+ 60 
Hg’+ 500 
MOO,+ 
NiZ* : 
Sr+ 50 
SeO,‘- 50 
vo,- 5 
Zn?” 500 

In the presence of 1000 ppm EDTA -!- 500 ppm tartrate 

Bi3* 50 
Co?” 50 
Cd”- 50 
St++ 50 
Mnz+ 50 
Ni?f 100 

Using 5 ml 0.015 % APCDT 

Bi3+ 50 
Co”+ 50 
Fe3+ 50 

30 
52 

:-IO0 
>I00 
>lOO 

30 
>I00 

9 
19 
13 
14 
5 

>lOO 

>I00 
28 

-5 
3s 
0 
0 

45 
0 
0 

6 
10 

0 
0 
0 
10 
so 

i 
10 
15 
2 

80 

- 
40 

- 
100 
100 

50 
50 

* Causes an error of less than three times the standard deviation with 2.0 ppm of copper. 
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Composition of the complex 

A study of the composition of the copper (II)-PCDT system was made by the mole-ratio method. 
A 4.7 x IO-‘M copper (II) solution and a 4.7 x 1O-A,X/ reagent solution were used with absorbance 
being measured at 435 nm. As shown in Fig. 2 a 1 : 2 ratlo Has obtained for the Cu-PCDT complex. 

Effect of diverse ions 

A concentration of 500 ppm of the following anions caused no interference in the determination 
of 2 ppm of copper when absorbance measurements were made at 435 nm: acetate, bromide, carbon- 
ate, chloride, iodide, fluoride, molybdate, nitrate, perchlorate, phosphate, thiocyanate, silicate, 
sulphate, sulphite, selenite, vanadate, tungstate, tartrate and EDTA. Of the cations tested, the fol- 
lowing can be tolerated at 500-ppm level: ammonium, aluminium, barium, calcium, magnesium, 
potassium and sodium. 

Table I shows those ions which caused an error larger than 3 times the relative standard deviation 
when present at 500-ppm concentration. Most of the Interfering ions form chelates with the excess of 
reagent. Although these other metal-PCDT complexes may have absorbance maxima considerably 
removed from that of the copper-PCDT system, interference results at relatively high concentrations 
of the diverse ion. Interference may be circumvented by the control of pH, the use of masking 
agents and by using a lower concentration of the reagent so that less of the interfering metal chelate is 
formed. 

Precision 

A statistical study of the 435-nm method was made to estimate the precision. Ten independent 
determinations on solutions containing 2.5 pg of copper per ml gave a mean absorbance value of 
0.520, and a standard deviation of 3.8 x 1O-3 absorbance unit or relative standard deviation of 0.7%. 
A similar statistical study of 6 independent determinations of the reagent blank solution gave a mean 
absorbance of O-044, and a standard deviation of 2-O x lO-3 absorbance unit or relative standard 
deviation of 4.7 % 

Sensitivity and detection limit 

The molar absorptivities for the copper(U)-PCDT-chloroform system is l-35 x IO3 I.mole-‘. 
mm-l at 435 nm and 3.4 x lOa l.mole-lmm-l at 269 nm. The detection limit based on Kaiser’sI 
recommended criteria is O-03 pg of copper when absorbance is measured at 435 nm. 

Department of Chemistry 
Wayne State University 
Detroit 
Michignn 48202, U.S.A. 

R. W. LOOYENGA* 
D. F. BOLTZ 

Summary-A new spectrophotometric method for the determination 
of traces of copper has been developed. The method is based on the 
formation of a stable I :2 complex of copper(H) and I-pyrrolidine- 
carbodithioate and the isolation of this complex by extraction into 
chloroform. The absorbance is measured at either 269 nm or 435 run. 
The detection limit is 0.03 pg of copper per ml for absorbance measure- 
ments at 435 nm. 

Zusammenfassung-Ein neues spectrophotometrisches Verfahren zur 
Bestimmung van-Kupferspuren tvurde’entwickelt. Es beruht auf der 
Bildun? eines stabilen 1:2-Komnlexes aus Kupfer(I1) und I-Pyr- 
rolidinzarbodithioat und der Isblierung diesel’ Komplexes duich 
Extraktion in Chloroform. Die Extinktion wird entweder bei 269 nm 
oder bei 435 nm gemessen. Die Nachweisgrenze betrlgt 0,03 pg 
Kupfer pro ml, wenn die Extinktion bei 435 nm gemessen wird. 

R&sum&On a Blabori une nouvelie mCthode spectrophotometrique 
pour le dosage de traces de cuivre. La methode est basee sur la forma- 
tion d’un complexe stable 1 :2 entre le cuivre et le I-pyrrolidine 
carbodithioate, et l’isolement de ce complexe par extraction en chloro- 
forme. On mesure l’absorption & 269 ou g 435 nm. La limite de 
dttection est de 0,03 rug de cuivre par ml pour les mesures d’absorption 
a 435 nm. 

* Present Address: Printing Developments Inc., Racine, Wisconsin. 
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Stabilities of some cyciopentadienide metal complexes 

(Received 11 June 1971. Acrepted 21 August 1971) 

DURI>;G the last two decades the metal complexes of cyclopentadienide have been intensively studied 
in connection with the problems of organometallic chemistry .I For that reason, it may be of some 
interest to determine the stabifity of those complexes in solution. 

Reogenfs 
EXPERIMENTAL 

Preparation of cyctopentadiene. Add dropwise sodium cydopentadienide to a cooled (-5” to 0”) 
well stirred solution of 3M sulphuric acid. Separate the organic layer, dry it with anhydrous sodium 
sulphate and distil under normal pressure in an atmosphere of nitrogen. Collect the 3-l” fraction, 
Store the product in the dark in a solid carbon dioxide bath. 

When stored under the given conditions, the product is stable for 2-3 weeks. The quality of the 
product was checked by measurement of the refractive index ng” = 14471 (14403) and density 
dg” = 0.7969 (0.7966). The values in brackets are due to Raistrik et al.’ 

To avoid the oxidation of cycfopentadiene and ions of iron(H), manganese(H) and cobait(If), 
all solutions (including the buffer solutions) were prepared in a nitrogen atmosphere from solvents 
from which oxygen had been removed by distillation in nitrogen. Ethanolic and dimethylformamide 
solutions of cyciopentadiene (l-00 x IO-*M) were prepared daily. 

Metal ion so2ation.s. The aqueous and dimethylformamide solutions of metal chlorides were 
1.00 x IO-2M. 

Buffers solutions. The pH was adjusted by means of borax and perchloric acid (pH 7.20-9.01). 
borax and sodium hydroxide (pH 9*26-IO-82), and sodium hydroxide (pH 1@93-15-80). The ionic 
strength between pH 7.20 and 12-95 was kept constant (0.10.w) by means of sodium perchlorate. 
The data of Schwarzenbach and Sulzberger’ were used to establish pH 13.00-15.80. The nitrogen 
used was washed with 10 % chromium(l1) chloride solution. 

:Meosrrrement 

A nitrogen atmosphere was used for the preparation of solutions to be measured and for the absor- 
bance measurements. The sequence reagent, metal ion and buffer was adhered to during the prepar- 
ation of all measured solutions; the temperature was kept at 25&l”. The absorbance of solutions 
was measured against a solvent-buffer blank. 
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FIG. I.-Absorption spectra of iron(H) ;I;. mangaoese(II) (2) cobaIt(I1) (3), palla- 
dium(H) (4) and nickel(I1) (5) complexes of ~~lo~eutadienid~ in aqueous solution. 
2c, = cL = 4.00 x lo-“M and pH 17.~70 where cy and CL are the total concen- 
trations of metal and cyclopentadiene respectively. Curve 6 is the reagent alone at 

pH 14.80. 

FIG. 2.-Dependence of cyctopentadiene absorbance at 220 nm on pH 
CL = 4.00 x lo-SM. 
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TABLE I.-STABILITIES OF SOME COVPLEXES OF CYCLOPE>T~IEMDE IN WATER AND DLVETHYL- 
FORMAMIDE (DMF)? 

Solbent 
Complex (pH) &t,/dA,: log K” lo9 =Won) log %LlH) IogB. 

HL Water - - - - 14.5 
MnL, 12.70 2.840 8.5 2.1 1.9 14.4 

12.95 2571 8.9 2.4 1.5 14.3 
13.50 2.386 9-3 2.9 1.0 14.2 

FeLz 7.89 7,802 5.7 0.0 6.6 18.9 
8.09 7.65 1 5.9 0.0 6.4 18.7 
8.23 7.106 6.4 0.0 6.3 19.0 

COL, 11.79 7.996 4.6 2.5 2.7 12.5 
1207 7.974 4.8 2.8 2.4 12.4 
12.39 7.914 5.3 3.1 2.1 12.6 

NiLz 12.70 7.998 3.3 3.3 1.9 10.4 
12.95 7.994 3.7 3.6 1.5 10.3 
13.50 7.992 4.3 4.2 1.0 10.5 

PdL, 12.70 4.910 7.3 - - - 
12.95 2.511 9.0 - - - 
13.50 2.094 10.9 - - - 

MnL(DMF), DMF 2.271 5.1 - - - 
FeL(DMF), DMF 2.244 5.2 - - - 
CoL(DMF), DMF 2,308 5.0 - - - 
NiL(DMF), DMF 2.552 4.5 - - - 
PdL@MF, DMF 2.692 4.3 - - - 

7 cM = 8.00 x 10-j&1 throughout. 
: 4A ==z A - A,r - AL where A is the absorbance of the solution with the complex, Ax and 

A, are the absorbances of the metal ion and cyclopentadiene solution respectively. Subscript 1 
refers to the basic total concentrations qt. and q,, subscript 2 to ~~12 and ct,/2. 

FIG. 3.-Absorption spectra of iron(I1) (l), manganese(H) (2), cobalt(H) (3), palla- 
dium(H) (4) and nickel(I1) (5) complexes of cyclopentadienide in dimethylformamide 

solution. Curve 6 is reagnt alone. 
2~ = en = 4.00 X IO-‘M was used throughout. 
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FIG. 4.-Continuous variation for iron (1), manganese(I1) (2), cobalt(H) (3), 
palladium(I1) (4) and nickel(I1) (5) with cyclopentadiene in aqueous solution. 
cx + cr, = S-00 x 10-5M, I = 220 nm, pH 12.07. The designation AA indicates 
that the absorbance was corrected for the absorption by cyclopentadiene and metal 

x = c&car t CL). 

Hydrogen complex 

RESULTS 

The stability of the hydrogen complex of cyclopentadienide was determined by the usual spec- 
trophotometric method.s A typical absorption spectrum is shown in Fig. 1. The dependence of 
absorbance on pH is presented in Fig. 2. The value of the constant found is given in Table I. 

Metal complexes 

The dependence of complex formation on pH was investigated spectrophotometrically. Some 
representative absorption spectra in aqueous solution are given in Fig. 1. Spectra in dimethylfor- 
mamide are shown in Fig. 3. The metal : ligand molar ratio of the complex was determined by the 
method of continous variation in equimolar solutions. Curves obtained are presented in Figs. 4 
and 5. The effective stability constants K, of the complexes were determined by the method of 
stoichiometric dilution.5 From a set of effective stability constant values, the overall stability constant 
/?,, was determined by means of the equation 

log @,, = log K, + log ZM(OH) + TV log aL(H) +j PH (1) 

where c+ri(OH) and aLfH) designate the side-reaction coefficients of the metal with hydroxyl ions and 
of the ligand with hydrogen ions respectively. They are given by the equations 

%( OH) = 1 + B*/ WI (3 

AL = 1 f BHWI (3) 
where 

e* = [MKMI WI/ WI (4) 

& = WLIJ WI Kl (3 
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FIG. 5.-Continuous variation of iron ;I), manganese(I1) (2). cobalt(H) (3). 
palladium(I1) (4) and nickel(I1) (5) with cyclopentadiene in dimethylformamide 

solution. 
cJI + cn = S-00 x 10-5M, 1 = 275 nm. For AA and x see caption to Fig. 4. 

The square brackets express the actual concentrations of the species. From possible complexes 
M,(OH), only the complex M(OH) was taken into account, owing to the low concentrations used. 
The values of fi* were taken from the monograph of Sillen and Martell.’ The values ofj designate 
the number of hydrogen ions in the complex MH,L,; L is the cyclopentadienide anion. 

Results obtained are collected in Table I. They indicate that for metal complexes in aqueous 
solution j was always zero. 

DISCUSSION 

The value of the stability constant of the hydrogen complex of cyclopentadienide is in good agree- 
ment with previously estimated values. B Also the composition of cyclopentadienide metal complexes 
in aqueous solution is in agreement with the known data obtained by analysis of solid samples. 
However, the values of the effective stability constants show the relatively poor stability of the 
complexes in aqueous solution. The sequence of the values of overall stability constants indicates 
the adherence to the 18-electron rule, so an 18-electron complex has the maximum stability [complex 
of iron( and with increasing deviation from that number there is a proportional decrease of 
stability of complexes. 

It was impossible to determine the value of the overall stability constant of the palladium complex 
because of lack of data on palladium(I1) hydrolysis. 

The absorbance maximum of the iron(I1) complex is in agreement with that measured for commer- 
cially available ferrocene. To prevent the hydrolysis of metal ions, the concentrations were kept as 
low as possible, therefore the far ultraviolet maxima were used, which occur practically at the same 
wavelength. 

The complexation in dimethylformamide is apparently influenced by the strong nucleophilic 
properties of that solvent. This may be the reason for the formation of complexes with 1: 1 molar 
ratio metal: ligand. Dimethylformamide ligands complete the saturation of the co-ordinative 
capacity of individual metal ions. 

Attempts to study the complexation in pyridine were unsuccessful because of the strong absorp- 
tion in the ultraviolet by that solvent. 
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Summary-The composition and stabilities of hydrogen, manga- 
nese(X), iron(II), cobalt(H), nickel(II)andpalladium(II)complexeswith 
cyclopentadienide were investigated spectrophotometrically in aqueous 
and dimethylformamide solutions. Corresponding effective and 
overall stability constants were determined. 

Zusammeofassung-Die Zusammensetzung und die Stabilitlt der 
Cyclopentadienidkomplexe von Wasserstoff, Mangan(II), Eisen(II), 
Kobalt(II), Nickel(I1) und Palladium(H) wurden spektrophoto- 
metrisch an LGsungen in Wasser und in Dimethylformamid untersucht. 
Die entsprechenden effektiven und GesamtstabilitHtskonstanten warden 
ermittelt. 

R&me-On a 6tudit5 spectrophotomdtriquement la composition et les 
stabilites des complexes de l’hydrogtne, du manganbe(II), du fer(II), 
du cobalt(X), du nickel(I1) et du palladium(I1) avec le cyclopenta- 
dienide en solution dans l’eau et le dimtthylformamide. On a d&ermine 
les constantes de stabilit6 effectives et globales correspondantes. 

REFERENCES 

1. M. L. H. Green in Organometallic Compounds (Edited by G. E. Coates, M. L. H. Green and K. 
Wade), Vol. 2 Methuen, London, 1968. 

2. B. Raistrick, R. H. Sapiro and D. M. Newitt,J. Chem. Sot., 1939.1761 
3. B. W. BudcSinskq, Talanta. 1969, 16, 1277. 
4. G. Schwarzenbach and R. Sulzberger, Helo. Chim. Acta, 1944.27, 348. 
5. B. W. BudeSinskg, J. Inorg. Nucl. Chem., 1969,31, 1345. 
6, B. W. BudtSinskq and K. Haas, Acta Chim. Acad. Sci. Hung., 1963,39, 7. 
7. L. G. Sill&n and A. E. Martell, Stability Constants of MetaLIon Complexes, 2nd Ed. Chem. 

Sot. Spec. Pub]. 17, London, 1964. 
8. R. E. Dessy, Y. Okuzumi and A. Chen, J. Am. Chem. Sot., 1962,84,2899. 

* Present address: Department of Chemistry, University of Arizona, Tucson, Arizona 85721, 
U.S.A. 



Talanra. 1972. Vol. 19. pp. I to II. Pcraamon E’rcss. Rntcd in Northern kehd 

PUBLICATIONS RECEIVED 

Principles of Radiochemistry: H. A. C. MC-Y. Butterworths, London, 1971. Pp. 550. fl3.00. 

Written by a world-renowned chemist of long and vast experience, here is everything for all 
users of radioactivity as a tool. Origin, theories, handling, applications, everything is there with 
the exception of a cost analysis. At the price, this will inevitably be a book for the library, for 
reference, but perhaps two copies will be necessary-one for borrowing and one permanently on 
the shelves. 

Treatise on Titrimetry; Volume 1, Inorganic Titrimetric Analysis (Contemporary Methods): WALTER 

WAGNER and CLARENCE J. HULL (edited by JOSEPH JO-AN). Dekker, New York, 1971. Pp. 
xii t 225. $13.50. 

It is fair comment on this compilation of methods to say that “contemporary titrimetry” 
ceased in 1968, or at least that is what appears to be the case. The only reference dated later than 
that not only has the year wrong but succeeds in transposing the digits in the volume number as 
well. The arrangement by groups of the periodic table is not as helpful or convenient as the 
general editor supposes, and an alphabetical arrangement would have been better. It is difficult 
to decide which is the more surprising in some of the choices of method-the ones that have been 
included or the ones that have been left out. According to the jacket of the book, advantages and 
limitations are pointed out; it is difficult, however, to see the advantage in recommending a 
method for copper that gives an error of l-3 % (pp. 13-14) when the “classical” version of the 
same reaction gives much lower error (a point made in the original of ref. 12 on p. 16 but omitted 
in the quotation from it). In short, this book is useful as a rough and ready guide to the literature 
up to late 1965 (for some journals-apparently earlier for others), but is limited by the selectivity 
imposed by the authors. 

Analytical Methods for Atomic Absorption Spectrophotometry: edited by J. KERBER. Third Edition, 
Perkin-Elmer, Norwalk, Connecticut, 1971. S20.00. 

This new edition of the well-known Perkin-Elmer manual replaces the 1968 edition, and will 
prove as generally useful as its predecessors. 
as they are issued. 

Like them, it carries the bonus of free supplements 

Selected Annual Reviews of the Analytical Sciences, Volume 1: edited by L. S. BARK. Society for 
Analytical Chemistry, London, 1971. Pp. 269. f5.00; 312.50. 

This first fruit of a new venture by the Society for Analytical Chemistry contains authoritative 
reviews on molecular-sieve chromatography, photoluminescence and chemiluminescence, activa- 
tion analysis, atomic-absorption spectroscopy and catalytic methods. Those who regret the 
demise of the analytical section of the Annual Reports of the Chemical Society will find some 
consolation in these pages, although they will still mourn the loss of the comprehensiveness of 
the Reports. 

Gas Chromatography: D. AMBROSE. Second Edition, Butterworths, London, 1971. Pp. 321. f4.00, 
hard cover; f2.50. limp cover. 

This revised edition of an already well-known work is to be welcomed for its thorough updating 
(up to 1970) of what is essentially a workin g chemist’s guide to gas chromatography. Users of 
the first edition will know they should buy this one as well; newcomers will find it indispensable. 

Nomenclature of Organic Chemistry: IUPAC. Third Edition, Butterworths, London, 1971. Pp. 
xiii + 337. E8.00. 

The well-known “Sections A, B and c” of the IUPAC definitive rules on organic nomenclature 
have been revised and combined into a single handy volume, which will be welcomed by all 
organic chemists and ail editors of chemical journals. 

Problems in Advanced Organic Chemistry: JERRY MARCH. Dekker, New York, 1971. Pp: viii + 421. 
$9.75. 

These problems, ranging from bonding, through kinetics, mechanism and so on to literature 
searching, come complete with answers and will be a boon to those teachers who believe that the 
only way to learn to solve problems is to solve problems. 

i i 
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Oxidation: Techuiques and Applications in Organic Synthesis, Vol. 2: R. L. AUGU~TIXE and D. J. 
TRECKER. Dekker, New York, 1971. Pp. x f 204. S17.50. 

This book contains review articles on four oxidation techniques in current vogue in organic 
chemistry, namely sulphoxide%arbodi-imide reactions, photo-oxygenation, hydrogen peroxide 
as reagent for producing epoxides, and metal ion-peroxide oxidations. AMechanism and application 
are both covered, and the volume should prove useful to the organic chemist interested in modern 
methods of synthesis. 

Microtechniques-6: edited by G. KAINZ. Butterworths, London, 1971. Pp. 74. f2.00. 

This volume contains the plenary lectures delivered at the IUPAC VIth Symposium on 
Microtechniques, organized by the Austrian Society for Microchemistry and Analytical Chemistry, 
in Graz in 1970. They cover inorganic and organic microanalysis, modern methods of organic 
structuredetermination, traceanalysis by atomic-absorption and atomic-fluorescence spectroscopy, 
and modem radioanalytical methods. 

Analytical Chemistry, Budapest 1970: edited by F. SZABADV~~RY. Butterworths, London, 1971. Pp. 
v i 201. f5.50. 

This book contains the plenary lectures delivered at the IUPAC 3rd International Analytical 
Conference in Budapest, organized by the Hungarian Chemical Society and Academy of Sciences 
in 1970. The themes were solvent extraction of metal chelates, separation in inorganic and 
organic chemistry, a history of French analytical chemistry, electrolyti; chromatography, enzyme 
electrode probes, chromic acid as oxidant in organic analysis, chromatographic polarography, 
pH, complexometric analysis, ion-exchange, ion-selective electrodes, reflectance spectroscopy, 
and thermal analysis. 

Analytical Geochemistry: LORD ENERGLYN and L. BREALEY. Elsevier. Amsterdam, 1971. Pp. 
XV + 426. f9.25. 

This is an account of the methods used today in geochemistry and geophysics, and the interests 
of its authors are reflected to some extent in the material chosen. Thus we are treated to a chapter 
on the principles of geochemistry as well as to the chemical methods of analysis used, and the 
sections on instrumentation occupy roughly half the book. In the purely chemical analysis sections, 
there are some surprising omissions, and some methods are simply reproduced from the literature 
quite uncritically. The English is rather quaint in places, and the proof-reader has left in “auto- 
matic sample spitter,” presumably having taken this as a cry from the heart. 

Conformational Analysis, Brussels, Belgium, 1969: edited by G. CHWRDOGLU. Butterworths, 
London, 1971. Pp. vi + 201. f5.30. 

This volume contains the plenary lectures delivered at the IUPAC symposium on conforma- 
tional analysis, organized in Belgium in 1969 by the Belgian Chemical Society, The Federation 
of Belgian Chemical Industries, and the University of Brussels, in 1969. The topics covered 
include the scope and limitations of the method, means of studying the conformation of com- 
pounds, and application of the technique to various systems. 

Fluorescence Spectroscopy; Au Introduction for Biology and Medicine: AMADEO J. PESCE, CARL- 
GUSTAF ROSEN and TERRY L. PASBY. Dekker, New York, 1971. Pp. xiii + 247. S16.50. 

This is a very readable account of fluorescence and should prove useful to others besides 
those readers indicated in the subtitle. There is the occasional lapse into the obscurity of jargon- 
for example, what is meant by “derivation of polarization of fluorescence equations”?- but the 
literature coverage is up to date (though selective) and the diagrams clear and helpful. 

Flame Emission and Atomic Absorption Spectrometry; Volume Z-Components and Techniques : 
edited by JOHN A. DEA% and THEODORE C. RAINS. Dekker, New York, 1971. Pp. xiv + 362. 
$22.75. 

As the title implies, this is essentially a practical guide to the equipment for flame spectroscopy, 
and how to use it. It is therefore packed with useful information, and likely to prove a flame- 
spectroscopists uude meclrm. 
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Summary-This review presents the major features of iuminescence 
methods relating to the estimation of organic compounds in solution. 
A notation for reporting fluorimetric determinations is proposed. 
The outstanding factors affecting the ffuorescence of solutions are 
briefly reviewed, and determinations of compounds offering a native 
fluorescence are illustrated by selected examples. Special attention is 
paid to functional fluorimetry and to the determination of non- 
fluorescent compounds by means of chemical reactions giving rise to 
fluorescent species. Some enzymatic reactions are described, as far as 
they allow the estimation of definite chemicals. Phosphorimetry and 
chemiluminescence are exemplified. An appendix presents some new 
functional fluorimetric determinations developed by the authors. 

FROM 195’7 to 1965, some 2000 papers were published on fhrorimetric analysis, and the 
last biennial review in Analytical Chemi.~try,~ covering the period approximately from 
December 1967 to December 1969, contains 763 references. Even if it is taken into 
account that these references include inorganic chemistry, it is obvious that an 
exhaustive bibliography of studies dealing with organic analysis by luminescence 
methods could not be condensed within the pages allocated to this review, and would 
duplicate existing reviews. Moreover, various books and monographs have been 
issued these last five years, trying to keep the analyst’s knowledge in this field up to 
date.s-Q 

This review is limited to the presentation of the features of luminescence methods 
relating to the estimation of organic compounds in solution, and its major part is 
obviously devoted to fluorimetry. A notation for reporting determinations is suggested 
which will facilitate comparisons between results obtained with different apparatus. 
The ou~tan~ng factors affecting the fluorescence of solutions are reviewed, and 
dete~inations of compounds offering a native ~uorescence are illustrated by some 
selected examples. Particular emphasis is placed on estimations which involve 
chemical reactions: functional ffuorimetry and determinations of definite compounds. 
One section deals with some enzymatic reactions. Phosphorimetry and chemi- 
luminescence, which have been scarcely applied until now to the determination of 
organic compounds are briefly dealt with. Theories of luminescence methods, and 
instrumentation are not dealt with, these topics being already widely covered.24mB 

FLUORIMETRY 

Fluorescence is the emission of light from a molecule which returns to its normal 
ground state from the lowest vibrational level of an excited singlet state, the excitation 
being achieved by the absorption of light. 

* For reprints see Publisher’s anno~~ment at end of issue. 
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When compared to absorptiometric methods, fluorimetry offers various advan- 
tages. The sensitivity is usually from lo- to loo-fold greater, and in many instances 
allows work at levels below 1 ppm. Fluorescence methods may be specific. Only a 
limited number of molecules fluoresce, and they have individual excitation and 
emission spectra. With selected excitation and emission wavelengths, it is possible 
to determine a fluorescent compound in mixtures without tedious separations. Slightly 
turbid or coloured solutions do not generally lead to serious interferences. 

On the other hand, the intensities of the fluorescence spectra are proportional to 
the concentration of the species only in dilute solutions. At higher concentrations, the 
intensity falls off, owing to inner-filter effects. Determinations must therefore be 
limited to the range over which linearity is observed. Commercially available instru- 
ments do not allow one to obtain an absolute expression of the fluorescence intensity, 
analogous to absorbance, and the excitation and emission spectra recorded with the 
usual spectrofluorimeters are distorted. However, in order to determine the concen- 
tration of a compound in solution, it is not necessary to know the relationship between 
uncorrected and true spectra, since at given excitation and emission wavelengths, the 
correction coefficient is the same for the sample, the blank and the reference. 

Reporting results 

In reports of determinations problems arise from the lack of an absolute expression 
of the fluorescence intensity and from the fact that the blank almost always fluoresces, 
particularly when a chemical reaction is involved. Most spectrofluorimeters are 
equipped with a zero potentiometer which is utilized to set the meter at zero and to 
supply blank suppression, but the deflection given by the sample remains arbitrary, 
varying with the adjustments. 

Different methods are used to overcome these problems, and standardization 
would be highly desirable in this field, permitting a ready comparison of results 
gathered by authors working with various apparatus. 

The instrument can simply be adjusted to read 50 per cent of full scale for a given 
concentration of the compound to be determined. lo The fluorescence intensities of the 
samples can also be expressed in terms of an intensity scale on which a standard 
solution gives a deflection of 100 meter divisions, at the same wavelengths of excitation 
and emission.lr Standard solutions of quinine sulphate, sodium fluoresceinate or 
2-aminopyridine have often been used. With these methods, the blank value is not 
taken into account, and it is worth knowing it, since impurities are of the highest 
importance in fluorimetric determinations. The blank can vary widely from one 
series of assays to another, even with analytical-grade solvents and reagents. 

Some authors give the limits of the range over which a linear relationship between 
concentration and emission of light is observed, and they express the blank value in 
,ug/ml of the compound to be determined. 12*13 When concentrations are plotted on the 
x axis and readings on they axis, this equivalent is the abscissa of the point where the 
extrapolated straight line for concentration vs. reading reaches the x axis. 

In our first paper on fluorimetric functional analysis,14 we proposed another 
notation. The meter is set at zero with the photomultiplier shutter closed. We give 
two limit values for the determination, the upper corresponding to a deflection of 100 
meter units, the lower to the smallest weight of compound which can be estimated with 
a reasonable accuracy. It is of course implied that the relationship of concentration 
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to reading is linear over this range. We also report the sample weight and the concen- 
tration of a suitable standard both corresponding to a deflection of 50 units. There- 
fore, knowing the sample ~ncentrations which give readings 100 and 50, and since 
linearity is observed, it is easy to calculate the blank deflection. On the other hand, the 
knowledge of the standard concentration corresponding to the deflection 50 permits 
the proper adjustment of any fluorimeter. It must be verified that the cells used do not 
afford a noticeable interfering fluorescence. If they do, the corresponding readings must 
be subtracted from the respective deflections given by the blank, the samples and the 
standard. 

Comparison of results obtained with two instruments (Farrand equipped with 
xenon lamp and gratings, and Electrosynthese* with low-pressure mercury lamp and 
filters) showed only very slight discrepancies, probably due to the widths of the spectral 
bands. Therefore, the numerical values given make our results readily reproducible 
with other instruments, and it also becomes easy to find out whether unexpected 
discrepancies are related to an abnormal fluorescence of the blank, caused by the 
solvents or reagents. We suggest this method for reporting results be adopted by 
analysts dealing with fluorimetric determinations in solution. 

It must be pointed out that it is not always worth operating at the wavelengths 
corresponding to the most intense emission of light from the sample, but at those 
corresponding to the highest difference between sample and blank. In our procedures, 
whenever possible, we propose an excitation wavelength accessible to apparatus 
equipped with a low-pressure mercury lamp and glass cells, i.e., 366, 405, 436 and 
546 nm, so that our results can be reproduced even with very simple instrumentation. 

The study of excitation and emission spectra recorded on a Farrand spectro- 
fluorimeter has shown that, in these instances, the selection of the true optimum 
excitation wavelen~h would multiply the sensitivity only by a coefficient lower than 2. 

It must also be emphasized that, when chemical reactions are involved in fluori- 
metric estimations in solution, the lower limit of the determination is strictly dependent 
upon the blank fluorescence, which cannot be avoided. Even if the fluorescent 
species would allow determination at a level of, e.g., 10 ng, the blank may afford a 
fluorescence intensity corresponding to, e.g., 1 ,ug of the said species, and therefore 
accurate dete~inations become possible only at levels permitting an appreciable 
difference between the assay and blank signals. 

Factors affecting theJEuorescence of solutions 

The main factors affecting the fluorescence of a compound in solution at concentra- 
tions usually used for determinations are: solvent, pH, oxygen, photod~omposition, 
temperature. These effects have already been described and discussed in various 
books and reviews,2*4*6*16 and we have gathered here only some information exempli- 
fying them. 

Solvent eficts. In many instances, for a given compound, the colour and intensity 
of fluorescence vary with the nature of the solvent. The interpretation of these effects 
is often complicated, because the observed changes may be the resultant of several 
quite different forces which may either reinforce or minimize each other. Some of 
these phenomena are still imperfectly understood. 

Changes in emission spectra may or may not be accompanied by modifications in 
the excitation spectrum. Changes in both spectra imply interaction with solvent in 

* Manufactured in France. 
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both ground and excited states of the molecule. Changes in only the emission spectrum 
mean that there is an interaction between solvent and the excited state of the molecule, 
but the ground state is not involved. 

Provided that hydrogen-bonding does not take place, the effect of the solvent 
can often be related to its dielectric constant. Indole and substituted indoles show 
pronounced shifts to longer wavelengths in their fluorescence emission maxima with 
increasing dielectric constant of the solvent, l6 but comparable shifts are not observed 
in the fluorescence excitation spectrum. Polar mesomeric forms of indole such as (A) 
and (B) may make a larger contribution in the excited state of indole thau in the ground 

state and such structures are expected to be more sensitive to the dielectric constant 
of the surrounding solvents. This explains why changes occur in emission spectra 
only. 

The quantum yield of dansyl DL-tryptophan increases with decreasing dielectric 
constant of the solvent: O-068 in water, 0.35 in acetone and 0.70 in dioxan. At the 
same time, the fluorescence emission maximum shifts towards shorter wave- 
lengths: 578, 513 and 500 nm respective1y.l’ 

In some instances, the refractive index of the solvent plays a role. In non-polar 
media, the shift of the fiuorescence m~imum of l- and Z-a~etylant~a~nes increases 
with increasing refractive index of the medium.fs 

The viscosity of the solvent must also be taken into account. It is well known that 
increase in molecular rigidity and co-planarity of the rings increase fluorescence 
efficiency. It may thus be expected that substances possessing substituted phenyl 
groups which are capable of internal rotation will increase their fluorescence when 
dissolved in a medium which will rigidify them. For example, a diphenylmethane 
dye such as Auramine 0 becomes fluorescent when dissolved in a viscous medium 
(e.g., glycerol).1Q Incidentally, it was found that this effect provides an extremely 
convenient means for measuring the viscosity of high-viscosity media. 

A compound may form hydrogen bonds with solvents in both the ground and 
excited states. In non-polar solvents such as benzene, chlorophyll shows only a weak 
fluorescence when water is rigorously excluded. 2o Addition of water or of a polar 
solvent causes a remarkable enhancement of fluorescence, due to hydrogen-bonding 
between the solvent and chlorophyll. The fl uprescence of acridine in benzene solutions 
increases on addition of acetic acid,Z1 and there are only minor changes in absorption. 
The hydrogen bond formation takes place in the ground state (C), but in the excited 
state an ion-pair (D) predominates, i.e., in the excited state the equilibrium is shifted 
to the right as a result of the increased basicity. 

~~~ 
t 

+OOC-CH, 
@OOC-CH, 

KY) (D) 
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Fluorescence quenching by solvent may permit selective determinations (see 
below under native fluorescence). Quenching processes divert the absorbed energy 
into channels other than fluorescence. 

In its excited state, a molecule may react with the solvent. In alcohol solution, the 
singlet excited state of anthraquinone goes to the triplet state, which reacts with 
alcohol to form the semiquinone radical (E) and the alcohol radical which further 
reacts with a ground-state anthraquinone molecule to produce a second semiquinone 

OH 

bH i)H 

(E) (F) 

radical and one aldehyde molecule. Through a disproportionation reaction, two 
semiquinone radicals give one molecule of anthraquinone and one molecule of 9,10- 
dihydroxyanthracene (F), which is highly fluorescent. Oxygen traps the radical (E), 
and the fluorescence is observed only in its absence.22*23 

pH eficts. It is obvious that for a compound which can undergo ionization, the 
neutral species, the anion and the cation may be differently excited, leading to different 
excitation and emission spectra. For example, the dibasic ion of quinine fluoresces 
blue, the monobasic ion fluoresces violet and the undissociated base does not fluoresce 
at all. 

Compounds may be more acidic or more basic in the excited state than in the 
ground state. In acidic dimethylformamide, 8-aminofluoranthene absorbs as the 
cation and emits as the neutral amine. The deprotonation has taken place owing to 
collisions within the duration of excitation. 6 A methanol-trifluoroacetic acid solution 
of 9-acridanone shows the excitation spectrum of the neutral species and the emission 
spectrum of the cation. In strongly alkaline solution, the excitation and emission 
spectra are both derived from the anion.24 

We shall not extend this paragraph beyond these examples, since a detailed study 
of pH effects has been given in a previous Talanta review.s Moreover, an account has 
been given recently of the theory of the effect of pH change on fluorescence of organic 
species which exhibit acid-base properties, and of the practical application of this 
effect.26 

E$ect of oxygen. Oxygen may decrease the fluorescence intensity of a compound 
by oxidizing it, and this reaction may be catalysed by ultraviolet irradiation. It may 
also accelerate the photodecomposition of the fluorescent species.26 But often there is 
neither chemical decomposition nor catalysis of photodecomposition, and yet the 
fluorescence of almost all organic compounds is quenched at least slightly by oxygen. 
It is believed that, generally, the quenching is caused by a reaction between oxygen and 
the excited singlet state of the molecule, giving rise to a triplet state.27 

Photodecomposition. Substances sensitive to ultraviolet light may of course suffer 
a photodecomposition during a prolonged fluorimetric examination. Reasonably 
rapid measurements are recommended in order to overcome this problem, particularly 
with very dilute solutions. 
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Temperature eflects. Fluorescence intensity usually decreases with increasing 
temperature, owing to higher probabilities for the other means of deactivation of the 
excited molecule. Since most fluorimetric measurements are made at room tempera- 
ture, it is best to take this temperature into account and to obviate heating of the 
sample chamber by excitation light, by using a suitable thermostatic arrangement 
whenever necessary. 

Compounds possessing nativeJEuorescence 

De Ment2s listed about 3000 compounds possessing native fluorescence. Some 600 
are purely organic and fluoresce in solution. They can of course be determined 
without any prior reaction, usually at levels of O*l-1.0 pg/ml, sometimes at much 
lower ~on~ntrations (e.g., 0.1 ng/ml for quinine sulphate). Modern spectrofluo~m- 
eters permit detection and measurement of ultraviolet fluorescence, thus extending the 
field of these determinations. Suitable selection of pH, wavelength combinations and 
solvents are of the highest importance, and this section is limited to some selected 
examples pointing out these outstanding features. 

Some phenols have been determined recently. ag With one exception, they fluoresce 
in the ultraviolet region and, for each species, an optimum pH was proposed: phenol, 
excitation 276 nm, emission 365 nm, pyrocatechol 282/345 nm, hydroquinone, 
2981350 nm, in @010-@01lM sulphuric acid; 4-hydroxybenzoic acid, 2901355 nm, 
in 0*10&f sodium hydroxide; gentisic acid, 3281459 nm, in pH 5.5 buffer; proto- 
catechuic acid, 300~370 nm, in pH 8.9 buffer. 

Mixtures of 2- and 3-hydroxybenzoic acids can be analysed. At pH 12~0, both 
isomers fluoresce, whereas at pH 5.5 only the 2-isomer is fluorescent. 4-Hydroxy- 
benzoic acid does not fluoresce at these two pH values and does not interfere.so 

When excited at 295 nm, a neutral solution of serotonin exhibits an emission-peak 
at 330 nm. In acidic medium, this peak fades and another appears at 550 nm, reaching 
its maximum value in 3N hydrochloric acid. $1 An acid may intervene not only through 
its hydrogen ion, but also through its anion. For example, fluorescence of quinine 
sulphate is usually measured in 0.1N sulphuric acid. No fluorescence is observed in 
@ 1M hydrochloric acid. The fluorescences of fluorescein and Rhodamine are strongly 
diminished if the solutions contain a few per cent of salts such as potassium iodide or 
sodium chloride. Iodide ion also quenches the fluorescence of vitamin Bz. 

Formaldehyde and acrolein both react with J-acid in sulphuric acid, yielding 
fluorescent chromogens which emit in the 500~nm region. Upon addition of water, 
the formaldehyde chromogen becomes virtually non-fluorescent at this wavelength.32 

A suitable selection of excitation and emission wavelengths allows the determination 
of salicylic and acetylsalicylic acids in aspirin tablets.a3 The solvent is 1% acetic 
acid in chloroform, Salicylic acid is estimated at 308/450 nm, and acetylsalicylic 
acid at 280/335 nm, after a further dilution with the same solvent. 

At the same excitation wavelength (365 nm), I-naphthol and 2-naphthol in 0*21M 
sodium hydroxide were determined at emissions 480 nm and 426 nm respectively.w 

A striking example of suitable selection of pH, wavelengths and solvent is given by 
the analysis of mixtures of morphine, codeine, narcotine and papaverine, the principal 
opium alkaloids. 11 A sample is dissolved in O*lN sulphuric acid and most of the 
narcotine and papaverine are stripped from the acidic solution with chloroform. In 
the acidic medium, morphine and codeine both exhibit almost similar fluorescences. 
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In O*lM sodium hydroxide, the fluorescence of codeine is only about 10% less intense 
than in O*IiV sulphuric acid, whereas that of morphine strongly weakens. Thus, a 
differential method allows the determination of these two species. Papaverine and 
narcotine are quantitatively extracted from a pH 9 buffer solution into chloroform. 
Papaverine fluorescence is measured at 320/348 nm. Narcotine does not interfere 
(maxima 335/400 nm). The addition of trichloroacetic acid to the chloroform 
solution intensifies the fluorescence of narcotine and shifts the maxima to 315/375 nm, 
whereas the fluorescence of papaverine is depressed and its maxima are shifted to 
4171455 nm, thereby causing no interference in narcotine determination. 

Quenchofluo~met~~ analysis55 was applied to the selective estimation of various 
polynuclear compounds. For instance, in o-cresol solution, most of the aromatic 
amines remain fluorescent, whereas aza heterocyclic hydroc~bons and most of the 
heterocyclic imines are quenched. Nitromethane quenches the fluorescence of 
aromatic amines, heterocyclic imines, and most aromatic hydrocarbons except those 
containing a fluoranthene ring. With nitrogen dioxide-trifluoroacetic acid as the sol- 
vent, aza heterocyclic hydrocarbons remain fluorescent, aromatic amines, hetero- 
cyclic imines and polycyclic aromatic hydrocarbons are quenched.86 A more detailed 
study of air pollutants was the subject of a previous Tdantu review.s 

A chemical reaction can also quench the fluorescence of one of the components of a 
mixture. For example, the Diels-Alder reaction of maleic anhydride with anthracene 
removes the lowest energy electronic transition of this hydrocarbon, permitting the 
fluorimetric measurement of pyrene, ~phenylstilbene and perylene in the presence of 
the adducts 

Mayan effect. In determination of compounds possessing native ffuorescence, 
with modern sensitive spectrofluorimeters, the limit of sensitivity is set by the magni- 
tude of the blank. Some interferences can be avoided by choosing proper material for 
the cells, using efficient monochromators, high-purity solvents, etc. But in operations 
at high sensitivities, Raman emission from the solvent cannot be overcome.3* For 
instance, when a solution of quinine sulphate in O*lN sulphuric acid is excited at 
365 nm, the main Raman band of water occurs at 416 nm and overlaps the edge of the 
fluorescence spectrum of the sample. At a dilution of 1 ng/ml, this band may be 
mistaken for part of the structure of the quinine sulphate band. The emission spec- 
trum of a very dilute anthracene soiution in cyctohexane appears to have an additional 
band. Excitation spectra are also distorted, and these interferences can be even more 
important with filter duorimeters. 

All solvents containing hydrogen atoms interfere, and carbon tetrachloride is the 
most satisfactory solvent for high sensitivity spectroff uorimetry. The band shown by 
chloroform is less intense than those of water, ethanol or cyclohexane. Raman bands 
are readily identified, since there is a constant difference between the wavenumber of 
the exciting light and the wavenumber of the Raman band. 

For instance, with the excitation monochromator set at 365 nm, the wavelength 
of the main Raman band produced by water is 416 nm. With excitation at 405 nm, 
this band is shifted to 469 nm. 

This branch of fluorimet~ is based on chemical reactions characteristic of the 
various functional groups. A given reaction may therefore be applied to different 
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molecules bearing the same group. Widely used in calorimetry for many years, this 
approach had until 1967 been but scarcely applied to fluorimetric determinations, 
probably because it is much easier to predict the development of a colour than of a 
fluorescence. But the knowledge of the compounds already described as being 
fluorescent, the study of their methods of preparation and the replacement, in the 
course of the synthesis, of one of the components by another molecule bearing the 
same functional group, recently led to an appreciable extension of this field of analysis. 
Furthermore, some unreactive groups can be converted into more reactive ones, or a 
molecule can be degraded, yielding a reactive species. 

The following table summarizes the main references relative to the functional 
group determinations mentioned in this section. 

Alcohols;61 primary;“O primary, a-amino-;13~14 primary, 2-nitro-;I4 1 ,2-diols1s*14 
Aldehydes, aliphatic;1**14 a-methylenic-66 
Alkylarnines, primary, secondary and tertiary;44 primary and secondary,30~48 (appendix);14.4a primary, 

(appendix); tertiarys3 
Arylamines, primary (appendix) 
Carboxylic acids, a-amino-;30BP3 2,3-dihydroxy-;” a-oxo-“~‘* 
Dibenzazepine derivativess4 
Ethylenic compounds, R-CH=CH113*14 
Guanidines. monosubstituted and N,N-disubstituted;60.61 monosubstituted (appendix) 
Hexitols’3*1i 
Hexuronic acids” 
Indoles3B*81 
KetoneqT6 a-methylenic dialkyl-;4s a-diketones73 
Nitrile@ 
PhenoW 
Phenothiazine derivatives32.83 
gent-Polyhalogen derivatives’@ 
Pyridine derivativesBo 
Steroids, Ap and A14-3,11-dioxo;3g guanylhydrazones;91 

19-nor-3a 
Sugars: aldohexoses;10*37*sa aldoses;8n 2-arnino-sugars;g0 

(appendix); pentosesss 
Thiols6*,s3 
Thioureas, N,N’-disubstituted66 
Ureas, monosubstituted and N,N’-disubstituted.60 

hydroxy-;“l 17-ketol-;*3*1P A6~~o)-3-oxo- 

carbohydrates ;” 2-deoxyoses ;I4 ketoses 

Dihydropyridine derivatives are formed through the Hantzsch reaction, by con- 
densing two molecules of a /?-keto ester or a &diketone with one molecule each of 
aldehyde and ammonia : 

R” 

CHO 
R-OC CO-R 

\ / 
CH 

&-OH OH-! 

R” ‘R 
NH3 

4 

R” 
R-OC I CO-R 

Derivatives obtained from ethyl acetoacetate (I), 2+pentanedione (II), 1,3- 
cyclohexanedione (III) and dimedone (IV) are fluorescent. 
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H,C,-0,C H,C-OC 

Thus, a mixture of ammonium acetate withethylaceto acetate,14 2,4- pentanedione13 
or dimedone13 allows the determination of formaldehyde, and hence of compounds 
which afford formaldehyde by suitable chemical reactions: 1,2-diols, hexitols, 
primary a-aminoalcohols, and 17-ketolsteroids oxidized with periodate ion,f3*14 
ethylenic compounds of formula R-CH=CH2 oxidized with a mixture of permanga- 
nate and periodate ions,13*14 and aliphatic 2-nitro-1-hydroxy compounds decomposed 
in alkaline medium.14 

The ethyl acetoacetate and 2,4-pentanedione methods are the most specific for 
formaldehyde, whereas the estimation of other aliphatic aldehydes is achieved with 
dimedone12 or cyclohexanedione. 12*14 The last reagent was also used for the determina- 
tion of pentoses, after their dehydration into furfural,3g and of primary alcohols,N 
oxidized to aldehydes with 2,6-dichloro-4-trimethylammonium phenyldiazonium 
ion 4l.42 

J-Acid (6-amino-1-naphthol-3-sulphonic acid) was also proposed for the estima- 
tion of formaldehyde obtained by oxidative degradations.13 The fluorescent chromo- 
gen formed is a dibenzoxanthylium derivative.32 

The Hantzsch reaction also allows the determination of primary alkylamines, 
a-amino acids14*39*43 and nitriles, which are reduced to primary alkylamines by potas- 
sium borohydride in alkaline medium containing palladium.14 The reagent is an 
aqueous solution of 2,4-pentanedione and formaldehyde. 

Various other fluorimetric methods have been described for nitrogenous bases. 
The reaction of primary, secondary and tertiary aliphatic, and secondary and tertiary 
cyclic amines with 3-carboxy-7-hydroxycoumarin results in an increase in fluorescence, 
accompanied by a change in the activation wavelength of the mixture, permitting the 
measurement of the reaction product even in the presence of an excess of fluorescent 
coumarin reagent.44 

IIo~~oH + NR, - Ho~~o’ HER, 

Aromatic amines and aromatic heterocycles do not react. 
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Dansyl chloride (1-dimethylaminonaphthalene-5-sulphonyl chloride) has been 
widely used in peptide and amino-acid studies,46 and in fluorimetric estimation of 
amines after separation by thin-layer chromatography.46 In non-aqueous medium, the 
chloride is much less fluorescent than the sulphonamide, thus allowing fluorimetric 
determination of primary and secondary alkylamines without any previous separation 
of the excess of reagent.39 

SO,CI SO,-NR, 

4-Chloro-7nitrobenzofurazan (identical with 7-chloro-4-nitrobenzofurazan or 
4-chloro-7-nitro-2,1,3-benzoxadiazole) has been proposed for the determination of 
amines and amino-acids.47 

O,N cl 0,N NR, 
-!- HNR, - 

N \o/N N N \/ 0 

In ethanolic solution, it allows the determination of primary and secondary 
alkylamines (see Appendix). Amino-acids also react, but there is no linear relationship 
between concentration and light emission. 

o-Diacetylbenzene, already used for colour and fluorescence detection of amines, 
amino-acids and proteins, also permits a sensitive fluorimetric estimation of primary 
aikylamines (see Appendix). The mechanism of this reaction is unknown. 

A colour test has been proposed for the detection of tertiary alkylamines, using a 
solution of cr,y-anhydroaconitic acid in acetic anhydride. Under suitable conditions, 
the same reagent permits the fluorimetric determination of these amines. 

The dye obtained by reacting primary and secondary alkylamines with 1,2-naphtho- 
quinone-Csulphonic acid is extractable into methylene chloride. Reduction by 
potassium borohydride yields a fluorescent o-diphenol, allowing the fluorimetric 
estimation of these nitrogenous bases.4s 

iO,Na AR, AR, 
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Primary arylamines have also been determined, using a somewhat different 
procedure (see Appendix) which gave negative results with alkylamines. The same 
reagent allows the fluorimetric estimation of c+methylenic dialkylketones.49 

In alkaline solution, ninhydrin is converted into o-carboxyphenylglyoxal which 
can give rise to fluorescent Schiff’s bases with the free NHz-group of guanidine or 
monosubstituted and N,N-disubstituted guanidines, permitting their fluorimetric 
determination.s0*61 The reaction has been applied to the determination of dihydro- 
streptomycin.sa 

Phenanthrenequinone has been proposed as an analytical reagent for arginine 
and other monosubstituted guanidines. s3 According to the authors, arginine, guani- 
dine, methylguanidine and p-tosylarginine yield, upon reaction with this quinone, 
the same fluorescent species, identified as 2-amino-lH-phenanthro-[9,1O+midazole- 
(V). The mechanism of this reaction as yet is unknown. 

Under suitable conditions, there is a linear relationship between the concentration 
of a monosubstituted guanidine and light emission, which permits the fluorimetric 
determination of this class of compounds (see Appendix). 

Although, as a general rule, fluorescence is quenched by nitro groups, one of us 
has shown that picric acid, on reaction with N,N’-dicyclohexylcarbodiimide or N,N’- 
dibenzylcarbodi-imide gives fluorescent guanylisoureas.” An excess of picric acid 
unfortunately quenches the fluorescence. When other aromatic trinitro derivatives 
were tested, it was found that 2,4,6-trinitrobenzoic acid also formed, with these 
carbodi-imides, a yellow fluorescent adduct, the structure of which has not yet been 
established. An excess of reagent did not interfere. Carbodi-imides are obtained by 
treating ureas withp-toluenesulphonyl chloride in pyridine, or thioureas with mercuric 
oxide. These reactions thus allow fluorimetric determination of urea, monosubstituted 
and N,N’-disubstituted ureas, and N,N’-disubstituted thioureas.55 Derivatives with 
aromatic substituents do not react. 

The blue-violet solution of di-(8-hydroxyquinolyl)orthovanadic acid (VI) in 
chloroform turns to red on addition of an alcohol. The excess of reagent is stripped 
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from the organic phase with an aqueous solution of sodium hydroxide, in which the red 
species, the structure of which is not known with certainty,6”6s is insoluble.s0 This 
red form is then hydrolysed by adding hydrochloric acid to the organic phase, and the 
liberated ELhydroxyquinoline, reacting with magnesium ion, yields a fluorescent 
complex. Primary, secondary and tertiary alcohols, as well as hydroxysteroids, are 
so determined.s1 

Fluorimetric determination of phenols is achieved by converting them into 
coumarins, with ethyl acetoacetate in sulphuric acid medium.14 

C% 

HO-C 

H,C,- 0 

An exchange reaction occurs between symmetric thiamine disulphide and the -SH 
group of thiols. The liberated thiamine sulphide is oxidized to fluorescent thio- 
chrome by ferricyanide in alkaline medium .62*68 The following equations have been 
proposed : 

R-SH + T-S-S-T -+ R-S-S-T + T-SH 

2R-SH + T-S-S-T --+ R-S-S-R + 2T-SH 

CH,-N-C=C- 

T= I I 
CHO CH, 

H,C 2 CH,OH 

There is a linear relationship between the intensity of the fluorescence emitted by 
the thiochrome and the original concentration the thiol. 

Through the Doebner-Miller synthesis for quinolines, aldehydes with an M- 
methylene group, reacting with 3,5diaminobenzoic acid in acidic medium, afford a 
fluorescent 2,3-dialkyl-5-carboxy-7-aminoquinoline. 

+ ZR-CH,-CHO - 

NH, H,N 

[For the mechanism of the reaction, see Refs. 64, 651 

This method allows the determination of cc-methylene aldehydesss and 2-desoxy- 
sugars.14 It has been applied to the determination of acetaldehyde obtained by 
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enzymatic decarboxylation of pyruvic acid, 67 of succinic semialdehyde produced from 
y-aminobutyrate during incubation with a transaminase,** of deoxyribonucleic 
acid,6s*70 2-deoxyglucose71*72 and sialic acid,73 which yields a 2-deoxy4aminooctose 
upon deacetylation and decarboxylation. 

2-Diphenylacetyl-1,3-indandione-1-hydrazone was introduced in 1958 as a useful 
reagent for characterizing carbonyl compounds.74 

'R' 

The fluorescent azine allowed the detection of acetone,7s and was applied to the 
spectrofluorimetric determination of carbonyl compounds.76 Unfortunately, the 
reagent itself strongly fluoresces in the same regions as the azine derivatives, and 
estimations are possible only after a chromatographic separation. 

c+Oxo-acids give fluorescent hydroxyquinoxaline derivatives when condensed with 
a-phenylenediamine in sulphuric acid medium:” 

They also react with 4’-hydrazino-2-stilbazole, which is selective for a-oxo acids 
and a-diketones :r* 

cl- ‘/ 
h CJ+==CH+-NH,+~~-~ - - 

~QL-CH_CH~H-N=+- 

O&-R 

The reagent itself, and the hydrazones of monocarbonyl compounds such as 
acetone strongly fluoresce at pH 7-12, whereas those of a-oxo-acids and a-diketones 
fluoresce at pH lower than 2. 

2,3-Dihydroxycarboxyli~ acids, such as tartaric acid, and hexuronic acids can be 
oxidized to glyoxylic acid which in acidic medium condenses with resorcinof, and the 
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resultant lactone is oxidized in air to a fluorescent dye:14 

OHC-COOH + 2 

OH 

H”T&qo 
OH co-o 

According to the Fujiwara reaction, gem-polyhalogen compounds open up the 
pyridine ring to give a glutaconic dialdehyde derivative. This reacts with p-amino- 
benzoic acid, yielding a fluorescent Schiff’s base, allowing the fluorimetry of the gem- 
polyhalogen derivatives.79 

The pyridine ring is also opened up by cyanogen bromide. A further reaction with 
p-aminobenzoic acid thus permits the fluorimetric determination of pyridine deriva- 
tives.*O 4-Hydroxypyridine and K-substituted derivatives do not react. 

Upon condensing them with formaldehyde in the presence of an oxidizing agent, 
indole compounds develop a fluorescence. 39 The mechanism of this reaction is un- 
known. Some 3- and 5-substituted indoles were also determined with o-phthal- 
aldehyde.*l 

Phenothiazine derivatives offer a native fluorescence. It is modified, and greatly 
increased, under the action of oxidizing agents such as potassium permanganate or 
hydrogen peroxide, thus allowing measurements in the submicrogram range.82*83 
Permanganate oxidation also permits the fluorimetric estimation of dibenz[b,fl- 
azepine derivatives. 84 

A variety of carbohydrates react with o-phenylenediamine to form fluorescent 
derivatives, which allow their determination. 85 The mechanisms of the reactions 
involved are still being discussed. 

Aldoses are dehydrated in hydrochloric acid medium, and then condensed with 
resorcinol to yield presumably xanthenone derivatives .86 The fluorescence is green for 
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pentoses, blue for hexoses. Hexoses react with ~-hydrox~etralone, forming benzo- 
naphthenone which permits their determination by fluorimetry.10*s7*88 The foIlowing 
mechanism has been proposed: 

kHOH)& 
t 

CH,OH 

0 

0 I I I 
I I 

cHKcH 
0 

- - 

0 

7 I 75) I I 
0 

The step in which three carbon atoms from the hexose unit are eliminated is not 
explained. 

Ketoses form a fluorescent adduct with zirconyl chloride*$: 

H R H-C-OH H 

H-LH H-&-OH A-OH H-C-dL 
I 

“-(iHa - 

40 &OH), ZIOCI~ ~ 
LA- H 

C/3*3 - 

&OH), _ &-&OH =ao 

&&OH 

&HOH), 

&&OH 

Under suitable conditions, the fluorimetric determination of these carbohydrates 
becomes possible (see Appendix). Aldopentoses and aldohexoses react but weakly. 

2-Amino-sugars reacting with pyridoxal and zinc ions form a fluorescent zinc 
chelate of pyridoxylideneamino-sugar containing a 1: 1 ratio of amino-sugar to 
zinc.90 (See p. 108.) 

Steroid guanylhydrazones yield fluorescent derivatives upon reaction with 
phenanthrenequinone in alkaline medium. g1 A4- and A1*4-3,11-dioxosteroids give 
fluorescent adducts, of unknown structure, with 2,6-di-t-butyl-p-cresol.39 

It was shown that, under the action of A 5(1o)-3-oxo- 19-norsteroids in alkaline 
medium, the colour of thionine or Methylene Blue rapidly changes. Under similar 
conditions, the fluorescence of Pyronine G (Vn), the structure of which may be 

2 
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OH CH, 

compared to that of Methylene Blue, rapidly decreases, thus allowing the determina- 
tion of this class of steroids by the decrease in fluorescence.39 

(CH )NmNiCH ). 
3 JO 

32 

ClQ 
(VII) 

Determinations of individual compounds 

Obviously, it is not possible to cover here all the compounds which have been 
fluorimetrically determined and we have tried to present, in a fairly systematic fashion, 
some selected reactions in order to show that fluorimetry of individual compounds, as 
well as functional fluorimetry, is no longer a mere collection of purely empirical 
recipes. A definite compound has often been determined in various media (e.g., 
biological assays), giving rise to sundry procedures based on the same reaction; 
quoting all the references would be but a compilation. As far as possible, we report 
the reference of the paper which, to the best of our knowledge, was the first dealing 
with this analytical reaction, or we refer to a paper reviewing it. We also mention 
some reactions which, until now, have only been used qualitatively, when we con- 
sider that they might readily be adapted to quantitative analysis. 

It is well known that the main fluorescent species are either aromatic or hetero- 
cyclic compounds. Since it is usually easier to create a heterocyclic ring than an 
aromatic one, many determinations are based on the formation of a 0- or N- 
heterocycle. Of course, some reactions are exceptions to this rule. For example, 
cerium(III) ions in dilute sulphuric acid medium exhibit a characteristic fluorescence, 
exe: 260 nm, em: 350 nm. Osmium(VII1) catalyses the redox reaction between 
cerium(IV) and oxalate, thus permitting a fluorimetric determination of oxalate ion by 
measurement of the cerium(II1) produced. sa Oxalate also quenches the fluorescence 
of a 1: 1 zirconium-flavonol chelate in dilute sulphuric acid solution, the emission 
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decreasing with increasing concentration of the ion.@a In a similar manner, citrate 
quenches the fluorescence of the t~gstate-~avonol complex.g4 

Some uon-ffuores~nt acids and bases have been determined by ion-pair extraction 
with a ff uorescent species as counter-ion, For example, dimethylprotriptyline (VIII) 
allowed the estimation of nonylbenzenesulphonate and tetradecansulphonate.05 

Frot~ptylin~, no~riptyline, amitriptyline, imipramine and terodoline were determined 
with anthracene-2-sulphonate.e8 

Obviously, some of the reactions described in the preceding section can be applied 
to the determination of a definite compound. For instance, J-acid or a mixture of 
ammonium acetate and ethyl acetoacetate or 2,4_pentanedione allow a selective 
determination of formaldehyde. The glyoxylic acid-resorcinol reactiorP permits 
determination of oxalic acid, which can be reduced to glyoxylic acid by aluminium 
amalgam, a copper-zinc mixture,s7 or zinc and hy~ochlori~ acid.$* Glyoxyhc acid 
is also obtained by saponifying dichloroacetic acid in the presence of hydrazine, 
which avoids formation of oxalic and glycolic acids. This reaction has been applied 
to the identification of the dichloroacetic group in chloramphe~icol.*s 

A slight modification of the structure of a heterocyclic compound, such as a 
change in the degree of saturation can result in deveiopment or extinction of fluores- 
cence. For example, methaqualone was determined as a tetrahydroquinazolinone 
derivative after reduction by lithium borohydride.lW 

Reserpine (IX) has a native ffuorescence which permits direct measurements, but 
the emission maximum is at 37.5 nm. A more intense and yellow-green fluorescence 
(em: 510 nm) is obtained by a suitable 3-4 dehydrogenation, with hydrogen peroxidelo 
or nitrous acid.102*103 

Various heterocyclic compounds bearing a hydroxyl group fluoresce only in the 
free state. Esters must therefore be hydrolysed before fluorimetric determination* 
For instance, O,U-diethyl-O-f3-chloro-~methyi-2-oxo-2W-l-benzopyran-7-yl)phos- 
phorothioate (Coumaphos) affords fluorescent 3~hloro-4-methyi-7-hydroxycou- 
marin.lM U,U-Diethyl-O-2-pyrazinyl phosphorothioate yields the sodium salt 
of 2-pyrazinol. lo6 Tocopherol esters are also determined as free tocopherol. In order 
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to avoid oxidation, the esters are reduced to the free hydroxyl compound by lithium 
aluminum hydride.lo6 

Diethyl phosphate ester and O,O-diethyl phosphorothioate O-ester with N- 
hydroxynaphthalimide (Maretin and Bayer 22408) are determined after alkaline 
hydrolysis followed by an oxidation step.107s108 

Formation of O-heterocycles. The von Pechmann reaction, used in functional 
fluorimetry for the estimation of phenols, has been applied to the determination of 
polycarboxylic acids which are unsaturated or bear hydroxyl groups. Malic acid, 
reacting with resorcinol in concentrated sulphuric acid, yields umbelliferone. In the 
first step, the acid is converted into formylacetic acid. 

HOCO-CH,-CHOH-COOH+HOCO-CH,-CHO 

It has been claimed that umbelliferone-4-carboxylic acid is also formed. 
Likewise, citric acid gives a fluorescent species. The first step is probably to 

convert it into acetonedicarboxylic acid. 

COOH 
1 

HOCO-_CH,---C-CH,-COOH ----+ HOCO-CH,-CO-CH,-COOH 
I 

OH 

732 -COOH 
I 

Fluorescences are also afforded by fumaric, ct-oxoglutaric, oxalacetic acids, and 
polycarboxylic acids with no other functional groups. These react to produce com- 
pounds similar to fluorescein. 



A convenient selection of pH and excitation and emission wavelengths allowed 
determination of malic and succinic acids in mixtures.109 For a more selective deter- 
mination of malic acid, orcinolllO*lll and 2-naphthoP12 have been proposed. With 
the last phenol, citric and succinic acids do not interfere at concentration ratios 
lower than 1: I. The ftuorescent species is probably 5~6-~n~o~umarin. With 
malic acid as the reagent, the same authors determined 2-naphthol. 

Pyridoxic acid can be dehydrated in acidic medium to give a strongly fluorescent 
pyridoxic Iactone,“L3 

The la&one fluoresces 25 times as intensely as the acid. This is probably due to 
an increase in the quanta efficiency of fiuoreswnce. Pyridoxic acid is obtained from 
pyridoxine oxidized with potassium permanganate, from pyridoxamine converted into 
pyridoxine with nitrous acid and then oxidized, and from pyridoxal oxidized with 
ammonical silver nitrate.l14 These three compounds can therefore be determined 
fluorimetrically. 

Formation ofN-heterocycles. One of the most studied determinations is probably 
that of catecholamines, mainly epinephrine (X) and norepinephrine (XI). 

YHOH--CH,-NH-R 

OH 

(x) R = CH, 

(X[)R=H 

Epinephrine upon oxidation gives an o-quinone derivative, adrenochrome, which 
in alkaline medium is subjected to a rearrangement yielding adrenolutine, a strongly 
fluorescent trihydroxyindole derivative.llb 

The same reaction can of course be applied to norepinephrine. DifferentiaI 
determinations are possible, since both amines are oxidized at pH 6.5, whereas only 
epinephrine reacts at pH 3-5.‘16 

In the presence of~~ylen~amine~ other fluorescent species are obtained, and the 
mechanisms of the reac$ions are different for epinep~ne and norepinep~i~e.lI~ 
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I 
R 

Epinephrine 

kH3 
I 
CHs 

Norepinephrine 

CHOH-CH2-NH2 l&N--_(CH&-NH3 
-2Hj 

NH-CH2 -CH,--NH* 

Another fluorescent product is also formed, the structure of which is not yet 
certain. By suitable selection of emission wavelengths, both compounds can be 
determined in mixtures. The method has recently been automated.rls On the same 
basis, with adrenochrome as reagent, ethylenediamine has been determined in 

milk.llg 
Another diamine, o-phenylenediamine, reacts with some o-quinones and a-diketo 
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derivatives, to yield strongly ffuorescent species. Tocopherol, oxidized with nitric 
acid, gives a quinone which is then condensed with o-phenylenediamine to give a 
phenazine derivative.120 

CH, 

0 

0 

CHZ-C,& - We&&1 - 

3 H& CHs 

CHa 

Ascorbic acid is oxidized to dehydroascorbic acid which, upon reacting with the 
same diamine, produces a tiuorescent quinoxaline, thus permitting the determination 
of the vitamin.=l 

NH, 

NH% 
CHOH-CH20H 

CHOH-CH,OH 

Alloxan was also determined by a similar reaction.lB 
Two other o-disubstituted beuzenes have been used as reagents for various 

purposes. o-Aminobenzaldehyde reacts with a&o1 to form fluorescent 3-hydroxy- 
quinaldine.= 

Thymine and 5-methylcytosine, when suitably oxidized, afford this ketol= 
and can therefore be determined as well as nucleosides and nucleotides of these 
pyrimidines, and deoxyribonucleic acid.126 o-Phthalaldehyde gives a fluorescent 
adduct upon condensation with histamine. The formula (XII) has been tentatively 
proposed.B6 

Under suitable conditions, histamine can readily be determined in the presence of 
histidine, which normally interfere? and histidine has also been determined.Bs 
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H H 

(XII) ouII> 

The same reagent has been applied to the determination of some sulphonamides, which 
give condensates of general formula (XIII),12g of a,&-diaminopimelic acid,iW and of 
reduced gluthathione. I31 In pH 8 medium, this tripeptide yields a fluorescent product 
whereas little or no fluorescence is observed from oxidized glutathione and thiol- 
containing amino-acids. 

One of the simplest organic compounds, formaldehyde, has often been applied to 
various determinations. Examples were described above in the section on functional 
fluorimetry. Tryptamine offers a native fluorescence, but in various extracts, other 
species may interfere. These interferences may be overcome by reacting tryptamine 
with formaldehyde, then oxidizing the tetrahydronorharman formed to fluorescent 
norharman.f32 

Flufenamic acid also reacts with formaldehyde, giving a fluorescent heterocyclic 
derivative.133 

B 

a ‘I %H 
o=CH2 - 

\ NH 

Many determinations, mainly in the field of steroid compounds, are conducted in 
strongly acidic media, such as concentrated sulphuric, phosphoric or perchloric acids. 
These “halofluoric” reactions are often due to various preferential mesomeric forms 
or to dehydrations which have mechanisms that are as yet not well understood. For 
these reasons, they are somewhat beyond the scope of this review. They have been 
already widely referred to in books and monographs.5sg,116*134 

Enzymatic reactions 

Studies on fluorimetric assay of enzymes, and enzyme kinetics and mechanisms are 
also beyond the scope of this review, since they are more closely related to biochemistry 
and biology. But recently, some enzymatic reactions have been applied to various 



fiuorimetric d~e~ina~ons of organic compounds9 thus paving the way to new 
methods which stand on the border of functional fhrorimetry and ffuorimetry of 
definite compounds. 

Non-fluorescent homovanillic acid, reacting with hydrogen peroxide in the presence 
of horseradish peroxidase, gives a fluorophore by the following reaction:13s 

+ F&U2 + peroxidase --+ 

H&Q 

OH 

Non-fluorescent FlUoreScCllt 

Compounds which upon action of suitable oxidases afford hydrogen peroxide, 
may therefore be determined. This is the case with xanthine and hypoxanthine when 
converted into uric acid by xanthine oxidase.ls6 

The much cheaper p-hydroxyphenylacetic acid may be used iastead of homo- 
vanillic acid. It allows the determiaation of IV-acetyl+-galactosamine, 2-deoxy-D- 
galsctose, 2-deoxy-D-glucose, D-gafactosamine, u-galactose, D-glucose, a-bmelibiose, 
methyl-~-D-gala~op~anoside, r%rafhnose, stachyose, sucrose. All these sugars, 
after invertase hydrolysis, are oxidized by glucose- or gala&use-otidase, The first is 
highly specific, whereas with gafactose oxidase the C, position need not be free, for 
galactosides are readily attacked. The correct con~gurat~on at position 4 is essential, 
but that at position 2 is not so critical, for D-talose also reacts.rs7 

Nicotinamide adenine dinucleotide (NAD), reacting with an acid under the action 
of a suitable dehydrogenase, is reduced to NADH which, under the catalytic action 
of diaphorase or phenazine methyl sulphate, reduces non-fluorescent resazurin to 
fluorescent resorufin. Six dehydrogenase systems were used for the determinations 
of 21 organic acids.13* 

Acid + NAD -Dehydmeem*e+ Keto acid -I- NADH 

J 
0 

Non-fluorescent 

Fluorescent 

Monoamine and diamine oxidases allow the determination of benzylamine, 
cadaverine, furfurylamine, histamine, putrescine and tyramine,=Q hydrogen peroxide 
being formed. 

R-CR%-NHp, -I- 0, i- HsU s R-CHU _t NH3 + H&a 

Methanol, ethanol, n-propanol and ally1 alcohol have been determined with 
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alcoholoxidase, which converts them into the corresponding aldehyde and hydrogen 
peroxide.140 

Various pesticides have also been determined. Cholinesterase from rat liver and 
human serum is strongly inhibited by organophosphorus compounds, but the chlorina- 
ted pesticides have no effect. The enzyme from electric eel is sensitive to chlorinated 
pesticides only. Cholinesterases from both the bean-leaf beetle and white-fringe 
beetle are very strongly inhibited by paraoxon (diethyl-p-nitrophenylphosphate) and 
DDVP (phosphoric acid 2,2-dichlorovinyl dimethyl ester), but parathion and methyl 
parathion are very weak inhibitors. There is no interference either from the chlorinated 
or carbamate pesticides. The substrate N-methylindoxyl acetate is cleaved by all five 
cholinesterases to highly fluorescent N-methylindoxyl. 

o-CO-CH, 
chohnesterase + ~----J+~~” 

The various pesticides, when introduced into the reaction mixture, inhibit the 
hydrolysis of the substrate catalysed by cholinesterase, causing a decrease in the 
initial slope of the fluorescence-time curve. The decrease is a direct measure of 
the concentration of the inhibitor present.la 

PHOSPHORIMETRY 

Phosphorescence is the photon emission from a molecule which returns to its 
normal ground state from an excited triplet state, reached by a radiationless transfer 
from an excited singlet state. Whereas fluorescence decays almost immediately, 
usually within about lo-* set, the lifetime of phosphorescence is much longer, from 
lo4 up to 20 sec. The first phosphoroscope was described a century ago,142 but the 
qualitative identification of organic compounds by phosphorescence spectra was 
suggested only in 1944l& and the first quantitave determinations were published in 
1957.144 

Since fewer compounds phosphoresce than fluoresce, phosphorimetry is still more 
selective than fluorimetry. In a solid solution, the phosphorescence decay process is of 
the fitst order. The mean decay time at constant temperature in a given solvent being 
characteristic of the compound studied (and independent of concentration), it can be 
used to identify phosphorescent compounds, thus introducing a complementary 
datum, besides the excitation and emission spectra. A pure substance alone will show 
a straight-line plot of the logarithm of intensity against time. With mixtures, a curved 
plot is obtained, since several decay processes with different rates are superimposed.14s 

Because of the long lifetime of phosphorescence, molecules can easily lose their 
energy by radiationless processes, mainly by collisional deactivation. Although some 
attempts were made at room temperature with rigid transparent organic glasses 
(polymeric matrices), 146 phosphorescence measurements are almost always performed 
at 77 K (liquid nitrogen). Until very recently, determinations were only possible in 
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solvents and mixtures of solvents giving clear glasses at this temperature. Various 
mixtures have been proposed, 14’ but they often tend to crack or form snows when 
they contain a small quantity of water. Absolute ethanol has proved very suitable, 
since its water content is not highly critical. 14* In 1970, the use of a rotating sample 
cell was proposed. 149 Combined with a more stable power supply and a better solvent 
clean-up procedure, it led to lowering of detection limits by more than a factor of 100, 
and to increased precision and accuracy. Moreover, these results have been obtained 
not only in clear rigid solvents, but also in cracked glasses and snowed matrices. 

Up to now, and to the best of our knowledge, phosphorimetry has only been 
applied to the estimation of compounds offering a native phosphorescence. The 
potentialities of the method in the field of quantitative determinations were first 
exemplified with benzaldehyde, benzophenone and 4nitrobiphenyl dissolved in EPA 
(ethyl ether-isopentane-ethanol 5 : 5 : 2). 14rl In a mixture of these three compounds, 
4nitrobiphenyl could be resolved on the basis of its slower decay rate. Mixtures of 
acetophenone and benzophenone were also resolved, the mean lifetimes of these 
compounds being O-008 and 0.006 set respectively. Diphenylamine and triphenyl- 
amine were determined by selective excitation. 

As a consequence of its selectivity and sensitivity, phosphorimetry has been mainly 
applied in the areas of biology and medicine. Aspirin was the first compound to be 
determined in blood and plasma, without interference, at concentrations of l-100 mg 
per 100 ml of serum. lso Salicylic acid, the only metabolic product of aspirin which 
phosphoresces, gave nearly l/500 the sensitivity of aspirin. The use of ethanol allowed 
easy determinations of 22 organic compounds of pharmacological importance, with 
a limit of detectability of 10 ng/ml in ethanol for most drugs.14s Procaine, cocaine, 
phenobarbital and chlorpromazine have been determined in blood serum, and cocaine 
and atropine in urine. lb1 The proposed method is rapid and sensitive. For instance, 
it allows 83 % recovery of 0.30 ,ug of procaine in 10 ml of blood, or 110 % recovery of 
30 ng of cocaine in 1 ml of blood. Sulphonamides have been determined.15a and for 
sulphamerazine, sulphapyridine, sulphamethazine and sulphacetamide, the limit of 
detectability was 0.1 ng/ml of solvent. 

Tobacco samples have been analysed for nicotine, nomicotine and anabasine.lm 
The method involves a separation by thin-layer chromatography, and the time for a 
complete analysis of the three alkaloids in a commercial tobacco sample was less than 
90 min, which is considerably less than by other methods previously used. In the field 
of pesticides, 32 compounds have been studied,‘” and biphenyl has been determined in 
oranges, with a limit of 1 ng/ml of ethanol.ls5 

Mixtures of tryptophan and tyrosine in the presence of phenylalanine in various 
hydrolysed proteins have been analysed simultaneously.15s The method is based on 
the fact that when two molecules differ by approximately a factor of 10 in their decay 
times, and when the concentrations of the species are about equal, a plot of the log- 
arithm of the phosphorescence intensity us. time is a combination of two straight lines. 

This section is far from being exhaustive. Our purpose was only to illustrate the 
possibilities and potentialities of phosphorimetry. There is no doubt that commercially 
available phosphoroscope attachments, and the recent possibility of working with 
cracked glasses and snowed matrices will extend the usefulness of this method, both in 
the areas of biology and medicine, where sensitive, selective, accurate and rapid 
methods are needed, and in other areas for the study of trace impurities. 
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CHEMIL~MINESCENCE 

In fluorescence and phosphorescence, the activation of the molecule is obtained by 
the absorption of light. In chemiluminescence, the excitatron is produced by a 
chemical reaction. Although this phenomenon has been widely studied,157-16s 
only a few examples are within the scope of this review. 

Luminol(5-amino-2,3-dihydro-l,4-phthalazinedione) emits light when oxidized in 
alkaline medium under suitable conditions. Various mechanisms have been pro- 
posed,160-162 and it has been shown that, under aqueous conditions with hydrogen 
peroxide, the reaction products are complex. 163 Whatever may be the true mechanism, 
it is established that the luminescence is afforded by an excited singlet state of the 
aminophthalate ion. The following scheme seems possible: 

When copper(I1) is added to an alkaline solution of luminol in the presence of 
hydrogen peroxide, the mixture emits light, and this emission is inhibited by various 
compounds. The effect of small amounts of nitrophenols, aminophenols, trihydroxy- 
benzenes, dinotrophenols, nitroanilines and phenylenediamines on the chemilumines- 
cence of the system luminol-Cu-NHs--H202 has also been studied.l@’ All these 
compounds inhibit the luminescence and, for disubstituted derivatives, the order of the 
inhibiting action is ortho > para > meta. Small amounts of the compounds can be 
determined by means of a calibration graph. Polyhydric alcohols, unsaturated 
monohydric alcohols, mono- and disaccharides are also effective.16s a-Amino-acids 
have been determined, the reaction being based on the reduction of the intensity of 
luminescence of Iuminol in the presence of cupric sulphate in dilute ammonia and 
hydrogen peroxide. The intensity of in~bi~on varies with the amino-acid tested.lB6 
Copper complexes of amino-acids have also been dete~ined.167 

Adenosine triphosphate reacts with luciferin in the presence of magnesium ion 
and luciferase, under the action of oxygen: 

Luciferin + Oa + ATP s Oxyluciferin + AMP + hv. 

Measurement of the light produced gives a direct determination of the ATP present.l@ 
Ozone-induced chemiluminescence of organic compounds has also been studied, in 

the dry state as well as in acetone solution. 16s The peak intensity of the light emission 
is related quan~tatively to the amount of compound. 

Up to now, with the exception of the ATP dete~ination, the proposed methods do 
not seem to be more sensitive than fluorimetric ones. 
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APPENDIX 

Determination ofprimary and secondary alkyIamines 

Reagent. A 0.05 % solution of 4-chloro-7-nitrobenzofurazan in ethanol. 
Procedure. To 1 ml of an ethanol solution of the amine, add 0.75 ml of reagent. Heat at 60” 

for 30 mitt, in daylight, then let stand for 3 min at room temperature, dilute to 4 ml with ethanol 
and read at exe: 436 nm, em: 535 nm (yellow fluorescence). The fluorescence standard is an aqueous 
solution of sodium fluoresceinate 

Results 

Determination 
limits, pg 

Reading 50 
Sample, ccg Standard, &ml 

n-Propylamine 
n-Butylamine 
Benzylamine 
Diethylamine 
Di-n-propylamine 
Di-n-butylamine 

0.25-1.0 0.41 0.12 
0.25-1.0 0.45 o-12 
0.25-1.0 0.41 0.083 

l-5 
::; 

0.083 
3-12 0.13 
2-10 4.0 0.06 

Determination of primary alkylamines 

Buffer, pH 8.6. Dissolve O-62 g of boric acid and 0.745 g of potassium chloride in 50 ml of water, 
add 12.0 ml of 0.2M sodium hydroxide and dilute with water to a tinal volume of 200 ml. 

Reagent. A 0.25 % solution of o-diacetylbenzene in ethanol. 
Procedure. To 1 ml of an ethanol solution of the amine or amine hydrochloride, add 0.5 ml of 

buffer and 0.2 ml of reagent. Heat at 30” for 60 min, cool to room temperature and add 2 ml of 
ethanol. Read at exe: 366nm, em: 430nm (blue fluorescence). The fluorescence standard is a 
solution of quinine sulphate in O*lN sulphuric acid. 

Results 

Determination 
limits, pg 

Reading 50 
Sample, c1g Standard, pg/rnl 

Methylamine (hydrochloride) 0.2-1.0 0.43 0.256 
Ethylamine 0*1-0*5 o-22 0.238 
Ethylamine (hydrochloride) 0.2-1.0 044 O-227 
n-Propylamine Cl-O.5 0.21 0.164 
n-Butylamine 0.2-1.0 0.44 0.222 

Determination of primary arylamines 

Reagents. (a) O-SO% aqueous solution of the sodium salt of 1,2-naphthoquinone-4~sulphonic 
acid. (b) Dissolve O-050 g of potassium borohydride in 1 ml of O.lM sodium hydroxide and dilute 
to 100 ml with water. 

Procedure. To 1 ml of a neutral aqueous solution of the arylamine, add 0.2 ml of reagent a, mix, 
and transfer into a lo-ml separator-y funnel which contains 2 ml of methylene chloride. Rinse the 
tube with 1 ml of water, adding the rinsings to the separatory funnel. Shake for about 5 sec. allow 
the layers to separate and drain all of the organic layer into a tube. With the tube protected from light, 
add 2 ml of ethanol, 0.1 ml of reagent b, mix, and let stand for 1 min at room temperature. Add 0.5 
ml of O.OlM hydrochloric acid and mix. Read at exe: 366 nm, em: 470 nm (blue-green fluorescence). 
The fluorescence standard is a solution of 3,5-dicarbethoxy-1 ,Cdihydrolutidine in water containing 
2% ethanol (see Ref. 14). 
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Determination Reading 50 
limits, pg Sample, pg Standard, p&n1 

Aniline 0.2-1.0 0.48 1.89 
o-Toluidine 0.3-l -5 0.72 1.92 
m-Toluidine 0.2-l -0 0.48 1.64 
p-Toluidine 0.2-l .o 0.48 1.67 
p-Anisidine 0.3-l .5 0.73 1.85 
o-Aminophenol 0.2-l .o 0.48 1.82 

Arylamines bearing substituents which favour solubility in slightly alkaline water, such as p- 
aminobenzoic acid and sulphonamide, do not react. 

Determination of monosubstitutedguanidines 

Reagent. A 0.05 % solution of phenanthrenequinone in ethanol. 
Procedure. To 0.5 ml of an aqueous solution of the guanidine, add O-1 ml of 40% sodium hydrox- 

ide solution and O-5 ml of reagent. Mix and let stand for 30 min at room temperature. Add 0.25 ml 
of concentrated hydrochloric acid and 2.5 ml of water. Mix and read at exe: 360 nm, em: 400 nm. 
Any slight turbidity in the solution does not interfere with measurements (violet-blue fluorescence). 
The fluorescence standard is a solution of quinine sulphate in O.lN sulphuric acid. 

Results 

Arginine 
p-Chlorophenylguanidine 
Dihydrostreptomycin 

(sulphate) 
Guanethidine (sulphate) 
Guanidine 

Guanidoacetic acid Streptomycin (sulphate) 
3,4,5-Trimethoxybenzyl- 

guanidine 

Determination 
limits, pg 

1.5-7.5 
37.5-150 

16-80 
2-10 

I .5-6.0 

0.8-4.0 15-60 
2-10 

Reading 50 
Sample, pg Standard, pg/ml 

3.0 1.66 
63.7 2.28 

32 1.82 
4 2.27 
2*5 2.7 

2:.: ;:; 

4.2 2.2 

Determination of ketoses 

Reagent. A O-1 % aqueous solution of zirconyl chloride. 
Procedure. To 1 ml of an aqueous solution of the ketose, add 0.7 ml of 0.01 M hydrochloric acid 

and O-5 ml of reagent, mix and add 2 ml of water. Heat at 70” for 60 min, cool in ice for 2 min and 
read at exe: 345 nm, em: 400 nm (blue fluorescence). The fluorescence standard is a solution of 
quinine sulphate in O*lN sulphuric acid. 

Results 

Determination Reading 50 
limits, pg Sample, clg Standard pg/ml 

Fructose (1 HaO) 6-24 9.3 0.115 
Sorbose 6-30 12.9 0.071 
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Zusamrnenfassung-In dieser Ubersicht werden die wichtigen Aspekte 
der Lumineszenzveifahren behandelt, die zur Bestimmung organischer 
Verbindungen in Lbsung dienen k&men. Ein Bezeichnungsschema fiir 
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Berichte <her fluorim&ische Bestimmungen wird v&geschlagen. 
Es wird eine kurze Ubersicht fiber die wesentlichen Faktoren gegeben, 
die die Fluoreszenz von Liisungen beeinflussen; ausgewlhlte Beyspiele 
illustrieren die Bestimmung von Verbindungen, die von Hause aus 
fluoreszieren. Besonderer Wert wird auf die Fluorimetrie funktion- 
eller Gruppen gelegt und auf die Best&mung nicht fluoreszierender 
Verbindungen mit Hilfe chemischer Reaktionen, die zu fluoreszierenden 
Spezies ftlhren. Einige enzymatische Reaktionen werden beschrieben, 
soweit sie die Bestimmung definierter chemischer Verbindungen 
erlauben. Beispiele fur Phosphorimetrie und Chemilumineszenz 
werden angefiihrt. Ein Anhang zeigt einige neu von den Autoren 
entwickelte fluorimetrische Bestimmungsmethoden fiir funktionelle 
Gruppen. 

Rbum~Cette revue pr&ente lea principaux caracteres des mdthodes 
de luminescence se rapportant au dosage de composes organiques en 
solution. On propose une notation pour rapporter les dosages fluori- 
metriques. On passe brievement en revue les facteurs dominants qui 
affectent la fluorescence des solutions, et l’on illustre par des exemples 
choisis lea dosages de composes a fluorescence native. On Porte une 
attention particuliere a la fluorimetrie fonctionnelle et au dosage de 
composes non fluorescents au moyen de reactions chimiques donnant 
naissance a des especes fluorescentes. On d&it quelques reactions 
enzymatiques, dans la mesure oti elles permettent le dosage de produits 
chimiques definis. La phosphorimetrie et la chimiluminescence sont 
illustrees par des exemples. Un appendice presente quelques nouveaux 
dosages de fluorimetrie organique fonctionnelle, developp& par les 
auteurs. 

REFERENCES 

1. C. E. White, Anal. Chem., 1970,42,57R. 
2. D. M. Hercules, Fluorescence and Phosphorescence Analysis, Interscience, New York, 1966. 
3. R. Bourdon, Mises au Point de Chimie Analytique, 15’ serie, p. 1. Masson, Paris, 1967. 
4. C. A. Parker, Photoluminescence of Solutions, Elsevier, Amsterdam, 1968. 
5. M. Pesez, Mises au Point de Chimie Analytique, 17’ serie, p. 172. Masson, Paris, 1968. 
6. E. Sawicki, Tafanta, 1969,16,1231. 
7. M. Pesez, Farmaco (Pavia) Ed. Prat., 1970,25,205. 
8. Idem., Cronache di Chimica (Miiano), 1970,28,12. 
9. C. E. White and R. J. Argauer, Fluorescence Analysis, Dekker, New York, 1970. 

10. T. Momose and Y. Ohkura, Talanta, 1959,3, 151. 
11. R. A. Chalmers and G. A. Wadds, Analyst, 1970,95,234. 
12. E. Sawicki and R. A. Games, Mikrochim. Acta, 1968, 148. 
13. Idem. ibid., 1968, 602. 
14. M. Pesez and J. Bartos, Talanta, 1967,14,1097. 
15. B. L. van Duuren, Chem. Rev., 1963,63,325. 
16. Idem, J. Org. Chem., 1961,26,2954. 
17. R. F. Chen, Arch. Biochem. Biophys., 1967,120,609. 
18. A. S. Cherkasov, Zzv. Akad. Nauk SSSR, Ser. Fiz., 1960,24,591. 
19. G. Oster and Y. Nishijima, J. Am. Chem. Sot., 1956,78, 1581. 
20. R. Livingston, W. F. Watson and J. McArdle, ibid., 1949,71, 1542. 
21. H. Kokubun, Z. Physik. Chem. Frankfurt, 1957,13,386. 
22. J. J. Surash and D. M. Hercules, Pittsburgh Conference on Analytical Chemistry and Applied 

Spectroscopy, Pittsburgh, Pa., 1961. Cf. ref. (15), p. 332. 
23. See ref. (2), p. 37. 
24. E. Sawicki, T. W. Stanley and W. C. Elbert, Talanta, 1967,14,431. 
25. S. G. Schulman and J. D. Wineforder, ibid., 1970, 17, 607. 
26. C. A. Parker and W. J. Barnes, Analyst, 1957,82,606. 
27. B. Stevens and J. T. Dubois, Trans. Faraday Sot., 1963,59,2813. See also ref. (2), p. 106. 
28. J. de Ment, Fiuorochemistry, Chemical Publishing Co., New York, 1945. 
29. D. J. W. Grant and J. C. Patel, Anal. Biochem., 1969,28,139. 



122 J. BARTOS and M. PESEZ 

30. G. A. Thommes and E. Leininger, Anal. Chem., 1958,30, 1361. 
31. S. Udenfriend, D. F. Bogdanski and H. Weissbach, Science, 1955,122,972. 
32. E. Sawicki, T. W. Stanley and J. Pfaff, Anal. Chim. Acta, 1963,28, 156. 
33. C. I. Miles and G. H. Schenk, Anal. Chem., 1970,42,656. 
34. D. M. Hercules and L. B. Rogers, ibid., 1958,30,96. 
35. E. Sawicki, T. W. Stanley and H. Johnson, Mikrochim. Acta, 1965, 178. 
36. E. Sawicki, H. Johnson and K. Kosinski, Microchem. J, 1966, 10, 72. 
37. G. H. Schenk and D. R. Wirz, Anal. Chem., 1970,42,1754. 
38. C. A. Parker, AnaIyst, 1959, 84,446. See also ref. (4), 64 and 
39. M. Pesez and J. Bartos, Talunta, 1969, 16,331. 

p. 411. 

40. Idem, unpublished results. 
41. H. Meerwein, K. Wunderlich and K. F. Zenner, Angew. Chem., 1962,74,807. 
42. M. Pesez and J. Bartos, Bull. Sot. Chim. France, 1963,2333. 
43. E. Sawicki and R. A. Cames, Anal. Chim. Acta, 1968, 41, 178. 
44. J. T. Stewart and D. M. Lotti, ibid., 1970,52, 390. 
45. See ref. (9), 180-3. pp. 
46. N. Seiler and M. Wiechmann, Z. Anal. Chem., 1966,220,109. 
47. P. B. Ghosh and M. W. Whitehouse, Biochem. J., 1968, 108,155. 
48. M. Pesez and J. Bartos, Ann. Pharm. Franc., 1969,27, 161. 
49. J. Bartos, ibid., 1969,27, 691. 
50. R. B. Conn and R. B. Davis, Nature, 1959,183,1053. 
51. K. Beyermann and H. Wisser, Z. Anal. Chem., 1969,245, 311. 
52. F. de Fabrizio, J. Pharm. Sci., 1969,58,136. 
53. S. Yamada and H. A. Itano, Biochem. Biophys. Actu, 1966, 130, 538. 
54. J. Bartos, Bull. Sot. Chtm. France, 1965,3694. 
55. Idem, Ann. Pharm. Franc., 1970, 28, 321. 
56. H. J. Bielie and E. Baver. Ann.. 1953. 584. 96. 
57. F. Feigl, spot Tests in’organic Analysis, 7th ed., p. 174. Elsevier, Amsterdam, 1966. 
58. M. Stiller, Anal. Chim. Acta, 1961,25, 85. 
59. J. Balog and J. Csaszar, Magyar Kern. Foiyoirut, 1961,67, 62. 
60. M. Pesez and J. Bartos, Bull. Sot. Chim. France, 1961, 1930. 
61. J. Bartos, Ann. Pharm. Franc., 1969, 27, 323. 
62. 0. Zima, K. Ritsert and T. Moll, Hoppe-Seyler’s Z. Physiol. Chem., 1941,267,210. 
63. K. Kono, J. Vitaminol. (Japan), 1966, 12, 137. 
64. G. M. Badger, H. P. Cracker, B. C. Ennis, J. A. Gayler, W. E. Matthews, W. G. C. Raper, E. L, 

Samuel and T. M. Spotswood, Australian J. Chem., 1963,16,814. 
65. T. P. Forrest, G. A. Dauphinee and W. F. Miles, Can. J. Chem., 1969,47,2121. 
66. L. Velluz, M. Pesez and M. Herbain, Bull. Sot. Chim. France, 1948,15,681. 
67. L. Velluz, G. Amiard and J. Bartos, J. Biol. Chem., 1949,180,1137. 
68. R. A. Salvador and R. W. Albers, J. Biol. Chem., 1959, 234,922. 
69. M. Pesez, Bull. Sot. Chim. Biol., 1950,32,701. 
70. J. M. Kissane and E. Robins, J. Biol. Chem., 1958,233, 184. 
71. M. Blecher, Anal. Biochem.. 1961, 2, 30. 
72. F. B. Cramer and G. A. Neville, J. Franklin Inst., 1953,256,379. 
73. H. H. Hess and E. Rolde, J. Biol. Chem., 1964,239,3215. 
74. R. A. Braun and W. A. Mosher, J. Am. Chem. Sot., 1958,80,2749,3048. 
75. R. Brandt and N. D. Cheronis, Microchem. J., 1961,5, 110. 
76. D. J. Pietrzyk and E. P. Chan, Anal. Chem., 1970,42, 37. 
77. J. E. Spikner and J. C. Towne, ibid., 1962, 34. 1468. 
78. S. Mizutani, Y. Wakuri, N. Yoshida, T. Nakajima and Z. Tamura, Chem. Pharm. Bull. (Japan), 

1969. 17.2340. 
79. J. Bartos, Ann Pharm. Franc., 1971,29, 221. 
80. Zdem, ibid., 1971, 29, 71. 
81. R. P. Maickel and F. P. Miller, Annl. Chem., 1966,38, 1937. 
82. T. J. Mellinger and C. E. Keeler, ibid., 1963, 35, 554. 
83. J. B. Ragland, V. J. Kinross-Wright and R. S. Ragland, Anal. Biochem., 1965, 12, 60. 
84. E. A. Martin, Can. J. Chem., 1967,45,75. 
85. J. C. Towne and J. E. Spikner, Anal. Chem., 1963,35,211. 
86. C. J. Rogers, C. W. Chambers and N. A. Clarke, ibid., 1966,38, 1851. 
87. T. Momose and Y. Ohkura, Chem. Pharm. Bull., 1959, 7, 31. 
88. Idem, ibid., 1958, 6,412. 
89. H. Trapmann and V. S. Sethi, Z. Anal. Chem., 1969, 248, 314. 
90. M. Maeda, T. Kinoshita and A. Tsuji, Anal. Biochem., 1970,38,121. 



Organic analysis by luminescence methods 123 

91. K. Schlossmann, Arzneimittelforsch., 1967, 17,234. 
92. G. F. Kirkbright, T. S. West and C. Woodward, Anal. Chim. Acta, 1966, 36,298. 
93. D. A. Britton and J. C. Guyon, ibid., 1969,44,397. 
94. J. C. Guyon and J. Y. Marks, Mikrochim. Acta, 1969,731. 
95. K. 0. Borg, Acta Pharm. Suecica, 1969, 6,425. 
96. K. 0. Borg and D. Westerlund, 2. Anal. Chem., 1970,252,275. 
97. M. Pesez, Bull. Sot. Chim. France, 1936,3,676,2072. 
98. P. M. Zarembski and A. Hodgkinson, Biochem. J., 1965,96,218, 717. 
99. M. Pesez, Ann. Pharm. Franc., 1951,9,187. 

100. S. S. Brown and G. A. Smart, J. Pharm. Pharmacol., 1969,21,466. 
101. E. B. Dechene. J. Am. Pharm. Assoc. Sci. Ed.. 1957.44.657. 
102. R. P. Haycock; P. B. Sheth, R. J. Connolly and W. J: Mader, J. Agr. Food Chem., 1966,14,437. 
103. B. N. Kabadi, A. T. Warren and C. H. Newman, J. Pharm. Sci., 1969,58, 1127. 
104. C. A. Anderson, J. M. Adams and D. MacDougall, J. Agr. Food Chem., 1959,7,256. 
105. U. Kiigemagi and L. C. Terriere, ibid., 1963, 11,293. 
106. D. E. Duggan, Arch. Biochem. Biophys., 1959,84,116. 
107. R. J. Anderson, C. A. Anderson and M. L. Yagelowich, J. Agr. Food Chem., 1966,14,43. 
108. P. A. Giang, ibid., 1961,9,42. 
109. C. G. Barr, Plant Physiol., 1948, 23,443. 
110. J. P. Hummel, J. Biof. Chem., 1949,180,1225. 
111. M. Strassman and L. Ceci, Methods in Enzymol., 1969,13,526. 
112. E. Leininger and E. Katz, Anal. Chem., 1949,21, 1375. 
113. J. W. Huff and W. A. Perlzweig, J. Biol. Chem., 1944,155,345. 
114. A. Fujita, K. Matsuura and K. Fujino, J. Vitaminol. (Osaka), 1955,1,267; A. Fujita, D. Fujita 

and K. Fujino, ibid., 1955,1,275, 279. 
115. A. Lund, Acta Pharmacol. Toxicol., 1949,5,75, 1218. 
116. S. Udenfriend, Fluorescence Assay in Biology and Medicine, p. 143. Academic Press, New York, 

1962. 
117. H. Weil-Malherbe, Biochim. Biophys. Acta, 1960,40,351. 
118. J. K. Viktora, A. Baukal and F. W. Wolff, Anal. Biochem., 1968,23,513. 
119. N. R. Pasarela and A. C. Waldron, J. Agr. Food Chem., 1967,15,221. 
120. M. Kofler, Helv. Chim. Acta, 1942,25, 1469; 1943,26,2166; 1945,28,26; 1947,30,1053. 
121. M. J. Deutsch and C. E. Weeks, J. Assoc. O@. Agr. Chem., 1965,48,1248. 
122. R. M. Archibald, J. Biol. Chem., 1945,158,347. 
123. 0. Baudisch, Biochem. Z., 1918, 89,279. 
124. H. J. Deuel and 0. Baudisch, J. Am. Chem. Sot., 1922,44,1581. 
125. D. Roberts and M. Friedkin, J. Biol. Chem., 1958,233,483. 
126. P. A. Shore, A. Burkhalter and V. H. Cohn, Jr., J. Pharmacol. Exptl. Therap., 1959,127,182. 
127. G. Olive, M. Lemeignan and P. Lechat, Ann. Pharm. Franc., 1968,26,35. 
128. J. A. Ambrose, A. Crimm, J. Burton, K. Paullin and C. Ross, Clin. Chem., 1969,15,361. 
129. T. Amano and S. Mizukami, YakugakuZasshi, 1965,85,1035. Chem. Abstr., 1966,64,8178a. 
130. C. J. Rogers, C. W. Chambers and N. A. Clarke, Anal. Biochem., 1967,20,321. 
131. V. H. Cohn and J. Lyle, ibid., 1966,14,434. 
132. S. M. Hess and S. Udenfriend, J. Pharmacol. Exptl. Therap., 1959,127,175. 
133. H. D. Dell and R. Kamp, Archiv der Pharmazie, 1970,303,785. 
134. M. Pesez and P. Poirier, M&hades et R&actions de I’dnalyse Organique, Vol. ZZZ. 

1954. 
Masson, Paris, 

135. G. G. Guilbault, D. N. Kramer and E. Hackley, Anal. Chem., 1967,39,271. 
136. G. G. Guilbault, P. Brignac, Jr., and M. Zimmer, ibid., 1968,40, 190. 
137. G. G. Guilbault, P. J. Brignac, Jr., and M. Juneau, ibid., 1968,40, 1256. 
138. G. G. Guilbault, S. H. Sadar and R. McQueen, Anal. Chim. Acta, 1969, 45, 1. 
139. G. G. Guilbault, S. S. Kuan and P. J. Brignac, Jr., ibid., 1969, 47, 503. 
140. G. G. Guilbault and S. H. Sadar, Anal. Letters, 1969, 2,41. 
141. M. H. Sadar, S. S. Kuan and G. G. Guilbault, Anal. Chem., 1970,42,1770. 
142. E. Becquerel, Ann. Chim. Phys., 1871,27,539. 
143. G. N. Lewis and M. Kasha, J. Am. Chem. Sot., 1944,66,2100. 
144. R. J. Keirs, R. D. Britt and W. E. Wentworth, Anal. Chem., 1957,29,202. 
145. M. Zander, Angew. Chem., Intern. Ed., 1965,4,930. 
146. G. Oster, N. Geacintov and A. U. Khan, Nature, 1962,196, 1089. 
147. J. D. Winefordner and P. A. St. John, Anal. Chem., 1963,35,2211. 
148. J. D. Winefordner and M. Tin, Anal. Chim. Acta, 1964,31,239. 
149. R. Zweidinger and J. D. Winefordner, Anal. Chem., 1970,42, 639. 
150. J. D. Winefordner and H. W. Latz, ibid., 1963,35,1517. 

3 



124 J. Burros and M. PESEZ 

151. J. D. Winefordner and M. Tin, Anal. Chim. Acta, 1965,32,64. 
152. H. C. Hollifield and J. D. Winefordner. ibid.. 1966.36. 352. 
153. J. D. Winefordner and H. A. Moye, ibid., 1<65,3i, 278. 
154. H. A. Moye and J. D. Winefordner, J. Agr. Food Chem., 1965,13,516. 
155. W. J. McCarthy and J. D. Winefordner, J. Assoc. O#ic. Agr. Chemists, 1965, 48, 915. 
156. See ref. (2), p. 179. 
157. See ref. (2), p. 185. 
158. See ref. (9), p. 243. 
159. J. W. Haas, J. Chem. Educ., 1967,44, 396. 
160. L. Erdey and I. Buds, Anal. Chim. Acta, 1960,22,524. 
161. E. H. White, 0. ZaBriou, H. H. Kagi and J. H. M. Hill, J. Am. Chem. Sot., 1964,86,940. 
162. E. H. White and M. M. Bursey, ibid., 1964.86.941. 
163. M. M. Rauhut, A. M. Semseland B.-G. R&&s, J. Org. Chem., 1966,31,2431. 
164. A. A. Ponomarenko and B. I. PODOV. Zh. Analit. Khim.. 1964.19.1397. 
165. A. A. Ponomarenko, B. I. Pope;, L. M. Amelina, L. .V. Grishchenko and R. E. Shindel, 

Zh Obshch. Khim., 1964,34,4118. 
166. A. A. Ponomarenko and L. M. Amelina, ibid., 1965,35,2252. 
167. Idem, ibid., 1965,35,750. 
168. See ref. (9), p. 245. 
169. R. L. Bowman and N. Alexander, Science, 1966,154,1454. 



Talan:a, 1972. Vol. 19, pp. 125 to 139. Pagamon Pras. Printed in Northern Ireland 

ELECTRIFICATION OF GAS BUBBLES 
AS AN ANALYTICAL TOOL 

D. A. PANTONY and D. C. STAGG 
Department of Metallurgy, Imperial College of Science and Technology, 

Prince Consort Road, London, S.W.7 

(Received 15 July 1971. Accepted 2 October 1971) 

Summary-When a gas passes through a liquid, a charge is produced 
and this is carried on in the droplets formed when the bubble bursts 
at the surface of the liquid. A theory to account for the relationship 
between the bubble charge and concentration of electrolyte, viz. 
q cc C-l”, is derived and applied to a number of m&univalent and 
multivalent electrolytes. The general agreement between theory 
and experiment and the reasonable reproducibility of the technique 
show that it could have analytical application. Such use is exemplified 
in laboratory simulations of flowing systems for continuous analysis 
and in bubble-charge indication of titration end-points. 

IT HAS LO&G been known that a gas bubble bursting from an aqueous solution forms 
droplets that carry a small electrical charge. Indeed, Townsend,l by generating a 
multitude of small bubbles electrolytically and thence a fog of tiny droplets, was able 
to show that each droplet carried a single electronic charge or a small integral number 
of such charges. More recently2 it has been shown that a smaller population of bubbles 
and droplets carried charges, the sizes of which were appreciable and dependent on 
bubble radius and on the concentration of an electrolyte in the aqueous phase. The 
fact that moving colloidal particles, and both ionic and non-ionic liquids passing 
down a tube cause a current to flow is also well known.8-6 The mechanism of bursting 
bubbles and droplet formation has been studied in connection with cloud physics 
studies6 where it is known that the liquid cap of the emerging and bursting bubble 
drains back into the cavity and forms a jet causing ejection of droplets of liquid 
amounting to about 0.001 of the volume of the original bubble.’ Mason and Iribarne2 
have proposed a theory to account for the relationship found between bubble charge, 
q, radius of bubble, r, and ionic concentration, C, namely 

q = -7 x 103. 4m2P2 exp (-4 - 106rCr’2/9) 

Their experimental results tend to confirm the remarkable relationship between the 
square root of the ionic concentration and bubble charge, but the mixed terms in 
the expression make it sensitive to parameters that change the coefficient in the 
exponential term. In fact, it is possible to show that q becomes proportional to 
any small power of C under moderate changes of conditions. Nevertheless, the pro- 
cesses could form the basis of a sensitive method of analysis in dilute solution. 

An alternative theoretical approach and the results of a systematic analytical 
investigation are given below. 

THEORETICAL APPROACH 

Gas bubbles rising through an insulating fluid can readily attain appreciable 
electrical charges. Present experiments show that these charges can reach between 
-3 and +6 e.s.u per bubble and that, after the bubble has become well detached from 
its forming orifice, the value is independent of the distance travelled. In the case of 
doubly distilled water, charges of -3 x 10-s e.s.u., again independent of distance 
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travelled, are obtained. EvidentIy the charge is related to the velocity of the bubble 
and although the movement of the bubble relative to the liquid may tend to cause 
further charging, the charge dissipates to the liquid if this is at ground potential. 
A steady state must soon be established between electrical charging and leakage, at 
least with organic liquids of reasonably high dielectric constant and with aqueous 
solutions. 

In aqueous solution the position is complicated by the possibility of ionic conduc- 
tion or dissipation of the charge and even in doubly-distilled water charges far less 
than those in non-conducting media are found, and as the concentration of any 
electrolyte is increased in the aqueous phase the measured charge decreases stiIl 
further. Ex~~mental demonstration of such a phenomenon where detector response 
increases with decreasing con~ntration is given in Figs. 1 and 2. 

The flux of univalent ions causing transfer of charge under a potential gradient 
dE/dx can be expressed as 

DC dE 

f=,,z 

where D is diffusivity, C the ionic concentration, k is Boltzmann’s constant and T 
the absolute temperature. But at the gas-liquid interface the distribution of charge will 
be that of the Gouy double Iayer. Hence the potential E will be given by 

47ra 
E=_.-.. 

EK 

where o is the specific surface charge, E the dielectric constant of the solvent and 
I/K is the measure of the effective double layer thickness irrespective of its type. Hence, 

dE 4 do 4~ -=-_-z:- 
dx EK dx EK *P 

where p is the electrical charge density at distance x from the interface. 
Substituting for p gives 

dE -4 -=- 
dx EK 

. exp (--K(X - Q)) 

where a is the distance of closest approach of the ions to the gas surface. 
Hence, 

f=- 47TDCo 
kTc exp (K(X - a)) 

(1) 

If, under steady state conditions, this is the flux of ions that exactly counterbalances 
the charging process described above, then it will reach a constant depending only 
on the velocity of the bubble in a particular medium. 

The value of x cannot exceed the thickness, 6, of the film that contributes to the 
bubble, and accepting the value of K as (2C)‘12/4*31 X 10-7mm-1 for a univalent 
electrolyte in water at room temperature, then on expanding the exponential term 

d = _fkT&~ C &2 + . . .> 
4%-N? 
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The thickness 6 is known2 to be <1O-3 mm for small (d-15 mm radius) bubbles so 
that, in the range below C = lo”‘M, the second and later terms of the expansion 
can be neglected. 

Hence, 
fklis~/sE1/seN~‘s~ 

d = - 1000 x p2n1/2D(-y2 

Allotting accepted values of Avogadro’s number, N, as 6.03 x 102a, the electronic 
charge, e, as4.80 x lO-lOe.s.u., E&o = 78.6 at T = 298” K and k = 1.38 x lo-l6 erg. 
K-l then c = -844 x lO_’ jXFC1la e.s.u. or as a charge, ql,l, resulting from a 
bubble of radius r, in a uni-univalent electrolyte, 

ql,l = -1.06 x 10-5fBD-1C-1~2r2 e.s.u. 

A complementary approach employs the relationship for charge density, 

OK d?p 
P=z’G 

where p is the potential in the double layer. Hence the flux of ions transporting the 
charge is 

+-LS.z 

and since 

s 

8 
(T= PdX 

d = J-f- 
4~ DC 

= -8d4 x lo-7fsD-ic-1’2 

Experimental evidence suggests that 6 is ~5-10 x lo-4 mm for bubble radii of 
0.15-0.3 mm and the flux, expressed as a current density, is about 059 e.s.u. cm-2.2s4 
With a typical value of D = 103 mm2 set-l these data give charges per bubble as 

cr = 477r2 x 5.0 x 10”‘C1/2 e.s.u. (2) 
I.e., 

5.7 x 10-7C1/2 e.s.u. or 1.9 x 10-16C-1~2 coulomb (3) 

The general form of this equation, modified to accommodate different diffusivities 
and bubble radii is in agreement with results given below. 

Mason and Iribarne observed more complex behaviour of charge with respect to 
bubble radius. This has not been found in the present work although only a small 
range of bubble sizes has been investigated. 

However, these authors found that at electrolyte concentrations above 10A5M 
their formula for charge was not obeyed; this was also observed in the present work. 
It seems logical from the proposed theory that charges would be dissipated more 
efficiently in more concentrated electrolyte solutions, leaving a slight excess of positive 
ions in the neighbourhood of the bursting bubble to be carried up in the droplet. 
Reference to the first theoretical approach given in this paper also shows that the 
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first approximation of the expansion of the exponential part of equation (1) is not 
valid at higher concentrations. Under such conditions the second term becomes 
significant and the charge should become virtually independent of concentration and 
fall to quite small values. At higher concentrations, therefore, it would be expected 
that the charge would fall to a small almost constant value perhaps with a positive 
sign as is found in practice. 

The present state of theoretical treatment of the electrical double layer formed by 
multivalent ions is inadequate for formulation of a similarly straightforward relation- 
ship between charge and electrolyte concentration. If adsorption and flux of a bivalent 
ion followed the same pattern as that of a univalent ion, then the expression for the 
charge per bubble would be 

q2,2 = -1.49 x 10-sf&)-1C-1/2 esu 

However, the double layer appears to be populated with bivalent ions less efficiently 
than with univalent ions.8 As a consequence the charge may be smaller than expected 
and the power to which the concentration is raised is likely to become rather more 
negative. Presumably, a converse argument could be applied to the counter-ions to 
explain the similarity of behaviour between uni-bivalent and bi-univalent electrolytes 
which, in practice, differ only in size of charge and not power in the relationship 
with concentration. 

At the same time, the argument implies that, in a mixture of uni-univalent and 
bi-bivalent ions the effect of the univalent ions is dominant and equation (2) is likely 
to hold until bivalent ions are present in considerable excess. Most of these pre- 
dictions are borne out in practice. 

If the process of electrification depended solely on adsorption and double-layer 
formation it would be expected that different ions, owing to their different surfactant 
properties, would offer distinctly different bubble charges. A glance at the results 
for the uni-univalent electrolytes shows that indeed they behave similarly. Moreover, 
addition of the preferentially adsorbed species should have a dominating effect if 
adsorption were the single mechanism. In this connection, the effect of non-ionic 
surfactants is interesting: addition of small quantities of the substances to water 
causes a marked increase of the negative charge until irreproducibility caused by 
foaming occurs at approximately lO”‘M, as follows, 

Concentration of surfactant, M Charge per bubble, esu 

0 -2.9 x IO-* 
lo-*M Nonidet P40 -1.4 x 10-a 
10-5M Nonidet P40 -1.12 
0.9 x lo-OM Tergitol NPX -0.303 
0.9 x 10-6M Tergitol NPX -7.12 

However, the presence of 10-g or 1odM surfactant in experiments with sodium 
chloride shows that the relationship between concentration of electrolyte and bubble 
charge, seen in the table above, is affected in terms of size of charge and slightly 
in terms of slope until the adsorbed surfactant layer becomes so thick in the more 
concentrated solutions that conduction becomes inefficient. 

A ready explanation for the results in pure water lies in the formation of an in- 
sulating layer of the organic surfactant at the water-gas interface, thus inhibiting 
the already weak charge-dissipating effect of the hydronium and hydroxyl ions at 
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their low concentrations. But the presence of an electrolyte again allows charge 
condu~~on along a double-layer ion dist~bution but with a smaller absolute effect. 
The 4 tc CY2 relations~p should therefore still hold, but the negative charge 
should be Iarger when the non-ionic surfactant is present. Apart from a slight reduc- 
tion of the size of the inverse power to which the concentration is raised, these pre- 
dictions are borne out in practice and confirm that diffusive dissipation of charge 

TABLEI.--BUBBLE CHAROES IN OROANIC SOLVENTS 

Solvent 

D~e~ylfo~a~de 
iSOp&ill0l 
n-Butanol 
1 &Dioxan 
D~ethyls~phoxide 
Water 
Petrolenm ether, 80-100” 
Dimethylformamide 
1,4Dioxan 

Dimethylsulphoxide 
Benzene 

Ethyl methyl ketone 

Nitrobenxene 

Pyridine 

Grade 

Puritied~ 
GCR, as supplied 
GCR, as supplied 
GCR, as supplied 
Commercial, as supplied 
Twice distilled 
A.R., MS treated 
GPR, as supplied, 
Karl Fischer grade, 

as supplied, MS treated 
Purified 
GCR, as supplied, 

MS treated 
GCR, as supplied, 

MS treated 
AR, as supplied, 

MS treated 
GPR, anhydrous, 

as supplied, MS treated 

Bubble charge 
q f s,, esu 

+64 rt 0.1 
-l-2*7 rl: @1 
-t-O*38 & 0.01 
-(4*1 * 0.1) x lo-‘ 
-(1*6 & 0.1) x 10-a 
-(2*2 f 0.1) x 10-a 
-(3*2 f O-3) x lo-’ 
--(4-O f 02) x 10-s 
-(6+5 f 0.1) x lo-” 

-(9*5 & 0.3) x 10” 
-(I*03 f 0.05) x 10-a 

-0.42 & 0.02 

-I*83 f a07 

-3.43 i 0.03 

GCR = Griffin Certified Reagent. 
AR = BDH Analytical Reagent Grade. 
MS treated = a column of type JA molecuIar sieves was included in the ~Iosed-circuit flow 

system. 

is an essential feature of the processes. At the same time, presence of such a non-ionic 
surfactant makes the method analytically more sensitive provided that too high a 
concentration of the surfactant is not employed. 

A rapid survey was made to %nd the size and sign of charges developed on bubbles 
rising in organic solvents. Results, given in Table I, must be regarded as preliminary 
since in most cases no rigorous efforts were made to purify the solvents and in certain 
cases there was evidence of some solvent attack on the silicone rubber tubing of the 
apparatus, and no corrections have been made for the small changes of bubble radius 
due to the different surface tensions. Nevertheless, the wide variation of charge 
magnitude and its change of sign are noteworthy, and the technique may afford a 
method for checking purity of organic solvents. In the case of purified dimethylform- 
amide, it was shown that its large positive charge did decrease with increasing con- 
centration of sodium perchlorate but its behaviour was complex and will be the 
subject of a further communication. No obvious correlation could be found between 
charge and dielectric constant, donor power, surface tension, dipole moment or 
viscosity. 

RESULTS 

The charge per bubble, q, ttp. concentration, C, relationships for a number of 
electrolytes are shown in Figs. I and 2 and Table II. ClearIy, for uni-univalent 
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lo-” KX5 1O-4 Id3 
Concentration (Ml 

ITIff. L-Char~mncentration relationships for various eIectrolytes, 

16” Id5 Id' ICY3 
Ionic strength (M) 

Fro. 2.- Charge-ionic strength relationships for various el~~roIy~~. 
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TABLEII.CL~PE AND INTBRCEPT, WITH THEIR ERRORS, FOR THE 
LINE LOG q= c+m LQG c FOR VARIOUS ELECTROLYTES, 

USING @l-Illlll RADIUS BUBBLES 

Thelinelogq=c+mlogC 
Electrolyte Atmosphere 

Slope, m * s, Intercept, c f sc 

Uni-univalent electrolyte, -0.50 -6.24 
calculated from 
(2) and (3) 

NaCl y.& -0.52 f 0.02 -6.01 f 0.09 
NaCl -0.45 * 0.02 -5.35 f 0.08 
NaF N* -0.54 f 0.13 -5.97 f 0.70 
NaI NII -0.51 f 0.10 -5.59 rt 0.49 
NaOH NZ. -0.35 f 0.02 -4.90 f 0.12 
HCl Na -0.37 f 0.01 -5.02 f 0.06 
Na$O, N4 -0.80 f 0.01 -744 f 0.07 
NaBSOl Air -0.67 f 0.04 -6.57 & 0.18 
Ba(NO& N, -0.77 f 0.04 -7.16 & 0.21 
Case, N, -0.92 f 0.03 -7.78 f 0.15 
NasH-EDTA N, -1.01 * 0.03 -8.07 f 0.14 
NaCl + 10-6M Air -0.42 zk 0.02 -4.21 & 0.07 
Nonidet P40 
NaCl + 10-6M Air -0.20 f 0.01 -1.30 f 0.05 
Nonidet P40 
NaCl + 0.9 x 10-aM Air -044 f 0.02 -3.25 f 0.09 
Tergitol NPX 

TABLE III.-THE LINE LOG q = c + SLOG C FOR SODIUM 
CHLORIDE AND SULPHATEAND CALCIUhfSULPHATE 

Ih' VARIOUS RATIOS 

Ratios of 
[NaCl] : [NaaSOJ 

Pore NaCl 
1:l 
1:5 
1:lO 

Pore Na$O, 

Slope, m Intercept, c 

-0.52 -6.01 
-0.52 -6.04 
-0.52 -6.31 
-0.61 -6.78 
-0.80 -744 

Ratios of 
[NaCl] : [CaSO,] 

Pure NaCl -0.52 -6.01 
1:l -0.66 -6.75 
1:5 -0.71 -6.92 
1:lO -0.86 -7.47 

Pore CaSOl -0.92 -7.78 

electrolytes the q cc C-1/2 relationship holds well and predicted values for the charge 
are in reasonable agreement with experimental values, and incidentally, with those of 
Mason and Iribarne.2 For multivalent electrolytes, illustrated by sodium sulphate, 
barium nitrate, calcium sulphate and the sodium salt of EDTA at pH 8, the power to 
which the concentration should be raised increases until almost a reciprocal relation- 
ship between charge and concentration holds. Mixtures of sodium sulphate and 
sodium chloride and of calcium sulphate and sodium chloride give intermediate 
values of the index, weighted towards one half, until the bivalent ion is in large excess, 
as shown in Table III. 
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It appears that the theory proposed above is essentially substantiated. The 
technique and results provide a novel method of analysis of dilute electrolyte solutions. 
There are two outstanding features that make the method attractive, based on the 
proportionality between detector response and the reciprocal of a power of electrolyte 
concentration. This gives an increasing signal with decreasing concentration, a prop- 
erty not found in other techniques. In practice the square-root relationship does not 
detract substantially from the sensitivity, and in the case of multivalent electrolytes 
where the function is almost reciprocal there is virtually no loss of sensitivity. Thus, 
sensitivity and precision, expressed as relative error, improve with decreasing con- 
centration and the lower limit is set by the ionization of the solvent. 

Hence concentrations of uni-univalent electrolytes, singly or in mixtures, can be 
measured by reference to equations (2) and (3) or to the straight line plots of log q us. 
log C or to the parabolic curves of q us. C. Since the equations analogous to (2) are 
not yet predictable for multivalent electrolytes, reference to calibration curves 
is necessary for their analysis. For many purposes mixtures of univalent and multi- 
valent ions can be analysed with adequate precision in terms of concentration or 
ionic strength by using a calibration curve, especially when the univalent kind is not 
in proportionally minor concentration. 

In the case of a method that yields a greater detector response with decreasing 
concentration and is highly sensitive to changes of ionic strength, one obvious 
application is in detection of titrimetric end-points. Figures 3-8 illustrate its usefulness 

Tltre (ml) 

FIG. 3.--Titration of 250 ml of 10-8M sulphuric acid with 0.05M barium hydroxide. 
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FIG. 4.-Titration of 250 ml of 10-W sodium sulphate with O*OSM barium chloride. 
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FIG. 5.-Titration of 250 ml of 10-W acetic acid with 0~05M sodium hydroxide. 
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0.0 
0 2 3 4 5 6 7 

Titre (ml) 

FIG. 6.-Titration of 250 mI of lO+M acetic acid with O.OSM ammonia. 

Expected end pants 
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T&-e imif 

FIG. 7.--Titration of ZOOmi of lo-*M orthophosphoric acid with O.lM sodium 
hydroxide. 
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- Experimental curve 

1 2 3 4 5 6 7 

Titre (mi> 

Fm. &-Titration of various concentrations of nickel with suitable concentrations 
of EDTA at pH 8. 

in the following titration reactions : 

H&I, + Ba(OH}, --t BaSO, -I- 2&O 

Na,SO, + BaCl, -+ BaSO, + 2NaCl 

NaOH + CHsCOOH -+ CH&OONa + Hz0 

NH,OH + CH&!OOH -+ CH,COON& + H,O 

H,PO, err-, &PO, + Hz0 oB[-, HPO,” + 2&O o”-+ POc$- + 3H,O 

Ni2f + HP -+ NW- + H+ (pH N 8, Y = EDTA ion) 

These cover a wide range of changes of ionic strength during the course of a titration 
and in some cases the changes are extremely small. Nevertheless, the end-points 
occur at the expected values and are indicated with a clarity that is remarkable at 
10-s.iW concentrations and in some cases becomes even better at lower concentrations. 
End-points shown by analogous potentiometric methods are barely discernible even 
at the highest concentrations examined. It will be seen from Figs. 3 and 8 that the 
bubble-charge curves follow those calculated from calibration curves such as those 
shown in Figs. 1 and 2 with the exception of that for the precipitation of barium 



136 D. A. PANTONY and D. C. STAGG 

sulphate from barium chloride and sodium sulphate shown in Fig. 4. This displays 
a most remarkable shape and, while at the end-point the bubble charge tends towards 
that to be expected from solubility product, concentration of other ions and the 
charge/concentration relationships, the charges found on either side of the equivalence 
point are far larger than those expected. The results are the same if a filter is inserted 
in the liquid circuit. These observations imply that before and after the end-point 
the ionic concentrations of free ions are far smaller than those expected from thermo- 
dynamic and stoichiometric relationships. It would appear that adsorption on the 
almost colloidal barium sulphate and on the aging precipitate withdraws a great 
many ions from solution and that the technique offers a method of following nuclea- 
tion, precipitation and adsorption processes. 

EXPERIMENTAL 

The apparatus, built essentially of Perspex and high density polythene, is illustrated in Figs. 9 
and IO. The second kind is essentially that designed by Mason and IribameS and is particularly useful 
if control of gas atmosphere and prevention of dust contamination are required. Details of screening 
and earthing are important. However, a comparison between the apparatus using nitrogen and 
laboratory air atmospheres showed that they gave identical results. 

The bubble charges were measured as a current on a Keithley Electrometer, type 602, by con- 
necting the collecting funnel A to the solution via the screening at B and via a triaxial/coaxial adapter. 
Liquid was kept flowing to spill over the circular weir C, either fed from a large reservoir by gravity, 
thus simulating a continuous stream and providing a constantly renewed liquid surface, or by closed 
circuit peristaltic pumping with a Watson-Marlow type MHRE pump. The second system was of 
pa&d= application in the bubble-charge trtrahons. A balance must be arranged between the 
inflow of gas as bubbles plus that entering at E and the withdrawal at the exit tube F. Rates of 
bubble generation were measured with a photoelectric device coupled to an Advance Instruments 

FIO. 9.-First bubble-chamber apparatus. 
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FIO. lo.-Second bubble-chamber apparatus. 

Timer, type TC12A. In the present series of experiments the bubble-rate control was crude and was 
contrived by adjustment of the usual valve fittings on a nitrogen cylinder: undoubtedly this could 
be improved to some advantage but it was quite 
ation in bubble rate being less than f 10 %. 

adequate for these experiments, the relative fluctu- 

The current measured on the electrometer was converted into individual bubble charges from the 
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Fm. 11 .-Effect of bubble frequency on charge per bubble in 10-6M sodium chloride 
and with 0.1~mm radius bubbles. 
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measured bubble rate, which had been selected from previous ex~rim~tation. Lower bubble 
rates had the disadvantage that, while the bubble charges were larger, the electrometer needle oscil. 
lated wildly at the bubble bursting stage and, at the same time, results were of rather poor repro- 
ducibility. A plot of bubble charge against bubble rate is shown in Fig. 11 and most measurements 
were conducted at rates of 1000-1200 bubbles/m& where changes of rate had smaller effects. This 
procedure also had the advantage that meter readings became meaningful and the occasional 
spurious low currents, apparently caused by a bubble brushing against the glass wall of the flow tube 
D during upward traverse, became obvious and could be ignored. This charge-deficiency problem 
may set a lower limit to the solution capacity of the apparatus because a narrower tube D suffers 
more seriously from this disadvantage. Inclusive of small reservoirs and any molecular-sieve drying 
tubes, the capacity of the closed circuit system was about 250 ml in the apparatus used in the majority 
of this work. 

Preliminary experiments established that over the practical bubble-paths available (60-150 mm) 
the distance traversed by a bubble in water or organic solvents had no effect on the bubble charge, 
and the rate of Aow of liquid similarly had no significant effect, provided that it exceeded 50 ml/min. 
Bubble velocities were found to be reproducible in both designs of apparatus and in long columns 
of the liquids investigated, namely, for water 0.333 f 0.046 m&c and for d~ethylfo~mide, 
0.220 f O-008 m/see. The lowering of charge observed when a bubble brushed the side of the tube 
was presumably to be attributed to a slowing down, to an increased dissipation of charge and perhaps 
to a disturbing of the double layer. 

CONCLUSIONS 

The electrification of gas bubbles affords a simple and comparatively inexpensive 
means of analysis of dilute solutions. The proposed theory is confirmed in practice 
and from the resuhing formuIa it is possible to evaluate concentrations of electrolytes. 
The sensitivity and usefulness of the technique is demonstrated by the apphcation 
to identification of titrimetric end-points and to analysis of ~ntinuous~y flowing 
solutions. Considerable extension of the applications seems possible in double 
layer, diffusion and analytical fields and work on continuous and tit~metri~ analysis 
is continuing. 

Acknowledgements-The authors express their thanks to the Central Electricity Generating Board 
for financial support, including a bursary, for this work. Shell Chemicals kindly provided the 
Nonidet P40, and B.D.H. the Tergitol NPX. 

ZusammenfassunR-Wen ein Gas durch eine Fltlssiakeit striimt. 
bildet sich eine Ladung; diese geht in die Tropfchen &er, die be& 
Platzen der Blase an der Fliissiskeitsoberflihe entstehen. Eine Theorie 
wird abgeleitet, die die B&iehung zwischen Blasenladung und 
Elektrolytko~entration beschreibt, nlmlich g ct Clz, und auf eine 
Anzahl ein-einwertiger und mehrwertiger Elektrolyte angewandt. Die 
allgemeine u~rei~t~ung zwischen Theorie und Experiment und 
die zufriedenstellende Reprodu~er~rkeit des Verfahrens zeigen, da13 
es analytisch ~gew~dt werden konnte. Das wird an Beispielen 
gezeigt, wie simulierten flieDenden Systemen zur kontinuierlichen 
Analyse und der Anzeige von Titrationsendpunkten mit Hilfe der 
Blasenladung. 

R&sum~Lorsqu’un gaz passe 21 travers un liquide, il se produit une 
charge qui est transport&e darts les gouttelettes form&es lorsque la 
bulle Mate a la surface du liquide. Une theorie est Btablie pour 
rendre compte de la relation entre la charge de la bulle et la concentra- 
tion de l’electrolyte, c’est-a-dire q cc C-z/z, et appliqut?e a un certain 
nombre d’&ectrolytes mono-monovalents et multivalents. L’accord 
g&r&al entre la thborie et l’experience et la reproductibilite raisonn- 
abIe de la technique montre qu’elle peut avoir des applications analyti- 
ques. Un tel emploi est illustre par les simuIations en laboratoire de 
systemes en movement pour l’analyse en continu et par vindication 
de points de fin de titrage par charge de bulle. 
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Summary-Manganese (S-1OOprg) is oxidized to permanganate by 
periodate in 3 or 6% nitric acid. After masking of the excess of perio- 
date with moIy~ate the permanganate and iodate formed are titrated 
io~e~~ly. 

MANGANESE is conveniently determined titrimetrically after oxidation to permanga- 
nate. Various oxidants have been recommended. Sodium bismuthate’*s and lead(IV) 
oxide3 give rapid oxidation, but the excess of reagent has to be filtered off before 
titration of the permanganate. Silver(I1) oxide,4 dissolved in cold nitric, perchloric or 
sulphuric acid also gives complete and rapid oxidation at room temperature, and the 
excess of silver(I1) ions is completely destroyed by dilution and warming for a few 
minutes. Peroxydisulphate ions6 are very effective with silver ions acting as a catalyst; 
the addition of phosphoric acid **’ has been suggested to prevent precipitation of 
manganese dioxide. The excess of oxidant is destroyed by prolonged boiling. De- 
composition of pe~anganate at this stage is retarded by buffering the solution with 
disodium hydrogen phosphate, and keeping the boiling period as short as possible.8 
In all these methods, the permanganate may be determined titrimetrically, after re- 
moval of the excess of added oxidant, by using for example arsenic(III)s or iron(I1) 
sulphate. 

Willard and GreathouselO used periodate to oxidize manganese to permanganate : 

2Mns+ + 510, + 3H,O --+ 2MnO,- + 510,- + 6H+ (1) 

The permanganate formed was measured calorimetrically. Attempts to apply a 
titrimetric finish have been hampered by the presence of periodate and iodate, both 
of which are also strong oxidants, and would interfere in the permanganate titration. 
Attempts to remove iodate and periodate by precipitation with mercury did not give 
satisfactory results .u Recently, it was found that periodate can be masked by molyb- 
date, whereas iodate is unaffected *la In particular, this masking effect was used to 
achieve a 24-fold amplification for iodide, based on the reaction: 

I- + 310,- + 410,- 

The iodate formed could be determined iodimetrically, a titrimetr@ or spectro- 
photometric r* finish being used after masking of the excess of periodate. It seemed 
probable that the same masking effect could be utilized in the determination of per- 
manganate formed by periodate oxidation of manganese(I1). In this instance, the 
products of reaction (1) are reacted with iodide : 

2Mn04 + IO I- + 16H+-+ 51a + 2Mne+ + 8H,O (2) 

510,- + 251- + 30 H* + 151, + 15H,O (3) 
141 
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whereas the excess of periodate is masked by molybdate. As the amount of iodate 
formed in the reaction is stoichiometrically related to the amount of manganese 
present initially, the overall production of iodine can be represented by : 

2Mn2+ = 20 IS 

Titration of the iodine produced gives an appreciable amplification of the manganese. 
The present paper describes the development of this amplification procedure. 

EXPERIMENTAL 

Aqueous solutions 

All chemicals used were analytical reagent grade. 
Potassium metaperiodate. Recrystallized from water and vacuum-dried in the dark. Dissolve 

1400 g in small portions of hot water and after cooling make up to 500 ml withwater. Store in a dark 
glass bottle. 

Manganese(ZZ) nitrate solution. To contain 98.66 rg of manganese per ml. 
Nitric acid (30 %). Dilute 30 ml of cont. acid to 100 ml. Boil gently for 2 min. cool and store in a 

dark glass bottle. 
Potassium carbonate solution, 30 %. 
Ammonium molybdate solution, 12.5 %. Freshly prepared. 
Potassium iodide solution. 10 “/ Freshlv DreDared. 
Acetate buJ%r. Freshly prepared from 6.2M’sodium acetate and glacial acetic acid to give a pH 

of 2. 
Sodium thiosulphate solution, 2 x 10m8M. 

Procedure for determination of manganese (5-100 ,ug) 

To the sample containing t50 pg of manganese in a lo-ml graduated flask, add 1 ml of 30 % nitric 
acid (2 ml for > 50 ,ug of manganese) and 2 ml of periodate solution and make up to the mark with 
distilled water. Hold down the stopper with plastic-covered wire and, after gentle mixing, lower the 
flask carefully into boiling water and leave for 30 min. Cool the reaction mixture, transfer it, with 
washing, to a conical flask, and add l-5 ml (or 3 ml when 2 ml of acid were added) of 30% potassium 
carbonate solution, 5 ml of molybdate solution and 10 ml of buffer solution. Add 2.5 ml of 10% 
potassium iodide solution, allow to stand for about 2 min and titrate with 2 x 10-sM sodium 
thiosulphate, adding Thyodene as indicator near the end-point. Take a blank of distilled water through 
the whole process. 

DISCUSSION 

The periodate oxidation of manganese 

The reaction between manganese(I1) and periodate ions was studied by some early 
workers1s-18 with conflicting results, but Willard and Greathouse were the first to use it 
as the basis of a calorimetric method for the quantitative determination of manganese. 
Originally it was applied to the determination of manganese in steels and iron ores. 
Later its use was successfully extended, often with some modifications, to water,lg to 
animal and vegetable materials20-22 and to salt solutions.S 

Willard and Greathouse emphasized the danger of having insufficient acid in the 
reaction mixture; and they stated that a very large concentration of acid does no 
harm to the development of the permanganate colour. However, the smallest amount 
of manganese they determined was 2.5 mg per 100 ml of solution. Richards21 pointed 
out that if the amount of manganese present is very small, for example 5 ,ug or less, the 
danger lies in excessive acidity rather than in its insufficiency. He found that 15 % 
sulphuric acid was sufficient to prevent full colour development or to cause it to fade 
rather rapidly, the solution gradually assuming a yellow tint. 
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The acids that have been used include nitric, sulphuric and phosphoric acids or any 
mixture of them. Hydrochloric acid is not recommended because chloride is oxidized 
by periodate and thus would interfere. Perchloric acid appears to prevent the oxida- 
tion of some manganese(I1) and apart from its use in kinetic studies, has never come 
into general use. 

Clark,% in determining manganese in salt solutions, preferred phosphoric acid 
as he found it more satisfactory than other acids for the rapid development of the 
permanganate colour. He used solutions at about pH 2 and states that a difference of 
1 pg of manganese in 50 ml of solution can be observed, if Nessler tubes are used. 
Phosphoric acid is thought to play a role as a complexing agent for manganese(II1) and 
manganese(IV). Richards found that for 25-500 ,ug of manganese, the rate of 
oxidation was a minimum in 9-10x sulphuric acid. With below 1% acid the colour 
developed very rapidly but the solutions showed the same yellow tint and tendency to 
rapid fading as are found when the acidity is too great. He recommended the use of 
5-6x acid, unless manganese was present in very considerable amounts to justify 
the use of 15-20x acid, and applied the method to the calorimetric determination of 
very small amounts of manganese in certain biological materials. 

These contradictory results led to investigations of the kinetics and mechanism of 
the formation of permanganate from manganese(I1) by periodate in nitric, sulphuric 
and perchloric acid media. *sz5 The reaction was found to be autocatalytic, with an 
induction period, and its rate was proportional to the concentrations of manganese(I1) 
and periodate and also increased with permanganate concentration. In perchloric 
acid, a violet manganese(II1) complex is formed as an intermediate. The proposed 
mechanism may be represented as: 

2Mn(II) + 104- % 2Mn(III) + 10, (4) 

Mn(III) + 210, + MnO,- + 210,- (5) 

Mn(I1) + MnO, --+- Mn(II1) + MnOd2- (6) 

Mn(I1) + MnOd2- ---+ 2Mn(IV) (7) 

Mn(IV) + Mn(II) + 2Mn(III) (8) 

In particular, the reactions show that manganese(IV) cannot be oxidized unless it is 
first reduced by manganese(I1) [reaction (8)]. Thus some manganese may be trapped 
as manganese(IV), if its concentration ever exceeds that of manganese(H). 

Establishment of optimal conditions 

In the present work attempts were made to oxidize manganese(I1) between pH 5 
and 8, as it was thought that the reaction might be faster than at higher acidities. It 
was observed, however, that although permanganate was formed more or less 
instantaneously, there followed the formation of a permanent brown precipitate or 
colloidal suspension of manganese(IV) oxide [reaction (7)]. At pH 7-8, also, the 
titration volumes were always 20 % greater than theoretical. It was clear that to avoid 
the permanent formation of manganese(IV), the mixture of periodate and manganese 
had to be optimally acidified. 

The oxidation of 100 ,ug of manganese was investigated, using nitric, perchloric 
and sulphuric acids at different concentrations. Phosphoric acid was not used 
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because the formation of phosphomolybdate in the final titration step is undesirable 
because of its colour and the rapid production of molybdenum blue. Sulphuric acid 
gave variable results, although this is the acid which most workers have used in this 
reaction. The permanganate colour developed quite slowly, especially in 3-9 % acid. 
At acidities below 1% sulphuric acid, a brown colloidal suspension was produced. 
Nitric and perchloric acids were preferable to sulphuric acid; spectrophotometric 
measurements showed that nitric acid led to the stoichiometric formation of perman- 
ganate more rapidly than did perchloric acid. After oxidation in 6% nitric acid, 
25450 ,ug of manganese could be determined spectrophotometrically as permanganate 
at 525 nm. The calibration graph was rectilinear and comparable to that of standard 
amounts of permanganate in the presence of periodate and nitric acid at similar 
concentrations, showing that oxidation was stoichiometric. At this acidity, however, 
~25 ,ug of manganese required more than 30 min heating for complete oxidation. 
Lowering the acidity to 3 % markedly improved the reaction rate and samples contain- 
ing up to 100 ,ug of manganese could be quantitatively oxidized within 30 min, although 
for > 50 pg of manganese the use of 6 % acid gave a faster reaction. If the nitric acid 
contained nitrogen oxides little or no reaction took place, but nitrogen oxides were 
readily eliminated by boiling the acid before use. 

The effect of periodate concentration on the rate and extent of reaction was much 
less pronounced than that of acidity, provided there was sufficient periodate present. 
Theoretically, 10.47 mg of potassium periodate are required to oxidize one mmole of 
manganese. Many early investigators used far greater excesses of solid periodates for 
the reaction than was necessary, and some workerF2’ used silver salts as catalysts, so 
as to permit the use of less periodate. High,28 using periodate dissolved in 0.5% 
nitric acid, found that as little as 50 mg of periodate sufficed for the oxidation of 2.3 
mg of manganese 100 ml of solution. The oxidation was as rapid with this con- 
centration of periodate as when larger amounts of a solid periodate were used. In the 
present work it was found that 5.6 mg of potassium periodate in 10 ml of aqueous 
solution is suitable for a wide range of manganese concentrations. 

After quantitative oxidation of manganese to permanganate, the excess of periodate 
is masked by molybdate, iodide is added, and the iodine formed [reactions (2) and (3)] 
is titrated with thiosulphate solution. As little as 5 rug of manganese could be deter- 
mined in this way. The results for the determination of 5-100 pg of manganese are 
summarized in Table I. The blank titration was 0.3-0.6 ml. Alternatively, the per- 
manganate colour may be monitored by the established spectrophotometric procedure. 

The induction period was not constant for apparently identical reaction mixtures, 
but was generally 3-5 min from the initial insertion of the reaction flask in the boiling 
water-bath. Methods for shortening the induction period have been suggested, for 
example, the use of a few rug of manganese dioxide and smooth metallic platinum or 
the use of small amounts of iodate and permanganate, 2s but such expedients werefound 
to be unnecessary. Very small amounts of certain reductants such as nitrite, sulphite 
and hydrogen peroxide lengthen the induction period although the concentration of 
the reductant must exceed that of the manganese before the effect is appreciable. 
However, reductants consume periodate, and therefore interfere by giving a positive 
error. Many metals form iodates or periodates which are insoluble in dilute acids. 
However, addition of up to 100 ,ug of aluminium, antimony(TII), silver, lead, bismuth, 
barium, calcium, magnesium, mercury(II), zinc, tin(H), iron( lithium or zirconium 
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TABLE I.-T- C DETERMINATION OF MANGANESE@) AFI’ER AMPLIFICATION 

Manganese Nitric acid 
taken, pg used, % 

Number of 
determinations 

Mean 
recovery, % 

Standard 
deviation, 

% 

100s 6 
50 6 
25 6 

;: 3 3 

20 10 : 
5 3 

10 

2 

: 
5 
5 
8 

lOO*l* 
101.52 
99.8r 

100.2, 
101.0 
1OO*21 
X06, 
100.2, 

;:2 
1.5: 
1’2, 
1.0, 
1.0 
1.9 
42 

* 20 ml of 2 x 10-8M sodium thiosulphate solution required. 

to the reaction mixtures had no deleterious effect on the determination of 100 ,ug of 
manganese. Cobalt(I1) and nickel gave a hue that interfered with the colour change at 
the end-point of the final titration. Although the effects of halide and organic anions 
were not examined, these would undoubtedly be oxidized by periodate, but could be 
eliminated by wet ashing with acids. 

The determination of 5-100 ,ug of manganese is readily achieved by utilizing the 
amplification resulting from the stoichiometric formation of 5 iodate ions for every 2 
permanganate ions formed. Such a procedure is made possible by the masking of 
excess of periodate by molybdate. This amplification procedure should be of general 
application to all species that are oxidized by periodate to give an oxidizing species and 
iodate ions, for example: 

2Crsf + 310,- + 4HsO + CrZ072- + 3103- + 8H+. 

Acknowledgement-The authors thank Professor R. Belcher for his interest and encouragement. 
J. W. Hamya thanks the Association of Commonwealth Universities for a Commonwealth Scholar- 
ship, and the Uganda Government for study leave. 

Zusannnenfassun8--Mangan (5-1OOpg) wird mit Perjodat in 3 oder 
6% Salpeterslure zu Permanganat oxidiert. Nach Maskierung des 
tlberschtissigen Perjodats mit Molybdat wird das gebildete Permanganat 
und Jodat jodometrisch titriert. 

Rbumk-Gn oxyde le manganese (5-100 pg) en permanganate par le 
periodate en acide nltrique a 3 ou 6 %. Aprils dissimulation de l’exc&s 
de periodate par le molybdate, le permanganate et l’iodate forme sont 
tit& par iodometrie. 
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Rbumk-La coulomktrie ZL inter&5 constante est appliquk a la 
d&termination microanaIytique du manganbe et du chrome contenus 
dans les substances organiques apr&s mirkralisation approprike. Les 
substances sent dkcompos6es par un m&huge d’acides sulf~que et 
nitrique. Le mangankse et le chrome sont respectivement oxydks en ions 
permanganiques par le persulfate d’ammonium, et en ions bichromiques 
par l’acide perchlorique. J&s ions MnOd- et CrSO,*- sont tit&s par les 
ions Fez+ form& 6lectrolytiquement k courant constant & partir d’ions 
FeS+ contenus daas la solution avec une fin de titrage ampkromktrique. 

LES ~OEL~NTS rencontrk dans les moI&~les organiques sont de plus en plus 
nombreux et divers et, corr&lativement, les probl&mes de leurs dosages microanaly- 
tiques se posent A notre Service. Pour les ksoudre, les mkhodes appliqukes, A cette 
tchelle, doivent Ctre non seulement prkises et rapides, mais Bgalement aussi sklectives 
que possible, ce qui tlimine, entre autres, le recours 21 la gravimktrie classique d’oxydes 
et de sulfates (c$ RCf. 1). 

Sous &serve de la comparer ult~~eurement a d’autres mCthodes de mesures 
&ales susceptibles d’Ctre mises en oeuvre, tant classiques (titrimetrie complexo- 
mCtrique) que modemes (spectromktrie de flamme, spectromCtrie d’absorption 
atomique etc.), la mCthode fondCe sur la g&Gration Clectrolytique des ions titrants 
et leur mesure coulomkique nous a semblt rknir les qualit& requises. 

En effet nous appliquons un principe classique de ~n~mli~tion pnklable de la 
substance organique qui comporte une attaque sulfo~t~que puis, si nkessaire, une 
oxydation des ions porteurs de 1’ClCment Zt doser et qui peut Ctre sblective; elle 
permet d’obtenir une espbce ionique unique dans laquelle cet C16ment posstde une 
valence d6finie; il est alors possible de doser cette espke ionique par des ions ou 
molCcuIes approprits, r&ducteurs ou oxydants, engendrk in situ par Clectrolyse de 
la solution et mesur& par coulom&rie, dans des conditions qui peuvent 6galement 
Ctre s&ectives. 

L’ensemble de ces r&actions d’oxydortiduction chimiques et Clectrochimiques 
peut confker A la mtthode un caractkre de spCcificit6 permettant de Aoudre avec 
prkision des probl&mes d’analyse particuliers. 

Les mkthodes de dosages de m&aux comportant un titrage couIom&ique ont 
d&j& don& Iieu & de nombreuses publi~tions, dans Ie cadre de l’analyse midrale, et 
notamment en vue du dosage du mangake et du chrome dans les aciers.2ss Le 
prknt travail a pour objet I’adaptation de ces mCthodes aux dosages microanaly- 
tiques du mangan&e et du chrome dans Ies composks organiques. 

Les principes des titrages Clectrochimiques mis en oeuvre sont classiques et 
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148 M. Bmors 

decrits dam les ouvrages generaux; il convient cependant de les rappeler brievement. 
L’attaque sulfonitrique initiale du prelevement analytique fournit en solution des 

ions manganeux Mn a+ et chromique CY+; leur titrage Clectrochimique exige leur 
oxydation prealable en ions permanganiques MnO,- et bichromiques Cr,0,2-. Les 
reactifs oxydants utilises a cette fin sont respectivement le persulfate d’ammonium,2*3 
dans le premier cas, et l’acide perchlorique4 dans le second. Les ions Mn04- et 
Cr,0,2- sont tit& par des ions ferreux Fe 2+ engendres par Blectrolyse dune solution 
d’ions ferriques Fee+, en milieu acide; le point final de titrage qui correspond a 
l’apparition dun ex&s d’ions Fe2+ en solution est mis en evidence par amperomttrie. 

PARTIE EXPERIMENTALE 
Minkralisation 

La mineralisation a pour objet la destruction de la mat&e organique et la production en solution 
des h&&oelements a doser sous forme titrable. Comme il a 6te rappel&, elle comprend deux phases: 
l’attaque proprement dite du prelevement analytique et l’oxydation eventuelle des ions porteurs 
de l’element a doser en une autre forme ionique appropriee au titrage. 

L’attaque proprement dite, effectu&z par un melange d’acides sulfurique et nitrique concentres, 
est d&iv&e de celle qui a deja ete utilis&e, dans notre Service, pour le dosage de l’arsenic dans les 
composes organiques ;5 elle est generalement applicable ii la mise en solution des heteroelements 
port& par des molecules organiques. Seul varie, suivant la nature de la molecule organique et 
de l’hetbo%nent a doser, le nombre des repetitions necessaires de cette attaque sulfonitrique. 

La variante de la methode que nous avons mise au point comporte une evaporation par chauffage, 
a quasi&cite, des acides nitrique et sulfurique dans un recipient r&ctionnel du type micromatras 
de Kjeldahl, ce qui implique, pour ce demier, une forme et des dimensions adequates et un dispositif 
d’aspiration et de chauffage progressif, 21 reglage fin, qui sont d&crits dans le paragraphe ci-apres. 

Appareillage de mint+alisation (Fig. 1) 

Le micromatras, en verre Pyrex, dans lequel est effect&e l’attaque sulfonitrique comporte une 
partie sensiblement spherique, dune capacite d’environ 5 ml (diametre = 25 a 26 mm) et un co1 
de 50 mm de longueur, muni a son extremite d’un rodage femelle normalid (no 0). 

Le dispositif d’aspiration est une rampe tubulaire de verre Pyrex, de 40 mm de diametre, a 6 
ajutages tubulaires perpendiculaires a son axe, pourvus de 6 rodages males (no 0) distants de SO-60 
mm et sur lesquels peuvent &re ajustb les rodages femelles des matras. La rampe est fern& ii 
ses deux extremites et comporte, en son centre, une tubulure d’aspiration pouvant i%re relit% a une 
trompe a eau et, a une extr&nite, une tubulwe de communication avec l’air ambiant pouvant t&e 
fermQ par un robinet de verre a pointeau de Teflon. Sur la rampe est bobine un cordon chautfant 
permettant d’elever les vapeurs d’extraction de la mineralisation a une temperature de l’ordre de lOOa. 

Le dispositif de chauffage electrique des matras est compose de six el&nents chauffants constitues 
essentiellement par des petits fours electriques semblables aux fours mobiles de certains banes de 
microanalyse utilids pour les microdosages du carbone et de l’hydrogenel et dont la construction 
est inspi& des donn&es de Zimmerman ;@ l%ne de chaque four est un tube de porcelaine refractaire 
non vernissee, de 50 mm de diametre interieur, de 4 mm d’epaisseur et 50 mm de longueur, sur 
laquelle le 61 chauffant, en nichrome, est enroule suivant des generatrices des surfaces exterieure et 
intbieure du cylindre refractaire. I.e fil de nichrome a une longueur de 0,75 m et un diametre de 
0,43 mm. Le four est cimente (ciment talc-silicate de soude) 1 l’interieur dun tube refractaire de 
meme longueur, de 50 mm de diametre interieur et de 4 mm d’epaisseur. Les el&nents chauffants 
sont disposes verticalement et cent& sous six trous, de 50 mm de diametre, dune platine en amiantine 
horizontale. (cJ Fig. 1.) 

Chaque element chauffant est aliment& sous tension de 40 V par l’intermediaire d’un rheostat de 
2,2 a, en serie, permettant de faire varier l’intensite de chauffage de 2,7-4 A. 

Les matras sont poses sur des petits carres de toile metallique obturant les trous de la platine 
(cJ Fig. 1). La t&s faible inertie thermique des elements chautfants et leur montage “en cheminee a 
air” permet d’obtenir un reglage fin et reproductible du chauffage des matras plus aisement qu’avec 
une rampe 1 gaz classique equip&z de microbruleurs. 

Attaque sulfonitrique 

Les prelevements microanalytiques sont pes6.s (0,5 a 4 mg), les produits solides dans des p&e.- 
substances classiques, les produits liquides dans des gelules* (cJ Ref 7) ou encore dans des sachets 
tubulaires de terphane* lorsqu’ils sont alterables a pair, et introduits dam les matras. 

* Gelules no 5-Fabricant Parke Davis-U.S.A. 
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FIG. 1 .-Dispositif de chauffage avec matras et rampe d’aspiration. Coupe verticale. 
1 Rampe d’aspiration 
2 Tubulure d’aspiration 
3 Sortie tubulaire commandke par vanne en Teflon 
4 Assemblage rode 
5 Matras 
6 Toile metallique 
7 Platine d’amiantine 
8 Element chauffant. 

Sur ces prelevements sont versQs 1 ou 2 gouttes d’acide sulfurique concentre (pur pour toxicologic 
d = 1,83)t puis une goutte d’acide nitrique concentre (pur pour toxicologic d = 1,40). 

Les matras sont poses sur les toiles metalliques des elements chauffants et branches par leurs 
rodages a la rampe d’aspiration, cette demiere &ant ii la pression atmospherique, prise d’air ouverte; 
les elements chauffants sont mis sous tension, les intensites &ant reglkes a I’aide des rheostats ii 
leur valeur minimale; au bout de 15 min les intensites sont regks a leur valeur maximale de facon a 
chauffer les matras jusqu’8 apparition des vapeurs sulfuriques. 

Les elements chauffants sont alors Bteints; la prise d’air de la rampe d’aspiration est fern&e 
et cette demibe remise sous depression a l’aide de la trompe a eau afin de chasser des matras les 
vapeurs nitriques et une partie de l’acide sulfurique tandis que les composes des heterodlkments a 
doser se deposent sous forme de sulfates metalliques (Mn) sur les fonds de matras ou restent en 
solution dans I’acide sulfurique (Cr). 

Notons que nous appliquons tgalement ce mode op&atoire 1 la mineralisation de substances 
organiques contenant des heterodldments tels que Ni, Co, Cu, Mn, Cd, Mg, Ca, Zn, Fe et les metaux 
al&ins, en vue de leur dosage par complexometrie. 

Oxydation des ions resultant de I’attaque surfonitrique 

Parmi les reactifs oxydants dkits dans la littbature, il importait de sblectionner pour l’usage 
propose, ceux d’entre eux qui permettent d’obtenir une vitesse d’oxydation eVevt!e, dont simultant!ment 
I’exds peut Etre d&wit sans ntcessiter de chauffage, d cette fin, d une temp&ature trop &e&e qui 
donnerait lieu d perte par volatilisation des compost% chimiques porteurs de I’eIkment d doser, et dont, 
en@, Ies produits de dtkomposition ne forment pas de compost% volatils avec Ies &ments ti doser et 
ne perturbent pas Ie dosage couIom&rique uItt+ieur. 

t Dans le cas de substances organiques contenant du chrome il est mkessaire d’ajouter 5 gouttes 
supplementaires d’acide sulfurique afin d’eviter la precipitation de sulfate chromique dont la 
dissolution ulterieure serait difficile. 
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Oxydation des ions porteurs du manganese en ions MnO,- 

Nous avons essay6 le bismuthate de sodium et le persulfate d’ammonium qui repondent aux 
pr&&dentes ~ract~ristiqu~. 

Le premier r&a&if a 6tB abandonne car son emploi implique, apr&s nkction, une filtration’ qui 
ne s’avere pas quantitative 8 I’khelle microanalytique du fait dune retention de permanganate 
darts le filtre. Par eontre, le persulfate d’ammonium, en presence d’ions Agf, sous forme de nitrateaBa 
offre l’avantage d’etre dbtruit par simple elevation de temperature a 80” avec dkgagement d’oxygene. 
&pendant cette destruction s’accompagne de la formation de persels instables, mais electroactifs 
en solution, dont la nature n’a pu Btre determinee et qui perturbent le dosage coulometrique en 
entachant les r&&tats analytiques dune erreur soit positive soit negative correspondant a une 
quantite de mang~~se de l’ordre de grandeur de 20 2130 pg. 

L’exptfrience nous a montre que la prksence de quelques grains de mag&ie ou d’alumine* en 
solution, lors de l’oxydation, permet de catalyser la destruction de ces persels. 

Les produits de I’attaque sulfonitrique sont repris, dans chaque matras, par de l’eau distillee; 
la solution obtenue est ensuite transvasee dam un b&her de 100 ml, de forme haute, oh les eaux de 
lavage quantitatif du matras, B l’eau distill&e, sont egalement collect6es. A la solution ainsi obtenue 
dont le volume doit Btre d’environ 10 ml sont ajoutes 200 a 300 mg de persulfate d’ammonium, une 
dizaine de milligrammes de nitrate d’argent et une pointe de microspatule de magnesie ou d’alumine 
granulee. 

Le b&her est recouvert d’un verre de montre et la solution est port& puis maintenue 21 I’ebullition 
jusqu’d cessation complete du degagement gazeux provoque par la destruction du persulfate 
d’ammonium, ce qui requiert un temps de 20 a 30 min. La solution est alors refroidie sous un 
courant d’eau et transvaske quantitativement, dam le vase de titrage coulometrique (son volume 
total, dont les eaux de lavage du becher, doit etre de l’ordre de grandeur de 40 ml). 

Oxydation des iorzs porteurs du chrome en ions Cr,O,*- 

Nous avons p&f&e l’acide perchlorique4 au persulfate d’ammonium en prtssence d’argent pour 
effectuer cette oxydation, du fait de sa reaction selective; il permet en effet d’oxyder les ions porteurs 
du chrome en ions CrpOIB- sans oxyder les ions porteurs du manganese en ions MnO,- et par 
consequent de doser eventuellement 16 chrome en presence de mangakke. 

En outre, l’action de l’acide perchlorique est rapide et ne nkcessite pas, comme dam le cas du 
persulfate d’ammonium, la destruction de l’exces de reactif en vue du titrage coulometrique ultbieur. 

Toutefois la presence d’ions Cl- dans l’acide perchlorique du commerce donne lieu iz la formation 
de chlorure de chromyle volatil avec perte de chrome; afin d’eviter cet inconvenient if sutht d’&miner 
1e.s ions Cl- en les precipitant sous forme de chlorure d’argent par des ions Agf (nitrate d’argent). 

Aux produits de l’attaque sulfonitrique sont ajoums, dans le matras, 1 ml d’acide perchlorique 
R. P. puis quelques cristaux de nitrate d’argent (environ 10 mg). 

Le matras est alors chauffe, sur la veilleuse d’un bet Bunsen, avec precaution, afin de ne pas 
atteindre la temperature de dkomposition de l’acide perchlorique se decelant par un fort degagement 
gazeux, pendant l-Zmin, temps nkessaire pour l’oxydation du chrome sous forme d’ions 
bichromiques. 

I1 convient de remarquer qu’une prolon~tion du chauffage pendant 5 min ne donne par lieu 
B perte de chrome. 

La solution obtenue darts le matras est alors transvaske direotement, ainsi que les eaux de lavages, 
dans le rkipient de titrage coulometrique. Le volume total de la solution doit etre de l’ordre de 
grandeur de 40 ml. 

Titrage coulom&rique 

Les principes des titrages coulometriques et lees appareils permettant Ieur application ont Bt$ 
d&its par maints auteurs*-la qui mettent en oeuvre des sources variees de courant, aver regulation 
dintensite et des methodes et systkmes divers de detection de fin de titrage. 

11 est aise, par l’etude des courbes voltamptkometriques, en solutionrOJ1 de mettre en evidence 
les conditions dlectrochimiques dont la realisation est requise en vue de la generation quantitative en 
solution, par simple electrolyse, d’un oxydant ou d’un reducteur. 

Par contre, le choix de la methode indicatrice de i%n de titrage est plus delicat. En effet, la 
reproductibilite des resultats des dosages et la sensibilite globale de la methode dependent, en grande 
partie, de la reproductibilit~ et de la sensibilite de la reponse des ekctrodes utilis6e.s pour la detection 
des esp&es &ctroactives, en solution. La detection par ~~rom~trie entre electrodes bim~talliqu~ 
(cJ Ref. 10) est ii la fois fiddle et sensible sous reserve que la surface des electrodes en contact awe la 
solution soit inalterable et de dimensions appropriks a la sensibilite requise, ce qui est compatible 
avec nos conditions opdratoires; nous avons done adopt6 c=ette mbthode. 

+ Magntkie frittk en grains de 1 mm-Fournisseur Desmarquet-France. Alumine “ALCEL” 
en grains de 1 mm-Fournisseur Desmarquet-France. 
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11 couvient cependant de remarquer qu’eile ne permet pas de determiner le point tiual proprement 
dit dun titrage; elle permet seulement d’ar&er ce dernier lorsqu’un parametre de titrage, en 
l’occurence la concentration des ions ou du reactif titrants engendres in situ par 6lectrolyse, atteint 
une valeur determinee et precise. Dam le prkent travail il s’agit de la concentration des ions Fe%+. 

L’application de la methode implique done que soient dbtermink, avant les titrages, les quantit6s 
d’electricite qui ont servi a la @neration, dam les solutions k titrer, des excks d’ions Fe*+ correspondant 
aux concentrations de ces rkactifs defutissant les points d’arret de titrage. Elles doivent en effet 
dtre soustraites des quantitds totales d’electricit6 consommees au tours des titrages coulom&iques 
pour calculer les quantites d’blectricite equivalentes aux espkes chimiques is titrer. 

Ainsi, compte tenu des conditions Blectrochimiques li. rtkliser pour l’&ectro1yse et de celles qui 
sont inherentes a la mesure finale ampcrometrique, la reproductibilite des resultats des titrages 
depend essentiellement des facteurs suivants: 

-volume de la solution, 
---concentration des acides et des sels en solution, 
-agitation de la solution. 
I1 vient s’y ajouter la constance du courant d’electrolyse impose% par la mdthode de mesure 

coulometrique mise en oeuvre qui est rameke it une mesure de temps {c$ ci-aprb). 

Appareillage de titrage coulomtftrique 

L’appareillage que nous employons est semblable a celui qui a et6 dejil mis en oeuvre par d’autres 
auteurs.‘l I1 comprend le coulometre proprement dit, un detecteur de fin de titrage et une cellule 
Gctrochimique. 

CouZom&re. Cet instrument est un Chronoamperostat Tacussel, type CEAM D 3 qui r&mit, en 
un seul appareil un amperostat et un chronomeke electronique. i’ampcrostat permet de rcgler 
fde IO-6 g 10-l A). de choisir et de maintenir constante l’intensite i du courant d’electrolyse: le \_. -_ -. 
chronombtre per&t de mesurer avec precision (a 0,Ol set p&s) le temps t de passage du co&ant 
d’intensite imposee i et par consequent, de connaltre, a chaque instant, la quantitc d%lectriciti: 
(q = it) consonunee par l’electrolyse. 

DPtecteur defin de titruge. Cet appareil est une Unite de detection amp&om&ique Tacussel, 
type AL04, qui permet d’etablir une tension imposke (reglable de 0 B 1000 mv). II comporte un 
amp&rem&e & cadre mobile qui mesure l’intensito du courant qui passe entre les &ctrodes indicatrices 
et qui est pourvn dun index a position rcglable dans toute p&endue de l’kchelle de mesure (cadran). 
Le franchissement de l’index par l’aiguille de l’a.mp&rem&re donue lieu 2 coupure du couraut 
d’&ectrolyse par l’intermodiaire dun relais. 

Cell&e 8lectrachimique-(Fig. 2). La cellule tSlectrochimique comprend essentiellement un 
recipient, deux electrodes d%lectrolyse et deux electrodes indicatrices. Le recipient est un cylindre 
en verre Pyrex, r5 fond plat, ii section carrke, dune capacite de 50 ml dont l’orifice comporte un 
rodage plan sur lequel se pose un couvercle de meme forme d’environ 35 mm de hauteur. Le fond 
du couvercle est pourvu de quatre ajutages a rodages coniques femelles qui permettent le passage de 
quatre electrodes et d’un courant d’un gaz inerte; il est en outre perck d’un trou de 3 mm de diametre 
qui permet bventuellement l’injection d’un reactif dam la solution a titrer. Cet ensemble permet 
d’effectuer des reactions electrochimiques en solution en l’absence d’oxygene. 

Les electrodes d’&ctrolyse comportent une electrode g6neratrice employee comme cathode 
(reduction des ions MnO*- et CraO,*-_) t e une electrode auxiliaire. La premiere est constit&e par 
une plaque de platine d’une superficie de 200 nuns (20 x 10 mm) soud&z tr un fil de platine de $1 mm 
de diam&re4 qui plonge dam la solution & titrer; la seconde est un simple fil de platine de 1 mm 
de diam&re qui plonge darts une solution de l’electrolyte support utihse au sein d’un compartiment 
(tube de verre Pyrex de 12mm de dietre porteur d’un rodage male s’adaptant sur un rodage 
femelle du couvercle de la cellule) isolk de la solution a titter par une plaque de verre Pyrex fkitte no 4. 
Les deux fib de platine servent a connecter ces electrodes B l’amperostat. 

Les electrodes indicatrices sont deux fib de platine de 0,5 mm de diametre isolb 1 leurs parties 
superieures par des games de verre qui leur sont colhks par chauffage. Leurs parties infkieures 
plongent darts la solution ii titrer; l’une a la forme d’une helice a quatre spires de 5 mm de diametre 
(longueur de fil: 60 mm) tandis que l’autre, rectiligne, comcide avec I’axe de cette helice (longueur 
de fil: 10 mm). Les deux fds de platine (parties superieures) servent a connecter les electrodes au 
dctecteur de fin de titrage. 

Titrage couIomPtrique des ions MnO,- et Cr*O,‘- 
Les dosages des ions permanganiques et bichromiques sont bases sur le meme principe. Les 

modes op&atoires correspondants ne different que par l’intensite du courant d%lectrolyse qui 
permet la reduction des ions Fe*+ en ions FeS+; elle est fix&e a IO mA dans le cas du mangan&se 
et a 3 mA dans le cas du chrome afin que les dunks d%lectrolyse ne soient pas trop blevks et restent 
du meme ordre de grandeur malgre les nombres differems d’&ctrons &hang& par le manganttse 
et le chrome dans les reactions de reduction. 
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Fm. 2.-Cellule de titrage coulometrique, 
1 Electrode genbratrice de coulometrie 
2 Electrode auxiliaire de coulometrie avec compartiment s&pare 
3 Systeme de barbotage d’azote 
4 Electrodes indicatrices 
5 Couvercle de la cellule avec rodages normalids 
6 Rodage plan 
7 Vase de titrage 
8 Barreau d’agitation. 

Defermittation du point final de t&-age--mesure dcl “se&” 

L’excks d’ions Fe*+ qui apparait en solution d&s que tous Ies ions MnO,- et CrBO,*- sont r&kits, 
doit permettre de mettre en evidence le point final de titrage; atin que le titrage soit prkcis, il importe 
que la concentration des ions Fe *+ atteinte soit aussi faible que possible et corresponde a une quantite 
de manganese ou de chrome ne d&passant pas 3-5 pg. 

Par ailleurs, avec l’appareillage utilise, l’ordre de grandeur du minimum de l’intensitd du courant 
susceptible d’bre d&elk entre les deux electrodes indicatrices est de 2-3 PA. 

En vue d’assurer une sensibilite suffisante du titrage coulometrique, l’btude des courbes intensites- 
potentiels, dans des solutions de compositions identiques a celles de nos solutions B titrer, montre 
qu’il est alors nkcessaire d’imposer une tension de 600 mV entre les electrodes indicatrices. 

Dans la pratique l’intensite du courant indicatrice du point final de titrage est fixfx: a 3 PA*; 

* Dans le cas particulier du dosage de quantites de chrome correspondant a des concentrations 
inferieures a lO-s&‘, la reaction de reduction des ions Cr&&*- par les ions Fee+ n’est plus 
quantitative de sorte que la concentration en ions Fe%+ correspondant au “seuil” est atteinte 
avant le “point d%quivalence”, ce qui conduit ii l’obtention de rkdtats errones par ddfaut. 
Pour pallier cet inconvenient, pintensite de courant indicatrice de fin de titrage est alors fix&e & 
un ordre de grandeur de 10-15 yA. 
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Ia quantite d’&ctricite qui est aiors nkessaire Iors de la simple reduction ~l~olytique des ions 
Fe’+ pour atteindre la concentration en ions Fe %+ correspondant au courant de 3 PA dtsclenchant 
parret de Wectrolyse est denommee seuil coulometrique ou “seuil”. Elle peut &re exprimee en 
coulombs, ou plus simplement, a un coefficient p&s, l’intensite du courant d’electrolyse &ant fIxt% 
et constame, en unites de temps (secondes). 

Elle devra &re retranchee de la quantite totale d’electricitc consommke par la reduction 
quantitative des ions MnOl- ou Cr,O,*-. 

Le. “seuil” est mesure dam une solution aqueuse d’ions ferriques acidifike et additiormke de 
nitrate d’argent 06 plongent les electrodes. Celles-ci sont d&pees par quelques gout&s d’acide 
nitrique ajoutks B la solution avant leur immersion. 
courant d’azote. 

La solution est degazee par barbotage d’un 

c’est 21 dire pox 
Ce degazage a pour double effet de chasser de Ia solution les gaz oxydants dissous, 

*F 
g&e ainsi que, dans Ie cas du dosage du chrome, le chlore provenant de l’acide 

perchlorique utr 1sa5 pour l’oxydation des produits de l’attaque suIfonitriques. L’absence d’oxyg&ne 
permet d’abaisser Ie courant r&duel k 0,s ,uA* et correIativement de doterminer la valeur du “se&” 
avec une plus grande repr~uctibilit~. 

Le systeme des quake okctrodes est plongo dam une solution aqueuse dent le volume total est 
ajuste li 40 ml (k 5 ml p&s) et contenant 10 ml d’une solution d’acide sulfurique 4N, environ 10 mg 
de nitrate d’argent, 0,2 g de sulfate ferrique PA et 2 B 3 gouttes d’acide nitrique concentre (pow 
toxicologic: d = l&O). 

Le courant d’azotet est alors envoy6 dam la solution pendant toute la d&e de la determination. 
Aprb 5 min de barbotage, IWectrolyse qui donne lieu il la reduction des ions Fe’+ est declenchee 
et se poursuit jusqu’k son a&t automatique. Le “seuil” est alors mesure par le temps ta indique 
par le coulometre; il est de l’ordre de grandeur de 4 a 6 set et doit etre reproductible a 1 set pres; 
il est evidemment supkieur il cette valeur et atteint 20 a 30 set dam le cas particulier ou l’intensite 
de courant indicatrice est fixke a 10-15 PA. 

Titrage proprement dit 

Le mode op&atoIre est sembIable B celui qui vient d’&e d&it pour Ia mesure du “seuil”. A 
la solution obtenue par ~~rali~tion du prelevement analytique recueillie dans Ie vase de titrage 
coulom~t~que et dont le volume est pr~ablement ajuste B 40 ml a l’aide d’eau distill& sont ajoutB 
0,2 g de sulfate ferrique et 2 B 3 gout& d’acide nitrique; le systcme d%lectrodes est mis en place 
et la solution degazde; lWctro1ys.e est alors dklenchtk; lors de son a&t automatique, le temps t,_ 
mesure par Ie coulomtre correspond a Ia quantite d’electricite consommee pour la reduction 
quantitative des ions MnO,- ou Crr07’-. 

Calcul des rksultats. L’application de la loi de Faraday conduit aux formules de calcul suivantes: 

Mn % = 
113,86(t, - t,) 

m 

cr % = 53,89 0, - ts) 
m 

dam lesquelles m est Ia masse du prt%vement analytique exprimtk: en nxicrogrammes. 
E&S ont &e etablies pour une intensite de courant d’&ctrolyse 6gaIe a 10 mA dans Ie cas du 

manganese, & 3 mA dans Ie cas du chrome et les valeurs nunxkiques suivantes des con&n&s: 
Faraday = 96480 C; Mn = 54,94; Cr = 52,00. 

RESULTATS ET CONCLUSION 

11 apparait que les m&bodes d&rites pour les dosages du mangan&se et du chrome, 
qui comportent une attaque sulfonitrique suivie dune oxydation des ions form& et 
un titrage par electrolyse coulometrique A intensitd constante, fournissent des rbultats 
(Tableaux I et II) dont la prkision est comparable a celle des m&bodes classiques de 
la microanalyse organique elementaire, caracterisee par l’ordre de grandeur des 
erreurs absolues. 

11 est cependant certains cas ext&mes tels que celui du dosage du chrome dams le 
nitrure de chrome (dont Ia teneur 6levCe en ClCment & doser (78,790/,) qui imposent 
d’effectuer des pr&vements analytiques d~ci~~gmmmiques, en vue de l’obtention 

l I_e courant fesiduel est d&ini par le courant apparaissant e&e Ies deux &ctrodes indicatrices 
plongkes dans Ia solution en presence de toutes les espkces &ctroactives nkessaires au titrage, 
a l’exception de I’espke oxydante ou tiuctrice produite Blectrochimiquement. 

t Azote: qualite R de la Sock% “L’Air Iiquide”. 
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TABLEAUI.-MANGANESE 

Substance Mn % m, 
calcult mg 

Masses de 
manganese 

Mn % Ecart 

calculee trot&e 
trouve Mn ‘% tr.-Mn % talc. 

f@ I-@ 

Permanganate de 3476 2,415 839 841 34,s 070 
potassium 1,375 478 478 34,s 030 

4,147 1441 1438 34,l -0,l 
Sulfate de manganese 32,50 0,814 265 266 32,7 +0,2 

MnSO,, 6H,O 2,360 767 764 32,4 -0,l 
1,373 446 444 32,3 -0.2 
1,959 637 638 32,6 t-091 
0,997 324 322 32,3 -0,2 

Produits organomk- 16,25 2,280 371 370 16,2 0,O 
talliques de recherche 3,033 493 492 16,2 0.0 

4,275 695 688 16,l -0,2 
4,005 651 655 16,4 +0,1 

16,74 1,287 215 215 16,7 030 
4,380 733 730 16,7 -0,l 
2,100 352 351 16,7 
2,143 359 364 17,0 
1,695 284 285 16,s 

TABLEAUX-CHROME 

Substance Cr % m, Masses de chrome 
Cr % Ecart 

calcule w calculee trouvee trouve Cr y0 tr.-Cr % talc 

Tris (phenylbutanedione 9,71* 
1,3) chrome* 

Produits organometalli- 16,60 
ques de recherche 

17,20 
20,14 

16,44 
14,97 

Nitrure de chrome (N Cr) 78,79 

2,245 
2,976 
0,918 
2,710 
3,070 
2,176 
5,221 
2,222 
2,749 
3,790 
3,590 
2,866 
2,206 
2,670 
3,731 
0,193o 
0,1872 
0,2823 
0,4861 
0,439o 

218 
289 

2:: 
298 
361 
867 
369 
413 
763 
723 
577 
363 
400 
559 
152 
147 
222 
383 
346 

216 
291 

2681 
298 
363 
868 
370 
471 
774 
729 
575 
364 
402 
556 
153 
148 
223 
380 
343 

976, -0,l 
997, +0,1 
9,4 -0,3 
938, +0,1 

9,7, 696, +0”1 
16,6, 0:o 
166, 
17,t, -g 

20~4, +0:3 
2~3, +0,2 
20,0, -0,l 

16,4, 1590, +Z 
14.9, -011 
79,2 t-O.5 
79,2 +0,4 
79,0 +0,2 
78,2 -0,6 
78,2 -0,6 

de minCralisations quantitatives), 06 l’ordre de grandeur de I’erreur absolue peut 
ddpasser celui de l’erreur classique; cependant l’ordre de grandeur de l’erreur relative 
reste alors satisfaisant. 

Dans les conditions dtfinies dans cette Etude, toutes quantitks de mCtaux peuvent 
Ctre dosees sous rtserve de rester infhieures ?I 800 ,ug, masse qui d&nit, dans ce cas, 
la limite suphieure du domaine microanalytique; en ce qui concerne la limite in- 
fhieure elle peut &re abaissCe h un ordre de grandeur de 40-30 ,ug, sous rherve de 
dChir un “seuil” de fin de titrage correspondant g une intensit6 de courant indica- 
trite voisine de 15 ,uA. 

Par ailleurs certaines substances, figurant sur les tableaux de hultats et marquCs 
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d’un a&risque, ne sont pas anaIytiq~e~ent pures; eiles ont et4 fournies par le 

“National Bureau of Standards” de Washington avec une teneur certifiCe de l’eltment 
& doser; cette demiere, Bgalement marquee d’un asterisque est report&e dans les 
tableaux au lieu de la teneur calculde; les toarts report& sont, dans ce cas, les differ- 
ences entre les teneurs trouvees et les teneurs certifiees. 

Summary-Constant-current coulometric titration is applied to the 
determination of manganese and chromium contained in organic 
compounds. These compounds are decomposed in a mixture of 
sulphuric and nitric acids. The Mn and Cr are oxidized by ammonium 
persutphate to MnO,- and by perchloric acid to Cr,O,*-respectively. 
MnO&- and CrzO,*- are titrated by Fe%+ el~trolyti~ally generated 
from FeS+ by constant-current eletrolysis, with amperometric end- 
point detection, 

Zusammenfassung-Mangan und Chrom in organischen Verbindungen 
werden mit Hilfe einer coulometrischen Titration bei konstantem 
Strom bestimmt. Die Verbindungen werden in einem Gemisch aus 
Schwefel- und Salpeters%ure aufgeschlossen. Mn wird mit Ammonium- 
persulfat zu MnO,- und Cr mit Oberchlors&rre zu Cr,O.,a- oxidiert. 
MnO,- und Cr,O,a- werden mit Fe*+ titriert, das elektrolytisch 
aus FeS+ durch Elektrolyse bei konstantem Strom erzeugt wird. Der 
Endpunkt wird amperometrisch ermittelt. 
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APPLICATIONS DE L’IODOMETRIE COULOMETRIQUE 
AUX DOSAGES MICROANALYTIQUES DE L’ARSENIC, 

DE L’ANTIMOINE ET DU CUIVRE DANS LES 
COMPOSES ORGANIQUES 

M. BIGOIS 
(avec la collaboration technique de M. MARCHAND) 

Service Central de Microanalyse du Centre National de la Recherche 
Scientifique, 2, rue Henry Dunant, 94-Thiais, France 

(Recu le 12 juillet 1971. Accept6 le 23 a&t 1971) 

R6sum6-Une methode de microdosage de l’arsenic, de l’antimoine et 
du cuivre dam les composes organometalliques est d&rite. L.es 
substances sont dkcompodes darts un melange d’acides sulfurique et 
nitrique. Les produits de decomposition sont alors oxydes par l’eau 
oxygen&e dam le cas de l’arsenic et par le permanganate de potassium 
dans le cas de l’antimoine afin d’obtenir respectivement les ions AsOda- 
et Sb04*-. Dans le cas du cuivre, lesions Cue+ sont obtenus directement 
comme produit de decomposition. L’iode engendre par 1’6lectrolyse 
d’une solution aqueuse d’iodure de potassium est l’agent titrant, avec 
une solution de thiosulfate de sodium comme agent intermediaire (fin 
de titrage amp&om&rique). L’iode produit est mesure coulometrique- 
ment. 

LE CARACT&RE rtducteur des ions iodures en solution aqueuse peut &tre mis a profit 
pour le dosage de l’arsenic, de l’antimoine et du cuivre dans les composes mineraux 
comme l’ont montre de nombreux auteurs (cJ citation 1). Par ailleurs nous avons 
deja mis en evidence l’intCr&t de l’application des mtthodes coulomttriques au dosage 
microanalytique de certains metaux (Mn, Cr) dans les composes organiques.s En ce 
qui concerne le dosage microanalytique de l’arsenic, de l’antimoine et du cuivre dans 
les composes organiques, il est tgalement possible d’appliquer les methodes coulom- 
Btriques sous forme de l’iodometrie coulometrique. 11 convient alors de mineraliser 
les composts organiques porteurs de ces htttroeltments en vue de l’obtention d’espkes 
ioniques representatives de ces derniers et susceptibles d’&tre reduites par les ions I-. 

La mise en oeuvre, a cette fin, de reactions d’oxydortduction approprites permet, 
en outre, d’effectuer avec specificit le titrage de ces elements en presence de metaux 
susceptibles de se trouver simultanement presents dans les produits soumis a l’analyse. 

Une attaque sulfonitrique fournit des melanges d’ions porteurs d’arsenic et 
d’antimoine tri et pentavalents qui doivent Ctre oxydes en ions arseniques AsOhS- et 
antimoniques SbOa- en vue de leurs titrages. Les reactifs oxydants correspondants 
utilises sont respectivement l’eau oxygente, dans le premier cas3 et le permanganate de 
potassium, dans le second.* 

Les ions AsOa- et SbOd- sont reduits par des ions I- (iodure de potassium) en 
milieu acide, avec formation d’iode libre; l’iode est a son tour rtduit par un exces dune 
solution tit&e de thiosulfate de sodium et cet exds dose par de l’iode engendre par 
Blectrolyse des ions I- en solution; le point fkral de titrage qui correspond a l’appari- 
tion d’un exces diode libre, en solution est mis en evidence par amperometrie. Le 
titre du thiosulfate employ6 est determine par l’iode Clectrolytique de facon identique. 
L’attaque sulfonitrique fournit directement les ions cuivriques Cu2+ qui sont tit& 
suivant le mCme principe que les ions AsOp3- et SbOd3-. 
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PARTIE EXPERIMENTALE 

Min&aiisation 

L’appareillage de mineralisation est identique a celui que nous avons anterieurement deerit 
Attaque sulfonitrique. Le mode operatoire d’attaque sulfonitrique des composes organiques 

preddemment de&* (qui permet notamrnent de doser les metaux qu’ils contiennent par complexo- 
metric) est directement applicable dam le cas du dosage du cuivre par iodometrie coulom&rioue. 

Dans les cas de I’arseuic et de l’antimoine il est n&essaire d’employer des quantites sup&ewes 
d’acide sulfuriaue, soit 5 a 10 eouttes. afin d’tviter. surtout dans le cas de l’arsenic. la nrecinitation 
d’oxydes d’arsdnid sublimables”a temperature elev&. 

, I I 

II importe en outre de noter que l’obtention de solutions parfaitement limpides contenant quanti- 
tativement l’arsenic et l’antimoine B doser peut ntcessiter, parfois, trois attaques successives suivant le 
mode opkatoire deja citka 

Oxydafion des ions pot-fears a% ~arse~ic en ions AsO, *-. Aux prod&s de l’attaque sulfonitrique, 
deux gouttes d’eau oxygenee (a 100 volumes) sont ajoutk, dans le matras. Ce dernier est alors 
replao? sur la rampe de ~~ralisation et chauffe lentement a la pression a~osph~~que, jusqu’a 
cessation du bouillonnement du a la decomposition de l’eau oxygenee. Les dernieres traces de ce 
reactif doivent Btre d&mites; B cette fin, if est nkessaire d&lever la temperature jusqua’d dbullition de 
l’acide sulfurique; cette derniere ne doit durer que quelques secondes afin d’eviter des perks d’arsenic 
par volatilisation sous fonne d’hemipentoxyde. 

La solution obtenue dans le matras est alors transvasee dans le vase de titrage coulometrique 
ainsi que les eaux de lavage. Le volume total de liquide doit y &re de l’ordre de grandeur de 40 ml. 

Oxydation des ions porteurs de I’antimoine en ions SbOa II-. La faible quantite d’acide sulfurique 
utiliske lors de l’attaque sulfonitrique conduit a une precipitation d’une partie de l’antimoine sous 
forme d’oxydes. Les essais d’oxydation par l’eau oxygen&9 visant simultanement la mise en solution 
se sont aver&s infructueux; nous avons attribue cet 6chec au defaut de reaction de l’eau oxygenee sur 
le prtkipite antimonie. Par contre, nous avons pu effectuer quantitativement cette oxydation et la 
mise en solution g&e a l’emploi du permanganate de potassium. 

Aux produits de l’attaque s~o~t~que sont ajoutks, dans le ma&as, une dizaine de gouttes d’eau 
distill&e et 20 a 30 mg de permanganate de potassium cristallis6. 

L-e matras est alors replace sur la rampe de mir&alisation et chat@ lentement a la pression atmo- 
spherique jusqu’a la temperature d’~b~lition de l’acide sulfurique. Afin d’eliminer l’ex&s d’ions 
permanganiques et de solubiliser l’hemipentoxyde d’antimoine obtenu, 7 a 8 gouttes d’acide chlor- 
hydrique (pur pour analyse) et quelques gouttes d’eau distillke sont ajout6es dans le matras. En we 
de chasser le chlore form6 par reaction de l’acide chlorhydrique sur le permanganate, le matras est a 
nouveau chauffe sur la rampe, a basse temperature, ti d’eviter les pertes d’antimoine par volatilis- 
ation du pentachlorure d’antimoine. 

La solution obtenue dans le matras est alors transvas&e ainsi que les eaux de lavage dans le recipient 
de titrage coulombtrique. Le volume total du liquide doit y Btre de l’ordre de grandeur de 40 ml. 

Titrage coulomPtrique 

L’appareillage permettant le titrage coulometrique est identique a celui qui a et6 anterieurement 
dCcrit.Z Le systeme oxydorkducteur qui permet de mettre en evidence la fin de titrage est, ici, le couple 
iode-iodure; il s’agit done, dans ce cas, de detester un exc&s diode dont la concentration est con- 
tritlee par amp~rom~~ie par ~app~i~on dun courant passant entre deux electrodes de platine 
polaris% sous 150 mV. 

Titrages ~ou~om~triques des ions AsC& 8-, SbOIH- et Cua+. Les titrages des ions arseniques, anti- 
moniques et cuivriques se ram&rent tous a une iodometrique coulometrique. L’intensitc! du courant de 
l’electrolyse qui donne lieu li g&ration d’iode par oxydation des ions I- est fix&e a 3 mA. Les 
titrages des ions AsO,‘- et SbOa8- sont effect&s en milieu acidifie par l’acide chlorhydrique afin de 
faciliter la reaction ulterieure d’oxydoreduction. Le titrage des ions Cua+ qui donne lieu a la prkipi- 
tation d’iodure cuivreux est effect& en milieu acidifie par l’acide acetique et l’acide nitrique en 
presence de gelatine, comme d’aucun9 l’ont preconise pour le dosage des ions Cl- par argentometrie. 

Par ailleurs, l’oxygene dissous dans les solutions a titrer est susceptible de fausser les dosages 
iodometriques du fait de l’oxydation facile des ions I- en milieu acide. Atin d’eviter cette cause d’erreur 
les solutions sont d&oxygen&es avant l’addition d’iodure du potassium par barbotage d’un couraut 
d’azote pendant un temps sufhsant. L’expbience montre que ce degazage permet d’abaisser suffisam- 
ment la concentration de l’oxygene dissous pour &miner toute perturbation du titrage iodometrique. 

determination du ~oin~~na~ de &rage-mesure du se&l 

Le titrage ~lectrochi~que consiste a mesurer, a l’aide diode engendr6 par Bectrolyse coulom- 
Btrique d’iodure de potassium (oxydation anodique des ions I-), l’exces de thiosulfate introduit dans 
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la solution a titrer apros la libkation diode par oxydation anterieum des ions I- (iodure de potassium) 
par les ions AsO,‘-, SbOIk ou CL?+. L’ex&s d’iode lib& qui apparalt en solution d&s que tous lea 
ions S,O,a- sont r&d&s doit permettre de mettre en evidence le point final du titrage de l’exc& de 
thiosulfate. 

En we d’assurer une sensibilite sufbsante du titrage coulometrique, l’etude des courbes intensites- 
potentiels montre qu’avec I’appareil de detection utilise* il est nkessalre, dans le cas du systeme 
iode-iodure et dam les conditions du titrage, d’imposer une tension de 150 mV entre les electrodes 
indicatrices. 

Dam la pratique, l’intensit6 de courant indicatrice du point tinal de titrage est fix&? a 3 514 PA; 
la quantitd d’&ctricite qui est alors nkcessaire, lors de la simple oxydation Clectrolytique d’ions I-, 
pour atteindre la concentration en iode libre correspondant au courant de 3-4pA d&enchant 
Parr& de l%lectrolyse est le “seuil”. Elle est exprim&e en unites de temps puisque l’intensite du 
courant d’&ctrolyse est fix& et constante; son ordre de grandeur correspond a 5 a 6 pg d’arsenic et 
9 ii IO pg d’antimoine ou de cuivre. Elle est retranchee de la quantite d’electricite colons par 
l’oxydation quantitative de l’exc& d’ious SpOs2-. 

Le syst&me des quatre electrodes est plongi? darts une solution dont Ie volume total est ajuste a 
40 ml (a 3 a 4 ml pms). Dans le cas des dosages de I’arsenic et de l’antimoine cette solution aqueuse 
contient un melange de 10 ml dune solution d’acide chlorohydrique 4N et de 10 ml dune solution 
d’acide sulfurique 4N; dam le cas du dosage du cuivre elle est constitwk par un melange d’acide 
ac&ique (pur P. A.) et d’acide nitrique (pur pour toxicologic; d = 1,4),& dans un rapport volumique 
de IO/l, auquel sont ajoutes 5 g de gelatine par litre de solution.* Le courant d’azote est alors 
envoyi: dans la solution oh il barbote pendant 5 min; il est ensuite maintenu au dessus de la solution a 
titrer a laquelle est ajoute 1 g d’iodure de potassium. L’electrolyse qui donne lieu a I’oxydation des 
ions I- est d&clench&. et se poursuit jusqu’a son arret automatique. Le “seuil” est alors mesurt par le 
temps t, indique par le coulombtre; il est de l’ordre de grandeur de 4 a 5 set et doit &re reproductible 
51 moins d’une seconde pres. 

Determination du titre de ia solution de thiosulfate de sodimn 

Suivant la pratique classique, les solutions de thiosulfate de sodium sont p&par&s uu mois avant 
Ieur emploi a la concentration 10-r N, et stabikkes par addition de carbonate de s~dium.~ Elks sont 
diluks a la concentration lo-% N au moment de leur emploi par volumes de 1 litre. 

Avant tous les dosages il est nkessaire de determiner, par coulombtrie, Ie titre exact de la solution 
de thiosulfate ainsi prepark A cette fin, dam une solution venant de servir a la dtitermhration du 
“seuil” et contenant done la quantitc! diode correspondant au point final de Wage, il est ajoute 1 ml 
de la solution de thiosulfate a titrer, le courant d’azote &ant maintenu au dessus de la solution. 
L’electrolyse se dkclenche alors automatiquement. 

Le temps TV d’electrolyse sous intensite de courant de 3 mA, mesure lors de l’arr& automatique de 
celle-ci, correspond zi la quantite d’electricitc! nkessaire a l’oxydation par l’iode ektrolytique de la 
quantite de thiosulfate introduite; il est la mesure du titre electrochimique du thlosulfate. Si le titre 
du thiosulfate etait exactement lo-% N, ce temps devrait &tre egal a 321,6 set; le temps reel doit etre 
l’objet de 3 ou 4 determinations et l’kart maximal des valeurs obtenues ne doit pas depasser 1 seconde; 
le temps moyen est adopt4 comme titre &ctrochimique du thiosulfate. 

Titra~e~r5~re~nt dit 

La mode operatoire est semblable a celui qui vient d&e d&it pour la mesure du “seuil” et du 
titre du thiosulfate. Les solutions d’ious AsO,‘- ou SbO,*- ont et& transvasees dans le recipient de 
titrage coulometrique apres le traitement oxydant (voir mineralisation). Dam le cas du dosage du 
cuivre la solution d’attaque sulfonitrique a ete directement transvasb dans ce recipient ainsi que les 
eaux de lavage (a I’eau distillee) du matras. 

Le volume de chacune de ces solutions a &e ajuste a 40 ml (a 3 a 4 ml p&s) darts le recipient de 
titrage. La solution est alors degazee par barbotage d’azote, pendant 5 min oomme preddemment et 
1 g d’iodure de potassium cristallisd lui est alors ajoute tandis que le courant d’azote est maintenu au 
dessus de la solution. 

L’iode lib&P: est eusuite reduit par addition de la solution de thiosulfate de sodium prkckdemment 
tit&e. Cette operation est effectuee manuellement ou automatiquement grace a l’emploi dune 
klectroburette Tacussel command& par le detecteur amp&om&rique de fin de Wage; l’introduction 

* L’addition de sulfocyanure de potassium? (concentration de 10-a M) B 1’eIectrolyte permet de 
doser des quantit&s de cuivre de l’ordre de grandeur de 50 ftg, grace au faible produit de solubifite du 
sulfocyanure cuivreux qui est infkieur B celui de l’iodure cuivreux. 

t Azote de quatite “R” fourni par la So&&e “L’Air liquide”. 
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de la solution de thiosulfate est at&&e d&s que la concentration de l’iode en solution devient inferieure 
a celle qui correspond au “point final de titrage”. 

Apres 10 min d’attente, temps nkcessaire a la reaction des ions I- sur les ions mductibles, l’tlectro- 
lyse est d&clench&z et s’arrete automatiquement au bout d’un temps r,. 

CuIcuI des re’suftuts. L’application de la loi de Faraday conduit aux formules de calcul suivantes: 

As % = 
116,4[l’tx - (r, - ta)] 

m 

Sb % = 
189,25 [I?, - (t. - tJ 

m 

cu % = 197,5 [Vtx - (tX - r,)] 
m 

dans lesquelles Vest le volume de la solution de thiosulfate de sodium exprim6 en ml, ajoute dans la 
solution a titrer et m est la masse du prelevement analytique exprim6 en microgrammes. 

Elles ont et6 ttablies pour une intensit6 du courant d’electrolyse tgale a 3 mA et les valeurs 
num&iques suivantes des constantes Faraday = 96480C; As = 74,92; Sb = 121,7; Cu = 63,54. 

RESULTATS ET CONCLUSIONS 

Les mCthodes coulomktriques appliqukes aux dosages microanalytiques de 
l’arsenic, de I’antimoine et du cuivre dans les substances organiques permettent de 
dCterminer les teneurs centBsimales de ces m&aux avec la precision classique de la 
microanalyse organique Gmentaire comme le montrent les tableaux I, II, et III. 

TABLEAU I.-ARSENIC 

Masses d’arsenic 

Substance 
m, As, % calculee trouvee As,% Ecart 

mg calcule w k? trouve As y0 tr.-As % talc. 

Arseniate de sodium 2,107 24,00 506 503 23,0 
3.485 836 834 
2j311 

23,9 
555 559 24,2 

4,010 962 966 24.1 
Acide benzene arsonique 3,070 37,08 1138 1134 36,9 

3,583 1329 1332 37,2 
4,183 1551 1549 37,0 

Acide arsanilique 2,249 34,51 776 775 34,5 
2,783 960 958 34,4 
4,172 1440 1439 34,5 
3,441 1187 1191 34,6 

-0,l 
-0,l 
+0,2 
-to,1 
-0,l 
+0,1 
-0,l 

030 
-0,l 
-0,o 
+0,1 

TABLEAU II.-ANTIMOINE 

Masses 
d’antimoine 

Substance 
171, Sb, % calculee trouvee Sb, % Ecart 

mg calcule P?? I+!? trouve Sb % tr.-Sb % talc. 

Hemitrioxyde d’antimoine 2,511 83,53 
1,745 
1,245 
0,987 

Triphenylstibine 21850 34,89 
2.175 
2;087 
2,034 
2,264 

2097 2097 83,5 090 
1458 1456 83,4 -0,l 
1036 1039 83,s +0,3 

824 825 83,6 +o,o 
994 995 35,0 +0,1 
159 753 34,7 -0.2 
728 728 34,9 0.0 
710 707 34,s -0,l 
790 785 34,6 -0,3 
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TABLEAU III.-CUIVRE 

Masses de 
cuivre 

Substance 
Cu, % calculee trouvk Cu, y0 Ecart 
calcu1e pg fY trouve cu % tr.-cu % talc. 

Sulfate de cuivre 3,719 25,45 946 950 25,s 
(CuSO,, 5HIO) 4,709 1198 1197 25,4 

5,624 1431 1432 25,5 
7,015 1786 1785 25,4 
7,469 1900 1904 25,5 

Bis(ph~nylbu~n~ione 2,716 16,47f 447 442 16,3 
1,3) cuivre 4,345 716 713 16.4 

4,790 789 784 16,4 
5,480 903 905 16,5 

SW 
o,o 
0.0 

-2; 
-012 
-0,l 
-0,l 

o,o 

* Teneur certitXe de la substance foumie par le National Bureau Standard. 

Les conditions op&atoires d&rites dans cette Ctude montrent qu’il est possible de 
doser avec la mtme prtcision chacun des ClCments consid&& pour des quantitCs 

comprises entre 3000 et 400 pg. 
Facilement mises en oeuvre, ces methodes coulom&riques allides &entuellement 

ZI d’autres m&hodes analytiques s’averent des plus appropiCes B la r&solution de 

probltmes toujours plus complexes qui sont posis aux microanalystes. 

Summary-A method is described for the micr~~yti~l dete~ation 
of arsenic, ~timony and copper in organic compounds. These 
compounds are decomposed in a mixture of sulphuric and nitric acids. 
The decomposition products are then oxidized by hydrogen peroxide in 
the case of arsenic and by potassium permanganate in the case of 
antimony in order to obtain AsOf- or SbO,*- ions respectively. In 
the case of copper, Cuai ions are obtained directly as a decomposition 
product. Iodine generated by constant-current electrolysis of potassium 
iodide contained in the solution is the titrating reagent, with sodium 
thiosulphate solution as intermediate reagent, and amperometric 
end-point detection. The iodine consumption is measured coulo- 
metrically. 

Zusanunenfassung-Ein Verfahren zur mikroanalytischen Bestimmung 
von Amen, Antimon und Kupfer in organ&hen Verbindungen wird 
beschrieben, Die Verbindungen werden in einem Gemisch aus Schwe- 
fel- und Salpeter&%re aufgeschlossen. Die A~schluBprodukte werden 
im Faile von Arsen mit Was~~toff~roxid, im Falle von Antimon mit 
Kaliurn~~~g~at zu AsOls- bxw. SbO,“- oxidiert. Cue+-Ionen 
werden direkt als Aufschlu~produkt erhaIten. AIs Titratiousmittel 
dient Jod, das durch Elektrolyse bei konstantem Strom aus in der 
Losung enthaltenem Kaliumjodid erzeugt wird, als Zwischenreagens 
Natriumthiosulfat; der Endpunkt wird amperometrisch ermittelt. 
Der Jodverbrauch wird coulometrisch gemessen. 
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Sunmuuy-A review is given of the methods that have been proposed 
for enrichment of trace elements in samples that are to be analysed by 
neutron-activation methods. The emphasis is on classification of 
methods, with full illustrations by means of practical examples. 

THE RECENT CONCERN over metal pollutants in the environment has resulted in 
increased efforts to develop satisfactory analytical procedures for determining trace 
metals in natural systems. The fact that many metals are found at low concen- 
tration levels in biological or other natural systems has imposed serious limitations 
on the analytical techniques that can be applied to direct determination of these 
trace metals. 

Neutron-activation analysis (NAA), because of its inherent sensitivity, has be- 
come a prime technique for trace analysis .l The sensitivity of this technique for a 
number of elements is 1 part per milliard (~PM)~*~ and under ideal conditions can be 
as low as one part in 10 12.4 Despite this great sensitivity, the necessary procedures for 
using NAA for trace metal analysis will, in many cases, limit the actual concentration 
levels that can accurately be determined. 

A good example of this is the use of NAA to determine metal ion concentrations 
in blood or sea-water samples where the metal species may be present in concen- 
trations of 104-10-12M.S~s Since the metal or metals of interest are at such low 
concentrations, it is necessary to irradiate a large volume of sample in order to achieve 
a sufficient count rate. The bulk matrix, however, may absorb neutrons and thereby 
shield the trace elements of interest from activation .’ Furthermore, the matrix itself 
may become highly radioactive and obscure the activity of the trace metals present. 
This latter fact is especially true for sea-water and biological samples in which large 
amounts of 24Na are produced on irradiation. These various factors combine to 
reduce the sensitivity of NAA for trace metals in such systems. 

One solution to such problems is to separate and isolate trace metals from the 
bulk matrix after irradiation. “Hot” chemical separation is a technique commonly 
employed to allow the determination of a metal when other interfering radionuclides 
may be present after irradiation .6 While such a technique might be useful, there are 
significant difficulties associated with its use. Special facilities and equipment are 
required to handle radioactive samples for separation procedures. In the case of 
short-lived nuclides, the time required for chemical separation may be of such a 
length as to completely preclude the use of this technique. 

An alternative procedure which has been effectively employed is to separate and 

* Present address: BASF-Wyandotte Chemicals Corp., Wyandotte, Michigan 48192. 
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concentrate the desired species from the bulk matrix before irradiation. The problems 
of handling “hot” solutions are eliminated and the concentrated sample can more 
conveniently be determined by NAA. However, great care is necessary to avoid 
introducing impurities (at the level contained by the sample or even more) from 
reagents, etc, during the preconcentration procedure. Such preconcentration methods 
have been both widely and successfully used and are reviewed here. 

Taylor* has discussed in detail several methods of preconcentration used in 
conjunction with NAA to analyse for trace elements in blood, cerebrospinal fluid and 
urine. Among the methods discussed were column chromatography, electrophoresis 
and ultracentrifugation. Joyner et aL9 published a review and an evaluation of 
preconcentration methods used with a number of analytical techniques for the deter- 
mination of trace metals in sea-water. These previous reviews have presented only a 
few examples of the application of preconcentration techniques to NAA. This paper 
is intended as a general review of the subject without including references cited in the 
reviews mentioned above. 

CHROMATOGRAPHIC METHODS 

Chromatographic methods are ideally suited for preconcentration and offer the 
added advantage of being able to isolate the concentrated species as pure components. 
The following describes the various chromatographic techniques that have been 
applied to the preconcentrating of species for determination by NAA. 

Ion-exchange chromatography 

Ion-exchange chromatography has been used extensively both alone and in 
conjunction with other techniques to concentrate and separate elements for NAA. 
In the biomedical field it has been used to determine protein-bound iodine in human 
blood and plasma. The usual technique involves passing the sample through an 
anion-exchanging resin lo to remove inorganic iodide or through a mixed-bed resinll 
to remove iodide and non-protein-bound electrolytes. The effluent containing the 
protein-bound iodide is then irradiated and analysed. Hamada and co-workers12 
varied this procedure slightly by oxidizing the effluent with chromic acid and distilling 
the iodine produced into a potassium hydroxide solution. This solution was evapo- 
rated to dryness and the residue irradiated. 

Total organic iodine,13 free thyroxine14 and total thyroxinels in human serum have 
been determined after separation by ion-exchange. Zaichik et aZ.le have designed a 
scheme for the determination of free iodide, and hormonal and non-hormonal iodide 
in blood serum. Free iodide is removed from the sample with Dowex-1 and eluted 
(A). Organic iodide is sorbed on Dowex 50. Non-hormonal iodide can be eluted 
from the resin with water (B) and hormonal iodide eluted with a buffer at pH 2 (C). 
Samples A, B and C are then lyophilized and irradiated. 

Inorganic iodide has been separated from urine on an anion-exchanging resin.l’,l* 
In one example, the iodide can be selectively eluted for irradiati0n.l’ In another, 
after the elution of bromide and chloride ions, the resin is dried and irradiated 
directly. l8 Direct irradiation of the resin has also been applied to determine inorganic 
fluoride in urine.le 

In another biochemical application,20 selenocystathionine was extracted from nuts. 
The extract was passed through a Dowex-1 column and the fractions irradiated for 
determination. 
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Ion-exchange has been particularly useful in pr~on~nt~ting elements from 
natural water systems since essentially unlimited volumes can be passed through a 
column to obtain the desired sensitivity. Examples are given below. 

Rubidium and caesium concentrations in the North Atlantic21 and vanadium in 
the Colorado River22 and in other natural water systemsa have been determined by 
concentrating the elements on cation-exchanging resin. After elution from the column 
the sample is evaporated and irradiated. A similar technique has been used to deter- 
mine silver ion present in sampIes of the rain water produced by cloud seeding with 
silver iodide.2P A sensitivity of IO-i0 g is reported. 230Th and 232Th have also been 
determined in natural water systems. 25 After cation-exchange concentration and 
elution with EDTA, the thorium is co-pre~ipi~ted with titanium hydroxide for 
irradiation. 

An anion-exchanging resin can be used for preconcentration of elements which 
form anionic complexes. Rhenium (as perrhenate ion) in sea-water,% and molyb- 
denum and manganese present in solution as the molybdate and permanganate 
ions2’ have been determined by this method after elution from the column. Chromate 
ion in the ppM range in water28 and mercury present in urine2e have also been pre- 
concentrated on anion-exchanging resin. In both cases the resin was irradiated 
directly without elution. 

Similarly ion-exchanging membranes have been used as a preconcentration 
matrix for cations in aqueous solutions. 30-s2 The procedure is to stir pieces of mem- 
brane in the solution, allowing sufficient time to reach equilibrium or to obtain 
sufficient metal concentration in the membrane for analysis. The membranes are 
then dried and irradiated. Green et aI.= were able to determine ppM quantities of 
gold by using paper loaded with 50 % Ionac SRXL resin (a resin specific for gold and 
the platinum group metals). 

Paper chromatography 

The technique of paper chromatography has also been widely used as a means of 
preconcentration. It offers an advantage in that the paper chromatogram containing 
the isolated species can itself be irradiated without further preparatory steps. This 
method has been notably successful in determining organic and biologically-related 
compounds. 

While first row elements, such as hydrogen, carbon, oxygen, or nitrogen are not 
suitable for NAA, many of the organic and biologically related compounds contain 
elements such as sulphur, phosphorus, chlorine, or bromine that can be activated, 
and therefore be determined by NAA. 

By this method phospholipids have been determined in human blood serum and 
spermatozoa, 34 in liver bile,% and in liver biopsy specimens and plasma.% Phospho- 
lipids have also been separated on paper and determined by NAA after extraction 
from cerebrospinal fluid and concentration on a silic acid column.37 Strickland and 
BensonS were able to determine phosphatides after extracting them from cell fractions, 
converting them into phosphate diesters and separating them on paper. Phosphoryl 
peptides in protein3* and mono- and oligonucleotides in calf thymus DNA and 
MSZRNA have been determined after electrophoretic paper chromatography 
separation. 4o The purity of phosphate nutrient solutions for botanical use have even 
been determined with use of a paper chromato~aphy precon~ntration step.4” 
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Schmeiser and Jerchel*2~p3 have determined biologically-related compounds 
containing sulphur, chlorine, bromine and phosphorus. Skinner et aLa have deter- 
mined chlorine- and bromine-containing drugs after separation and preconcentration 
by paper chromatography. Iodostyrine45 and other iodo-compounds46 in blood 
serum have been separated and determined. Certain organobromine compounds 
have been found in deproteinized spinal fluid. a7 Bromine analogues of DDT have also 
been separated for analysis. 48*4g Iodine and iodine compounds,50 including isomers 
of di-iodobenzoles,61 have been separated from aqueous solutions and determined by 
NAA. 

If the compound to be determined does not contain an element suitable for 
activation, derivatives can be prepared which will contain a suitable nuelide, Steim 
and Benso@ prepared bromine derivatives of amino-acids, carboxylic acids, keto- 
acids and sugars for paper chromatographic separation and irradiation, Unsaturated 
fatty acids in the form of mercury complexes have also been separated and determined 
by these authors.52 

Metal ions and metal-containing compounds have also been isolated for analysis 
by paper chromatography. Cobalt and vanadium were determined on paper chro- 
matograms after tissue samples were ashed, dissolved and chromatographed before 
NAA.34 After homogenization and deproteinization of serum, muscle and liver 
tissue, selenomethionine was separated from other components and determined.” 
Sodium, uranium and the la~thanide elements have been separated by ascending 
paper chromatography on Wha~an No. 1 fiber paper with mixtures of alcohol and 
nitric acid to develop the chromatogram. w,55 The chromatogram strips were irradi- 
ated for anaIysis. 

ZimP and magnesi~s?,5* present in aqueous solutions were determined by NAA 
after chromato~aphi~ preconcentration. These metal ions were extracted from 
aqueous solutions into chloroform by complexation with 5,7-dibromo&hydroxy- 
quinoline, The metal complexes were separated from excess of chelating agent by 
paper chromatography. Though zinc could be determined from the activity of the 
6SZn produced on irradiation, magnesium, having a low abundance of the isotope 
that can be activated and a low thermal neutron cross-section (a6Mg = 11x, 
(r = 0.03 barn),68 could not be determined from “Mg. This di~culty was obviated 
by determining the activity of s2Br produced (*lBr = 50 %, o = 3-O barn)6s when the 
magnesium complex was irradiated and hence indirectly the amount of magnesium 
present. 

Other chromatographic methods of preconcentration have also been applied to 
NAA. Column chromatography has been used to separate chlorine- and bromine- 
containing drugs? and to collect phospholipids extracted from cerebrospinal fluid.37 
Thin-layer chromatography has been used to separate mercurous and mercuric ions 
from other cations.60 Following this, a section of the substrate containing these 
mercury species was taken for NAA. 

Protein-bound elements have been separated from other materials present in 
blood serum by gel permeation chromatography= Fritze and Robertso@ have 
determined a large number of protein-bound metals by freeze-drying the protein 
fraction of the eluate, irradiating and then either determining the activity directly or 
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after a radiochemical separation. Protein-bound coppef12 and iodines3 have also 
been preconcentrated for NAA by using gel permeation chromatography. 

EXTRACTION METHODS 

Solvent extraction has often been used as a means of preconcentration. Vanadium 
in blood samples e4*65 has been determined by extracting with S-hydroquinoline, 
evaporating the solvent and irradiating the residue for analysis. Thenoyltrifluoro- 
acetone has been used to extract calcium, copper, magnesium and manganese from 
serum*6 into a tetrahydrofuran/benzene solution. NAA of these metals was per- 
formed after re-extracting the metals into a small volume of nitric acid and irradi- 
ating. Selenium in biological mate~als~’ was isolated for analysis by 5rst drying the 
sample and then oxidizing it with nitric acid and hydrogen peroxide and finally 
extracting the selenium with 8-mer~aptoquinoline. 

The use of solvent extraction in conjunction with other techniques for pre- 
concentration has also been cited in the literature. As an initial step, before further 
fractionation, solvent extraction has been used to separate phospholipids from cerebro- 
spinal fluid3’ and phosphatides from cell functions.3* A determination of seleno- 
cystathionine in nuts20 was obtained after an initial extraction followed by fraction- 
ation on an ion-exchange resin and irradiation. 

Solvent extraction has proved to be useful in isolating metals from sea-water or 
aqueous solutions after chelation of the metal. Using sea-water samples, extractions 
have been made of copper, manganese and zinc with diethyldithio~arbamate into 
chloroform,es~~g uranium with tri-n-o~tylphosphine oxide into cyclohexane70 and 
vanadium with a-~nzoino~me into benzene .‘r In each case the solvent was evapo- 
rated and the residue irradiated for analysis. Zinc? and magnesiums7*s8 were extracted 
from aqueous solutions into chloroform as the 5,7-dibromo-8-hydroxyquinolinates 
and separated from excess of chelating agent and solvent by paper chromatography 
before irradiation. In a similar application, a mercury dithizone complex was ex- 
tracted into chloroform and the solution evaporated on plastic film which was 
irradiated directly. 72 This method appears to have the added advantage of preventing 
mercury volatilization losses since mercury tends to react with unsaturated bonds in 
the plastic film.” 

Extraction methods can also be employed to remove impurities or interfering 
nuclides before determination. Uranium, for example, has been removed from 
solutions by complexing with tributyl phosphate and extracting. This allowed trace 
amounts of copper, cobalt and manganese in the original solution to be determined.74 

PRECIPITATION METHODS 

Both precipitation and co-precipitation have been used to remove trace elements 
from bulk solution. When irradiating a precipitate directly, it is necessary that neither 
the precipitating agent nor the co-precipitant contain nuclides with an activity which 
would interfere in the determination. A common procedure to circumvent this 
problem is the separation of the element of interest from the precipitate and its 
conversion into a form more suitable for analysis. 

Rona et aLT6 coprecipitated manganese and zinc from sea-water with hydrous 
ferric oxide. After dissolution of the separated precipitate with hydrochloric acid, 
iron as the trichloride was removed from the solution by extracting with isopropyl 
ether. The aqueous phase was evaporated to dryness and the residue then irradiated 



168 J. M. RO~XHAFER, R. J. BOCZKOWSKI and H. B. MARK, JR. 

and analysed. A similar procedure has been employed in the determination of 
ruthenium in sea-water.76 After precipitation and extraction of the iron from the 
dissolved precipitate as described above, the hydrochloric acid solution is evaporated. 
The residue is redissolved in a potassium permanganate-sulphuric acid solution and 
from it ruthenium oxide is distilled into hydrochloric acid for subsequent irradiation 
and determination. The lanthanide elements have also been co-precipitated with 
hydrous ferric oxide. “-*O After dissolution of the precipitate in hydrochloric acid 
and extraction of the iron, uranium and thorium are removed by anion-exchange and 
the eluate is evaporated for irradiation. 

In a few instances it has been possible to irradiate the ferric hydroxide precipitates 
directly in order to determine co-precipitated metals without removal of the iron. 
This method has been applied to determine tantalum in sea-water,sl thorium in 
mineral springs and Japanese coastal waters,s2 and indium in rain water.s3 

Calcium oxalate has been employed as a co-precipitant and used to precipitate 
barium and strontium from urine,e4 strontium from sea-water,*6 and several rare- 
earth elements from hot spring water. 86 After separation and drying, the precipitate 
was irradiated directly. 

A number of instances have been reported of precipitating metal ions with an 
appropriate anion of a soluble salt. Cobalt, zinc and uranium in sea-water have been 
precipitated in this manner with disodium phosphate.*’ The precipitate was then 
dissolved in acid and passed through cation- and anion-exchanging columns to 
separate the metals for irradiation and NAA. Thorium in urine has been determined 
by adding ammonia solution to an acidified urine sample and irradiating the resultant 
precipitate. ** By a precipitation method, uranium in milk has been determined to one 
part in 1012.sg The procedure entailed drying and ashing the milk, dissolving the 
residue in hydrochloric acid and precipitating the uranium with sodium ferrocyanide. 

An unusual determination of ls0 in water has been accomplished by converting 
the oxygen into carbon dioxide and thence into solid ammonium carbonate which is 
irradiated.n0 With suitable modification, this method could be applied to the deter- 
mination of tagged organic or biological materials in aqueous solutions. 

DRYING AND ASHING METHODS 

Perhaps the simplest methods of concentration are evaporation or freeze-drying 
of an aqueous sample and ashing of a solid sample. Evaporation and freeze-drying 
have been applied to the analyses of lake water,g1*B2 sea-water,9s*94 mineral spring 
waterg5 and Rhine river water .s6 Aluminium in reactor cooling waters7 and man- 
ganese in nitric and hydrochloric acids s* have been determined by irradiating the 
residue after evaporation. Sodium and phosphorus have been determined in cervical 
mucus which has been dried and ashed. Og Similar analyses have been reported for 
vanadium, arsenic, molybdenum, tungsten, rhenium and gold in dried marine 
organismslOO*lO1 and for gold in wine.lo2 

Simple freeze-drying has been utilized to reduce sample size and to prevent the 
radiolysis of water present in a sample. Such a procedure facilitated the deter- 
mination of selenium in eye lenses,lo3 egg yolkslM and sera and plasma,lo5 of cadmium 
in biological tissuelM and of bromine, chlorine, radium, mercury, chromium, phos- 
phorus, rubidium, iron, cobalt and zinc in blood. lo7 Freeze-drying has also been used 
as a final preconcentration step before irradiation of effluents from gel permeation61 
and ion-exchange chromatographyla as cited above. 
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The methods of drying and ashiag have certain disadvantages associated with their 
use. A sample, for example, may contain a species of interest that will volatilize 
during the drying or ashing process. A case in point is the determination of mercury 
and its compounds.s3 A recent paper, ‘s however, reported a way to circumvent this 
problem. The procedure entailed the freeze-drying of an aqueous sample in a flask 
lined with a plastic film. The film itself was a convenient matrix for sample inadi- 
ation and good recovery of the mercury was reported as a result of the reaction of 
mercuric ion with unsaturated bonds present in the plastic film. Other problems 
associated with drying and ashing methods are cited in a paper describing the deter- 
mination of several elements in sea-water. g3 Poor results were attributed to a com- 
bination of adsorption on storage container walls, interference from sodium and 
chloride g~a-spec~a, and too rapid decay of short-lived n&ides. 

ELECTROCHEMICAL METHODS 

Electra-deposition is a very convenient way to concentrate trace metals for 
analysis. It offers the advantage of yielding a chemically and physically inert sample 
on a relatively small surface area that is suitable for analysis. Lux108~10Q initiated the 
idea of electrochemical preconcentration by the electrodeposition of silver on a 
rotating platinum disc electrode from a solution which also contained large amounts 
of cadmium, The deposited silver was irradiated and dissolved in aqua regiu and a 
gamma-spectrum of the solution was taken. Direct counting of the silver film on the 
platinum electrode was not feasible, owing to the high background activity of the 
platinum itself. A relatively high background activity was also noted for the dissolved 
sample, owing to dissolution of some of the active platinum. 

The problems associated with the use of a platinum substrate in NAA can be 
eliminated by choosing an electrode material that will not give rise to large interfering 
activity on irradiation. Such an approach was taken by Sion et aL8@ who determined 
mercury in aqueous solutions by electro-depositing it on aluminium wire. Since 
aluminium has a very short half-life, the electrode and deposited film could be 
irradiated directly and after approximately 30 min the mercury activity could be 
counted without background interference. 

Pyrolytic graphite has also been used as an electrode material. Since pyrolytic 
graphite is totally carbon, it is not activated to yield a gala-e~tting isotope,5s 
and since it can be obtained in a very pure form, 110 this substrate produces a very low 
background activity without any post-i~adiation waiting period. Thus, counting can 
begin immediately after irradiation and even short-lived nuclides can be determined 
on this substrate. Several accounts of the application of this material to NAA have 
been published.s*30-32J11-116 

MISCELLANEOUS METHODS 

Other preconcentration techniques have also been reported. Sion et aL20 have 
amalgamated mercury present in aqueous solutions on aluminium powder by stirring 
the powder in contact with the solution for several hours. After equilibrium has been 
achieved, the powder is filtered, dried and irradiated. After a brief waiting period, 
the activity of the aluminium declines and the mercury activity can be counted. 

Total blood iodine116 and protein bound iodine in serum12 have been determined 
by NAA after oxidation of the sample and distillation from phosphoric acid solutions. 
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In biological materials the greatest potential interference for the NAA deter- 
mination of trace metals is the presence of large amounts of sodium, potassium, 
chloride and bromide ions in the sample. These ions can be removed to an appreciable 
extent by dialysis of the sample. While heavy metals are usually complexed in bio- 
logical materials, the uncomplexed interfering ions diffuse through the dialysis 
membrane, leaving the organically-bound heavy metals in the sample, which can then 
be irradiated. This technique has been used in the determination of manganese and 
copper in blood serum and cerebrospinal fluid,ll’ protein-bound selenium in blood,lr* 
and brominated protein in serum .l19 Human serum has been dialysed before ion- 
exchange separation and irradiation for the determination of free thyroxine.14 

Zusammenfassuag-Es wird eine Ubersicht iiber die Methoden gegeben, 
die zur Anreicherung von Spurenelementen in Proben fur die 
Neutronenaktivierungsanalyse vorgeschlagen wurden. Der Nachdruck 
liegt auf der Klassifizierung der Methoden; praktische Beispiele 
dienen zur Illustration. 

R&m~n presente une revue des methodes qui ont ete propos&s 
pour l’enrichissement d’elements 11 l’etat de traces dans des echantil- 
ions qui doivent 6tre analyses par les methodes par activation de 
neutrons. On insiste sur laclassification des methodes, avec illustrations 
completes au moyen d’exemples pratiques. 
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SPEKTRALCHEMISCHE ANALYSENMETHODEN UNTER 
BENUTZUNG DER DREIPHASENSYSTEME DER 

EXTRAKTION 

A. I. BUSEV. W. P. SHIWOPISZEW. B. I. PETROW und J. A. MACHNJZW 
Moskauer und Permer Universit&n, USSR. 

(Eingegangerz am 16. April 197 1. Angenommen am 13. September 1971) 

~~~fa~g-Es wird em neues Kon~nt~e~~ve~ahren 
fiir Eiemente vor deren S~ktr~~al~e vorgeschlagen. Das Verfahren 
verkiirzt wesentlich die ~aly~ndauer und erhijht die Emp~ndlichkeit 
und Genauigkeit der ~ti~ungen. Dem neuen Verfahmn liegt die 
Eigenschaft des Diantipyrylmethans als Extraktionsmittel zugrunde, 
eine Entmischung des organischen Liisungsmittels in zwei Phasen 
wiihrend der Extraktion zu bewirken. In einer der Phasen, der 
sogeuannten “d&ten Phase”, werden die zu extrahierenden Elemente 
bis auf 95-98 % konzentriert. Das kleine Volumen der “dritten Phase” 
gestattet es, diese sofort auf die Elektroden zu bringen und dadurch 
solche langwierigen Gperationen wie Verdampfung, Veraschen der 
Extrakte und Aufftillen der Elektroden vor der Spektralbestimmung 
zu vermeiden. Es sind spektralchemische Aualysenmethoden mit 
genugender SeIektivitat und Empfindlichkeit fur die Bestimmung von 
Hg, SC, Sn, Cd, Bi, Zr, Hf ausgearbeitet worden (Nachweisgrenze O,S-3 
@. Es wurde gezeigt, wie aussichtsreich das besagte Verfahren fur die 
Ko~t~e~g von Mikromengen der Be~i~h~~lemente bei der 
Analyse von Reinststoffen ist. 

EINE ~ijm~ EIV~PFWDLICHKEIT der Methoden der Spektralanalyse wird vor allem 
durch die Ausarbeitung von spektralchemischen Analysenmethoden erreicht, die die 
geringen Gehalte an Beimischungen von den Hauptbestandteilen durch Extraktion, 
Abscheidung auf einem Kollektor, Destillation u.a. abtrennen. Auf diese Weise wird 
der Gehalt der Beimischungselemente in den Konzentraten urn einige Ordnungen 
erhbht. 

Chemische Spektralanalysenmethoden besitzen aber einige Nachteile. Vor der 
Spektralanalyse wird das Konzentrat, LB. das Extrakt, einer langwierigen Behand- 
lung unterworfen, die aus Verdampfung, Veraschung, Verd~~ung mit Graphit und 
A~llung der Elektroden besteht. 

Eine wesentliche Verei~achung und Beschleuni~ng der Analyse, eine hlihere 
Genauigkeit und Empfindlic~eit der spektralanalytischen Bestimmungen wird durch 
Konzentrieren der Elemente mit Hilfe der Dreiphasensysteme der Extraktion 
ermoglicht.” 

Solche VorgHnge wie die Entmischung der organischen Schicht und die Bildung 
von drei Phasen (zwei organische und eine wlsserige) wurden bei der Extraktion der 
Elemente durch Diantipyrylmethan (DAM) und seine Homologen beobachtet. 
In einer der organischen Phasen, der sogenannten “d&ten Phase,” deren Volumen 
kaum einige Tropfen betrlgt, werden die extraktionsfahigen Elemente praktisch 
vollstandig (bis auf 95-98 %) konzentriert. Ft.2 das Elementkonzentrat als dritte 
Phase sind keine lan~e~gen Operationen wie Trocknung und Veraschung notig. 
Es kann un~ttelbar auf die Elektroden gebracht werden. Dadurch wird die 
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Analysendauer wesentlich (2 bis 3 mal) verktirzt und die Genauigkeit sowie die Re- 
produzierbarkeit der Resultate erhijht. 

Gegenwlirtig wird DAM bereits fur die Trennung und Bestimmung von tiber 30 
Elementen des Period&hen Systems benutzt .s5 Trotz seiner allgemeinen An- 
wendbarkeit sind mit seiner Hilfe einige hoch selektive Verfahren fur die Trennung der 
Elemente ausgearbeitet worden. So lassen sich damit, z.B., Zn-Cd, Sc-Seltene 
Erden, Se-Te, Sb-Bi, Co-N& Ga-In sehr leicht voneinander trennen. 

Dieses Verfahren ermijglicht in der Spektralanalyse eine leichte und rasche 
Konzentrierung eines oder mehrerer der in Spuren vorhandenen Elemente, wenn als 
Hauptbestandteil ein analoges oder beliebig andere Elemente vorhanden sind, die 
unter den gegebenen Analysenbedingungen nicht mit dem DAM reagieren. 

In manchen Fallen gestattet das DAM, grol3e Gruppen von Elementen gleich- 
zeitig zu konzentrieren, was sehr bequem ist, wenn Reinststoffe auf fremde Zusatze ge- 
priift werden mtissen. So lassen sich aus sauren LGsungen in Gegenwart von Rhoda&d 
ionen tiber 20 Elemente (Fe, Cu, Co, Zn, MO, W, Sn, Ti, Zr, Hf, Th, U, Ge, Sb, 
Bi, Ga, In, Hg, Nb, Se u.a.) gleichzeitig ausscheiden. Wenn also nur das Rhodanid- 
system verwendet wird, kann man bereits die ganze Summe der genannten Elemente 
aus den zu priifenden Objekten ausscheiden, die als Hauptbestandteile Magnesium, 
Aluminium, Chrom und andere Elemente anthalten, die sich mit DAM nicht extra- 
hieren lassen. 

In der vorliegenden Ubersicht sind die Ergebnisse der unter Anwendung ver- 
schiedener Extraktionssysteme durchgefiihrten Bestimmungen der Elemente angege- 
ben. Diese Beispiele zeigen, Welch groBe Aussichten sich bei der Anwendung der 
Dreiphasensysteme fur Konzentrierung und nachfolgende spektralanalytische 
Bestimmung geringer Mengen der Elemente ergeben. Besonders aussichtsreich sind 
diese Systeme bei der Analyse von Reinststoffen und Halbleitern. 

RHODANIDSYSTEM 

Bestimmung von Quecksilber, Scandium und Zinn 

Die GesetzmaBigkeiten der Extraktion von in Komplexen gebundenen Elementen 
mit Hilfe von DAM in dem Rhodanidsystem ist ausfiihrlich beschrieben.6-s Nach ihrer 
Fahigkeit, extrahiert zu werden, sind die Elemente in eine bestimmte Reihenfolge, 
der “Rhodanidreihe,” (d.H. nach der Abnahme deren Extrahierbarkeit) angeordnet, 
und zwar: Sn > Zn > Co > MO > W > Ga > Fe > In > (Hf, Zr, Th, Ti, Hg, U, 
Sb, Bi) > SC > V > Cd > Mn > Be. In Klammern sind jene Elemente angegeben, 
deren gegenseitige Einordnung einige Schwierigkeiten bereitet, wegen eines starken 
und dabei nicht einheitlichen Einllusses der Rhodanidionenkonzentration, sowie der 
gewahlten Arbeitsbedingungen auf die Vollstandigkeit der Extraktion der Elemente. 

Der Ubergang von einem Zwei-Phasensystem zu einem System mit drei fltissigen 
Phasen wird miihelos erreicht, wenn das organische L6sungsmittel Chloroform durch 
ein Gemisch von Chloroform mit einem unpolaren Liisungsmittel wie Benz01 ersetzt 
wird. Bei der Bildung solcher Systeme werden gtingstige Voraussetzungen fur die 
Extraktion der Elemente geschaffen. In der dritten Phase, die zu 40% aus dem 
Rhodanidsalz des Reagenzes besteht, ist eine hohe Konzentration zweier Komponenten 
vorhanden, die ftir die Komplexbildung sowie ftir die Extraktion unentbehrlich 
sind : diese Phase enthalt einerseits Rhodanidionen, die fur die Bildung von 
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Thiocyanato-metallanionen erforderlich sind, zum anderen hochmolekulare Ionen des 
Reagenzes, die mit diesen Anionen eine Reaktion eingehen. 

Die Untersuchung der Dreiphasensysteme hat folgendes ergeben: obwohl die 
allgemeinen Gesetzm83igkeiten der Extraktionsprozesse hier dieselben wie in den 
Zweiphasensystemen bleiben, treten jedoch einige interessante Eigenheiten auf. Dies 
hsngt wahrscheinlich damit zusammen, daB in den Zweiphasensystemen die Konzen- 
tration der reagierenden Komponenten bedeutend geringer ist, als in den Drei- 
Phasensystemen. 

Es ist vor allem notwendig zu betonen, da13 die Zahl der extrahierbaren Elemente 
immer gr813er wird. Es ist bereits mbglich, solche Elemente in die organischen 
Phasen iiberzufiihren, fiir die die Bildung von Rhodanidkomplexe gar nicht spezifisch 
ist. Zu solchen Elementen gehiiren Beryllium, Aluminium, Nickel, Yttrium, 
Lanthanum und andere seltene Erden. 

Als zweite Eigenart der Dreiphasensysteme ist eine ausgesprochen enge Bezie- 
hung zwischen der VollstZindigkeit der Extraktion der Elemente und der AciditSit 
des Mediums zu nennen. Elemente wie Aluminium, Yttrium, Lanthanum sind zwar 
aus den schwach-sauren Medien extrahierbar, es geniigt aber, den SBuregehalt auf 
2-3iV zu steigern, urn die Extraktion praktisch auf Null zu bringen. Dieses besondere 
Verhalten der Dreiphasensysteme 1sBt neue abgegnderte Verfahren zur Trennung 
der Elemente mittels Extraktion entstehen. 

Urn die Extraktion geringer Mengen, sowie Spuren von Elementen besser zu 
erforschen, wurde radioaktives Kobaltisotop verwendet. Die Untersuchungen haben 
ergeben, da13 das Extraktionsprozent in der dritten Phase zusammen mit der zweiten 
Phase, wo such geringe Mengen Kobalt extrahiert werden, insgesamt mehr als 99 % 
betrggt. So hat man sogar bei der unter ziemlich extremen Bedingungen verlaufenden 
Extraktion-es wurde 1 ,ug 6oCo einem Liter 200 g Nickelchlorid enthaltender Liisung 
zugesetzt-in der wZiBrigen Phase nur 0,001 ,ug 6oCo nachgewiesen. 

Das Dreiphasen-Rhodanidsystem wurde zur Ausarbeitung eines hochempfind- 
lichen Verfahrens fi.ir die Bestimmung geringer Mengen von Quecksilber, Scandium 
und Zinn verwendet. 

Auf der Grundlage des Studiums der Bildungsbedingungen der drei fliissigen 
Phasen im Rhodanid-Extraktionssystem, der Verteilung des Quecksilbers, Scandiums 
und Zinns zwischen den Phasen in AbhFingigkeit vom SSiuregehalt des Mediums, der 
Konzentration der Rhodanidionen und der Zusammensetzung des organischen 
Lasungsmittels werden fiir das Konzentrieren von ,ug-Mengen dieser Elemente als 
Extraktionsmittel eine L%ung des DAM in einem Benzol-Chloroformgemisch 
(Volumenverh%ltnis 7: 3) und als Vergleichselement Kobalt empfohlen. Das Kobalt 
wird dabei gemeinsam mit dem Quecksilber, Scandium und Zinn aus einer an Salz- 
oder Schwefels%ure l-2N LSsung, die 4-5x Ammoniumrhodanid enthglt, voll- 
stgndig extrahiert. 

Ausfiihrung der Analyse 

Die 2-50 ,ug Hg, SC oder Sn enthaltende Einwaage wird in Salz oder Schwefelslure gel&t. Die 
LBsung wird quantitativ in einen Scheidetrichter gebracht und eine Standardlijsung von Kobalt als 
Vergleichselement (10 pg) zugegeben; danach werden Salz oder Schwefels%ure und eine SO%-ige 
Ammoniumrhodanidlijsung zugesetzt, bis die wlBrige Phase bei einem Gesamtvohunen von 20-30 
ml l-2N an Slure und 5 %-ig an Ammoniumrhodanid ist. Dann gibt man 15 ml Extraktionsreagenz 
(eine Liisung von 0,5 g DAM im 7: 3 v/v Benzol-Chloroformgemisch) hinzu. Die nach dem Schiit- 
teln und Absetzenlassen gebildete dritte Phase wird auf die Stimfllchen von 10 Kohlenelektroden 
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gebracht. Die Elektroden werden an der Luft leicht getrocknet und die Spektren photografiert. Die 
optimalen Bedingungen fiir die Aufnahme der Spektren aller zu bestimmenden Elemente werden 
entsprechend den experimentellen Bedingungen ausgewahlt und sind nach der Beschreibung der 
Methodik fiir die Abscheidung der Elemente mittels Extraktion angegeben. 

Quecksilber, Scandium und Zinn lassen sich in verschiedenen Untersuchungsobjekten bestimmen, 
deren Hauptbestandteile Erdalkalien und Seltene Erden, Aluminium, Chrom(III), Nickel u.a. 
bilden. Von besonderem Wert ist die Moglichkeit, Scandium in Seltenen Erden zu bestimmen. 

JODIDSYSTEM 

Bestimmung von Kadmium und Wismut 

Die Gruppe der im Jodidsystem extrahierbaren Elemente ist etwas anders als die 
der im Rhodanidsystem extrahierbaren; dies ermiiglicht die Ausarbeitung neuer, 
abgelinderter Extraktionsverfahren fur die Trenmmg der Elemente. So lassen sich 
bei der iiblichen Analyse die Elemente Ga-In, So-Y, Zn-Cd u.a. leicht voneinander 
trennen. 

Es wird beispielsweise ein Verfahren zur Bestimmung von Mikromengen von 
Kadmium und Wismut angegeben.g 

Urn die optimalen Bedingungen ftir die Abscheidung von Kadmium und Wismut 
in dem Dreiphasensystem der Extraktion auszuarbeiten, wurde der EinfluB der 
Aziditat des Mediums, Konzentration der Jodid-Ionen, Volumenverh%ltnis der 
wtirigen zur organ&hen Phase, Zusammensetzung des organischen Lijsungsmittels, 
Reagenzmenge u.a. untersucht. 

Es wurde festgestellt, daB die Extraktion aus den schwefelsauren Losungen 
vorgenommen werden muB; dabei darf die Konzentration der Schwefel&ure nicht 
unter 0,5N sinken. Das L~sungsmittel stellt ein Benzol~hlorofo~gemisch dar 
~olumenverh~ltnis 7:3). Als Vergleichselement ist Quecksilber vorgeschlagen, das 
sich aus einer O,SN-schwefelsauren Lbsung zusammen mit Kadmium und Wismut 
extrahieren Iii&. Zwecks vollstandiger Extraktion verwendet man 0,5 g DAM. Das 
Volumen der “dritten Phase” wird nach dem Reagenzgehalt ermittelt, wobei 
immer dieselbe Menge DAM eingesetzt wird, urn ein konstantes Volumen der Phase 
zu erhalten. 

Filr die Analyse wird eine Z-100 pg Cd oder Bi enthaltende Einwaage (0,5-1,O g) in Schwefelsllure 
gel&t, Die Losung wird quantitativ in einen Scheidetrichter gegeben, eine Standardlosung von 
Quecksilber (44 ,eg) und Schwefelsiure hinzugesetzt, wobei die Konzentration der letzteren bei dem 
Gesamtvolumen der wa&igen Phase von 20-30 ml nicht unter 0,5N sinken darf. Es wird Kalium- 
jodid hinzugegeben, damit dessen Konzentration in der L&sung 5-6x betrlgt, darauf werden 0.1 g 
Ascorbins&rre und 15 ml Losung von 0,5 g DAM in 7:3 v/v ~nzol-Chlorofo~~mis~h hinzuge- 
ftigt, Man schtittelt mindestens 15 min (bei k&zerer Schiitteldauer ist die Extraktion der Elemente 
unvollst~ndig), Iirrjt die En~chung der Phasen zustandekommen und bringt die “dritte Phase” 
tropfenweise auf die Kohlenelektroden. 

Die Bestimmung von Kadmium und Wismut wird nicht durch Fe, Mn, Al, Mg, Cr, Ni, Be, Ga, 
La, Ce und andere Seltene Erden gestort. 

NITRATSYSTEM 

Bestimmung von Zirkonium und Hafnium 

Aus den nitrathaltigen Medien kann durch DAM nur eine beschrfnkte Gruppe 
von Elementen (Zr, Hf, SC, U, Bi, Hg) extrahiert werden.lO Dies veranlaBt zur 
Ausarbeitung einer Reihe von hochselektiven Analysenmethoden.11912 Es mul3 
betont werden, da13 es in manchen Fallen sogar im Rahmen eines einzigen Extrak- 
tionsystemes gelingt, zu&zliche Trennungen durch Regulieren der Ronzentration 
der Salpetersaure zu verwirklichen. So fiihrt die Steigerung der Konzentration von 
Salpetersiiure in der w&igen Phase auf 6N zu einem praktisch vollst%ndigen 
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Ubergang von Zirkonium und Hafnium in die Schicht des organischen LGsungs- 
mittels, bei Scandium dagegen zur Einstellung der Extraktion. 

Urn die optimalen Bedingungen ftir die Abscheidung von Zirkonium und Hafnium 
in dem Dreiphasen-Extraktionssystem auszuarbeiten, wurde der EmfluB der Aciditat 
des Mediums, des Volumenverhlltnisses der w&igen und der organischen Phasen, 
die Zusammensetzung des Losungsmittels und die Reagenzmenge untersucht.13 

Eine miiglichst vollstandige Konzentrierung der Elemente in der “dritten Phase” 
findet statt, wenn als organisches Liisungsmittel ein Benzol-Chloroformgemisch im 
Volumenverhaltnis 7: 3 verwendet wird. Die Extraktion mu13 aus Lijsungen, die 
mindestens 6N an Salpeterslure sind, vorgenommen werden. Die Anwesenheit von 
Chloriden und Sulfaten ist unerwiinscht, weil durch Chloridionen die Zahl der extra- 
hierbaren Elemente grijher wird, die Gegenwart von Sulfaten aber zur Maskierung 
von Zirkonium und Hafnium, sowie des Vergleichselements Thorium fiihrt. Letzte- 
res la.& sich mit den zu bestimmenden Elementen abscheiden und mu13 der zu analysi- 
erenden LSsung unmittelbar vor der Extraktion zugesetzt werden. 

Die zu analysierende 5-300 rg Zr oder 9-600 pg Hf enthaltende Liisung wird in einen Scheidet- 
richter gegeben, dann 2 ml 5 x lo-’ M LGsung von Thoriumnitrat (264 pg Th) und Salpeters%ure 
hinzugefiigt, bis die Aziditat 6Nist, wobei sas Gesamtvolumen der wlarigen Phase 15-30 ml betriigt; 
darauf werden 10 ml 4%-iger Liisung von DAM im organischen L&ungsmittel zugesetzt. Man 
schiittelt den Inhalt des Trichters 20-25 min, Iii& die Entmischtmg der Phasen zustandekommen 
und bringt dann die “dritte Phase” auf die Elektroden. Uber die SelektivitPt des Verfahrens kann 
man an Hand der Tabelle I urteilen. 

SPEKTRALANALYTISCHE BESTIMMUNG DER ELEMENTE 

Die Elementenkonzentrate als “dritte Phase” wurden nach dem Auftragen auf 
die Elektroden und Trocknung an der Luft der Spektralanalyse unterworfen. Als 
Lichtquelle diente der Funke, weil in dieser Lichtquelle der Effekt der gegenseitigen 
Beeinflussung der Elemente minimal ist. 14,15 Wesentlich fiir die Funkquelle ist nur 
die Molekularform, in der das Element in den zu analysierenden Untersuchungs- 
objekten vorliegt. Bei der Extraktion mittels DAM entstehen strukturell gleichartige 
Elementkomplexe, so da13 es mijglich wird, durch kombinierte Ausnutzung des 
Funkens und der DAM-Extraktion, den nicht unbedeutenden EintluB der Mole- 
kularform der Verbindungen auf die Genauigkeit der Analysenergebnisse zu beheben. 
Eine griil3ere Genauigkeit und hiihere Empfindlichkeit der empfohlenen Methoden 
wird such bei dem Auftragen der “dritten Phase” auf mehrere Elektroden (10-12) 
und deren nachfolgendem Photographieren auf dasselbe Spektrum erreicht (je 10 

TABELLE I.--cHARAKTERIsTIK DER SPEKTRALCHEMISCHEN VERFAHREN FCR DIB BESTIMMUNO DER 
EL~~~UNTERAWENDUNG DERDREIPHASENSYSTEME 

Das zu bestimmende Absolute Empfind- Standard- 
Extraktions system Element Matrix lichkeit , rg abweichung, % 

1. Rhodanid Hg Be, Mg, Al 290 11,2 
system SC La, Ni, Cr 290 990 

Sn 48 590 
2. Jodid Cd Fe, Cr, Co 1-3 13,0 

system Bi Ni, Mn, Al, 14,0 
Zn, Ga 

3. Nitrat Zr Sc, Y, La, Ce 590 596 
system Hf Al, Be, Mg In 930 734 

Ga, Cu, Zn, Cd 
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bei der Bestimmung von Hg, SC, Sn, Cd oder Bi und je 12 fiir Zr und Hf). Die 
Spektren wurden mit dem Spektrografen ISP-28 photographiert; die Spaltbreite 
betrug, 0,Ol mm; der analytische Abstand, 3 mm; Belichtungsdauer, 20 set (15 
set bei der Bestimmung von Hg, SC, Sn). Anregungsquelle: Generator IG-3, ein- 
faches Schema, V = 200 V, I = 2,6 A (und 3,0 A bei der Bestimmung von Queck- 
silber, Scandium und Zinn) C = 0,02 pF, L = 0,15 mH. 

Fur die Aufnahme der Eichkurven werden bekannte Mengen der Elemente extra- 
hiert. Die Berechnung des Durchschnittwertes wird auf Grund von 10-15 Spektren 
durchgeftihrt. Urn verschiedene Einwaagen je nach dem Gehalt der Elemente in den 
Proben ausnutzen zu konnen, werden die Eichkurven anhand folgender Koordinaten 
zusammengestellt: die Differenz zwischen der Schwarzung des zu bestimmenden 
Elementes und des Vergleichselementes, und Logarithmus der absoluten Menge des 
zu bestimmenden Elementes in Mikrogramm. Als analytische Paare gelten folgende 
Linien: 

Das zu bestimmende 
Element Vergleichselement 

Hg 253,65 nm 
SC 255,23 nm Co 241,16 nm 
Sn 283,99 nm 

1 Cd Bi 226,50 293,83 nm nm Hg 253,65 nm 

Zr 267,86 nm 
Hf 263,87 nm Th 287,04 nm 

Urn klarzustellen, ob es miiglich ist, Elemente in verschiedenen Untersuchungs- 
objekten zu bestimmen, wurden bei der Bildung der Eichkurven ftir die Bestimmung 
von Kadmium und Wismut als Grundlage Zink, Chrom, Mangan, Eisen, Kobalt und 
Nickel genommen; fur die Bestimmung von Zirkonium, Hafnium, u.a. werden 
Scandium, Yttrium, Lanthan, Cer, Aluminium, Beryllium, Magnesium als Grundlage 
genommen. Meistenteils ist der Einfluh der Grundlage unbedeutend und fur die 
Bestimmung von Hg, SC, Sn, Cd, Bi, Zr und Hf kann man einheitliche Eichkurven 
benutzen, die nach synthetischen Etalons gebildet sind. 

Die Methoden sind hochempfindlich und liefern gut reproduzierbare Resultate 
(Tabelle I). 

Summary-A new method for concentrating elements before their 
determination by spectrography is described, which achieves 
considerable saving in time and improvement in sensitivity and 
accuracy. The method depends on the separation of a mixed organic 
solvent into two phases when diantipyrylmethane is present as 
extracting reagent. In one of the phases-the so-called “third phase”- 
the extracted elements are concentrated in 95-98% yield. The smali 
volume of the third phase permits it to be transferred quantitatively 
directly to the electrode and so to dispense with time-consuming 
evaporation and ashing procedures before the spectrographic 
determination. Spectrochemical methods with adequate selectivity 
and sensitivity for the determination of Hg, SC, Sn, Cd, Bi, Zr and Hf 
have been developed. The new procedure is shown to be very 
promising for the concentration of traces and the analysis of high-purity 
materials. 
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R&m&-On decrit tme nouvelle methode de concentration des 
elements avant leur determination par spectrographic, qui m&e a un 
gain de temps considerable et ii rme amelioration de la sensibilite et de 
la precision. La methode repose sur la separation dun solvant 
organique mixte en deux phases lorsque le diantipyrylmethane est 
present en tant que reactif d’extraction. Dans l’une des phases- 
dCnommQ “troisieme phase”-le selements extraits sont concentres 
avec un rendement de 95-98 %. Le petit volume de la troisieme phase 
lui permet d’etre transferee quantitativement directement a l’electrode 
et d’eviter ainsi les longues techniques d’evaporation et d’incineration 
avant le dosage spectrographique. On a blabore des methodes 
spectrochimiques de selectivite et sensibilite convenables pour le 
dosage de Hg, SC, Sn, Cd, Bi, Zr et Hf. On montre que la nouvelle 
technique est trts interessante pour la concentration de traces et 
l’analyse de produits de haute pure& 
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Summary-A number of serious interferences in the determination of 
the noble metals by atomic-absorption spectrophotometry have been 
investigated, and ways of eliminating them considered. The use of the 
nitrous oxide and acetylene flame reduced many of the interferences 
but also reduced the sensitivity. Additions of lanthanum, copper 
sulphate, copper + cadmium sulphate, uranium, and vanadium as 
releasing agents were effective in the removal of interferences for one or 
more of the noble metals in the air-acetylene flame. Uranium addi- 
tions were found to be effective in removing mutual interferences 
associated with the noble metals (osmium and iridium were not tested) 
whereas vanadium removed mutual and base-metal interferences. The 
precision and accuracy of methods of analysis based on the use of 
uranium and vanadium were acceptable, and the application of these 
methods to the analysis of noble metals collected by various procedures 
is briefly discussed. 

ATOMIC-ABSORPTION SPECTROSCOPY (AAS) was considered to be a suitable technique 
for the determination of noble metals. However, a survey of earlier studies indicated 
that the determinations were subject to many interferences, arising from the noble 
metals themselves (mutual interference) and also from other metals or non-metals. 
Some investigators have made use of releasing agents for the removal of interferences; 
others have resorted to the use of hot flames. 

Strasheim and Wessels,l using a butane-propane-air flame, found that platinum 
and rhodium were particularly subject to interferences. They were able to remove 
mutual interference with platinum by the addition of copper sulphate, but rhodium had 
to be determined by the standard addition technique. Measurements were made on 
10 % hydrochloric acid media. Palladium and gold were not subject to serious mutual 
interference but the acidity (10 % hydrochloric acid) had to be closely controlled. Base 
metals had to be separated before the measurement of the noble metals. 

Van Loon2 determined platinum, palladium and gold in silver assay beads and 
found that addition of lanthanum (1%) removed the interferences encountered. 
Measurements were made on a 6M hydrochloric acid medium, and it was noted 
that the lanthanum had caused an enhancement in the adsorption measurement of 
the various metals. 

Schnepfe and Grimaldi,s in the determination of palladium and platinum, found 
that mutual and base-metal interferences were removed by the addition of a mixture 

of copper and cadmium sulphates. 
Scarborough4 reported that when uranium was present no interferences were 

encountered in the determination of molybdenum, ruthenium, palladium and rhodium 
and there was also an enhancement in the absorption measurement of the noble 
metals. 
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Many interferences that occur in the cooler flames can often be reduced or elimi- 
nated by the use of hotter flames. Atwell and Hebert found that many of the inter- 
ferences encountered with the air-acetylene flame when rhodium was being determined 
were not present when the nitrous oxide-acetylene flame was used. 

Up to the present no suitable methods whereby all the noble metals can be deter- 
mined in one solution have been reported. It was therefore decided to try to determine 
as many noble metals as possible in a single solution, and this paper describes the 
investigations into the determination of platinum, palladium, rhodium, ruthenium 
and gold, the interferences encountered, and the methods used to eliminate these 
interferences. Preliminary investigations had indicated that osmium and iridium 
would not be present in the materials to be analysed at levels suitable for atomic- 
absorption measurement, so these were not included in this investigation. 

EXPERIMENTAL 
Apparatus 

Spectrometer. A Techtron AA4 spectrophotometer with a Dl-20 digital indicator or the normal 
meter indicator unit, and Varian-Techtron hollow-cathode lamps were used. The wavelengths, 
slitwidths, and operating lamp currents are shown in Table I. 

TABLE I.-INSTRUMENTALPARAMETERSFORTHETECHTRON ~A~SPECTOPHOTOMETER 

Parameter Pt Pd Rh RU Au 

Wavelength, nm* 265.9 244.8 3435 349-9 242.8 
Spectral band width, llltt 0.17 o-17 0.17 0.33 0.33 
Lamp current, mA 10 

l-75 
5 10 4 

Flow-rate, 1. m&z-’ l-75 2.25 3 1.75 

* The most sensitive lines were used. 

Flame. Most of the investigational work was carried out with the air-acetylene flame and a 
Techtron 0*10-m grooved burner. Maximum sensitivity for platinum, palladium and gold was ob- 
served when a lean tlame was used. Rhodium required a normal flame, and ruthenium a rich flame. 

In the tests where the nitrous oxide-acetylene and air-acetylene flames were compared, the 
Techtron 60-mm grooved burner was used for all measurements. To obtain maximum sensitivity, 
the procedure adopted was to set the flow-rates of the air and nitrous oxide to those indicated in 
Fig. 2 and then, while a solution was being aspirated, to adjust the acetylene flow for maximum 
sensitivity. This often resulted in a very lean flame, but care was taken not to reduce the acetylene 
flow to the point where a flash-back might occur. 

Reagents 

Standard noble metal so~u~~~~~. Stock solutions of platinum, palladium and gold were prepared 
by the dissolution of the indi~dual noble metals in aqua regia. The nitrate was removed from 
platinum and platinum solutions by repeated evaporations with hy~oc~oric acid. Gold solutions 
were not treated in this way because gold can be easily reduced with thii treatment. When nitrate-free 
gold solutions were required, they were made from “Specpure” ammonium chloroaurate 
(NH,AuCl,) dissolved in hydrochloric acid. The stock solutions of rhodium and ruthenium, and of 
osmium and iridium, when used, were made from the “Specpure” ammonium chloro-salts (previ- 
ously assayed gravimetrically, except for osmium) dissolved in hydrochloric acid. 

Uranium solution (1 ml 5 250 mg of U). Dissolve 29.5 g of pure &OS in 40 ml of nitric acid 
(1 + 1). Evaporate to dryness, dissolve in nitric acid, hydrochloric acid, or aqua regia as required, 
and dilute to 100 ml. (if solutions free from excess of nitric acid are required, evaporate several 
times with hydrochloric acid.) 

Vanadyl chloride (VOC&J sohfion (1 ml = 100 mg of V). Although this reagent can be pur- 
chased it was prepared in the Iaboratory in the following manner. To S-39 g of Va06 (analytical grade) 
add 50 ml of come hydrochloric acid. Heat the mixture gently until the initial reaction ceases, then 
boil for 10 min. Add hydrazine hydroc~oride solution dropwise to the boiling sohrtion until the 
green colour disappears, indicating complete reduction to blue vanadyl chloride (VOCl& Evaporate 
the solution to 25 ml and dilute it to 50 ml with water. 



Interferences and their elimination in AAS 183 

Interference studies 

Noble metals can be collected by several procedures, e.g., assay fusion with lead, nickel sulphide, 
or tin as the collectors. Solutions of prills obtained by assay fusion with lead as a collector, followed 
by cupellation, would not contain appreciable amounts of base metals, whereas the solutions of 
noble metals resulting from the other collection procedures, or solutions obtained from the chlorina- 
tion of the ore would contain large amounts of base metals and their salts. Because the materials 
could be divided into two categories according to the type of interferences likely to be encoun- 
tered, viz. mutual and basemetal interferences, it was decided to study these separately, and, if neces- 
sary, use different methods to control them. 

In terference effects were recorded by comparison of the absorption of solutions containing the 
noble metals, either present together or added individually, depending on the nature of the test, 
with the absorption of similar solutions in the presence of the interfering ion. The concentrations of 
acids and releasing agents when used were the same in the test and the reference solutions and both 
sets of solutions were measured under the same operating conditions. 

Mutual interference 

RESULTS 

Mutual interferences of the noble metals, tested in 4% aqua regia* and in 10% hydrochloric acid 
media are shown in Tables II and III where the seriousness of these interferences in very evident. 
Further evidence of mutual interference in 4 % aqua regia can be seen in Fig. la-l f where the effect 
of one noble metal upon another is shown.? Although ruthenium, osmium and iridium were added 
(Table II) these were not measured in the 4% uq’a regia medium because they were present at too 
low a concentration. From a comparison of Tables II and IV it appears at first sight that the interfer- 
ences suffered by platinum and rhodium were more severe in 10 % hydrochloric acid medium than in 
4% aqua regia, a feature that may be associated with the relatively large amount of ruthenium present 
in the former medium. Figures lb and lc indicate that ruthenium in 4% aqua regia depresses 
the absorption of platinum and rhodium. A similar effect can therefore be expected in a hydrochloric 
acid medium. The absorption of ruthenium was itself enhanced in both a 4% aqua regia medium. 
(Fig. le) and a 10% hydrochloric acid medium (Table III) by the presence of relatively large amounts 
of gold. Gold in a 4 “/b aqua regia solution had a similar effect on rhodium (Fig. If>. 

It is evident that the phenomenon of mutual interference is a very complex one and it was neces- 
sary therefore to find methods whereby it could be removed or at least controlled. 

Experiments with the nitrous oxide-acetylene flame. Since Atwell and Hebert 
reported that the interferences encountered in the air-acetylene flame when rhodium 
was being determined were not present in the nitrous oxideacetylene flame, it was 
decided to test this flame for the measurement of the other noble metals. It was 
obvious that this flame, when used normally, lowered the sensitivity for rhodium, so 
arrangements were made to introduce air to modify the characteristics of the flame. It 
can be seen from Table IV and Fig. 2 that, although there was an improvement in the 
recovery of platinum and rhodium with an increase in the nitrous oxide content of the 
gas mixture, there was a progressive decrease in sensitivity for all the noble metals 
except ruthenium. Little improvement in recovery was observed for ruthenium over 
that obtained with the air-acetylene flame. The mutual interference with gold caused 
a higher absorption; with palladium there was no effect from interferences either in 
the nitrous oxide or the acetylene flame. 

Experiments on the use of releasing agents 

A number of recommended releasing agents were examined, viz. copper sulphate,l 
lanthanum,2 copper sulphate plus cadmium sulphate,3 and uranium.4 Where possible, 
the reported methods were adhered to. An exception was the substitution of the 

* A 4% aqua regia solution is a solution containing 3 ml of hydrochloric and 1 ml of nitric acid, 
diluted to 100 ml with water. 

t Although all the noble metals, with the exception of osimum and iridium, were tested in this 
way, only a few are shown, to serve as an example. 
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FIG. I.-Mutual interference effects. 
l 4 ‘A aqua regia only. 
n 4% aqua regia with 1% of U present. 
v 20% HClO,, 5% HCl with 1% of V present. 

(a) Effect of Rh on 50 ppm of Pt. 
(b) Effect of Ru on 50 ppm of Pt. 
(c) Effect of Ru of 5 ppm of Rh. 
(d) Effect of Pt of 5 ppm of Rh. 
(e) Effect of Au on 30 ppm of Ru. 
(f) Effect of Au on 5 ppm of Rh. 
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TABLE II.-MUTUAL INTERFERENCE 0Fm NOBLE METALsIN~% aquuregia SOLUTION 

Pt Pd Rh RU Au Ir OS 

Solution add. rec. add. rec. add. rec. add. rec. add. rec. add. rec. add. rec. 

1: 
III 
IV 
V 

;: 
VIII 

120 100 20 20 5 4.1 5 
120 103 20 20 5 4.1 5 
120 103 20 20 5 4.1 s 
120 101 20 20.2 5 4.1 0 
120 110 20 20.2 0 S 
120 100 20 20 5 4.1 5 
120 103 0 5 4.1 5 

0 20 20.2 5 5 s 

5 5.05 1 
5 4.95 1 
5 5.05 0 
5 5.05 1 
5 5.05 1 
0 1 
5 505 1 
5 5.05 1 

Throughout, add. = added, ppm and rec. = recovered,ppm. 

TABLE III.-MUTUAJ. INTERFEREN~EOFPLA~N~,PA~~D~~,~OD~M,R~N~ AND GOLD IN 
1o%HYDROCHLORIC ACXD SOLUTION 

Pt Pd Rh Ru Au 

Solution add. rec. add. rec. add. rec. add. rec. add. rec. 

- I 60 26.2 15 14.8 8 4.8 150 177 20.8 
II 100 57 15 14.8 3.2 150 189 20.1 

III 100 55 1: 5.9 8 ::; 150 186 20 19.5 
IV 100 70 14.9 t ::; 60 92 20 19.3 
V 100 55 15 14.6 150 186 8 8.11 

TABLE IV.-THEEF~~ONTHEMUTUALINTERFERENCEOFTHENOBLEMETALSOFVARY~NQ~~~~ 
OFTHE~~NITROUSOXIDE,~~ ACETYLENEASTHEFUELGAS 

Recovery, % 

Air Nitrogen Pt Rh Pd Ru Au 

llmin llmin a b a b a ba 6 a b 

:a 0 
: 

70 87 63 74 s’8’ 81 68 100 101 99 99 140 140 139 137 101 100 100 10s 
28 89 80 93 87 99 139 136 103 104 
14 94 89 94 91 

1:; 
100 133 136 10s 107 

0 94 95 98 95 100 102 129 138 103 105 

Acid medium: 4% aqua regia. 
Concentration of noble metals, ppm: 
Solutions (a) Pt, 100; Rh. 10; Pd, 10; Ru, 50; Au, 10. 

(b) Pt, 200; Rh, 20; Pd, 20; Ru, 100; Au, 20. 
Figures not correct for any changes due to change in nebulizer efficiency as composition is altered. 

air-acetylene flame for the propane-butane-air flame used when copper1 was added. 
Since the effects of these releasing agents on mutual interference had not been reported 
for all the noble metals, the present tests were related to all the noble metals that had 
sufficient sensitivity to enable them to be measured. The results of these tests are 
presented in Table V, together with absorption data from which the relative sensitivities 
in the various media can be estimated. 

Lanthanum and uranium were the most effective releasing agents for the removal of 
mutual interferences of all the noble metals. A poor recovery for rhodium (55 %) 
was obtained when copper plus cadmium was tested, and although a full recovery was 
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FIG. 2.-The effect on sensitivity, of varying the ratio of nitrous oxide to air, with 
acetylene as fuel gas. 
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obtained by the use of copper sulphate the sensitivity for rhodium was significantly 
lowered. Palladium in this medium (copper sulphate) was subject to interference 
(110 % recovery) and the sensitivity was lowered. Of the two releasing agents, lantha- 
num and uranium, the latter was preferred because of its slight superiority in removing 
mutual interference effects and because it offered the greater improvement in sensi- 
tivity. 
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FIG. 3.-The effect of varying amounts of uranium on the calibration curves of the 
noble metals in a 4% uquu regiu medium. 

1. 5 g/l. of uranium. 
2. 10 g/l. of uranium 
3. 20 g/l. of uranium. 
4. 30 g/l. of uranium. 
5. 30 g/l. of uranium. 

Uranium* as a releasing agent in various acid media. Because the calibration curves 
obtained for the noble metals in 4 % v/v aqua regia in the presence of 0.54 % w/v 
uranium were virtually identical and essentially linear, and it had been shown that 
1% w/v of U removed mutual interference effects, it was concluded that the addition of 
uranium was not critical over this range, and decided to use 1% w/v of uranium for 
all subsequent investigations. 

* The uranium was added as a solution (250 mg of U per ml) of U,O, in 10% aqua regia solution 

7 
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TABLE V.-THE VARIATION OF ABSORBANCE OF THE NOBLE METALS AND MUTUAL INTERFERENCES WHEN 

VARIOUSRBLEASINGAGENTSARBADDED 

La Cu/Cd cuso, U 
Noble metal 

Rec. Abs. * Rec. Abs.* Rec. Ads? Rec.* Abs. + 
% % % % 

Pt 102 0.228 101 0.232 102 0.223 102 0.264 
Pd 101 0.241 105 0.255 110 0,140 100 0.256 
Rh 97 0.141 55 0.059 100 0.078 101 0.212 
RU 98 0.226 99 0.238 100 0.234 100 0.248 
Au 97 0.164 103 0.175 100 0.150 101 0.185 

La-l % lanthanum, 50 % v/v hydrochloric acid medium. 
Cu/Cd-O~5% copper and 0.5% cadmium (added as the sulphates), 10% v/v hydrochloric 

medium. 
CuSO,-2% copper (added as sulphate) 10% v/v hydrochloric acid medium. 
U-l % U (added as a solution derived from U,O,) 4 % aqua regia medium. 
All solutions contain,ppm, Pt, 100 Pd, Rh and Au 10 each; Ru, 50. 
l = Absorbance of the noble metal in the solution containing all the metals together. No scale 

expansion was used. 

Tests on solutions containing the noble metals and uranium, with variation of the 
amounts of hydrochloric and nitric acids while maintaining the total acid concentration 
at 4% v/v, indicated that it was not necessary to remove nitric acid (Table VI). 

High acid concentrations are necessary when an analysis is made of cupellation 
prills to which silver has been added, in order to maintain the silver in solution. 
Recovery tests (Table VII) on solutions of noble metals in 40 % v/v hydrochloric acid- 
1% v/v nitric acid medium in the presence of 50 ppm of silver and 1% w/v of uranium, 

TABLB VI.-m VARlAnON OF ABSORBANCE OF EACH OF THE NOBLE METALS WlTH VARYING ACID 

COMPOSITIONINTHEPRF.SENCEOPURANIUMANDTHEOTHERNOBLEMBTALS 

Acid ratio Absorbance 

HCl : HNO, Pt Pd Rh Ru Au 

4:o 0.080 0.10 0.094 0.032 0.071 

;;; 0.081 0.083 0.10 0.10 0.096 0.096 0.032 0.032 0.072 0.072 
1:3 0.081 0.10 0.094 0.032 0.072 
0:4 0.084 0.10 0.097 0.032 0.071 

Total acid concentration maintained at 4% v/v. 
Noble metal concentration in each solutioq (ppm); Pt, 20; Pd, 2; Rh, 1.8; Ru 4; Au, 2.4 

TABLB VII.-RJZCOVERYOFNOBLEMETALSINHIGH ACID CONCENTRATION (4O%v/v HYDROCHOLORIC 

~cm + 1% v/v NITRIC AC~)INTHE PRESENCE 0~ 50 p.p.m ~F~ILVBRAND 1% w/v 
URANIUM,ppm 

Pt 

Solution add . rec. 

Pd Rh RU Au 

add. rec. add. rec. add. rec. add. rec. 

1 40 40.5 12 12.1 12 11.8 60 60.0 12 12.2 
2 120 120 12 12.2 4 3.96 60 59.4 12 12.1 
3 120 120 4 4.12 12 12.0 60 59.4 12 12 
4 120 120 12 12.2 12 11.8 60 60 4 4.16 
5 120 118.5 12 12.0 12 12 20 20 12 11.9 
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showed that the uranium still removed the mutual interference effects and that this 
amount of silver could be tolerated. 

Precision and accuracy of the uranium-addition method. Reproducibility tests 
carried out on 20 solutions of the noble metals in a 20 % v/v hydrochloric acid + 1% 
v/v nitric acid medium containing 1% w/v of uranium, yielded coefficients of variation 
of 0*6,0*5,0*3, 5.0, l-0, 1.3 and 1.3 % respectively for platinum, palladium, rhodium, 
ruthenium, gold, silver and lead. The solutions tested contained the noble metals, 
silver and lead in the concentrations (ppm) associated with a solution of a typical 
cupellationprill, uiz. Pt 80; Pd 45; Rh 10; Ru 1.5; Au 2.5; Ag 30; Pb 20. The high 
coefficient of variation for ruthenium was a function of the low concentration deter- 
mined. As there was no reason to believe that the precision would be adversely 
affected by the use of a 40% v/v hydrochloric acid medium, no precision tests were 
carried out on this medium. 

Because standard samples were not available, the accuracy of the method with 
uranium as a releasing agent was estimated by comparison of the results obtained by 
AAS with those obtained by chromatographic, chemical and spectrographic analyses 
(Table VIII). The ruthenium level of these samples, after suitable dilution for the 

TABLE VIII.-A COMPARISON OF RESULTS OBTAINED BY ATOMIC-ABSORPTION SPECI’ROScopY WITH 

URANIUM AS A RELEASINQ AGENT, WlTH THOSE OBTAINED BY OTHER TECHNIQUEI 

Sample 
description 

Method of 
analysis 

Results obtained, ppm in original sample 

Pt Pd Rh RU Au 

s2 AAS 4.89 0.70 0.24 0.32 
4.80 0.69 0.23 0.33 

Chromatographic*B 4.99 0.60 

Sl AAS 4.93 0.87 0.26 0.22 
5.14 0.88 0.26 0.23 

Spectrographic’ 5.14 0.89 0.29 0.02 0.19 
5.03 0.91 0.28 0.03 0.18 
5.09 0.94 0.30 0.03 0.21 

Chemical* 4.88 0.88 0.32 0.22 
4.96 O-78 0.29 0.17 

Chromite AAS 3.09 1.02 0.42 
2.93 1.02 

Spectrographic 3.29 1.04 FEE < 0.07 0.04 
3.18 1.06 0.47 < 0.07 0.04 

Chromatographic 3.04 0.38 
2.92 0.35 

Concentrate AAS 

Spectrographic 

Chromatographic 

Chemical 

+ Average of 14 measurements. 

4701 119 12 113 
4680 118 11 115 
4686 116 12 116 
4740 124 12 39 116 
4710 117 12 49 135 
4776 121 11 30 134 
4637 126 
4634 117 
4750 131 

138 129 
136 134 
132 141 
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measurement of the other noble metals, was too low to be measured by AAS. The 
agreement between the various techniques was acceptable, and it is considered that the 
accuracy of the atomic-absorption technique, with uranium being used as a releasing 
agent for the removal of mutual interference effects, is at least as good as that of the 
other techniques. 

Base-metal interferences in the presence of uranium 

Although rehable results for the determination of the noble metals in solutions 
of prills were obtained, with uranium as a releasing agent, the presence of relatively 
large amounts of some base metais resulted in significant interferences, which were 
not removed by the uranium. The effects of those base metals Iikely to be encountered 

TABLE IX.-B.UE METAL, GOLD AND SILVER INTERFERENCES IN 4 % aqua regia MEDIUM 

Recovery, % 
Interfering metal Concn. level tested, ppm 

Pt Pd Rh Ru AU 

Pb,Cr,Al 
Se, Cd. 
Au, Ni, Te 
Na 
Ag 
Pb 
Sn 

Mg 

Cr 
co 

Fe 

Ni 

Al 
se 
Te 

Ca 

cu 

Na 

Cd 
S* 

100,500 

100 
500 
1mt 
5000t 
100 
500 
5000 
100 
500 
5000 
5000 
100 
500 
5000 
100 
500 
5000 
500 
5000 
5000 
5000 
500 
5OOOt 
100 
500 
5000 
100 
500 
5000 
100 
5000 
5000 
100 
500 
5000 

100 
100 
102 
98 
96 
99 
97 
94 
93 
96 

;36 
96 
96 

;i: 
90 
93 
98 
96 
97 

;: 
93 

;: 
93 
96 
94 
96 
96 
96 
81 

103 
100 
100 
99 

1E 
99 

;I: 
96 

1:: 
96 

;: 
94 
95 
96 
96 
96 
96 
96 
96 

;: 
95 
9.5 

991 
97 
94 
95 
86 

97-103 for all 
97-103 for all 
97-103 for all 

94 
94 
99 
96 
79 
95 
94 
91 
77 
95 
93 
72 
96 
94 
91 
87 
46 
91 
95 
97 
98 
98 
91 
91 
98 
94 
71 
97 
95 
97 
9% 

5’7 

96 
95 
95 
9% 
96 
95 
87 
97 
9% 
99 
98 
9% 
95 
95 
96 
99 

100 
99 
76 
99 

100 
99 
99 
99 
96 
99 
99 
100 
99 
99 
87 

98 

;: 

;; 
94 
98 

if 

;3 
97 

102 
95 

;: 
9% 
95 
9% 
97 
97 
98 
9% 
97 
98 
97 
97 
9% 
94 
94 
88 

Noble-metal concentrations, ppm, Pt, 100; Pd, Rh and Au, 10; Ru, 50. Uranium 1% w/v. 
* Added as SOa2-. 
t Precipitation. 
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were tested in 4 % v/v aqua regia and 10 ‘A v/v hydrochloric acid media and are shown 
in Tables IX and X. Errors of less than f3 % were interpreted as not constituting a 
definite interference. Interference effects were usually more evident in the 4% aqua 
regia than in the 10 ‘A hydrochloric acid medium. It was observed that rhodium was 
particularly prone to serious interference (> 10 % error). Large amounts of copper and 
nickel resulted in poor recoveries for rhodium in both media, whereas cobalt and 
chromium affected rhodium to a greater extent in 4 % aqua regia than in 10 % hydro- 
chloric acid. The effect of sulphate was marked in both media; the absorption of all 
the noble metals, with the exception of palladium in 10% hydrochloric acid, was 
seriously suppressed by sulphate equivalent to 5000 ppm of S. Where precipiation 
occurred, as with silver, lead and tellurium, losses of noble metals were attributed to 
occlusion in the precipitates. Many of the interferences listed were not serious 
(~5 % error) and usually occurred at the highest levels of interferent concentration 
tested (SO00 ppm). 

The use of vanadium as a releasing agent in perchloric acid medium. Because 
several of the base metals that caused serious interference effects (e.g., Cu, Ni, Cr) 
would be present in some materials requiring analysis, it was decided to investigate 
the use of a releasing agent other than uranium. It was found that a 1% w/v solution 
of vanadium in 20 % v/v perchloric acid medium removed mutual interference effects 
(Fig. 1) and considerably improved the recoveries of the noble metals in the presence of 
relatively large amounts (5000 ppm) of base metals. The metals tested were those 

TABLE X.-BASE-METAL, OOLD AND SILVER INTEFWERENCES IN 10 % v/v HYDROCHLORIC ACID MEDIUM 

Interfering metal Concn. level tested, ppm 
Recovery, % 

Pt Pd Rh Ru Au 

Se, Cd 

Pb,Sn,Co 
Fe,Ni,Al 
Te,Ca,Cu,S 
Au,Cr,Mg 

Ag 
Pb 
Sn 

Mg 

Cr 

co 
Fe 
Te 
Ni 

CU 
Na 

S* 

100,500, 
5000 

100,530 

100 99 
98 98 
94 98 
96 99 
92 98 
96 101 
92 96 
96 99 
95 99 
96 99 
97 100 
95 103 
95 97 
94 96 

102 106 
105 108 
100 106 

83 99 

97-103 for all 
97-103 for all 

97-103 for all 

97-103 for all 
94 99 100 
78 97 97 
98 97 111 
99 98 97 
94 94 96 

101 100 100 
93 91 96 
96 97 99 
94 97 101 
98 100 99 
89 100 101 
98 98 101 
94 93 95 
89 98 97 

102 103 101 
105 106 106 
101 104 105 

66 86 95 

Noble metal concentrations,ppm. Pt. 100; Pd. Rh, and Au, 10; Ru, 50. Uranium 1% w/v. 
t Precipitation. 
* Added as SO,=-. 
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described in the previous section. The presence of 100 ppm of silver and 5000 ppm of 
lead resulted in significant losses of rhodium owing to occlusion in the chloride 
precipitates, and in replicate tests it was found that, on occasions, the presence of iron 
and tin caused a serious loss of gold, probably owing to reduction to the metal in the 
evaporation steps required for the removal of excess of nitric acid (to be discussed 
later). The presence of 5000 ppm of Mg, Cr, Co, Ni, Al, Se, Te, Cu, Na, or Ca and 
100 ppm of Au usually resulted in errors of less than 5 %. Sulphate usually suppressed 
the absorption of rhodium to a larger extent than that of the other noble metals, 
(e.g., 85 % recovery for rhodium in the presence of 1500 ppm S). However, up to 200 
ppm of S had no effect on the absorption of any of the noble metals. 

As mentioned earlier, unknown amounts of hydrochloric and nitric acids were 
undesirable when the vanadium-perchloric acid method was being used. This is 
shown in Table XI where the effect of various amounts of nitric acid, hydrochloric 
acid, and aqua regiu is shown. Because, in this test, unknown amounts of these acids 
were first removed by fuming in perchloric acid, ruthenium was lost as RuO, and 
could not be measured. The addition of controlled amounts of the acids indicated 
that a certain amount of variability in the absorption measurements of gold and 
particularly of palladium could result if the concentration of the acids were not 
controlled. 

In this method a solution of VOCl, in hydrochloric acid is added in definite 
amounts after removal, by evaporation, of any unknown amounts of hydrochloric 
or nitric acids, in order to control the concentration of hydrochloric acid. Noble 
metals and gold in particular, can be reduced when evaporated to dryness9 so lithium 
chloride (10 mg Li) is added before evaporation on a water-bath and the salts are 
never baked. (These precautions did not always prevent the reduction of gold when 
iron or tin was present.) 

Precision and accuracy of the vanadium-perchloric acid method. Tests of the pre- 
cision of the method carried out on 48 solutions of noble metals in the absence of base 
metals, yielded coefficients of variation of 1.4, 1.4, 1.2, 1.4 and 1.1 ‘A for platinum, 

TABLE XI.-THE EFFECT OF VARIOUS ACID MEDIA AND ACID CONCENTRATIONS ON THE DETERMINATION 
OFTHBNOBLEMETAI..SIN THEPRESENCEOFVANADIUM(l% W/V)ANDPERCHLORICACID 

(20% V/V) 

Acid present, % Recovery % 

HNO, 

HCI 

Aqua regia-f 

% vlv Pt Pd 

2.5 100 102 
5 100 100 
7.5 98 100 
2.5 loo 104 
5 100 106 
7.5 99 106 
2.5 100 111 
5 102 115 
7.5 102 122 

Ru Ru* Au 
___.__~ ~~ 

99 99 
99 100 
97 99 

100 - 101 
100 - 104 
100 - 104 
100 - 106 
100 107 
100 108 

Noble metal concentrations, ppm 
Pt, 40; Pd, 4; Rh, 3.2 ; Ru, 24.: 
Au, 4.8. 
* Ru not measured owing to loss of RuO, during treatment; see text. 
t Added as a solution of 3 :1 v/v aqua regia. 
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palladium, rhodium, ruthenium and gold, respectively, at concentration levels 65,6.4, 
4.8,25 and 8 ppm respectively. 

Because standard samples were not available, true accuracy tests could not be 
carried out. However, a comparison of results obtained when the vanadium-per- 
chloric acid method and the method with uranium in 4% aqua regia were applied to 
portions of two bulk solutions obtained by the dissolution of prills, the vanadium- 
perchloric acid method gave satisfactory results, as indicated in Table XII. 

TABLE XII.-C~MPARATNE ANALYSIS OF NOBLE-METAL SOLUTIONS* WHEN URANIUM AND VANADIUM 

ARE USED AS RELEASINO AGENTS 

Noble-metal concentrations found. Darn -1. 
Solution Sample, 

ml Pt Pd Rh Rut Au 
U V U vuvuvuv 

TR 2 149 144 21.3 27.9 35.4 35.4 
3 150 146 27.4 27.7 34.8 35.0 
4 149 143 27.0 28.1 35.7 35.6 
5 149 143 27.0 27.6 35.5 35.3 

TP 2 368 363 16.9 19.5 11.9 IO.0 
3 366 358 19.2 19.1 11.6 10.6 
4 366 363 19.0 19.0 11.3 10.9 
5 365 360 18.9 19.1 11.4 11.1 

71 
77 
78 

2:: 
228 
231 
229 

73 32.3 35.0 
77 32.6 34.3 
79 33.2 34.4 
80 33.8 34.1 

229 63.8 66.3 
225 64.7 67.1 
231 64.4 66.4 
229 64.0 65.7 

* These solutions were prepared from cupellation prills. 
t Includes added ruthenium to give a measurable concentration. 

DISCUSSION 

It was confirmed that in the atomic-absorption measurement of the noble metals 
interferences from the noble metals themselves and from a number of base metals 
were serious. 

The use of the nitrous oxide-acetylene flame as a means of reducing mutual 
interferences successfully eliminated such effects in the determination of rhodium, 
as found by Atwell and Hebert. 5 Interferences were also eliminated for platinum, and 
palladium and gold could be determined as effectively as with the air-acetylene flame. 
The nitrous oxide flame was not effective in the elimination of interferences in the 
determination of ruthenium and this, coupled with the overall reduction in sensitivity 
occurring with this flame, ruled out this approach as a simple means of determination 
of all the noble metals in one solution. 

The observations on the use of various additives as releasing agents for the removal 
of mutual interferences confirm the published data. In general the additives have been 
found to be effective for more noble metals than were originally examined but only 
lanthanum and uranium were found to be effective for all of them. The observations 
on additives were at variance with the published data in only one instance-contrary to 
Strasheim and Wesselsl it was found that the addition of copper sulphate removed the 
mutual interferences with rhodium. This difference can be attributed to the use of the 
hotter (air-acetylene) flame. 

Base metal interferences, have previously been overcome by the addition of a 
mixture of copper and cadmium sulphate4 or by the use of a nitrous oxide tlame.s 
These methods were, however, shown to be inadequate in the removal of the mutual 
interferences associated with the determination of all the noble metals examined. 
The addition of vanadyl chloride as a releasing agent effectively eliminated both 
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mutual and base metal effects even when the base metal concentration was appreciable. 
The relative merits of the uranium and vanadium methods are worth consideration. 
The uranium method is simple, requiring only that the sample be dissolved, uranium 
added and appropriate dilutions made. Acid and uranium concentrations are not 
critical. Up to 0.5 mg of silver can be maintained in solution by the use of a 40 % v/v 
hydrochloric acid medium. Small amounts of base metals such as lead (20-50 ppm) 
cause no interference but the method is not applicable to solutions containing signifi- 
cant amounts of base metals. 

The vanadium method, although eliminating both mutual and base-metal inter- 
ferences, requires stricter control of the acid content of the final solution and care must 
be taken, when removing free nitric acid, to avoid a loss of gold by reduction, especially 
in the presence of iron and occasionally tin. Lead and silver interfere by occlusion of 
the noble metals in the precipitated chlorides, the degree of occlusion varying with 
the conditions of precipitation. 

It has been shown by Beyermang that appreciable losses of gold can occur if 
chloride solutions of this metal are evaporated to dryness. Thus, in the removal of 
free nitric acid the evaporation should be only to incipient dryness. If losses by reduc- 
tion are to be avoided, especially in the presence of iron, either the presence of nitric 
acid should be avoided or the iron be removed before the evaporation step. The loss of 
gold and the other noble metals would be accelerated if easily reducible metals such 
as tellurium and selenium were present and the evaporation were taken too far. 

Large amounts of lead and silver would need to be removed before measurement. 
Fortunately, silver and lead are normally only present in significant amounts in 
cupellation prills from the lead collection procedure, and such prills would be analysed 
by the uranium-addition technique. 

It is apparent, therefore, that the uranium and vanadium methods are useful for 
different collection methods. Cupellation prills obtained from the lead collection 
procedure are relatively free from base metals and can best be analysed by the uranium- 
addition method. Solutions of the noble metals collected by the nickel sulphide 
procedure, or those obtained by acid extraction of the ores containing significant 
amounts of base metals, can best be analysed by the vanadium-addition method. 
Solutions freed from base metals by ion-exchange techniques could be analysed by 
the uranium-addition method. 

The two approaches are therefore capable of being applied to the analysis of the 
noble metals collected from ores by a variety of procedures provided that the concen- 
trations of the noble metals and any base metals in the solution used in the final 
analysis can be adjusted to suitable concentration levels. 

Acknowledgement-The authors wish to thank the Director of the National Institute for Metallurgy 
for permission to publish this paper. 

Zusammenfassung-Eine Anzahl ernsthafter Stijrungen bei der 
Bestimmung der Edelmetalle durch Atomabsorptions-Spektrophoto- 
metrie wurden untersucht und Wege erortert, urn sie zu beseitigen. Die 
Verwendung einer Distickstoffoxid-Acetylen-Flamme verminderte 
viele Storungen, aber such die Empfindlichkeit. Zugaben von Lanthan, 
Kupfersulfat, Kupfer + Cadmiumsulfat, Uran und Vanadium als 
Mittel zur Freisetzung der Edelmetalle waren bei der Beseitigung von 
Storungen fur ein oder mehrere Edelmetalle in der Luft-Acetylen- 
Flamme wirksam. Zugaben von Uran erwiesen sich als wirksam 
beim Beseitigen gegenseitiger Storungen der Edelmetalle (Osmium und 
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Iridium wurden nicht geprtlft), wogegen Vanadium gegenseitige 
Stiirungen und solche durch unedle Metalle beseitigte. Genauigkeit 
und Richtigkcit der Analysenmethoden mit Uran und Vanadium waren 
annehmbar; die Anwendung dieser Methoden auf die Analyse edler 
Metalle, die mit verschiedenen Verfahren angereichert wurden, wird 
kurz diskutiert. 

Rbum6-On a Btudie un certain nombre d’interferences sbieuses dam 
la determination des metaux nobles par spectrophotometrie d’absorp- 
tion atomique, et l’on a envisage des voies pour les eliminer. L’emploi 
de la flamme protoxyde d’azote-acetylene rcduit nombre de ces inter- 
ferences, mais reduit aussi la sensibilite. Des additions de lanthane, 
sulfate de cuiver, cuivre -+- sulfate de cadmium, uranium et vanadium 
comme agents ~~li~nation sont e&aces pour eliminer les interference 
pour un ou plusieurs des m&auk nobles dans la flamme air-acetylene. 
On a trot& que des additions d’uranium sont e8icaces pour l’ehmina- 
tion d’interferences mutuelles asso&% aux metaux nobles @‘osmium et 
l’iridium n’ont pas Bte essay&s), tandis que le vanadium &nine les 
interferences mutuelles et Ies interferences base-metal. La fidehte et la 
precision des methodes d’analyse bas&es sur l’emploi d’uranium et de 
vanadium sont acceptables, et l’on discute brievement de l’application 
de ces methodes a l’analyse de metaux nobles recueillis par diverses 
techniques. 
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Summary-_An analytical procedure is described for the separation of 
mercury(I1) by extraction into n-octanol from sulphuric acid solution 
and then back-extraction as the tetraiodo complex. The mercury is 
determined by measuring the absorbance of this complex at 322 nm 
(molar absorptivity l-95 x 10’ I.mole-l.cm-l). The procedure is 
applicable to samples containing copper; the effects of a wide variety 
of other impurities are tabulated. 

MANY ANALYTICAL METHODS have been reported for the determination of mercury. 
Neutron-activation analysis and spark-source mass spectrometry provide sensitive 
methods for the detection of mercury but also require expensive equipment and 
highly trained analysts. ls2 Atomic-absorption spectrophotometry is commonly used 
in many modern laboratories. 3 Methods based on extraction with dithizone have 
probably received the greatest attention, but other reagents have also been reported.4 
Waterbury, for example, has reported the extraction of the mercury-diethyldithio- 
carbamate complex into carbon tetrachloride .5 Rogers6 suggested the use of iodide 
for the determination of mercury and Kressin and Coleman reported on the spectro- 
photometric determination of mercury as the tetraiodo complex.’ 

Mercury has an unusually great affinity for the iodide ion and the formation 
constants of the iodide complexes of mercury(II) (Table I) have been known for many 

TABLE I.-FORMATION CONSTANTS OF Hg-I COMPLEXES* 

Hge+ f I- f HgI+ log KI = 12.9 
HgI+ + I- + HgI, log K% = 10.9 
HgIz i- I- + HgI,- log K, = 3.8 

HgI,- -I- I- G+ Hi&*- log K4 = 2.2 
HgL+ + 41- F+ H&*- log /lp = 29.8 

* See Ref. 8. 

years.8 Although the formation constants are well known, it is less widely known 
that tetraiodomercurate(I1) absorbs strongly in the near ultraviolet. The present 
paper reports the conditions required for the use of mercuric iodide complexes for 
an unusually simple and straightforward separation followed by a specific photo- 
metric determination of mercury. The method is based on the extraction of iodide- 
mercury(I1) species into octanol from an acidic solution and back-extraction of the 
mercury as the tetraiodo complex which is then determined spectrophotometrically. 

Apparatus 

EXPERIMENTAL 

A Cary Model 14 spectrophotometer was used for photometric measurements and all absorbances 
were read directly from the recorder scale. Aliquots of standard mercuric sulphate solutions were 

* This work was performed under the auspices of the U.S. Atomic Energy Commission. 
197 
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taken with a calibrated pipette. Other volumetric glassware was not calibrated. Extractions were 
performed in 60-ml separatory funnels, electric motors fitted with a glass stirring rod being used to 
mix the solutions. 

Reagents 

Mercuric oxide was used as the primary standard for the determination of molar absorptivities 
and for calibration curves. The mercuric oxide was dried in a vacuum desiccator before weighing 
and then dissolved in sulphuric acid. The standard mercuric solution was O.lM with respect to 
sulphuric acid. All reagents used in the preparation of solutions were of analytical grade. 

Potassium iodide (3M) was found to be quite stable in 10 % aqueous ammonia solution, and was 
used for the back-extraction. The solution was filtered before use, to avoid light-scattering by 
flocculent impurities. 

The O*lM potassium iodide and O*lM sodium thiosulphate were prepared by dissolving the 
respective salts in water and used without further treatment. 

The n-octanol, Eastman P-871, was used without further purification. 
The 9M sulphuric acid was prepared by slowly diluting concentrated sulphuric acid with an 

equal volume of water. 

Procedure 

Transfer an aliquot of the sample solution containing l-200 lug of mercury(I1) to a separatory- 
funnel and add an equal volume of 9M sulphuric acid. Stir the mixture and add 0.5 ml of O.lM 
potassium iodide and 10 ml of n-octanol. Stir the mixture for one minute and discard the aqueous 
phase. Wash the alcohol phase twice with 3-ml portions of water to remove the excess of sulphuric 
acid, and discard the wash solution. Back-extract the mercury with three 3-ml portions of 3M 
potassium iodide, and collect the extracts in a volumetric flask (lo-ml if the mercury content is 
expected to be in the l-40 rg range, otherwise 25ml). Add to the flask O-5 ml of O*lM sodium 
thiosulphate and dilute to volume with water. Measure the absorbance of the mercuric tetraiodo 
complex at 322 nm against air in the reference beam. Correct for the absorbance of the reagents by 
performing the extraction on a volume of water equal to that of the sample. 

DISCUSSION AND RESULTS 

In the presence of iodide, mercury(H) is extracted rapidly from sulphuric acid 
solution into n-octanol, but as the tetraiodo complex is not extracted quantitatively 
a large excess of iodide should be avoided during the first extraction of the mercury. 
It is considered that the tri-iodo complex of mercury(I1) is the mercury complex 
extracted, because increasing concentrations of iodide lowered the fraction of mercury 
extracted by the n-octanol. If this is the case, the complex is presumably protonated 
to give a neutral species. From the analytical point of view it is immaterial which 
species is extracted provided extraction is complete. The amount of iodide added before 
extraction of mercury may vary within & 50 % of that recommended, without causing 
loss of mercury. The mercury(I1) is quantitatively extracted into octanol from >2M 
sulphuric acid but the convenience of adding a volume of 9M sulphuric acid equal 
to that of the sample aliquot justified using the larger volume of acid. Approximately 
98 % of the mercury is extracted from 1.OM sulphuric acid. The mercury is not 
back-extracted by the water wash but the excess of sulphuric acid should be removed, 
otherwise the ammonium sulphate produced will inhibit phase separation during the 
back-extraction step. The water wash also removes any other ions which might 
interfere if present in the final solution. More than three washes with water may be 
required if copper or nitrate is present in the sample. After the water wash, mercury 
is back-extracted into 344 potassium iodide, three successive extractions being used 
for quantitative recovery. Iodide in acid solution is readily oxidized by air, therefore 
the tri-iodide ion (IS-) formed during the extraction is reduced by the addition of 
thiosulphate before the absorbance measurements are made. 
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Iodo-mercuric complexes, iodide and tri-iodide (Is-) all absorb strongly in the 
ultraviolet region. Mercuric iodide, Fig. lA, has two absorbance maxima. The 
absorbance peak at 264 nm has a molar absorptivity of approximately 560 l.mole-1. 
mm-r and the sharp one at 210 nm an absorptivity of approximately 2-86 x 104 
I.mole-l.mm-l. There are several reasons why the absorption by mercuric iodide at 
210 nm is unsuitable for the spectrophotometric determination of mercury; from the 
formation constants it is apparent that its concentration will depend on the free 
iodide concentration, and the iodide itself absorbs strongly below 270 nm. The use 
of the absorption due to the mercuric tri-iodo complex was rejected for similar 
reasons. 

The absorption spectrum of mercuric tetraiodo complex is shown in Fig. 1B. 
The absorption peak at 322 nm has a molar absorptivity of 1.95 x lo4 l.mole-l.cm-l, 
and that at 270 nm about 3.50 x lo4 l.mole-l.cm-l. Since iodide does not absorb 
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FIG. l.-Absorption spectrum of (A) H&; (B) HgI12- in IMpotassium iodide; (C) I,-. 
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at above 300 nm but does so appreciably below this wavelength, the analytical use 
of the 270-nm peak would require an accurate knowledge of the iodide concentration. 
For these reasons, the longer-wavelength peak at 322 nm waslchosen. 

From the formation constants, it is apparent that moderately high iodide con- 
centrations are needed to drive the reaction, HgIs- + I- + HgId2- to completion. 
Figure 2 shows the variation in the absorption spectrum of the mercuric tetraiodo 
complex with changes in the iodide concentration. The presence of the isosbestic 
points confirms the presence of just two absorbing species; namely HgIa- and HgI,& 
and the results are in good accord with the reported equilibrium constant for this 
reaction. The use of a final potassium iodide concentration much lower than 0.6M 
clearly leads to a mixture of mercury complexes and should be avoided. 

The tri-iodide ion has an absorption peak (Fig. IC) on either side of 322 nm with 
a minimum very near this wavelength. A small concentration of this ion could be 
tolerated but the addition of 0.5 ml of O*lM sodium thiosulphate effectively removes 
tri-iodide from the solution. 

10 

[~xIO-~M HgUI)] 

I 3225 a 

I I t ’ , I ! I I 

2800 3cm 3200 3400 3600 3600 4c 

Wavelength, a 

FIG. 2.-Effect of various concentrations of potassium iodide on the absorption 
spectrum of Hg(II) species in the region of the 322 nm peak of the HgId2- complex. 

Colour stability 

The mercury tetraiodo complex is stable for long periods in l*OM potassium 
iodide solution. With the addition of sodium thiosulphate to remove tri-iodide the 
absorbance is stable for more than 24 hr. The effect of varying the pH was investigated 
and no change was found over the pH range I-14; however, as potassium iodide 
solutions are more stable at pH above 7, a higher pH was chosen. 
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Variations in temperature above 30” and below 20” do have a measurable effect, 
but no error is introduced if the solutions are maintained at 25’ jI 5”. 

The precision was checked in two ways. With samples of mercuric oxide weighed 
directly into volumetric flasks, 34 determinations yielded a molar absorptivity of 
1.95 x 103 l.mole-l.cm-l with a relative standard deviation of 0.4%. The final 
concentration of mercury varied from 15 x 1O-5 to 4 x lodi%f, corresponding to a net 
absorbance of O-3-0.8. Another check on the precision was made by taking 34 aliquots 
containing from 3-l x lo-’ to 80 x 1O-6 mole of mercury, following the pro- 
cedure, and determining the slope of the line by the linear regression method. The 
slope was 1@36 rug/ml per absorbance unit, with a correlation coefficient of O-9998 
and an intercept of -0GO15 f OGJO5 at the 95% confidence interval. The data 
show that Beer’s law is obeyed over the con~ntration range investigated and that 
mercury can be determined with a high degree of precision. 

The recovery of mercury in the extraction procedure was checked in the following 
manner. Solutions of mercuric sulphate were added directly to 2%ml volumetric 
flasks and the absorbance due to the mercuric tetraiodo complex was measured. The 
extraction procedure was performed on equal amounts of mercuric sulphate and the 
absorbances were measured after the extraction. Within the experimental error, the 
absorbances of the two sets of solutions showed that the mercury was recovered in 
this extraction procedure. 

hterferences 

A detailed investigation of every conceivable type of sample which might contain 
mercury would be impossible, but a large number of ions were investigated. The ions 
tested for interference were present at concentrations one thousand times greater than 
that of the mercury and an ion was not considered as causing an interference unless 
the results for mercury were changed by more than 2%. The species which do not 
interfere are: Li, Na, K, Mg, Ca, Sr, Ba, La, Ti(IV), Zr, V(V), Nb, Ta, Cr(III), 
Mo(VI), W(VI), Fe, Co, Zn, Cd, Ce(III), Al, Sn(IV), As(V), Te, fluoride, chloride, 
phosphate, acetate and hydrogen peroxide. Those which necessitate some precautions 
are listed in Table II. 

In general, ions that interfere are those that react with potassium iodide and 
absorb strongly at 322 nm. Strong reducing agents will also interfere. Many of the 
interhering elements listed in Table III could be tolerated at lower concentrations and 
would not be expected at such high concentrations in most samples. Cyanide, tin(I1) 
and titanium(II1) would interfere at any concentration. 

TABLE IL-MASKING OF SOME POSSIBLE INTERFERENCES 

Ion Precaution 

Ni(I1) Solution must be saturated with ammonium chloride before the extraction. 
Cu(I1) Solution must be saturated with ammonium chloride before the extraction. 

T 10 
Solid ammonium chloride must be present during the extraction. 
Solution must be saturated with ammonium chloride before the extraction. 

PbW) Solution must be saturated with ammonium chloride before the extraction. 
BI- Concentrations above 1M interfere. 
NO1- This ion absorbs strongly in the ultraviolet, and must be stripped from the 

octanoi by thorough washing before the back-extraction of the mercury. 
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TABLE III.-IONS THAT AFFECX THE DETER~NA~ON 

IIon]/[Hg] = 108 Comment 

A@) 

Bi(II1) 
Ce(Iv) 
Mn(I1) 
Cr(vr) 
CN- 
SnO 
RU 
Pd 
Au 
V0II) 
Ti(II1) 

Removes iodide and the precipitate interferes with extraction. 
Small amounts do not interfere. 

Concentrations equal to that of the mercury do not interfere. 
Extracted; can be reduced with IIrOe to eliminate interference. 
Extracted and causes positive errors 
Extracted; can be reduced with Fe(I1) 
Complexes mercury. 
Reduces mercury. 
Can be removed by fuming with HNO,. 
Extracted and causes positive errors. 
Causes negative errors. 
Can be oxidized to V(V) to eliminate interference. 
Reduces the mercury. 

CONCLUSION 

The spectrophotometric determination of mercury as the tetraiodo complex has 
several advantages to warrant its use. The procedure is applicable to samples con- 
taining copper and the method is sensitive, precise, rapid and easy to use. The 
procedure as described can be performed with chemicals and equipment usually 
found in a laboratory. Furthermore the method does not suffer from the instability 
of reagents, as does the dithizone extraction of mercury. 

Ack~~~edge~nt~-~~ author wishes to acknowledge the support of Dr. E. S, Robinson and 
Dr. R. Penneman in this study and the helpful suggestions of Dr. J. Coleman 

ZUsammenfassUng-Ein analytisches Verfahren zur Abtrennung von 
Quecksilber wird beschrieben. Es wird aus schwefelsaurer L&sung in 
n-Octanol extrahiert und als Tetrajodokomplex riickextrahiert. 
Quecksilber wird bestimmt durch Messung der Extinktion dieses 
Komplexes bei 320 nm (molarer Extinktionskoeffizient 1,95 . 1Oa 1 
mol-lmm-l). Das Verfahren la& sich auf kupferhaltige Proben 
anwenden; der EinfluB einer grol3en Vielfalt anderer Verunreinigungen 
wird tabellarisch dargestellt. 

Rt5sum&-On d&it une technique analytique pour la separation du 
mercure(II) par extraction en n-octanol a partir dune solution en acide 
sutfurique, puis extraction en retour a Petat de complexe tetraiodo. 
Le mercure est determine par mesure de I’absorption du complexe ii 
3ZO~(coefficient ~abso~tion mol&Ulaire Lg.5 x lo3 l.mole-l.cm-l). 
La technique est applicable aux echantillons conten~t du cuivre; 
on pr&ente sous forme de tableau les influences dune large variete 
d’autres impure&. 
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SHORT COMMUNICATIONS 

A voltammetric and cbronopotentiometric study of molten alkali acetates 

(Received 6 JuIy 1971. Accepted 19 October 1971) 

MANY papers have been published in recent years regarding molten alkali metal acetates, dealing 
with characterization of the solvent,l-* polarography,‘-6 potentiometry,’ spectrophotometryB.* 
and conductivitv.rOJ1 In this communication some nreliminarv results of a voltammetric and chrono- 
potentiometric Study in molten (Na, K) acetates (46.3 mole 2 sodium acetate) at 250” are reported. 

The study deals with the reduction of water and acetic acid, and with the oxidation of hydrogen 
and hydroxide ions on bright platinum electrodes. 
platinum microelectrode ;**-I4 

Voltammetry was performed with an oscillating 

used. 
for chronopotentiometry a vertical platinum foil (61.7 nun%) was 

The electrochemically stable range of the solvent is represented by curve I in Fig. 1. 
All the potentials are referred to an Ag/Ag+(O.l mole/kg) electrode in (Na, K)NO, enclosed in a 

soft glass bulb. This electrode has been used as a reference both in voltammetry and in chrono- 
potentiometry, assuming its potential to be equal to zero. 

Curve I may be obtained from a melt carefully dried for many hours under high vacuum or a 
stream of dry nitrogen. A good baseline is obtained only when oxygen is rigorously excluded from 
the melt, and when certain precautions are taken in pretreating the electrodes. 

Normally the last traces of water are difficult to remove and the voltammograms are more like 
that represented by curve 2. 
reaction 

The wave at about -1.8 V is due to reduction of water according to the 

2Ha0 + 2e- + Ha + 20H- 

as is demonstrated by the composite wave (curve 3) obtained in a melt with added hydroxide ion 
and molecular hydrogen. 

The height of the anodic wave is limited by the hydrogen pressure; the wave at about -0.8 V 
is associated with the oxidation of the hydroxide ion and may still be seen after removal of hydrogen 
gas by passing a stream of nitrogen. 

The voltammograms obtained for melts of this kind are not reproducible over prolonged periods, 
owing to decomposition caused by reaction of the hydroxide ion with the solvent. Some attempts 
have been made to determine the kinetics of this reaction; it seems to be pseudo-monomolecular 
with a half-life of about 2 hr, referred to the hydroxide ion concentration. 

If glacial acetic acid is added to the melt the shape of the voltammogram becomes that of curve 
4. The hydrogen ion reduction precedes that of water and there is evolution of hydrogen gas at the 
electrode according to the overall reaction. 

2H+ + 2e- -) Ha. 

In the presence of hydrogen gas a composite wave (curve 5) is obtained. 
Oxidation waves of molecular hydrogen, not represented in Fig. 1 for the sake of simplicity, are 

readily obtained; sometimes these waves show a maximum of the first kind, but this depends on the 
pretreatment of the electrode. 

Chronopotentiometric experiments lead one to the same conclusion regarding the electrochemical 
behaviour of each species. In Figs. 2 and 3 are represented some typical chronopotentiograms for 
different solutes. Figure 2 represents a chronopotentiogram obtained in a partially dried melt; 
the potential break on the reverse branch corresponds to the anodic part of the composite wave of 
curve 3 (Fig. 1) with the difference that hydrogen gas and hydroxide ions are produced during the 
forward process. 

The shape of the anodic wave remains the same as long as the amount of hydrogen gas produced 
does not exceed the total solubility in the melt and on the platinum electrode. When this happens 
gas evolution can be observed at the electrode and hence some hydrogen is lost by a process other 
than pure diffusion. This event causes the appearance on the anodic wave of a second potential 
break that corresponds to oxidation of the excess of hydroxide ion formed at the electrode surface. 

Curves a and b in Fig. 3 represent the oxidation of molecular hydrogen and the reduction of 
hydrogen ion followed by the respective reverse processes. 

8 203 
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FIG. I.-Current-potential curves for a platinum microelectrode: (I) dry solvent; 
(2) water reduction wave; (3) composite wave for the system H,O/H,, OH-; (4) 

hydrogen ion reduction; (5) composite wave for the system H,/H+. 
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FIG. 2.-Chronopotentiogram with current reversal for water reduction. 
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Era. 3.-Chronopotentiograms with current reversal for: (a) hydrogen oxidation; 
(6) hydrogen ion reduction, 

Both voltammetry and chronopotentiometry have heen demonstrated to be suitable methods 
for the detection of water in acetate melts; this is important because water is the commonest impurity 
generally found in melts. In addition the reproducibility of the wave-height and of the transition 
times suggests that these techniques may be used for the determination of each species and hence 
their sdubiiity. These studies are in progress and will be the subject of a later report. 

~ckn~~le~e~nts-~ work was supported by the ItaIian National Research Council (C.N.R.) 
The authors wish to thank Prof. Mario Fiorani for helpful discussion and suggestions. 
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Summary-The electrochemical behaviour of water, hydrogen ion, 
and molecular hydrogen has been investigated in (Na,K) acetate melt 
at 250”with bright platinumelectrodes by means of chronopotentiometry 
and voltammetry. 

Zusauunenfassung-Die elektrochemischen Verhalten vom Wasser, 
Wasserstoff Ion turd molekularen Wasserstot?’ werden in einer Sch- 
melze aus (Na,K) Acetat bei 250” durch Vohammetrie und Chrono- 
potentiometrie mit den PlatineIektroden untersucht. 

R&tun&-Dn a etudie le comportement &ctrochirnique de l’eau, de 
f’ion hydrogene et de I’hydrogene mo&mlaire dans la masse fondue 
d’ac&ate (Na, K) a 250” avec des electrodes de platine poli au moyen 
de la chronopotentiometrie et de la voltamm&rie. 

REFERENCES 

1. F. J. Hazlewood, E. Rhodes and A. R. Ubbelohde, Trans. Faruday Sue., 1966,62,3101. 
2. R. F. Bartholomew and H. J. Holland, J. Am. Cerum. Sot., 1969,52,402. 
3. N. M. Sokolov and E. I. Pochtakova, Zh. Obschei Khim., 1958,28,1348. 
4. G. G. Bombi, M. Fiorani and C. Mac&, Chem. Commun., 1966,455. 
5. H. Giess, M. Francini and S. Martini, Eiectrochim. Metal., 1969,4,17. 
6. R. Marassi, V. Bartocci and M. Fiorani, Chim. Ind., 1970,52,365. 
7. R. Marassi, V. Bar&xxi, P. Cescon and M. Fiorani, J. ~~e~trDa~. Chem., 1969,22,21.5. 
8. R. A. Bailey, H. EIguindy and J. A. Walden, I?rov. Chem., 1969,8,2526. 
9. J. Duffy and M. Ingram, J. Chem. SW. A, 1969,2398. 

10. R. F. Bartholomew, J. Phys. Chem., 19?0,74,2507. 



206 Short communications 

11. Z. Halmos, T. Meisel, K. Seybold and L. Erdey, Taluntu, 1970,17, 1191. 
12. V. Bartocci, P. Cescon, R. Marassi and M. Fiorani, Ric. Sci. 1969, 39, 585. 
13. L. Busulini and P. Cescon, Ann. Chim. (Roma), 1966,56, 852. 
14. F. Schiavon, G. A. Mazzocchin and G. G. Bombi, J. Electround. Gem., 1971,29,401. 

Talanta, 1972, Vol. 19, pp. 206 to 207. Pergamon Press. Printed in Northern Ireland 

Statocalcein, a stable Calcein indicator for the EDTA titration of calcium 

(Received 24 June 1971. Accepted 15 September 1971) 

THE COMPOUND K&a&al&n, provides a stable aqueous solution of Calcein which is suitable as an 
indicator in the EDTA titration of calcium at high pH in the presence of magnesium. Two hundred 
and ten days after preparation, an aqueous solution of this compound still provided a sharp 
fluorometric endpoint, in contrast to solutions of Calcein in alkali which decompose within a day 
or so with the production of material, which gives a disturbing background fluorescence. We 
propose to call the new material Statocalcein (from state, stable or fixed). 

The theory of this development is based on the work of Hefleyl who established the structure of 
Cal&n and worked out the combining ratio and formation constants of the two calcium derivatives. 
Two ions of calcium combine, stepwise, with Calcein, each being bound by one iminodiacetate group 
(i.e., both carboxylate groups and the nitrogen atom) and the adjacent phenolic oxygen atoms. 
The iminodiacetic acid groups and the resorcinol rings are thus tightly packed, minimizing free 
rotation and presenting a more spherical configuration which is less subject to attack. The idea was 
to take advantage of this for the preparation of a stock solution, it being immaterial for indicator 
purposes that the metal being determined is also present in the indicator. 

In the union of calcium with Cal&n hydrogen ions are displaced. As shown by Hefley, in the 
titration with alkali of Calcein in the presence of calcium, six hydrogen ions are neutralized per 
Cal&n molecule and a sharp end-point is observed at pH 8. It was proposed simply to isolate from 
a solution brought essentially to this end-point the compound K,Ca,Calcein. A solid compound 
was isolated but it proved to be K,Ca,Calcein,. 

EXPERIMENTAL 

Reagents 

Statocalcein; K,Ca,Calceins; dipotassium pentacalcium bis(3’,6’-dihydroxy4’,5’-di[N,N’-di(car- 
boxymethyl)uminomethy~JfIuorun). Calcein was prepared by the procedure of Hefleyl starting with 
metal-free fluorescein obtained by the hydrolysis of diacetylfluorescein. The Cal&n was dried in 
vacuum at 50” for 24 hr. To a slurry of 3.84 g (0*0060 mole) of Calcein in 25 ml of deionized water 
was added a solution of calcium chloride prepared by dissolving 1.50 g (0*0150 mole) of primary- 
standard calcium carbonate in hydrochloric acid. With vigorous mechanical stirring, 0.4M potassium 
hydroxide was added dropwise until the pH reached and remained at 8.5. The precipitate formed was 
filtered off, slurried with 100 ml of demineralized water, and again filtered off. Some of this material 
was air-dried. The major part was rinsed into a freeze-drying bulb, frozen in liquid nitrogen, and 
freeze-dried. Both solids were orange. Found: Ca, 13.26%; K, 5.18%; Cal&n, 81.0%. Calcu- 
lated for K&alCaoHloOasNI: Ca, 13.26%; K, 5.17%; Cal&n (C&HlOOl~NJ, 81.57%. (Calcium 
was determined by EDTA titration following wet ashing with nitric acid plus perchloric acid. Potas- 
sium was determined by conversion of Statocalcein into calcium hydroxide plus potassium hydroxide 
by passage over IRA-400 in the alkaline form, followed by titration with acid and successive and 
immediate determination of calcium by EDTA titration; potassium was then calculated by difference. 
Calcein was determined fluorometrically as the dicalcium salt at pH 12, by using a Turner Model 110 
fluorometer with appropriate filters, and calibration with pure Cal&n as obtained by Hefley.) 

Procedure 

Stability of indicator solution and evaluation as indicator. For comparison, four solutions were 
prepared: (1) Calcein, 0.02% in O.OlM potassium hydroxide (as recommended in the original paper 
of Diehl and Ellingboe);” (2) Cal&n, 0.02% in 1 :l water-ethanol; (3) Statocalcein (air-dried), 
0.02% in water; (4) Statocalcein (freeze-dried), 0.02% in water. All solutions were stored in 
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polyethylene bottles in the dark. The calcium in a stock solution of calcium chloride, 0*02000&f, 
prepared by dissolving 4.0036 g of primary-standard calcium carbonate in hydrochloric acid and 
diluting to exactly 2 l., was determined periodically by EDTA titration, each of these indicators being 
used. 

A 2500-ml aliquot of the stock solution of calcium chloride was first treated with about 10 mg of 
ascorbic acid, 25 ml of 5% potassium cyanide solution, 5 ml of 20% triethanolamine solution, 
and then 5 ml of 5.0M potassium hydroxide, and tinally with 1 or 2 drops of the indicator solution. 
The solution was then titrated with 0.0125OM EDTA prepared by weight from primary-standard 
grade disodium dihydrogen ethylenediaminetetra-acetate dihydrate. The titrations were carried out 
in the dark (in a box with an amber glass windows) under radiation from an ultraviolet source 
housed in a box with a slit; the assembly is shown in the recent text by Diehl.* Best results were 
obtained with the very minimum amount of indicator. 

RESULTS AND DISCUSSION 

It was surprising that the compound isolated was K,Ca,Calcein, rather than K&a,Calcein. 
The composition of the filtrate from the crop of solid was consonant with this, being deficient in 
calcium. Each molecule of Cal&n binds two calcium ions, so the fifth calcium ion, like the two 
potassium ions, is ionic. That is, the character of the compound is probably expressed by K&a- 
[Ca,Calcein Ia. 

The periodic titration of calcium with EDTA, using the various indicator solutions, showed that 
Calcein prepared according to the original directions deteriorated within two days, producing 
sutlicient background fluorescence to obscure the end-point; by holding the pH at 7, the deterioration 
could be reduced, such a solution being useful for seven or eight days. Calcein in 1: 1 water-ethanol 
is much more stable but deterioration did occur with the development of background fluorescence 
and although the results of titrations even with indicator 60 days old were satisfactory the background 
fluorescence was gradually increasing. Solutions of Statocalcein showed no deterioration and no 
background fluorescence over a period of 210 days. The end-points were sharp, and in the darkened 
room, as distinctive as turning off a light bulb. The results of the analyses made on the stock solution 
of calcium chloride (using 6O-day old indicators) were excellent, the precision being that expected 
in good volumetric work without precise temperature control, the average titre being 40.02 ml of 
0.0125M EDTA for titrations with each of indicators (2), (3) and (4), the standard deviations being 
0.06,0.03 and 0.04 ml respectively for these indicators (11 determinations each). 

Dept of Chemistry 
Iowa State University 
Ames, Zowa 50010, U.S.A. 

WILLIAM C. HOYLE 
HARVEY DIEHL 

Sunnna~-A dipotassium pentacalcium dicalcein salt (“Statocalcein”) 
is recommended for use in place of Calcein as an indicator for fluor- 
imetric titration of calcium with EDTA. The new indicator remains 
stable in solution for long periods (at least 210 days). 

Zusammenfassung-Ein Dikalium-pentacalcium-dicalceinsalz (“Stato- 
calcein”) wird anstelle von Calcein als Indikator zur fluorimetrischen 
Titration von Calcium mit EDTA empfohlen. Der neue Indikator ist 
in Losung lange Zeit stabil (mindestens 210 Tage). 

R&sum-n recommande un se1 dipotassique pentacalcique de dical- 
ceine (“Statocalceine”) pour l’emploi a la place de la Calc&ne en tant 
qu’indicateur pour le titrage fluorimetrique du calcium ii I’EDTA. 
Le nouvel indicateur reste stable en solution pendant de longues 
pbiodes (au moins 210 jours). 
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Rapid determination of traces of silver in sulpbide ores by atomic absorption 

(Received 7 June 1971. Accepted 18 July 1971) 

SPECTROPHOTOMETIUC methods using p-dimethylarninobenzylidenerhodanine*~B and dithizone’ 
for the determination of small quantities of silver are not entirely satisfactory though widely used. 
However, atomic-absorption spectrophotometry offers rapidity and accuracy for determination trace 
quantities of silver. A method involving this technique developed by Rawling et al.4 for determination 
of silver in lead concentrates recommends addition of ammonium acetate and potassium cyanide to 
sample solutions to keep both silver and lead in solution before aspiration into the flame. Rube&a 
et aL6 adopted various methods of digestion for different sulphide minerals (galena, tetrahedrite, 
sphalerite and antimonites) and recommend the use of tartaric acid to prevent precipitation of 
antimony. In addition, mercury(I1) nitrate was added to overcome the effect of chloride ions which 
tend to decrease the signal, owing to adsorption of silver chloride on the walls of the glass container. 
GreavesO made use of alkylpolyamines such as diethylenetriamine to keep both lead and silver 
dissolved as stable soluble chelates in 8M hydrochloric acid. 

We have achieved excellent results by adding an excess of ammonia to the sample solution obtained 
by digestion with aqua regiu, and aspirating this ammoniacal solution into the flame of an atomic 
absorption spectrophotometer. This method ensures retention of all the silver in a soluble state in the 
supematant liquid while throwing down most of the metallic ions as hydroxides. 

Reagents 
EXPERIMENTAL 

A lOO-ppm standard silver solution was prepared by dissolving0.1575 g of silver nitrate in 800 ml 
of demineralized water and adding 5% ammonia solution drop by drop till a clear solution was 
obtained, and finally diluting to 1000 ml; IO-ppm and I-ppm standard solutions were prepared by 
diluting this solution with 1% ammonia solution. All other reagents were analytical-reagent grade. 
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Table I, it can be seen that addition of at least 3 ml of the ammonia solution is required to produce 
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TABLE I.-EFFECT OF AMMONIA ON ATOMIC ABSORBANCE OF SILVER AT 328.1 mn 

Ammonia solution, 
ml 

@l 
o-2 
0.5 
1-o 

Absorbance 

0.095 
0.105 
0.11 
o-12 

Ammonia solution, 
ml 

2.0 
3.0 
5.0 

10.0 

Absorbance 

0.135 
0.145 
o-145 
0.145 



Short communications 209 

Procedure 

A 0*1-0*2 g sample was weighed into a dry graduated cylinder (of a type which could be stoppered), 
3ml of aqua regia were added and the mixture was digested on a hot-plate for about an hour. After 
cooling to room temperature the solution was neutralized by dropwise addition of ammonia solu- 
tion (1 + 1) till a permanent precipitate of iron and other hydroxides formed. Then 5 ml of the 
ammonia solution were added and the mixture was made up to 20 ml. The cylinder was stoppered 
and after vigorous shaking the solution was allowed to settle for an hour. The supematant liquid 
was aspirated into the flame and the absorbance recorded. 

RESULTS 

Fe(III), Al, Cr(III), Sb(III), Bi, As(III), Cu(II), Pb, Zn,Co(II),Ni,Hg(II),Sn(IV),V(V),Mo(VI), 
W(V1). Ca, Ma, Na, K, Cl- and Sole- in concentrations ran&a between 0.5 and 2.5 me/ml were 
found to cause-no change in the absorbance of 1.5 ppm of si&eK Addition of Sn(I1) loWered the 
absorbance considerably because it separated silver from the ammoniacal silver nitrate solution. 
However if sufficient Fe*+ is present in solution (as is often the case) the Sn*+ is oxidized before the 
addition of ammonia, and does not interfere. 

Apart from this interference from Sn *+, the metal hydroxides precipitated by ammonia do not 
seem to retain any silver if a sufficient excess of ammonia is present. Copper, nickel, cobalt, cadmium 
and zinc remain in solution along with silver but do not cause any interference. 

A large number of silver-bearing samples analysed by this method yielded values for silver in close 
agreement with those obtained by the potassium cyanide-ammonium acetate method.4 
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Summary-The silver in sulphide ores is assayed by dissolution of the 
sample in aqua regia, addition of excess of ammonia solution and 
the measurement of the atomic absorbance of the supematant solution 
at 328.1 nm. 

Zusammenfassung-Das Silber in sulfidischen Erzen wird bestimmt 
durch L&en der Probe in Kiinigswasser, Zugabe von iiberschilssiger 
Ammoniakliisung und Messung der Atomabsorption der Lbsung iiber 
dem Bodenkijrper bei 328,l nm. 

R&urn-n dose l’argent dans les minerais sulfur&s par dissolution de 
l’&chantillon dans l’eau regale addition d’un exc& de solution d’ammo- 
niaque et mesure de l’absorption atomique de la solution sumageante 
a 328,l nm. 
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The absorption of carbon dioxide in solutions of monoethanolamine 

(Received 30 August 1971. Accepted 15 September 1971) 

ONE OF THE MORE POPULAR methods for the determination of carbon in steel and other materials 
involves combustion of the sample in a stream of oxygen and absorption and titration of the resulting 
carbon dioxide in non-aqueous media. A number of procedures have now been proposed which 
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include both coulometric and volumetric addition of the titrant. An important condition of these 
methods is that the absorption of the carbon dioxide in the titration medium or titrand solution 
should be 100 % efficient and the use of dilute solutions of monoethanolamine has been found satis- 
factory in many cases. One of the earlier groups of workers in this field, Blom et al.,l suggested that 
the efficiency of absorption of carbon dioxide by monoethanolamine solutions was due to the forma- 
tion of 2-hydroxyethylcarbamic acid, 

HOCIHINH2 + CO3 + HOCsH,.NHCOOH 

but no evidence was put forward in support of this conclusion. A similar situation applies to the 
reactions of a number of other amines with carbon dioxide which have been explained on a similar 
basis.2-” Braid et aLB have reported some studies in which carbon dioxide was bubbled through pure 
amine solutions and the resulting syrupy liquids were examined by infrared spectroscopy. They 
concluded, ‘It therefore seems likely that substituted ammonium carbamates are formed,’ in agree- 
ment with an earlier suggestion by Smola. a Although the infrared evidence is useful, it is not conclusive 
and since it appears likely to be taken as establishing this reaction,’ it seemed of some importance to 
attempt to obtain more precise information on the products of the reaction of carbon dioxide with, in 
particular, dilute solutions of monoethanolamine. 

In the normal procedures for carbon analysis, monoethanolamine is used as a 05-5 % v/v solution 
in pyridinel*g or dimethylformamide6-* and, under these conditions, no insoluble product separates out. 
To obtain the required information, two procedures were adopted. Slightly more concentrated 
solutions were taken (10%) and (a) strontium chloride was included to bring about precipitation of the 
strontium salt of the acid formed and (6) carbon dioxide was passed through a strontium-free solution 
for a long time, whereupon an oily phase separated out. The products from both (a) and (b) were 
analysed. 

When carbon dioxide was bubbled into pyridine containing ethanolamine (10 % v/v) and strontium 
chloride hexahydrate (5 % w/v), a glutinous mass separated out which, after washing with pyridine 
and drying in a vacuum oven at 50*, gave a white solid which appeared to be strontium 2-hydroxy- 
ethylcarbamate contaminated with about 7 % strontium carbonate and 6 % strontium chloride. The 
use of the hydrate appeared to be the cause of the formation of strontium carbonate and, to avoid this 
contamination, the experiment was repeated with 3.5 % w/v anhydrous strontium chloride solution. 
The material obtained(Compound A) was insoluble in water and readily decomposed by dilute mineral 
acids, evolving carbon dioxide, a characteristic property of carbamates. It was subjected to elemental 
microanalysis (Table I), thermogravimetric analysis (Fig. 1) and infrared analysis. The thermogravi- 
metric curve shows three breaks. The weight loss up to 120’ was due to loss of volatile material, pre- 
sumably water absorbed by the sample after separation. The loss at 300’ was 50% on a dry-weight 
basis and corresponds exactly to the loss expected from the reaction, 

3000 
Sr(C,H,O,N), + SrCO, 

The final weight loss, 29.5 %, corresponds to the decomposition of the carbonate to the oxide, 
loooO 

SrCO, + SrO + CO, 

TABLE I.-COMPOSITION OF COMPOUNDS A AND B 

(Theoretical figures are based on Sr(CsH,OIN)a for A and 
[HOCBHINHCOJ-[HsNCeH40H]+ for B) 

EIemental analysis . 
Compound Theory, Reported, Corrected, 

Atomic 
ratio 

% % % 

AC 
H 
N 
Sr 
0 

B C 
H 
N 
0 

2440 18.7 23-5 5.8 
4.06 4.5 4-3 12.5 
9.38 8.4 8.7 1.8 

29.70 28.6 29.7 1 .o 
32.47 35.8* 33-8 6.2 
36.16 36-8 5.2 

8.49 9.0 15.0 
16.88 16.7 2.0 
38.47 37.5+ 3.9 

* By difference. 
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FIG. 1 .-Thermolysis curve of compound A. 

for which the theoretical weight loss is 29.8 %. The thermogravimetric results show that strontium 
carbonate is formed at the temperature (SC@) used for the ignition in the carbon determination and 
the carbon result will therefore be low. The thermogravimetric data also shows that 3.82% volatile 
material, presumed to be absorbed water, is present and dithcult to exclude completely, owing to the 
hygroscopic nature of the material. Correction for both these errors is a simple matter and the 
corrected figures given in Table I are in reasonable agreement with the theoretical composition for 
Sr(C,H,O,N),. Slight discrepancies are almost certainly due to small variations in the water content 
between different analyses. 

Passing carbon dioxide through a 9O:lO mixture of pyridine and ethanolamine in the absence of 
strontium chloride yielded a viscous oily phase (Compound B) which separated out at the bottom of 
the reaction vessel. This was also hygroscopic, was readily soluble in water and was also decomposed 
by dilute mineral acids with evolution of carbon dioxide. 
violet fluorescence. 

The material also appeared to give a pale 
The elemental analysis of Compound B is also given in Table I and suggests that 

it is in fact the monoethanolamine salt of 2-hydroxyethylcarbamic acid. 
Infrared spectra of both Compound B and monoethanolamine itself were obtained from thin 

liquid tihrrs between RBr discs and that of Compound A from a pressed RBr pellet. All three spectra 
were generally similar but new bands were observed for both A and B in the region 1600-1300 cm-l 
and at 800-850 cm-r. These were in general agreement with the reported results of Braid et al.,‘ 
although less detail was observable in our case, possibly due to contamination by pyridme. Thus, 
the band at 1600 cm-l in ethanolamine disappears and new bands appear at 1580 and 1390 cm-l, as 
be expected for an ionized carboxyl group. 
clusive on its own. 

The infrared evidence is not, however, particularly con- 

CONCLUSION 

It is established that the acidic species present in solutions of ethanolamine in pyridine after the 
absorption of carbon dioxide is the ethanolamine salt of 2-hydroxyethylcarbamic acid. This com- 
pound and the strontium salt of 2-hydroxyethylcarbamic acid have both been isolated from this 
medium and identified. As has been assumed previously, it is this acid which is titrated on addition 
of a strong base to the solution. Amines such as monoethanolamine therefore provide excellent 
absorption properties for carbon dixoide. The existence of the chemical reaction instead of simple 
dissolution means that the carbon dioxide is not easily removed, e.g., by continued flushing of oxygen 
through the solution, and is available in acidic form for titration with bases. 

Acknowledgement-The authors are indebted to Mr. F. Daubney for the microanalytical results for 
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Summary-Infrared, thermo~vimetric and analytical results are pre- 
sented that establish that the ethanolamine salt of 2-hvdroxvethvl- 
carbamic acid is formed when carbon dioxide is absorbeiin sohrtidns 
of ethanolamine. 

Zusanunenfassung-Es werden Ergebnisse von Infrarotmessungen, 
Thermogravimetrie und Analysen vorgelegt, die zeigen, da5 bei 
der Absorption von Kohlendioxid in Athanolaminlijsungen das 
Athanolaminsalz der 2-Hydroxycarbaminslure gebildet wird. 

R&urn&-On pr&sente des r&sultats d’infra-rouge, thermogravimdtriques 
et analytiques qui etablissent qu’il se forme le se1 d’&thanolamine de 
l’acide 2-hydroxy~rb~ique lorsque le gaz carbonique est absorb& 
dans des solutions d’~thanolamine. 
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Oxidimetric dete~inatian of ascorbic acid with potassium 
hexacyanoferrate(III) in acid medium 

(Received 21 April 1971, Revised 20 August 1971. Accepted 4 October 1971) 

ACCORDING to Kolthoff and Belcher* hexacyanoferrate(IH) is obtainable in a high state of purity and 
serves as its own primary standard. It is a convenient oxidimetric reagent because of its stability in 
aqueous solution and its large equivalent weight. It is mostly employed for the determination of 
organic substances in neutral or alkaline media. It has been used for the determination of ascorbic 
acid by Hubicka* at pH 7, employing an amperometric technique and by van Pinxteren and Verloop 
with a dead-stop end-point procedure in bicarbonate medium. Erdey and Svehla* proposed the visual 
titration of ascorbic acid with this reagent in a slightly alkaline medium buffered with sodium 
acetate, using 2,6-dichIorophenolindopheno1 as redox indicator. In an attempt to determine the 
redox potentials of the ascorbic acid + dehydro~rbic acid system from potentiome~c titration 
curves, Ball6 reported that at pH 5 not only ascorbic acid but also dehydro~rbic acid reduces 
hexa~~nofe~a~~I1). Abramov and Kadyrov$ proposed the indirect determination in a slightly 
acid medium. After an aliquot of the ascorbic acid solution was reacted with a known and excessive 
amount of hexacyanoferratk(H1) in the presence of zinc sulphate, the unreacted oxidant was treated 
with an excess of notassium iodide and the iodine liberated titrated with sodium thiosulnhate. with 
starch as indicate;. Sant’ improved the method by direct titration in a medium buffered with zinc 
acetate to pH 6, with a starch-iodide end-point. In both cases, the zinc salt raises the redox potential 
of the hexacyanoferrate system towards the end- 

% 
oint by precipitating the hexacyanoferrate(I1). 

At the higher pH the titratton is likely to be vitiate by the reaction of dehydroascorbic acid with the 
oxidizing titrant, as stated by Ball. We have, therefore, undertaken this investigation to ascertain the 
conditions under which potassium hexacyanoferrate(II1) can be used for the direct titration of 
ascorbic acid in acid medium with visual and potentiometric end-points. 

Reagents 
EXPERIMENTAL 

Potassium ~exacy~o~rrate(IIZ) so~atio~, O-1N. Stored in an amber bottle, and diluted as 
required. 
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Ascorbic acidsolution, 0-W. Stabilized with a small amount of sulphuric acid, and standardized 
against potassium iodate. Diluted as required and standardized with iodate. 

Demineralized water was used throughout because of the decomposition of ascorbic acid by traces 
of metallic impurities. 

Visual titration in sulphuric acid medium 

Oxidation of barium diphenylaminesulphonate by hexacyanoferrate(III) is rapid only when the 
sulphuric acid concentration is greater than 4M and reduction of oxidized indicator by ascorbic acid 
is rapid at all sulphuric acid concentrations <5M but retarded at concentrations >5M. For this 
reason the range of acidity for titration should be 4-5M at the equivalence point. To 40 ml of 8M 
sulphuric acid in a 250-ml conical flask add 3-8 ml ascorbic acid solution and 1 drop of O-2 % solution 
barium diphenylaminesulphonate and titrate with hexacyanoferrate(III). The equivalence point is 
heralded by transient appearance of a violet wlour. Towards the equivalence point, the titrant is 
added dropwise at 34 sec. intervals. The end-point is indicated by a violet colour stable for 2-3 min. 
At low ascorbic acid concentration (20-200 ,ug/ml) the consumption of hexacyanoferrate(III) is low 
by l-2% because of aerial oxidation of the ascorbic acid, but the results are accurate if a carbon 
dioxide atmosphere is used and an indicator correction of 0.02 ml of 0.01 M titmnt is deducted. No 
inert atmosphere is necessary for more concentrated solutions. Typical results are given in Table I. 

TABLE I.-TIT RIMETRIC DETERMINA- 
TION OF ASCORBIC ACID WlTIi 

HEXACYANOFERRA~(III) 

Amount of ascorbic acid, mg 
Taken Found Taken Found 

72.74 72.70 8.166 8.167 
57.73 57.61 7.705 7.691 
48.21 48.39 6.742 6.751 
43.42 43.25 5.780 5.792 
36.38 36.47 5.154 5.140 
25.14 25.18 3.992 3.987 

3.280 3.284 
1.919 1.920 

Interferences 

A tenfold excess of oxalic, citric, tartaric, succinic, malic and acetic acids, and glucose, fructose 
and sucrose does not interfere. 

Visual titrations in other acidic media 

Similar results are obtained in 7-1OM hydrochloric acid or 9.0-l l*OM phosphoric acid. The end 
point is sluggish (10-30 set between additions) in phosphoric acid medium, but an advantage is that 
even dilute solutions of ascorbic acid (0.OOSM) can be titrated in air. 

TABLE II.-POT~NTIOMEZ'RIC~RATION 
OF ASCORBIC ACID WITH HEXACYANO- 
FERRATE(III)IN 10M PHOSPHORIC ACID 

Amount of ascorbic acid, mg 
Taken Found 

24.13 24.22 
29.44 2944 
38.71 38.55 
48.78 48.78 
58.02 57-76 
66.95 66.95 
73.55 73.47 
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Potentiometric titrations 

For potentiometric titration a bright platinum rod is used as indicator electrode and a saturated 
calomel cell as reference electrode. In 4-5-5.5M sulphuric acid medium the potential stabilizes 
within 1 min in the early stages and 5 min at the end-point. The potential break is 100-120 mV per 
drop (0.04 ml) of O*lN hexacyanoferrate(III), but the end-point is 1-2 % lower than the true equiv- 
alence point. However, with rapid titration in an inert atmosphere and immediate reading of 
potential in the early stages and a wait of 1 min before readings near the end-point, an inflexion occurs 
at the true equivalence point. This implies that in a slow titration some aerial oxidation occurs. 

Potentiometric titration in lO-12&Z phosphoric acid gives an end-point that corresponds to the 
true equivalence point and there is no need to maintain an inert atmosphere. Table II shows the 
relative error is 0.4%. The results are not affected by the presence of a 10-20 fold excess of 
sucrose, dextrose, citric acid, tartaric acid, malic acid and oxalic acid. 
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Potentiometric titrations 

For potentiometric titration a bright platinum rod is used as indicator electrode and a saturated 
calomel cell as reference electrode. In 4-5-5.5M sulphuric acid medium the potential stabilizes 
within 1 min in the early stages and 5 min at the end-point. The potential break is 100-120 mV per 
drop (0.04 ml) of O*lN hexacyanoferrate(III), but the end-point is 1-2 % lower than the true equiv- 
alence point. However, with rapid titration in an inert atmosphere and immediate reading of 
potential in the early stages and a wait of 1 min before readings near the end-point, an inflexion occurs 
at the true equivalence point. This implies that in a slow titration some aerial oxidation occurs. 

Potentiometric titration in lO-12&Z phosphoric acid gives an end-point that corresponds to the 
true equivalence point and there is no need to maintain an inert atmosphere. Table II shows the 
relative error is 0.4%. The results are not affected by the presence of a 10-20 fold excess of 
sucrose, dextrose, citric acid, tartaric acid, malic acid and oxalic acid. 

Department of Chemistry 
Andhra University 
Waltair, S. India 

G. SITARAMA SASTRY 
G. GOPALA RAO 

Sunnnary-Conditions have been developed for the titrimetric deter- 
mination of ascorbic acid with hexacyanoferrate(III), with potentio- 
metric and visual end-points, in sulphuric, hydrochloric or phosphoric 
acid media. Several organic substances likely to be present in plant 
tissues do not interfere. 

Zusanunenfassung-Die Bedingungen zur titrimetrischen Bestimmung 
von Ascorbinslure mit Hexacyanoferrat(II1) mit potentiometrischer 
oder visueller Endpunktsbestimmung in schwefelsaurem, salzsaurem 
oder phosphorsaurem Medium wurden ermittelt. Mehrere organische 
Substanzen, die in Pflanzengeweben wahrscheinlich vorkommen, 
s&en bei der Bestimmung nicht. 

R&sum&--On a mis au point les conditions du dosage titrimetrique de 
l’acide ascorbique au moyen d’hexacyanoferrate(III), avec points de 
fin de dosage potentiometrique et visuel, en milieux acide sulfurique, 
chlorhydrique ou phosphorique. Plusieurs substances organiques 
susceptibles d’etre presentes dans les tissus vegetaux n’interferent pas. 

REFERENCES 

1. I. M. Kolthoff and R. Belcher, Volumetric Analysis, Vol. III p. 645. Interscience, New York, 1957. 
2. K. Hubiclca, Ann. Univ. Mariae Curie-Sklodowska, Lublin-Polonia. Sect. AA. 1957. 10. 35. 
3. J. A. C. van Pinxteren and E. Verloop, Pharm. keekblad, 1958,.23, 203, $82, Anai. Abstr., 

1959,6,3230. 
4. L. Erdey and G. Svehla, 2. Anal. Chem., 1956,150,407. 
5. E. G. Ball, J. Biof. Chem., 1937, 118,219. 
6. M. K. Abramov and Ya. K. Kadyrov, Aptechnoe Delo, 1956,5(2), 28; Anal., Abstr., 1957,4, 

283. 
7. B. R. Sant, Chemist-Analyst, 1958,47, 65. 

Talmta, 1972, Vol. 19, pp. 214 to 217. Persamon Press. Printed in Northern Ireland 

Microtitrimethc determination of uranium in nitric acid medium in the presence 

of excess of iron, magnesium and aluminium 

(Received 15 March 1971. Revised 5 July 1971. Accepted 30 August 1971) 

DAVIES AND GRAYI developed a method for titration of uranium(VI) with iron(H) in phosphoric acid 
medium after reduction to U(W) and eliminated the interference of nitrate. Their method also avoids 
the sluggishness of reaction near the end-point that is experienced with the Rao and Sagi meth0d.a The 
Davies and Gray procedure was developed for 200-300 mg amounts of uranium, and has since been 



applied to smalIer amour~ts.~-~ However, our attempts to s&e it down (by a factor of 20) to cover 
subm~li~ levels were not immediately successful, and this paper describes the modifications found 
necessary. 

EXPERIMENTAL 

&&7~tPii.r 

These were the same as for the Davies and Gray methodlexcept that OGOSNpotassium dichromate 
was also used, and was prepared by dilution of the 0*05N reagent and standardized by titration of 
umnium. 

Orthophosphoric acid, analytical-reagent grade 

A-for O”130 mg of w 
B-for 0.02-O-3 mg of U 

Transfer 100 ~1 of sample (in 0-9&f nitric acid) to a tall 50-d beaker and dilute to 500 ~1 with 
water. Add 0.25 mI of l-S&f sulphamic acid, 2 ml of 85 % orthoph~pho~c acid and 0.25 n-11 of I&$ 
ferrous suiphate, mixing thoroughly after each addition (magnetic stirrer). Some sulphamic acid 
settles out after addition of the phosphoric acid, and after a while a fine, green, layer of U(IV) appears 
at the surface if there is more than 300 @lg of W present. Add O-5 ml of 4~0Mnitric acid-O*IMsulpha- 
mic acid mixture and stir; the sulphamic acid precipitate then redissolves. Add O-15 ml of 1% 
ammonium molybdate reagent and stir till the reaction mixture becomes greyr then stop the stirring 
and let the reaction take place. 
be smelt. 

Bubbles evolve from the dark brown solution, and nitrous gases can 
When the reaction is over (2-S min) no bubbles are evolved and the solution is green or 

colourless. Immediately stir twice for 30-set periods with a short (~1 min) break in between. After 
the first stirring, intensive evolution of Na and/or NO bubbles from the solution takes place; after 
the second, the evohttion of bubbles is less intensive or only sporadic. Then add 1.25 ml of 9M 
sulphuric acid and stir simihtriy for two 3&sec periods. Immediitety before the titration dilute the 
reaction mixture with IO.0 ml of distihed water and add O*fO mI of @04% barium diphenylamine- 
suIphonate indicator sohition, No nitrogen bubbles should evolve from the sohttion at this stage and 
any remaining cry&s at the bottom are dissoived. Stirring continuously, titrate the solution with 
O~OSNdichromate (A) or @005N dichromate (B) from a 0.5~ml microburette till an intense red-purpfe 
cotour persists for 1 min without fading. 

In the proximity of the end-point it is necessary to wait after each addition oft&ant, to see whether 
the solution is decoiorized. 

DISCUSSION AND RESULTS 

ZJffect of orthophosphoric acid 
The reduction of U(VI) to U(IV) by ferrous sulphate is quantitative in phosphoric acid medium if 

the phosphoric acid concentration exceeds 9*8M. * Scaling down of the Davies and Gray method 
should permit use of up to 0.75 ml of sample but it was found that high results were obtained. The 
safe limit is 0+5 ml of sample, if 85 % orthophosphoric acid is used. 

in the sump& aEiquot_ According to Davies and Gray the permissible amount of nitrate i the 
sampie aliquot is 50mmob. According to Lindner el aI.s the concentration of nitric acid in the 
sample should be 2-3M. Eberfe et aE8 consider that 3 g of nitrate can be tolerated in 15 ml of sample 
provided tl mg of molybdenum is present. Under our experimental conditions, satisfactory results 
were obtained for O+mI samples in which the concentration of nitric acid was 0%lv8M: low results 
were obtained for nitric acid ‘concentrations between 1.8 and 6M. 

Xn oxidation of excess of Fe(ZZ). The most suitable means’ of destroying the excess of Fe(II) is 
oxidation with nitric acid in the presence of molybdenum .’ The optimum conditians require a certain 
range of nitric acid concentration in the reaction mixture, achieved by adding a constant volume of 
nitric acid-sulphamic acid mixture. 

The limitation imposed by the need to have less than 0.9 mmole of nitrate present from the initial 
sample was dealt wiih by taking 100 &d of sample and diluting it to 500 ~61 before addition of the 
reagents. In this way the initial sample could be up to 9M in nitric acid, and the procedure was 
satisfactory for 05-9&f nitric acid. If the nitric acid concentration was below OBf, however, the 
oxidation of excess of iron(R) became very slow (20-30 rnin), and it was found necessary to increase 
the amount of nitric acid-sulphamic acid reagent by ZOO% and of molybdate by 50 % to m&e the 
oxidation su&iently rapid. The method was then app&abIe even in the absence of nitric acid in the 
sample. 
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The disappearance of the dark brown colour of the nitrosyl iron(H) complex, and the removal of 
nitric oxide from the solution (which we think is very important) can be accelerated by efficient 
stirring. Short sharp bursts of stirring were found most effective, and necessary to prevent unwanted 
oxidation of uranium(IV). We had found that in the Davies and Gray procedure nitrogen bubbles 
were evolved during the beginning of the titration, and that although evolution of nitrogen had 
apparently ceased after the recommended standing time, stirring caused an intense release of gas 
bubbles. To us, this indicated the presence of unreacted nitrous acid or nitrite at the beginning of the 
titration, or the presence of at least traces of nitric oxide. Such a possibility does not seem to have 
considered earlier,lP8 but the presence of nitric oxide or nitrous acid could cause oxidation of uranium- 
(IV) according to Slade’s mechanism:* 

U*+ + NO,- + HI0 -+ UO,*+ -i_ HNO, + H+ (1) 

U*+ + 2 HNO, + UO,*+ i- 2 NO + 2 H+ (2) 

2 NO + HNOs + Ha0 -+ 3 HNO, (3) 

In nitric acid medium uranium(IV) is oxidized slowly at first because (1) is very slow, but the rates of 
the autocatalytic reactions (2) and (3) are high, and some uranium(IV) will be oxidized if the NO or 
HNO, is not removed or destroyed. The reaction of nitrous acid with sulphamic acid is likely to be 
slower at low concentrations, so we considered it best to try to remove NO by vigorous stirring, to 
prevent reaction (3) from occurring, and the method proved successful. 

Titration conditions 

Scaling down of the Davies and Gray procedure by a factor of 20 gave satisfactory results. Dilu- 
tion with more water, or use of more indicator, gave positive errors of up to 5 %. 

Cherry0 has described an amperometric end-point method that was reported to give better pre- 
cision and accuracy. Eberle et al6 found that addition of a vanadyl salt sharpened the end-point and 
improved the precision and accuracy. 

Time factors 
To avoid aerial or other oxidation of uranium(IV) the earlier methods1~3~B specify time schedules, 

especiallv for the period between destruction of excess of iron(B) and completion of the titration. 
This canconstitute a problem if several analyses are to be done together. I-Iowever, we have found 
the presence of excess of iron prevents the oxidation of uranium(IV) for at least 2 hr; contrary to 
Lindner’s statement,3 individual treatment of each sample after this stage is not necessary at all, if the 
procedure proposed above is followed. 

Eflect of other ions 
In the determination of 2.4 mg of uranium, the presence of 2.7 mg of aluminium, 2.4 mg of 

magnesium, and 11 mg of iron and 0.5 mg of molybdenum(V1) in addition to the amounts added 
as reagents, caused errors of less then + 1.5 ‘A. The effect of other ions was described earlier.’ 

Accuracy and precision 
By procedure A, 8 replicate samples containing 2440 ,ug uranium gave a mean of 2442 rg (range 

2404-2478 pg). By procedure B, the error was less than 2 rg for 120-240 peg of uranium, but in- 
creased to 4 pg for 24-48 ,ug in the sample. The end-point was more difficult to detect when these low 
concentrations were used. No blank correction was found necessary; when blanks were determined 
they were found to be less than the average error. 

Nuclear Research Institute, &A V V. MARESKA 

ie.f near Prague, Czechoslovakia 

Summary_-The Davies and Gray procedure for determination of 
uranium in presence of nitric acid has been scaled down to permit the 
analysis of solutions 0-9M in nitric acid and containing 20-3000 pg of 
uranium. The original method required modification in the scaled- 
down version, the main alterations being removal of NO by rapid 
stirring during the oxidation of excess of iron( and an increase in the 
amount of two of the reagents. Several analyses can be done together. 
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Zmammenfassung-Die Methode von Davies und Gray zur Bestim- 
mung von Uran in Gegenwart von SaIpetersIiurc kann auf kleinere 
Mengen angewandt werden. Man kann dann O-9&4 salpetersaure 
Liisungen mit 20-3OOOfig Uran analysieren. Die Anwendung auf 
kleine& Mengen bedmgr Arrderungen der Originalmethoder die 
wichtiesten sind Entfernen von NO durch rasches Rtihren wiihrend der 
Oxidazon von iiberschtissigem Eisen(I1) sowie gr6Dere Mengen von 
zwei Reagentien. Man kann mehrere Analysen zugleich ausfiren. 

R&nn&La technique de Davies et Gray pour le dosage de l’umnium 
en presence d’acide nitrique a et6 reduite a plus petite &helle pour 
permettre l’analyse de solutions O-9 M en acide nitrique et con- 
tenant 20-3OOOpg d’uraninm. La m&hode originale a necessitt! des 
rno~~catIo~ dans la version ii echelle r&duite, les principaux remanie- 
ments &ant ~~l~ation deN0 par agitation rapide pendant i’oxyda- 
tion de Sex&s defer (II), et un accroissement de la quantite de deux des 
reactifs. Plusieurs analyses peuvent etre men&a en meme temps. 
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Summary-An exhaustive literature survey is given of the hydrous 
oxides and acidic salts of multivalent metals that are used as ion- 
exchange materials, the survey covering the preparation, properties, 
uses and theory of these materials. 

DURING the last l&l5 years the inorganic ion-exchangers have firmly occupied their 
own position among the ion-exchange materials. A rapid development in nuclear 

energy, hydrometallurgy of rare elements, preparation of high-purity materials, 
water purification, etc., has enforced attempts to find and synthesize new, highly 
selective ion-exchanging materials resistant to chemicals, temperature changes and 
radiation, and of more convenient properties than commercial organic or natural 
inorganic (soils, clay minerals, etc.) ion-exchangers. 

A large number of synthetic inorganic substances has been described which 
exhibit ion-exchanging properties. These materials may be divided into the following 
main groups : 

1. Hydrous oxides 
2. Acidic salts of multivalent metals 
3. Salts of heteropolyacids 
4. Insoluble ferrocyanides 
5. Synthetic aluminosilicates 
6. Certain other substances, e.g., synthetic apatites, sulphides, alkaline earth sulphates 

A large number of papers dealing with the ion-exchange properties of these sub- 
stances has been published. The excellent book by Amphlettl and the reviews by 
Churms2 and Materova et al3 have covered this field up to 1964-5. However, 
during the last five years great progress has been made in development and study of 
the basic properties of these materials. We found it reasonable to review the papers 
appearing within the period 1965-70, with an attempt to cover the data published by 
the end of 1970. The present review is divided into two parts, the first covering 
hydrous oxides and acidic salts of multivalent metals, which have been the most 
intensively studied groups of synthetic inorganic ion-exchangers. The ion-exchange 
properties of the other substances will be reviewed in the second part. 

* For copies of this Review see Publisher’s announcement near the end of the issue. 
t Present address: Institute of Inorganic Chemistry of the Czechoslovak Academy of Sciences, 

Prague 6, Czechoslovakia. 
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HYDROUS OXIDES 

The adsorptive properties of hydrous oxides, such as alumina, silica and ferric 
oxide have been known for many years and it has been established that the adsorption 
of ions by them is presumably by ion-exchange. In that sense the hydrous oxides are 
of particular interest because most of them can function both as cation and anion- 
exchangers, and under certain conditions both cation and anion-exchange can occur 
simultaneously. These substances are mostly amphoteric and their dissociation may be 
schematically represented as follows : 

M-OH $ M+ + OH- 

M-OH + M-O- + Hf 

(M represents the central atom) 

(I) 

(II) 

Scheme I is favoured by acid conditions, when the substance can function as an 
anion-exchanger, and scheme II by alkaline conditions, when the substance can func- 
tion as a cation-exchanger. Near the isoelectric point of the oxide,2 dissociation accor- 
ding to both schemes can take place and both types of exchange may occur 
simultaneously. 

A large number of compounds of this type has been studied in recent years,1*2*4 
some more extensively than others, with particular attention to deeper knowledge of 
the adsorption mechanism as well as to their application in chemical processing of 
radioactive materials and in water desalination processes. The progress during the 
last five years in studying the exchange properties of hydrous oxides will be reviewed 
in this section. 

Hydrous oxides of bi- and tervalent metals 

Hydrous oxides of bivalent metals 

This group of exchangers includes hydroxides of Be2+, Mg2+, Zn2+ and their 
mixtures with ferric hydroxide and hydrous alumina. 

Hydrous Be0 of composition BeO.l*7H,O acts both as cation and anion-ex- 
changer5r6 with the selectivity for alkali metal cations following the order of decreasing 
ionic radii of the unhydrated ions. 6 Magnesium hydroxide exhibits anion-exchange 
properties.5 However, there has also been found an adsorption of Zn2+, which is 
more co-precipitation within the Mg(OH), than ion-exchange. The adsorption proc- 
ess obeys the Langmuir equation and in the case of large amounts of the adsorbate, 
a sigmoid isotherm was verified. 7 Very interesting phenomena were observed for 
mixed hydrous oxides. The adsorption isotherm of a mechanical mixture of 
Mg(OH),-2 Fe(OH), was a superposition of the isotherms of both pure oxides and its 
hysteresis loop consisted of two parts, the first corresponding to coarse pores of 
Mg(OH),, and the second to fine pores of Fe(OH),. The hysteresis loop of co-precipi- 
tated hydroxides in the same ratio as in the mechanical mixture revealed uniformly 
porous material with a considerably lower volume of micropores in comparison to 
pure Fe(OH),, and a lower surface than that of the mechanical mixture. Co-precipi- 
tated specimens are more probably anomalous solid solutions not subject to the law of 
isomorphism. The Mg(OH), phase was always present and Fe(OH), was deposited 
in the Mg(OH), pores and in layers of the Mg(OH), crystal lattice, partially distorted.* 

The mixture of Zns+- and AP+ oxides was employed for 35S and 32P decontamination 
from waste solutions.g 
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Hydrous oxides of tervalent metals 

The tervalent metal hydroxides are still extensively studied, even though their 
sorption and separation properties are well known and have been reported in detail 
in many earlier papers. 

The sorption properties of pseudomorphic iron hydroxide were studied with 
respect to its isoelectric point, which was found at pH 7-1-7-2.‘O Surface charge 
characteristics of microcrystalline particles of ferric oxide were measured in in- 
different electrolyte solutions by potentiometric titration method@ and the surface 
area of iron hydroxides was determined on the basis of nitrogen and argon ad- 
sorption.12 The sorption ability of Fe(OH), decreases with increase in the dehy- 
dration temperature= and is lost on heating at 600”. Strongly sorbed cations are better 
separated on Fe(OH), dehydrated at w-450”, whereas less strongly sorbed cations 
require sorbents dehydrated at 300’ or less. l4 Higher sorbability of cations occurs if 
the drying temperature is ~125” and decreases in the order H > Fe > Al > Pb > 
Ag > Cu > Zn > Cd > Mn > Ni(Co) > Ba.16 

The adsorption of phosphates,13*ls*17 sulphate@ and chlorides5 on ferric oxide in 
the form of sol, gel or ignited and crystalline samples was studied at different pH 
values. The adsorption isotherms more or less obey the Freundlich adsorption law 
but clear evidence of phosphate exchange for OH- ions was not obtained.n*16 The 
sorption capacity for PO a- decreases on heating the sorbents, in correlation to the 
loss of H,O from the precipitate. However, some capacity remains even after 
sintering at 1000”.13 The sorption of VO,, W042-, Cr,O,+ and MoO,~ anions was 
studiedlsand the adsoption mechanism, especially for Mo042-, was examined in detail.ls 
Dissolution of iron occurred during sorption of molybdate at pH 3-5.1° The sorption 
of 1311 and 35S in the form of the corresponding anions was examined and correlated 
with pH and electrokinetic properties of colloidal Fe(OH), particles.20 

For the adsorption of Cs, Na, 2o K,12 and Ag9 an ion-exchange mechanism was 
proved to be operative. The co-precipitation of nickel with Fe(OH), was determined 
at different pH values21 and in the presence of sodium and magnesium salts. A hydro- 
lytic mechanism was observed in the absence of electrolytes but the presence of 
magnesium salts enabled the ion-exchange process to operate.22 Electrolytes markedly 
increased the sorption capacity for nicke1.22 The adsorption of Zn2+, Hg2f, Mn2+ and 
Sr2+ ions as well as of amine complex-forming cations such as Co2+ and Znw has also 
been presented. 17*23*24*25*26*27~46 Both hydrolytic and ion-exchange mechanisms were 
proved for copper adsorption.28 

Hydrous Fe,O, was successfully applied for the decontamination of waste water 
from 35S, 32P,n*20 loaRu3f, 1osR~(N0)2+,29 1311-,28*30 13’Cs, 22Na,20 for Zn2+ isolation 
from rock samples,24 and for daughter separation of nsMo-nn”T~ and 132Te-1321 
mixtures.lO 

A modified form of sorbent was prepared by co-precipitation of hydrated Ag,O 
with Fe(OH),. The high sorption activity for lo6Ru, 106R~(N0)2+ and radiocobalt 
was examined.2B 

Hydrous alumina was also studied quite intensively, although its ion-exchange 
properties were known many years ago. The isoelectric points of cr-Al,O,, cr-AlOOH 
and B-AI( are at pH 5*59,6*78, and 6.80, respectively. The isoionic point and the 
point of exchange neutrality are dependent on the type and concentration of electrolyte 
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present. The relationship between electrokinetic potential and ion-adsorption prop- 
erties has been derived.31 Dielectric loss measurements were made for single crystals 
of p-alumina suspended in or-alumina. s2 Adsorption of H+ and OH- ions at the 
alumina water interface and the heats of immersion of alumina in Hz0 were measured. 
The minimum heat of immersion occurred at the equiadsorption point.39 The rate of 
Na+-H+ exchange on hydrated Al,Os decreased with increase in pH whereas the rate 
of Cl--OH- exchange increased. s4 Irradiation of alumina (> 10%/mm2 y-radiation 
dose of lo’-10B rad) caused an increase in adsorption capacity.3s 

The dissociation of hydrated alumina occurs in the following stages: Al(OH)B $ 
AI(O + OH-, Al(OH)$ +’ Al(O + OH-, Al(OH)U- + Als+ + OH-. The 
acid dissociation occurs according to the scheme Al(OH), + H,AlO,- + H+.s6 The 
effect of pH on the ion-exchange capacity and selectivity of hydrated alumina for 
alkali metal cations and for univalent anions was determined at pH 4-l 1.86,s7.98 
Saturation capacity for anions increased with decreasing pH?6,as Alumina showed a 
slight preference for Cl- over N0,-,s.36 and the affinity series Cl > Br > I was 
established.40 The same saturation capacity at a given pH has been shown to hold for 
Li+, Na+ and K+. The selectivity increased in the order (Li < Na < K) of decreasing 
ionic radii of the hydrated cations. Alumina exhibits a strong preference for CS.~~ 
Retention of Ca, Sr, Ba,s7e38 Zn,= Ni,21 and Las+,*8 has been studied as a function of 
pH. The sorption of LiCI, NiCI,, and Cu(NO,), was found to be partially irrever- 
sibleF8 

Applications include the following separations on hydrous alumina: CI-Br-I,40 
ggMo-*gmT~,41 3sS and s2P from waste water,* and some thin-layer chromatographic 
separations.42 Systematic study of the retention of a series of cations from 1M and 
7M nitric acid and 1M perchloric acid by hydrous alumina has been reported with 
respect to possible separation applications.48 

The use and properties of other tervalent metal hydrous oxides, such as MnOOH, 
La(OH),, Sb203.3H20, In20,.3.5H20, Ga209,8 Bi20,.3H20s~44 and Cr(OH),,4s have 
so far been of limited interest. 

Hydrous oxides of quadrivalent elements 

In recent years a systematic study has been made of the ion-exchange properties 
of quadrivalent ion oxides such as SiO,, SnO,, Ti02, Th02, ZrO, and Mn02. These 
oxides are usually described as hydrous oxides or hydrated hydroxy oxides and behave 
either as cation-exchangers in alkaline solutions or anion-exchangers in acid solutions, 
depending upon the basicity of the central atom and the strength of the M-O bond 
relative to that of the O-H bond in the hydroxyl group. Usually no sharp transition 
point from cation-exchange behaviour to anion-exchange behaviour exists, indicating 
the exchange sites to be heterogeneous. The basic ion-exchange properties of these 
materials have been described and reviewed earlier ,1n2.s the recent progress in studying 
the exchange properties of these oxides will be reviewed in this section. 

Hydrous silica 

The use of silica gel as an ion-exchange substance has been extensively studied for 
many years.47,@ The different types of hydrogels and xerogels are the compounds 
most studied, as compared with other ion-exchange materials of the oxide type. 

Although the ionic adsorption mechanism on silica gel has not so far been fully 
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established, it can be said that silica gel generally acts as a weakly acidic cation- 
exchanger.49*“*b1 The surface of this material is covered with OH-silanol groups, with 
a density of 46-80 groups per 10-O nm,6a (~7.8 pmole 0H-/m2),63 which are strong 
hydrogen-bond donors and may be determined by titrations4 The conventional 
silica gel is an agglomeration of spheroids with diameters of the order of 10 nm, 
cemented by interparticle siloxane (=Si-O-Si-) links.62 The aggregation is pre- 
dominant near the gelation point. The aggregates, with a porous and sponge-like 
structure, grow to as much as 80 nm in diameter. s5 The porosity (of some hundred 
m2/g) reflects this structure.s2 

A great variety in adsorption properties occurs as a result of different methods of 
preparation of the sorbents. Specific surfaces and porosities, which are mostly 
connected with the sorption activities of the sorbents, may vary widely.66*67 High 
surface area silica gel was prepared by the controlled acid extraction of metal silicates 
and subsequent vacuum activation at 200”.s* A soaking of preheated silica in hot 
hydrochloric acid was found to increase its silanol group content as well as its porosity.5g 
Treating the hydrogel with higher hydrofluoric acid concentrations and subsequently 
aging it increases the pore volume of SiO, and diminishes its surface area.60 Various 
geometrically modified wide-pore silica gels with low specific surface area have also 
been prepared by hydrothermal treatment of xerogels in an autoclave. Besides wide 
pores there are ultrapores accessible to H,O but inaccessible to C,H,, CH,OH and 
Kr molecules. Ultrapores are diminished by calcination in steam at 750”.61 On 
hydrothermal treatment of hydrogels, no ultrapores were formed.62 Modified silica 
sorbents with enhanced selectivity were prepared by the pretreatment of silicic acid 
hydrogels with various azo-dyes related to Methyl Orange, and with amines.63*B4 
Silica gels with porous structure are formed by hydration of 

H 

Li I 
O-Si-O-Si- 1 : I I 

7 n 
xerogels: =Si-H + H,O + &G-OH + H,. 65 Storage of the silicic acid xerogels 
makes their structure denser and decreases their adsorption activity, probably as a 
result of the influence of moisture .@? Distinct cation-exchange properties with a 
capacity of 046 meq/g were obtained by treating SiO, with phenyltrichlorosilane in 
oleum.6r Highly active silica gels were prepared by drying the wet gel (pH 7) in ben- 
zene, toluene or xylene and aging the product for 48 hr. The capacity of such a prod- 
uct was 25-3 times that of commercial, silica ge1.88 On the other hand the de- 
hydration pretreatment of silica gel by boiling with aromatic liquids leads to a 
decrease in capacitps and to deterioration of selectivity, even if surface homogeni- 
zation has occurred.70 The specific surface and porosity of silica gel are the decisive 
factors71*72 influencing its sorption behaviour. For the determination of specific sur- 
face the sorption of Zn(NH,),s and Zn(en),2+ complexes was recommended.4s 
Specific surface charge density is closely connected with the surface phenomena of the 
sorbents. From surface charge-density measurements it was concluded that surface 
charge increased in the order (C,H,),N+ < Li+ < Na+ < K+ < Cs+.ls2 This series 
was in good agreement with the order of sorption affinities towards alkali metals for 
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preparations having more than 50% of the surface area associated with pores with 
radii between 1-O and 3.0 nm.73*74 

Proton relaxation measurements of H,O adsorbed on silica gel indicate that in 
most cases the proton relaxation of adsorbed liquids and gases is caused by the 
proton-proton dipole interaction and by the coupling between protons and para- 
magnetic impurities (e.g., Fe3+) in the sorbent. 75 The properties of adsorbed water 
were found to be different from those of interstitial water.76 The molecular adsorption 
of H,O on silica gel is based on hydrogen bridges formed between H,O and hydroxylic 
groups on the sorbent surface. ” The content of molecular and hydroxylic water was 
examined within the temperature range 100-1000” by infrared,‘s NMR,79 and thermo- 
gravimetric methods. EPR measurements show the loss of the surface hydroxyl 
functional groups and the formation of &SiO- radicals after y-irradiation of Si0,.80 

The changes occurring in silica gel on thermal treatment have been widely ex- 
amined. The adsorption ability of sorbents gradually decreases as they are heated to 
lOO-300”, but in the temperature range 300-1000’ substantially increases, e.g., for 
Rb+.81 This increase is explained by the conversion of the original compound of 

Gsi/OH 
\OH- - . - H,O+ 

by calcination at over 500”, probably to =Si ‘<tE and 

-Si(OH), compounds, which have higher capacities .*l Great changes in the physical 
properties of the sorbent are caused by hydrothermal treatments2*s3 up to 1050’. Thus 
the surface area decreased from 580 to 25 m2/g, mean particle size increased from 5 to 
105 mn, and mean total pore volume increased from 0.74 to 2.31 ml/g.s3 On heating 
of silica gel at 200-400” in vacuum, the density of surface OH- groups was lowered to 
a minimum value of 3.5 pmole OH-/m2, but at temperatures >400” the destruction 
process was substantially retarded. 53 On the other hand the presence of Naf in the gel 
enhanced the calcination effect. 84 The degree of hydration can be determined by the 
interaction of TiCl, with the OH- groups of SiO,. 85 The solubility and the dissolution 
kinetics of precipitated amorphous silica in 1M NaClO, have been discussed.86 

The adsorption mechanism of non-hydrolysin g cations on silica gel is mostly 
interpreted in terms of ion-exchange:71,87-90 m(-SiOH) + M”+ + [(-SiO)naM]m-n + 
mH+ (m = n for all systems examined). s7 There are some suggestions that besides this 
mechanism physical adsorption and ion exclusion from small pores may also occur 
even for alkali metal ions.73 These conclusions, however, conflict with the results of 
other authors, where only ion-exchange is postulated, especially for alkali metals.74 
Special attention is paid to Al(OH), impurities in the crystal lattice of SiO,. In 
contradiction to earlier papers, the sorption process at pH <8-O is said to be un- 
affected by the presence of Al(OH), in the sorbent. 91 Adsorbed cations are weakly 
bound to the surface sites of silica gel and are readily exchangeable.52 Affinity for the 
surface is governed by the electron density distribution in the surface area and between 
=SiG-. e a Mn+ bonds.g3 Generally, the affinity increases, going from univalent to 
tervalent elements.51,g4 For elements of the same charge, the adsorption is enhanced 
by decrease in the crystallographic diameter, e.g., RbOH < KOH < NaOH < LiOH, 
BaS+ N Sr2+ < Mg2+ < Be”+, and In3+ < Ga3+ < A13+.s1,g4*95 However, these 
affinity series may be dependent upon the type of the sorbent used or on the experi- 
mental conditions applied. There are great differences in the results presented, 
especially for univalent and bivalent cations, and quite opposite affinity series have 
been found.‘3*91*94~g6 The mechanism of ion-exchange is supported by the shift of the 
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infrared vibration of the =SiO- - * - M”+ bond. The adsorbability of the transition 
metal ions on the Ca form of silica gel increases as their charge increases. The limiting 
value for the uptake of M3+ ions is 3.245 meq/g and of M2+ ions l-8-2.5 meq/g. 
There is a steady increase in the adsorption of tervalent ions with an unfilled)shell, 
in the order La < Ce < Nd < Gd <Tb<Y<Er<Tm<Yb<Lu<Sc, i.e., 
with decrease in their ionic radius .93 The results are in agreement with the idea of the 
possible contribution of covalent bonding as well as of electrostatic forces to the energy 
of the adsorption bond Si-OM. Labile co-ordination complexes, e.g., transCo- 

(en),Cl,+, are also adsorbed by SiO,. Adsorbed inert complex cations which contain 
an aquo ligclnd react with surface silanol groups to bind rSiO- in the co-ordination 
sphere, and in media of low dielectric constant -SiO- can directly displace Cl- in the 
absorbed transCo(en),C1,+.62 

The values of specific surface area as well as the pore diameter are decisive for 
the kinetics of exchange reactions. The rate of exchange in the case of colloidal silica 
was governed by both film and particle diffusion mechanisms. Preheated silica 
samples give a fast uptake process followed by a slow one. The first process is mainly 
chemically controlled, the second is governed by chemical reaction as well as by particle 
diffusion.69 

Of the univalent cations, the sorption of alkali metals has been mostly 
~t~died.57~73~74~81~90~94~95~97 A& 1' a 1 metal dichromates react reversibly with the surface 
of silica gel. The reaction has been shown to occur either by adsorption or by equiv- 
alent exchange of cation and anion. g8 The adsorption of Agf increases with in- 
creasing pH with a high uptake of 7.96 mmole per mole of SiO, at pH 7~86.~~ The Ag+ 
adsorbed on SiO, is reduced to metallic Ag, as proved by EPR measurements.15’ 

The sorption of bivalent cations on different SiO, preparations has been ex- 
amined.49~90*94~100~101~102 Ionic forms of hydrogels and the structure of the globules of 
polysilicic acid xerogels have been studied with respect to different forms of the 
sorbents (Ca2+, Na+, Lif, and H+) and to the sorption properties of bivalent and 
tervalent cations at pH 3. lo3 Silica gel in the Mg form exhibits the following sorption 
affinity series: Cu > Ni > Zn > Mg. lo4 The adsorption of tris-phenanthroline 
complexes with Zn 2+, Cu2+, and Fe2f was found to occur as a pure ion-exchange 
processlo Ion-exchange adsorption of Zn(NH,)42f and Zn(en),2+ complexes is 
independent of pH in the pH interval 6-00-9.20 and on the surface areas from 50 to 
500 m2/g. 49 The H+-Cu2+ exchange57n72 is strongly dependent on pH, specific surface 
and pore diameter of silica gel. Only 60 % of the OH groups can react with the CuU- 
ion and the compound 0.6-0.9CuO.SiO,*nH,O is formed. In all the ion-exchange 
stages molecular sorption on the SiO, surface and skeleton occurs. Narrow-pore 
samples can adsorb Cu2+ ions less than can wide-pore silica; after Cu desorption the 
skeleton is capable of adsorbing more water molecules than it could originally. The 
electron reflectance and ESR spectra of a series of Cu2+, Ni2+ and Co2+ complex 
cations with multidentate nitrogen ligands adsorbed on SiO, gel were examined and 
discussed in terms of adsorption mechanism. 153-156 The EPR method was applied to 
the study of Mn2f ions adsorbed on silica gel sorbents.lo6 

The adsorption of tervalent cations such as Al, Ga, In, Tl, Bi, Fe, and Cr has been 
studied over a wide range of pH and silica gel products.90*94*97*10 The extent of 
adsorption of APf from an acetate buKer by coarsely porous silica gel does not exceed 
significantly the number of the hydroxy groups present on the surface of the sorbent. 
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During the adsorption the sorbents depolymerize. The quality of the dissolved silicic 
acid is improved in proportion to how much AP+ goes over into the composition of the 
solid phase.“’ For the adsorption of FeCI,, Ah&, and CaCl, from SnCI, media, the 
differential adsorption heats were found to be 31.2, 47.7 and 23.8 kJ/mole, re- 
spectively.lol*los 

The adsorption of multivalent cations such as Pa, Zr, Nb, AC, Th, U, from con- 
centrated acid solutions has been studied.61~s9~100~109~110 The most favourable pH for 
Th adsorption was 25-2.9 and the adsorption process was irreversible.rL1 Special 
attention was paid to Zr adsorption. The adsorption process and elution rate are 
highly dependent on the acidity of the original solution and the kind of anion.51s112 
Zr and Hf are probably hydrolysed after diffusion into the silica gel phase.l= The 
break-through capacity corresponds to 06-0~7 mg atoms of Zr per g of Si0,.r14 
Zirconium adsorption is substantially increased in the presence of phosphoric acid, 
which is explained in terms of molecular adsorption of neutral phosphate complexes 
of Zr.lls 

The adsorption mechanism of hydrolysed cations on SiO, is very complicated and 
only qualitative conclusions are drawn from the experimental results. Besides the 
ion-exchange process, surface adsorption phenomena are supposed to occur with 
many hydrolysates,“,*s e.g., the adsorption of heavy metal ions on silica gel from 
solutions of high pH is treated as occurring in two stages: (1) ion-exchange of the acid 
H+ on silica gel for a heavy metal ion; (2) establishment of adsorption equilibria for 
molecular adsorption of a slightly soluble metal silicate on the silica gel network. 
The law of mass action is then applied. 116 Hydroxides react with SiO,, forming the 

following anions : =SiO-, [~~~~H~, and [ -Si<C)g-.sz The adsorption 

of Ca(OH), on different silica gels with specific surfaces areas ranging from 51 to 
693 m”/g proceeds in two stages. The fast adsorption stage is connected with an ion- 
exchange process, the subsequent slow one with the formation of a new, Casio,, 
phase. 117 The adsorption of hydrolytic products of Co, Mn, Cu, Ni and Zn tracers 
was found to increase with increase in pH. These hydroxo-complexes are adsorbed 
by an ion-exchange mechanism, except for Cu. lls The same adsorption increase with 
pH was observed for Th 4+, Fe+, AP+ and CISf hydrolysates. Thorium was adsorbed 
as [Th(OH)p and [Th(OH)2]2c, and as [Th(CH,COO),]+, [Th(OH)(CH,COO),]+, 
and [Th(OH),(CH,COO)]+ from acetate buffers. Other hydrolytic complexes were ad- 
sorbed in the forms of [Al(OH)(H20),]2f, [A1(CH,C00)(H20),]2f, [Fe(CH,C00)]8t 
[Fe(CH,COO),l+, [Fe(OH)(CH&OO)]f, [Cr(H,O),P+, [Cr(OH)$ and 
[Fe(CH,C00),].11e*120 Zirconium hydroxo-complexes were found to be adsorbed 
even from highly concentrated nitric acid solutions.l12 The cationic and neutral 
hydroxo-complexes of Zr and Hf are supposed to be adsorbed by molecular ad- 
sorption. II3 In the case of protactinium the neutral or anionic hydroxo-complexes are 
quickly adsorbed over the acidity range 4-1OM hydrochloric acid; at higher acidities 
the adsorption of H+,,PaCl, is supposed to occur. The sorption of neutral bisulphate 
complexes was established for the concentration range 3-7M sulphuric acid. The 
cationic hydroxo-complexes are adsorbed much more slowly. The adsorption process 
for the compounds mentioned above has features of molecular adsorption.l1° Ad- 
sorption of Pa from hydrochloric and sulphuric acid media follows the Freundlich 
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adsorption isotherm and decreases with increasing acidity.=l The adsorption of Nb 
and Ta hydrolysates from hydrochloric, nitric, sulphuric and perchloric acid solutions 
onto hydrous and silicon-treated SiOz was observed. Lower adsorption occurred on 
silicon-treated sorbents. Mixed neutral complexes of niobium, Ta(OH)s and 
Ta(OH),Cl(,,, are supposed to be adsorbed.122*113 

The sorption of different cations on silica gel from organic and mixed aqueous- 
organic media has also been studied. LiCl, LiNOs and NaI, dissolved in acetone, 
react reversibly with the sorbent without ion-exchange. The extent of reaction is 
enhanced by the addition of small amounts of water.le4 The mixed aqueous-organic 
solutions have the following important effects on the adsorption: solvation and 
complex formation, salting-out of the complexes from the liquid into SiO,, and 
selective uptake of the solvents. The partition of Zr, Hf, Nb and Ta between SiO, 
and l-10M hydrochloric acid in the presence of O-90% v/v of methanol, ethanol, 
isopropanol, acetone and dioxan in water was determined.125 The adsorption of Zr and 
Hf was increased with increase in the amount of organic component. At higher alcohol 
content in acid solutions no sorption occurred of the elements of groups I, II, and 
III and of Ue, Fe, Al and Th.l14 On the other hand, a sudden drop of Nb adsorption 
was achieved in the presence of dioxan,l% and a gradual decrease in adsorption of Pa 
and of the reaction rate was found with increase in the organic component con- 
centration.127*12B 

Many papers deal with the use of silica gel for the separation of individual elements 
or groups of elements in different combinations. The following separations have been 
described: Na-Rb-Cs-Fr.06*120 Tl-Bi;07 LiCl, LiNO,, NaI-isolation from ace- 
tone;la’ Cs-Hf;l14 Cs from waste water;‘soJsl Sr from waste water;SsJaO Co-Ni;*’ 
Co-Cu, Zn, Ni, T1;ra2 Cu from waste water ;iaa CU-C#+;~~ Zn-determination in 
Cu;*’ Zn-Cu, Ag, Ni, Cd, Co, Fe, Mn, W;lo2 Al-Fe;87*120 Fe, Al-Sr, Cu, Zn, Co, 
Ni, Mn;im Eu-Zr-Hf;la5 Ce from waste water;w Bi-Pd, Tb;O’ Zr-Nb;126 Zr, 
Nb-Sr, Ce, Ru, Al;ua Zr-K, Na, Ca, Mg, Zn, Mn, La, Al, Fe, Ti, Th;“’ Zr-Hf on 
the macro-scale;rss Zr-Cs, Sr, Eu;l14 Zr, Hf-La, U6+, Fe, Alp4 Zr, Hf-alkali 
metals, alkaline earth metals, rare earth elements, Al, Fe, Th, Ue+;lss Zr-Pa-Hf-Nb;l” 
Zr-minerals;51 Zr-bulk concentration of Th;laO Nb-Ta;l% Hf-Eu;l14 Pa-U ores;l= 
Pa-irradiated Th;1’J’JJ28*140*141 Pa-U;141 Pa4+-Pas+;142 U-Pu-fission products;laJ” 
Cr&t-Cu, Ni, Zn, Cd;la4 Sr-Hf;l14 Few-Cu, Hg, Cd, Zn, Ni, Bi;s7 Cow-Cu, Hg, 
Cd, Zn, Bi.8’ 

Thin-layer ChromatographyP 2*71 has also been applied for studying the adsorption 
of Li, Na, K, Rb, Cs, Ca, Sr, Ba, Al, Zn, Cd and Hg” cations on Si02,ss*145 for 
mutual separation of phosphate, pyrophosphate, phosphite and hypophosphite,146 
and for Sr-Y, Ba-La and Ba-Cs147 separations. 

Special attention has been paid to those sorbents of which silica gel is one of the 
main structural components. Acid treatment of silicic acid gels co-precipitated with 
various metal hydroxides, such as Fe(OH),, Pb(OH),, Co(OH),, Cr(OH), and 
Mg(OH),, gives samples of silica gels with essentially different porosity types. Mild 
acid treatment with diluted acids at room temperature retains a porous type of co- 
precipitate gel in the product. A more vigorous acid treatment at boiling point yields 
silica gels of mixed porosity .l* Silica-alumina sorbents with the Al/Si ratio of l/3 
have cation-exchange properties.140 The rates of exchangelsO as well as the adsorption 
isotherms for H+-NH,+ and H+-Mgw ion-exchange140 were studied with this 
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sorbent. The protonic sites on the silica-alumina solid can form 2- or 3-co-ordinate 
bonds on the surface. The strongly protonic acid sites disappear when the product is 
calcined at 1000”. The weak, remaining protonic acid sites exchange only at pH > 8 
with univalent cations such as NH,+.151 

Stannic oxide 

Hydrous stannic oxide is prepared by the acidification of sodium stannate solution 
or by the reaction of nitric acid with tin metal. lG8 B Y the former procedure a-stannic 
acid is formed, and /?-stannic acid by the latter. The products are stable towards 
highly concentrated nitric and sulphuric acid solutions.158 

X-Ray, DTA and Miissbauer spectra measurements168 suggest that the exchanger 
is “wet” SnO, and that SnO, is simply a host for adsorbed water, which itself must act 
as the exchanger. ls8 Thus it may be formulated as SnO,+xH,O. 

Hydrous stannic oxide behaves both as cation- and anion-exchanger,158*159 
especially selective for bivalent transition metal and uranyl ions. It is interesting that 
the selectivity series r6* Cu > Zn > Co > Fe(I1) > Ni > Mn closely parallels the order 
of the equilibrium constants of the hydrolytic reaction M2+ + H,O $ MOH+ + Hf. 
Alkaline earth metal cations are weakly adsorbed 160 whereas tervalent metal ions such 
as APf and Cra+ are strongly adsorbed. A co-precipitation rather than an ion- 
exchange mechanism is suggested for the adsorption of the latter ions.158 The selec- 
tivity series POd3- > C,0,2- > SOa2- > Cr20,2- > Fe(CN),” > Fe(CN),a- > Cl- > 
MnO,- > Br- > I- has been reported 159 for the exchange of anions. 

Hydrous stannic oxide is suitable for column separation of bivalent transition 
metal ions (Cu-Zn, Cu-Co, Cu-Fe, Cu-Ni, Cu-Mn, Mn-Zn, Mn-Ca, Co2+-Fe3+).160 
Separations of W(V1) from solutions containing Mo(VI) and Fe(III)lal and the re- 
moval of U022+ and transition metal ion contamination from aqueous solutions have 
been described.159 The exchanger, in NH, + from, is suitable for alkali metal and 
alkaline earth separations. ls9 High selectivity for Cu 2+ ions enables their separation 
to be made by co-precipitation with hydrous stannic oxide.162 The anion-exchange 
behaviour of hydrous stannic oxide has been used for the separation of Cr,O,%- 
MnO,.lss 

Titanium oxide 

Hydrous titanium oxide is prepared by mixing titanyl oxalate or TiCI, solutions 
with sodium hydroxide. ~3.~13~ The precipitates obtained are usually dried at room 
temperature163 or at 400”.163*166 White amorphous products are obtained which lose 
free or interstitial water up to 200” and chemically bound water at higher temperatures 
(200-500”). The amount of chemically bound water is very low (l-2 %).164 Infrared 
measurements164J66 indicate the presence of H,O molecules more or less bonded to the 
solid and also of OH groups bonded to the metal atom. Similar measurements made 
on analogous hydrous oxides of Zr, Hf and Th 166 have shown that the number of OH 
groups bonded to the metal atom is the lowest for Ti and the highest for Th. Further, 
a correspondence has been found between the infrared Ti-0 absorption band (and 
also of Zr-0, Hf-0 and Th-0 bands) of the hydrous oxide and that in the crystal 
oxide after thermal treatment. Hydrous titanium oxide is thus formulated as a hy- 
drated hydroxide oxide of a general formula TiOo_,.(OH)2,~yH20,1e6-168 with x 
probably < 1 However, the formula TiO(OH),*nH,O has also been proposed.164 
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Hydrous titanium oxide is insoluble in acid as well as in alkaline solutions.r63 
The exchanger is very suitable for use in column operations and can be easily re- 
generated for reuse.16a 

Titration curves of this exchanger exhibit three characteristic points indicating the 
polyfunctional character of the exchanger. 16s*170 There are three protons exchangeable 
for every 10 Ti atoms. 16g*170 The constants for the successive dissociation of the 
three protons were determined.16s 

The exchange capacity of hydrous titanium oxide is dependent on pH, ranging 
from ~2.0 meq/g at pH ~12.5 for Ca2+ and Sr2+ to -1.5 meq/g at pH ~4 for Co2+, 
Ni2+ and CU~+.~~~ Samples heated up to 400” still show a high exchange capacity.l@ 
Distribution coefficients for the exchange of Na+, Rb+, Cs+, Sr2+, Ni2+, Co2+, Fe3+ 
and CrU- have been determined. 164 The affinity series Na < Rb < Cs has been found 
for alkali metal ions; the affinity series of transition metal ions coincides with the 
stability order of the respective complexes, i.e., Cu > Ni > Co. The plots of log Kd 
vs. log [H+] are linear for the exchange of univalent and bivalent cations, with slopes 
corresponding to the valency of the ion exchanged.164 However, species such as 
SrOHf are adsorbed in the case of Sr 2+. In alkaline solutions the adsorption of Sr2+ 
led to the formation of a crystalline compound with a 1 :I Sr:Ti ratio.16g Such 
behaviour was not observed for the sorption of alkali metal cations.16s High ad- 
sorption of Fe3+ was ascribed to the formation of a stable chemisorption bond 
between the hydrated oxides of Ti and Fe.r’l 

Thermodynamic equilibrium constants of the C&-H+ and Na+-H+ exchange169e172 
have been determined from the adsorption isotherms for the three exchange stages 
(Cs+-H+ : 10-a’29, 10-5’47, 10-7’60, Naf-H+: 103’s1, 10-6’28, -). For the TV---H+ 
exchange, six exchange stages have been found with the following constants: 10-0’s2, 
l()--1.97, 10-3'42, 10-4.87, 10-6.32, 10-7.77.173 

Kinetic measurements on the Cu2+-H+ exchangel= indicate that the rate of ex- 
change is diffusion controlled, with the diffusion coefficient of ~2.5 . 10-4mm2/min 
and activation energy of 20.3 kJ/mole. 

High chemical and radiation stability as well as good mechanical properties of 
hydrous titanium oxide permitted its application for the removal of Pu and certain 
fission products (Ru, Zr, Nb) from alkaline (Na,CO& media174 or from highly radio- 
active solutions17j as well as for concentrating uranium from sea-water.176 The use of 
papers impregnated with hydrous TiO, has been reported for the separation of 
U,Ni,Co,Cu and Fe(II1). 177 H y drous titanium oxide has been also described as a 
co-precipitating agent for small amounts of In3f, SeOzZ-, P04s- and Cu2+.162*178*17g.180 

Thorium oxide 

Hydrous thorium oxide is usually prepared by mixing thorium nitrate solution 
with alkalis in various initial ratios of the reactants.l= White, glassy-looking, 
amorphous products are obtained, which lose free or interstitial water on heating up to 
200” and bonded water up to 500”.164 The results of thermogravimetric (TGA), 
DTA, X-ray and infrared analyses suggest that the samples dried at room temper- 
ature contain Th-0 and OH groups as well as H,O molecules and that the general 
formula may be written as ThO(OH), . nH,O. 164 On heating of the exchanger n 
decreases owing to the water loss, which is accompanied by a decrease in surface 
area.la4 The formation of cubic ThO, was observed on heating to over 3OO”.l8l 
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Hydrous thorium oxide behaves both as cation- and anion-exchanger. Relatively 
high capacities for Caw and Srs ions have been found at pH N 12+2-O meq/g), 
which decreased substantially with decreasing pH. An anion-exchange capacity of 
~1 meq/g has been reported for acid solutions. 163 The distribution coefficients 
determined for Na+, Rbf, Cs+, Sr2+, Cu2+, Ni2+, Co2+, FeS+ and Cra+ show a regular 
selectivity series for alkali metal cations (Cs > Rb > Na). The selectivity series 
of transition metal ions (Cu > Ni > Co) coincides with the stability order of the 
respective hydroxo-complexes,ls similarly to the behaviour of hydrous Sn and Ti 
oxides.1b9*164 

Kinetic measurements have been made for the Cu” and Sr2+ exchange.las The Bt tw. 
t plots are lineaPs indicating a diffusion-controlled exchange process (B = v2D/r2, 
where D is the effective diffusion coefficient of ions within the exchanger and r is the 
radius of the exchanger spherical particles; t = time). The reaction rate is very slow 
in comparison with other hydrous oxides. 165 The diffusion coefficient for the Cu2+ 
exchange (2.2 x 10m6 mm2/min) and activation energy (about 71 kJ/mole) have been 
estimated.lss 

It is interesting that heated ThO, possesses adsorption ability towards phosphates, 
the process being very probably solution diffusion-controlled with an activation 
energy of 12.5 kJ/mole. ls2 The formation of thorium phosphate was found to occur 
on co-precipitation of phosphates with hydrous thorium oxide.lsO 

Hydrous thorium oxide in mixture with other inorganic ion-exchangers has found 
good application in inorganic ion-exchange membranes. Thus membranes made 
from hydrous Th02 and CeO, are stable at high temperatures, are unaffected by 
corrosive and oxidizing agents and can be used for demineralization of saline 
water.lss Similarly, combined anion/cation-exchange membrane systems consisting 
of ThO, and zirconium phosphate1s4.1*6 or ThO, mixed with other oxides, and 
zirconium phosphate membranes have been reported for the same purpose.lsa 

Zirconium oxide 

Hydrous zirconium oxide is usually prepared by mixing zirconium salt solutions 
with alkalis. Well granulated materials are obtained by freeze-drying the gels at 
268, 263 and 258 K.le7 This procedure does not affect the ion-exchange capacity 
and is suitable also for the preparation of other granular hydrous oxides.la7 An 
exchanger of suitable mechanical properties has also been prepared as a mixed 
hydrous ZrO,-hydrous SiO, gel.ls8 

Although the structure of amorphous hydrous zirconium oxide has not yet 
been properly resolved, a tetrameric structure is suggested, based on the known 
tetrameric species in hydrolysed Zr(IV) salt solutions, for the freshly prepared 
zirconium hydroxide-[Zr(OH),],. On aging, the [ZrO(OH)2]4 structure is formed.ls9 
The evidence for the presence of hydroxyl groups was found by Clea~eld.‘so X-Ray 
data on crystalline zirconium hydroxide suggest a structure which is analogous to 
ZrO,, i.e., [ZrO,],, with H,O and OH groups.lsl 

Hydrous zirconium oxide behaves both as cation- and anion-exchanger1g2*188 with 
the zero-point of charge at pH 6.05. le4 Thermodynamic equilibrium constants of 
ion-exchange reactions of some alkali metal cationP and some anions196*1s7 have 
been determined by Nancollas et al. and are summarized together with the corre- 
sponding thermodynamic quantities in Table I. 
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TAEILE I.-THBRMODYNAMICQUANTITIES POXION-RXCHANOEON HYDROUSzfl,"6-n' 

AG" AH” As” 
System K kJ/mole kJlmole J/mole/K 

Li+-K+ 40.2 -3.4 1.0 1.5 
Na+-K+ 1 52 -1.0 0.3 5 
Cl--NO*- 1.04 -0.6 4.1 16 
SCN--NO,- 1.94 -1.6 -7.8 3 
SCN--CI- 1.54 -1.2 -4.8 -13 

The thermodynamic equilibrium constants for alkali metal cations show an 
unusual affinity series, Li > Na > K,lgb in contradiction to the earlier reported 
affinity series.’ It has been found lBs that all the Li+, Na+ or K+ forms of the ex- 
changer contain the same percentual amount of water and it has been concluded that 
the ingoing ions should be substantially dehydrated within the exchanger. Thus 
the positive entropy changes, accompanying the release of H,O molecules from the 
co-ordination spheres of ingoing ions may be responsible for this unusual affinity 
series. The equilibrium constants for the exchange of anions show a slightly higher 
selectivity towards chloride as compared with nitrate,lB7 which is ascribed to an 
entropy effect, when the entropy change is sufficient to overcome the unfavourable 
endothermic enthalpy change. The exchange of SCN- anions is exothermic, which 
probably reflects some covalency in the bonding between the exchanger matrix and 
SCN- ion.“” 

In addition to the anions mentioned above, it is well known’ that hydrous zir- 
conium oxide is highly selective towards phosphate ions, even at high temperatures 
and pressures.ie* The adsorption of phosphates was found even on heated ZrOslm as 
well as on heated ThO%, HfO,, CeO, and Zr powder.= A tied stoichiometry between 
the adsorbed phosphates and the surface sites of the metal oxide has been found.lgg 

Hydrous zirconium oxide has recently become important in the water desalination 
process by hypefltration. Dynamically formed membranes made from this material 
show promising salt-rejections by virtue of Donnan electrolyte exclusion.ml.m*sOs 
Other applications such as quantitative mutual separation of I-, Br and Clmeop as 
well as a series of separation processes using co-precipitation of Pu,~~ SC, Ti, V,aos 
MO, W,m Zn,= In3+,178 and Se0,‘d,17g with hydrous zirconium oxide have been 
described. Hydrous zirconium oxide, in mixture with hydrous alumina, is suitable 
for the determination of traces of V in Al matrices by neutron-activation analysis.s’x’ 
By treatment of the hydrous ZrO, with dithionite, phosphite, sulphide, thiosulphate, 
dichromate, permanganate and oxalate solutions, electron-exchanging ion-exchangers 
are obtained.e1o 

Manganese dioxide 

Hydrous manganese dioxide is prepared by mixing KMnO, and MnSO, solutions 
at 90°,*11 or by electrodeposition from a solution of MnSO, at ~100°.z18 Depending 
on the method of preparation and the drying temperature, different products are 
formed with structures close to /?-, y-, or p-MnO,. 1*211*212 Non-stoichiometric com- 
position has often been found (for example MnO1.,r, “l) which can be expressed by an 
empirical formula (MnOJ,OH ,2is where x = 1*7&l-75. It is supposed that the OH 



232 V. VESEL~J and V. PEKAREK 

groups which are distributed through the whole volume of hydrous manganese 
dioxide differ in their acid-base properties. 213 Their pK values have been determined 
at an ionic strength of O*lM(pK, = 3.6, pK, = 5.5 and pK3 = g-3).213 The corre- 
sponding total capacity is O-5 meq/g and decreases on heating of the exchanger.213*214 
This maximum capacity value indicates that there is one exchangeable OH group per 
two MnO, molecules, in accordance with the above-mentioned empirical formula.213 

Hydrous manganese dioxide is more selective towards alkaline earth metal cations 
than alkali metal cations;214 pyrolusite and y-MnO, exhibit high adsorption capacity 
for NH,+ and Zn2f 216 and bivalent transition metal ions.216 

The adsorption ‘mechanism on hydrous manganese dioxide seems to be rather 
complicated. An ion-exchange mechanism is reported for the adsorption of alkali 
metal ions on (Mn0,J,0H214 and for Agf, Ba2+, Ca2+, Sr2+, Mg2+ and Nd3f on 
colloidal manganese dioxide. 217s218 However, in the case of alkaline earth metal 
cations the adsorption of MCI+ and at higher concentrations the molecular sorption 
of MCI, species has been observed.“14 In addition to the ion-exchange process, 
some other kinds of retention may occur. Thus chemical reaction of Cra+ or Mn2+ 
ions with MnO 2,211*21s formation of a colloidal suspension in the case of Fe3+ ad- 
sorption211 or a redox process yielding insoluble products in the case of WO,%, 
MOO,% and AsO,~,~~~ have been reported as factors causing some irregularities 
when these processes are treated as pure ion-exchange. 

The isotherms for the Ba2f and Mn2+ adsorption on j3-Mn0,219 and for Eu3f, 
Tb3+, Scat, Mn2+ and Cra+ on p-MnO, 211 have been determined. For the latter, the 
isotherms (with the exception of that for Cr3+) fit the Langmuir adsorption equation. 
Large differences in the adsorption capacities between the individual ions could be 
explained only by the Langmuir model and it was assumed that the number of ad- 
sorbing sites in MnO, was not the same for different ions, which, depending upon 
their size, could be more or less well accommodated in the irregular structure of the 
MnO, particles.211 

A series of useful separationsa on hydrous manganese dioxide have been des- 
cribed : 61Cr retention and 60Co-6gFe separation for the neutron-activation analysis 
of Fe-Cr alloys;211 carrier-free parent-daughter separations (4gCa-4gSc, g”Sr-goY, 
32S-32P);211 separation of 140Ba and 140La from Ce,Zr and Nb;211; mutual separation 
of Na, K and CS;~~O; separation of Tc from MO for obtaining carrier-free gOmT~ 
of high purity;221 separation of Ra from liquid wastes.222 Hydrous MnO, in mixture 
with hydrous Fe,O, is suitable as a scavenger for 6oCo, lo6Ru and 6SZn from sea 
water223 or for the removal of various radionuclides from aqueous solutions.224 

Hydrous oxides of quinquevalent and sexivalent metals 

Hydrous oxides of Sb, V, Ta, Nb, Mo(V1) and W(V1) have been described as 
ion-exchanging materials. Among them hydrous antimony oxide (so-called antimonic 
or polyantimonic acid) has been the most intensively studied, owing to its considerable 
adsorption capacity and a reasonable rate of adsorption and desorption when used in 
column operations. 

Antimonic acid 

Various antimonic acid materials have been obtained with different chemical 
composition and ion-exchange properties, depending on the method of their 
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preparation as well as on aging. The species can be divided into three groups 
-crystalline, amorphous and glassy. 

The well defined crystalline antimonic acid is prepared by the hydrolysis of SbCI, 
with a large amount of water and aging of the gel in the mother liquor at 30” for 20 
days.226 The time of aging can be reduced by increasing the temperature to 80”,= 
or to 130-180”.227 The other methods of preparation are based on passing an aqueous 
KSb(OH), solution through a column filled with Dowex 50 or KU-2227 followed by 
subsequent evaporation2a8 or treating the effluent with nitric acid. Good sorbents 
were obtained by thermal polymerization of NaSb(OH), at 250” and subsequent 
treatment with nitric acid.229 The chemical composition of the crystalline antimonic 
acid corresponds to the empirical formula Sb20s~4H20228~227~22s*~o for samples 
dried at up to 50” and Sb,O,-3-4H20 for species obtained after drying at 70-90°.ns 
The acid is practically insoluble in water and 4M hydrochloric acid.228 

FIG. 1 .-Tentative structure of crystalline polyantimonic acid.*‘O 

Contradictory statements have been reported for the structure of antimonic 
acid. X-Ray diffraction measurements lead to a cubic structure with an II parameter 
of 1-O25,23o 1~038~~~ and 1.029 nrn.%’ BaetslC and Huys,=O on the basis of the empirical 
formula Sb,O,*4H,O, the density of 4.27 and the lattice parameter a = l-03 nm, 
deduced that the molecular weight was about 2800, implying 14 Sb atoms per unit 
cell. The structure proposed is built up of trimeric units [empirical formula HsSbs04- 
(OH),] with 4 oxygen atoms common to 3 Sb atoms, and a pentameric unit [empirical 
formula H6Sb60,(OH),,] with 4 oxygen atoms of the central Sb octahedron linking 
four Sb(OH),- groups around it. Both structures are shown in Fig. 1. Three trimeric 
units and one pentameric form one unit cell of an empirical formula of {[H,Sb,O,- 
(OH),],}[H,Sb,O,,(OH),]. This empirical formula takes into account the inter- 
connecting oxygen atoms which link the trimers to each other, as well as the trimers 
to the pentamer .=O The fourteen hydrogen atoms are supposed to be exchangeable, 
corresponding to the theoretical exchange capacity of 5.05 meq/g. Capacities very 
close to this value have been found for Ag+, Tl+, Pb2+ and Sr2+.a27.aso*P1 

2 
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Infrared measurements by Abe and Ito 225 led to the following structure with an 
empirical formula of H2Sb205(OH), : 

I I I 

The hydrogen ions in the structure may be combined with H,O molecules as H,O+ 
ions. It is supposed ~2s that the hydrogen-bonding surface groups are constrained by 
rigid three-dimensional bonding and that the exchangeable hydrogen ions are sur- 
rounded by six oxygen atoms, as is Na+ in Na[Sb(OH),].* The presence of Sb-OH 
groups is contlrmed by the occurrence of the infrared absorption band at 1280 cm-l 
and that of the hydrogen bonds by a broad band at 2700-3800 cm-1.228 On the other 
hand, Novikov et uZ.227*232 postulated the compound H,OSb0,~0~48H,O with mole- 
cules of adsorbed water. These authors support this conclusion by the isomorphism 
of antimonic acid with AgSbO, and a cubic NaSbO, as well as by infrared 
measurements. 

TGA, DTA and X-ray studies 233 of thermal decomposition of the crystalline 
antimonic acid show a reversible loss of 2 molecules of water up to 200” with formation 
of crystalline Sb20,*2H20 without change in the adsorption capacity. On further 
heating the loss of bonded water occurs with stepwise formation of Sb,O,, Sb,O,, 
and Sb,O,. Another scheme of thermal decomposition, leading to the stepwise 
formation of H,OSbO,, Sb,O,OH, Sb,O,, and Sb,O,, has been proposed by Novikov 
et a1.227 

Amorphous forms of antimonic acid (Sb205*nH20) are prepared by hydrolysis 
of SbCl, and aging of the gel in the mother liquor for 4 hr,228 by hydrolysis at low 
temperature,234 or by low-temperature treatment of antimonic acid solutions.235 The 
composition of the gels prepared varies, depending on the time of drying, from Sb,O,* 
6*4H,O to Sb20,*3*4H20.23b The wet precipitates are easily dissolved in H20226*n7*236 
or are peptized. It is difficult to dissolve products dried for a long period,226 and 
also to reach equilibrium between the solid and the solution.226 The latter phenomenon 
is caused by depolymerization, involving hydration, from a higher polymer to a lower 
one. On prolonged aging in H,O or in Sb(V) solutions,226*227~236*237*29s a gradual 
change to the crystalline form occurs, which is connected with a spontaneous con- 
densation of OH groups. 227 The amorphous gels gradually dehydrate on heating,= 

* This is the statement made by the authors of the paper cited and appears to be based on the 
fact that the unit cell contains 6 OH- groups per Na+ [Ed.]. 
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and this change is accompanied by a decrease in the exchange capacity.= The 
following structure is proposed for the amorphous material :22s 

The exchange capacity varies, depending on the composition of the exchanger and 
the nature of the exchanging ion (Na+-V2 meq/g, W+-1.8 meq/g).= 

The glassy form of antimonic acid (Sb,O,~nH,O) is prepared by hydrolysis of 
SbCl, solutions and dissolution of the fresh precipitate in hot water, followed by 
rapid cooling.22s.226 The glassy gel obtained gives five weak X-ray powder pattern 
lines and its properties are very similar to those of amorphous antimonic acid.m*aes 

Some other methods of preparation leading to products of different properties 
have been described.z(Q (Oxidation of SbCI, with nitric acid or aqua regia and sub- 
sequent hydrolysis or neutralization of the acid solutions of Sb(V) salts with am- 
monia).ssQ 

Antimonic acid acts as a cation-exchanger. An equivalent exchange has been 
found for various univalent and bivalent metal cations.n7.ne.zsQ.zao.zal Titration 
curves show one inSection point2sQ,e48 with pK values varying from 2.34 to 3.18, 
depending on the method of preparation. e3Q The shape of the titration curves does 
not depend on the strength of the base. a26 Ion-exchange equilibria of alkali metal ions, 
alkaline earth, metal ions Ag+, W+, Las+, EL?+ and TV+ have been 
studied.230*r(1*m*zsQ*W The affinity series for alkali and alkaline earth metal cations 
vary depending on the crystalline form of the exchanger as well as on the sorption 
media. The series Li < Na < K < Rb < Cs in acid solutions and Li < Na N Cs < 
K = Rb in NH,NO, solutions were found for both the amorphous and glassy 
exchangers.= For the crystalline material the following series were found: Li < K < 
Cs < Rb < Na in acid solutions, Li < K < Rb < Cs < Na in NH,NO, 
solutions.m,W The affinity series for micro amounts of alkali metal cations confirms 
the decreased order of the lattice constants of various alkali metal forms of the ex- 
changerss8 except for Li +. However, slightly different affinity series have been reported 
by other authors for crystalline antimonic acid: Cs < Li < Rb < NH4 < K < Nasl 
and Rb==Cs < Na.=O Similar disagreement between various authors exists for the 
alkaline earth metal cation series: Mg < Ca < Sr < Ba,=l Ra < Ba < Ca < Sr.280 

Ion-exchange isotherms measured for the systems alkali metal ion -H+, AS+-H+, 
Gas+-H+, Srs+-H+, Baa+-H+, Pba+-H+ and La3+-H+ are mostly S-shaped,~*2s1*~8*~e 
indicating selectivity reversal. From the dependence of selectivity coefficients on the 
exchanger loading, thermodynamic equilibrium constants and AG values have been 
calculated2s0 for various systems and are presented in Table II. The selectivity coeffi- 
cients decrease with exchanger loading. Plots of log selectivity coefficient vs. exchanger 
composition are linear up to 65% of available capacity, indicating that 9 of the 14 
hydrogen ions in the unit cell are attached by the exchange. In terms of the proposed 
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TABLE II.-THERMODYNAMIC EXCHANGE DATA 
FOR CRYSTALLINE ANTIMONIC ACID.Z80 

System In K AG, kJ/g ion 

Na+-Hf -7.4 +I%1 
Ag+-H+ 3.53 -8.4 

Tl+-Hf 3-4 -8 
Ca2+-H+ -4.7 + 5.7 

Sr*+-H+ 0 0 
Baa+-Hf -8.7 + 10.6 
Pbe+-H+ 2.30 -3.2 

La*+-H+ -64 +52 

polymeric structure BJJ this is explained as follows: the 9 exchange sites on the trimeric 
antimony species are the most reactive and may be considered as ionized sites neutral- 
ized by free hydrogen ions, while the 5 remaining sites associated with the pentameric 
unit consist of covalently-bound hydrogen ions which can only be exchanged by 
large ions at rather low acidity. Ions such as Ag+ are covalently bound with formation 
of Ag-0-Sb bonds attaching the 5 remaining sites having a covalent bond nature.=0 
The exchange is then partly irreversible (the residual amount of -2 meq of Ag per g 
cannot be eluted).%O 

Owing to the large differences in the selectivity for individual alkali metal cations, 
these ions can be separated on a small column with nitric acid or ammonium nitrate 
solution as eluent.W However, the glassy and crystalline materials are more favour- 
able for column separations, owing to their low solubility and suitable granular 
form.238 Li, Na and K can be separated on amorphous and glassy materials, and a 
mixture of Li, K and Cs on the crystalline material by elution with nitric acid. Simil- 
arly, neighbouring pairs, except Rb-Cs, are easily separated=* by NH,NO, elution. 

Miscellaneous application@ of antimonic acid such as column separation of 
9% from the fission products mixture, 244 g”Sr recovery from acid solutions after nuclear 
fuel reprocessing242s24s and separation of Na+ in activation analysis,a4s have been 
reported. 

Phosphoantimonic acid 

A highly temperature- and radiation-resistant exchanger based on antimonic 
acid-phosphoantimonic acid-is formed by pouring SbCl, into phosphoric acid2Q1*247 
or by treating Sb(V) salt solutions with phosphoric acid and then neutralizing with 
ammonia.248*24g The resulting glassy solid, with variable P/Sb ratio, is not attacked 
by water, salt solutions or strong acids. 247*260 The selectivity of this exchanger depends 
on the P/Sb ratio in the solid. 251*2s2*263 Samples with a high P content are selective for 
univalent cations such as Na+, K+, NH4+ and Ag+. 262 Reversible exchange was found 
for various systems, i.e., alkali metal ion-H+, NH,+-H+, Agf-H+, alkaline earth 
metal cations -Hf, Cu2+-Hf, C8+-Hf, K+-NH4+, Ag(NHB)2+-NH4+.242*247,260 The 
titration curve of phosphoantimonic acid shows one sharp inflection point, indicating 
the exchanger to be a strong monobasic acid. 250*253 This exchanger (as well as the ex- 
changer with H,TeO, incorporated instead of H,PO,) has been reported24**24B as a 
suitable material for the separation of alkaline earth metals and lanthanides from 
alkali and transition metals. 
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Other hydrous oxides of this group 

Little attention has been given to other hydrous oxides of quinque- and sexi-valent 
metals. Hydrous V206264 in mixture with hydrous xirconia adsorbs K+, Naf, Bas, 
Caa+, Mg2f, Cd%, Fe?+, Co”, Ni2f, Pb2+, Zn2+, Cu” and Ag+. Its total exchange 
capacity is between 1.42 and l-95 meq/g, depending on the V content of the mixture, 
and is reduced by thermal treatment. Hydrous Nb,O, acts both as cationm and 
anion-exchanger256*2s6*257 selective for Cr,O,%, paramolybdates, tungstates and 
ferrocyanides. Hydrous Ta,O, is a cation-exchange~1~25**2ss suitabie for the puri- 
fication of nuclear reactor cooling-waters at high temperatures up to 300°.2s8~2s* 
The hydrous oxides of Mo(VI) and W(VI) act as cation-241 or as anion-exchangers in 
mixtures with basic hydrous oxides.%O 

ACIDIC SALTS OF MULTIVALENT METALS 

A wide range of compounds of this type has been described as ion-exchangers. 
Among the metals studied have been zirconium, thorium, titanium, cerium(IV), 
tin(IV), aluminium, iron(III), chromium(III), uranium(V1) etc, and the anions 
employed include phosphate, arsenate, antimonate, vanadate, molybdate, tungstate, 
tellurate, silicate, oxalate etc. These salts, acting mostly as cation-exchangers, are 
gel-like or microcrystalline materials, with the composition and properties depending 
upon the method of preparation, and possess mostly a high chemical, temperature 
and radiation stability. le2p3 The cation-exchange properties arise from the presence of 
readily exchangeable hydrogen ions, associated with the anionic groups present in the 
salts. Some of these materials also exhibit electron-exchange properties. 

Recent developments in study of these materials have led to a successful prepara- 
tion of defined crystalline compounds of the type Mrv(HXVO&,*yH,O and to re- 
cognition of their crystal structure. The structure is layered and the crystalline 
compounds exhibit ion-sieve properties.m6 Knowledge of the crystal structure 
gave a deeper understanding of the ion-exchange processes and their reversibility514 
as well as a solid basis for the interpretation of thermodynamic measurements.2ss,32e 

Besides possible application of these exchangers in chemical processing of radio- 
active materials and in treatment of contaminated moderator- and cooling-water 
in nuclear reactors working at high temperatures and pressures, new applications 
have recently been found, such as in water desalination processes and in fuel-cells 
employing ion-exchange membranes for transport of hydrogen ions. 

Acidic salts of quadrivalent metals 

These substances have been the most intensively studied group of synthetic 
inorganic ion exchangers. Most of the work to date has been concerned with zir- 
conium phosphate exchangers, which have been more thoroughly studied than any of 
the other materials. 

Zirconium salts 

Zirconium phosphate. The earlier studies on zirconium phosphates (ZrP) were 
mostly concerned with the amosphous materials.1*2*3*281 The interest during the 
last five years has been primarily in the semicrystalline and crystalline forms of 
zirconium phosphates. Owing to their definite structure, a more exact interpretation 
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of the sorption phenomena might be achieved. However, the applications of amor- 
phous materials are still of great interest. 

The preparation of gelatinous amorphous sorbents was carried out by the usual 
mixing of Zr salt solutions with phosphoric acid at room temperature. According to 
the preparation conditions, materials with P/Zr ratios of 0.5-2-l were formed.1.s@-~7*s~ 
A granular material was prepared by freezing the gels at up to -22°.268*26D Thermal 
treatment of amorphous materials with phosphoric acid270*w1.272 or refluxing them 
with > 2.5M phosphoric acid 1*271*273-276 leads to the formation of semicrystalline or 
crystalline forms, respectively. In the latter case, the well developed crystalline phase 
of the so-called a-ZrP was prepared, corresponding to the formula Zr(HPOJ,.H,O. 
The same compound resulted after evaporation of suitable Zr salt solutions with 
hydrofluoric acid. 276 A /?-phase and a y-phase, corresponding to Zr(HPO,), and 
Zr(HP0J2*2H20 respectively, were prepared by refluxing the solutions of ZrOCl, 
with NaH,PO, in 3M hydrochloric acid. Drying over anhydrous CaSO, leads to 
the formation of /SZrP; air-dried products correspond to y-ZrP.277 The surface area 
of the crystalline preparations is about 1000 times that of the amorphous ones.278*27D 

The composition of amorphous or poorly crystalline materials is mostly inter- 
preted in terms of compounds for which the P/Zr ratio is freely variable, without 
existence of distinct, more definite intermediate products,m0 and the P/Zr ratio 
found is then speculatively ascribed to corresponding hypothetical formulae 
such as Zr(OH)(POJ, ZrO(HPO&, Zr,(POJ,, Zr(HPOJ,.xH,O and Zr(HPO,)- 
(H2P0J(OH).270*271*2*1 

An attempt has been made to solve the structure of a-ZrP.28”285 A three-di- 
mensional study on Zr(HPOJ,*H,O single crystals, presented by Clearfield and 
Smith288*as7*288 resolved this structure completely from the integrated precession 
data; cr-ZrP crystals are monoclinic with a = O-9076, b = 0.5298, c = 1.622 nm 
and/?= 111.5”. There are 4 formula units per unit cell and the space group is P 2,/c. 
The structure is layered and consists of a sheet of roughly coplanar Zr atoms sand- 
wiched between two sheets of monohydrogen phosphate groups. Each Zr atom is 
co-ordinated octahedrally to 6 oxygen atoms. Each of these 6 oxygen atoms belongs 
to one of six different monohydrogen phosphate groups. This group acts as a 3-way 
bridging ligand, co-ordinating 3 different Zr atoms through 3 of its oxygen atoms. 
The fourth non-co-ordinating oxygen atom points towards an adjacent layer in the 
structure and presumably bears the H atom. The forces between layers are very 
weak long hydrogen-bonds or van der Waals forces and the interlayer distance is 
0.76 nm. The layers are arranged relative to each other in such a way that the Zr 
atoms in one layer lie over the P atoms in an adjacent layer and vice versa. Zeolitic 
type cavities are thus formed. There is exactly one such cavity per formula unit of 
c+ZrP. A water molecule resides in the centre of each cavity and is hydrogen- 
bonded to phosphate groups. A schematic illustration of two adjacent layers in 
a-ZrP with the formed cavity is presented on Fig. 2.286 One possible speculative 
arrangement of the hydrogen-bonds is that in which one H atom of a phosphate 

group is directed towards the H,O molecule 
( 
P-O-H . . .O /H 

\H 1 
forming the inter- 

layer bonds. The remaining hydrogen-bonds form very weak interlayer bonds 
(P-O-H . . . O-P) and form a zigzag array running parallel to the b-axis.286 This 
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o- 0 

0 0-L 
FIO. 2.-Schematic illustration of the structures of a-, B-, and y-ZrP.p77 

Dashed circle-inter-layer cavity. 

idea is in agreement with the infrared measurements on a-ZrP and its deutero- 
analogues. 2sQ Structural features of the p-phase are essentially the same as those 
of a-ZrP but with a different interlayer distance, O-928 nm. It has been proposed 
that the layer packing sequence is such that neighbouring HPO, groups from ad- 
jacent layers are aligned opposite one another (Fig. 2) to allow interlayer hydrogen- 

bonds of the type 03P-O<i> O-PO,. The structure of y-ZrP is very closely 

related to that of p-ZrP. The interlayer attractions are probably hydrogen-bonds 
between the aligned HPO, groups through the interagency of the water molecules. 
The interlayer separation must be thus substantially larger than that in ,!LZrP.277 

The hydrolytic behaviour of these ion-exchangers is closely connected with 
their structure. The tendency towards hydrolysis decreases from amorphous to 
crystalline ZrP.289*2go The stability of the Hf forms of amorphous ZrP with respect 
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to phosphate release increases with decreasing P/Zr ratio .2s1~378 The stability increases 
in the presence of ions, in the following order: Li < Na < Ag < K < Rb < NH., 
< Cs. With the Li and Na forms of the ZrP cation release prevails, while with 
the K, Rb, and Cs forms, phosphate release predominates.264,2s2 At low pH, the 
phosphate release is not primarily due to a “hydrolysis,” but rather to washing out of 
phosphoric acid, which adheres very stubbornly to the gel,2r2 or to a conversion into a 
less acidic compound on aging the gel: 2Zr(HPO,), + Zr2H(P04), + H3P04.2s3 
In this way a linear dependence of the equilibrium phosphate concentration in the 
solution on the weight of amorphous solid material, may be explained.28s~2s0 The 
solubility data of crystalline ZrP in strong phosphoric acid have been determined.2s4 

The changes occurring on heating the ZrP sorbents have been studied quite 
intensively.267*~S~374 Anhydrous Zr(HPO,), was obtained by heating at up to 1 30°.27**e96 
The loss of constitutional water and formation of pyrophosphate groups start at 
~1S0°.2s6~2s7 At 200” about 13.8 ‘A of the total capacity is lost,2ss but the degree of 
cross-linking increases and variations in selectivity occur.267~28s~2s7~2s8.299 No con- 
densation was observed on similar thermal treatment of crystalline and semicrystalline 
materials, even on autoclaving under pressure at 270”. However, Zr,(PO,), form- 
ation was found in the case of amorphous materials.290*300*301 By 450” the capacity of 
crystalline samples has decreased to 58.8 ‘A of the starting value2s6 and at 550” 
ZrP207 is formed.278 Crystalline ZrP in the K+ form is converted into Zr(KPOd, 
after heating to 1000”. Ammonium forms are decomposed at elevated temper- 
atures and the pure H+-form of the sorbent is created.26sm302 

Sorption properties of both amorphous and crystalline ZrP have been extensively 
studied by many authors. Great attention has been paid to the alkali metal cations. 

The adsorption on the amorphous ZrP gels, especially those of high P/Zr ratio 
(> l-5), is an ideal cation-exchange. 2s2 The capacity increases with the P/Zr ratio.262 
It is supposed from the titration curves that monobasic303 as well as dibasic262*271*304 
acid groups are present in these gels. The points of zero charge vary significantly with 
the composition of the gels. 306 At lower P/Zr ratios, however, these gels retain 
part of the amphoteric character which is connected with the presence of the hydrous 
ZrO, functional groups. 2s2*318 It has been proved that K+ and Li+ are attracted 
electrostatically to the surface of the solid only when the solid is negatively charged; 
on the other hand, ions which form insoluble phosphates, such as Ag+, are chemi- 
sorbed even when the solid is positively charged.306 The adsorption phenomena 
are closely connected with the water content of the sorbents. It has been confirmed 
by Ahrlandass that the affinity of amorphous ZrP for Cs adsorption considerably 
increases when the gels are dehydrated to one mole of water per mole of Zr in the 
sorbent. A similar but less marked increase occurs for Na.272*374 The selectivity 
for K, Rb and Cs adsorption is rather higher than that for Li, Na and Ag and in- 
creases with increasing P content in the sorbent. 2s2*307 The Cs adsorption is very 
little influenced by temperature increase”‘* and diffusion phenomena are the decisive 
factors for the rate of exchange. 3os Cs adsorption substantially increases in the pre- 
sence of the phosphate ions in the solution. The ion-exchange process is thus more 
complicated than simple ion-exchange and structural changes in the sorbent during the 
adsorption process have to be taken into account.2s0 

Very interesting phenomena have been found on studying the adsorption on 
a-ZrP. The titration curves for the exchange of Lif, Na+ and K+ for H+ exhibit a 
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hysteresis loop. A marked hysteresis has also been found in the Na-Li and Li-K 
exchange processes. slo The hysteresis results from the presence of different phases in 
the forward and reverse titrations. When a-ZrP is titrated with NaOH, two solid 
phases are present up to 50 % exchange, i.e., a-ZrP and the compound Zr(NaPO& 
(HPO&5Hz0. At higher levels of exchange another two-phase region is obtained, 
i.e., the latter compound and a fully exchanged phase with composition Zr(NaPO& 
3H,O. The interconversion of these phases is fully reversible. However, when the 
half-exchanged phase takes up protons it forms an unexchanged phase, which is 
more highly hydrated than the original a-ZrP. 311 In the case of Li+ exchange, phases 
of composition Zr(LiPOJl.33(HPOJo.s, *4H,O and Zr(LiP0&,*4H,O are formed.912 
The process of H+-Li+ exchange is accompanied by a substantial particle size de- 
crease with increasing loading of the exchanger. 276 Kinetic measurements by Nan- 
collas et aL31s led to the conclusion that the Na+-H+ exchange process rate is governed 
by the diffusion rate of ions through the exchanger particles. The diffusion coefficients 
of alkali metal cations decreased in the order K > Na > Li.sos 

The detailed ion-exchange mechanism for crystalline ZrP has now been presented 
by Clearfield. Even though the existence of two tautomeric formsa7* 

> 
HP04 

ZrcH o 
I 

or formation of different functional groups as a function of pH2’l can be used to ex- 
plain some sorption phenomena, the model based on the layer structure properties of 
crystalline ZrP was found to be the most exact. The zeolitic nature of the crystals and 
the weak forces between layers provide a basis for explaining their sieving behaviour 
and the ready expansion of the lattice during exchange.B6 Both phosphate hydrogen 
ions are replaceable by cations, so the capacity of the exchanger is 6-64 meq/g. 
One proton is exchanged at the relatively low pH of 2-4 by alkali metal cations, and 
the interlayer distances remained unchanged (0.76 nm). Thus at half the exchange 
capacity, all the cavities contain one univalent cation and can accommodate no 
more. The second proton exchanges at higher pH and the cations insert themselves 
between the layers, with consequent spreading apart of the layers. Thus the mech- 
anism of exchange is thought to involve the diffusion of unhydrated (or partially 
hydrated) ions into the cavities (O-24 mn in diameter), replacing the more acidic 
phosphate protons. This is followed by diffusion of water moiecules into the crystal 
lattice and subsequent rehydration of the cations. Further exchange can then occur 
by diffusion of hydrated ions into the sorbent cavities.314 Lif and Na+ are exchanged 
as the hydrated ions and K+ as the unhydrated ion.30s The interlayer separation 
of 0.76 nm disappears when Sr 2+ is sorbed and the unhydrated ions immediately 
occupy sites between the layers rather than inside the cavities. The exchange of 
Ba2+, however, involves breaking of hydrogen bonds, hydration of the resultant 
protons, dehydration of the incoming cations, and co-ordination of the cations 
within the crystal lattice with consequent enlargement of the interlayer separation.287 
The interlayer distances in the half-exchanged forms decrease in the order Li > Na > 
Km and have the following values (in nm) for substitution of the species named: 
Sr-1.02,287 n-hexylammonium-2~28,31b n-octadecylammonium-4~70,s15 Zr(LiPO,),.,,- 
(HPO&,.,7~4H20-l~O0,s12 Zr(LiPOJ,*4H,O-1.01 ,312 Zr(NaPOJ(HPOJSH,O-1.1 8,314 
and Zr(NaP0J2*4H20-O*98.914 The interlayer separation in the y-ZrP is large enough 
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to permit the exchange of larger cations such as Cs and Ba ions, which are rather 
excluded by a-ZrP .277 It is interesting to note that the cr-ZrP has the ability to ex- 
change ions directly with solids or gases .316 The exchanger, in the hydrogen form, 
is heated (~150’) with an anhydrous metal salt (LiCl, NaCl, ZnC12, MnCI,, CoCl,, 
AlCl,, HfCl,) which on exchange forms a volatile acid (HCI). The exchange reaction 
proceeds by continuous removal of the volatile acid. Exchanged cations may be 
eluted with dilute acid solutions or removed by gaseous HC1316 

The selectivity of zirconium phosphates towards the bivalent cations is rather 
low.2B2*304 Higher adsorption was found for Sr2f at elevated temperature.ls* The 
cations such as Co2f, Ni2+, Cu2+ and Zn2+ are sorbed to about the same extent, and 
their affinity is not very different from that of Sr2+.272 UO,” is easily adsorbed at 
high temperatures on amorphous ZrP. 317 The adsorption of Sr on crystalline ZrP 
was found to be independent of ionic strength and the interdiffusion coefficients were 
found to be constant.ss5 

Crs+ is adsorbed on amorphous ZrP a little more strongly than the bivalent ions, 
while the affinity towards FeS+ was found to be extremely high. The uptake of this 
ion is not a simple exchange reaction but rather a process involving the introduction of 
Fe3+ ions into the matrix of the sorbent .272 Small differences in selectivity of sorption 
on amorphous ZrP were found for Am3+, Cm3+, Cf3+, Ce3f and Eu3+ at 75°.2B1s2B2 
Very low adsorption of Ru occurred over the entire concentration range (0-9M) of 
perchloric nitric and hydrochloric acids. 304 Some of the multivalent cations, such as 
U”, Th4+, PuW, efc, are adsorbed irreversibly, probably because of precipitation of 
the corresponding phosphates during the adsorption process.290~2B2*300*~~s1B In the 
case of UO,” adsorption on semicrystalline and crystalline ZrP the formation of a 
UO,HPO,-4H,O phase has been proved by X-ray analysis.2B0*300 Similarly, a rela- 
tively strong uptake of WO,” and Mo,O,,&- anions on amorphous ZrP may be 
explained by the chemical interaction between these anions and the phosphate 
group.320 The thermodynamics of ion-exchange on different types of zirconium 
phosphates have been studied for various systems.2B3*301*303*321,322 The AG, AH 
and AS values determined are summarized in Table III. Generally, the free energy 
changes become more positive going from amorphous to crystalline materials (for 
the same exchange system) indicating the latter to be less favourable for the exchange. 
The free-energy changes for the alkali metal ion -H+ exchange322 as a function of 
the radius of the ingoing cation show a departure from a linear relationship. This 
behaviour is interpreted in terms of increasing distortion of the ion-exchanger matrix 
with size of the ingoing ion. The enthalpy changes are negative for alkali and alkaline 
earth metal cations,1*~1*3siJs2 and positive for U022t,2B3 Ces+ and Eu3+.l 

Even though ZrP has been the most extensively examined of all inorganic ion- 
exchangers of this type, there still appear new fields for its application. 

First of all, the knowledge of the selectivities323*324*325 and affinity sequences is 
useful for rough evaluation of the separation possibilities. The affinity sequences can 
be summarized as follows : amorphous ZrP: Cs>Rb>K>Na,267 Cs>Rb 
> EL?+ > Sr2+,so3 Co < Ni < Cu > Zn,272 Ce > Y > Cr,272 and Cf > Eu > Cm 
> Am > Ce;2B1 semicrystalline ZrP: Li < K < H < Cs ;322 crystalline ZrP: 
Sr > UO, > Ce3+ > Na > Cs.2s4 

The following separation applications have been presented: purification of 
*1s8 reactor coolants;326 decontamination of D,O, decontamination of radioactive 
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waste water;327 13’Cs from reprocessing solutions;3”8-331 Cs-Sr-U02;332 Cs-Sr, 
UO,, Ce, Y, RuNOaf, Ru~;~~~ Cs_Ba;329 Na_K_Rb_C3;267 42Ca_46fjc;333*~ 

Ca-Sr-Ba;535 Ca-Sr;ss4 Sr from radioactive waste water;303 Sr-Cs26Q Sr-Ba;209 
Sr-Ce, Eu, Zr@, Pu~+;~~~ Sr-Y-Cs;317 Sr-Y;2sg 137mBa_137Cs ;336 Ni_Co ;337 Ni_ 

Co-U02-Fe3+;357 Cd-Zn-U02-Fe3+;337 UO,Sr , -31g UO,, Ce, Eu-Zt-4+, Pu~+;~~~ 
Fe?+, Mn, Ni, Pb, Al, C13+, Co-Zn, Ag, Cd;=* Pu4+ from irradiated U;31g Pu-Cs, 
Sr, Eu, Ce, Ru4+;s19 Pu U Cm-Yb Fe3+esg Bk‘l+_Cm3+*291 UB+_Am3+;291 

CH,(CH2),NHfCl--CH,C’H2~H~+CI--~H~~~+Cl--Cl-NH~+~H2CH~NH~+Cl-;340 
(OHCH2CH2),NH,+C1--OHCH2CH2NH3+Cl--NH4-+Cl-;340 Xe0,-H10,.341 

Various applications have been made of ZrP materials used in ion-exchange 
membranes especially in H/O fuel cells and electrodialysis.342-360 

Attempts have also been made to prepare inorganic ion-exchangers consisting of a 
combination of the zirconium phosphate compounds with another organic or in- 
organic component. The selectivity of such materials is supposed to be increased. 
The following combinations have been described: zirconium phthalophosphate,aa8 
zirconium sulphosalicylophosphate,351 zirconium phosphate-siIicate,33a zirconium- 
niobium phosphate,352 zirconium phosphate-ammonium molybdophosphate,a30*llas 
and zirconium phosphate-tungstophosphate.328*32a 

Zirconium pyrophosphate, polyphosphates and hypophosphate. Zirconium 
pyrophosphate is prepared by mixing zirconyl salt solutions with Na,P,O, in nitric 
acid media.308*353 Glass-like gels of different compositions (P/Zr = 2.0, 25-249 are 
formed. By freezing of the precipitated gel, products of better mechanical properties 
may be obtained. 354 The exchange capacities vary according to the drying temperature, 
time of aging4& and the exchanger composition. 353 The selectivity for various cations 
follows the order Cu > Ni > Ca > Na > Fe3+ > Mg353 and an ion-exchange 
mechanism has been shown to operate for adsorption of Cs+ and Sr2+.308 The fol- 
lowing separations have been successfully achieved with this exchanger: B”Sr-BoY; 
@%r from @OY, 13’Cs; U022+-234Th; Pu4f from U022+, %Zr, a5Nb, lWRu, lace, 
@?3r, 137C3;308 Cd2+_&2+; pb2+_Hg2+; Mg2+_Cd2+; Ag+-Hg2+; Ni2+-Fe3+; 

Fe3+_&2+; Fe3+_CU2+.255 

Various zirconium polyphosphate products are obtained by mixing zirconyl salt 
solutions with sodium polyphosphates of various degree of polymerization.356*357 
The exchange capacity increases with increasing degree of polymerization of the 
starting phosphate material. 356 However, a higher amount of polyphosphate in the 
solid affects the kinetics of the adsorption, owing to a higher degree of cross-linking.357 
The NH,+ form of the exchanger is selective for alkali metal cations,358 and has 
been used for their separation and purification. 36g The H+ form is selective for 
Fe3+, Cu2+, Caaf, Ba2+, Sr2+, Ni2+, Sn4+ and Sb3+ ions.aao 

By mixing ZrOCl, and Na,H,P,0, solutions in hydrochloric acid, amorphous 
zirconium hypophosphate (Zr:P = 1: 1.75) is formed, which is highly selective 
for multivalent cations.3s1*3s2*ss3 S upport-free thin sheets made from zirconium 
hypophosphate have been used for the chromatographic separation of Sn2+, Pb2+ 
and tervalent cations from alkali, alkaline earth and bivalent transition metal 
cations.361 

Zirconium arsenate and antimonate. Zirconium arsenate is prepared either as an 
amorphous substance by mixing zirconium salt solutions with arsenic acid3s4*365*36s 
or as a crystalline material by refluxing the amorphous zirconium arsenate with 
H,AsO, for a prolonged period.364*365 
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The amorphous materials, of various As/Zr ratios (1*53-l-96), in comparison 
with the crystalline materials exhibit very low stability towards hydrolysis at 
higher pHs4 and their titration curves do not exhibit any particular inflection point, 
suggesting that the exchangeable hydrogen ions display a range of acidities.* The 
affinity series for alkali metal cations changes with pH (Cs > K > Na at pH 2.6, 
Na > K > Cs at pH 4~65)~~ 

The crystalline zirconium arsenate, Zr(HAs04),*H,0,9s4*385 is isomorphous 
with cc-zirconium phosphate. The parameters of its monoclinic lattice are a = 
0.9178 nm, b = O-5378 nm, c = 1.655 nm, fi = 111*30”, and the average As-O 
and Zr-0 distances are close to those in a-zirconium phosphate.%’ One molecule of 
water is reversibly lost on heating at 1 lo”, without changing the X-ray pattems;384*3sb 
on heating to 500”, the second water molecule is lost owing to the condensation of 
HAsO,~- groups. On titration with LiOH, NaOH and KOH, two end-points occur 
in the titration curves, corresponding to the replacement of the two hydrogen ions of 
the two HAsO,” groups. 3U*365 Practically no adsorption of Cs+ occurs in acid 
solutionsup topH 7; at higherpH, however, some exchange is observed, accompanied 
by remarkable hydrolysis of the exchanger and destruction of its crystal structure. 

The ion-exchange process is assumed to proceed as follows : during the replacement 
of the first hydrogen ion the exchanging ions occupy the zeolitic cavities in the crystal 
(one cavity per Zr atom) and the interlayer distance remains unchanged.3BP Only 
Li+, Na+ and K+ are small enough to enter these cavities.3G When one mole of 
hydrogen ions per formula weight of the exchanger has been replaced, the ingoing 
cations must insert themselves between the layers, which is demonstrated by the 
increase in interlayer distances of the totally exchanged Li+, Na+ and K+ forms as 
compared with the H+ form. These distances indicate that the unhydrated cations 
are exchanged, since the increased interlayer distances are only slightly larger than 
the diameters of the inserted cations .364 Such a behaviour indicates that crystalline 
zirconium arsenate exhibits ion-sieve properties, similarly to the other crystalline 
salts of this type. 

The Naf-H+, Tl+-H+ and Ba2+-H+ exchange processes have been found to be 
irreversible,3s5 owing to the structural rearrangement when going from the H+ to 
M+ form or to a possible precipitation of barium arsenate within the exchanger. 

Amorphous zirconium arsenate has been reported as a suitable material for 
concentrating caesium from a mixture containing multivalent and alkali metal 
ions.368 

Zirconium antimonate is prepared as an amorphous substance by mixing ZrOCl, 
solutions with an excess of Sb205 dissolved in hydrochloric acid.3s0 From the exchange 
isotherm measurements the affinity series Na > K > NH, > Rb > Cs > Li has been 
established.370 The exchange reaction rate increases from Li+ to CS+.~~O Mutual 
separation of Rb+ and Cs+ 371 and separation of microquantities of Na+ from 
macroamounts of A13+ have been described.%O 

Zirconium molybdate and tungstate. Zirconium molybdate is prepared by mixing 
zirconyl salt solutions with ammonium molybdate and subsequent neutralization 
with ammonia. Amorphous products of various composition with the Zr/Mo ratio 
ranging from 0.5 to 2.0 are obtained, depending upon the pH of the precipitation.=*372 
Their ion-exchange capacities for K+ and Csf lie between 2.18 and 2.43 meq/g.a72 
Zirconium molybdate also exhibits electron-exchange properties, e.g., its ability 
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to oxidize SnCl, solutions. The mean value of the electron-exchange capacity is 
O-1 8 meq/g.*‘” 

Zirconium tmgstate is prepared by mixing zirconium salt solutions with Nar 
W0,373*s76 or by passing a concentrated Na,WO,, solution through an anion-exchange 
column filled with hydrous ZrOs. Amorphous products of various composition 
(Zr : W = 1~O-044)aes*375 and properties were obtained. They are easily soluble in 
strong acids.373*374 The selectivity for alkali metal cations decreases in the order 
Cs > Rb > K > Na > Li.376 An equivalent UOz at-H+ exchange has been reported 
for gels pretreated with 1M nitric acid. 374 Similarly to zirconium molybdate, zirco- 
nium tungstate can act as an electron-exchanger. 375 It is reduced by SnCl, solutions, 
probably to products containing tervalent W. The reduced form can be reoxidized 
by Fea+, Ce4+, V(V) or HzOz solutions. The electron-exchange capacity is 0.26 
meq/g.375 

Zirconium tellurute, oxalate and silicate. Zirconium tellurate is prepared by 
refluxing ZrOCl, and NhTeO, solution in 1M hydrochloric acids” and its com- 
position corresponds to the formula Zr(H,Te0,J*4H,0.877 Four molecules of water 
are lost on heating to 100-500”; at 650-700” condensation to Zr(TeO,)*H,O occurs.377 
The exchange capacity determined from the titration curves (~2-8 meq/g)377*a78 is 
approximately one half of the formula capacity, indicating that only 50% of the H+ 
ions are exchangeable in the pH range of 2*5-12.a77 

Gel-like and crystalline zirconium oxulates of empirical formula ZrO(OH)C,O,H 
were prepared from ZrOCl, and (NH&&O4 solutions.379 An unusual affinity 
series has been reported for alkali metal cations: Na < Cs < Rb < K.379 

Zirconium silicate with total exchange capacity 3.18 meq/g3*0 has been used for 
the separation of Th4+ from Sm3+ and of Ca2f from Sr2+.381 

Thorium salts 

Of the thorium salts only phosphate, arsenate and molybdate have been reported 
as ion-exchangers. 

Thorium phosphate with variable composition, low stability towards hydrolysis 
and low exchange capacity is prepared by precipitation at room temperature. How- 
ever, by precipitation at 100” and subsequent digestion for 40 hr, fibrous crystalline 
materials (similar to fibrous cerium phosphate) are obtained.8*a The exchange 
capacity for Na+ (3.7 meq/g) is closed to that corresponding to the stoichiometric 
formula Th(HP0&*3Hz0. This material is suitable for preparing support-free 
ion-exchange sheets having potential application in electrophoresis.3s2 

Thorium arsenate is prepared by prolonged refluxing of thorium nitrate solution 
in arsenic acid at 110”.3*3 Crystalline material of composition Th(HAsOq)2.H203s4 
is not readily dissolved at pH < 12. 383 The exchanger is highly selective towards 
Lif ions; Na+, K+, Rb+, Cs+ and Tl+ are not adsorbed at all. This behaviour is 
due to an ion-sieve effect of this compound, which has the smallest interlayer distance 
of all the compounds of this type. A comparison of ion-sieve behaviour of various 
compounds of the type of MIV(HXO&*yH20 is given in Table IV. The Li+ form of 
thorium arsenate possesses a similar crystal structure to that of the Hf form, and 
the exchange process, unlike that of other salts of this type is completely reversible.384 
Two phases, Th(HAs0J2*H20 and Th(LiAs04)2-H20, are present at each stage of 
the exchange process. 

Thorium molybdute is prepared by mixing Th(N03), and N%MoO, solutions. 
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TABLE IV.-cWMRISON BElWJZN TIiS FIRST INTERPLANAR DISTANCE AND ION-SXCHANGB PROPERTIES 
OF THE SALTS OF THE TYPE Mxv(I-IXO,),yH,O 

Alkali metal cation exchanged by 
Exchanger First interplanar distance, nm the H+ form 

Zr(HPO,),.2H,O(y-ZrP) 1.220 
Th(HPO,),.3H,O 1.147 
WHPO,),~IW 1.095 
Zr(HPOJ, (B-ZrP) 0.940 
Ce(HAsO,),.H,O 0.910 
Zr(HAsO&H,O 0.780 
Sn(HAsO,),.H,O 0.777 
Ti(I-IAs04)1.2HI0 0.777 
Sn(HPWdLO 0.776 
Zr(HPO&HIO (a-ZrP) 0.760 
Ti(HPO&HBO 0.756 
Th(HAsOJ,.H,O 0.705 

Na-Cs 
Na-Cs 
Li, Na, K, Rb, Cs 
Na-Cs 
Li, Na, K (partly) 
Li, Na, K, Cs (partly) 
Li, Na, K (partly) Cs (partly) 
Li, Na, K 
;, 2. E. Cs @aflly) 

Li: Na: 
Li 

various conditions of preparation lead to formation of different productsW This 
exchanger is readily dissolved in mineral acids and on heating to 100” its capacity 
(~0.57 meq/g) is lost. Total adsorption of Fea+, ZI.4+ and Pbe+ has been observed 
and Co2+-F8+, Zn2+-FeS+ and Cu2+-Fea+ separations have been achieved with this 
exchanger.385 

Titanium salts 

Titanium phosphate. Various methods have been described for the preparation of 
titanium phosphate ion-exchangers, leading to formation of amorphous,2~*3s‘J*s’J7 
granular amorphous388*sss and crystallinea7e*SB6*3*~1 products. The composition of 
the amorphous materials varies between P/Ti ratios of O-6 and 2.0, and different 
empirical formulae such as [(TiO)0.,,(H,P0,)0.3se(OH)I.77J-l-l 1 H20,386 TiH,- 
(POJ,*4H,O and Ti,(POJ, W7 have been proposed for these materials. High ex- 
change capacity has been found (~7-5 meq/g)= and is not appreciably affected by 
calcinationsss~a~ The exchanger can be easily regenerated3ss and exhibits a high 
selectivity towards Cs +.3M Selectivity series for alkali metal cations reported by 
various authors263*265*3g4 differ substantially, probably owing to different products 
being used. 

A formula Ti(HPO&-H,W 6,300*so1 for crystalline titanium phosphate has been 
proposed on the basis of chemical and X-ray analysis. One molecule of water was 
lost reversibly on heating this material to 120 o.388*3w)*391 A further molecule of water 
was taken up on standing in a water-saturated atmosphere at O-2O”,386 and the product 
showed higher resistance than the amorphous materials towards hydrolysis.390 
The total ion-exchange capacity is 7.15 meq/g. sso However, crystallization of the 
exchanger permits the exclusion of ions with larger ionic radii. This effect is more 
noticeable for this compound than for the zirconium phosphate, since K+ ions are 
also excluded in acid solutions. By conversion into the Na+ form, the crystallographic 
d-values are increased and the material exhibits a lower degree of crystallinity. A 
special behaviour has been observed for the Li+ form, when no changes in X-ray 
pattern occurred on the conversion of the H+ form into the Li+ form, and difficulties 
arose in converting the Li+ form into the K+ and even into the Na+ forms.3m Crystal- 
line titanium phosphate also exhibits a unidimensional intercrystalline swelling,m 
when amines are incorporated into the crystals either from the gaseous phase or from 
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solution. The incorporation of amines leads to an increase in one lattice parameter 
only.368 

Titanium phosphate has been used for the separation of radioactive Cs from 
strongly acidic nuclear-fuel reprocessing solutions, 3s53s6 to separations of Curie-level 
activities of z2sTh and 227Ac from traces of 226Ra,as7 and to the thin-layer chromato- 
graphic separation of Na from K.398 

Titanium arsenate and antimonate. By mixing sodium arsenate solution with 
TiCl,, glassy amorphous titanium arsenate with composition Ti(HAs04),*25H,O is 
formed3@@ which has an exchange capacity of about 1 meq/g. The exchanger is highly 
selective towards Pb2+, Cu2+, BaU-, Sr2+, Zn2+, Mn2+ and Cd2+ and can be used for 
the separation of Pb2+ from a series of bivalent metals as well for Ba-Mg, Ba-Ca and 
Ba-Sr separations.3ss 

Crystalline titanium arsenate of composition Ti(HAsO&H,O is prepared by 
dissolving the freshly prepared amorphous titanium arsenate in 8M arsenic acid 
and subsequent refluxing for 45 hr .400 The compound is hydrolysed considerably at 
pH > 5, so the total exchange capacity (58 meq/g) cannot be completely utilized. 

Titanium antimonate is prepared by mixing TiCI, and SbCI, solutions and sub- 
sequently neutralizing with ammonia. 401 Amorphous products with Sb:Ti ratio 
~1.0 and exchange capacity ~0.7 meq/g are obtained. The structure of the exchanger 
is built up from Ti02 and Sb,O,, which are condensed to< 

OH 

‘0’ ‘0 7” OH y”g_ 

gether, giving the polymer 

.9nH,O. 

The hydrogen of the Sb-OH group is considered to be responsible for the cation- 
exchange capacity. QO1 Separations such as Mg-Sr, Mg-Ca, Mg-Al, and Mn2+-AP+ 
have been achieved with this exchanger.4o1 

Titanium molybdate and tungstate. Titanium molybdate is prepared by mixing 
TiO(S03, or TiCl, solutions with an acidic solution of sodium molybdate. Amor- 
phous products with Mo/Ti ratio ranging from O-5 to 2.0 have exchange capacity 
between O-8 and 1.6 meq/g. The capacity is substantially changed by heating the 
exchanger to 200 0.402 High selectivity of this exchanger towards Pb2+, Baa+, Tl+ and 
K+ has been found and numerous separations such as Zn2+-Pb2+-Tl+, Bi3+-Pb2+- 
T1+,+ro2 Na-Rb, K-Cs, Ba-Ca and Na-Cs403 have been achieved. 

Titanium tungstate, prepared in a similar way to titanium molybdate, is an 
amorphous material which is highly stable towards mineral acids.404 The exchange 
capacities vary between O-42 and 0.76 meq/g depending upon the exchanger com- 
position, and are higher for bivalent than univalent cations. Higher selectivity 
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towards Ca2+ than other alkaline earth metal cations has been found, permitting 
the separation of Ca from Sr,Mg and Ba. 403*404 Other separations such as Na-Rb, 
K-Cs, Na-Cs,403 and of Gas+ from Fes+, AP+ and In3+,po5 with this exchanger have 
been described. A paper impregnated with titanium tungstate is suitable for the 
separation of Au 3t, Tlw, Ag+, Mow, K+, Rb+, Cs+, Ni2+, Sb3+, BiS+, Be2+ and 
Tl+ from numerous metal ions in aqueous and mixed-solvent media.406 

Cerium salts 

Cerium phosphate. When a solution of phosphoric acid is mixed with a solution 
containing a Ce(IV) salt a precipitate of cerium phosphate is formed, the compo- 
sition, degree of crystallinity and structure of which are strongly dependent on 
experimental conditions such as precipitation medium, temperature, digestion time, 
PO,/Ce ratio in the solution, rate and order of mixing, stirring etc. The products 
obtained may be divided into four groups: amorphous, microcrystalline, fibrous 
crystalline and crystalline cerium phosphate-sulphate. 

The composition of the amorphous materials varies, with P04/Ce ratios between 
1.03 and 1*95.407*40* For some products an empirical formula Ces(OH),(HsPO.& 
has been postulated .409 If the precipitation is carried out in sulphuric acid media, 
the P04/Ce ratio decreases and the product contains 2-6x of sulphate.407 The 
maximum exchange capacity of 2.9 meq/g410 is totally lost on heating the exchanger to 
200°.4io*411 The selectivity series for alkali metal cations follows the order of hydrated 
ionic radii, ie., Cs > Rb > K > Na > Li .40s*410,412 Standard enthalpy changes 
have been determined for the Li-H, Na-H and K-H exchanges (+3*6, +3-l, -0.63 
kJ/mole).4m 

The amorphous cerium phosphate also exhibits electron-exchange properties.4m 
The oxidation of Mna+ according to the equation 

Ces1V(OH)s(H,POJ4 + 3Mn2+ + Ce,1V(OH),Mn,11(HP04)2(POk)2 + 6Hf 

I 
Cer*1(OH),Mn11r(HPO~2(PO~2 

and the oxidation of I- according to the equation 

2Ce,IV(OH),(H2PO~., + 91- + 2Ce~r1(OH)5(H2P04)4 -t- 31,- + 60H- 

have been observed.“9 
Microcrystalline cerium phosphate with a P04/Ce ratio of 15,4°7*413 corresponding 

to the formula (Ce-O-Ce)(HP04),-H20,407 exhibits low ion-exchange capability.412*41s 
Its affinity towards univalent cations increases in the order Cs < Na < Ag.412 

Fibrous crystalZine cerium phosphate, formulated as Ce(HP04)2*H20,41S is 
stable towards hydrolysis413*“4 and exhibits a higher theoretical capacity (~5.2 
meq/g) than the amorphous material. However, its capacity is lower at low pH 
(~3.3) than that of amorphous cerium phosphate. Similar behaviour has also been 
observed for zirconium and titanium phosphates and has been explained by the fact 
that in the amorphous materials the exchangeable hydrogen ions display a larger 
range of acidities than in the crystalline materials, so that some exchange may occur at 
lower pH values.413 

Crystalline cerium phosphate-sulphates are obtained by precipitation from sul- 
phuric acid solutions .407 Products containing at least 0.75 % w/w of sulphate exhibit 

3 
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their own crystal structure, which does not change till one HPOds- group has been 
exchanged for an SOd2- group. Another crystal structure was found at higher SOd2- 
content up to a Ce:P:S ratio of 2:1:2 .415 These compounds may be formulated as 
CezO(HPOJ,(S0J;4H20, where 0 < x < 1. It is supposed that they possess a 
zeolytic structure, which is demonstrated by the fact that on Na+ or Ag+ exchange 
for Hf no change in the crystal structure occurs .412 The exchange capacity decreases 
with increasing S042- content415 owing to the replacement of an active HPO,” group 
for an inactive S042- group. However, products with Ce:P: S ratios up to 2:2: 1 
exhibit very good mechanical as well as ion-exchange properties. The selectivity 
towards various cations decreases in the order Na > Ag > Sr > Ba > Cs > Ca, 
the Be2+, CoU-, Fes+ and y3+ ions being not adsorbed at al1415 It is concluded that 
only ions having an effective ionic radius ~0.6 nm can enter the exchanger, which 
behaves as an ion-sieving material. 

Cerium phosphates have been used for the column separations of Na from Cs 
and of Cs from Ba;41e*417 Li-Na-K, Ni-Ag-Tl and Co2+-Eu3+-Fe2+ separations 
have been carried out on a cellulose<erium phosphate paper.41s Fibrous cerium 
phosphate is suitable for preparing thin-layer membranes resistant to high temperature, 
ionizing radiation and oxidants.41s 

Cerium arsenate. Cerium arsenate is prepared by mixing a solution of cerium 
sulphate in sulphuric acid with arsenic acid and refluxing. A crystalline product of 
composition Ce(HAs0J2*2H20 is obtained, which loses one molecule of water at 60” 
and the second at 110”. A total exchange of Li+ and Na+ for H+ has been achieved,420 
which was not the case with larger cations. The first interplanar distance increases 
with the degree of conversion into the Lif or Nat- forms, similarly to the behaviour of 
other crystalline salts of this type. Hydrated cations enter the exchanger at low 
exchanger loading, whereas partly or totally dehydrated cations enter the exchanger 
at higher loading, and this is accompanied by selectivity reversal. The exchange iso- 
therms show good reversibility for the Lif-H+ exchange, probably owing to the 
crystal structure of the starting and back-exchanged Hf forms being the same.42o 
However, small and remarkable hystereses were found for the total Naf-Hf and 
Kf-H+ half-exchange.420 

Stannic salts 

Stannic phosphate. Stannic phosphate is prepared by mixing SnCl, solutions 
with NaH,PO, solutions of different acidities. 4zr*423 Amorphous products with P/Sri 
ratio from 1.25422 to 1*503ss are highly stable towards ionizing radiation as well as in 
hydrothermal conditions. 422 Granular materials are obtained by mixing Sn(SOJ, 
solution with concentrated phosphoric acid at 20”.4s4 The ion-exchange capacity of 
stannic phosphate increases with increasing P/Sri ratiop21 reaching maximum values 
between 1.2 and 144 meq/g,5*6*422 and is lost on heating the exchanger.42a The 
titration curves of this exchanger show a series of irregular kinks, indicating several 
dissociable hydrogen ions with a range of pK values.422 The afhnity for alkali metal 
cations follows the order Cs > Rb > K > Na > Li422 and for the bivalent transition 
metals the order Cu > Zn > Ni > Co .3*6 Irregularities were found in the alkaline 
earth metal series, where Ca2+ was preferred to Sr2+,422 and for the adsorption of 
Zr”“t, where the Kd values did not depend upon the nitric acid concentration.423*42 
This behaviour of Zr4+ is explained either by the formation of a stable zirconium 
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compound in the interior of the exchanger particles or by Zr exchange for Sn.4m~‘U 
Recently, crystalline stannic phosphate of composition Sn(HPOJ,.H,O has been 

prepared by refluxing solutions containing SnCl,, HNO, and H,POd.0a5 This 
exchangeris readily hydrolysed in alkaline solutions and loses its chemically bound 
water at a rather lower temperature (<350”) than the other crystalline phosphates of 
this type. The total exchange capacity for Na+ corresponds to the stoichiometric 
formula. However, for the exchange of Li+ a higher total capacity has been reached 
(7.9 meq/g), indicating probably the presence of more than two exchangeable hydro- 
gen equivalents per formula weight of the exchanger. This is explained by the following 
tautomeric equilibrium in the solid: 42s 

OPO,H OPOIIHl 
I/ I 

S~+H,OFES~-OH 

JAI I &O H 8 

Stannic phosphate has found a wide range of useful separation applications, 
especially in the processing of radioactive eftluents. Thus uranium can be sepa- 
rated from Sr,Cs and rare earths with a decontamination factor of ~3*10~,~~*~~ as 
well as Sr and Cs from fission product solutions. 398*4’7 Complete separations such 
as K-Rb, Na-Cs, K-Cs, K-Na,422*424 s%r~87Cs, s%r-lUCe, 137Cs-144Ce, WSr-sVss 
have been described, Papers impregnated with stannic phosphate are suitable for 
chromatographic separation of a great number of cations.4-3a 

Stan& arsenate and untimonate. By mixing SnC14 solutions with NQHAsO,~~ or 
H,AsO,,* amorphous stannic arsenate (Sri/As - l-8) is formed. This material 
is stable in dilute acids and exhibits relatively high temperature stability.Pss The 
exchange capacity is between 0.79 and 0.94 meq/g, depending upon the As/Sri ratio 
in the solid. The distribution coefficients measured for a series of bi- and tervalent 
cations4a3*4s4 show selectivity series corresponding to the order of ionic radii in the 
cases of alkaline earth metals, AW, Ga3+ and In%. A disagreement found in the 
case of bivalent transition metals is explained by the decisive role of the solubility 
products of the corresponding arsenates of the metal ions in the adsorption process.494 

Crystalline stannic arsenate is prepared either by refluxing the amorphous material 
with HsAsO4494 or by refluxing solutions containing SnCl,, HNO, and H,AsO,.~~ 
This material, of composition Sn(HAsOk),*H,0t25 is readily hydrolysed in alkaline 
media and exhibits ion-sieve properties, adsorbing only Li+ and Na+ ions from acid 
solutions. The exchange capacity found for Li+ exceeds the formula capacity, 
which is explained similarly as in the case of crystalline stannic phosphate.426 

A series of separations with stannic arsenate, such as Cu-Pb, Cu-Fe?+, Fez+-Pba+, 
Fes+-Cu,2+ Fea+-Fes+,48s Sr-Ba, Mg-Ba, Ca-Ba, Co2+-Few, AP+-FeS+, M$+-Fe8+, 
Caaf-Fes+, Ni2+-FeS+, Al-In and Mg-A14= has been described. 

Stannic antimonate, prepared from K2H2Sb20, and SnCl, solutions, forms 
glass-like materials (Sb/Sn = 1:4-2: 1) which are highly resistant towards mineral 
acids4S6.488 and are suitable for use in column separation of alkali metal cations. 

Stannic molybdate and tungstate. Stannic molybdate is prepared by mixing SnCI, 
with ammonium molybdate solutions .497 Semitransparent amorphous granules with 
Sn: MO ratio 1: 1 and an exchange capacity of about 1.0 meq/g are obtained. The 
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structure of this exchanger is tentatively postulated as 

The exchanger exhibits rather low stability towards hydrolysis (the Na+ form being 
more stable than the H+ form). High selectivity for Pb2+ ions has been found, which 
can be used for the separation of Pb2+ from a series of metal ions.437 

Hard, semitransparent granules of stannic tungstate are prepared by mixing SnCI, 
with sodium tungstate solutions. 438 The product, with Sri/// ratio 1: 3, is much more 
stable towards hydrolysis than stannic molybdate, and has an exchange capacity of 
~0.58 meq/g which decreases on heating the exchanger to 100”. The selectivity 
for Co2+, Ba2f, Ni3+, Pb2+, Mn2+, Cu2f and Sr2+ ions has been established.438 Papers 
impregnated with stannic tungstate are suitable for the separation of Zn2+, Cd2+, 
Au3+, Ga3f, Mg2+, K+, Rb+, Cs+ and Zr4+.431*43g 

Other Acidic Salts 

This group of ion-exchangers includes phosphates, polyphosphates and vanadates 
of tervalent and some bivalent cations, such as chromium, aluminium, iron, uranyl, 
alkaline earth metals, zinc, copper and tin. 

Chromium phosphate is a polyfunctional gel-like radiation-resistan@O cation- 
exchanger441 with different PO,/Cr ratios ranging from 0.6 to 1*O.265 Empirical for- 
mulae such as Cr,O,HPO,, Cr20(HP0&2265 and CrP04441 have been proposed for 
these compounds. The maximum exchange capacity is 5.9 meq/g,265*442 decreasing 
with increasing ionic radius of the ingoing ion. 265 The selectivities towards alkali and 
alkaline earth metal cations decrease in the orders Na > K > Rb > Cs and Ca > Sr > 
Ba, respectively. 265 Separations of alkali metals and some transition metals such as 
Kf-Csf, Rb+-Cs+, Rb+-Sr2+, Mn2+Fe3+, Co2+, -Fe3+, Tc(IV)-Mo(V1) ,Snw-In3+,“3 
as well as the isolation of 5sFe from Co,442 have been described. 

Chromium tripolyphosphate is prepared by mixing sodium tripolyphosphate 
with CrCI, solutions. Green glassy products with Cr/P ratio of 1: 2.48 are obtained, 
exhibiting poor solubility in acids. 444 Their composition corresponds to the empirical 
formula Cr,(P,010),*xH20. 444 The exchange capacity for alkali metal cations is 
linearly dependent upon the pH of the external solution. The substance is highly 
selective towards alkali metal cations (Cs > Rb > K > Na > H), the uptake of 
bi-, ter- and quadrivalent cations being negligible. 444 A complete separation of Na, 
K, Rb and Cs has been achieved with this material, even in the presence of bi-, 
ter- and quadrivalent cations. 445,446 By evaporating CrCl, solution in phosphoric 
acid at 200-280°447 another product, with composition H2CrP,0io-2H20, is formed, 
which is highly selective towards Ag +.447 The infrared spectra indicate that the water 
molecules are partly dissociated into H,O+ and OH- groups.44s The exchange of 
K+ for H+ led to the formation of an anhydrous compound, K2CrP90,,.44’ 

Aluminium andferric triphosphates have been prepared with M/P ratios of 0*5- 
0.66 and can be used as selective ion-exchangers for K+ ions within a limited pH range 
(2.5-6*O).44s Ferricpyrophosphate Fe,(P,O,)s, has been studied for the adsorption of 
Ins+. It is noticeable that Fe3f was displaced by In3+ ions during this process.450 
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Aluminium vanadate with composition (A1203),(VzOs),(n/m = 2GO5, m = 
2-10) can be used as an ion-exchange membrane or may be sintered with a ceramic 
material without significant loss of exchange capability. The membranes operate 
efficiently up to 900”.451 

UranyZ hydrogen phosphate (UO,HP0.,*4H,O) and its salts with univalent and 
bivalent cations act as cation-exchangers, the exchange involving hydrogen (or M+, 
MU-) ions from the phosphate groups.452*4* An unusual affinity series has been found 
for univalent cations, NH, > Cs - Rb - K > Na, which follows the series of 
increasing solubility products of the corresponding alkali metal uranyl phosphates.454 
High affinity for the ammonium ion is explained by the solubility product of ammon- 
ium uranyl phosphate having the lowest value. 454 On heating uranyl hydrogen 
phosphate to 300” a conversion into uranyl orthophosphate and liberation of the 
phosphoric acid occurs,455 which causes substantial changes in the selectivity, bi-, 
ter- and quadrivalent cations being preferred. Na+ can be separated from K+, 
Rb+ and Cs+, but a complete separation of the alkali metals is impossible.452 Sep- 
arations of Co2+ from Zn2+, Ce3+ from Cs+, Co2f from Csf and yS+ from Sr2+ 
have also been achieved with this exchanger. 452 For the adsorption of quadrivalent 
cations (Th4+, Pu4+, Zfl+) on ammonium uranyl phosphate a precipitation mechanism 
has been found,4as457 leading to the formation of insoluble phosphates of the type 

(NHa),H,M~~V-,(Po,),_,_,, where 0 < x,y < 2 and (X + y) < 2. Thus the form- 
ation of NH4MzIv(P04), was found on adsorption of Th4+ and Pu4+ and the form- 
ation of Zr,(POJ, on adsorption of Zr4+.45s*457 

A precipitation mechanism rather than ion-exchange has also been reported for 
other phosphates of bivalent metals, such as calcium phosphate,458*45s*460 ammonium 
magnesium phosphate,461 zinc phosphate4s2s463 and copper phosphate.4s3 

Stannous polyphosphate exhibits electron-exchange properties,360 reducing I,, 
Fe3+ and Ag+. The electron-exchange capacity varies between 044 and 0.59 meq/g. 

Zusammenfassung-Eine ausfiihrliche Literaturiibersicht ist gegeben 
von hydratisierten Oxyden und sauren Salzen von vielwertigen Metal- 
len die als Ionenaustauschsubstanzen anwendbar sind. Die ubersicht 
schliesst die Herstelhmg, Eigenschaften, Anwendbarkeit und Theorie 
von diesen Substanzen ein. 

Rbum&-Une revue complete est pr6sent6 sur les oxides hydrates et 
sels acides de m&aux multivalents qui sent us& en qualitt de mat6riaux 
khangeurs d’ions. La revue couvre la preparation, les qualit&, 
usages et theorie de ces mat&iaux. 
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LE MICRODOSAGE COLORIMETRIQUE DES PHOSPHATES 
DANS DES MILIEUX DIVERS (PRODUITS BIOLOGIQUES, 

PHARMACEUTIQUES ET ALIMENTAIRES) 

GH. GHIMICESUC et VASILE DORNEANU 
Institut de Mtdecine et de Pharmacie de Iassy, Roumanie 

(Recu Ie 7 juillet 1971. Accept6 le 2 octobre 1971) 

Rtkumh-On propose une micromethode colorimetrique pour le dosage 
des phosphates dam divers milieux (produits biologiques, pharma- 
ceutiques et alimentaires). Elle est fond&e sur leur precipitation a l’etat 
dephosphatedoubled’uranyleetdemagndsium. Leprtkipiteest dissous 
dans l’acide sulfurique dilub, et l’on dose I’ion uranyle par formation 
d’une coloration rouge fonck aver le ferrocyanure de potassium, puis 
mesure au spectrophotometre. La sensibilite de la methode est de 
0.01 mg de P dans la prise d’essai, l’erreur moyenne est de fl %. La 
mkhode proposk est t&s simple et peut etre appliquke dam les 
domaines les plus divers. 

DANS LEUR majorite, les techniques couramment utilisees pour le dosage de l’ion 
phosphate sont fondees sur la formation d’acide phosphomolybdique, ensuite reduit 
en bleu de molybdene. Ces methodes different entre elles par la nature du reducteur 
utilid: hydroquinone,l acide aminonaphtolsulfonique en milieu sulfitique,” sulfate 
d’hydrazine,6 chlorure stanneux,6-8 hydroxyquinoleine,s etc. 

Les colorimetries de l’acide phosphomolybdiquelO ou du complexe phospho- 
vanadomolybdique, l1 tous deux color& en jaune, ont Bte preconisees ainsi que celle 
mettant a profit la reaction entre le phosphate d’uranyle et le ferrocyanure de 
potassium.12 

D’autres methodes utilisent le titrage des phosphates par l’adtate d’uranyle en 
presence de ferrocyanure comme indicateur. 

En vue d’etablir un procede unique, applicable a tous les cas consider&, nous avons 
d’abord Ctudie la methode classique avec formation d’un bleu de molybdene. Nous 
avons constate que la coloration bleue obtenue est instable, qu’elle s’intensifie dans le 
temps, et que les resultats ne sont pas reproductibles. Mtme dans l’intervalle de 
temps indique dans les diverses techniques, la variation d’intensite est appreciable, 
entrainant des erreurs qui peuvent atteindre 33 %. 

Notre etude s’est alors orientee vers la colorimetrie du ferrocyanure d’uranyle.12 
En examinant la precipitation des phosphates a l’ttat de phosphate d’uranyle, 

nous avons constate que la reaction est plus sensible avec pa&ate double d’uranyle et 
de magnesium (0,Ol mg P) qu’avec l’acttate d’uranyle simple (0,l mg P). 11 y a forma- 
tion de phosphate double d’uranyle et de magnesium, et la reaction n’est gi%nCe par 
aucun ion. 

L’analyse chimique de ce phosphate double, isole et stche a temperature ambiante, 
a conduit a lui attribuer la formule suivante: Mg(UO&,(PO,),, 8,5 H,O. L’analyse 
thermogravimetrique met en evidence une perte partielle de l’eau de cristallisation 
vers 105”, et une deshydratation totale vers 200”. Le compose est stable jusqu’a 620”. 

Nos essais ont permis l’elaboration dune technique de dosage des phosphates 
applicable dans tous les cas consid&& (produits biologiques, pharmaceutiques, 
alimentaires, eaux). 
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Le principe de la methode est le suivant: on precipite I’ion POJ- sous forme de 
phosphate double d’uranyle et de magnesium. 

2 NasPO, + 2 Mg(UO,)(CH,CO,), = 

Mg(UOA(PO,), + 6 NaCHaCO, + Mg(CH,CO& 

Le precipite est solubilise dans l’acide sulfurique, lib&ant les ions UOz2f d’apres la 
reaction : 

Mg(UO&(PO,), + 3 H,SO, = 2(U02)S04 + MgSO, + 2 H,PO, 

Ces ions reagissent alors avec K,Fe(CN),, formant (UO,)Fe(CN),, sous forme 
dune suspension collofdale rouge fence qui est mesuree spectrophotometriquement : 

W&W4 + Q.WCN),l = (UO,),[WCN),] + 2 K$04 

PARTIE EXPERIMENTALE 

Reactifs 

Etalon de phosphate monopotassique. On dissout 0,1098 g de KH,PO, (desskche pendant 24 h 
sur acide sulfurique) dans l’eau distillee, q.s.p. 250 ml; 1 ml de cette solution contient 0,l mg de P ou 
0,25 mg de Pe06. 

Rkactifuranyle-magnksium. Solution a: on dissout, en chauffant au bain-marie, 10 g d’acktate 
d’uranyle dans 50 ml d’eau distillee, et ajoute 2 ml d’acide acetique cristallisable. Solution b: on 
dissout, en chauffant au bain-marie, 30 g d’acktate de magnesium dans 50 ml d’eau distill&+ et 
ajoute 1 ml d’acide acetique cristallisable. On melange a chaud les solutions a et b, refroidit a tempb- 
ature ambiante, et ajoute 400 ml d’alcool 96%. On abandonne pendant quelques heures, filtre, 
et conserve dans des flacons teint6s. La recuperation des residus d’acktate d’uranyl est effectuke 
selon les indications de E. Kahane (cite d’apres la Ref. 13). 

Solutions a 10% et 1% d’acide acetique. 
Solution a 10% d’acide sulfurique. 
Solution a 20% de ferrocyanure de potassium. 
Solution a 10% d’acetate de potassium. 
Solution a 20% d’acide trichloracetique. 
Solution 515 % de soude. 
Solution a 5 % de persulfate de potassium. 

Etablissement de la cow-be d’&alonnage 

Dans des tubes a centrifuger, on introduit 0,25; 0,5; 1,O; 2,0; 3,0; . . . ml de solution &talon de 
phosphate. On ajoute 1 ml d’acide acetique a 1% et 3 ml de reactif uranyle-magnesium. On agite, 
puis lave l’agitateur avec 2 ml de reactif. On laisse reposer pendant 30 mn, puis centrifuge. On 
d&ante la liqueur Claire surnageante, lave le prkipite par 3 ml d’eau distill&e et rep&e l’operation 
jusqu’a ce que la derniere eau de lavage ne donne plus la coloration rouge-brun avec le ferrocyanure 
de potassium. Apres la derniere decantation, on reprend par 1 ml d’acide sulfurique a 10% et agite 
jusqu’a dissolution complete du prkcipite. On transvase, en rincant avec 10-15 ml d’eau distillee, 
dans une fiole jaugQ de 20 ml. On ajoute 2,0 ml de solution k 20% de ferrocyanure de potassium, 
complete au trait par l’eau distillee, agite, laisse reposer pendant 15 minutes et effectue la lecture ii 
I = 479 nm. Les courbes y-sont des droites passant par l’origine et suivant la loi de Lambert- 
Beer. 

Dosage du phosphore total dans le sang et I’urine 

Dans une petite capsule en platine, on introduit 2 ml d’urine diluke au dixieme, ou 1 ml de sang 
ou de strum, ajoute 1 ml de KOH 515 %, 2 ml de (NH&SIOB a 5 y0 et calcine pendant 1 h dans un four 
dlectrique ii 700-800. On transfere les cendres obtenues dans un tube a centrifuger avec 1 ml d’acide 
ackique a 10% et 4 ml d’eau distill&e, ajoute 3 ml de reactif uranyle-magnesium et procede ensuite 
comme deja d&it. 

Dosage du phosphore min.&al dans le sang (serum) ou /‘urine 

Dans un tube a centrifuger de 5 ml, on introduit 1 ml de sang ou de s&rum, ou 2 ml d’urine diluee 
au dixieme, ajoute 3 ml d’acide trichloracktique a 20x, agite et centrifuge. La liqueur Claire est 
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transvask dam un autre tube a centrifuger. On lave le prkcipite ii trois reprises avec chaque fois 1 ml 
d’eau, et les liqueurs surnageantes sont egalement transvasks dam le tube a centrifuger precedent. 
On ajoute alors 1 ml d’ac&ate de potassium 8 10 %, 5 ml de reactif uranyle-magnesium, et pro&de 
ensuite comme deja d&it. 

Dosage du phosphore act&-soluble total du sang 

A 1 ml de sang, on ajoute 3 ml d’acide trichloradtique a 20% pour Bliminer les substances pro- 
t6iques. On agite et filtre a travers un petit filtre dans une capsule en platine. On lave le prtkipitd 
a trois reprises avec chaque fois 2 ml d’eau distill&e et verse les eaux de lavage dam la capsule. On 
pro&de ensuite comme dkcrit pour phosphore mineral. 

Dosage du phosphore Iipidique du sang 

On verse goutte a goutte 1 ml de sang dam un melange 3: 1 d’alcool ethylique et d&her sulfurique, 
agite et filtre 1 travers un petit filtre dam une capsule en platine. On lave le filtre a trois reprises 
avec 5 ml du melange alcool&her, en recueillant le liquide de lavage dans la capsule. 
de KOH a 5 %, evapore a set et calcine dans un four electrique 51700-800. 

On ajoute 1 ml 
On procede ensuite comme 

d&it pour phosphore mineral. 
La methode proposke a et6 verifi&e sur le sang et l’urine, avec ou sans addition d’etalon de phos- 

phate. Les r&hats obtenus avec le spectrophotometre sont consign& dans les Tableaux I-V et 
montrent que l’erreur relative varie de 0,O a 2,6%. 

TABLEAUI.-PHOSPHORE TOTAL DU SANG 

P 
ajoute, 

m&I 

P 
trouve, 

mg Difference 
Erreur 

% Observation 

WJ 0,160 0,160 
0,lO 0,261 0,161 
0,20 0,362 0,162 

w 
+0,6 
$I,2 

sang 

0,oo 0,180 0,180 
0,20 0,379 0,179 
0,30 0,479 0,179 

ON 0,148 0,148 OJO 0,249 0,149 
0,20 0,346 0,146 
0,30 0,449 0,149 

030 
-0,6 
-0.6 

+:: 
-112 
+0,6 

sang 

sang 

0,oo 0,090 0,090 030 
0,lO 0,189 0,089 -1,o serum 
0,30 0,390 0,090 030 

0,oo 0,118 0,118 
0,20 0,320 0,120 serum 

0,084 0,084 090 
0,284 0,084 090 serum 
0,486 0,086 t-o,5 

Dosage du phosphore &as les produits pharmaceutiques contenant du phosphore orgaaique 

Dam une capsule en platine, on p&se 0,l g de produit, ajoute 5 ml de KOH a 5 %. evapore a set 
au bain-marie et calcine dam un four electrique a 700-800 pendant 1 h. On reprend les cendres 
par 2 ml d’acide acktique a 10% ague jusqu’a dissolution totale. On transvase quantitativement, au 
moyen d’eau distill& dam une fiole jaug&e de 100 ml et complete au trait par l’eau distill&e. 

On introduit 2 ml de cette solution dam un tube 11 centrifuger, ajoute 3 ml de reactif uranyle- 
magnesium, et pro&de comme deja dkrit. 

La methode a etb v&hi&z sur le glyckrophosphate de calcium; on a trouve 14,55 % de P au lieu de 
14,70 en theorie, soit une erreur de f 1%. 
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TAIWLW II.-bKh!WHORE Mu&RAL DU SANG 

P 
ajout6, 

mg 

- 
0,20 
0,30 

P 
trouve, 

“g 

0,068 
0,268 
0,370 

Diff6rence 

- 

0,068 
0,070 

Erreur 
% 

- 

030 
+3,0% 

- 0,084 - - 
0,20 0,284 0,084 
0,30 0,382 0,082 

- 0,098 - - 
0,20 0,298 0.098 
0,30 0,396 0,096 

- 0,084 - 

0,lO 0,185 0,085 +lG% 
0,20 0,284 0,084 
0,30 0,385 0,085 

TALMAU I%--PHOSPHORS LIPIDIQUE DU SANG 

P 
ajoute, 

mg 

P 
trouve, 

w Difference 
Erreur 

% 

- 0,080 
0,lO 0,180 o&o 0; 

0,20 0,280 0,080 0,30 0,382 0,082 +9:: % 

- 0,110 - 

0,lO 0,210 o,loo 0,20 0,312 0,112 +P$ 
0,30 0,408 0,108 -1:s”4, 

- 0,082 - 

0,20 0,281 0,081 -12% 

- 0,122 - 

0,20 0,321 0,121 --0;7% 
0,30 0,424 0,124 +1,4% 

- 0,130 
0,20 0,332 0,132 +lG% 
0,30 0,432 0,132 i-1,5% 
0,40 0,528 0,128 -1,5% 

Prod&s contenant du phosphore minPra1 

On p&se 0,l g de produit, qu’on transfere dans une fiole jau@e au moyen d’eau distillke, complete 
au trait par l’eau distilke et agite. On introduit 2 ml de cette solution dans un tube a centrifuger, 
ajoute 3 ml de reactif uranyle-magrksium, et pro&de comme dkrit audessus. 

Dosage des phosphates abns les produits alimentaires 

On utilise la mgme methode. Dans une capsule en platine, on introduit 2 g du produit, on ajoute 
si nkessaire 2-3 ml d’eau distill&z, puis 2 ml de KOH A 5%; on Bvapore a set au bain-marie, et 
calcine dans un four &ctrique a 700-800. On reprend les cendres par 1 ml d’acide acktique B 10 %. 
transvase quantitativement, au moyen d’eau distill& dans une fiole jaugke de 50 ml, complete au 
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TABLEAU Ii’.-D”OSPHORE TOTAL DE L’URINE 

P 
trouve, 

w Difference 

- 0,130 
0,20 0,332 0,132 -W% 

050 0,128 0,330 0,130 - -tG% 

- 0,110 - 
0340 0,510 0,110 G 

- 0,118 - - 

0,20 0,320 0,120 +1,6% 
0,30 0,420 0,120 +1,6% 

- 0,125 
OJO 0,224 03 -05 
0,20 0,324 0,124 -0,8 
0,30 0,426 0,126 -to,8 

GO 0,120 0,322 0,122 - +1,6% 
0,30 0,422 0,122 +1,6% 

070 0,106 0,206 0.106 6 
0.20 0,308 0,108 +1,9 

OF0 0,064 0,163 0,063 -1;3% 
0,20 0,264 0,064 0.0 

TAIILJUU v.--pHospHoRE ~UNJ?RAL DE L’m 

P 
ajoute 

fV 

P 
trouve 

w 
Prreur 

Difference % 

- 0,106 
0,30 0,408 0,;s -kG% 

- 0,126 
0.20 0,324 O,F24 -15% 

OJO 0,226 0,126 0,20 0,325 0,125 -g% 

070 0,098 0,198 0,098 - - 

0,20 0,300 0,100 +gx 
0,30 0,396 0,096 -2.0% 

trait par l’eau distill& et agite. On introduit 2 ml de cette solution darts un tube a centrifuger, ajoute 
3 ml de r&&f uranyle-magn&sium, et pro&de comme deja d&it. 

La methode a et6 v&itit+e sur la farine de ble, avec ou sans addition d’etalon de phosphate. Lea 
resultats sont consign6s dans le Tableau VI. 
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CONCLUSIONS 

Apres etude des methodes de dosage des phosphates dans les prod&s biologiques, 
pharmaceutiques et alimentaires, une mise au point, en tant que technique unique, a 
et6 faite de la methode au phosphate double d’uranyle et de magnesium. Elle com- 
Porte la precipitation du phosphate au moyen de Pa&ate double d’uranyle et de 
magnesium, la dissolution du precipitt par I’acide sulfurique dilut et le dosage 
spectrophotomttrique de l’ion uranyl apres action du ferrocyanure de potassium. 

La sensibilitt est de 0,Ol mg de P dans la prise d’essai, l’erreur moyenne est de 
&lx. La methode proposte est trts simple et peut &tre aisement appliqute dans les 
domaines les plus divers. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

TABLEAU VI.-PHOSPHORE EN FARINE DE BLE 

P 
ajoute 

mg 

0,oo 
0,20 
0,lO 
0,20 

P 
trouve 

mg 

0,180 
0,380 
0,280 
0,380 

Difference 

- 
0,181 
0,180 
0,180 

Erreur 
% 

- 
+0,8 

090 
0,O 

Summary-A calorimetric micromethod is proposed for determination 
of phosphates in various materials (biological substances, pharmaceu- 
ticals and food). It is based on precipitation of magnesium uranyl 
phosphate, which is then dissolved in dilute sulphuric acid, and the 
uranyl ion is determined spectrophotometrically via the dark red 
colour of uranyl ferrocyanide. The sensitivity is 0.01 mg of P, and the 
average error 1%. The method is very simple and applicable to many 
types of sample. 

Zusammenfassung-Es wird eine kolorimetrische Mikrometode fur die 
Dosierung der Phosphaten aus verschiedenen Umfangen (biologische, 
farmazeutische und Nahrungserzengnisse) vor geschlagen. Sie be- 
grtlndet sich auf das Niederchlagen unter doppelter Farm des Mag- 
nesiumsphosphates und uranyl. Der Niederschlag wird in verdiimrter 
Schwefelsliure gel&t unddas uranyl ion wird dosiert durch die Bildung 
einer dunkelroten F&bung mit K, Fe(CN), dem welche beim spektro- 
photometer gemessen wird. Die Empfindlichkeit der Metode ist 
0,Ol mg P mit einem durchschwittlichen. Fehler von +1 %. Die 
vorgeschlagene Metode ist sehr einfach und kann in verschiedenen 
Umfangen angewendet werdew. 
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Summary-A comprehensive analytical scheme is presented for the 
determination of the six platinum-group metals, gold and silver. It is 
the result of the integration of separate procedures that have been 
described previously, in part, over the course of several years. The 
analytical scheme has been thoroughly tested in umpire and standards 
work on a wide variety of materials and, as a consequence, is of 
increasing interest to many laboratories. The precious metals are 
collected in molten tin when the sample is fused at 1200-1250” with a 
flux containing stannic oxide, sodium carbonate, silica, borax and 
flour. The resultant tin alloy is dissolved and the precious metals 
are isolated by ion-exchange, solvent extraction and/or distillation 
procedures. With the exception of the usual facilities required in the 
fusion step of fire assaying, standard equipment can be used in the wet- 
chemical operations for the isolation and determination of the indi- 
vidual precious metals. 

THE LITERATURE reveals numerous problems associated with the determination of gold 
and silver and the individual members of the platinum-group of metals in ores, rocks, 
and mineralogical and metallurgical concentrates. Many of the difficulties arise from 
the use of the time-honoured method of fire assaying in which molten lead is used to 
collect the precious metals from the fused sample material. The classical lead-collection 
method is satisfactory for the determination of gold and silver in most commonly 
encountered materials of mineralogical origin, but there are many instances where it is 
unsuitable for the determination of the platinum-group metals, and for gold and silver 
in complex platiniferous materials. The interested reader may refer to certain works 
by Beamish and co-worker+-* for an understanding of many of the problems in the 
classical method of fire assaying. 

To overcome some of these difficulties, certain of the larger mining and metallurgi- 
cal laboratories employ spectrographic techniques to analyse precious-metal beads 
produced by the classical method of fire assaying. Although reliable results can be 
obtained for platinum, palladium, rhodium, and gold, this approach has been un- 
satisfactory for iridium, ruthenium, and osmium .a Further drawbacks to the spectro- 
graphic finish, at least for some laboratories, are the cost of equipment and the need for 
highly trained operators. 

Because of the problems indicated above, attempts have been made to develop 
methods other than those based on the collection of precious metals in lead. Among 
these are: purely wet-chemical methods, neutron-activation analysis and fire assay 
methods using a metal other than lead as a collector. Although the first two of these 
approaches are useful in particular situations, they cannot, as yet, fulfil the need for a 
versatile method that can be used routinely in a modestly equipped laboratory. 

Crown copyrights reserved. 
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In the early 1960’s a new analytical scheme was developed in the Mines Branch for 
the determination of the platinum metals and gold in ores and other mineralogical 
materials. This scheme was originally outlined, in part, in 1965 in Research Report 
R 154 and is based on the pre~on~e~t~tion of the precious metals by a fire assay 
using tin as the collector. 

As at present used, the scheme (Fig. 1) involves the collection of the precious metals 
in molten tin when the sample is fused at 1200-1250” with a flux containing stannic 
oxide, sodium carbonate, silica, borax and flour. The resultant tin alloy (containing 
the precious metals as intermetallic compounds with tin) is then treated by relatively 
simple wet-chemical techniques to prepare solutions in which the individual precious 
metals can be determined by methods of atomic-abso~tion s~trophotometry or 
classical absorption spectrophotometry. For details of the developmental work 
involving platinum and palladium,lO rhodiumll, iridium,la ruthenium and osmium,ls 
gold,14 and silver, ls the reader should refer to the cited papers. 

1__ “gyec” 

r __----____-------- L-lmJarmmnatm Of 

_f__ 
c i Ag by A.A. 

f- +isiillotm of RuYJ ExtmcttOn Of Au 5%‘ R.S~OM Boss t.Mah by 
sromoo”rats r- 

--1-- 
Catmn Exchange 

i 
I 1 I 1 from Pt, W,Rh by 

&i&it% 6iiermhicn7 Dstermonot~an of 
Solvent Extroctan 

f L__.~Lf!!!_-.-I 
I Det*rmlnattM, ot PI, w, 

Au by A. A. I Rh,R” by A A%. 1 

L 
~h,,~t,~~ ~t~rn,~tl~ 

--_------ --,-__-I 

FIG. 1 .--How-sheet outlining analytical scheme. 

The tin-collection scheme has been used routinely in the Mines Branch for about 
seven years and has been successfully applied to a wide variety of materials including 
silicate rocks, copper-nickel ores, concentrates and matte, magnetite concentrates, 
precious metals concentrates, osmiridium and meteorites. In addition to routine 
applications, the tin-collection scheme of analysis has been used in umpire and stand- 
ards work where it has been demonstrated, unequivocally, that the results obtained 
are in good agreement with those obtained by highly developed but less comprehensive 
methods in other laboratories. 

The determination of silver was not part of the scheme described in 1965. Although 
it was recognized that silver was completely collected in tin, a suitable means was not 
then available for measuring its concentration in solutions obtained on dissolving the 
tin button. However, with the combined use of ato~c-abso~tion techniques and tin- 
collection, silver can now be determined simply and quickly in the most complex 
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materials.ls Indeed, the silver method seems superior to other methods and, with the 
exception of materials high in lead, it is highly recommended for most geological and 
mineralogical samples even if they are not platiniferous. 

Atomic-absorption techniques have also been introduced for finishing the deter- 
mination of gold, platinum, palladium, rhodium and ruthenium; in general this 
eliminates the need for certain separations necessary before use of calorimetric 
finishes. 

With respect to gold, the combined tin-collection and atomic absorption finish 
offers the advantages of speed and simplicity over similar procedures using lead as the 
collector. Again, the former approach is also suitable for many kinds of non-platin- 
iferous materials. 

In addition to the inclusion of silver and the introduction of finishes based on 
atomic-absorption spectrophotometry, a number of other modifications and improve- 
ments have been made in the tin-collection method for the precious metals. Because 
of the continued interest by outside agencies, this paper has been prepared to present 
the procedural details of the modified and updated tin-collection scheme of analysis 
for the whole family of precious metals. 

GENERAL COMMENTS ON THE ANALYTICAL SCHEME 

Certain types of materials such as copper-nickel matte, precious metals concen- 
trates, meteorites and osmiridium may necessitate the determination of allsixplatinum 
metals plus gold and silver; Fig. 1 indicates the steps required for these determinations 
to be made on a single sample. However, many of the operations can be omitted 
when only partial analysis is required. For example, it is often necessary to determine 
only platinum and/or palladium because the abundance of these elements in some 
materials is considerably greater than the abundance of the other precious metals. 

There are situations where it may be convenient, and perhaps more rapid, to 
perform some of the determinations on one portion of sample material (e.g., osmium 
and/or ruthenium) and proceed simultaneously with the determination of other 
members of the group on a second portion. 

If the sample contains miZZigram amounts of the platinum-group metals, consider- 
ation must be given to the recovery and analysis of insoluble residues that may be 
encountered after the decomposition of the tin button. It is to be emphasized how- 
ever, that this complication arises only with special materials such as refinery prod- 
ucts and bulk samples of native iridium-osmium alloys. 

EXPERIMENTAL 

Apparatus 

The apparatus described below is recommended primarily because it has proved satisfactory in 
this laboratory; however, it is not necessary to adhere rigidly to the specifications given. 

Assay furnace. A 15-kW Globar type with suitable thermocouple and temperature controller. 
The furnace should be capable of accommodating 6 assay crucibles and maintaining their temperature 
at 125v. -_ _-__ . 

Jelrus “Handy-Melt” portable electric furnace. This small vertical furnace is equipped with re- 
movable eraohite crucibles and is used for meltine tin-base assav buttons before their manulation in 
water. A?te;4-6 months of relatively constant use: it is recommended that the bottom 07 the crucibles 
be. examined for small holes. 

Atomic-absorption spectrophotometer. 
scale expansion facility. 

It is recommended that this spectrophotometer have a 
An oxidizing air-acetylene flame is used for the determination of gold, silver, 

platinum, palladium and rhodium; a slightly fuel-rich air-acetylene flame is used for the determin- 
ation of ruthenium. 
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Spectrophotometer. The spectrophotometer should be capable of making absorbance measure- 
ments in the range 300-800 mn. 

Distillation apparatus. The design of the apparatus is shown in Fig. 2. Vessel A is a 500-ml 
round-bottomed distillation flask and receiver B is a 250-ml, two-necked, round-bottomed flask 
which, during the ruthenium distillation, is fitted with a 250-ml “Glas-COY heating mantle. Receivers 
C and D are 125-m& tall-form gas-washing bottles with fritted cylinders at the end of the inlet tubes. 
Each fritted cylinder is pierced to make a 1.5~mm hole to permit free flow of gases through the 
apparatus. 

Air lnlel- 

acuum 
piralw) 

4 

HBr lmr 

FIG. 2.-Distillation apparatus for osmium and ruthenium. Scale - l/9. 
Reprinted from Anal. Chem., by permission of the copyright holder (American 

Chemical Society). 

Note. The diameter of the air-cooled, condensing bulb on vessel A should not be less than about 
50 mm. A smaller bulb may not be efficient in condensing stannic chloride, which might then be 
troublesome in the analysis of the distillate. 

Cation-exchange columns. It is recommended that both “large” (25 x 450 mm) and “small” 
(15 x 15 mm) columns be prepared with water-washed, 20-50 mesh, Dowex 50 W-X8 cation- 
exchange resin. Columns of these dimensions are suitable for the removal of approximately 4 and 
0.5 g, respectively, of combined base metals (mainly copper and nickel). 

To remove base metals and regenerate the resin, pass 4M hydrochloric acid through the column 
until the effluent solution is free from copper and nickel (test with ammonia solution). Wash the 
resin with water until the effluent is neutral to litmus paper. 

Assay crucibles. Catalogued as “40-gram” type. 

Reagents 

Details of the preparation of special reagents will be given under Procedures in the sections de- 
scribing their use. 

Procedures 

A. Pre-treatment of sampIe 
Depending upon the nature of the sample, a pretreatment is frequently required to remove certain 

constituents or convert them into a form that will not lead to difficulties in subsequent operations. 
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Rousting is used primarily to convert sulphides into oxides, but also to volatilize arsenic and anti- 
mony, when present, and thus prevent the formation of matte or speiss during the subsequent fusion. 
It is recommended that samples other than alloys and copper-nickel matte be roasted before being 
mixed with the flux. It is known that osmium (but not ruthenium) is lost by volatilization during the 
roasting operation. Fortunately, this step can be omitted when certain types of platiniferous materials 
are to be analysed for osmium (e.g., copper-nickel matte). 

Place the sample (200-mesh), weighing up to 1 assay ton, in a shallow tire-clay dish and roast at 
750-800” for approximately 1 hr with intermittent stirring. In cases where only a few grams of 
material (particularly sulphides) are to be roasted, place the sample on a thin bed of silica to prevent 
possible loss of the resultant calcine to the surface of the dish (include the silica used as part of the 
total quantity required for fluxing-see Bl). When the calcine is cool, mix it with the flux and proceed 
with the fusion process as indicated below in B6. 

Leaching of copper-nickel matte can be conveniently achieved in the following manner to remove 
the bulk of the copper and nickel and to leave the precious metals in a concentrated form in the leach 
residue. Place the sample, weighing up to 2 assay tons, in a 1500-ml beaker and treat it with approxi- 
mately 25 g of ammonium chloride and 100-200 ml of 12M hydrochloric acid. Heat the covered 
beaker an&contents until the amount of insoluble matter appears not to exceed approximately 2 g. 
If dealing with large sample weights, it may be necessary to retreat the leach residue once or twice with 
fresh acid after intervening filtrations. 

Dilute the combined &mple solution (approximately 1OOml) with an equal volume of water, 
heat to approximately 70” and then stir the solution and dissolved residue with a polyethylene- 
coated, electrically-driven stirrer. Add approximately 5 g of tin powder (200-mesh or finer) and stir 
the suspension for approximately 15 min. Filter the solution, containing most of the nickel, through a 
moderately fast paper. Completely wash the solids onto the paper with dilute (~5 %) hydrochloric 
acid. Dry the washed residue and paper at ~110” for about 1 hr and then mix them with the flux 
for fusion (B6). [Note. After the fusion of the matte leach residue, a small amount of a sulphide 
phase will adhere to the tin button but this will ultimately be decomposed during the chemical treat- 
ment of the button (Cl).] 

Acid attack of the metallic phase from meteorites is necessary because the meteoritic iron-nickel 
alloy would not be attacked appreciably during the fusion process on account of the relatively low 
temperature and the reducing conditions that prevail. This problem can be avoided by dissolving the 
alloy in hydrochloric acid and then fusing the resultant chloride salts as in B6 below. The net result is 
to slag off the iron and collect the precious metals in the tin button. 

Dissolve the meteoritic alloy (preferably more than 5 g of granules or turnings) in the requisite 
amount of boiling 12M hydrochloric acid. Evaporate the solution to dryness directly on the hot-plate 
and near the end of the operation stir the crystallizing salts with a glass stirring rod. The heating 
should be carried out in such a way as to drive off as much free acid as possible yet keep the mass 
from baking; this is to lessen the possible danger of losing osmium as the volatile tetroxide. 

Scrape the dried salts from the beaker and add to the flux as described in B6(a). Using small por- 
tions of water and a rubber policeman, dissolve and dislodge the remaining material adhering to the 
beaker and pour the solution (suspension) into a bed of the standard flux. 

B. Crucible fusion process (preparation of buttons) 

1. Flux. The flux that has proven most satisfactory for nearly all materials so far encountered, 
contains the following materials in the indicated quantities: 

.!? 
SnOa 35-40 
Na,CO, 
SiO, ;:-20 
Na&O, 10 
Flour 40 

The quantity of silica is adjusted according to the amount of silica in the sample (for details see B4 
below). 

Note. Powdered coke (100-325 mesh) is also satisfactory as a reducing agent, 6-8 g being re- 
quired. In early work9-16 coke was used as reducing agent because experiments had shown that the 
use of relatively small quantities of flour (-10 g) resulted in the formation of inordinatelv small 
buttons. Subsequently however, it was learned th%t by increasing the amount of flour to 40 g: essen- 
tially complete reduction of stannic oxide is achieved. With 120 g of the flux, 40 g of flour, and 
samples weighing up to 1 assay ton (29.17 g), tin buttons weighing 27-29 g are obtained. This 
represents 85-90 % recovery of the tin. 
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2. Amount of sample required for analysis. Usually the analyst has some prior knowledge of the 
range of the platinum metal and base metal values to be expected and can make a choice of sample 
weight according to the following considerations. 

With the atomic-absorption methods described later in this paper, the smallest amounts of the 
individual precious metals that can be determined with reasonable accuracy are, in rg: Pt N 5, 
Pd~l,Rh~l,RuN5,Au~2,Ag~l. If the calorimetric methods are used for the platinum 
metals, the corresponding values are -3 pg each for Pt, Pd, Rh, Ir, Ru and ~10 rg for OS. 

To determine smaller quantities of the precious metals than indicated above, replicate buttons 
from l-assay-ton samples, for example, can be combined and analysed by the methods to be des- 
cribed. 

3. Behaviour of copper and nickel duringfusion. During the crucible fusion process, virtually all of 
the nickel and copper in the charge form an alloy with the tin, while the iron remains in the silicate 
slag. Experience has shown that it is desirable to keep the combined nickel and copper content of the 
button to less than approximately 4 g. 

Copper and, particularly, nickel increase the melting point of the assay button. Therefore, when 
more than l-2 g of the base metals is expected to be present, approximately 10 g of tin (stick-tin is a 
convenient form) can be added to the charge to reduce the melting point of the button and thus 
facilitate the granulation process [B6(c)]. 

4. Variation of composition ofjlux with nature of samples. In contrast to the classical method of 
tire assayin , the flux and the proposed fusion process need not be modified greatly when processing 
materials o ? a diverse nature. However, minor variations in the charge are made with certain types of 
materials; these are indicated below together with a general description of the kinds of material to 
which the proposed analytical scheme may be applied. 

Siliceous ores and rocks. For a l-assay-ton sample of such materials, the quantity of silica used 
in the flux may be varied from 20 to 10 g, depending on the estimated silica content of the sample. 
Platiniferous rocks are frequently of the ultrabasic type such as dunite, pyroxenite, etc, and these con- 
tain the precious metals in minute, widely dispersed blebs of native platinum or perhaps minerals such 
as iridosmine. Because of the possible heterogeneity of samples of such rocks, reproducible results 
may not be obtained. 

Magnetite and ilmenite. Experiments have shown that essentially complete decomposition is 
achieved with charges containing as much as 15 g of either of these minerals. The relatively large 
amount of iron or titanium in these minerals to be reduced to lower states of oxidation requires the use 
of approximately 40 g of flour in the fusion of a l-assay-ton sample. Usually platinum is the pre- 
dominant precious metal in these minerals. 

Copper-nickel sulphide ores and concentrates. Because of the relatively large amounts of base 
metal oxides that may be present (after roasting) and must undergo reduction, 40 g of flour are 
required in the fusion of a l-assay-ton sample. 

Copper-nickel sulphide ores are among the most commonly encountered naturally platiniferous 
materials. Although minute grains of platinum metal-bearing minerals, such as sperrylite (PtAs& 
michenerite (PdBi*), and froodite (PdBiJ are known to occur in these sulphides, it is considered by 
some workers that the platinum metals are present, not as discrete compounds or minerals but, rather, 
in solid solution in the base metal minerals pentlandite, pyrrhotite and chalcopyrite. 

All members of the platinum metals group are known to occur in certain copper-nickel sulphide 
deposits; however, palladium and platinum are the predominant metals. Other members of the 
group are usually less abundant by a factor of 5-10. 

liridosmine (osmiridium). This native alloy, as the name suggests, is composed mainly of osmium 
and iridium and occurs in placer deposits in the form of flattened grains. Iridosmine is among the 
most chemically inert minerals known, but it seems to be completely attacked by molten tin during 
the crucible fusion process’*J* of the proposed analytical scheme, the osmium and iridium forming 
intermetallic compounds with tin (shown by electron microprobe analysis of tin buttons). Thus, the 
precious metals in minute grains of iridosmine occurring in ores or concentrates would be reported 
together with the values from other minerals. 

It is to be emphasized that the accurate, complete analysis of bulk samples of native alloys such as 
those of the osmium-iridium series would involve specialized methods of decomposition such as dry 
chlorination, rather than the procedures outlined here. 

Chromite. Chromite is not completely decomposed during the fusion process, and samples con- 
taining an appreciable proportion of it must be subjected to a pretreatment that will decompose it. 
This can be done by sintering with sodium peroxide. The sample is mixed with 1.5 times its weight of 
sodium peroxide; placed on a 10-g bed of silica in a roasting dish and roasted at 700” for about 1 hr. 
The sinter cake and underlying silica are ground together in a mortar and mixed with the flux for the 
crucible fusion process. The weights of sodium peroxide and silica are subtracted from the weights of 
sodium carbonate and silica, respectively, in the flux described in Bl. 
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5. Gold and silver content of stannic oxides and tin powder. Experience has shown that both 
stannic oxide and tin powder invariably contain a sign&ant concentration of both gold and silver 
(e.g., --0.1-2-O ppm). It is therefore imperative that the gold and/or silver value of each batch of 
these materials be determined and subtracted as a blank when the determination of either of these 
metals is included in the analytical scheme. Despite the necessity of making corrections for the blank, 
accurate and reproducible results are easily obtained with the procedures to be described. 

6. Procedures for preparation of buttons. 
(a) Mixing the charge. For dry samples follow the standard assay practice by blending the dry 

samples with the flux on glazed paper and transfer the charge to a “40~gram” crucible. 
When solutions or suspensions (e.g., from acid decomposition of meteorites) are to be mixed with 

the flux, place approximately one third of the standard flux in the crucible and press a square of thin, 
commercial, plastic wrapping-film into the crucible to form an envelope, and into this envelope trans- 
fer the remainder of the flux. With a spatula, form a cavity in the bed of flux and transfer the sample 
slowly into the depression so as to avoid wetting the film or crucible walls. Heat the crucible and con- 
tents in a drying oven at 110” for at least 2 hr. After the sample has dried, remove the material in the 
wrapping-film envelope and grind it in a mortar, mix well, and place back in the film in the crucible. 

(b) Fusion. Place the crucible in an assay furnace maintained at approximately 1250” and fuse the 
contents for 1 hr. During the tirst 15 min, inspect the crucible several times to ensure that evolu- 
tion of gases, or frothing, is not excessive. On the few occasions when this situation arises, swirl the 
molten material in the crucible several times with tongs until the melt becomes quiescent, then con- 
tinue the fusion. At the completion of the fusion period, the melt should not be viscous or lumpy nor 
should there be extensive crust formation at the top of the melt. 

Pour the melt into a conical steel mould and, when it is cool, separate the tin button from adhering 
slag by tapping with a small hammer. (A small 6le can sometimes be used to advantage in removing 
tenaciously adhering encrustations of slag, but loss of metal should be avoided.) 

(c) Gram&ion of buttons. Place the button in the graphite crucible of the Jelrus furnace (see 
Apparatus), from which air is purged by nitrogen gas delivered through a suitable ceramic tube 
placed directly over the button. After melting the button (which may require a temperature of 600- 
700” for buttons particularly rich in nickel), withdraw the nitrogen delivery tube and, using tongs to 
hold the crucible, quickly pour the molten tin-alloy into approximately 1 gallon of water contained in 
an enamel pail. Decant the water; dry the alloy on the hot-plate (avoid remelting). Any large lumps 
produced can easily be reduced in size with metal shears. 

Reserve the granulated alloy for analysis according to the appropriate procedures described 
below and outlined in Fig. 1. 

C. Wet chemical procedures for isolation, separation and determination of precious metals 
1. Decomposition of tin buttons (except when osmium is to be determined). Two procedures for the 

decomposition of the tin button may be used, the choice being largely dependent on the nature of the 
sample. 

The procedure used by the authors for most materials involves treatment (parting) of the tin-alloy 
with concentrated hydrochloric acid. A major proportion of each of the precious metals, as inter- 
metallic compounds of tin, remains undissolved ; however, a significant fraction especially of rhodium, 
iridium and ruthenium, dissolves along with the tin matrix. The soluble species are readily recovered 
by cementation with tin powder. 

The major advantage of the hydrochloric acid parting-procedure is that much of the excess of tin, 
as stannous chloride, can be eliminated before the tin-volatilization procedure. 

If the sample contains mirrigram amounts of the platinum-group metals it is advantageous to 
decompose the tin-alloy directly with a mixture of hydrochloric acid and hydrogen peroxide. In- 
soluble matter which may remain is easy to recover and treat chemically. A minor disadvantage of 
this approach is that subsequently all the tin of the original button may have to be volatilized. 

(a) Parting in hydrochloric acid. Transfer the granulated tin alloy to a 600-ml beaker and treat it 
with approximately 150 ml of concentrated hydrochloric acid. Cover the beaker with a clock-glass 
and heat until the alloy has been decomposed and vigorous evolution of bubbles from the black 
insoluble residue has ceased. Dilute the resulting suspension to about 400 ml with water and heat to 
approximately 70”. While the suspension is being stirred with a motor-driven polyethylene-coated 
stirrer or magnetic stirrer, sprinkle approximately 5 g of powdered tin (200-mesh or finer) into the 
beaker to precipitate any precious metals that had dissolved during the parting operation. Stir the 
contents of the beaker for approximately 15 min. 

If iridium and/or ruthenium are to be determined, again heat the beaker to approximately 700 
and add a second 5-g portion of powdered tin; stir for an additional period of 15 min. 

If silver only is to be determined, the hydrochloric acid solution need not be heated and not more 
than 0.5 g of tin powder is required. 
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The insoluble matter produced in these operations should contain essentially all the copper in the 
sample, the excess of tin powder, and all of the precious metals. Nickel remains in solution and is 
ultimately discarded. 

Decant the supernatant solution through a pad of paper pulp (from Whatman No. 31 paper) 
supported on a filter disk. Wash the solids several times by decantation with 1M hydr~~o~~ acid 
and pass the washings through the filter pad. 

Add 25-30 ml of 12M hydrochloric acid to the solids in the beaker, and then cautiously add 30% 
hydrogen peroxide in small portions until the solids have dissolved and excess of peroxide is present. 
A small amount of siliceous matter from the slag may be present, but can be ignored. After the mix- 
ture has been heated to the boil for a few minutes to ensure complete dissolution of the residue, place 
the beaker under the filter pad and wash the pad with a mixture of approx~ately 10 ml of 12M 
hydrochloric acid and 2-3 ml of 30% hydrogen peroxide to dissolve any fines caught on the filter 
during decantation. 

Analyse the solution obtained in these operations for silver as in C2, or treat directly as in C3 to 
voltilize tin if silver is not to be determined. 

(b) Decomposition in hydrochloric acid and hydrogen peroxide (primarily for samples containing 
milligram amounts of the platinum-group metals). Place the granulated tin alloy in an 8OO-ml beaker 
immersed in an ice-bath. Add approximately 200 ml of 12M hydrochloric acid, then with stirring 
cautiously add 30% hydrogen peroxide in relatively small portions until the tin alloy has decomposed 
and the effervescence from excess of peroxide is evident. Add an additional 50 ml of hydrochloric 
acid and 10 ml of hydrogen peroxide then heat the beaker and contents until the volume of the solution 
has been reduced to appro~ately lOO-150 ml. 

Dilute the solution with approximately 100 ml of water and allow any dense, dark-coloured residue 
to settle for about 30 min. 
a 5OO-ml volumetric flask. 

Decant the supernatant solution through an appropriate filter paper into 

of dilute hydrochloric acid. 
Wash the beaker and residue, by decantation, with several small portions 

Treat any residue left in the beaker with approximately 10 ml of 12M hydrochloric acid and 5 ml 
of 30% hydrogen peroxide. Evaporate the solution to a small volume, then add 5-10 ml of aqrca regia. 
Again evaporate the solution to l-2 ml and, by repeated treatments with 12M hydrochloric acid, 
destroy nitrogen-containing compounds and ensure that the platinum metals are present as their 
chloro-complexes. Dilute the acid solution with a small volume of water then filter into the 500-ml 
flask through the paper used previously. 

Dry the paper and residue and then fuse as in B6, to produce a second tin button. 
in turn, with hydrochloric acid and hydrogen peroxide. 

Decompose this, 
Filter off any siliceous matter from the 

resulting solution and receive the filtrate in the 500-ml flask containing the solution from the first 
button. Dilute to volume with water. 

Because this method of decomposition is used primarily for materials rich in platinum-group 
metals, it is often sufficient to take an aliquot of the sample solution for analysis by the procedures 
described below. 

If the solution obtained by Cl(b) is to be analysed for silver, take an appropriate aliquot and 
adjust to approximately 2M hydrochloric acid before atomization as in C2. When a large aliquot is 
taken and it must be reduced in volume to concentrate silver, it may be necessary to volatilize tin by 
procedure C3 before the determination of silver by atomic absorption. 

2. Determination of siluer by atomic ~sorpt~o~. I6 To prevent possible blockage of the atomizer by 
particulate matter, filter the combined solution obtained by the procedure Cl through a fast paper 
(eR., Whatman No. 31) into a 200-ml volumetric flask. Wash the filter paper several times with water, 
and dilute the combined filtrate and washing to volume. The resultant solution for atomization should 
be approximately 2M in hydrochloric acid. 

If milli~m quantities of silver are present, filter this solution into a 5OO-ml flask and adjust the 
hydrochloric acid and concentration to approximately 3M to prevent precipitation of silver as the 
chloride. 

Take an appropriate aliquot, and adjust to 2M hydrochloric acid before atomization. The 
aliquot may contain up to 4 ppm of silver. Reserve the remainder of the solution from the tin-button 
d~omposition for the deter~nation of the platinum metals and/or gold by the procedures to be de- 
scribed below. 

Determine the silver content of the aliquot by atomic absorption, using a waveIength of 328-l nm, 
a OslO-m narrow-slit burner and an oxidizing air-acetylene flame. Subtract the silver content of the 
blank from that of the sample. 

3. ~olatt~ization of tin before the determjnat~o~ ofgold ondp~ati~~m-group metals. Evaporate the 
solution from either Cl or C2, above, to a relatively small volume on the hot-plate, then place the 
beaker in an aluminium “no-bump” solution evaporator. Heat the evaporator from below with 
the hot-plate and from above with an infrared heat lamp to volatilize as much tin as possible. 
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Copious fumes of stannic halide are evolved at this point, and, when relatively large amounts of 
copper and/or nickel are present, care should be taken to avoid spattering caused by local intense 
heating. 

When it appears that the evolution of fumes has nearly ceased, remove the beaker from the evapor- 
ator and cool for a short time. Wash down the sides of the beaker with approximately 10 ml of a 
mixture (7:2) of hydrochloric and hydrobromic acids and again evaporate to dryness under the heat 
lamp. Repeat the treatment with the mixed halogen acids (5-10 ml) and the evaporation twice or until 
it is evident that essentially all of the tin has been volatilized. 

If gold is to be determined, simply evaporate the mixed halogen acid solution as in C4 below. 
If gold is not to be determined, cool the beaker and residue, add 10-15 ml of 12M hydrochloric 

acid, and then, while swirling the beaker in a fume cupboard, cautiously add 30% hydrogen peroxide 
until it is evident that an excess of peroxide is present and that the evolution of bromine vapour is not 
vigorous. Evaporate the solution to small volume and process according to requirements (see flow 
sheet) for the removal of base metals or the extraction of gold and/or the distillation of ruthenium. 

4. Isolation anddetermination ofgold. Evaporate the solution to 2-3 ml. If the solution does not 
contain an appreciable quantity of base-metal chlorides, place the beaker in a hot water-bath and,with 
the aid of a jet of compressed air, evaporate the solution gently to dryness to prevent baking of the 
gold salts on the beaker walls. When a substantial amount of base-metal chlorides is present, the 
solution can be evaporated gently to dryness directly on the cooler part of the hot-plate. 

Take up the salts in 5 ml of 2M hydrobromic acid and wash into a 60-ml separatory funnel with a 
further 10 ml of 2M hydrobromic acid. Extract the gold by shaking the solution with two separate 
15-ml portions of diethyl ether. Double the volume of hydrobromic acid and ether if the sample con- 
tains a relatively large quantity of copper. Combine the ether extracts and wash with three separate 
5-ml portions of 2M hydrobromic acid. Strip the gold from the ether phase by shaking it with three 
separate 15-ml portions of water. Treat the aqueous gold solution with approximately 2 ml of aqua 
regia and evaporate to a small volume. Transfer the gold solution to a volumetric flask of appropriate 
size, depending upon the expected gold content, and dilute to volume with water. 
content of the solution by atomic-absorption as described below. 

Determine the gold 

Evaporate to dryness the aqueous phase from the ether extraction of gold and, with a small 
volume of hydrochloric acidJO% hydrogen peroxide mixture (2:1), destroy bromides and convert the 
metals into their chlorocomplexes. Reserve the resulting solution for the determination of platinum- 
group metals according to the procedures given below. 

Determine the gold content of the final solution, containing at least 0.2 ppm of gold, by atomic 
absorption at a wavelength of 242.8 nm, a 0.10-m narrow-slit burner, and an oxidizing air-acetylene 
flame. Subtract the gold content of the blank charge from that of the sample. 

5. Some comments on the anaytical scheme for the platinum-group metals. Most samples to which 
the proposed methods will be applied will require the determination of one or more of platinum, 
palladium, and rhodium with or without the prior determination of gold and/or silver. When this is 
the case, the procedures described immediately below for removing base metals by cation-exchange, 
followed by the individual determination of platinum palladium, and rhodium by atomic absorption 
or calorimetric techniques, can be followed directly. 

However, as will be seen subsequently, the scheme must be altered somewhat when osmium, and 
possibly ruthenium, is to be determined on the same assay buttons as the other precious metals. 
The distillation procedures for isolating osmium and ruthenium (only when ruthenium is to be deter- 
mined calorimetrically) must be applied before the determination of gold, platinum, palladium, 
rhodium and iridium. Although this is a perfectly feasible analytical path, it may be more convenient, 
if sutlicient material is available, to determine osmium and ruthenium (calorimetrically) on a separate 
sample. 

It should be noted that the comments above pertain to ruthenium only if this element is to be 
determined calorimetrically; if atomic-absorption spectrometry is to be used for ruthenium, then this 
element need not be isolated by distillation and can be determined in the same solution as that con- 
taining platinum, palladium and rhodium. 

The atomic-absorption sensitivity for iridium is low, therefore the proposed analytical scheme 
involves the use of the more sensitive calorimetric determination of iridium after it has been separated 
from other platinum-group metals by solvent extraction. If the iridium content of the sample is 
relatively high, however, as in precious metal concentrates, then iridium too can be determined by 
atomic-absorption. 

6. Removal of base metals by cation-exchange “*“Jo befxe the determination of the platinum-group 
metals. Evaporate the solution of metal chlorides to dryness. Take up in 5-10 ml of 12 M 
hydrochloric acid and again evaporate to a residue of salts. When more than approximately 
0.5 g of base metals (usually copper) is present, stir the crystallizing salts with a stirring rod to aid in 
the removal of free hydrochloric acid. Cool the beaker and, depending on the amount of base metab 
estimated to be present, add 0.25 or 0.50 ml of 12M hydrochloric acid and then dissolve the salts with 
50 or 100 ml of water. to give a solution with a pH of 19-1.5. 



218 G. H. FAYB and P. E. MOLCKIGEWBY 

Notes: (1) At this point the analyst should be aware of the possibility of hydrolysis of the anionic 
chloro-complexes of rhodium, iridium and, especially, ruthenium during the ion-exchange 
process. tithe operating time required, hydrolysis can be prevented gy maintaining tLe 
chloride ion concentration at O*lM or hirrher. which is normally Drovided bv the base 
metal salts present. However, when it is apFare& that these are in iok concentrkion, it is 
advisable to add approximately 0.5 g of sodium chloride per 50 ml of solution. 

(2) If the sample solution contains appreciable quantities of base-metal chloro-salts, i.e., a 
relatively high chloride ion concentration, any silver present may remain in solution until a 
later stage when the chloride ion concentration has been reduced, for example in 8(c). 

Pass the sample solution through a cation-exchange column at the rate of approximately 5 ml/min. 
If the sample contains less than approximately 0.5 g of base metals, use a “small” column; otherwise 
use a “large” column as described under Apparatus. Collect the ellluent solution in a 400-ml beaker 
and wash the column with sufficient dilute hydrochloric acid (pH approx. 1) to quadruple the original 
volume of the sample solution. 

To the eflkent solution, add approximately 25 mg of sodium chloride and 10 ml of 12M hydro- 
chloric acid and reserve for the separation of platinum, palladium, rhodium and iridium or for the 
isolation of ruthenium by distillation (see Fig. 1). 
Notes: (1) In certain cases it may become apparent, from the colour developed during the subsequent 

evaporation of the effluent solution, that leakage of base metals has occurred. This can 
generally be ignored if the solution is to be analysed by atomic absorption for one or more 
of platinum, palladium and rhodium. However, it is necessary to repeat the cation- 
exchange operation (using the small column) to remove the contaminants if calorimetric 
finishes are to be used. 

(2) If tin were not completely volatilized in earlier steps, it would precipitate in a gelatinous or 
flocculent form during the ion-exchange process and might contaminate both the resin 
bed and the eRluent solution. If the amount of precipitate is relatively small (slightly 
cloudy suspension), then the danger of losing platinum metals by occlusion or co-precipi- 
tation is slight and, therefore, any solid material retained on the resin bed can be neglected. 
The small amount of tin in the etlluent can be removed ultimately byrepeating thevolatiliz- 
ation procedure given above in C3. When more than a few milligrams of tin appear to be 
present, strip the column with 4M hydrochloric acid, combine the stripping solution with 
the original effluent and treat the whole, as above, for the volatilization of tin before re- 
peating the ion-exchange procedure. 

7. Atomic-absorption determination of platinum, palkxiium, rhodium and ruthenium. 

Mixed cadmium-copper suIphate. Prepare a solution’@ by dissolving 98.0 g of CuSO, . 5H,O and 
57.0 g of 3CdS0,. 8Ha0 in 500 ml of 12M hydrochloric acid and 300 ml of water. Dilute to 1 litre 
with water. 

Evaporate the sample solution, containing a mixture of the platinum metals as their chloro-com- 
plexes, from C6 above, to incipient dryness in the presence of a few milligrams of sodium chloride. 
Add 5 ml of the cadmium-coooer sulnhate solution and dilute to 25 ml with water. Filter the solution 
if a cloudiness develops. 

In certain cases it may be necessary to prepare a more concentrated solution for the determination 
of the minor elements. followed by dilution of aliquots for the determination of the other metals. 

The aliquot taken kor analysisshould contain fit least 1 ppm of each of platinum and ruthenium 
or O-2 ppm of each of palladium and rhodium. The wavelengths used for these elements are respec- 
tively 2661,349.9,241.8 and 343.6 nm. An oxidizing air-acetylene flame is used for the determina- 
tion of gold, silver, platinum, palladium and rhodium; a slightly fuel-rich air-acetylene flame is 
used for the determination of ruthenium. 

8. Separation of platinum, palladium, rhodium and iridiuma (before calorimetric determination). 
(a) General comments. Previously it was mentioned that the atomic-absorption sensitivity for 

iridium is relatively low, therefore it is often necessary to determine this metal calorimetrically. This 
necessitates the separation of iridium from the other platinum-group metals, each of which interferes 
with its determination. The following solvent extraction scheme is used for such a separation. 

Procedures are also given for the fractionation of mixtures of platinum, palladium and rhodium 
because they are required if these metals must also be determined calorimetrically rather than by the 
more convenient atomic-absorption technique. Because the determination and separation of pallad- 
ium with p-nitrosodimethylaniline are so closely related, the procedure for its calorimetric deter- 
mination is included. 

(b) Special reagents. Equilibrated tri-n-b@ phosphate TBP) prepared by shaking the purified 
grade of TBP with an equal volume of 6M hydrochloric acid in a separatory funnel for approximately 
1 min. Buffer, pH 2.2, prepare by mixing 50 ml of 4Msodiu.m acetate (33 g/l00 ml) with 53 ml of 4M 
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hydrochloric acid. Ethanolic p-nitrosodimethylaniline solution 0.5 %, prepared by mixing 0.5 g of 
p-nitrosodimethylaniline with 100 ml of 95 % ethyl alcohol, leaving over-night (or placing in an ultra- 
sonic bath for a few minutes), and 8lterhrg off any solids on Whatman paper No. 30. 

(c) Separation of platinum and palladium from rhodium and iridium. Evaporate the sample 
solution, containing a mixture of the platinum metals as their chloro-complexes, from C6 above, to 
incipient dryness in the presence of a few mg of sodium chloride. Dissolve the salts in 8-10 ml of 
approximately 1M hydrochloric acid, and allow to stand for a few minutes to allow any silver that 
may be present to precipitate as the chloride. If necessary, remove the silver chloride by filtering the 
solution through a No. 40 paper, directly into a 60-ml sepatatory funnel. 
tion to 20 ml and the hvdrochloric acid concentration to 6M. 

Adjust the volume of solu- 
Shake the samole solution with 5 ml 

of an aqueous 4% w/v iolution of sodium iodide and allow the mixture to s&d for about 30 min. 
Extract the platinum and palladium iodide complexes with two separate 15-ml portions of a 15% 
solution of TBP in hexane. Withdraw the aqueous phase, wash it with 10 ml of hexane in a seoaratorv 
funnel, and then reserve it for the separation of rhbdium and iridium as in (f) below. * a 

Combine the TBP-hexane extracts and strip the mixture of platinum and palladium by shaking it 
with three separate lo-ml portions of concentrated nitric acid for approximately 20 SIX each. Place 
the nitric acid stripping solution in a separatory funnel, dilute with an equal volume of water, and 
shake with 10 ml of hexane to wash out as much TBP as possible. 

If the sample solution is expected to contain 50 r(dg or less of palladium, transfer it to a beaker and 
treat as in (d) and (e) for the determination and/or separation of palladium. When the sample solution 
is expected to contain more than 50 pg of palladium, dilute it to a known volume and remove a 
suitable aliquot for the separate determination of palladium. In the latter case, place both the aliquot 
and the remainder of the solution in separate beakers and treat as in the following procedure. 

(d) Determination of palladium with p-nitrosodimethylaniline.a’ Treat the platimm-palladium 
solution obtined in (c) with a few mg of sodium chloride and evaporate to incipient dryness. To 
convert platinum and palladium into their chloro-complexes, add 2-3 ml of 12M hydrochloric acid, 
evaporate the solution just to dryness, then repeat these operations twice ensuring that all excess of 
acid has been removed by evaporation. Add 2 ml of the sodium acetate-hydrochloric acid buffer 
solution and approximately 10 ml of water to the residue in the beaker. Warm the mixture gently for 
a few minutes and, with aid of a rubber policeman, loosen any sticky deposits that may be adhering to 
the bottom of the beaker. 

When palladium is to be determined (in the whole sample solution or an aliquot), add 1 ml of the 
0.5 % solution of p-nitrosodimethylaniline and transfer the red solution to a 50-ml volumetric flask. 
Wash the original beaker with 15 ml of 95 % ethyl alcohol, add the washings to the flask, and dilute to 
volume with water. Measure the absorbance of the solution at 525 run, and then determine the palla- 
dium content of the sample by reference to a calibration curve prepared from spectrophotometric 
data obtained from standard solutions that have been taken through the TBP extraction procedure. 

(e) Separation of palladium from platinum. Note: This separation is based on the fact that at 
room temperature platinum does not react appreciably with p-nitrosodiiethylanilinel* and thus it 
remains in the aqueous phase when the palladium-p-nitrosodimethylaniline complex is extracted 
with chloroform. 

Combine the portion of solution taken for spectrophotometric measurement with the remainder 
of the platinum-palladium solution and transfer the whole to a 60-ml separatory funnel and reserve 
for the separation of palladium from platinum. When the sample contains 50 pg or more of palladium, 
add 2 ml of thep-nitrosodimethylaniline reagent and 15 ml of ethyl alcohol, and transfer the mixture 
to a 60-ml separatory funnel. 

Extract the palladium-p-nitrosodimethyhutiline complex with two or three separate RI-15-ml 
portions of chloroform. If mg amounts of palladium are to be separated, add an additional 1-2 ml of 
p-nitrosodimethylaniline reagent and continue the extraction with further portions of chloroform 
until the aqueous phase is light yellow or colourless. 

Filter the aqueous phase (or an aliquot) through a Whatman No. 31 paper into a 400-ml beaker, 
add approximately 2 ml of concentrated sulphuric acid and approximately 10 ml of concentrated 
perchloric acid. Reserve this solution for the spectrophotometric determination of platinum by a 
suitable calorimetric method.‘O*** 

(f) Separation of iridium from rhodium. Transfer the rhodium-iridium fraction obtained in (c) to a 
250-ml beaker, evaporate nearly to dryness, and treat with a few drops of concentrated nitric acid to 
destroy iodides. Convert the rhodium and iridium into chloro-complexes by the repeated addition 
and evaporation of 2-3-ml portions of 12M hydrochloric acid and 1 ml of 30% hydrogen peroxide 
(to ensure that iridium remains in the quadrivalent state) and wash the resultant solution into a 6Oml 
separatory funnel with an additional 5 ml of 634 hydrochloric acid. Add 5 ml of equilibrated TBP 
and 5 ml of hexane and shake the funnel and contents for 1 min. Transfer the lower (aqueous) 
phase to a second funnel and repeat the extraction step. Drain the aqueous phase into a clean separa- 
tory funnel, wash with approximately 10 ml of hexane, and reserve for the determination of rhodium 
by a suitable colorhnetric method.‘r*‘s 
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Combine the two TBP-hexane extracts in a separatory funnel and strip the mixture by shaking it 
with three separate U-ml portions of dilute hydrobromic acid (1 + 9). Reserve the combined stripp- 
ings for the spectrophotometric determination of iridium as in (h) or treat for the removal of ruthen- 
ium as in (g). 

(g) Removal of ruthenium interference before determination of iridium. If ruthenium is present 
in the sample material and was not removed previously by the distillation procedure given in ClO, it 
will accompany iridium through the TBP extraction step and subsequently interfere in the spectro- 
photometric determination of iridium. In such cases, treat the hydrobromic acid stripping solution 
with approximately 1 ml of concentrated sulphuric acid and evaporate the solution to fumes of 
sulphur trioxide. To volatilize ruthenium, add approximately 1 ml of concentrated perchloric acid 
dropwise, with swirling, to the fuming solution. After the excess of perchloric acid has evaporated, 
cool the solution, take up the residue in approximately 10 ml of hydrobromic acid, and boil down in a 
covered beaker to a small volume to ensure that iridium is present as its bromo-complex. 

(h) Determination of iridium. ls*ar The reagent is a 5% solution of stannous chloride in hydro- 
bromic acid, prepared by dissolving 12.5 g of SnCl,.H,O in 50 ml of redistilled concentrated hydro- 
bromic acid with gentle warming. Cool the solution to room temperature and dilute to 100 ml with 
water. The solution should be prepared fresh daily and should be nearly colourless immediately 
after preparation. 

Experience has shown that, to obtain a colourless reagent solution, only clear stannous chloride 
crystals that dissolve readily in hydrobromic acid should be used. Stannous chloride crystals that 
have a dull frosted appearance and are difficultly soluble in hydrobromic acid produce an intensely 
coloured solution that is unsuitable as a reagent for iridium. 

Transfer the hydrobromic acid solution of iridium from (f> or(g) to a 250-ml beaker and evaporate 
it to dryness in the presence of a few mg of sodium chloride. Add 7 ml of concentrated hydrobromic 
acid (which should not be coloured), cover the beaker with a watch-glass and boil the solution until it 
has evaporated to 2.1X2.5 ml (as judged visually, or by using comparison solution). Transfer the 
solution to a 25-ml volumetric flask by washing with 3 ml of concentrated hydrobromic acid and 
7 ml of 25 % (v/v) phosphoric acid. Place the flask in a boiling water-bath and, after 10 mm, add 
5 ml of stannous chloride reagent. Exactly 2 min after reagent addition, remove the flask, and cool to 
room temperature in a cold water-bath. Dilute the solution to the mark and measure the absorbance 
of the iridium complex at 402 nm against a reagent blank. 

9. Isolation and determination of osmium. Because of the volatility of osmium compounds, the 
tin assay button caMot be treated by the chemical methods above to produce a solution containing 
osmium together with the other precious metals. Therefore osmium must be isolated directly from the 
tin button by distillation. The techniques for determining osmium by atomic absorption have not 
been established, at least in this laboratory, consequently a calorimetric method is described. 

When osmium is to be determined, in copper-nickel matte for example, the sample must be fused 
directly, without roasting, to avoid the loss of osmium by volatilization. As indicated earlier,theother 
precious metals may be determined in the same assay button after distillation of osmium or, if more 
convenient, a separate sample may be used for their determination. Although a 25-g granulated tin 
button can be handled in the distillation apparatus, for simplicity and the convenience of smaller 
volumes, it is recommended that a 15-g portion of the tin alloy be taken for the determination of 
osmium whenever possible. 

To distil osmium place the granulated tin button, or portion thereof, (B6) in a 500-ml distillation 
Bask. Connect the flask to the distillation apparatus (Fig. 2) in which receivers B, C, and D contain 
25,40 and 15 ml of concentrated hydrobromic acid respectively. Receiver C is cooled in an ice-bath. 

Bv means of a water-numn or aspirator connected to vessel D, draw air through the distillation 
train’at the rate of 3-4 bibbl&sec. *For every gram of tin alloy taken, add appr&imately 5 ml of 
12M hydrochloric acid. Next, add 30% hydrogen peroxide, dropwise through the delivery tube, until 
the tin alloy has been decomposed and a small excess of peroxide is present. Some care must be taken 
during the addition of peroxide to prevent gases from sucking back up the delivery tube of the distilla- 
tion head; this can be achieved by adjusting the flow of air through the distillation apparatus. 

After the tin alloy has been decomposed, apply heat and evaporate the solution in the flask until 
its temperature rises to 115-l 18”. While maintaining the temperature in this range, add approximately 
15 ml of 30% hvdroeen Deroxide in small portions in the manner described above. Next, add rapidlv 
30-35 ml of i2h hy&ochloric acid through the funnel and continue the distillation until the tempera- 
ture again reaches 115”. To ensure complete distillation of osmium, repeat twice more the alternate 
addition of 15 and 30 ml of peroxide and hydrochloric acid, respectively, with the intervening evapor- 
ations necessary to bring the temperature to at least 115” before addition of the peroxide. Do not 
allow the temperature to exceed 120° because higher temperatures may result in the volatilization of 
stannic halide. 

After heating has been discontinued and the apparatus allowed to cool somewhat, discomect the 
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receivers and combine their contents in a 400-ml beaker containing 25 mg of sodium chloride and 
sufficient hydrobromic acid to make its concentration 5 M. 

When the samples are known to contain more than 300 rg of osmium, dilute the combined 
receiver solutions to a known volume with hydrobromic acid and take an aliquot for the determination 
of osmium. 

Evaporate the solution first at a low heat to prevent violent evolution of bromine; then take it to 
incipient dryness (without baking) at a more rapid rate. Determine the osmium content of the residue 
spectrophotometrically as described below. 

When other precious metals in the original button are to be determined, reserve the solution re- 
maining in the flask after the distillation of osmium and proceed with the appropriate part of the 
analytical scheme (Fig. 1). 

When the sample is known to contain milligram amounts of native iridium-osmium alloys for 
example, any insoluble residue remaining in the distillation flask should be recovered by filtration and 
subsequently analysed for osmium by the procedures used for the tirst button. Experiments have 
shown that approximately 10% of the osmium and iridium, as intermetallic compounds of tin, may 
remain undissolved if the tin button is rich in these metals. 

For determination of osmium the reagent is 2 % pyrogallol solution prepared by dissolving 2 g of 
reagent-grade pyrogallol in 100 ml of distilled water containing 2 or 3 drops of 12M hydrochloric 
acid (to inhibit atmospheric oxidation). This reagent should be prepared fresh daily. A pH 2.2 
buffer is also needed (prepared as in C8). 

Place. the hydrobromic acid solution of osmium from above (containing up to 350 ,ug of osmium) 
in a 250-ml beaker. Add 1 ml of a 2.5 % sodium chloride solution and evaporate the sample just to 
dryness. Dissolve the salts in 10 ml of water and then add 1 ml of buffer solution (pH 2.2) and 5 ml of 
2% pyrogallol solution. Using a pH meter, adjust the pH to 2.9-3-l by the dropwise addition of a 
saturated solution of sodium bicarbonate. Transfer the samnle solution to a 25-ml volumetric flask 
(without washing) and heat it in a boiling water-bath for-about 30min. The maximum colour 
develops within 10-15 min, but as a precaution the longer heating time is preferable. Cool the flask 
to room temperature (in running water) and dilute the contents to volume with water. After mixing, 
allow the sample to stand for 15 min and then measure its absorbance at 585 mn against either water 
or a reagent blank. 

When less than 100 rg of osmium is to be determined, transfer the 25 ml of blue solution to a 60-ml 
separatory funnel and extract the osmium complex with two separate S-ml portions of n-pentanol. 
Combine the extracts and centrifuge for a short time to remove water droplets. Measure the absorb- 
ance against water or a reagent blank at 585 mn, and from this determine the amount of osmium 
present. 
N&e: Ruthenium interferes in the determination of osmium. Therefore, if the solution to be analysed 

by the procedures given above was derived from a sample in which the ratio of ruthenium to 
osmium was high (e.g., greater than 100, as in a precious-metals concentrate), it is recommended 
that the distillation of osmium be repeated to ensure that the two metals have been completely 
separated. 

10. Isolation of ruthenium by distillation Is before calorimetric determination. 

Note: The following procedure is generally applied directly after the tin-volatilization step. However, 
when the sample solution contains more than about 2 g of base. metals and is to be analysed 
subsequently for one or more of platinum, palladium, rhodium and iridium, then it is recom- 
mended that the base metals be removed by cation-exchange (C6) before the perchloric acid 
distillation of ruthenium. By using this approach, the subsequent task of decomposing 
relatively large amounts of perchlorate is avoided. 

Evaporate the solution to dryness on the hot-plate to drive off as much free hydrochloric acid as 
possible. Cool the beaker, take up the residue in a small volume of water, and transfer to a 500-ml 
distillation flask by washing with several small portions of water. Connect the flask to the distillation 
assembly (Fig. 2) in which receiver B contains a saturated potassium permanganate solution, pre- 
pared by mixing 2 g of solid permanganate and 25 ml of water; receivers C and D contain 40 and 15 
ml respectively of concentrated hydrobromic acid. Cool receiver C in an ice-bath, While air is 
drawn through the apparatus at the rate of 2-3 bubbleslsec, add about 50 ml of perchloric acid 
through the delivery furmel and apply heat to both the distillation flask and the permanganate 
receiver with their separate heating elements. Continue heating until the reaction mixture boils and 
the white fumes disappear (about 30 min). Boil the permanganate receiver solution (essentially a 
trap for perchloric acid) virogously until its volume is aproximately 10-15 ml; then shut off, and 
remove, the heating mantle. 

Combine the hydrobromic acid receiver solutions, treat with about 25 mg of sodium chloride, and 
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evaporate the whole solution or an aliquot, just to moist salts, before the spectrophotometric deter- 
mination of ruthenium with pnitrosodimethylaniline.~~ 

To remove perchloric acid (only after ruthenium distillation), transfer the perchloric acid solution 
from the ruthenium distillation to a 600-ml beaker and heat strongly to drive off as much free per- 
chloric acid as possible. Stir the residue with a small volume of 6it4 hydrochloric acid and again 
evaporate to dryness. Repeat these operations until most of the perchlorates have been destroyed 
(as evidenced by the absence of white fumes). 

To ensure that the platinum metals are in a soluble form, treat the residue with approximately 15 
ml of aqua regia, heat, and evaporate to dryness in a covered beaker. Remove the watch-glass and, 
by repeated additions of 12M hydrochloric acid and subsequent evaporations, convert the metals into 
their chloro-salts. Analyse the solution for their precious metals content by the procedure described 
above. 

RESULTS 

Table I presents results obtained by the proposed tin-collection scheme of analyses 
on a number of materials. It is apparent that these are in relatively good agreement 
with analyses obtained by independent laboratories which, collectively, used a wide 
variety of methods. 

Acknowledgement-We are grateful to the American Chemical Society (the copyright holder) for 
permission to reprint Fig. 2 and to quotefromvarious papers10-14*so~*5 publishedinAnnlyticalChemistry. 

Znsammenfassung-Ein umfassendes Analysenschema zur Bestimmung 
der sechs Metalle der Platingruppe sowie von Gold und Silber wird 
angegeben. Es besteht in der Vereinigung einzehrer Verfahren, die 
teilweise im Laufe mehrerer Jahre schon beschrieben wurden. Das 
Analysenschema wurde in Schieds- und Standardanalysen an einer 
grol3en Vielfalt von Material iiberprtlft und ist folglich von 
zunehmendem Interesse ftir viele Labdratorien. Die Pro& wird bei 
12004250” mit einem SchmelztluD aus Zinndioxid. Natriumcarbonat. 
Kieselslure, Borax turd Kokspulver geschmolzen; habei sammeln sich 
die Edehnetalle im geschmolze~en Zimr an. Die erhaltene 
Zinnleeierune wird eel&t und die Edelmetalle durch Ionenaustausch-. 
Extrak?ions-“und l%stillationsverfahren isoliert. Mit Ausnahme der 
filr den SchmelzaufschluB notwendigen Einrichtungen kann man 
bei den na&hemischen 0 
der einzelnen Edelmetalle 1 

erationen zur Isolierung und Bestimmung 
erkiimmliches Gerat verwenden. 

R&&--Gn pr6sente M schema analytique complet pour le dosage 
des six metaux du groupe du platine, de l’or et de l’argent. 11 est le 
r&hat de l’integration de techniques separ6es qui ont ett6 decrites ante- 
rieurement, en partie, dans le courant de plusieurs an&es. Le schema 
analytique a et& totalement mis ii l’epreuve sur une large variete de 
produits par M travail arbitrt et normalid et, en consequence, il est 
d’un inter& croissant pour de nombreux laboratoires. Les metaux 
precieux sont rassembl~ dam de l’etain fondu lorsque l%hantillon 
est fondu a 1200”~1250” avec un fondant contenant de l’oxyde 
stannique, du carbonate de sodium, de la silice, du borax et de la 
farine. L’alliage d’ttain r&sultaut est dissous et les metaux precieux 
sont isoles par des techniques d%change d’ions, #extraction par 
solvant ou de distillation. A l’exception des conditions usuelles 
requises au stade de la fusion de l’essai par voie s&he, l’bquipement 
type peut &re utilisd dans les operations chimiques par voie humide 
pour l’isolement et le dosage des differents metaux precieux. 
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Summary-The simulation by an analogue computer of slow reactions 
used for the purpose of chemical analysis is described. Bromination 
of maleic and fumaric acids is used for illustration. The concentra- 
tion of bromine is traced spectrophotometrically as a function of time 
and the trace simulated with an analogue computer by the trial and 
error method. The initial concentration of the substance in question and 
the rate constant of the reaction are determined from the values 
given to the computer variables to obtain the best fit. Only a single 
experiment is required for the analysis. The procedure can be followed 
easily without laborious mathematical or graphical treatment. 

KINETIC methods of chemical analysis have been applied successfully to a number of 
inorganic and organic substances. In spite of various advantages, the methods are 
hardly general and only restricted applications have been reported. Most of the 
reactions employed are first-order or pseudo fur&order (viz. a second-order reaction, 
with a large excess of one reactant). When a mixture of two unknown components 
is to be analysed, it is usually a prerequisite that the sum of the concentrations of 
the two components is known or that the rate constants are considerably different 
from each other. Sometimes the rate constant involved in the particular reaction has 
to be determined in a separate run under rigorously controlled experimental conditions. 
In addition, the majority of the methods proposed require a rather laborious graphical 
or mathematical treatment of the results. 

A differential equation expressing a kinetic reaction can be most readily solved 
graphically by means of an analogue computer. Although little use has been made 
of the analogue computer technique in chemical problems, some successful applica- 
tions to the study of reaction kinetics of a complex system have been demonstrated.14 

In these studies the technique was employed mostly to determine the rate con- 
stant and the order of reaction by the simulation method, but it also offers a means 
of determining the reacting component in the system. It should be faster and easier 
to use than graphical methods. 

In this paper, the application of an analogue computer to chemical analysis is 
described. Simple bromination reactions of unsaturated compounds, maleic and 
fumaric acids, which obey second-order kinetics, have been selected and the proc- 
esses followed spectrophotometrically. Reaction kinetic methods which employ 
bromination reactions to determine organic unsaturation have been reported pre- 
viously.r’-a In this earlier work extensive graphical or mathematical treatment of 
the results was important, but in this study the absorbance curve of the reacting 
mixture as a function of time is simulated with an analogue computer by a curve- 
fitting procedure and the initial concentration of the sample compound is determined 
from the machine variable. It is to be expected that even if the reaction proceeds 
slowly and a relatively long time is required before completion, observation of only 
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the initial stage of reaction will suffice for the simulation. As is evident in the fol- 
lowing section, the method is applicable without modification to a system in which 
the concentration of the sample substance is equal to that of the bromine.s 

THEORY 

Throughout this work a reaction between substances A and B which obeys 
second-order kinetics is considered : 

dx 
- = k(u - x)(b - x) 
dt 

where t is time in set, k is the rate constant in I.mole-l.sec-l, a and b are the con- 
centrations in mole.l.-l of substances A and B, respectively, at t = 0, and x is the 
amount of the substances consumed in time t, expressed in concentration units. 
A is supposed to be the substance to be determined and B is the reactant added. 

If the concentration of B could be followed by any means during the course of 
reaction, a curve showing the variation of (b - x) as a function of time would be 
obtained. 

On the other hand, the differential equation (I), the so-called physical equation 
expressing the real physical phenomenon, or the chemical reaction could be simulated 
with an analogue computer. As a result, a curve entirely identical in shape and 
magnitude with the experimental curve, (b - x) vs. t, could be reproduced on the 
computer output as a function of the machine time T. The circuit diagram relevant 
to equation (1) is shown as a block scheme in Fig. 1. The voltages shown are those 
that appear at any part of the circuit at time t when known voltages -A and -B 
are applied to the adders II and III, respectively, and the circuit is closed at t = 0. 

The analogue computer circuit represents the following so-called machine equation : 

where Tis the machine time and the coefficient K/IO originates from the characteristics 
of the multiplier that the output voltage is a tenth of the product, with inverted sign, of 
two input voltages. 

dX 
-dT 

A-X 

-AC+ 

B-X 

-Bo- 

-$(A-x~(B-~) 
P 

-$~-~ltB-xl 

FIG. l.-Analogue computer circuit diagram for the second-order reaction (1). 
I, integrator; II, III, adders; IV, function multiplier; V, coefficient potentiometer. 
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The voltage (B - X) that appears at the output of the adder III as a function of 
T can be obtained as a curve on a recorder. This fits with the experimental curve 
(b - x) vs. t, as is evident from the similarity of equations (1) and (2), provided 
certain relationships [equations (3) and (6) below] hold. 

Because curves fit at t = 0, at which x = 0, the following relationship is valid: 

B=ab (3) 
where a is a conversion factor in V.I.mole- l. Consequently, fitting at any point of 
the curves leads to the expressions, 

X= ax (4) 
A =CUl (5) 

Also T is related to t by the equation 

T= /3r (6) 
where B is a conversion factor. 

Thus, equation (2) can be rewritten as 

dx c$?K 

z- 
- 10 (a - x)(b - x) (7) 

Because the two curves fit, equation (7) should be identical with equation (1). 
Hence, 

In conclusion, if the two curves which correspond to the physical and machine 
equations fit each other, the initial concentration, a, of the substance A and the 
rate constant, k, can be obtained from (5) and (8), respectively. 

Apparatus 
EXPERIMENTAL 

Spectrophotometer. Hitachi, Model 101-003. To accommodate a reaction vessel in the cell 
compartment and agitate a solution inside the vessel with a magnetic stirrer, the cell compartment 
was reconstructed with aluminium plates lined with dark woollen cloth. A magnetic stirrer was 
placed immediately under the cell compartment. The case plates of the spectrophotometer were 
removed as a precaution to avoid accumulation of heat inside the compartment. 

The reaction vessel was a 100~ml cylindrical glass vessel which was fitted with a silicone rubber 
stopper and placed in the cell compartment as shown in Fig. 2. Two Teflon strips were attached to 
the stopper to prevent the solution from forming a convex surface. A deep hole was bored in the 
stopper so that a layer that could be punctured with a needle was left at the bottom of the stopper. 
Correspondingly, a hole was drilled in the lid of the compartment and covered with dark woollen 
cloth. A vinylidene chloride sheet was placed between the stopper and the glass vessel to avoid the 
reaction of bromine with the stopper material. 

The electrical output of the spectrophotometer, proportional to the transmittance and having a 
value of 10 mV at 100 % transmittance, was amplified by a factor of slightly over 100 with an amplifier, 
Model PM-17A, Toa Electronics, of which the output voltage was attenuated to exactly 1.000 V 
for 100 % transmittance. The overall drift in several hours amounted to less than 1% transmittance. 

Values of transmittance thus obtained were converted into absorbance by means of a logarithmic 
converter which was constructed in the author’s laboratory from a logarithmic module, Model 
LGP-3, and operational amplifiers, Models SA-3a and SQ-lOa, supplied by Philbrick/Nexus. A 
detailed description of the circuitry is omitted, but it provided logarithmic output voltages of O-00 
and l-00 V for input voltages of O*lOO and 1400 V, respectively. 
mately two decades. 

The working range covered approxi- 

The absorbance value was recorded on a 2-pen potentiometric recorder, Model EPR-3T, Toa 
Electronics. The absorbance estimated on the trace was precise to O-002. 

The syringe pipette for delivering sample solutions through the hole in the rubber stopper was a 
2504 Hamilton syringe. Water was used for calibration. 
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FIG. 2.-Reaction vessel and cell compartment. 
A, silicone rubber stopper; B, vinylidene chloride sheet; C, cell compartment; 

D, Teflon strip; E, reaction vessel; F, stirrer rod; G, aluminium plate. 

Analogue computer. This was also constructed in the author’s laboratory. A Philbrick/Nexus 
operational amplifier SA-3a was used for the integrator and SQ-1Oa operational amplifiers for adders. 
A Burr-Brown Model 4030/25 quarter-square multiplier was used for the function multiplier and a 
Beckman-Toshiba Helipot, 10 kG, for the coefficient potentiometer. The capacitor was a IO-PF 
sintered anode solid electrolytic tantalum condenser, JSNSSA, Nippon Chemical Condensers. 
Resistors were commercially available 5 %-grade products. The performance of the analogue com- 
puter was tested on an individual-parts basis, and the corrections thus obtained were applied to the 
tinal evaluations of concentration of the sample substance and the rate constant. 

Reagents 

All reagents used were of guaranteed grade. Ally1 alcohol was distilled and the 95-97” fraction 
was used. Solutions were made up with distilled water except for the ethanolic solution of ally1 
alcohol. Accurate concentrations were calculated from the weight of solute and the volume. A 
blank test was carried out with respect to bromine consumption for each run before a sample solution 
was added. 

Procedure 

Calibrationgraph of bromine concentrations. The concentration of bromine was determined from 
the absorbance of the solution. A known volume (90 ml for the particular reaction vessel used) of 
0.05M potassium bromide adjusted to pH 4.2 with acetic acid-acetate buffer was placed in the reaction 
vessel shown in Fig. 2. This was then settled in the cell compartment. An arbitrary amount of bromine 
was added through the lid of the compartment and the rubber stopper by use of a syringe pipette, while 
the solution was being stirred with a magnetic stirrer. The absorbance, AO, of the resulting solution 
was measured at 370 nm against a blank solution. A known amount of ally1 alcohol was then added 
in the same manner with a syringe pipette, and the absorbance, A, was measured. The decrease in 
the concentration of bromine due to the fast reaction with ally1 alcohol could be calculated from the 
amount of ally1 alcohol added, an equimolar reaction being assumed. With the amount of ally1 
alcohol expressed in terms of concentration, C, a plot of A, against CA&A0 - A) for different 
values of A0 and different amounts of ally1 alcohol gave a straight line, which showed the relationship 
between concentration and absorbance of the bromine solutions in the particular vessel. 

No particular effort was made to maintain a constant temperature in the solution under reaction, 
because the primary object was not the determination of the rate constant. Nevertheless, the temper- 
ature was essentially constant during the several minutes of the reaction period. 

RESULTS AND DISCUSSION 

Analytical bromination of unsaturated compounds has been carried out mainly 

under strongly acid conditions, to prevent hydrolysis of bromine.la-la However, 

in such an acid solution the bromination reactions of maleic and fumaric acids proceed 
much more slowly than those of the corresponding ionic species.6Js Since the 
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hydrolysis of bromine did not substantially occur at pH below 4.5, for this work 
pH 4.2 was selected and maintained with an acetic acid-acetate buffer. 

Several precautions had to be taken against the loss of bromine. It could be 
considerably reduced by adding potassium bromide to the solution to give the less 
volatile tribromide ion species. Also the volume of solution in the reaction vessel 
should be increased so as to minimize the space above the solution, since it was 
found that the absorbance of the solution continued to decrease until the head-space 
was saturated with bromine vapour. Continuous stirring of the solution accelerated 
volatilization, and it took 10 min at most before the decrease in absorbance sub- 
stantially ceased. 

The aqueous bromine solution has a maximum absorption at 390 nm whilst 
that of the tribromide ions is at a much shorter wavelength, so a solution containing 
both bromine and potassium bromide shows a plateau on its absorbance curve 
between 360 and 380 nm. For this reason the absorbance was measured at 370 nm. 

The three bromine species, Br,, Br and Br,-, are connected by the relationship 

Br, + Br $ Br, (9) 

Each of them may take part in the bromination of maleic and fumaric acids, and 
therefore should be taken into consideration, although the participation of tribromide 
ions in the bromination reactions of 8-quinolinols* and phenetole?O is unimportant. 
However, when the concentration of potassium bromide is large enough, as in the 
present work, the ratio of [Br,] to [Br3-] remains substantially constant. As a result, 
total possible participation of the three species in the reaction kinetics is considered 
to be proportional to the concentration of Br,, or to the absorbance measured at 
370 run. 

To achieve the most reliable fit of the two traces, a sufficiently curved trace of 
absorbance was desired, since prominently curved traces are more easily checked 
for congruence. Consequently, it was better, with a slow chemical reaction, to 
reduce the chart speed. The analogue computer trace could be more rapidly drawn 
by using a value of p less than unity. 

Another important factor for obtaining a trace of larger curvature is the ratio 
of the initial concentrations of reacting substances, b/a. The effect of the ratio b/u 
on the curve shape will be discussed in terms of the reaction of fumaric acid with 
bromine. 

Initial portions of the absorbance traces, (b - x) vs. t, for a certain constant 
value of a and different values of b/a are shown in Fig. 3. The curves are arbitrarily 
displaced along the ordinate axis only to illustrate the curvature of the traces. The 
rate constant and the time scale, which are related to each other according to equa- 
tion (8), are not referred to since they are unimportant in this discussion. 

Curve I, for which the ratio b/a is 5, is sufficiently curved to be useful, but poor 
curvature results for smaller values of b/a, even when a more sensitive recorder range 
is used. Thus a higher concentration ratio of bromine to unsaturated compound is 
preferable. 

However, when traces from larger values of b/a were still not sufficiently curved, 
the curvature could be emphasized if a certain constant voltage was subtracted from 
the trace at the input of the recorder and the remainder was recorded in a more 
sensitive range. The effect of this differential procedure on the curve shape is apparent 
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TIME - 
FIG. 3.-Dependence of the initial portion of absorbance trace, (b - x) vs. I, on the 

ratio b/u, when a and k remain constant. 
Values of b/a: I, 5; II, 2; III, 1; IV, t; V, *. 

in Fig. 4. Curves I’, III’ and V’ represent magnification of the traces I, III and V in 
Fig. 3 from which 80% of the initial absorbance has been subtracted. The curves 
were drawn at sensitivities 2.5, 10 and 25 times those used for the respective traces 
in Fig. 3. The curvature of V’ is still poor, but the pronounced curvature of I’ and 
III’ permitted the method to be applied to a relatively slower reaction. 

The initial concentration of bromine, b, in the real chemical experiment could 
be determined from the absorbance before addition of sample. The corresponding 
value, B, to be given to the analogue computer might be decided arbitrarily, and 
would determine a in equation (3). 

The values of A and K needed to give exact fit of the machine curve with the 
experimental curve gives the values of a and k, according to equations (5) and (8). 
However, small changes in A and K might produce no appreciable effect on the 
machine curve, if the changes compensated each other. Thus, the graphical simulation 
method gives ranges of A and K instead of definite values. This is the most serious 
limitation to the precision of the method. 

The most probable values of a and k were estimated as the mid-point of the 
ranges a and k thus obtained, and the precision was taken as half the range. 

Maleic acid in aqueous solutions of different concentrations was treated at room 
temperature by the proposed method. Although the temperature was not controlled, 
it remained substantially constant during each run. Results are shown in Table I. 
The results seem to be tolerable, but errors as great as 0.1 x 1W mole.l.-l may 
occur. The temperature ranged from 19 to 23” for different runs. However, the 
estimated values of rate constant were apparently not correlated with the temperature. 

The reaction of fumaric acid with bromine required a longer time to produce a 
sufficiently curved trace on a recorder owing to the lower rate of reaction. A lengthy 
experiment is undesirable, not only for reasons of time but also because of increased 
loss of bromine by volatilization. Consequently, to obtain well-curved traces, about 
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TIME - 

Fro. 4.-Magnikation of the curves I, III and V in Fig. 3. 
Values of b/a: I’, 5; III’, I; V’, ). 

TABLE I.-D ETERMINATION OF MALEIC! ACID 

Concentration of rnaleic acid, 
1 O-’ mole.l.-l Rate constant, k, 

Lmole-‘.sec’ 
Calc. Found 

1.03 1.04 (fOxk4) 9.2 (f0.6) 
1.54 1.54 (ztO.05) 8.4 (&O-4) 
1.67 1.73 (f0.06) 8.9 (ItO.5) 
2.05 1.95 (fO.08) 7.7 (f0.5) 
2.50 2.41 (fO.07) 
2.56 2.57 (fO.07) 

;‘; ;HJ 
. 

3.34 3.39 (ztO.07) 8.0 (f0.3) 
4.17 4.09 (fO.12) 8.6 (xkO.5) 

80 % of the voltage was subtracted at the input of the recorder by applying a negative 

voltage and the remaining input was recorded at higher sensitivity. The same treat- 

ment was applied to the simulation process. Thus, a voltage a times as large as the 

subtracted voltage was subtracted from the analogue computer output and the 

resulting trace was used to find appropriate values of A and K. 

Some examples of the kinetic analysis of fumaric acid are shown in Table II. 

The differences between the calculated and experimental values are tolerable, but 

the precision is poorer than for maleic acid, probably because of the more complex 

procedure. 

Advantages of the proposed method are the ease with which the experimental 

results can be treated without laborious mathematical or graphical treatment, that 
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TABLE II.-DETERMINATION OF PUMARIC ACID 

Concentration of fumaric acid, 
1Oe4 mole.l.-’ 

Calc. Found 

2.56 2.59 (f0.15) 
3.38 3.38 (rtO.27) 
4.19 4.27 (kO.42) 

Rate constant, k, 
Imole-‘.sec-’ 

2.0 (50.2) 
2.0 (50.2) 
I.8 (f0.2) 

only a single experiment is needed and that the nature of the reaction and the sub- 
stances involved need not be known except for the type of differential equation which 
represents the kinetics of the reaction. Conversion of the time scale, as expressed by 
equation (6), is an additional feature of the method, by use of which results for a 
slow reaction could be treated in a shorter time. 

Application of the method is not restricted to second-order kinetics nor to a 
spectrophotometric process. Extension of the method to a mixed component system 
is also promising. 

Acknowledgement-I would like to thank Miss Yumiko Masaki for her helpful collaboration. 

Zusanunenfass~g-Die Simulierung langsamer Reaktionen, die man 
zur chemischen Analyse verwerten kamr, mit Hilfe eines Analo- 
grechners wird beschrieben. Als Beispiel wird die Bromierung von 
Malein- und Fumarslure angeftihrt. Die Bromkonzentration wird 
spektrophotometrisch in Abhlngigkeit von der Zeit verfolgt und die 
Registrierkurve nach einem trial-and-error-Verfahren mit dem 
Analogrechner simuliert. Die Anfangskonzentration der zu bestim- 
menden Substanz und die Geschwindigkeitskonstante der Reaktion 
werden aus den Werten berechnet, die man dem Rechner eingegeben 
hat, urn die beste Ubereinstimmung zu erzielen. Ftir die Analyse 
wird nur ein Experiment beniitigt. Man kann dem Verfahren ohne 
grohen mathematischen oder graphischen Aufwand leicht folgen. 

R&tmC-On d&it la simulation par une calculatrice analogique de 
reactions lentes utili&es en vue d’analyse chimique. On utilise la 
bromuration des acides maleique et fumarique comme illustration. 
La concentration du brome est track spectrophotometriquement en 
fonction du temps et le trace simule avec une calculatrice analogique 
par la methode des approximations successives. La concentration 
initiale de la substance en question et la constante de vitesse de la 
reaction sont d&ermint!es a partir des valeurs donnees aux variables de 
la calculatrice pour obtenir le meilleur degre d’accord. Une seule ex- 
perience est necessitee pour I’analyse. La technique peut etre suivie 
aisement sans traitement mathematique ou graphique laborieux. 

REFERENCES 

1. H. B. Mark, Jr., L. J. Papa and C. N. Reilley, Aduun. Anal. Chem. Instrumentation, 1963,2,368. 
2. J. Janata and 0. Schmidt, J. Electroanal. Chem., 1966,11,224. 
3. J. Janata, 0. Schmidt and P. Zuman, Collection Czech. Chem. Commun., 1966,31, 2344. 
4. G. O’Dom and 0. Fernando, Anal. Chem.. 1966.38.844. 
5. J. W. Miller and-D. D. DeFord, ibid., 19j7, 29; 475. 
6. S. Siggia. J. G. Hanna and N. M. Serencha, ibid., 1963,35, 362. 
7. J. G. Hanna and S. Siada, ibid., 1965, 37. 690. 
8. J. S. Fritz and G. E. %od, ibid., 1968,4& 134. 
9. C. N. Reillv and L. J. Paoa. ibid.. 1962. 34. 801. 

10. G. S. Kozak and Q. Fernando, J..Phys..Chim., 1963,67,811. 
11. G. S. Kozak, Q. Fernando and H. Freiser, Anal. Chem., 1964,36,296. 
12. G. G’Dom and Q. Fernando, ibid., 1965,37,893. 
13. F. E. Critchtield. ibid., 1959.31, 1406. 



Talanta, 1972, Vol. 19, pp. 293 to 298. Pergamon Prea. Printed in Nonbern Ireland 

MdGLICHKEITEN UND GRENZEN BE1 DER VERWEN- 
DUNG VON FILTERPAPIER ALS TRh;GER BEI DER 

RONTGENSPEKTROMETRISCHEN ANALYSE 

G. ACKERMANN, R.-K. KOCH,~ H. EHRHARDT UND G. SANNER 
Bergakademie Freiberg, Sektion Chemie-Lehrstuhl fur Analytische Chemie 

und 

VEB Bergbau und Htittenkombinat “Albert Funk”-Forschungsinstitut fti NJ%Metalle, 
Freiberg (Sachs), DDR 

(Eingegangen am 20. August 1910. Revidiert am 4. Mai 1971. Angenommen am 13. September 1971) 

Zusammenfassun~-Die Untersuchungen haben gezeigt, da13 sich 
Filterpapier als Tragermaterial fiir &e R6ntgen&ore&enz-Analyse 
prinzipiell eignet turd daB man bei Einsatz der Ringofen-Technik nach 
Weisz eine hohe Empfindlichkeit bei einer hinreichend reproduzier- 
baren Probengeometrie erreichen kann. Die Konzentrations- 
Intensitltsbeziehuneen sind fur Ae. Pd. Rh. Pt. Au. Cu. Fe turd Ca 
im Bereich von 0 bis”lO0 ,eg linear. 6ie reiat iv& Standardabweichungen 
schwa&en lxi Gegenwart aller Elemente zwischen 7 turd 30%, die 
Nachweisgrenzen liegen zwischen 8 ,ug/ml (fiir Eisen) turd 35 pg/ml 
(fiir Calcium). Die Arbeitszeit betragt ftir 5 Parallelproben ca. 
30 min. Mit Hilfe der Wachsringtechnik Hl3t sich bei vergleichbarer 
Reproduzierbarkeit der MeDwerte, allerdings bei verringerter 
Emptindlichkeit, die Analysendauer auf etwa 15 min senken. 

DA BEI manchen Rontgenspektrometern die direkte Analyse von Fltissigkeiten wegen 
ungiinstiger geometrischer Anordnung des Probenhalters Schwierigkeiten bereitet, 
verwendet man Tr%germaterialien zur Fixierung solcher Proben. Sowohl bei der 
Untersuchung von Losungen als such bei der Verwendung von Trggern hat man den 
Vorteil, da13 sich die Eichproben verhHltnismal3ig einfach priparieren lassen und die 
Verwendung innerer Standards kaum Miihe macht. Als Triigermaterialien werden in 
der Literatur z.B. Cellulose, PVC-Pulver, Polyathylenpulver usw. empfohlen. 

Als besonders zweckm?il%g hat sich Cellulose, sowohl in Pulverform wie such als 
Filtrierpapier erwiesen. Bei Einsatz von Papier erscheint zur Konzentrierung der 
Probe und damit zur Erhiihung der Mehempfindlichkeit die Kombination mit der 
Ringofentechnik nach Weisz2 besonders empfehlenswert. Erstmalig ist dariiber 
von PtischeP berichtet worden. Der Autor stellt fest, da13 Filtrierpapier als organische 
Matrix eine geringe Untergrundstrahlung liefert und infolge seiner Saugfahigkeit 
eine geniigend grohe Aufnahmefahigkeit fur die zu untersuchende Losung aufweist. 
Auch die Oberflfichenbeschaffenheit und seine mechanische Widerstandsfahigkeit 
lassen es als TrSiger fiir rijntgenspektrometrische Untersuchungen geeignet ersch- 
einen. Uber eine Kombination von Riintgenspektroskopie und Ringofentechnik 
berichten u.a. nach Natelson und Sheid, die auf diesem Wege kleine Calcium- 
Mengen bestimmten. 

Ziel der Untersuchungen war es, den Einsatz der Ringofentechnik zur Proben- 
vorbereitung fur die rontgenspektrometrische Bestimmung von Palladium, Rhodium, 
Gold und Platin neben Silber, Kupfer, Eisen und Calcium zu priifen. 
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EXPERIMENTELLER TEIL 

MeBbediqygen 

Einkanalvakuum-Rdntgenspektrometer “Fluroprint” Vl50 (Hilger und Watts, London) 
Anregungsbedingungen : 50 kV, 30 mA; W-Anode 
Analysatorkristall: LiF 
Kollimator : 0,25 mm 

. . 
Impulsvorwahl: 106 Imp. (fur Ca-Ko,l,z: 
Probekammer: Titaneinsatz 

3 * 105 Imp.) 

Probehalterung: PVC-Block 
Chromatographiepapier: FN 15 des VEB Spezialpapierfabrik Niederschlag 
Probendurchmesser : 18 mm 

Probenpriparation 

Auf einem Ringofen, dessen Bohrung den Abmessungen des Fensters im Spektrometer angepat3t 
ist, wird das gewtinschte Volumen der Probelosung eingedampft. Dabei ist darauf zu achten, dat3 
der vorgegebene Ring-Durchmesser nicht tiberschritten wird. Es ist aber nicht erforderlich, daI3 die 
gesamte Menge in dem Ring konzentriert wird. 

Eichreihen der reinen Liisungen 

Vorversuche dienten zur Aufnahme der Eichkurven fiir die reinen Komponenten, von denen 
der Bereich von 0 bis 100 pg/ml geprtift wurde. Man erhHlt bei allen untersuchten Elementen ftir die 
Konzentrations-Intensitits-Beziehung Geraden mit unterschiedlichem Anstieg. Die Anstiegsfaktoren 
sind in Tabelle I zu sammengefaBt. 

TABELLE I.-ANSTIEGSFAKTOREN DER EICHGERADEN END NA CXIWJSGRENZEN PiSR DEN BRR~CH 
O-100 peg DRR GEPR&TEN ELEMENTE 

Element Ca Cu Au Pt Rh Pd 
Anstieg 0,90 0,17 0,15 
Nachweisgrenze, ,ug/ml 35 22 37 

Eichreihen fiir die Mehrkomponentengemische 

Unter Verwendung entsprechender Stammliisungen wurden im Bereich von 0 bis 100 pug tiber 
die MeBpunkte 0, 5,25, 50. 75 und 100 pg ftir jedes Element Eichkurven aufgenommen, bci denen 
die Begleitelementmatrix, bestehend aus weiteren 6 Elementen, in 3 Stufen (1, 50 und 100 pig) 
zugemischt wurde. Der Gehalt an Matrix blieb dann fiir die game Reihe konstant. 

Durch Vergleich mit den MeBwerten fur die reinen Lijsungen kann damt auf den EinBut3 der 
Matrixelemente geschlossen werden. Als Beispiel zeigt Abb. 1 das Verhalten von Eiin in einer 
reinen Lasung und in Gegenwart von je 50 und 100 ,ug des Gemisches der Matrixelemente. Es 
ist zu erkennen, daB der Anstieg der Eichgeraden erwartungsgem%B vom Gehalt an Matrixelementen 
beeiiuht wird. Urn Schwankungen durch die MeBanordnung zu beseitigen, sind die Messungen 
mit aut3erem Standard vorgenommen worden. 

Urn die Jnterelementeffekte zu verringem, arbeitet man hiiufig mit einem inneren Standard. 
Ftir unsere Messungen bot sich dazu Zink an. Als Beispiel sind in Tabelle II die Anstiegsfaktoren 
fur die Bestimmung von Eisen in Gegenwart der Begleitelemente zusammengestellt. Man sieht 
deutlich, daB Zink als Standard geeignet ist, weil durch dessen Zusatz der EinfluB der Partner auf die 
MeBwerte vcrmindert wird. 

TASBUE II.-WIRKIJNG VON ZIM ALS INNERRR STANDARD BEI DRR Bmmmmm VON 
0 BIS 25 rg EISEN 

Innerer Standard ohne Begleitelemente 
AuBerer Standard ohne Begleitelemente 
AuI3erer Standard mit Begleitelemente 

Anstiegsfaktoren 

O# 
0,37 
0,28 

Ftir Palladium und Rhodium erzielten wir durch Verwendung des Untergrundes als inneren 
Standard sehr gtinstige Ergebnisse. Dieses Verfahren hat noch den Vorteil, daB ein zusiitzlicher 
Zeitaufwand ftir das Zumischen der Bezugsliisung enffsllt. 
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06 

Gehalte. pg 

&3B. I.-JShkurven fiir die Bestimmung von Silber, Palladium, Rhodium, Platin, 
Gold, Kupfer, Eisen und Calcium 

DISKUSSION DER ERGEBNISSE 

Reproduzierbarkeit und Nachweisgrenzen 

Urn den durch das Spektrometer hervorgerufenen Mel3fehler zu erfassen, wurden 
von jedem Element bei einer mittleren Menge von der gleichen Probe 11 (bzw. 10) 
Messungen durchgeftlhrt. Wie Tabelle III zeigt, liegen die Variationskoerhzienten 
fiir die einzelnen Elemente zwischen 1,O und $5 %. 

Urn den EinlluB der Probenvorbereitung mit zu erfassen, sind (in Gegenwart aller 
anderen genannten Elemente) jeweils an 11 (bzw. 10) individuellen Proben bei einer 
mittleren Menge Messungen vorgenommen worden. Die Ergebnisse enthglt Tabelle 
IV. Aus den zwischen 6,8 und 23% liegenden Variationskoetienten kann man 
ableiten, da8 zur Erhiihung der Pr%zision der Messungen die Praparationstechnik 
vervollkommnet werden mu& 

Wie Tabelle I zeigt, liegen die aus statistischen Berechnunget?’ fiir Pd und Pt bzw. 
aus den Regressionsgeradet9 fti alle anderen Elemente berechneten Nachweis- 
grenzen zwischen 8 lug/ml (Eisen) und 35 p&/ml (Calcium). Durch Verwendung eines 
inneren Standards konnen diese Werte verbessert werden. 

TABELLE III.-R~PRODUZIBRBARKBIT BEIM MBBSVORCJAN~ 

Element Ag Pd Rh Au Pt Cu Fe Ca 

Gemessene Linie &As &.Pd LEh b.Au q3.P1 Lou Kcr.re Kca 

Mittelwert z, /,q 47.1 44,7 56,4 54,O 68,3 45,4 49.4 48,3 
Anzahl n der Messungen 11 11 11 10 11 11 11 11 
Variationskoeftizient V, % 4,s 1,5 397 491 5,s 3,4 3,2 1.0 

Es wurde das VerhUnis Z&Za(std) bzw. Z~g/Z@I~ta) fiir jede Messung berechnet. Die Intensitgt 
Zga(std) bezieht sich auf einen iluDeren Standard. 

Die unter Verwendung des Ringofens erhaltenen Ergebnisse stimmen amernd 
mit den von McNevin und Hakkila erhaltenen Werten’ ftir die Reproduzierbarkeit 
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iiberein. Die Autoren brachten jeweils 1 ml der zu untersuchenden Ltisung auf 
Filterpapier und dampften die Liisung dann auf einer Heizplatte ein. Auf diesem 
Wege bestimmten sie 100 pg/ml Palladium, 140 pg/ml Rhodium, 20 rug/ml Iridium 
und 200 ,ug/ml Platin, wobei die Variationskoethzienten zwischen 7 und 13 % lagen. 
Die Verfasser verwendeten fur ihre Untesuchungen teilwise eine Anregungsspammng 
von 100 kV, wodurch die Empfindlichkeit fiir Platin and Iridium (Anregung der 
K-Spektren) erheblich gesteigert und die Reproduzierbarkeit fiir alle Elemente 
verbessert werden konnte. 

Auswahl der Papiersorte 

Die Wahl der Papiersorte wird in erster Linie durch den Einsatz des Ringofens 
bestimmt. Fiir das Verfahren eignen sich besonders mittelstarke, gut saugende, 
sauregewaschene Qualititen. Urn aber den EintluB der Papiereigenschaft auf die 
Fluoreszenzstrahlung zu prtifen, ist von einer Reihe siuregewaschener Chromato- 
graphiepapiere die Untergrundstrahlung ftir die Elemente Eisen, Kupfer und Calcium 
geprtift worden, die von der Herstellung her noch im Papier zu erwarten sind. Die 
Ergebnisse sind in Tabelle V zusammengestellt. 

TABELLE V.-IMPUISVERHALTNB PijR DIE UNTERGRUNLXTRAHLUNG EINIGER PAPIERSORTEN 

Sorte 

FN 15 
FN 13 
FN 11 
FN 12 
WF 16 
FN 17 
FN 18 

Flachengewicht, Papierstlrke, 
&mm’ mm 

93 0,18 
94 0,18 
98 0,18 

182 0,20 
161 0,20 
160 0,28 
290 0,51 

Impulsverhlltnis 

Kupfer Eisen Calcium 

0,493 0,292 0,435 
0,950 0,289 0,436 
0,503 0,294 0,447 
0,508 0,287 0,326 
0,496 0,273 0,269 
0,492 0,271 0,264 
0,504 0,243 0,165 

Bei der Kupfer-Linie ist kein Zusammenhang zwischen Papierstiirke und Fluores- 
zenzstrahlung des Untergrundes feststellbar. Dagegen zeichnet sich aber etwas beim 
Eisen und deutlich beim Calcium ein Gang ab. Mit zunehmender Papierstarke und 
damit mit steigendem Flachengewicht nimmt die Blindstrahlung dieser Elemente ab, 
wobei der Intensit&xiickgang der Ca-Ka,,, Linie erwartungsgem% stlrker ausge- 
pragt ist. Diese Tatsache kann durch zunehmende Absorption der SekundHrstrahlung 
in der Papierschicht erkllrt werden, da die Fluoreszenzstrahlung von Eisen und 
Calcium schon ziemlich langwellig ist. Aus diesen Untersuchungen resultiert, dal3 
man such ftir die rontgenspektrometrische Analyse keine zu dicken Papiersorten 
verwenden darf. 

Zeitlich-iikonomische Betrachtungen 

Bei Anwendung der Ringofentechnik benotigt man zum Auftragen von 1 ml einer 
L&sung etwa 60 min. Da man aber ohne Schwierigkeit-such ohne Verwendung 
automatischer Dosiervorrichtungen-fiinf Ringiifen gleichzeitig bedienen kann, 
sinkt die Praparationsdauer auf etwa 12 min pro Probe. 

Die MeDzeit betriigt-in AbhHngigkeit vom verwendeten GerPt-etwa 10 min 
ftir 7 Linien. EinschlieSlich der Auswertung der ausgedruckten Impulse resultiert 

6 
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daraus eine Gesamtarbeitszeit von 80 min fit eine Probe und von 30 min bei gleich- 
zeitigem Einsatz von 5 Bingbfen. Aus dieser Betrachtung geht deutlich hervor, da8 
das Verhlltnis von Dauer der Probenvorbereitung zu Mel3zeit noch recht ungtinstig 
ist. 

Wachsringtechnik 

Abschliefiend sol1 deshalb noch kurz auf einige Untersuchungen zur “Wachsring- 
technik” nach Johnson und Nagel* hingewiesen werden. Man verf&rt dabei so, 
da8 man auf einem Blatt eines geeigneten Filtrierpapiers (z.B. FN 12 des VEB 
Spezialpapierfabrik Niederschlag) die saugftige Fl&he mit Wachs auf einen innerem 
Durchmesser von 18 mm begrenzt. In das Innere des Kreises gibt man mit Hilfe 
einer geeigneten Dosierspritze die zu untersuchende Liisung und trocknet an der Luft. 
Gegentiberder oben beschriebenen Prgparationstechnik ist dabei von Nachteil, 
da8 man nur etwa 50 ~1 auftragen kann. Vorteilhaft ist aber die sehr kurze Auftrage- 
zeit von etwa 1,5 min. Der fur Cu-G,,e ermittelte Variationskoefhzient betrug 
8,3 %. Ftir Ag-k,,,, erhielten wir 11%. 

Sununa~--It has been shown that tilter paper is a suitable support 
material for X-ray fluorescence analysis, but that the use of the Weisz 
ring-oven enables a higher sensitivity to be obtained with a sufticiently 
reproducible sample geometry. Linear calibration plots are obtained 
fo; Ag, Pd, Rh, Pt, Au, C&-Fe and Ca in the ran-$ 8-100 pg. The 
relative standard deviations vary between 7 and 35. and the limits of 
detection range from 8 to 35 rg[ml (for iron and calcium respectively). 
Five samples may be analysed in 30min. Use of the wax-ring 
technique enables the analysis time to be halved, but the sensitivity 
is then less. 

Rt%umf%Grt a montr& clue le napier tiltre est une mat&e support 
convenable pour l’analy~e par ‘fluorescence de rayons X, mai;*que 
I’emnloi du four annulaire de Weisz nermet d’obtenir une sensibilitb 
plus‘6levee avec une geom6trle d%ch&tillon su&amment reproduct- 
ible. On a obtenu des co&es d’etalonnage lin&.ires pour Ag, Pd, Rh, 
Pt, Au, Cu, Fe et Ca dans le domaine 8-100 pg. Les Bcartes types 
relatifs varient entre 7 et 35, et lea limites de detection vont de 8 a 
35 pg/ml (pour le fer et le calcium res 
cinq echantillons en 30 mn. 

. jectivement). p peut analyser 
L’emplot e la techmque a 1 anneau de ctre 

permet de diviser le temps de l’analyse par deux, mais la sensibiit6 eat 
alors plus faible. 
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S--The pK-values of Xylenol Orange, Pyrocatechol Violet, 
Thorhr and Alixarin Complexone were determined electrophoretically 
on the basis of the Kiso equation. The colour changes of Xylenol 
Orange and Alimrin Complexone were found to take place at slightly 
higher pH values than the electrophoretically determined p&vahtes. 
The K&-equation for determination of the pK values by electro- 
phoresis yielded reproducible results and the method is useful for 
complicated substances because the procedure is simple, the equipment 
inexpensive and only microamounts of the substances are needed. 

UNTIL recently paper electrophoresis was applied only to the qualititative separation 
of various organic and inorganic substances, mainly because of lack of theoretically 
predictable migration distances. There seemed to be too many variables for a generally 
applicable theory to be developed. Recently, however, some attempts at a mathe- 
matical treatment have been made.l A general equation was derived by Kiso et al.,* 
calculating the relative electrophoretic mobilities of substances from their molecular 
weight and pK, and the pH of the background solution. Waldron-Edward had earlier 
determined the pK-values of a few monobasic amino-acids8 on the basis of an 
equation published by Consden, Gordon and Martin4 This equation permitted the 
determination of the pK-values of a monobasic acid, and of both pk=values of a 
dibasic acid if the difference between them was at least 4 units. The Kiso-equation is 
applicable to substances with several dissociable protons. The Kiso-equation is: 

where U is the relative mobility of the substance, h4 the molecular weight, a a con- 
stant depending on the substance used as migration standard, and pK, the ith 
dissociation constant of the substance. The migration distance L is directly pro- 
portional to U: 

L= UEt 

where E is the potential gradient and t the migration time. 
From this equation the mobility as. pH or migration distance vs. pH curves for 

various substances can be drawn. From the latter it should be possible to read the 
pK-values of substances of known molecular weight. This could be con&med by 
applying the equation to simple acids such as the various phosphorus acids.’ We 

have tried to show that this theory can be applied not only to simple acids but also 
complex substances such as indicators. The indicators tested were Xylenol Orange, 
Pyrocatechol Violet, Thorin, Alizarin Complexone, Calcon and Eriochrome Black T. 
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EXPERIMENTAL 

A lo-chamber Toyo Model MC-IOK electrophoresis apparatus was used. Cooling water thermo- 
statically controlled at 10” was passed through cooling pipes to keep the coolant, carbon tetrachloride, 
at constant temperature. Toyo Roshi Paper No. 51A was used in 040-m strips as supporting material. 
The paper was soaked with the buffer solution and a few ~1 of the indicator solution were applied 
with a capillary. Picric acid was the migration standard on every strip. Generally 1OOOV (Toyo 
Kagaku Sangyo Model IV power supply) were applied for 60 min. The current was 2-80 mA, 
depending on the pH of the background buffer solution. The corrected migration distance was 
derived from the formula 

L Lp.t 
corr - - Lex, r 

O.exD 
where Lcorr is the corrected migration distance, L exp the experimental migration distance, L,,t the 
theoretical migration distance of picric acid (the mean for the particular series of experiments) 
and Lp.exp the experimental migration distance of picric acid. 

The pK of picric acid is 0.38. Between pH 0 and 2 an equilibrium exists between undissociated 
picric acid and its anion. Only the anion shows the well-known yellow colour which in the electro- 
phoretic experiments was visible only at pH > 1.8. Hence in the pH range 05-1.8 no migration 
standard could be used. The concentration of the solutions was 0.1M. The bulfer mixtures used 
were: pH 05-2.0, glycme and hydrochloric acid (OelM, 2.0-54, citric acid and hydrochloric acid 
or sodium hydroxide; 5.0-7-4, disodium hydrogen phosphate and potassium dihydrogen phosphate; 
7.2-9.1, borax and sodium hydroxide; 9+12-O, glycine and sodium hydroxide. 

Xylenol Orange 
RESULTS AND DISCUSSION 

The pK values for Xylenol Orange reported by Murakami ef al6 differ slightly 
from those given by Rehak and K6rb1,6 mainly in the acidic pH range. This was 
attributed by the former to the use of an impure sample by the latter authors. The 
values reported by Akhmedli and Imamverdieva’ were very different. 

Murakami et al.6 Rehak and KorbP Akhmedli and 
ImamverdievaT 

(1967) (1960) (1966) 
<1.5 - - 

2.32 2.6 
2.85 

;$ 
6.67 ;:; 

4.15 
- 

10.39 10.5 7.21 
.I 12.23 12.3 10.72 

Our experimentally obtained migration distance vs. pH curve is given in Fig. 1. 
The pH differences for the first three dissociations are only O-9 and l-05 pH units, 
and hence too small to allow separate detection of these steps by electrophoresis. 
However the increase in the migration distance is about three times that for each of 
the two further dissociations, indicating a charge increase of three units. According 
to this assumption the three pK values can be estimated as pK, = 1.25, pK, = 2.15 
and pK, = 3.2, which is in agreement with the reported data. These three dissociation 
steps do not cause any colour change. The solution is yellow and has an absorption 
maximum at 435 nm. At pH 6.5 another maximum appears at 580 nm, becoming 
prominent at pH 7.0 and being the only one at pH > 8-O. The colour is then red. 
The corresponding dissociation equilibrium can be easily detected by electrophoresis, 
though the value pK, = 6-l determined electrophoretically seems to be too low 
compared with the optical data and the reported values. The pKs determined by 
electrophoresis is 10-O. This step causes no colour change, and the pK value also 
seems to be rather low. The pK, cannot be determined by electrophoresis. Murakami 
et al.6 report that the Dotite reagent, which we used for our experiments, contains 
impurities, but this should not cause shifts of the electrophoretically determined 
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HOOC.CHz 
14 

13 

12 * 

IpK, 6.67, 6.4) 
(pK, 10.39, IO.9 

-0 12 3 4 5 6 7 8 9 10 11 
PH 

FIQ. l.-Corrected migration distance plotted against pH for Xylenol Orange. 
pK values are marked and previously published values given in brackets. The colours 

of the solution are indicated above the curve. 

pJC-values, as the impurities should have different mobilities and hence be separated 
from the main compound in our experiment. The reason for the lower values of 
the electrophoretically determined pK-values has still to be found. 

The discontinuity in Fig. 1 and other figures is caused mainly by the change of 
temperature and ionic strength in the supporting medium. The mobility depends on 
the ionic strength I = 4. ctzi2, where ci, the concentration and zy the charge of the 
ions. In our experiments the concentration of the buffer solutions was kept constant 
but the mean charge of the buffer ions varied from buffer solution to buffer solution 
thus causing differences in the ionic strength and hence in the temperature. We 
repeated our experiments several times and used chemically different buffer solutions 
with identical pH values to try to avoid any mistakes. We are further improving 
the experimental conditions, mainly by keeping constant the ionic strength as well as 
the concentration of the buffers. If the ionic strength is&kept constant the migration 
distance US. pH curve become a continuous line. It was assumed that when a dis- 
continuity occurred the lower curve could simply be shifted vertically until it became 
an extension of the upper curve. 

Pyrocatechol Violet 

The mobility vs. pH curve is given in Fig. 2. 
shown. Suk and MalaP report the existence of a 

QH 

The reported pK values8 are also 
zwitterion at pH < l-5: 
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0 

PYROCATECHOL 
VIOLET 

Red .A Yellow 
550 nm 

fpK1 7.82) pKj 9.75 
$K, 1l.i 

pK1 0.1 

1 2 3 4 5 6 1 8 9 10 11 1 
PH 

FIG. 2.-Corrected migration distance 0s. pH for vocatechol Violet. 
Dotted line; theoretical curve, full line: experimentally obtained. 

Electrophoretic evidence for the existence of this species can be found, as the species 
shows a rather low mobility at pH < 1. Under these conditions the electro-osmotic 
flow does not lower the migration distance, so all neutral species should have zero 
mobility. In our experiments the species moved as an anion with low charge. At 
pH l-5 the absorption maximum is at 443 mn and the solution is yellow. The zwit- 
terion is reported to be redlo with an absorption maximum at about 550 mns which 
can be detected at about pH O-12, the maximum at 443 nm still being prominent. 
Only below pH 0 does the maximum at 443 nm completely disappear. 

For pH 15-7.0 the experimental results are in good agreement with calculation, 
showing no change in migration distance, and the experimental error is small. The 
dissociation of the lirst phenolic hydrogen, with pK = 782,8 cannot be detected by 
this method. However, at pH = 7.2 the experimental error suddenly increases a 
great deal. In the absorption spectrum (Fig. 3) a small shoulder with a maximum at 
590 nm is found at pH 6.5. Below pH 7-O the colour appears yellow; at pH 7-O 
it is greenish-yellow and besides the maximum at 443 nm a small one is found at 
590 nm. At pH 7.5 these maxima are equal in height and the solution is greyish 
green. At pH 7.7 the 590 nm peak is higher than the one at 443 nm and the colour is 
grey; at pH 8-O the solution is red and there is only the maximum at 500 nm. These 
colours are all stable for l-2 weeks; after about a month they change slowly. These 
frequent colour changes and the very poor reproducibility of the electrophoretic 
results indicate an equilibrium of at least two species with different charges and hence 
different electrophoretic mobilities. The results also indicate that the transition is 
not a simple dissociation of a proton as stated by Suk and MalW but a rearrangement 
within the molecule. The red species obtained at pH 8.0 (&,, 500 nm) is stable up 
to pH 9.0. At pH 9.3 the solution is deep blue, Lax 590 nm. This blue colour is 
stable between pH 9.3 and 10.0; at higher pH values the blue colour appears im- 
mediately the indicator is added to the buffer but changes within 2 min to violet, 
there being a broad absorption band with a flat maximum at 460 nm. This is in 
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300 400 !a0 600 700 

nm 
FIG. 3.Spectra of Ppcatechol Violet at different pH values (visible region). 
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agreement with the electrophoretic results, where an increase in migration distance 
starts at pH 9-O. The electrophoretically determined pK of 9.75 is in excellent 
agreement with the reported value@ of 9.76. Our investigations did not always con&m 
the results of Suk and Malat, especially the spectra, and the electrophoretic results 
in the neutral and alkaline region seemed to show that the dissociation equilibria 
suggested by them are over-simplified. 

Thorin 

Thorin has been studied in detail by Margerum er al.,ll who gave the dissociation 
constants of the two protons of the arsenic group as pK, = 3.7 and pK, = 8.3, and 
the constant for the naphtholic group as pK, = 11.6; they could not determine the 
dissociation constants of the two sulphonic groups. Figure 4, based on the electro- 
phoretic experiments, shows dissociation steps at pK 3.6,7*4 and 10.2. The migration 
distance at pH 1 is rather large, suggesting that the migration species has two negative 
charges; hence the pK values of the two sulphonic groups are less than 0.5. This 
con&ms the assumption of Margerum and his co-workers. The value pK 3-6 for 
dissociation of the first arsenic proton agrees with Margerum’s results but pK, 
and pKs are lower. The increase in mobility between pH 6 and 9 is rather large, and 
indicative of a charge increase of two units rather than one. This large increase in 
migration distance and the discrepancy between Margerum’s results and ours will 
be further studied. 

Thorin is red-orange in solution and the absorption maximum at 445 nm is not 
affected by pH change. 

Alizarin Complexone 

For Alizarin Complexone we could not find pK values in the literature. From 
our experiments we obtained reproducible values of 3.7, 6.7 and 10.5 (Fig. 5). We 
ascribe the first two steps to dissociation of the two carboxylic proton and the third to 
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; 1 -----------H,A- (pK, 3.7) 
pKI 7.i 

0 1 2 3 4 5 6 7 8 9 IO 11 1 

PH 

FIQ. 4.-Thorin: corrected migration distance us. PH. 

dissociation of the first phenolic proton. The solution is yellow below pH 5.0, with 
an absorption maximum at 425 nm (Fig. 6). At pH 5.0, another maximum appears 
at 510 nm and is the only one between pH 6.0 and 7.6, the solution being red. Belcher 
et aLla reported the colour to be yellow below pH 4.5, red at pH 7-10, mauve at pH 
1 l-5 and violet at pH 12. Unlike these authors we found another colour change from 
red to yellow at pH 8-O (absorption maximum 455-460 nm). This yellow colour is 
stable between pH 8.0 and 9.0. At pH 9.6 it changes back to red (&, 507 mn), 
At pH 11 we found a slight shift of the absorption maximum, the peak being rather 
broad and having a shoulder (the colour being red violet). The colour changes from 
yellow to red, red to yellow and red to red-violet are all sharp, but the pH values at 
which they occur are higher than the pK values measured by electrophoresis. The 

13. H. 
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FIG. 5.-Alizarin Complexone: corrected migration distance vs. pH. 
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300 400 m 600 700 300 400 5OfJ 600 700 

nm nm 

FIO. 6.-Spectra of Alizarin Complexone at different pH values (visible region). 

reason seems to be that the colour change can be seen only when the dissociation is 
nearly complete. 

Calcon and Eriochrorne Black T 

The pK values of these two substances could not be determined by electrophoretic 
experiments. Each has two naphthyl groups within the molecule, and these cause 
such strong adsorption on the chromatographic paper that the indicators do not move 
under our experimental conditions even at the highest pH used. 

Zusannnenfassung-Die pK-Werte von Xylenolorange, Brenzcatechin- 
violett, Thorin und Alizarinkomplexon wurden elektrophoretisch auf 
Grund der Kiso-Gleichung ermittelt. Es wurde gefunden, da0 die 
Farbtiderungen von Xylenolorange und Alizarinkomplexon bei 
geringftigig hiiheren pH-Werten statttinden als bei den elektrophoret- 
isch bestimmten pK-Werten. Die Kiso-Gleichung zur Bestimmung von 
pK-Werten durch Elektrophorese ergab reproduzierbare Ergebnisse. 
Die Methode ist ftir komplizierte Substanzen ntitzlich, da das Ver- 
fahren einfach und die Ausrtistung nicht teuer ist und nur Mikromengen 
Substanz beniitigt werden. 

R&sum&-On a determine Clectrophorttiquement les valeurs de pK des 
composes Orange XylCnol, Violet de Pyrocatechol, Thorin et Alizarine 
Complexon, sur la base de l’bquation de Kiso. On a trouvb que les 
changements de coloration de TOrange Xylenol et de l’Alizarine 
Complexon se produisent a des valeurs de pH legbrement plus &levees 
que les valeurs de pK d&ermin&s 6lectrophoretiquement. L’equation 
de Kiso pour la determination des valeurs de pK par electrophorese 
fournit des rbultats reproductibles et la methode est utile pour les 
substances compliquC?es car la technique est simple, l’equipement peu 
onbeux et des microquantites seulement de substances sont 
ntcessaires. 

REFERENCES 

1. V. Jokl, J. Chrorrratog., 1964,13,451. 
2. Y. Kiso. M. Kobavashi. Y. Kitaoka. K. Kawamoto and J. Takada. ibid.. 1968.36.215. 
3. D. Waldron-Edw&d, ibid., 1965,20; 556. 

I _ .I 

4. R. Consden, A. H. Gordon and A. J. P. Martin, Biochem. J., 1946,40,53. 



306 I. MORI, M. SHINOGI, E. FALK and Y. KJSO 

5. M. Murakami, T. Yoshino and S. Harasawa, Takmta, 1968,14,1293. 
6. B. Rehak and J. Kiirbl, Collection Czech. Chem. Commun., 1960,25,797. 
7; M. A. Akhmedli and F. B. Imamverdieva, Azerb. Khim. Zh., 1966, 122. 
8. 0. Ryba, J. Cifka, M. Malat and V. Suk, Collection Czech. Chem. Commun., 1956, 21, 349. 
9. V. Suk and M. MalBt. Chemist-Analyst, 1956,45,30. 

10. W. J. Ross and J. C. White, Anal. Chem., 1961,33,422. 
11. D. W. Margerum, C. H. Byrd, S. A. Reed and C. V. Banks, ibid., 1953,25, 1219. 
12. R. Belcher, M. A. Leonard and T. S. West, 1. Chem. Sot., 1958.2390. 



Talmta, 1972, Vol. 19, pp. 307 to 315. Pera8tttc.n Press. Printed itt Notthcrn Ireland 

APPLICATION OF DISPLACEMENT REACTIONS 
IN FLAME PHOTOMETRY-II 
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Summary-For the emission flame photometric determination of stron- 
tium and barium in the presence of interfering ions such as phosphate, 
sulphate, arsenate and oxalate, calibration or simple standard addi- 
tion methods cannot be used. Greatly reduced errors can be achieved 
by dividing the sample solution into four 

“t 
ual parts and adding to 

each certain known amounts of two meta ions. One of these is 
identical to the determinand (e.g., strontium or barium) the other has 
similar characteristics to it (e.g., calcium). The amounts of these 
metals are chosen so that the total (molar) concentration of these 
should be identical in all solutions, but the ratio of the concentrations 
of the two metals should be different. The emission of the determinand 
metal must be measured, and a standard addition plot produced. The 
amount of determinand present in the sample can be obtained from 
the intersection of the emission US. concentration line with the con- 
centration axis. 

ALTHOUGH the depressive anion interference effects in the flame photometric deter- 
mination of the alkaline earths have been well documented, they continue to be of 
interest. Several authors made detailed studies of these in the early 1950’~~~ with 
particular reference to the phosphate and sulphate effects. Excellent reviews of the 
nature of these effects have been made by Fukushima6 and Herrmann and Alkemade6 
and the depressive effects have been attributed to the formation of compounds with 
high vaporization temperatures in the evaporating droplets of the aerosol. More 
recently attempts have been made to establish the exact identity of these involatile 
compound#*s and the mechanisms by which they are formed. 

For the practical analyst, many techniques have been proposed to eliminate such 
commonly encountered depressive effects as those of phosphate, sulphate, borate, 
silicate and arsenate on the emission of alkaline earth metals and on that of calcium 
in particular. The simplest of these methods is the addition of the interferent in excess. 
This method is based on the well-known fact that the depressing effect of the inter- 
ferent increases proportionally with the concentration of the latter only up to a certain 
well-defined value; above this concentration the emission becomes constant. The 
decrease of the emission signal may be as high as 80 %. A similar difficulty arises when 
the sample is diluted with water. In less concentrated solutions the relative decrease 
of emission becomes less, but of course the actual signals are weakened. The use of 
simulated standards is another possibility, but is commendable only if samples of 
similar composition are analysed in great numbers. Chemical separation methods, 
based mainly on the removal of interfering ions by ion-exchange is more attractive 

* On leave from the Department of Applied Chemistry, Technical University, Budapest, 
Hungary. 
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than any of these, but it requires time and skill and the efficiency of the separation 
has to be checked in order to obtain reliable results. The application of a releasing 
agent (to which our proposed displacement technique is distantly related) is very 
simple as it requires only the addition of a further reagent to the sample. but it also has 
its limitations. Quantitative release is not necessarily attained when making up the 
solution and in accurate work this has to be checked. The use of large excesses of the 
releasing agent can also have undesirable side-effects.O 

These interferences are especially marked if the flame temperature is not too high 
(e.g., in the air-acetylene premixed laminar flame). At higher temperatures, for ex- 
ample with the nitrous oxide-acetylene flame and with measurement of the emission 
at a sufficient distance above the burner head, errors due to such interferences can 
be substantially reduced, if not completely eliminated.10-12 It is relatively simple 
to remove this remaining marginal interference by any of the techniques mentioned 
above when hot flames are used; our displacement method works very efficiently 
under such circumstances. To illustrate the technique, however, we chose a low- 
temperature flame for several reasons. As the interferences are more marked under 
such circumstances, the efficiency of the displacement technique can be better judged. 
Furthermore, though the application of hot flames would certainly ease the difficulties, 
this cannot be implemented in all cases without altering or replacing existing instru- 
ments. Quite a number of commercial flame photometers are based on the applica- 
tion of the premixed acetylene-air flame. These are in routine use and give satisfactory 
performance if maintained correctly. For the users of such instruments our method 
may be the simplest and safest. 

The proposed technique is based on a shift of the chemical equilibrium by the 
addition of a third species, keeping, however, the overall concentration ratio of metal 
to interferent constant. A complete release of the determinand is not necessary and 
thus errors due to an assumed complete release or to a large excess of releasing agent 
do not arise. The sensitivity of the method should be at least as good as a normal 
calibration procedure using a releasing agent, owing to the fact that the displacement 
is incorporated in a standard addition procedure. Experimentally the technique is very 
simple, requiring mixtures of the sample solution and solutions which can be prepared 
and stored in large amounts. The flame photometric readings are made by using a 
simple air-acetylene flame and all operations require no specially trained personnel. 

Principle of the method 

The problem facing the analyst when determining alkaline earth metals by flame 
photometry in the presence of interfering ions can be appreciated from the lowest 
curve of Fig. 1 where the emission of calcium is plotted as a function of the concentra- 
tion of phosphate ions present. 

This curve was obtained with a Unicam SP 90 spectrophotometer, operated in its 
emission mode. Solutions were made up from calcium chloride, phosphoric acid and 
an excess of hydrochloric acid and water so that the calcium concentration in each 
solution was 0.OlM. An acetylene-air flame was used. A similar curve was obtained 
with a Zeiss (Jena) Model III flame photometer, using an interference filter with a 
transmission maximum at 630 nm. 

The curve indicates clearly the well-known fact that the emission of calcium de- 
creases considerably with increasing phosphate concentration, until the composition 
corresponding to the formula Ca,(PO& is reached; from then onwards the emission 
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FIG. 1 .-Variation of the emission of calcium and barium as a function of the concentra- 
tion of phosphate. 

remains constant. The determination of calcium in the presence of phosphate by 
making a single emission measurement and using a calibration curve is therefore out 
of the question. Even the well-known technique of standard addition will not help, 
because, if calcium ions are added, the relative amounts of calcium and phosphate will 
change and therefore the degree of interference of phosphate will be different, unless 
the latter is present in an overwhelming excess. 

Such samples can be analysed by using the displacement technique, which is 
based on the phenomenon that if there are other metal ions present in the sample 
which will react with the interfering ion in a similar way, a stiuation may arise in 
which the interferent will react simultaneously with both metals. (An alternative is 
that the interferent reacts preferentially with one metal; in such a case the displace- 
ment technique is not applicable.) 

Evidence of such a simultaneous reaction is shown in the upper two curves of Fig. 1. 
Phosphate was added to mixtures of calcium and barium together with an excess of 
hydrochloric acid, and the solutions were diluted to a known volume. In each solu- 
tion the concentrations of calcium and barium ions were 0.OlM, and the concentra- 
tions of phosphate varied between 0 and 04444. The flame photometric emissions of 
calcium (at 625 nm) and barium (at 515 nm) were measured separately and the rela- 
tive emissions plotted as a function of the concentration of phosphate. Both curves 
show one break-point, corresponding to the formation of a mixed compound, 
(Ca,Ba),(POJ,, h s owing that phosphate was reacting simultaneously with the two 
metals. (Had phosphate been reacting preferentially with barium, the barium curve 
would have one break-point where the one was observed with the calcium only, while 
the calcium curve would have two break-points; first a horizontal line would have 
been observed up to the break-point of barium, then a decrease would have been 
observed in the emission up to the second break-point, from which the emission 
would again have remained constant.) 

The displacement technique makes use of the fact that the interfering ion reacts 
simultaneously with both metals present. This indicates that an equilibrium exists 
between the determinand A, the interfering ion B and the displacing agent M: 

AB+M+MB+A 
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where AB and MB are the refractory compounds which are formed. Such an equi- 
librium can be shifted in either direction by adding more or less displacing agent to the 
solution. If we ensure that the ratio of the total concentration of the metal ions and 
the concentration of the interfering ion is kept constant, we can apply a technique 
resembling the standard addition method which will provide more reliable results 
with improved accuracy. 

The displacement technique can be applied in the following way. The sample is 
dissolved and diluted to a known value. Equal aliquots of this stock solution are 
taken which, (after final dilution) have equal concentrations of the determinand A (C,) 
and of the interferent B (C,) which are unknown. (All concentrations are expressed in 
mole/l .) To each of these solutions known amounts of A and of the displacing agent 
M are added. The individual amounts must vary, but the addition must be made in 
such a way that the total concentration of the added ions in the final solutions is 
equal. Denoting the four aliquots taken from the sample by 1,2,3 and 4, the condition 

CA, + CM, = CA, + CM, = C A3 + CM, = CA, + C,, = constant 

must be fulfilled. The purpose of this operation is to keep the ratio (C, + C,+C,)/ 
C, constant for each aliquot. The flame photometric emission of A is then measured. 
Plotting these emission values as a function of CA (the known concentrations of the 
added analyte) gives a straight line which, when extrapolated to the ordinate zero will 
intersect the abscissa at a point which corresponds to the unknown concentration C,. 
These conditions are better seen on the (idealized) diagrams of Fig. 2. The four upper 

IA 

IA 

Fig. Z.-Principle of the displacement technique. 
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curves represent the variation of the emission of the analyte with the concentration 
of the interfering ions. It is to be noted that if the known concentration CA is varied, 
the emission readings will vary proportionally at any tied concentration C,, or C,, of 
the interfering ion, but the position of the break-point remains the same because of the 
presence of the displacing agent. Thus, the emission of the solution at any concentra- 
tion (C,, or C,,) will be proportional to the total concentration C, + CA of the deter- 
minand. Thus, intersection of the line with the CA axis will correspond to the distance 
of C, from the origin. 

EXPERIMENTAL 

Apparatus 

A U&am SP 90 combined emission and atomic-absorption spectrophotometer was used to 
measure the emission of the solutions. The instrument was equipped with an AEI 10s potentiometer 
recorder. Readings were made using the standard Meker air-acetylene burner head with the instru- 
ment operating in the emission mode. The following parameters were held constant: air flow-rate 
5 l./mhr, burner-height 20 mm (as measured on the scale of the instrument), slit-width @l mm, 
damping 4. The acetylene flow-rate was adjusted to give the optimum signal in each case, ir.. a 
maximum signal for a sodium solution at 589 nm. The gain was adjusted as required. 

Reagents 

Calcium chloride. O*lM. Analytical grade calcium carbonate was dissolved in the minimum 
amount of dilute hydrochloric acid necessary. 

Strontium chloride, O.lM. Prepared from analytical grade strontium chloride hexahydrate by 
dissolution in water. 

Barium chloride, O.lM. Prepared from analytical grade barium chloride dihydrate by dissolution 
in water. 

Lunthunum chloride, O*lM. Prepared by dissolving lanthanum chloride heptahydrate in dilute 
hydrochloric acid. The lanthanum content was detern&d by complexometric &&on. 

Ceriam~ZZZ) chloride. O*lM. Preuared bv dissolving cerous chloride hentahvdrate in dilute 
hydrochloric acid. The &ous content was ditermined by complexometric tit&o;. 

Diammonium hydrogenphosphate, O.lM. Prepared by dissolving the analytical-grade reagent in 
water. 

SuIphuric acid, O.OSM. Prepared from concentrated acid by dilution and standardized by acidi- 
metric titration. 

Oxalic acid, 0.1 M. Prepared from analytical grade oxalic acid dihydrate by dissolution in water. 
Arsenic acid, O.lM. Prepared horn arsenic pentoxide by dissolving in water. The arsenic content 

estimated by iodimetric titration. 
All solutions were made up in demineralized water and stored in polythene containers. 

Determination of strontium 

Wauelengths. With a monochromator of medium resolution, strontium shows three characteristic 
emission maxima. The first, at 460.7 nm, is the resonance line of atomic strontium. A strong band 
system, originating from the emission of SrOH molecules, appears with a maxhnum at 610 nm, and 
this peak is closely followed by another, with a maximum at 680 mn. (The latter maximum is the 
unresolved resultant of four bandheads at 650,662,668 and 683 mn respectively.) When the displace- 
ment technique is used, the 610-mn band cannot be used because both calcium and lanthanum show a 
considerable emission in this region. Both the 460*7-run resonance line and the 690-nm bandhead can 
be used for the determinations, and it is the characteristics of the photomultiplier which determine 
the choice between the two wavelengths. In the Unicam SP 90 spectrophotometer the 680-mn 
bandhead appears to be approximately three times as sensitive as the other, but the precision of the 
results is equal at both wavelengths. 

Choice of the displacing agent. Comprehensive studies were made, using barium, calcium, 
cerium(III) and lanthanum as displacing agents. Since phosphate showed the most marked mter- 
ference of those anions examined, the effectiveness of the displacement technique has been checked 
on solutions containing phosphate alone; 
presence of other ions. 

the recommended procedures we& then applied in the 
The disulacing agents were introduced as their chlorides. and each solution 

contained a sufficient (but corn&t at &zh concentration range) amount of hydrochloric acid. Three 
different concentrations 5.1 and O*lmMstrontium, were examined. For each of these. concentrations 
six different molar ratios of phosphate to strontium were investigated, ranging from 0 to 1.25. Four 
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solutions were used in each individual determination, containing X/2, X, 3X/2 and 2X amounts of 
added strontium (where X is the molar concentration of strontium to be determined), and 2X, 3X/2, 
X and X/2 amounts of the displacing agent respectively. These values were chosen on the basis of an 
error calculation, published elsewhere,r* where it has been shown that for maximum accuracy the ratio 
of added determinand to unknown should be at least 2. When the solutions were made up, their 
strontium emission was measured at both the wavelengths mentioned above. Zero emission was 
adjusted by spraying demineralized water into the flame, as it had been proved that a blank containing 
3X moles of the displacing agent (plus hydrochloric acid) did not produce any measurable emission at 
these wavelengths. The solution containing the Wamount of strontium was used to adjust the scale 
to almost full deflection (about 95 “/o). All the other solutions were then measured and results plotted 
as shown on the lower curve of Fig. 2. Each determination was repeated three times and the mean 
result calculated. Results indicated that calcium is the most suitable displacing agent, allowing the 
determination of strontium with an average error of 5 %. For O*lmM strontium lanthanum(II1) is 
even more suitable, but at higher concentrations lanthanum (and also cerium) gave curved calibration 
graphs which could not be extrapolated with good accuracy. 

In the procedure given below, calcium is therefore recommended as a generally suitable displacing 
agent. If the results indicate that the unknown concentration of strontium is in the O*lmMregion, a 
second experiment using lanthanum as a displacing agent might be feasible. 

Procedure. Dissolve-a sample containing-a mazrnirn of 1-m mg of strontium and a maximum of 
100 mg of phosphate in hydrochloric acid and dilute to 100 ml. Mix, take four 20-ml aliquots in 
100~ml volumetric flasks marked A, B, C and D. To A add 10 ml of OGJ5M strontium chloride and 
40 ml of 0.005M calcium chloride (or less concentrated solutions if the amount of strontium is less). 
Add 20 + 30 ml for B. 30 + 20 ml for C and 40 + 10 ml for D resoectivelv. Add sufficient hvdro- 
chloric acid to each flask to prevent precipitation (using the same a*mount in each case). Diluie the 
solutions to the mark and measure the emission of these solutions at 460.7 or 680 nm. Plot the results 
vs. the concentration of added strontium. Draw a straight line through the points and extrapolate 
until the line intercepts the concentration axis (at “negative” concentration values). The distance 
from the intercept to the zero point on the concentration axis gives the concentration of the unknown 
in the final solution. 

Rest&. Results are tabulated in Table I. Notethat while the errors obtained by using thestandard 
addition technique alone are as high as f 20% (depending on the relative concentrations of strontium 
and the interferent), the displacement method offers much more accurate results. These results also 
indicate that the determination can be carried out most accurately if the concentration of strontium 
is kept at the O.lmM (10 ppm) level and lanthanum is used as a displacing agent. 

Determination of barium 

Wavelengths. The flame emission spectrum of barium chloride solutions shows the resonance line 
of barium at 553.6 nm, surrounded by bandheads of BaO emissions. The bandhead at 515 mn is the 
most sensitive in the air-acetylene flame: it is also a wavelength where there is the least interference 
from calcium or lanthanum (though the latter shows a considerable background radiation). The 
515-nm bandhead was used therefore for the determinations. 

Choice of the displacing agent. Calcium, strontium, lanthanum and cerium (III) were used as 
displacing agents. The pattern of the investigation was similar to that described under strontium. 
Calcium was again found the most satisfactory displacing agent, but again lanthanum was found to be 
superior at lower concentrations. 

Procedure. Dissolve the sample, containing O-100 mg of barium and O-100 mg of the interferent. 
in hydrochloric acid. Proceed as described for strontium, but use barium chloride solutions instead 
of strontium chloride and measure the emission at 515 nm. If possible, repeat the experiment at the 
0.1mM (10-15 ppm) level with lanthanum as a displacing agent. 

Results. Table II shows the results. Sulphate was omitted as an interferent, because at all con- 
centration levels barium sulphate precipitates under these circumstances. Note the advantage of the 
displacement technique over the simple standard addition method. 

Determination of calcium 

Experiments on the determination of calcium were made along the lines mentioned above, using 
strontium, barium, cerium(II1) and lanthanum. Of these, strontium seemed to be the best displacing 
agent, but the errors of the determination were too high (in the 10-20’~ range) and though these 
errors were still less than those obtained with the ordinary standard addition technique, the method 
cannot be recommended for practical analyses. The main difficulty is that because of spectral over- 
laps, at all feasible wavelengths (the 422.7 nm atomic resonance line and the band heads at around 
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TABLE I.-D ETERMINATION OF SlXONTtUM 

3l3 

Concentration Concentration 
of strontium of interferent, Strontium 

mM Interferent mM found, mM Error % 

Results of simple standard addition (no displacing agent added) 

0.1 PO,*- 0.10 0.118 +18 
0.1 so.=- 0.10 0.117 

As+ 
+17 

0.1 0.10 0.075 -25 
0.1 (COO)le- 0.10 0.074 -26 

Determination of strontium in the presence of phosphate, using calcium as a 
displacing agent 

5.0 PO,*- 1.25 5.33 +6.6 
5.0 PO*‘- 2.50 5.35 +7.0 
5.0 PO,‘- 3.75 5.13 +2.6 
5.0 PO,*- 5.00 5.17 +3.4 
5.0 PO,*- 6.25 5.42 +8*4 
1.0 Pod’- 0.00 1.093 +9*3 
1.0 PO&*- 0.25 1.103 +10*3 
1.0 POIJ- 0.50 1.100 +10.0 
1.0 Pod*- 0.75 1WO +4-o 
1.0 PO*S- 1.00 1.066 +6.6 
1.0 PO*S- 1.25 1.065 +6.5 
0.1 PO**- 0.00 0.0953 -4.7 
0.1 pea*- 0.025 0.0920 -8.0 
0.1 P018- 0.050 0.0957 -4.3 
0.1 PO*S- 0.075 0.0970 -3.0 
0.1 PO,*- O*lOO 0.103 +3*0 
0.1 PO*‘- 0.125 0.102 t-2.0 

Determination of strontium in the presence of phosphate, using lanthanum as 
a displacing agent 

0.1 PO,‘- OWO 0.099 -1.0 
0.1 POf- 0.025 O*lOO 0 
0.1 PO>- 0.050 0.100 0 
0.1 PO.“- 

pop- 

0.075 0.098 -2.0 

0.1 0.100 O*lOO 0.1 PO*8- 0.125 0.099 J.0 

Determination of strontium in the presence of various interferents, using 
lanthanum as displacing agent 

0.1 SO,2- 0.05 0.102 +2 
0.1 SO&‘_ 0.10 0.102 +2 
0.1 AsO,“- 0.05 0.100 0 
0.1 AsO,*- 0.10 0.102 +2 

0.1 (COO)*a- 0.05 0.100 0.1 (coo)I*- 0.10 0.099 -7 

550 and 625 nm) there is a measurable contribution of the displacing agent in almost all combinations. 
The possibility of improving the results by the use of a better monochromator cannot be ruled out, 
provided that width of emission lines or bands can be decreased considerably. 

A method has been worked out -a method based on a different type of displacement reaction- 
for the determination of calcium. This method is based on the addition of an excess of sulphate to the 
solution, whereupon all the calcium present is transformed into calcium sulphate. When the soiu- 
tions are sprayed into an acetylene-air flame, well-defined emissions are obtainable, which with the 

7 
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TABLE II.-DETERMINATION OF BARIUM 

Concentration Concentration 
of barium of interferent Barium 

mM Interferent mM found, mM Error, % 

Results of simple standard addition (no displacing agent added) 

0.1 Pod*- 0.1 0.089 -11 
0.1 AsO,*- 0.1 0.080 -20 
0.1 (COO)*“- 0.1 0.077 -23 

Determination of barium in the presence of phosphate, using calcium as a 
displacing agent 

5.0 Pod’- 0.00 5.166 +3*3 
5.0 PO‘*- 1.25 5.460 +9*2 
5.0 pop*- 2.50 5.616 +12.3 
5.0 POIJ- 3.75 5.616 t-12.3 
::; pea*- PO,S- 6.25 5.00 6.066 5.883 +21*3 +17.7 

1.0 POaS- 0.00 1.000 1.0 pops- 0.25 1.066 +:.6 
1.0 PO&‘_ 0.50 1.092 +9.2 
1.0 Pod*- 0.75 1.123 +12*3 
;:; PO**- PO&s- 1.00 1.25 1.076 1.130 +13.0 +7.6 

0.1 PO&*- 0*000 0.0933 -6.7 
0.1 Pods- 0.025 0.0973 -2.7 
0.1 
0.1 

PO;8- 
POF 

0.050 0.0953 -4.7 
0.075 0.1043 +4.3 

0.1 PO>- 0.100 0.0993 Lo.7 
0.1 PO&a- 0.125 0.1044 +4*4 

Determination of barium in the presence of phosphate, using lanthanum as a 
displacing agent 

0.1 PO,8- 0.000 0.097 -3.0 
0.1 PO*B- 0.025 0.097 -3.0 
0.1 POaJ- 0.050 0.095 -5.0 
0.1 P04S- 0.075 0.103 +3.0 
0.1 PO,S- 0.100 o-104 +4.0 
0.1 PO&s- 0.125 0.100 0 

Determination of barium in the presence of various interferents, using 
lanthanum as a displacing agent 

0.1 AsO,+ 0.05 0.096 -4.0 
0.1 As0 AsO,*- 0.10 0.097 -3.0 
0.1 (COO)*e- 0.05 0.095 -5.0 
0.1 (COO),Z- 0.10 0.094 -6.0 

aid of a suitable calibration curve permit the determination of calcium in the presence of phosphate, 
arsenate and oxalate with an error less than 3-5%. Details of the method have been published 
elsewhere.14 
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Zuaammmfassung-Bei der emissionsphotometrischen Bestimmung 
von Strontium und Barium in Gegenwart stiirender Ionen wie 
Phosphat, Sulfat, Arsenat und Oxalat k&men Eichverfahren oder 
em einfaches Zumischverfahren nicht angewandt werden. Man erreicht 
eine starke Verminderung der Fehler, wenn man die Probenliisung 
in vier gleiche Teile teilt und jedem bekannte Mengen zweier Metal- 
lionen zusetzt. Eines davon ist identisch mit dem zu bestimmenden 
Ion (z.B. Strontium oder Barium), das andere hat %hnliche Eigen- 
schaften (z.B. Calcium). Die Mengen dieser Metalle werderi so 
eewahlt. da13 die (molare) Gesamtkonzentration in allen LBsunaen 
ileich, &loch das Verh&ris der beiden Metalle verschieden ?st. 
Die Emission des zu bestimmenden Metalls wird gemessen und eine 
Standardzugabekurve aufgezeichnet. Die Menge des in der Losung 
anwesenden zu bestimmenden Metalls erhllt man aus dem Schnitt- 
punkt der Emissions-Konzentrations-Kurve mit der Konzentra- 
tionsachse. 
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R&sum&On ne peut utlliser les methodes d’etalonnage ou d’addition 
d&talon simples pour le dosage photomttrique par emission du stront- 
ium et du baryum en la presence d’ions g&rants tels que phosphate, 
sulfate, ardniate et oxalate. On peut obtenir des erreurs fortement 
reduites en divisant la solution echantillon en quatre parts &gales et en 
ajoutant 1 chacune certaines quantitds connues de deux ions metalli- 
ques. L’un de ceux-ci est identique a celui que l’on determine (par ex- 
emple strontium ou baryum), l’autre a des caracteristiques qui lui sont 
similaires (par exemple calcium). Les quantites de ces metaux sont 
choisies de sorte que leur concentration totale (molaire) soit identique 
darts toutes les solutions, mais le rapport des concentrations des deux 
metaux doit Btre diff&ent. L’emission du metal que l’on dose doit &re 
mesun%, et l’on doit etablir un graphique d’addit-ion type. La quantitd 
de Droduit a doser &sente dans l’&chantillon ueut hre obtenue ii 
pa&r de l’intersectidn du trace de l’&nission en*fonction de la con- 
centration avec l’axe des concentrations. 
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Summary-A new approach to the automated determination of sodium 
hypochlorite and hydrogen peroxide is described, based on the use of a 
porous catalytic silver electrode. The principle of both methods 
involves the quantitative liberation of oxygen, which is measured 
coulometrically by the electrode. The procedures are suitable for 
the continuous monitoring of the contents of bleaching baths. 

AN EFFICIENT bleaching process must impart to textile goods a pure and permanent 
white and level-dyeing properties without “tendering” or diminishing the tensile 
strength. Much of the early work on bleaching processes suffered from lack of 
sufficiently accurate methods of testing both the bleaching solution and the bleached 
product. Satisfactory chemical methods of estimating damage of textile material 
resulting from an inefficiently controlled bleaching process have now been definitely 
established and have been incorporated in a number of standard methods.14 
These include the copper number determination ,la6 the fluidity test and the solubility 
test.*s6 In order to obtain high-quality bleached textile goods which satisfy the relevant 
specifications, constant surveillance and control at each step of the bleaching process 
are required. 

The two bleaching agents most commonly employed in the textile industry are 
sodium hypochlorite and hydrogen peroxide, both of which are useful for bleaching 
cotton, rayon, linen and other cellulosic fibres. Hypochlorite bleach has the advantage 
of having a long history and hence a well-developed methodology. It is also relatively 
cheap and capable of giving good results provided that the process has been closely 
controlled. Hydrogen peroxide has the advantage of being able to deal with unscoured 
or partially scoured cotton, thus requiring less manipulation of fabric. Another 
advantage is that it has a much lower degrading action on cellulose and can also be 
used for bleaching wool, silk and other animal fibres. A comprehensive account of 
the bleaching procedures based on these bleaching agents has been given by Marsh’ 
and Trotman. In general, the most important factors in both bleaching processes 
are pH, temperature and concentration of the bleaching agent. The first two factors 
can be readily controlled by using suitable buffers and a thermostatic bleaching bath 
respectively. In the past, concentration of the bleaching solution has been monitored 
by conventional titrimetric analyses of grab samples, with obvious shortcomings in 
time, economy and human error. AdelmanO has described an automated method for 
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hypochlorite determination, based on measuring the absorbance of the iodine formed 
by the reaction between hypochlorite and potassium iodide in an acetic acid medium. 
Automated analysis on a continuous basis offers not only increases in economy, speed 
and precision but also offers possibilities of continuous monitoring in a process 
stream. Furthermore, the continuous analytical system can be incorporated into an 
automated control system in which the controller compares the signal from the sensor 
with a set signal-any deviation would bring about a corrective action (in this case) 
by controlling the addition of a concentrated bleach solution from a reservoir. As a 
result, the concentration of the bleaching bath is maintained at a constant predeter- 
mined level. 

Although AutoAnalyser systems involving colour development have been very 
popular, there is no reason to believe that the spectrophotometer is superior to other 
sensor systems in continuous analysis. Tenygl et aLlo have recently described auto- 
mated methods for determining dichromate and permanganate, based on the reaction 
with hydrogen peroxide to liberate oxygen which, in turn, is measured by a new type 
of coulometric oxygen analyser. l1 An extension of these two methods was found to 
be satisfactory for the automated determination of dichromate (C.O.D.) and perman- 
ganate value of sewage and effluents12 and also for oxygen determination in clinical 
analysis.ls The analytical system involved in all these procedures consisted basically 
of an oxygen sensor and the Technicon AutoAnalyser. Such a system is highly 
versatile and can be used to monitor any reaction which is well-defined, reasonably 
rapid, stoichiometric and does not involve the formation of a precipitate, provided 
that oxygen is either liberated or consumed. The reactions between hydrogen peroxide 
and permanganate (or dichromate) and between oxyhaemoglobin and ferricyanide 
are thus important but not exclusive examples of a large class of reactions which can 
be monitored by this relatively simple analytical system. 

In this study, automated methods for determining hypochlorite and hydrogen 
peroxide are described. The first is based on the reaction between hypochlorite and 
hydrogen peroxide in an alkaline medium to liberate oxygen, which is monitored by 
the coulometric oxygen analyser. With the hydrogen peroxide method, there should 
theoretically be a wide range of choice of reagent as hydrogen peroxide reacts with sev- 
eral substances, some in acidic medium, others in alkaline medium, to liberate oxygen. 
Reactions in acid media, however, are not suitable for the present procedure, as the 
hydrogen peroxide bleach is normally buffered with bicarbonate and the large quant- 
ities of carbon dioxide liberated by dilute acids would damage the silver working 
electrode. Reagents which react with hydrogen peroxide in alkaline medium to 
liberate oxygen include hypochlorite and periodate. Potassium periodate is used in 
the present procedure since it is more stable than hypochlorite. 

The automated hypochlorite method, as described here, is useful in the textile 
industry since it permits efficient control of the contents of the hypochlorite bath. 
This is especially important in bleaching viscose rayon and other regenerated cellulosic 
fibres since they are more prone to damage than the native cellulosic fibres such as 
cotton.’ Although there is less information correlating chemical damage with excess 
of hydrogen peroxide bleach, the automated hydrogen peroxide method is useful 
since the reagent is relatively expensive and hence correct control of the bleach bath 
concentration can lead to appreciable economy by using not more than the required 
amount of bleach. 
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EXPERIMENTAL 

Apparatus 

AutoAnalyser modules (Technicon Corp., Tarrytown, N.Y.) consisting primarily of a sampler 
and a proportioning pump with associated pump tubes and glass fittings, were used. For procedures 
in which the integrated current response was used, samples were presented at the rate of 2O/hr at a 
ratio of sample to water wash of 1:2. When the non-integrated current response was used as analytical 
signal, a sampling rate of lO/hr was used at a ratio of sample to water wash of 1 :l. 

The oxygen analyser. 
been reported. 

A detailed description of the construction of the oxygen analyser has already 
Ia Basically, it consists of a three-electrode cell (Fig. 1) consisting of a porous catalytic 

FIG. I.--The 3-electrode polarographic cell. 

(1) Pers 
p” 

x body (7) Inlet tube for degassing 
(2) 25 O0 potassium hydroxide solution (8) Platinum counter-electrode 
(3) Capillary probe (9) 25 % potassium hydroxide solution 
(4) Hg/HgO reference electrode (10) Sample outlet tube (nickel) 
(5) 25 % potassium hydroxide solution (11) Sample inlet tube (nickel) 
(6) Porous silver working electrodes (12) Outlet tube for degassing 

(connected in series) 

silver electrode (Fig. 2) which is immersed in a 25 % potassium hydroxide solution and maintained at 
-0.85 V us. an Hg/HgO reference electrode by means of a potentiostat; a schematic circuit for this is 
shown in Fig. 3. The third counter electrode is a platinum wire isolated from the rest of the solution 
by a glass tube with a sintered-glass base. The gaseous sample stream is analysed by passing through 
an inlet-outlet manifold into the annular space within the silver working electrodes, where the oxygen 
is reduced. The electrode reactions involved are: 

at Ag working electrode: 0, + 2H,O + 4e = 40H- 

at Pt counter-electrode: 40H- = 0% + 2H,O + 4e 

The pressure regulator. Efficient working of the porous silver electrodes requires that equilibrium 
be maintained between the gas and electrolyte-filled pores. This is achieved with the aid of a gas over- 
pressure against the capillary pressure of the electrode. For the Type LD848 electrodes (Heyrovskf 
Inst. of Polarography, Prague) used in the present study, the hydrodynamic resistance is 10-15 mm Hg 
and the gas over-pressure used must be greater than this value. There are two simple ways by which a 
constant gas over-pressure within the electrodes can be maintained. One method depends on differen- 
tial pumping, with the total (pre-sensor + post-sensor) waste-lines pumping at a rate slower than that 
of the total feed-in lines. Another method is to place a pressure control valve in line behind the sensor. 
In the latter method, the flow-rate of the post-sensor waste line is automatically regulated and the gas 
over-pressure within the electrodes remains constant even when the flow-rates of the feed-in lines are 
changed. Another advantage is that problems due to pump overloading and pump pulses are much 
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FIG. 2.-The porous silver electrode: (a) cross-sectional view X-X; (b) external 
planar view. 

(1) Nickel frame 
(2) Catalytic operating layers 
(3) Protective layers 
(4) Annular space 
(5) Gas inlet and outlet tubes 

FIG. 3.-A schematic circuit diagram of the potentiostat. 

01-PF85 Philbrick operational amplifier RI = 30kSZ 
B -Philbrick booster amplifier. RI = 0.5 L2 
OS-Analog Devices operational amplifier 146J. C = 0.47pF (polycarbonate) 
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reduced because the use of the pressure regulator dispenses with the need to pass the post-sensor waste 
lines through the pump. 

Flow diagram 

The flow chart for the automated hypochlorite and hydrogen peroxide methods is shown in Fig. 4. 
Sample (hypochlorite or hydrogen peroxide), reagent (hydrogen peroxide or potassium periodate) 
and nitrogen are mixed; the oxygen liberated in the reaction is then carried along in the nitrogen 
stream and presented to the sensor after the liquid phase has been removed by passing the gas-liquid 

Sensor 
- 

’ I 
FIG. 4.-Flow diagram for the automated hypochlorite method and hydrogen peroxide 

method. Tube dimensions in brackets refer to the hydrogen peroxide procedure. 

mixture through two consecutive phase separators. A sample-pump tube of very small bore is used 
for the hydrogen peroxide method because of the relatively high “available” oxygen content of the 
sample. Manifolds in which only part of a prediluted sample is presented, thus permitting larger 
initial volume intake of sample, have been tried but were found to be less satisfactory since carry-over 
tends to increase with increasing complexity of the manifold. 

Reagents 

All chemicals used were of analytical grade. 
Sodium hypochlorite stock solution (-2 g of Cl/l.). A strong concentrated sodium hypochlorite 

solution was diluted with the appropriate amount of distilled water, and 5 g of sodium carbonate 
were added to make the pH approximately 11. The solution was then standardized against arsenious 
acid, with Bordeaux as indicator. 

Hydrogen peroxide solution (for the hypochlorite method). Ten ml of lOO-volume hydrogen 
peroxide were diluted to 1 litre with distilled water. The solution was stored in the dark in a dark 
glass bottle. 

Stock hydrogen peroxide bleach solution (Zoolume standard). Hydrogen peroxide (100~vol. 20 ml) 
was added to a solution containing 7 g of sodium silicate (78” Tw), 0.5 g of sodium hydroxide and 
1.75 g of sodium carbonate. The solution was diluted to 1 litre with distilled water and standardized 
iodometrically, with molybdate catalyst, the iodine being titrated in an atmosphere of carbon dioxide 
or nitrogen. The stock solution was adjusted to exactly 2-volume strength. 

Diluent for hydrogen peroxide bleach standards. Prepared by dissolving 7 g of sodium silicate 
(78” Tw), l-75 g of sodium carbonate and O-5 g of sodium hydroxide and diluting to 1 litre with 
distilled water. 

Potassiumperiodate solution. Potassium periodate (2.3 g) was dissolved in 10 ml of 20% potassium 
hydroxide solution and the solution made up to 100 ml. 

Theory 
RESULTS AND DISCUSSION 

Sodium hypochlorite reacts with hydrogen peroxide in an alkaline medium to 
liberate oxygen. 
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NaOCl + H,O, = NaCl + H,O + 0, 

Assuming hydrolysis of sodium hypochlorite, this can be written as: 

OH- + HOC1 + H,O, = Cl- + 2H,O + 0, 

Potassium periodate reacts with hydrogen peroxide in an alkaline medium according 
to the equation: 

KIO, + H,O, = KIO, + H,O + 0, 

Assuming hydrolysis of potassium periodate, this can be written as : 

OH- + HIO, + H,O, = IO, + H,O + 0, 

The concentration of available chlorine required in the hypochlorite bleach 
liquor varies between 1 and 3 g of Cl/l., depending on the type of yarn and the amount 
of impurities present. The bleach liquor is normally buffered between pH 10 and 11 by 
the addition of 5 g of sodium carbonate per 1. because the active bleaching component 
varies with the pH of the bath. At pH 10-11, the active component is sodium 
hypochlorite, but as the pH decreases to 5-8.5, the solution would consist predomin- 
antly of free hypochlorous acid, and on further lowering of the pH to below 3, free 
chlorine would be evolved.13 The last two situations are undesirable because free 
hypochlorous acid causes a rapid oxidation and degradation of cellulose and hence 
excessive damage to the textile material being bleached. In the present study, hypo- 
chlorite standards were prepared simulating bleach liquors both in concentration and 
in pH. 

In the case of hydrogen peroxide bleach, the most important factor is to achieve 
the right degree of stability so that sufficient oxidizing (bleaching) power is attained 
without danger of rapid exhaustion of hydrogen perioxide through decomposition. 
The liquor is normally buffered between pH 8 and 10.9 with a mixture of sodium 
carbonate and sodium hydroxide. Sodium silicate is added as a stabilizer. The basic 
formula for making up a l-volume bleach liquor is: water 98 gallons (98 litres); 
sodium silicate 78’ Tw 7 lb (0.7 kg); caustic soda 4 lb (O-05 kg); soda ash 1Q lb (O-175 kg) 
and hydrogen peroxide “100 volume” solution, 1 gallon (1.0 litre).15 Many variations 
of this basic formula can be used according to the nature of the material, the degree of 
whiteness called for and the construction of the plant. In this study, however, hydrogen 
peroxide bleach standards of different strengths were prepared according to the 
formula above, only the amount of hydrogen peroxide being varied. 

Hypochlorite method 

Integrated response. The integrated current obtained from hypochlorite standards 
is summarized in Table I. Samples contained 20.0, 40.0, 60.0, 80.0 and 100.0 ml of 
stock hypochlorite solution, made up to 100 ml with distilled water. These concentra- 
tion standards then covered the range from 0.44 to 2.22 g of Cl/l., which is the range 
normally found in bleach baths. A linear relationship between the integrated response 
and concentration over the range studied is obtained. The integrated signals obtained 
for replicate analyses of a series of standards were evaluated statistically (Table I). 
The reproducibility of the method was found to be satisfactory, with standard deviation 
0.40 and coefficient of variation 1.1%. 
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TABLZ I.--INTEGRATED CURRENT SIGNALS AT VARYING CONCBNTRA TIONS OF HYPOCHLGRITB. 

A sTATTsTICAL EVALUATION OF THE RESULTS OBTAINED 

cont. of Integrated signals (results of 
sample replicate analyses) Sum of* De@= 

Sample g of Cl/r. Recorder units Mean squares of freedom Variance 

A 0.44 15.5, 16.2, 15.6, 15.5 15.7 0.34 0.11 
B 0.89 26.5, 27.0, 27.0, 27.5 27.0 0.50 0.17 
C 1.33 37.5, 37.5, 38.0, 38.5 37.9 0.69 3 0.23 
D I.78 48.2, 48.5, 49.0, 48.0 48.4 0.57 3 0.19 
E 2.22 60.0, 60.0, 60.0 0.00 1 O*OO 

Total 35*33f 2w 3 0.16: 

Standard deviation, s = 040; coefficient of variation, = 1.1% 

* Sum of squares = 2 (xi - X)8 + 2 xi* - i-1 i-1 L 1 pi l/n 
t Weighted mean: $ Total of sum of squares/total of degree of freedom. 

Non-integrated response. The non-integrated response obtained with hypochlorite 
standards is summarized in Table II. The same samples were used as for the integrated 
method. A rectilinear relationship between signal and concentration is again obtained. 
The reproducibility of the method was found to be slightly better than that of the 
integrated method, with standard deviation 0.27 and coefficient of variation 0.8% 
(Table II). 

Discrete sample analysis vs. continuous monitoring. In analysis of discrete samples 
with the present apparatus, the integrated method is the obvious choice since the 

TABLE II.-NON-INTEGRATED RESPONSE AT VARYING CONCENTRATIONS OF HYP~~I-IL~RITB. 

A STATISTICAL EVALUATION OF THE RESULTS OBTAINED 

Cont. of Non-integrated response (results of 
sample replicate analyses) Sum of Degree of 

Sample g of Cl/I. Recorder units Mean squares freedom Variance 

A 0.44 13.1, 13.2, 13.5, 13.3 13.4 0.15 3 0.050 
B 0.89 24.5, 24.5, 24.8, 24.8 24.7 0.10 3 0.033 
C 1.33 36.0, 36.0, 36.7, 36.5 36.3 0.26 3 0.087 
D 1.78 47.2, 47.5, 48.0, 48.0 47.7 0.47 3 0.157 
E 2.22 59.0, 59.0, 59.0 0 1 OGOO 

Total xib-- 0.98 i3 a075 

Standard deviation, 0.27; coefficient of variation, = 0.8 % 

number of samples which can be handled (20/hr) is twice that of the non-integrated 
method. Because of the simplicity of the manifold, the current-time profile is well- 
defined and regular. Hence, there should be no problem in linking the integrator to a 
“super-timer” which governs both the sampling probe and the integrator. In the case 
of continuous monitoring, however, it is preferable to use the non-integrated method, 
which is simpler and at the same time exercises a minute-to-minute close control of the 
process stream. A semi-continuous method may also be useful at times when a less 
rigorous albeit continuous control of the process stream is desired and this will be 
discussed below in the hydrogen peroxide method. 

Dynamic response of the system. The total time-lag between the introduction of 
sample and the sensor read-out can be divided into two components-the dead-time 
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of the system, which is the time required for the processing of the sample before 
measurement, and the transition time of the sensor, which is the time required for the 
sensor to change from the steady state for one sample to that for the next. In analysis 
of discrete samples, it is the latter factor which controls the sampling rate and hence 
in such systems efforts have been made to minimize sensor hold-up and hence reduce 
the transition time. In the case of continuous monitoring, the dead-time is just as 
important as the sensor transition time because the total response time must be small 
if close control of the process stream is to be achieved. The dynamic response of the 
present analytical system as a whole is assessed by stepwise changes (at 5-min intervals) 
in the concentration of the sample solution which is continuously fed in. Figure 5 

Time, min 

FIG. 5.-Current-time waves obtained with stepwise increase in concentration of the 
hypochlorite sample at 5-minute intervals. 

shows a recording of the current-time response for five such steps. The dead-time of 
the system was found to be 24 mins. The sensor transition (95%) time was about 
2 min for a change in concentration A[NaOCl] = 0.444 g of Cl/l. This means that 
any variation in the concentration of the bleach bath can be detected within 24 mins 
whereas the full impact of the variation would be felt within another 2 min. Further 
improvements towards a faster dynamic response of the present system can be 
achieved by using better manifold designs to minimize hold-up in the processing units 
and flow-system preceding the sensor. It may also be possible to reduce the transition 
time by using flow-through sensor electrodes of smaller capacity. For most practical 
purposes, however, the dynamic response of the present system should be good enough 
for bleach liquor control. 

Hydrogen peroxide method 

Integrated response. The integrated current response obtained with hydrogen 
peroxide bleach standards is shown in Table III. Samples contained 10.0, 20.0, 30.0, 
40.0, 50.0 and 60.0 ml of the stock 2-volume standard, made up to 100 ml with the 
diluent solution. These concentration standards then covered the range of O-2-1.2 
volume hydrogen peroxide. A rectilinear relationship between the integrated signal 
and concentration over the range studied is obtained. The reproducibility of the 
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TABU III.--INTBGRATED CURRENT SIGNALS AT VARYING CONCRNlXATIONS OF HYDROGEN PEROXIDE. 

A STATISTICAL EVALUATION OF THE RESULTS OBTAINED 

COnc. of 
sample Integrated signal (results of Degrees 
Volume replicate analyses) sum of of 

Sample H&II Recorder units Mean squares freedom Variance 

A 0.2 16.2, 16.8, 16.5, 16.5 16.5 @18 3 B 0.4 28.4, 29.4, 29.3, 28.9 29.0 0.62 3 8:: 
C 0.6 41.5, 43.4, 34.1, 42.0 42.5 2.42 0.81 
D 0.8 55.5, 56.4, 54.6, 55.5 55.5 1.62 

: 
o-54 

E 1.0 69.0, 69.3, 70.8, 70.9 70.0 2.94 3 0.98 
F 1.2 86.0, 84-8, 84.0, 83.2 84.5 4.28 3 1.43 

Total ZZ 1= G zK7 

Standard deviation, 0.82; Coefficient of variation, l-5 % 

method was found to be satisfactory, with a standard deviation s = 042 and coefficient 
of variation of I.5 %. 

Non-integrated response. Figure 6 is a typical recording of the non-integrated 
current response, obtained with hydrogen peroxide bleach standards. The results 
are summarized in Table IV. The same samples were used as for the integrated 
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FIG. 6.-Non-integrated signals obtained for the hydrogen peroxide method. Sample 

concentration: l, O-20; 2,0*40; 3,060; 4,0*80; 5, l-00; 6, l-20 volume HpOs. 

method. A rectilinear relationship between signal and concentration is again obtained. 
The reproducibility of this method was found to be slightly better than that of the 
integrated method, with s = 058 and coefficient of variation 1.0%. 

Continuous monitoring vs. semicontinuous monitoring. As discussed above, the 
integrated method should be used in the analysis of discrete samples whereas the non- 
integrated method should be used in continuous monitoring and control. Drastic 
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TABLE IV.-NON-MTEGRATED BESP~NSE AT VARYING CONCENTRATIONS OF HYDROGEN PEROXIDE. 
A STATISTICAL EVALUATION OF THE RESULTS OBTAINED 

Cont. of 

sample Non-integrated response (results of Degree 
Volume replicate analyses) Sum of of 

Sample HaOB Recorder units Mean squares freedom Variance 

A 0.2 20.0, 205, 19.8, 19.7 20.0 0.38 3 0.13 

E 
0.4 34.0, 35.1, 34.3, 34.6 345 0.66 3 022 
0.6 495, 495, 48.8, 50.2 49.5 0.98 3 0.33 

D 0.8 64.2, 64.5, 65.8, 65.5 65.0 l-87 3 0.66 

F 
1.0 81.0, 81.3, 81.5, 80.2 81.0 0.98 3 0.33 
1.2 96.3, 97.0, 97.1, 95.7 96.5 1.29 3 0.43 

Total 57.6 zi 18 OX 

Standard deviation 0.58; coefficient of variation, 1-O % 

fluctuations in bleach liquor concentrations are, however, rarely observed in bleach 
baths, which normally show a gradual drift towards lower concentrations. Minute-to- 
minute close control of the bleach liquor concentrations is, therefore, often superfluous, 
and a less rigorous form of continuous monitoring would be sufficient. Fleet et al.12 
have recently described a semicontinuous form of monitoring in which a constant 
sample stream is introduced while the reagent, interspersed with water wash, is supplied 
from a standard sampler. A series of current-time waves would be obtained which 
would vary in height with any change in the concentration of the sample. Figure 7 is 
a typical recording of the signals obtained when the potassium periodate reagent was 
supplied at the rate of lO/hr (1 :l wash ratio). The first four waves correspond to 
signals obtained when a continuous stream of a 0.4 volume hydrogen peroxide bleach 
standard was supplied. The next two sets of four waves correspond to continuous 
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FIG. 7.-Current-time waves obtained when the hydrogen peroxide sample was 
continuously supplied whereas the potassium periodate reagent was supplied at the 
rate of lO/hr., interspersed with water wash at a ratio of 1:l. Sample concentration 

A, 0.40; B, 0.60; C, 0.80 volume H,O*. 
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streams of O-6 and 0.8 volume hydrogen peroxide bleach standards respectively. By 
use of this semicontinuous method, the cost of the reagent is reduced by half and the 
response is easier to interpret since a definite step is obtained rather than a continuous 
record. Although only 10 readings are obtained per hour, that should be sufficient 
for bleach liquor control purposes 

Dynamic response of the system. As discussed in the hypochlorite method, it is the 
total response time-dead-time plus transition time-which is important in continuous 
monitoring. The dynamic response of the system is assessed in the same way as 
described above. The dead-time of the system was found to be 24 minutes for a change 
in concentration equal to O-2 volume hydrogen peroxide. 

Conclusion 

The dual objective of an ideal bleaching process-an excellent white with no 
significant damage to the textile material-can only be achieved by close control of 
the bleaching bath, its contents and conditions. The automated methods described in 
the present work enable one of these parameters, the bleach-bath concentration, to be 
effectively controlled and hence would be useful in the textile industry. 
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Zusammenfwung-Eii neues Verfahren zur automatischen Bestim- 
mung von NatriumhVpochIorit und Wasserstoffperoxid wird beschrie- 
hen;- es beruht auf-der Verwendung einer poriisen katalytischen 
Silberelektrode. Das Prinzin beider Methoden besteht in der auanti- 
tativen Freisetzung von Sau&stoff, der coulometrisch an der Elektrode 
gemessen wird. Die Vorschriiten sind zur kontinuierlichen Gehalts- 
kontrolle von Bleichbldem geeignet. 

RCsum&-On d&it une nouvelle voie da&s au dosage automatid de 
l’hypochlorite de sodium et de l’eau oxyg&e, ba& sur l’emploi d’une 
electrode d’argent catalytique poreuse. Le principe des deux methodes 
comprend la liberation quantitative de l’oxygene, qui est mesure 
coulometriquement par l’&ctrode. Les techniques conviennent au 
controle continu des teneurs de bains de blanchiment. 
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Smnmary--Reduction rates of Pu(IV) and oxidation rates of Pu(III) 
have been studied in sulphuric acid and nitric acid media, as functions 
of acid concentration, plutonium concentration and kind of acid. A 
flow-coulometric method was used in this work. This procedure has 
many merits, namely, the sample size required is very small, special 
reagents are not used, fewer limitations are imposed by the type and 
concentration of acid, and the method is rapid. 

PLUTONIUM exists in aqueous Solution as Pu 3+, Pu4+, PuO,+ and PuOss+. The standard 
oxidation-reduction potentials of their couples are close to each other,l so dispro- 
portionation reactions occur easily. It is reported that the oxidation of Pus+ occurs 
in the presence of oxygen. 2 Up to the present, the oxidation states of plutonium in 
solution have been studied by solvent extraction, co-precipitation or spectrophoto- 
metric measurement of special ionic species. However, extraction or co-precipitation 
methods have many disadvantages : 

(1) the oxidation state may be changed by chemical reaction between plutonium 
and the reagent added ; 

(2) the acid concentration must be chosen in a limited range and a certain kind 
of acid must be employed; 

(3) the operations require a time ranging from 10 min to a few hours. 

On the other hand, spectrophotometric methods are excellent for identification of the 
oxidation states, but useful only when plutonium concentrations arc relatively high. 
In this work, a flow-coulometric method which was investigated by Fujinaga and 
others3 has been used to study oxidation states of plutonium in sulphuric and nitric 
acid media. This method has the following merits: 

(1) the sample size required is 10-50 ,ul, 
(2) limitations imposed by acid concentrations, kind of acid, or plutonium 

concentrations are fewer than in other methods, 
(3) special solvents or co-precipitants are not needed, so the side-reactions with 

plutonium cannot occur, 
(4) the time needed is only a few minutes. 

In this work, we were concerned with the behaviour of Pus-+ and Pup+ in the sulphuric 
or nitric acid media which are commonly used in solution chemistry and studied 
correlations between the concentrations of acid or plutonium and transformation of 
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the oxidation states. Such correlations for perchloric and hydrochloric acid media 
have been studied by Rabideau,4 Rabideau and Cowan,S and Connick and McVey,B 
and in nitric acid media by Artyukin et aL7 

EXPERIMENTAL 

Reagents 

Plutonium metal. A product of Nuclear Materials and Equipment Co., U.S.A., was used. Its 
isotopic composition was W%r 91.3, a40Pu 7.81, nPIPu 0.85, araPu 0.04 atom %. 

mm 

Fro. I.-Electrolytic cell. 
(1) Teflon (2) Glass cylinder 
(3) Glassy carbon lead 
(4) Glassy carbon grains (working electrode) 
(5) Saturated KC1 solution 
(6) Glassy carbon cylinder (counter electrode) 
(7) Porcelain cylinder (8) Ag-AgCl reference electrode 
(9) Sample inlet (10) Supporting electrolyte inlet 
(11) Supporting electrolyte outlet 
m Silicone rubber. 

Plutonium sulphate solutions. 
refkrmg and weighing. 

Plutonium metal was dissolved in 05M sulphuric acid after electro- 

Phtonium nitrate solutions. Plutonium metal was dissolved in l*OM hydrochloric acid. The 
plutonium chloride solution was evaporated almost to dryness at 100-150”. Small amounts of l*OM 
nitric acid were added to the residue and evaporated almost to dryness at lOO-150’; this procedure 
was repeated three times. The iinal nitrate solution was prepared by dissolving the residue with l*OM 
nitric acid. 

From the results of calorimetry and coulometry plutonium is expected to be present as a mixture 
of Pu(IV), Pu(II1) and a negligibly small amount of Pu(VI) in both sulphuric and nitric acids immedi- 
ately after the above-mentioned preparation procedures. 

The oxidation state of plutonium is adjusted by batch electrolysis with a glassy carbon’ working 
electrode, just before measurements, 

All other reagents used were of extra-pure grade. 
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Apparatus 

An electrolytic cell for flow-coulometry is shown in Fig. 1. Glassy carbon grains (80-100 mesh), 
which act as a working electrode, are packed in a 7-mm bore porcelain cylinder, which is the electro- 
lytic diaphragm. A glassy carbon cylinder is used as the counter electrode and the silver-saturated 
silver chloride electrode (SSE) is used as the reference electrode. The supporting electrolyte, the acid 
solution, flows from the supporting-electrolyte solution reservoir to the drain tank via the sample 
injection port and working electrode. Sample solutions are injected by a micro-syringe or through 
a rotating cock from the sample injection port. The supporting electrolyte flows through 3-mm 
vinyl tubing. 

A Hokuto Denko Co. model PS-SOOB potentiostat was used. The current-time curve of electrolysis 
was recorded by a Yokogawa Electric Works type 3047 recorder. The current integration was made 
with a Koizumi Sokki Co. model KP-30 polar disk planimeter. 

Pretreatment ofglassy carbon electrode. The glassy carbon working electrode is oxidized at l-2 V 
VS. SSE for 5 min and reduced at -1.0 V us. SSE for the same time in 05M sulphuric acid or l*OM 
nitric acid and this procedure is repeated five times. 

Procedure 

FIow-coulometric measurement. Supporting electrolyte (0*5M sulphuric acid for sulphate sample 
or 1 M nitric acid for nitrate sample) is passed through the flow-coulometric column electrode, at a 
flow-rate of 5 f 05 ml/min, regulated by varying the height of solution reservoir; the flow-rate is 
not critical (20% tolerance). The potential of the working electrode is adjusted to an appropriate 
value, then 10-50 ,ul of plutonium solution are injected and the current-time curve for electrolysis is 
recorded. The amount of plutonium electrolysed is determined by integrating the current-time curve 
and converting the number of coulombs into weight or concentration. 

The supporting electrolyte and sample solution are not deaerated, for the following reasons: it 
was continned by preliminary experiments that there is no electrolytic reaction of air at the potential 
range used in this work, and for later practical application the behaviour of plutonium ions should 
be observed in the presence of oxygen. 

Determinations are reproducible to within f3 % and blank corrections are not needed for more 
than 1 pg of plutonium. The total time required to determine the amount of plutonium (from sample 
injection to recording of current-time curve) is 10-40 set, depending on the plutonium concentration. 

RESULTS AND DISCUSSION 

Plutonium in sulphuric acid solution 

Voltage zts. quantity of electricity curves (E-Q curves) for the Pu(III)/Pu(IV) 
system in 05M sulphuric acid are shown in Fig. 2. Ten ,~l of 1.00 mg/ml plutonium 
solution (41.8 mnole of Pu) were taken each time. Curve 1 shows the reduction curve 
of Pu(IV) to Pu(III) obtained by varying the working potential of the flow-coulo- 
metric column electrode from +1.20 to -0.20 V us. SSE. The Pu(IV) solution was 
prepared by batch electrolysis at +I*10 V vs. SSE. Similarly, curve 2 shows the 
oxidation curve of Pu(III) to Pu(IV). The Pu(III) solution was prepared by batch 
electrolysis at +0*30 V as. SSE. Curve 3 shows the E-Q curve of plutonium that had 
been left for five months after the plutonium metal had been dissolved in 0.5M 
sulphuric acid. 

It is confirmed by comparing curve 3 with curve 2 in Fig. 2 that the amount of 
Pu(VI) or Pu(V) is small (less than 2 % of the total plutonium) in 0.5M sulphuric acid. 
The sum of the quantity of electricity (QJ for reduction at +0*35 V us. SSE and that 
for oxidation at +0*75 V vs. SSE in curve 3 is nearly equal to the quantity of electricity 
(Q,) at $-O-75 V as. SSE in curve 2. If Pu(V1) is present, Q, should be larger than Qs 
because, at +0.35 V US. SSE, Pu(VI) should be reduced to Pu(III) and hence a three- 
electron change should be involved. The reason why Pu(VI) generated by dispro- 
portionation of Pu(IV) disappears is not clear. But it can be considered that the 
reduction of Pu(VI) by hydrogen peroxide”s10 or a-ray direct reductionn and the 
complex-formation between Pu(IV) and sulphate make Pu(VI) unstable. Hydrogen 
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FIG. 2.-Coulomb-potential curves of plutonium. 
Sample: 4.18 x lo-*mole Pu; 
Electrolyte: O+M H,SO, 
(1) Pu(IV) + e = Pu(II1) 
(2) Pu(III) - e = Pu(IV) 
(3) Mixture of Pu(II1) and Pu(IV). 

(The solution was left for five months after dissolution of the plutonium metal.) 

peroxide is generated by radiolysis of waterlo or reduction of dissolved oxygen by 
Pu(III).” The formal oxidation-reduction potential of the H,O.JO, couple is +0*68 V 
and that of the Pu(IV)/Pu(VI) couple is between + l-2 and + l-4 V in 0.5M sulphuric 
acid at 25O.l 

Plutonium in nitric acid solution 

E-Q curves for the Pu(III)/Pu(IV) and Pu(III)/Pu(VI) couples in l-O&i nitric acid 
are shown in Fig. 3. Ten ,ul of 5.40 mg/ml plutonium solution (0.226 pmole of Pu) 
were taken in each case. Curve 1 shows the reduction curve of Pu(IV) to Pu(II1) 
obtained by varying the column electrode potential from + l-20 to O-00 V US. SSE. 
Pu(IV) solution was prepared by batch electrolysis at $0.90 V vs. SSE. Similarly, 
curve 2 shows the oxidation curve of Pu(III) to Pu(IV). Pu(II1) solution was prepared 
by batch electrolysis at +O-30 V vs. SSE. A comparison of the sum of the quantity of 
electricity at +O-30 and + l-20 V ZIS. SSE (Fig. 3) with the theoretical value indicates 
that the amount of Pu(VI) or Pu(V) is less than 2% of the total plutonium, in l*OM 
nitric acid, immediately after preparation of the plutonium nitrate solution from 
chloride solution. After controlled potential electrolysis at +0*90 V as. SSE, the quan- 
tity of electricity for reduction, at +0*30 V us. SSE, is nearly equal to the theoretical 
value calculated for a one-electron reduction and it is estimated that almost all the 
plutonium is converted into Pu(IV) by controlled potential electrolysis. 

Curve 3 shows the E-Q curve of plutonium that has been left for two months in 
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FIG. 3.-Coulomb-potential curves of plutonium 
Sample: 10 ,~l of 5.40 m&nl Pu (2.26 x lo-’ mole) 
Electrolyte, l-OM HNO,; flow-rate, 5 ml/min. 
(1) Pu(IV) + e = Pu(II1). (2) pU(II1) - e = Pu(IV) 
(3) Oxidation and reduction of FUJII), pU(IV) and Pu(VI) mixtures 

(The nitrate solution was left for two months after preparation.) 

l.OM nitric acid. It was reported’ that in 0.1-0.5M nitric acid Pu(III), Pu(IV) and 
Pu(V1) ions were generated by the disproportionation reaction 

3Pu(IV) + 2H,O --t 2Pu(III) + Pu(V1) + 4H+. (1) 

It is found, by comparing the quantity of electricity at +0*30 V US. SSE (Q& in curve 1 
with the quantity of electricity at +0*30 V vs. SSE (Qa_,) and at +1.20 V vs. SSE 
(Q.+J in curve 3 that Pu(III), Pu(IV) and Pu(VI) ions are generated in l*OM nitric acid 
medium. It can be considered that some of the Pu(Il1) is reoxidized to Pu(IV) by dis- 
solved oxygen or nitrate, because Qsr is larger than Q,. If only the reaction of equa- 
tion (1) occurs, Q,, should be equal to Q,. The amount of Pu(III) is calculated 
from Q,, to be O-026 pmole and the amounts of Pu(vI) and Pu(IV) are calculated 
to be O-024 and 0.176 pmole respectively: 

Pu(V1) (mole) = i . km (Q&W - [Qdcoul.) - Qd~Wl] (2) 

Pu(IV) = total Pu - Pu(III) - Pu(V1) (3) 

In the study of oxidation of Pu(III), the concentration of dissolved oxygen was 
found to be 2-3 x 10-94, by a polarographic method. The concentration of oxygen 
was maintained constant by bubbling solution-saturated air through the sample 
solution. In the reduction study of Pu(IV), solutions were not deaerated and were 
allowed to stand in contact with air. 
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Reduction reactions of Pu(IV) 

The disproportionation reaction, u-ray reduction, oxidation or reduction of reac- 
tion products by solvent or atmosphere, and complex-formation by Pu(IV) are the 
main factors in the rate of transformation of oxidation state of Pu(IV). It has been 
reported that the disproportionation reaction is the most important and rate- 
determining factor.6*12 

In the present work, on the assumption that the rate of generation of Pu(II1) is 
nearly proportional to the apparent rate of transformation of oxidation state of Pu(IV), 
the ratio of Pu(II1) to total plutonium is plotted as a function of time. 

n 
x 2.50 M H,SO* 

B 
e om hi H,SO, 

x 
A 0.25 M H,So, 

1 
B 0.10 M H,SO, 

s= 
LQ25- 

FIG. 4.-Effect of acid concentration on reduction of Pu(IV). 
Pu(IV) concentration, 1.00 mglml(4~18 x 10-SM) 
Temperature, 20 f 1°C; flow-rate, 5 ml/min. 
Electrolyte, @5N H,SO, 
- - - -, minutes; -, hours. 

The relationship between time and reduction of Pu(IV) at various sulphuric acid 
concentrations is shown in Fig. 4. The plutonium concentration was 1Gl mg/ml. 
Figure 4 shows that the higher the concentration of sulphuric acid, the larger the degree 
of reduction. After 30 hr, the equilibrium is nearly established and about 17-20 % of 
Pu(IV) is reduced. The influence of plutonium concentration is shown in Fig. 5, for 
a concentration of sulphuric acid of 0.5M; the lower the plutonium concentration, 
the easier the reduction. At Pu = 1.00 mg/ml, only about 10% of Pu(IV) was 
reduced after 20 hr. Similar relationships for nitric acid medium are shown in Figs. 6 
and 7. 

Disproportionation reactions of Pu(IV) in perchloric or hydrochloric acid have been 
studied by Rabideau,4 Connick and McVep and other authors. For sulphuric or nitric 
acid media, however, data on transformation of the oxidation state of Pu(IV) are 
scarce. The disproportionation equilibrium constants K = [Pu(III)]2[Pu(VI)][H+]4/ 
[Pu(IV)p, were determined in 0*2-l*OM perchloric acid4 and 0.2-l*OM hydrochloric 
acid.6 In obtaining these results, the effects of the anion were not taken into account, 
and results on the relationship between disproportionation and time are insufficient. 
In the present work, however, it is found that transformation of the oxidation state of 



oxidation state of plutonium in solution 335 

x PulIVl cono*ntrotlon lmg/mll 

0 10.0 (4.16 I IO”M) 
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E____::______:i 
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FIG. 5.-Effect of Pu(IV) concentration on reduction of Pu(IV). 
Acid concentration, 0*5M H,SO,, electrolyte; 0.5M HzSO, 

Temperature, 20 f 1°C: flow-rate, 5 ml/m& 
----, minutes; -, hours. 

acid concentrations 

A 0.3M HNO, , X 05M HNO, , 8 l.OM HNO, 

El 2.OM HNO, , 0 5.0MHN4 

l -.-. .- -S- 

r/ 
_____.__----.------.------ 

-*c 

B---b--- -.x- 

FIG. 6.-Effect of acid concentration on reduction of pU(IV). 
Pu(IV) concentration, 1.23, mglml (5.17 x 10-8M) 
Temperature, 20 f 1°C; flow-rate, 5 ml/min. 
Electrolyte: l*OM HN08 
- - - -, hours; -, days. 

Pu(IV) is scarcely affected by acid concentration in the range 0.1-25~4 sulphuric acid. 
On the other hand, the rate of transformation of the oxidation state of Pu(IV) 
decreases with increasing acid concentration in the range 1%5.OM nitric acid, and is 
also lower in 0*3-0*5M than in l*OM nitric acid. It is considered that the oxidizing 
power of nitrate or nitrite ions may stabilize Pu(IV) at higher nitric acid concentration. 
In 0.5M sulphuric acid medium, the rate of transformation of oxidation state of Pu(IV) 
decrease with increasing plutonium concentration in the range 0.LlOmg/ml. In 
nitric acid, however, plutonium concentrations in the range 0.332-1.24 mg/ml have 
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I 
Pu(IV1 concentration (mq/ml) 

LI O-332 (1.9 x 10“ Ml. @ 0.643 I269 x IO-‘Ml 

x 1.236 (5.17 x IO-‘Mt. 0 7,430 (3.11 X IO-‘Mt 

30 

-o- 

FIG. 7.-E&t of Pu(IV) concentration on reduction of Pu(JY). 
Acid concentration, 1*0&f HNO*; electrolyte, 1.OM HNOI, 
Temperature, 20 f 1°C; flow-rate, 5 ml/min. 
--- -, hours, -, days. 

little influence on the transformation rate but at high plutonium concentration 
(7.43 mg/ml) Pu(IV) becomes more stable. Equilibrium is much more rapidly reached 
in sulphuric acid than in nitric acid, and takes longer with increasing concentration 
of plutonium and decreasing acid concentration. 

From Figs. 4-7 it seems that transformation of Pu(IV) is induced by complexation 
reactions and that equation (l), obtained for perchloric, hydrochloric and 0.l-0.5M 
nitric acid media does not apply for the transformation in sulphuric and nitric acids. 

In 0.5M hydrochloric acid, 0.002M plutonium solution (478 pg/ml) at 25” was 
found by Connick and others 1.3 to disproportionate to give about 26.3% Pu(III), 
62.8 % Pu(IV), O-5 % Pu(V) and 10.5 % Pu(V1) at equilibrium. A 2 mg/ml solution of 
Pu(IV) in 0.5M nitric acid at 25” was found by Ha1114 to give 12 % Pu(III), 66 % Pu(IV) 
and 22% Pu(V1) at equilibrium. In the present study, in 0*5M nitric acid, 18.5% 
Pu(III), 68.8 % Pu(IV) and 10.7% Pu(V1) were found for l-24 mg/ml plutonium 
solution at equilibrium at 20”. Pu(IV) and Pu(V1) are calculated from the quantity 
of electricity used at +1*20 V and +0*30 V US. SSE [equations (2) and (3)]. 

Oxidation reactions ofPu(II1) 

For the oxidation mechanism of Pu(III), it is supposed that dissolved oxygen 
plays an important role. 2 If the Pu(III) solution is deaerated by passage of pure 
nitrogen gas, the oxidation of Pu(II1) solution is very slow and Pu(IV) cannot be 
detected after 6 hr, in either sulphuric or nitric acid. Pu(II1) (1-O mg/ml) in 0.5M 
sulphuric acid or 1.OM nitric acid were used in this study. In 1&5*OM nitric acid, 
however, nitrate or nitrite oxidation may be involved. Dukes14 reported that in the 
presence of nitrite ion the oxidation of Pu(II1) is faster in nitric acid than in perchloric 
or hydrochloric acid. 

The relationship between time and oxidation of Pu(II1) for different sulphuric acid 
concentrations is shown in Fig. 8. The concentration of plutonium was 50 lug/ml. 
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FIG. S.-Effect of acid concentration on oxidation of Pu(III). 
Pu(II1) concentration, 50 &ml (2.09 X 10-4M) 
Temperature, 20 f. 1°C; flow-rate: 5 ml/min. 
Electrolyte, 0.5N HaSOl 
----, seconds; -, minutes. 

Figure 8 shows that the lower the acid concentration, the more easily the oxidation 
of Pu(III) occurs. In 0.05M sulphuric acid, the equilibrium of Pu(III)/Pu(IV) is 
established immediately, but in l-25M sulphuric acid about 2 hr is needed. The effect 
of plutonium concentration is shown in Fig. 9. The concentration of sulphuric acid 
was 0.5M. Figure 9 shows that the lower the plutonium concentration, the easier the 
oxidation of Pu(III). Pu(III) oxidizes rapidly within the first 1 hr and then slowly to 
equilibrium. After 10 hr, in the case of 50 pg/ml Pu, about 55 % of Pu(III) is oxidized, 
but in the case of 10 mg/ml, only 12%. 

Pu (III) ,concantratlon I mp/ml I 
010.0 14.18 x Io~‘Ml.x1~00 (4.18x lO-‘M) C 
AO.25 , I.05 x lO’ML(B0~OS1209rIO-%tl 

SO .-*- 
*- 

n 
; 

FIG. 9.-E&t of Pu(III) concentration on oxidation of Pu(III). 
Acid concentration, 0*5M H,SO,; electrolyte, 0.5M HISO, 
Temperature, 20 f 1’C; flow-rate, 5 ml/min. 
----a seconds; -, minutes. 
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t 

acid concenfratlonr 
50 A 0.3M HNO, , 0 0.5M HNO, 

Q l.oM HNOl , X 2.0M HNQ 

FIG. IO.-Effect of acid concentration on oxidation of pU(II1). 
Pu(III) concentration, 1.23, mg/ml (5.17 X 10-a’M) 
Temperature, 20 f 1°C; flow-rate, 5 rnl/min. 
Electrolyte, 1=0&f HNOI 
----, hours; -, days. 

Similar relationships for nitric acid media are shown in Figs. 10 and 11. Figure 10 
shows that in O&V nitric acid the oxidation of Pu(II1) (1.24 mg/ml) is at a minimum 
and even after 120 days only 3 % of Pu(III) is oxidized. When the nitric acid concen- 
tration is more than 5*OM, Pu(II1) is oxidized to Pu(IV) as soon as the pre-electrolysis 
is stopped, because nitrite ion is generated in the solution by the pre-electrolysis. 
Figure 11 shows that when the plutonium concentration is 1.24 mg/ml (in l-OM nitric 
acid), the oxidation is slowest and at higher plutonium concentration the equilibrium 

Pu (I1 I ) concwtrollon (mg/ml I 

100 A 0.332 Il.39 x IO-“M I. X 0643 ( 2.69 x IO%I 

o I.236 (5.171 IO-‘MI. 8 7.430 (3.1, IIO-‘MI 

Q 
0 >i: /.---- *- 

._P _b 

- 

9, 4 
,I PO 5o 7:/ /Y xf-‘ 

s 1 
*-XL-^ 

.________.___---. ____---- --• -Q- 

.’ 9 
I -I.-== -.. -1-m- -===__--x ----*. -. 

------o-_______ ----e-_-4__ 

I, I 

0 PO L c I hours) 
20 x: 120 (days ) 

FIG. 11 .-Effect of Pu(III) concentration on oxidation of Pu(II1). 
Acid concentration, l*OM HNO,; electrolyte, l*OM HNO, 
Temperature, 20 f 1°C; flow-rate, 5 ml/min. 
----, hours: -, days. 
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is established more quickly. It was confirmed that the amount of Pu(VI) generated 
from oxidized Pu(IV) was negligible. 

In both 0.5M sulphuric acid and 1.OM nitric acid, oxidation of Pu(III) becomes 
faster with decreasing plutonium concentration, but in l.Oit4 nitric acid at a relatively 
high plutonium concentration (7.43 mg/ml), an extremely large fraction of Pu(III) is 
oxidized. The rate of oxidation of Pu(II1) decreases with increasing acid concentration 
in 0.3-O.5M nitric acid and O-05-1.25M sulphuric acid. In 1.O-5.OM nitric acid, on the 
contrary, the rate of oxidation increases with acid concentration. Pu(II1) may be 
oxidized by nitrate, nitrite and dissolved oxygen at higher nitric acid concentrations. 

The oxidation mechanism of Pu(II1) in sulphate media was discussed by Newton 
and Baker.a They reported that 58.5% of Pu(III) was oxidized after 100 min under 
the following conditions; temperature 25”, PO, = 750 mbar, total Pu = 5-36 x 
IO-sM, 0.3M HClO,, 0.4M Na,SO,. In the present work, 23-l % of Pu(III) was 
oxidized after 100 min under the conditions; 20”, PO, = 200 mbar, total Pu = 
4.18 x 10-sM, 0*5M H,SO,. 

Oxidation of Pu(III) in sulphuric acid is much faster than in nitric acid. It is known 
that the oxidation is very slow in solutions of hydrochloric and perchloric acids.12 
The potential for oxidation of Pu(II1) to Pu(IV), complex-formation of the anion with 
Pu(IV) and the oxidizing potential of the medium may affect the oxidation rate of 
Pu(III). 

In the present work, apparent transformations of Pu(IV) and Pu(III) are studied, 
but more detailed studies are required to elucidate the mechanisms of these reactions. 

Acknowleu’gement-The authors thank Dr. H. Onishi and Mrs. N. Tamura for their helpful discus- 
sions. 

Zusamrnenfassung-Die Reduktionsgeschwindigkeit von Pu(IV) und 
die Oxidationsgeschwindigkeit von Pu(IIL) wurden in schwefelsaurem 
und salpetersaurem Medium in Abhlngigkeit von SBurekonzentration, 
Plutoniumkonzentration und Art der Siiure untersucht. Es wurde eine 
durchih&oulometrische Methode verwendet. Sie hat viele Vorteile: 
man braucht nur sehr kleine Proben, es werden keine speziellen 
Reagentien verwendet, die durch Art und Konzentration der SIure 
gegebenen Einschrlnkungen sind geringer, und die Methode geht rasch. 

ReSurn~n a etudie les vitesses de reduction de Pu(IV) et les 
vitesses d’oxydation de Pu(III) en milieux acide sulfurique et acide 
nitrique, en fonction de la concentration de l’acide, de la concentration 
du plutonium et de la nature de l’acide. On a utilise dam ce travail une 
methode coulometrique par &coulement. Cette technique a de 
nombreux avantages, la prise d’essai n&essit8e est tres petite, on 
n’utilise pas de r&ctifs sp&iaux, moins de limitations sont impos&es 
par le type et la concentration de l’acide, et la m&ode est rapide. 
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CHROMIUM IN 1 ml OF HUMAN SERUM 
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Summary-A method is described for the determination of chromium 
in 1 ml of human serum or plasma. It is based on a wet decomposition 
and a spectrophotometric determination with diphenylcarbazide after 
extraction with methyl isobutyl ketone. A 40-mm cuvette with less 
than 1 ml sample volume is described. Results are lower than expected 
from the literature, most samples from healthy persons containing 
less than 2 or 3 nglml. The reproducibility is about 1 q/ml. 

IN MANY BIOLOGICAL systems chromium is present, generally in extremely low con- 
centrations. In the last two decades the functions and occurrence of chromium in 
these systems have been extensively studied. A comprehensive survey of this work 
has been given recently by Mertz. l It shows that chromium probably plays a role in 
biological processes in human beings. Some points are that the element is accumulated 
in high concentrations in certain areas of the brain, in nucleic acids and in hair, and 
that during the first weeks or months of life, the chromium concentration in many 
organs is higher than for the rest of life. Correlation may exist between certain diseases 
and the chromium content of human tissues and organs. Plasma undergoes significant 
changes in chromium content after an oral glucose load. 

Me& reports values for the chromium concentration in blood (or serum or 
plasma) ranging from 0 to 520 ng/ml, and concludes that most of the values are 
between 20 and 50 ng/ml, and that plasma chromium levels considerably below 20 
ng/ml may be suggestive of a low dietary intake, but do not necessarily mean chrom- 
ium deficiency. Niedermeier et al2 recently described a direct-reading emission 
spectrographic method. They report that 50 ‘A of the 105 sera analysed have a chrom- 
ium content below their detection-limit of 10 ng/ml. They report a mean value of 
30 ng/ml. 

In order to make further studies of the subject, further development of analytical 
methods is necessary, however. If these methods have to be applied in clinical 
laboratories they have to be performed with apparatus generally available there. 
In the present work the possibility of the development of such a method, applicable 
to the determination of chromium in 1 ml of human serum, was studied. Of the 
techniques used for the determination of metals at such levels, emission spectrography 
is not sensitive enough (except perhaps if special techniques2 are used) and it is not 
available at most clinical laboratories. The latter objection may also be made against 
X-ray fluorescence. This technique was used by Beyermann et al8 for the determina- 
tion of chromium in urine (down to 15 ng) after extraction with S-quinolinol into 
chloroform. The use of atomic absorption for purposes similar to ours was described 
by Feldman et al. 4.5 but it seems not sensitive enough (down to 30 ng) for the present 
problem. Volatile metal chelates have recently been used for the determination of 
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metals in the subnanogram range. Measurements were made with gas chromato- 
graphs (with electron-capture detectors) and with mass spectrometers. The latter 
method has not so far been applied to practical problems of a similar nature to ours. 
The chromium content of the plasma of rats has been measured by GLC, but the 
animals had been injected with Na,CrO, and the chromium content was about 
50 ng/ml (Hansen et al.?. 

A technique readily available in clinical laboratories is spectrophotometry, and 
therefore we tried to find a procedure using this technique. Except for some catalytic 
procedures which we did not study, the diphenylcarbazide reaction with chromium(W) 
combined with methyl isobutyl ketone (MIBK) extraction seemed the most sensitive. 
Its application has often been described, e.g., by Koch and Koch-Dedic,’ Beyermann,* 
and Morsches and TGlg.@ The method of decomposition entailed some modifications 
to the method of determination, which may be useful in other applications, too. 
Suitable apparatus is present in many clinical laboratories, except perhaps the cuvettes 
and the slit-attachment which may, however, be obtained commercially. 

Apparatus and reagents 
EXPERIMENTAL 

_ Absorption measurements were made with the Uvispek H 700 (Hilger and Watts) with a slit- 
attachment H 742. A cuvette was made from a 50 x 34 x 12 mm Teflon block. A aroove was 
milled, 17 mm deep, 36 mm long, and 2 mm wide. In both side-walls at the end of th; groove a 
circular hole was drilled, the holes were threaded, and a perforated screw was placed in each hole 
(perforation 5 mm diameter). Quartz windows were placed in the holes and Buna-N O-rings used 
for sealing. The optical path was about 37 mm, the volume used for measurements about @9 ml. 
The H 742-slit was used with an aperture 2 mm high and 1 mm wide. Small volume 40-mm cuvettes 
are commercially available. 

Pyrex and quartz tubes with glass stoppers were used both for sample decomposition and centri- 
fugation. They were 15 mm in bore and 100 mm long and were heated in a copper block, in holes 
(6 in the block) with the proper diameter and about 20 mm deep. The block contained a small hole 
for a thermometer and was heated on an electric plate. A quartz tube, 3 mm outer and 1 mm inner 
diameter and 120 mm long, was sealed 2 mm above one of its ends and placed in the decomposition 
tube as a “stirring rod” to prevent bumping. 

Doubly distilled demineralized water, distilled acetone, distilled methyl isobutyl ketone and 
“Suprapur” (Merck) acids were used, except for hydrochloric acid which was prepared by isothermic 
distillation.10 The dichromate standard (100 ,uup/ml) was made from solid K,Cr,O,; more dilute 
solutions were prepared daily. A chromium(III~solution was prepared from this standard by reduc- 
tion with alcohol and sulphuric acid. Diphenylcarbazide solution (50 mg/25 ml) in MIBK was 
prepared fresh every week. MIBK-hydrochloric acid mixture was prepared by diluting 1 ml of 1OM 
hydrochloric acid to 100 ml with MIBK. The decomposition mixture was prepared from nitric acid 
(65 YJ perchloric acid (70 %) and sulphuric acid (96 %) in the volume-ratio 3 : 1: 1. 

Procedure 
Take a l.O-ml sample in the decomposition tube, add 1.0 ml of the decomposition mixture, mix, 

add a stirring rod. Place the tubes in the block (at 60-70”) and after 5 min mix the foam formed 
with the rest of the contents. Heat the block to 90” in 25 min, then in 20 min more to 120” for the 
dissolution, in another 30 min to 150” for the predecom 

P 
osition, in the next 45 min to 275” for the 

final decomposition and in 15 min to 330” for the remova of perchloric acid. Remove the tubes from 
the block and cool them. If the contents are yellow, heat again at 330” for 5 min. 

Wash the wall and the stirring-rod each with 0.5 ml of 0.12M perchloric acid, add 0.2 ml of 
O+OlMpotassium permanganate and place for 5 min on a water-bath (100”). Cool in ice, add 0.10 ml 
of 1OM hydrochloric acid, keep at 0” until the permanganate colour disappears, add l-00 ml of 
MIBK-hydrochloric acid solution (at O’), extract for 1 min and then immediately centrifuge for 
1 min at 2000 ‘pm. Take 0.85 ml of the organic phase in another centrifuge tube, add 0.10 ml of 
diphenylcarbazide solution, 001 ml of MIBK-hydrochloric acid solution and 0.10 ml of acetone. 
Mix, place in the dark, and measure the absorbance against water at 540 mu in a 40-mm microcuvette 
between 20 and 30 min after addition of the diphenylcarbazide. Substract the value of a blank 
obtained in the same way without the addition of serum. 
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Calibration curves without preliminary decomposition are prepared by the same procedure. 
Aliquots of a dichromate solution containing O-100 ng of chromium are used, 0.2 ml of 96% sul- 
phuric acid and 1 ml of @12M perchloric acid are added and the volume is adjusted to about 1.2 
ml before the oxidation with permanganate. 

DISCUSSION 

The decomposition mixture described was also used by Feldman et aLs Its 
advantage over some other mixtures tried is that a small and constant amount is 
used. This eliminates the influence of impurities in the reagents. Moreover the 
decomposition does not take much work. There was some indication that blanks 
obtained with Pyrex tubes were slightly higher than those with quartz tubes but the 
difference-if any-was small. New tubes may cause loss of some chromium when 
first used. The oxidation of chromium(II1) to chromium(W) and the extraction 
with hydrochloric acid and MIBK (as HCrO,CL2MIBK) have been described with 
slight variations by several others.4,5,7*s,g*11. Some of these authors7,S*g also describe 
the photometric determination. The method is very selectives and therefore not 
much work was done to investigate interferences. An exception was made for iron 
but at the levels normally present in serum the absorbance due to the iron contribution 
was found to be roughly equivalent to that of 0.1 ng of chromium. 

Preliminary experiments gave some irregular results which suggested that per- 
chloric acid left on the walls of the decomposition tube might affect the absorbance. 
It was found in experiments without the decomposition step that the addition of 
perchloric acid greatly enhanced the absorbance. Addition of 10 ,~l of 70% per- 
chloric acid gave a constant and maximum absorbance value. Therefore the walls and 
the stirring rod were rinsed with the equivalent of this amount of acid. The rinsing 
with perchloric acid greatly improved the reproducibility of the complete procedure. 
Another modification is the addition of O-1 ml of acetone to the organic phase. This 
addition prevents turbidity in the coloured solution. 

For the blanks a mean value of zero was expected, and was found in about half 
the experiments, but all the others gave high blanks. The results suggest that the 
equivalent of 4 (or 2) ng of chromium are introduced in part of the experiments, but 
not in others. Statistical conclusions based on the Gaussian curve may therefore 
be incorrect. The mean value of the blanks is 1.4 ng, the standard deviation is 1.6 ng. 
This value is higher than the value of I.0 ng found for the standard deviation in the 
measurement of samples, but it should be noted here that duplicate or triplicate 
samples were always analysed within one day, whereas the blanks were taken over 
a period of more than a week. The recovery experiments show recoveries of 96x, 
103 %, 93 % and 94 % (mean 97 %) if a blank of 1.4 ng is substracted. 

A calibration curve for the range O-100 ng of chromium, obtained without 
application of the decomposition mixture and procedure, was linear, obeying the 
equation 1OOOA = 2*16x + 1.7, where A was the absorbance and x the number of ng 
of chromium. A similar curve prepared with 1 ml of a serum and O-50 ng of chromium 
was also linear, with the equation 1OOOA = 2*15x + 8.4. The standard deviation was 
O-6 ng in both cases. 

From the analytical point of view it is concluded that the procedure described 
allows the determination of chromium in serum or plasma at the O-50 ng level with a 
standard deviation of about 1 ng, but that blanks and samples should preferably 
be run at the same time. Fourteen experiments a day are possible. 
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BIOCHEMICAL APPLICATION 

A total of 27 heparinized plasma samples and 10 sera samples from healthy 
adults were analysed for chromium, with the results given in Table I. Youden’s 
formulaer2 were used to determine the standard deviations. 

TABLE I.--CHROMIUM CONTENT OF THE SERUM 

OF 37 HEALTHY PERSONS FROM UTRECHT AND 

ROTDRDAM,ANDRRSULTSOF 14 BLANKS. 

Cr found, Number of Number of 
@ml persons* blanks? 

<l 3 7 
1 10 
2 16 : 
3 2 0 
4 fi 4 
5 0 
6 1 0 

l Most results were mean values for two (or 
three) analyses. 

t Single experiments. 

Most of the values given for the samples in the table are mean values of duplicate 
experiments; in a few cases only a single determination was made, in a few others 
triplicate experiments were run. From each set of duplicate or triplicate experiments 
(made on the same day) the standard deviation was calculated and a pooled value of 
1-O ng/ml was found with 31 degrees of freedom. No differences due to age or sex 
could be detected in the results. No difference was found between serum and plasma. 
Twelve blanks (including decomposition) and four recovery experiments were also 
run. Results for the blanks are given in Table I. Recovery experiments with 10 or 
20 ng of Cr(V1) and 20 or 40 ng of Cr(II1) gave measured values of 11, 22, 20 and 
39 ng respectively. From a biochemical point of view we have to conclude that 
results for healthy persons are lower than might be expected from the review of 
Mertzl and the work of Niedermeier et uL2 The best conclusion seems that practically 
all values are below 5 ng/ml and that 80 or 90 % are below even 2 or 3 ng/ml. Clinical 
chemists are left to draw further conclusions but before they do so, repetition of the 
experiments may be useful. Two points are mentioned here, however. One is that 
Mertzl reports large geographical variation in the chromium content of several human 
organs. Another is that the loss of considerable amounts of chromium during storing 
of the sample, before the analysis, seems improbable, no decrease in chromium content 
being found during experiments on the same deep-frozen serum analysed at intervals 
during a fortnight. 

Acknowledgement-The authors thank Drs. B. G. Blijenberg, Academic Hospital Rotterdam Dijkxigt 
for hi suggestion to do this work, for discussions on the clinical aspects and for supplying some 
samples. Thanks are also due to the blood-transfusion service of the Sint Antonius Hospital in 
Utrecht for supplying the other samples. 

Zusammenfassun~-Ein Verfahren xur Bestimmung von Chrom in 
1 ml menschlichem Blutserum oder -plasma wird beschrieben. Es 
beruht auf namer Zersetxung und spektrophotometrischer Bestimmung 
mit Diphenylcarbazid nach Extraktion mit Isobutylmethylketon. Eine 
40 mm-Ktivette mit weniger als 1 ml Probenvolumen wird beschrleben. 
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Die Ergebnisse sind niedriger als nach Literaturangaben erwartet; die 
meisten Proben von gesunden Personen enthalten weniger als 2 oder 3 
ng/ml. Die Reproduzierbarkeit betragt etwa 1 ng/ml. 

R&urn-n dCrit une methode pour le dosage du chrome dans 1 ml 
de serum ou de plasma humain. Elle est ba&e sur une decomposition 
par voie humideet un dosage spectrophotometrique avec le diphenyl- 
carbazide a&s extraction en mtthvlisobutvlc&one. On d&crit une 
cuvette de 4b mm avec un volume d’&hantillbn moindre que 1 ml. Les 
rbultats sont plus faibles que ceux attendus de la litterature, la 
plupart des echantillons de personnes en bonne Sante contenant moins 
de 2 ou 3 ng/ml. La reproductibilite est d’environ 1 ng/mil. 

LITERATURE 

1. W. Mertz, Physiol. Revs., 1969,49, 163. 
2. W. Niedermeier, J. H. Griggs and R. S. Johnson, Appl. Spectry., 1971,25, 53. 
3. K. Beyermann, H. J. Rose and R. P. Christian, Anal. Chim. Actu, 1969,45, 51. 
4. F. J. Feldman and W. Purdy, ibid., 1965,33,273. 
5. F. J. Feldman, E. C. Knoblock and W. Purdy, ibid., 1967,38,489. 
6. L. C. Hansen, W. G. Scribner, T. W. Gilbert and R. E. Sievers, Anal. Chem., 1971,43, 349. 
7. 0. G. Koch and G. A. Koch-Dedic, Handbuch der Spurenunulyse, p, 481. Springer Verlag, 

Berlin, 1964. 
8. K. Beyetmann, Z. Anal. Chem., 1962,1!20,4. 
9. B. Morsches and G. Tiilg, ibid., 1970,250, 81. 

10. Ref. 7, p. 73. 
11. A. E. Weinhardt and A. N. Hixson, Znd. Eng. Chem., 1951,43, 1676. 
12. W. J. Youden, Statistical Methods For Chemists, Wiley, New York, 1951. 



Talanta, 1972, Vol. 19. pp. 347 lo 351. Pammon Press. Printed in Northern Irclmd 

DICHLORAMINE-T AS A NEW OXIDIMETRIC 
TITRANT IN NON-AQUEOUS AND PARTIALLY 

AQUEOUS MEDIA 

T. J. JACOB and C. G. R. NAIR 
University Department of Chemistry, Kerala University, Trivandrum-1, India 

(Received 31 August 1971. Accepted 24 October 1971) 

Smnmary_-A new oxidimetric titrant, dichloramine-T, is proposed for 
redox titrations in glacial acetic acid medium. The general analyt- 
ical conditions for using this oxidant and the procedures for potenti- 
ometric determination of ascorbic acid, iodide, arsenic(II1) and iron(D) 
are described. 

REDOX titrimetry in non-aqueous media has received comparatively scant attention,l 
although considerable work has been done in acid-base titrimetry in non-aqueous 
media. Tom&k and co-workers carried out redox titrations in glacial acetic acid, 
using bromine, iodine, iodine monochloride, lead tetra-acetate, chromic acid etc.2s 
Rao and Murthy used ammonium hexanitratocerate in acetonitrile as an oxidimetric 
reagent.4*5ss Our preliminary experiments indicated that a solution of dichloramine-T 
(N,N’-dichloro-p-toluenesulphonamide, hereafter abbreviated to DCT) in anhydrous 
acetic acid could be used to titrate several types of reductant. This is the first time 
that a metal-free organic substance has been used as an oxidimetric titrant in non- 
aqueous medium, as pointed out in our preliminary communication announcing this 
new reagent.’ Details of individual determinations with this new oxidant are now 
communicated, viz., potentiometric titration of ascorbic acid, iodide, arsenic(II1) 
and iron@). 

EXPERIMENTAL 

Apparatus 

Smooth, clean platinum electrodes were used as indicator electrodes. A saturated calomel 
electrode with a potassium chloride-agar gel salt-bridge was used as reference electrode.*-e All 
titrations were done at room temperature (29 f 2”). 

Reagents 

Preparation of DCT. DCT was prepared by further chlorination of chloramine-T.* Orton and 
Bradfield prepared DCT by dissolving p-toluenesulphonamide in acetic acid, adding bleaching 
powder solution, filtering off the precipitate, dissolving it in acetic acid and reprecipitating it with 
bleaching powder solution.’ We found that a simpler method, passing chlorine through an aqueous 
solution of chloramine-T, gives good samples of DCT. 

Recrystallized chloramine-T (30 g) was dissolved in water (500 ml) and pure chlorine was bubbled 
through the solution for about 3 hr. The fine white precipitate was filtered off, dried on the filter by 
sucking dry air through it and kept in a blackened vacuum desiccator for 24 hr. The sample was 
subsequently stored in brown bottles. The dry sample melted at 71-72” (1it.O 71-75”). The available 
chlorine was determined by dissolving an accurately weighed sample in glacial acetic acid, adding 
excess of 10% potassium iodide solution, diluting with water and titrating the iodine with thio- 
sulphate solution (found 29.0%; theoretical 29.6%). 

Stock solutions of DCT. Approximately O.lM (^0.4N) solutions were prepared by dissolving 
ca. 12 g of DCT in about 500 ml of glacial acetic acid containing 10% v/v acetic anhydride, and kept 
in brown or dark-painted bottles fitted with automatic burettes and guard-tubes for the exclusion 
of moisture. These solutions were found to be comparatively stable. 
solution over a period of 15 days is given in Table I. 

The normality of a typical stock 
This stability is equal or superior to the stability 

of other oxidimetric reagents employed in non-aqueous media. %*# The DCI’solutions are, however, 
slightly decomposed by exposure to light; hence they are preserved in brown bottles. For accurate 

347 



348 T. J. JACOB and C. G. R. NAIR 

TABLE I. STABILITY OF STOCK SOLUTIONS OF DICHLORAMINE-T IN GLACIAL ACETIC 

ACID, KEPT IN BROWN BO'ITLFS. 

No. of days 
keeping 0 1 2 3 4 5 7 15 

Normality 0.4603 0.4603 0.4603 0.4603 0.4571 0.4571 o-4571 04463 

work, daily standardization is recommended, the method involving addition of aqueous potassium 
iodide solution and titrating the liberated iodine with thiosulphate.4.5 

Determination of ascorbic acid 

Standard solutions of ascorbic acid were prepared in (a) water, and (b) anhydrous acetic acid 
containing acetic anhydride, and standardized iodometrically. lo Both solutions were titrated poten- 
tiometrically with DCT in glacial acetic acid. With DCT as titrant, the potential increased slightly 
at first; there was a sharp potential jump at the equivalence point. The attainment of equilibrium 
was quick. The values were found to be highly reproducible. 

Reverse titrations, with ascorbic acid as titrant, give premature end-points and are therefore 
unsatisfactory. 

Determination of potassium iodide 

In view of the very low solubility of potassium iodide in glacial acetic acid and the susceptibility 
of iodide to aerial oxidation in presence of acid, solutions of KI in glacial acetic acid were not 
prepared; instead, standard aqueous solutions were used. Carbon dioxide was bubbled through 
the solution to exclude atmospheric oxygen during the titration. Glacial acetic acid (20 ml) and 
acetic anhydride (~5 ml-slightly more than the amount theoretically required to react with the 
water present in the KI solution) were added. The DCT solution was added from a microburette 
to the magnetically stirred titrand. The stirring and the carbon dioxide flow were momentarily 
stopped while readings were taken. 

In a few titrations, 5 ml of perchloric acid were also added before the titration was started. 

Determination of arsenic 

Arsenious oxide was weighed out, dissolved in sodium hydroxide solution, neutralized with glacial 
acetic acid, and made up to standard volume with glacial acetic acid. The solution was standardized 
by diluting aliquots with water, adding excess of bicarbonate and titrating with standard iodine 
solution. 

Aliquots were taken in the titration cell and slightly more than the required amounts of acetic 
anhydride were added. Then 20 ml of acetic acid and 5 ml of perchloric acid were added and the 
solution was titrated with DCT. 

Determination of iron 

Aqueous solutions were made direct from ferrous ammonium sulphate. Glacial acetic acid 
solutions were prepared as follows. Solid ferrous carbonate was prepared from ferrous ammonium 
sulphate and sodium carbonate in aqueous solution in a carbon dioxide atmosphere. The ferrous 
carbonate was filtered off, washed several times with distilled water, then with alcohol and ether, 
and finally dried in a desiccator in an atmosphere of carbon dioxide. This ferrous carbonate was 
dissolved in glacial acetic acid and 5 % v/v of acetic anhydride was added. Both aqueous and acetic 
acid ferrous solutions were standardized by permanganate titration. 

Aliquots of ferrous solution were taken in the titration cell and 20 ml of glacial acetic acid were 
added. Preliminary experiments showed that the presence of perchloric acid is essential for the 
titration. Moreover, the presence of finely powdered solid potassium bromide was found to give 
quicker attainment of stable potentials. It was also found necessary to have phosphoric acid present 
to remove iron(III) by complex formation as soon as it is formed, and thereby keep the potential 
low till the end-point. 

RESULTS AND DISCUSSION 

Typical results are presented in Tables II-V. The end-points were read from the 
potentiometric curves, and also checked by calculations employing the Hostetter- 
Roberts equation.ll 
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TM= II.-hlllNTIOMIXRIC DETBRMINATION OF ASCORBIC ACID WITH DIC~RAMINB-T 

Series Conditions 

Ascorbic 
acid taken, 

mmole 

DGT con- Equiv. DCT per 
sumed, mole ascorbic Error 
mequiv acid 0, /, 

(4 

(6) 

Ascorbic acid 
in water 

Ascorbic acid 
in glacial 
acetic acid 

0.4375 0.869 1.987 -0.6 

0*46& 0.933 2.004 +0*2 
0519, 1.035 1.993 -0.3 
0.412p 0.829 2.009 +05 
0.412, 0.829 2.009 +05 
0.4215 0.847 2.010 +0*5 

l Assuming that 2 equivalents of oxidant are consumed per mole of ascorbic acid. 

TALLY III.--POTEN~OMEXRIC DETERMINATION OF IODIDE WITH 

DICHL~RAMINILT 

KI 
mmole 

DCT 
mequiv 

Equiv. DCT 
per mole KI 

Error 
0 * /, 

0.989, 0.989 1.000 0.0 
0.989, 0.988 0.999 -0.1 
0.989* 0.988 0,999 -0.1 
0.9898 0.988 0.999 -0.1 
0.989, 0.992 1.002 +0*3 

* Assuming that 1 equivalent of oxidant is consumed per 
mole of potassium iodide. 

TABLE Iv.-POmNTIOmC DETERMINATION OF .b(III) WITH 

DICHLO~-T 

As808 taken, 
mmole 

DC-I 
consumed, Equiv. DCT Error 

mequiv. per mole AssOl, 0 * /. 

0.514, 2.057 4.002 +0.1 
0.514, 2.054 3.996 -0.1 
0.616, 2.464 3.994 -0.1 
0.616* 2.469 4.002 +0.1 

* Assuming that 4 equivalents of oxidant are consumed per 
mole of AslO 

TABLE V.-POTENTIOMETRIC DETERMINATION OP Fe(I1) WITH DICHLORAMINE-T 

Conditions 

Ferrous 
salt in water 

Ferrous 
salt in 
glacial 
acetic 
acid 

Fe(I1) taken, 
mmole 

0.8065 
0.806, 
0.8066 
0.9956 
0.995, 

1.245,, 

DCT consumed, Equiv. DCT Error 
mequiv per mole Fe(I1) 0 * /o 

0.809 1.003 +0.3 
0.809 1.003 +0.3 
0.814 1.009 +0*9 
0.994 0.998 -0.2 
0.994 0.998 -0.2 

1.243 0.998 -0.2 

* Assuming that 1 equivalent of oxidant is consumed per mole of Fe(D) 
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Abscorbic acid 

From Table II two equivalents of oxidant are consumed per mole of ascorbic acid, 
in agreement with the reaction 

I I 
C-OH C==o 

II +I + 2H+ + 2e- 
C-OH C==O 

I I 

The potential jump at the equivalence point is of the order of 600 mV for series (a) 
and 450 mV for series (b). The presence of water is therefore immaterial and, indeed, 
improves the accuracy by giving a greater potential break. Earlier workers have also 
remarked that small amounts of water do not cause any interference in redox titrations 
in non-aqueous media .2 The lower potential break in non-aqueous medium is 
understandable in view of the reported inhibition of the reducing capacity of ascorbic 
acid in such media.12Js 

Potassium iodide 

During the titration, from the first addition of titrant, the solution becomes 
reddish owing to the liberation of iodine. The red colour reaches a maximum intensity 
and then fades to lemon yellow. Analysis of the yellow solution shows that it con- 
tains iodine in the + 1 oxidation state. The fading of the red colour to lemon yellow 
therefore signifies the oxidation of iodine to iodine(I). Since the ICI/I couple has a 
standard potential E” = +1*19 V, it was considered desirable to raise the redox 
potential of the DCT/sulphonamide couple as much as possible. This potential 
increases with increasing acidity,14 so perchloric acid was added. 

Two breaks were observed in the titration curve. The first was sharp and corre- 
sponds to complete oxidation of iodide to iodine. The potential break was about 
300 mV. Further oxidation to iodine(I) is represented by the second break (about 
150 mV), which occurred much earlier than expected. This is due to loss of iodine 
from the solution by volatilization. In the absence of perchloric acid the second 
break was not satisfactory. 

Arsenic 

Arsenic(II1) is quantitatively oxidized to arsenic(V) if perchloric acid is present; 
the potential break is about 50 mV. 

Iron (II) 

The potential break is about 200 mV for both aqueous and acetic acid solutions. 
As with arsenic(II1) the presence of perchloric acid is necessary. This is not sur- 
prising because the Fe(III)/Fe(II) couple has a standard potential of E0 = O-77 V 
and it is advantageous to increase the potential of the DCT/sulphonamide couple by 
increasing the acidity. Phosphoric acid helps to give a sharper break, by complexing 
with the ferric iron formed. It was observed that in the absence of potassium bromide 
the attainment of steady potentials was slow and sluggish. 
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DCT 

The formal redox potential of the DCT/sulphonamide couple in glacial acetic 
acid medium has been measured and found to be E" = l-2 V.14 This indicates that 
DCT is a moderately strong oxidant. The behaviour of DCT towards hydrazine, 
oxine, hydroquinone, and many other reductants, and back-titrations of water- 
insoluble organic reductants with DCT in glacial acetic acid medium are under 
investigation. 

Zusanunenfasaun8-Ein neues oxidimetrisches Titrationsmittel, Di- 
chloramin-T, wird filr Redoxtitrationen in Eisessig vorgeschlagen. Die 
allgemeinen analytischen Bedingungen zum Gebrauch dieses Oxida- 
tionsmittels und die Arbeitsvorschriften zur potentiometrischen Bes- 
timmung von Ascorbins&ue, Jodid, Arsen(II1) und Eke@) werden 
beschrieben. 

R&sum~n propose un nouvel agent de titrage oxydimetrique, la 
dichloramineT,pour les titrages redox en milieu acide ac&ique glacial. 
On d&it les conditions analytiques gen6rales d’emploidecet oxydant et 
la technique de dosage potentiometrique de l’acide ascorbique, de 
l’iodure, de l’arsenic(II1) et du fer(I1). 
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SHORT COMMUNICATIONS 

Determination of purity of compounds by extraction-solubility 

(Received 16 August 1971. Accepted 29 October 1971) 

THE USE of differential scanning calorimetry permits mole% purity of organic compounds to be 
determined conveniently on small samples .I-$ The method is applicable to any organic compound 
which is thermally stable at its melting point, and having impurities which dissolve in the liquid phase 
and do not form solid solutions. If either the compound or one of its impurities is thermally unstable 
or if for some other reason results by differential scanning calorimetry appear to be in doubt, verifi- 
cation by another method is desirable. The extraction-solubility method as described by Stenger, 
Crummett and Kramer* offers an alternative. Although this approach has been reviewed by several 
authorss*B,7 and in one case modified extensively by using smaller equipment, an azeotrope as a 
solvent, and refractive index as a measuring device in the determination of the purity of naphthalene,O 
further work showing its general applicability to the determination of the purity of compounds has 
not been published. Phase-solubility analysis has been reviewed by Higuchi and Conner@ while 
some problems connected with this method have been studied by Wilkinson and Wraggl” 

In this paper we have applied the original technique4 to a large number of organic compounds of 
high purity, tabulated the results, and made some comparisons with other methods. All results were 
obtained in the course of solving practical analytical problems rather than in a deliberate attempt to 
show the applicability of the method. 

EXPERIMENTAL 

In carrying out this work the method of Stenger et uZ.~ was modified slightly. The flask and 
filter crucible were weighed immediately after filtering to obtain the weight when wet with solvent. 
(This avoids the need to wash the crystals.) Subtracting the dry weight gave the weight of solvent 
remaining with the crystals. When the amount of soluble impurities which remained with the crystals 
was high enough to affect the results, the weight was calculated from the weight of solvent and added 
to the amount of soluble impurities calculated to be in the residue. Other modifications and conditions 
are reported in the tables. The purity results in Table I were calculated as follows. “Purity from 
recovery” is 100 x weight recovered/sample weight. “Purity by difference” is 1OO-(volatiles + 
insolubles + solubles). 

RESULTS AND CONCLUSIONS 

Of the 33 compounds considered, 21 were found to be suitable for the determination of purity by 
extraction-solubility, 5 failed to show solubilities in the required range, and 7 were unsuitable for 
extraction-solubility purity determinations owing to other factors. 

Successful determinations of purity are tabulated in Table I. The results compare favourably 
with those obtained by other methods such as infrared spectrophotometry and differential scanning 
calorimetry (DSC). 
the same compound. 

The results are reproducible as is shown by duplicate analyses of several lots of 
Also extraction-solubility was found to be an effective way to follow purification 

methods in several instances-piperazine hydrochloride; 4-amino-2,3,5-trichloropyridine; 3,5- 
dichloro-2,6-dimethyl-4-pyridinol; and 3,5-dinitro-o-toluamide. Surprisingly good results were 
obtained in some instances at low purity levels (95-99x), although the method was designed for 
compounds having a purity of 99.5 % or better. Nine different solvents were used with equal effective- 
ness. 

Table II lists those compounds for which no suitable solvent was found. Some solubilities are 
given to define the problem. 

Table III identifies those compounds for which solvents showing appropriate solubilities were 
found but the extraction-solubility method failed owing to other difficulties. Some of these were 
compound decomposition, impurities more soluble in the crystals than in the solvent, formation of 
solid solutions, and solubility of impurity in solvent too low. Greater effort could possibly have 
found ways to avoid some of these difficulties, but the table serves to illustrate some of the problems 
associated with the practical use of the method. 

Analytical Laboratories, 574 Building R. A. HUMMEL 
The Dow Chemical Company W. B. CRUMME~~ 
Midland, Michigan 48640, U.S.A. 
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TABLE II.-Cor.mourms F~RWHICHASUITABLESOLVENTC~ULDNOTBBFOXJND 
(EXTRACTION-~LCJBI~~~TI~~D INAPPLICABLE) 

Compound Observations 

3,5-Dichloro4methoxy-2,6-lutidine 

Phosphoric acid, diethyl-(3,5,6- 
trichloro-2-pyridyl) ester 

Phosphorothioic acid, O,O-diethyl-O- 
(3,5,6-trichloro-2-pyridyl) ester 

Phosphorothioic acid, O,O-dimethyl-O- 
(3,5,6-trichloro-2-pyridyl) eater 

4,4’-(2,3-dimethyltetramethylene)di- 
pyrocatechol (nordihydroguaiaretic 
acid) 

Solubility > 10 mg/ml of acetone, benzene, carbon 
disulphide, carbon tetrachloride, chloroform, cyclo- 
hexane, or n-hexane; 140 mg/ml of methanol; 0.1 mg/ 
ml of water at 23°C. 

Solubility too high in organic solvents-100 mg/ml of 
iso-octane, 180 mg/ml of n-hexane at 23°C. Solubility 
in water 0.5 mg/ml is in range but compound 
hydrolyses in water. 

Solubility in n-hexane 89 mg/ml at 0°C. Other hydro- 
carbons and methanol about the same. Other 
organic solvents greater amounts. Solubility in water 
0~0004 mg/ml at 24°C. 

Lowest solubility in an organic solvent was 160 mg/ml 
in n-hexane at 23°C (0.004 mg/ml in water). 

Solubility too low except in alcohols and ether, in 
which it is too high. 

- 

TABLEIII.---COMPOUNDSFORWMCHSOLUBILITYSUITABLEBUTRESULTSUNSATISFACTORY 

Compound Solvent 
Solubility 
mglml "C Observations 

2,4,5-Trichlorophenoxyacetic 
acid 

Methylcarbamic acid, 4-di- 
methylamino-3,5-xylyl ester 

Dehydroacetic acid (3-acetyl- 
6-methyl-2H-pyran-2,4-(3H)- 
dione) 

4-Amino-3,5-dichloro-2,6- 
lutidine 

5-Chloro4hydroxy-2,6-di- 
methylnicotinic acid 

N, W-Dimethylphosphorodi- 
amidic acid, 4-t-butyl-2- 
chlorophenyl ester 

n-hexane 044 23 

Tricyclohexylhydroxystannane n-hexane 0.20 25 

carbon tetrachloride 

benzene 

water 

n-hexane 

n-hexane 

acetone 

0.48 23 

2.2 23 

0.1 25 

2.9 23 

1.8 

0.25 

23 

23 

Methoxy impurity not 
detected. 
Methoxy impurity not 
detected. 

Decomposed on extraction 
with water. Solubility in 
other solvents too high. 

No difference in total weight 
of soluble impurities between 
l-g and 2-g samples although 
these were detected by TLC. 

Impurities concentrated on 
the recrystalized material. 

2,6-Dimethyl4hydroxynico- 
tinic acid impurity not in 
soluble impurities although 
shown to be present by ion- 
exchange-UV method. 

0.3 % Soluble impurities 
found. By GLC O-9 % 
unchlorinated phenyl ester 
found. Purity by DSC 99.4% 

Compound decomposed, 
losing water during extraction 

Smmnary_Thirty-three organic compounds prepared for use as 
analytical standards were examined for purity by the extraction- 
solubility method. Of these, twenty-one gave satisfactory results, 
seven behaved non-ideally, and five were not soluble in the useful 
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1. 
2. 
3. 
4. 

:: 
7. 

8. 
9. 

10. 
Il. 

range. Results on the twenty-one satisfactory samples compared 
favourably with those obtained by differential scanning calorimetry 
and other analytical methods. The method was found to be useful for 
following the improvement of compounds undergoing purification. 

Zusammenfassun8-DreiunddreiDig zur Verwendung als analytische 
Standards hergestellte organische Verbindungen wurden mit der Extrak- 
tions-Lbslichkeitsmethode auf Reinheit untersucht. Darunter gaben 
eimmdzwanzig befriedigende Ergebnisse, sieben verhielten sich nicht 
ideal, und ftinf waren im nutzbaren Bereich nicht liislich. Die Ergeb- 
nisse von den einundzwanzig zufriedenstellenden Proben schneiden 
beim Vergleich mit solchen von Untersuchungen mit registrierender 
Differentialkalorimetrie und anderen analytischen Methoden gut ab. 
Die Methode wurde zur Kontrolle der Verbesserung von Verbindungen 
wahrend des Reinigungsprozesses ftir ntitzlich befunden. 

R&unue-On a examin la puret6 de trente trois composes organiques 
prepares pour l’emploi comme dtalons analytiques par la mdthode 
d’extraction-solubilite. De ceux-ci, vingt et un donnent des r6sultats 
satisfaisants, sept se comportent de man&e non idealale, et cinq ne sont 
pas solubles dans le domaine utile. L-es r&mats obtenus avec les vingt 
et un echantillons satisfaisants sont favorablement comparables a ceux 
obtenus par l’analyse enthalpique diff6rentielle et d’autres methodes 
analytiques. On a trouve que la m&hode est utile pour suivre 
Pamelioration de composes soumis a purification. 

REFERENCES 
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Idem, C.R.C. Critical Reviews in Anal. Chem., 1970,1,193. 
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Talmta, 1972. Vol. 19, pi. 359 to 363. Permmon Press. Printal in Nonhem IreM 

Determination of phosphorus in lubricating oils by cool-flame emission 
spectroscopy 

(Received 2 August 1971. Accepted 14 October 1971) 

AN ANALYTICAL PROCEDURE, based on the cool-flame technique of Dagnall et al.,l has been developed 
for the determination of phosphorus in lubricating oils; phosphorus is commonly present in these 
oils in the form of the additive zinc dialkyldithiophosphate and the present method forms an alternative 
to procedures published elsewhere’ for this determination. 

Brite’ and Davis et al.’ have shown that phosphorus in organophosphorus compounds may be 
detected by measurement at 540 nm of the flame emission continuum produced when solutions of 
the material in various organic solvents are aspirated into an oxy-hydrogen flame. In our experience, 
it is di8icult to obtain spechic and quantitative measurements under these conditions and a more 
certain indication of phosphorus is obtained by using the emission from the HP0 species at 528 mn, 
produced when aqueous solutions containing phosphorus are aspirated into a cool hydrogen-nitrogen 
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diffusion flame.’ Since, as reported by Aldous et al., 6 the HP0 emission in the cool flame is completely 
quenched by the introduction of organic liquids, it is impracticable to work directly with a solution 
of the oil sample in an organic solvent; the only strong emission we have observed with certainty 
under these conditions can be attributed to the Cs band at 516 nm. 

Investigation of possible chemical pretreatments of the oil, to provide an aqueous solution 
suitable for cool-flame analysis, indicated that severe interference effects were present in solutions 
prepared by either the wet-oxidation process of IP 148/58* or the zinc oxide ashing technique of 
IP 149/58;% high residual contents of mineral acid or of bivalent cations are not readily removed. 
A new pretreatment was devised, in which the oil was ashed in the presence of potassium hydroxide; 
the residual melt was dissolved in water and treated with cation-exchange resin, and the phosphorus 
content of the final solution was measured, using the general procedure described in other published 
applications.B*7 

EXPERIMENTAL 

Reagents 

Potassium hydroxide. Pellets, analytical reagent grade. 
Orthophosphoric acid. Analytical reagent grade was used to prepare the reference standard. 

An accurate @OOlM solution, containing 31 pg of P/ml, was prepared by dilution of a standardized 
stock solution. 

Dowex 5OW-X8 cation-exchange resin. A resin bed 0.25 m long and 20 mm in diameter was 
found satisfactory for 3 sample treatments. Resin stocks were regenerated by stirring for 8 hr with 
0.3M hydrochloric acid, followed by decantation and washing until acid-free. 

Apparatus 

Unicam SP 900 flame photometer, fitted with standard 13-hole air-propane burner head, or with 
an open Pyrex glass tube, 10 mm bore, attached by a short polythene sleeve to a standard burner 
shaft. In both cases, the burner head was sited 10 mm below the bottom of the monochromator 
entrance slit. Nitrogen, at 105 kN/ma (15 psi) (2.5 I./min), was fed through the SP 900 nebulizing 
system and hydrogen, at 20 mm pressure on the dibutyl phthalate manometer (1.2 I./mitt), was fed 
through the fuel system. The solution uptake rate was 2.5 ml/min. Other instrument settings were: 
slitwidth 0.35 mm; electrical bandwidth 3; gain control 4-5, as necessary. 

Procedure 

Transfer 1 f O-005 g of oil to a small nickel or platinum crucible and add 0.5 g of potassium 
hydroxide pellets. Heat gently over a low flame until the potassium hydroxide melts and the oil 
ignites, Continue heating until the oil has burned off, then ignite more strongly until a clean white 
residue is obtained, taking care to avoid loss by spitting. Cool, add 10 ml of water and transfer the 
dissolved melt, with washings, to a IOO-ml beaker. Add 5 g of wet resin and stir mechanically for 
10 min or until the solution loses all turbidity. Transfer to the resin column and collect the effluent 
in a 250-m] graduated flask. Wash with successive 25-ml portions of water, at a flow-rate of 10 ml/min, 
to a tinal total volume of 250 ml. 

Measure, by pipette, two 50-ml aliquots of this solution into two lOO-ml graduated flasks and to 
one aliquot add a suitable volume (Vml) of the standard phosphorus solution (Note 1). Dilute 
both solutions to volume. 

Measure the emission at the peak response wavelength (approx. 528 nm) for both solutions 
alternately, and record the mean galvanometer deflections for each from at least 3 replicate readings. 
(Note 2). Spray distilled water after each pair of readings to restore the galvanometer to zero. Any 
blank determination required should be carried out by the same procedure (Note 3). 

From the mean readings for the sample (S,) and the sample with added phosphorus (S,), calculate 
the phosphorus content of the sample from the expression: 

(S,) x l’ x 31 x 250 x 100 x 100 
% ’ = (S, - S,,) x weight of oil (g) x lo6 x 50 x 100 

For a fixed sample weight of 1 g this reduces to: 

(So) % p = (s, _ s,) x V x O-0155 

Notes. 1. Ascertain the approximate phosphorus content of the sample solution by spraying the 
first 50-ml aliquot+liluted to volume-and, with the SP 900 settings unaltered, spray a series of 
standards to determine the concentration giving about the same response. The volume (Vml) 
to be added to the second 50-ml aliquot can then be estimated, and should make S&S, - So) 
approximately unity.8 
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2. Adjust the gain control, on a trial spraying, so that the phosphorus-doped aliquot gives a 
galvanometer deflection of about 80-90x full scale. 

3. Blank determinations on the reagents, including potassium hydroxide, have not shown any 
measurable response. If it is desired to measure any blank contribution by the base oil, as distinct 
from the phosphorus-containing additive, ash 1 g of base oil in the same way as for the sample and 
apply the result as a correction to the total phosphorus result. Provided that fresh resin is used, this 
correction has not been found to exceed 0.002% P, but high and variable blanks may be obtained if 
the resin is not fresh. 

RESULTS AND DISCUSSION 

The method was tested on a series of synthetic oil blends prepared in the laboratory, on a weight/ 
weight basis, from OMD 370 base oil and analysed oil additives. The compositions of the blends and 
the phosphorus contents found are listed in Table I; these results were obtained at various intervals 
over a period of 5-6 weeks. 

Since the procedure measures total phosphorus in the oil, a separate determination was run on 
the base oil, so that the added phosphorus could be obtained by difference and it was the application 
of this correction that revealed, in the early stages of the work, that high and variable blanks were 
likely to be recorded unless fresh resin was used and adequate stirring given in the initial treatment. 
Once this point was established, blank corrections dropped from a level of about 0.008-013% P 
to a steady figure of about 0*002% and this latter correction was applied to the results given in Table I. 
In fact, there was no evidence that the blank signal was actually due to phosphorus; spectral scans 
on solutions concentrated from larger (5 g) samples of base oil did not show the three characteristic 
HP0 peaks at 512, 528 and 560 nm and the correction could therefore be regarded as a background 
compensation. 

There was no indication that the phosphorus results shown in Table I were subject to interference 
by the other metals-calcium, barium and zinc-present in the oil additives. 

TABLE I.-ANALYSIS OF SYNTHETIC OIL BLENDS 

Blend 
No. of 

Replicates Ca 

Added Found 

Ba Zn P P 

A.1 4 
A.2 4 
A.3 6 
B.1 6 
B.2 4 
B.3 5 
c.1 3 
c.2 5 
c.3 4 
D.l 5 
D.2 6 
D.3 4 
E.l 5 
E.2 4 
E.3 4 
F.1 4 
F.2 3 

- - 
- - 

- 
- 0.219 

0.413 
- 0.716 
- 0.60 

0.60 
- 0.60 
- 0.40 

0.40 
- 040 
- 0.20 
- 0.20 
- 0.20 

0.054 - 
0.325 - 

0.025 
0.068 
0.123 

- 
- 
- 

0.10 
0.14 
0.04 
0.10 
0.14 
0.04 
0.10 
0.14 
0.04 

- 

0.022 0.022 
0.059 0.057 
0.107 0.106 
0*009 0.009 
0.017 0.018 
0.080 0.078 
0.094 0.096 
0.132 0.130 
0.038 0.037 
0.094 0.098 
0.132 0.137 
0.038 0.037 
0.094 0.096 
0.132 0.137 
0.038 0.032 
0.030 0.029 
0.145 0.147 

A further series of analyses was made on 8 samples available through the Institute of Petroleum 
Atomic Absorption Sub-Panel ST-G4E. The results, given in Table II, are shown in comparison 
with the nominal phosphorus contents ; eventually, analytical results obtained by a range of techniques 
will become available on these oil blends. 

In a separate precision test, 10 replicate analyses were performed on blend C.3 (Table I); the 
mean result was 0.039 % P, with a coefficient of variation of &5 %. 

10 
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TABLH II.-ANALYSIS OF I.P. OIL BLENDS 

Blend 
No. of 

Replicates Ca 

Nominal 

Ba Zn P 

1 6 05 
2 6 1.5 
: : 0.2 2.2 

5 6 0.05 
6 6 0.12 
: 4 4 0.02 0.10 

o-4 o-2 o-2 O-20 
0.2 0.8 0.08 0.076 
0.6 0.05 0.05 0.042 
o-17 0.15 o-05 0.053 
0.04 0.12 0.12 0.10 
0.95 0.08 0.08 0.068 
0.08 0.07 0.14 0.16 
0.12 0.03 0.03 0.026 

Found 

P 

CONCLUSIONS 

The cool-flame technique provides a rapid alternative to the standard chemical methods’ for 
the determination of phosphorus in lubricating oils. A single determination can be completed in 
approximately 2+ hr and for a batch of 8 samples the time is reduced to approximately 1 hr per 
sample. The precision is acceptable in terms of the repeatability and reproducibility criteria laid 
down in the alternative methods,P and the accuracy is satisfactory as measured by the results shown 
in Table I, which indicate an average deviation of 0.0025 % P from the true result. 

Quality~Assurance Directorate (Materials) W. N. E~IOTT 
Royal Arsenal C. HEATHCOTE 
Lcndon,_S.E.18 R. A. MOS~N 

S--The phosphorus content of lubricating oils is determined by 
measurement of the emission from the HP0 molecular species at 528 
nm in a cool hydrogen-nitrogen diffusion flame. The oil is ashed in the 
presence of potassium hydroxide and an aqueous extract of the melt is 
treated with ion-exchangeresin to remove interferents, before aspiration 
into the flame. Analytical results are presented on samples containing 
phosphorus in the range OXlO9-0-2%. The precision of the method is 
f5 % at the 0.04 % phosphorus level. 

Zusammenfassun8-Der Phosphorgehalt von Schmierijlen wird durch 
Messung der Emission des HPO-Molektils bei 528 nm in einer kiih- 
len Wasserstoff-Stickstoff-Diffusionsflamme bestimmt. Das dl wird 
in Gegenwart von Kaliumhydroxid verascht und ein wLIjriger Ex- 
trakt der Schmelze mit Ionenaustauschharz behandelt, urn vor dem 
Ansaugen in die Flamme stiirende Bestandteile zu entfernen. Analyse- 
nergebnisse von Proben mit Phosphorgehalten im Bereich 0~009-0-2 % 
werden angegeben. Die Genauigkeit der Methode betrlgt &5% 
bei O-04 % Phosphorgehalt. 

Rbun&-On dose la teneur en phosphore d’huiles de lubriflcation 
par mesure de l’&nission de l’esptce moleculaire HP0 a528 run dam 
une flamme de diffusion hydrogene-azote froide. L’huile est 
incineree en la presence de potasse et l’on traite un extrait aqueux de 
la masse fondue par une &sine echangeuse d’ions pour &miner les 
substances g&antes, avant aspiration dam la flamme. On presente 
les rtsultats analytiques pour des echantillons contenant 0.009-0,2% 
de phosphore. La precision de la methode est de *5% pour une 
teneur en phosphore de 0.04 %. 
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Neutron-activation analysis for thorium in zircon 

(Received 26 July 1971. Accepted 19 October 1971) 

NEUTRON-ACIWATION analysis is a sensitive method for the determination of traces of thorium in 
geological specimensr-’ It is, therefore, surprising that the technique has not been applied for 
the determination of this element in zircon, although this analysis is of great geochemical interest.@-* 
Recently Mantel and co-workers,0 Gordon et a1.l0 and Meyer” have reported non-destructive 
neutron-activation determination of thorium in silicate rock samples, using Ge(Li) detectors. When 
attempts were made to analyse zircon samples for thorium by using a 3 ml Ge(Li) detector, the 
299 and 311 keV gamma-rays of assPa were barely identifiable over the high intensity Compton 
continuum from the prominent gamma-rays of r*lHf. Hence it was not investigated further. 

Preliminary experiments revealed that the radiochemical methods reported in the literature, 
based on ion-exchange separations of asrPas~*r*ls or solvent extraction with N-benzoyl-N-phenyl- 
hydroxylamine (NBPHA),” when applied to zircons, did not give radiochemically pure rsaPa. 
It was particularly difficult to remove 06Nb, lasTa and lelHf produced in significant amounts on 
irradiation of zircons.16 

Sill’* has separated rssPa on barium sulphate. This procedure was applied in the present study 
and its adequacy for giving radiochemically pure **2a was evaluated by the analysis of U.S.G.S. 
standard rock samples and then applied for the analysis of a number of zircons. 

EXPERIMENTAL 

Apparatus 

Gamma-ray spectra were taken with a 4OO-channel analyser coupled to a 75 x 75 mm NaI(T1) 
detector system. 

Reagents 

Thorium standard. Thorium dioxide (l-138 g) was dissolved by boiling with 50 ml of nitric acid 
(1 + 1). A few drops of 2% hydrofluoric acid were occasionally added to facilitate the dissolution. 
After repeated evaporation with nitric acid to remove residual fluoride, the solution was made up 
to 100 ml. The solution was further diluted to give a standard solution containing 100 rg of Th/ml. 

Manganese carrier. Potassium permanganate (2.87 g) was dissolved in nitric acid (1 + 20), 2 
or 3 drops of 30% hydrogen peroxide were added, the solution was boiled to remove excess of 
hydrogen peroxide, and diluted to give a solution containing 10 mg of Mn/ml. 

Barium carrier. Barium chloride dihydrate (6.6 g) was dissolved in 100 ml of distilled water. 
Zirconium carrier. Hydrated zirconyl nitrate (3.66 g) was heated with 5-10 ml of concentrated 

sulphuric acid, cooled and made up to 100 ml to give a solution containing 5 mg of Zr/ml. 

Irradiation of samples 

Samples were wrapped in high-purity aluminium foil. Thorium standard solution (100 ,cl) 
was evaporated on a small piece of aluminium foil and then wrapped in a second foil. The sample 
and standard were sealed in an ahuninium can and irradiated for 2-3 days in the CIRUS reactor 
(natural uranium, heavy-water moderated reactor of the NRX type) at a flux of 3 x lOlo nmm-*.sec-x 
and then cooled for a week. 

Chemical procedure 

Evaporate 1 ml of the barium carrier solution in a nickel crucible. Transfer 50-100 mg of 
irradiated sample, weighed to SO.2 mg, to the crucible. Fuse with l-2 g of sodium peroxide. 
Cool the fused mass and leach it with water in a 100-ml beaker, wash the crucible with water and with 
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the determination of this element in zircon, although this analysis is of great geochemical interest.@-* 
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299 and 311 keV gamma-rays of assPa were barely identifiable over the high intensity Compton 
continuum from the prominent gamma-rays of r*lHf. Hence it was not investigated further. 

Preliminary experiments revealed that the radiochemical methods reported in the literature, 
based on ion-exchange separations of asrPas~*r*ls or solvent extraction with N-benzoyl-N-phenyl- 
hydroxylamine (NBPHA),” when applied to zircons, did not give radiochemically pure rsaPa. 
It was particularly difficult to remove 06Nb, lasTa and lelHf produced in significant amounts on 
irradiation of zircons.16 

Sill’* has separated rssPa on barium sulphate. This procedure was applied in the present study 
and its adequacy for giving radiochemically pure **2a was evaluated by the analysis of U.S.G.S. 
standard rock samples and then applied for the analysis of a number of zircons. 

EXPERIMENTAL 

Apparatus 

Gamma-ray spectra were taken with a 4OO-channel analyser coupled to a 75 x 75 mm NaI(T1) 
detector system. 
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Thorium standard. Thorium dioxide (l-138 g) was dissolved by boiling with 50 ml of nitric acid 
(1 + 1). A few drops of 2% hydrofluoric acid were occasionally added to facilitate the dissolution. 
After repeated evaporation with nitric acid to remove residual fluoride, the solution was made up 
to 100 ml. The solution was further diluted to give a standard solution containing 100 rg of Th/ml. 

Manganese carrier. Potassium permanganate (2.87 g) was dissolved in nitric acid (1 + 20), 2 
or 3 drops of 30% hydrogen peroxide were added, the solution was boiled to remove excess of 
hydrogen peroxide, and diluted to give a solution containing 10 mg of Mn/ml. 

Barium carrier. Barium chloride dihydrate (6.6 g) was dissolved in 100 ml of distilled water. 
Zirconium carrier. Hydrated zirconyl nitrate (3.66 g) was heated with 5-10 ml of concentrated 

sulphuric acid, cooled and made up to 100 ml to give a solution containing 5 mg of Zr/ml. 

Irradiation of samples 

Samples were wrapped in high-purity aluminium foil. Thorium standard solution (100 ,cl) 
was evaporated on a small piece of aluminium foil and then wrapped in a second foil. The sample 
and standard were sealed in an ahuninium can and irradiated for 2-3 days in the CIRUS reactor 
(natural uranium, heavy-water moderated reactor of the NRX type) at a flux of 3 x lOlo nmm-*.sec-x 
and then cooled for a week. 

Chemical procedure 

Evaporate 1 ml of the barium carrier solution in a nickel crucible. Transfer 50-100 mg of 
irradiated sample, weighed to SO.2 mg, to the crucible. Fuse with l-2 g of sodium peroxide. 
Cool the fused mass and leach it with water in a 100-ml beaker, wash the crucible with water and with 
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nitric acid (1 + 1). Acidify the solution carefully with nitric acid. If silica separates, centrifuge 
and separate the residue. Transfer the residue to a platinum dish and volatilize the silica with a 
hydrofluoric-nitric acid mixture. Remove the fluorides by repeated evaporation with nitric acid. 
Dissolve the residue in nitric acid (1 + 1) and transfer to the main solution. Add 20 mg of manganese 
carrier to the solution and heat on a water-bath. Add about 2 g of solid potassium bromate to 
precipitate manganese dioxide. Boil, centrifuge and reject the supernatant liquid. Transfer the 
precipitate to a beaker and dissolve the manganese dioxide with nitric acid (1 + 1) and 2 or 3 drops 
of dilute hydrogen peroxide. Boil the solution and reprecipitate the manganese dioxide. Dissolve 
the precipitate in nitric acid (1 + 1) and a few drops of dilute hydrogen peroxide, add 1 ml of the 
barium solution, and 7 ml of concentrated sulphuric acid. Heat the solution on a hot-plate to 
fumes of sulphur trioxide. Cool and add 25-30 ml of water to precipitate barium sulphate. Boil 
the solution for 5 min, cool, centrifuge and reject the supernatant. Slurry the barium sulphate 
with water and transfer to the same beaker, wash the centrifuge tube with 7 ml of sulphuric acid 
and add the washings to the beaker. Evaporate the solution on a hot-plate to fumes of sulphur 
trioxide. Cool the solution to 50-70”, add‘150-200 mg of potassium dichromate to oxidize 23’sNp, 
and heat the beaker on a boiling water-bath for 5 min. Cool to about 50”, dilute to 40-50 ml with 
water, boil for 5 min. Filter the solution through a demountable filtering unit containing a small 
circle of Whatman No. 42 filter paper. Take out the filter circle, with the precipitate, dry it and 
mount it on an aluminium card, and count the activitv of 233Pa under the 310 keV nhotooeak. 
Check the decay curve. 

Dissolve with dilute hydrochloric acid the aluminium foil containing the thorium standard 
and evaoorate to drvness. Dissolve the residue in 10 ml of nitric acid (1 + 1) and dilute the solution 
to a known volume: Treat a suitable aliquot as described above. 

RESULTS AND DISCUSSION 

The hydrolytic nature of protactinium and the non-availability of suitable carriers have led 
many earlier workers to employ pslPa for evaluating the yield of 233Pa in radiochemical methods.4JTJ* 
Gthers5J8-z3 established that high and nearly constant yields are obtained in their procedures before 
the analysis of samples by these methods. The results of SilPB and the preliminary studies made 
in the present work indicated the nearly quantitative recovery of 23aPa during its co-precipitation 
on barium sulphate. The method was, therefore, applied to the determination of Th in U.S.G.S. 
standard samples. The results given in Table I indicate the adequacy of the method. However, it 
was felt desirable to establish that similar recoveries were obtained in the analysis of matrices such as 
zircon. Hence one portion of the irradiated zircon was spiked with a known amount of the thorium 
standard and the thorium content computed by the standard addition technique. This value was 
comparable with that obtained by direct comparison of the activities from the sample and the 

TABLE I.-THORIUM CONTENT OF U.S.G.S. STANDARD ROCK SAMPLES 

AGV-1 BCR-1 G-2 GSP-1 
Author Technique PPm PP”z PPM PPm 

Present work R.A.A. I.3 6.7 30 115 
Galeas Non-destructive 8.1 + 2.0 7.6 & 1.3 24.6 f 2 116.4 f 4.7 

delayed neutron 
counting 

Brunfelt and I.N.A.A. 5.88 5.60 23.3 101 
SteinnesBB 

Morgan and R.A.A. 6.47, 6.0, 24.1, 
Heier2’ y-Spectrometry 6.4 6.1 25.7 106 

Gordon et aLlo I.N.A.A. 7.0 + 0.5 6.7 * 0.3 25.9 & 0.5 125 f 10 
Greenlanda I.N.A.A. 21463 5.8 26.0 120 
Gangadharam and R.A.A. 5.85 21.2 - 

Parekh6 
Meyer” I.N.A.A. 103.2 * 

3.3 

R.A.A. = Radiochemical activation analysis 
I.N.A.A. = Instrumental non-destructive activation analysis 

y-Spectrometry = Using natural y-ray radioactivity. 
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TABLE II.-THORIUM CONTENT OF ZIRCON SAMPLES FROM INDIA 

Code No. Sample description 
Thorium content 

ppm 

Ch.Z.V. 

MK.Z.V. 

Kas.Z.B. 

Fine grained (-52 + 100 mesh) beach sand from 
Chavra, Kerala 
Fine grained (-52 + 100 mesh) beach sand from 

Manavalakurichi, Tamil Nadu 
Brownish crystal of pegmatite origin from Kazi- 

pattanam, Andhra Pradesh 
Pur.Z.D. 
Put.Z.A. 

Sev.Z.N. 

Detrital sand from Purulia, Bihar 
Brownish crystal of nepheline syenite origin from 

Puttuti, Kerala 
Light brown crystal associated with anchoritic 

carbonatite from Sevathur. Tamil Nadu 
Kan.Z.N. 

Thad.Z.R. 

Fine grained, brownish, of biotite migmatite origin 
from Kanyakumari, Tamil Nadu 

Fine grained, dark violet, of biotite migmatite from 
Thadikarankonam, Tamil Nadu 

114 

82 

64 

85 
63 

245 

117 

239 

standard. Replicate analyses of a zircon from Chavara gave an overall relative standard deviation 
of 6.4% for the method. A number of other zircons were also analysed by this method and the 
results are given in Table II. 

The radiochemical purity of the sa3Pa isolated from the sample was established from the y-ray 
spectrum, which revealed the absence of any peak not attributable to assPa, the decay under the 
310 keV photo-peak which gave a half-life of 27-28 days comparable with 27 days reported in the 
literature,88 and the absence of gamma-active radio nuclides emitting photons of energy greater 
that 400 keV. 
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Summary_-The thorium content of zircons and standard rock samples 
was determined by neutron-activation analysis. The 310-keV photo- 
peak activity of sssPa was enhanced by a prior chemical separation 
which removed interfering induced activities. 

Zusammenfassnng-Der Thoriumgehalt von Ziikonen und Standard- 
Gesteinsproben wurde durch Neu~onenaktivierungsanalyse bestimmt. 
Die Aktivitlt des Photoneaks bei 310 keV von rssPa wurde durch eine 
vorausgehende chemische Abtrennung verstarkt, die gleichzeitig 
gebildete stijrende Aktivitlten entfernt. 

R&umi&Ona determinela teneurenthoriumdezirconsetd%chantillons 
de roche &talons par analyse par activation de neutrons. Le photopic 
d’activite 310 keV du DssPa a &? exalt6 Dar une seoaration chimiaue 
prealable qui elimine les activitts induites’ g&antes. 

n 
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Spectrophotometric molybdenum determination with thiolactic acid* 

(Received 15 July 1971. Accepted 22 October 1971) 

THE DETERMINATION of molybdenum by estimating the yellow complex formed with thioglycollic 
acid was hrst described by Will and Yoe. 1 They found, however, that numerous ions interfere at 
concentrations less than 25 ppm. Piibil and Adam* eliminated many of these interferences by 
extracting the complex into a 5% Alamine 336-S solution and measuring the absorbance of the 
organic phase at 370nm. Bismuth(III), mercury(H), tungsten(VI), chloride, fluoride and nitrate 
ions interfered. 

Busev, Nacu and Red&* used thiolactic acid (TLA) and some of its anilides for the calorimetric 
estimation of molybdenum. The molybdenum complex with TLA was extracted into an organic 
solvent in the presence of benzylthiuronium chloride. Molybdenum was successfully determined 
in the presence of any of nine different metal ions. 

We have developed a simple spectrophotometric method for molybdenum that is more selective 
than the thioglycollic acid method’ and is quicker and requires less manipulation than the extraction 
procedures. *es The present method is also very selective. 

Reagents 
EXPERIMENTAL 

a-Thiolactic acid (TLA) was obtained from Evans Chemetics, Inc. and used as received. The 
assay was reported as 99.4%. 

Molybdenum(V1) solutions were prepared by dissolving MOO, in 7M ammonia solution and 
diluting to 500 ml. The 0.05M solutions of other metal ions were made by dissolving the appropriate 
salts in distilled water (slightly acidified). Tartaric acid (0.05M) was added to antimony(V), t&IV), 
titanium(IV) and tungsten(V1) solutions to prevent hydrolysis. 

* Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. 
Contribution No. 3057. 
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Spectrophotometric molybdenum determination with thiolactic acid* 

(Received 15 July 1971. Accepted 22 October 1971) 

THE DETERMINATION of molybdenum by estimating the yellow complex formed with thioglycollic 
acid was hrst described by Will and Yoe. 1 They found, however, that numerous ions interfere at 
concentrations less than 25 ppm. Piibil and Adam* eliminated many of these interferences by 
extracting the complex into a 5% Alamine 336-S solution and measuring the absorbance of the 
organic phase at 370nm. Bismuth(III), mercury(H), tungsten(VI), chloride, fluoride and nitrate 
ions interfered. 

Busev, Nacu and Red&* used thiolactic acid (TLA) and some of its anilides for the calorimetric 
estimation of molybdenum. The molybdenum complex with TLA was extracted into an organic 
solvent in the presence of benzylthiuronium chloride. Molybdenum was successfully determined 
in the presence of any of nine different metal ions. 

We have developed a simple spectrophotometric method for molybdenum that is more selective 
than the thioglycollic acid method’ and is quicker and requires less manipulation than the extraction 
procedures. *es The present method is also very selective. 

Reagents 
EXPERIMENTAL 

a-Thiolactic acid (TLA) was obtained from Evans Chemetics, Inc. and used as received. The 
assay was reported as 99.4%. 

Molybdenum(V1) solutions were prepared by dissolving MOO, in 7M ammonia solution and 
diluting to 500 ml. The 0.05M solutions of other metal ions were made by dissolving the appropriate 
salts in distilled water (slightly acidified). Tartaric acid (0.05M) was added to antimony(V), t&IV), 
titanium(IV) and tungsten(V1) solutions to prevent hydrolysis. 

* Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. 
Contribution No. 3057. 
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Procedure 

Take a sample wntaining 12@-192Opg of molybdenum and dilute to about 3Sml. Add a 
masking agent if copper, tungsten, iron or bismuth are present (Table I). Adjust the pH to between 
1.0 and 1.6 with sulphuric acid, perchloric acid or sodium hydroxide. Transfer to a SO-ml volumetric 
flask, add 0.5 ml of TLA and dilute to volume with water. Measure the absorbance at 365 nm VJ a 
blank. 

TABLB L-MASKING AGENTS USED IN REDUCING INTE RFERENCEINTHB 
ABSORPTION OF THE TLA-MO COMPLEX 

Ion 

Cu’ 
Fe 
Bi 
W 

Added, Masking 
mmole agent 

0.25 thiourea 
0.25 HIPOI 
0.25 EDTA 
0.25 tartrate 

Added, 
mmole 

2.4 

::: 
1.0 

l Absorbance must be measured within 10 mm. 

RESULTS AND DISCUSSION 

Absorption spectra 

Spectra of a-thiolactic acid and the TLA-molybdenum complex at pH 1.0 are shown in Fig. 1. 
The shoulder on the TLA-molybdenum spectrum is useful in the determination of molybdenum. 
A wavelength of 365 mn was found to be the most free from foreign ion interferences. 

Effect of pH 

Figure 2 shows the effect of pH on the absorbance of the TLA-MO complex at a molybdenum 
concentration of 2 x IO-%Vf. The chemistrv of molvbdenum is wmnlex because of the nolvmerized 
species formed in acidic solutions. TherefoGe, no atiempt was made’ to determine the &I& for the 
deviation between pH 1.6 and 2.6. This phenomenon occurred in three separate experiments using 
perchloric, hydrochloric and sulphuric acid, respectively. A pH range of 1.0-1.6 was selected. 
The absorbance is less dependent on small changes in acidity within this range and there are fewer 
interferences than at higher pH values. 

TLA -MO complex 

0.2 

r 
LTLA L 

O,l I \I I I I I 1 
250 300 350 400 450 300 530 600 

Wavelength. nm 

Fxa. I.-Absorption spectra of TLA and TLA-MO complex in perchloric acid solution. 
(MO = 2 x lo-‘M) 



368 Short communications 

PH 

FIG. 2.-IXect of pH on the absorbance of the TLA-MO complex. (MO - 2 x lo-%f) 

With thioglycollic acid as a colour-forming reagent for molybdenum, the solution became 
sliahtlv turbid and this turbidity increased on standine. This did not occur when TLA was used. 
ThYe TLA-molybdenum complex formed at pH 
more than 24 hr with no evidence of turbidity. 

1.03.6 gave constant absorbance readings for 

Beer’s iaw 

The complex obeyed Beer’s law for molybdenum concentrations between 2.5 x lo-6 and 
4 x lo-9f. The molar absorptivity was 280 l.mole-l.mm-l at 365 nm. At a pH of 1.0-1.6 this 
compares with a value of approximately 210 l.mole-l.mm-l as calculated from the results of Will 
and Yoe at pH 1 for thioglycofhc acid. 

EJ&ect of foreign ions 

The absorbance of solutions containing 5 pmole of molybdenum and 500 times as much 
(2.5mmole) of a foreign metal ion was measured. The following ions caused no interference: 
Na, Al, K, Ca, Cr(III), Ni, Zn, Ga, Sr, Y, Zr, Cd, La, Yb, Hf, Hg(II), Pb, ‘Ph. In sulphuric acid 
solution 2.5 mmoie of tin(lV), ant~ony~, or ur~~~) caused no interference, but did interfere 
seriously in hydrochloric acid soiution. Vanadium(V) and chromium~I) were reduced to 
vanadium(IV) and chromium(III), respectively. These did not interfere with the determination 
of molybdenum if sufficient TLA was added to compensate for the amount consumed in the reduction. 

Copper( tungsten(VI), iron and bismuth caused some error in the molybdenum 
determination unless a suitable masking agent was added as listed in Table I. Phosphoric acid 
effectively masked iron(IIIf, and thiourea masked copper(H) if the absorbance in the latter case 
was read within 10 min. TungstenlvI) caused no error if tartrate was added, and bismuth did not 
interfere if EDTA was presen?. The effect of any combination of masking agents was not studied. 
Of the metal ions investigated, only gold(III), platinum(IV) and silver(I) interfered with the 
molybdenum determination. 

The effect of several anions was investigated. Sulphate, perchlorate, phosphate or chloride 
(5.0 nut-role), EDTA (2.5 mmole) and acetate, nitrate, tartrate, citrate (1.0 mmole) caused no error. 
Fluoride interfered by causing low results. 

Acknowledgement-The aid of Evans Chemetics Inc. in supplying the thiolactic acid is gratefully 
acknowledged. 
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Ames, Iowa, U.S.A. 

JAMES S. FRITZ 
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Summary-A quick, selective method for molybdenum(V1) is based on 
the formation of a yellow thiolactic acid complex. The complex 
is formed at pH 1.0-1.6, and the absorbance is measured at 365 nm. 

Zusanunenfassung-Ein rasches selektives Bestimmun~verfahren 
fur MolybdLn(V1) beruht auf der Bildung eines gelben komplexes 
mit Thiornilchsiiure. Der Komplex bildet sich bei pH l,O-1,6, seine 
Extinktion wird bei 365 nm gemessen. 

R&um&Une methode rapide, selective du molybdBne(VI), est bade 
sur la formation dun complexe jaune avec l’acide thiolactique. Le 
complexe se forme a pH 1,0-l ,6 et l’on mesure l’absorption a 365 nm. 

REFERENCES 
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Determination of traces of iron in the presence of iron@) by the 

bathophenanthroline method 

(Received 4 May 1971. Accepted 17 October 1971) 

THE BATHOPHENANTHROLINE method is generally used for determination of the sum of iron(I1) and 
(III) in boiler water. In investigation of the deposition mechanism of iron oxides and corrosion of 
boiler tubes, it is necessary to know the concentration of the iron(H). Titration methods,’ Clark’s 
bathophenanthroline methoda and the ammonium thiocyanate-thioglycol method’ cannot be applied 
to boiler water, because the concentration of iron(I1) is too low, of the order of ppM (parts per 
milliard). Lee’s bathophenanthroline method& gave a positive error for solutions with a high ratio 
of iron(II1) to iron(I1). 

The present paper describes attempts to determine iron(I1) with bathophenanthroline after 
masking of iron(II1). 

Reagents 
EXPERIMENTAL 

A standard solution of iron(I1) was prepared by dissolving reagent-grade ferrous ammonium 
sulphate in water acidified with sulphuric acid, and diluting with demineralized water. This solution 
was prepared daily, and was saturated with carbon dioxide and kept in an atmosphere of carbon 
dioxide. Bathophenanthroline (4,7-diphenyl-l,lO-phenanthroline) was dissolved in isopropanol. 
Other chemicals were chemically pure or reagent-grade. 

Procedure 

Sample solution [200 ml, 0.2-6 pg of iron( was adjusted to a pH between 4.2 and 4-7 with 2 ml 
of 3M hydrochloric acid and 5 ml of 2.6M ammonium acetate, and transferred to a 300-ml separatory 
funnel; 2 ml of 2.5% w/v sodium pyrophosphate solution were added and the solution was left 
standing for 5 rain for the iron(II1) pyrophosphate complex to form. Then 2 ml of 0.25M batho- 
nhenanthroline in isonronanol were added and the solution was shaken mechanicallv for 1 min: 
25 ml of n-butanol were-added and the shaking continued for 1 min. After settling (for 5 min) 
the aqueous phase was discarded, and 10 ml of methanol were added to the organic phase, which 
was then shaken to dissolve any water adherent to the funnel. The absorbance of the organic phase 
was measured in a IOO-mm cell at 533 nm against a reagent blank. 

RESULTS AND DISCUSSION 
Choice of stabilizing agent 

A major problem was to establish a solution environment that would keep the iron species in 
their original oxidation states. Several potential stabilizing agents including citrate, tartrate, oxalate, 
malonate, salicylate, phosphate and pyrophosphate were tested. 
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(Received 4 May 1971. Accepted 17 October 1971) 
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the aqueous phase was discarded, and 10 ml of methanol were added to the organic phase, which 
was then shaken to dissolve any water adherent to the funnel. The absorbance of the organic phase 
was measured in a IOO-mm cell at 533 nm against a reagent blank. 

RESULTS AND DISCUSSION 
Choice of stabilizing agent 

A major problem was to establish a solution environment that would keep the iron species in 
their original oxidation states. Several potential stabilizing agents including citrate, tartrate, oxalate, 
malonate, salicylate, phosphate and pyrophosphate were tested. 
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Only pyrophosphate masked iron(II1) without suppressing the colour reaction or reducing 
iron(II1). 

Choice of solvent 

The ferrous bathophenanthroline complex has usually been extracted with isopentanol and any 
droplets of water in the extract have been dissolved with isopropanol. However, when pyrophosphate 
is used, the colour of the isopentanol-isopropanol extract is unstable. Chloroform, carbon tetra- 
chloride, n-hexanol, n-butanol, ketones and esters were tested as extraction solvents, and isopropanol, 
ethanol and methanol as solvents for residual water. 

With solvents other than alcohols no coloured product was extracted. Even with alcohols as 
solvents, the colour faded with time, and a relationship existed between the rate of fading and the 
molar concentration of hydroxyl groups (sum of alcohol and water OH groups) in the organic phase. 
Although no explanation for this relationship was forthcoming, it appeared that the lower alcohols 
gave the more stable colour. Therefore n-butanol and methanol were the solvents selected. 

The shaking time required for the complete formation of ferrous bathophenanthroline complex 
was about 2 min and after shaking, its colour showed no change for 15 min and then increased. 

Effect of sodium pyrophosphate 

Figure 1 shows the effect of sodium pyrophosphate on the absorbance for solutions containing 
iron(U) with and without iron(II1). In the range from 2.6 to 60 mg sodium pyrophosphate masked 
iron(II1) and permitted iron(I1) to react with bathophenanthroline. Therefore, 25 mg (1 ml of 25 % 
solution) were used in further work. This amount was adequate to prevent interference of iron(II1) 
in up to 20-fold ratio to iron if a 10% error could be tolerated (Table I). 
reaction is not instantaneous, taking ~3 min at 15” and ~2 min at 20”. 

However, the masking 
At 32” the absorbance begins 

to fall at -6 min reaction time, so 5 min were allowed at room temperature. The time needed for 

Y I” 0 20 40 60 60 too 120 

Weight of sodium pyrophospha38, mg 

FIG. 1 .-Effect of sodium pyrophosphate. 
l -Fe(I1) 5 ppM, Fe(II1) 25 ppM: 0-Fe(I1) 5 ppM. 

TABLE I.-EFFECTOPIRON(III)ON ABSORRANCEOPIRON(II)COMPLEX 

[Fe(IIMFe(II)I Absorbance of Fe(I1) complex 
in aqueous 

phase 1 PPM 5 PPM 5* PPM 30 PPM 
0 O-026 0.121 0.129 o-703 
1 0.028 0.124 0.134 - 
5 0.029 0.125 0.176 0.710 

10 0.028 0.125 0.233 - 
20 0.028 0.130 - 0.734 
40 0.030 0.129 - 0.741 
60 0.037 0.138 - 0.780 

l Sodium pyrophosphate was not added. 
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FIG. L-EtIect of PI-I. 
O-Fe(H) 5 ppM. Fe(III) 50 ppM: O-Fe(n) 5 ppM. 
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complete extraction was 2 mirr; the absorbance remained constant for S min but then gradually 
increased. 

Eflect ofpH 

The absorbance was unaffected by pH in the range 3G-47 if iron(III) was originally present and 
4.2-47 if it was absent (Fig. 2). The latter range was therefore used. 

Absorption spectrum and stability of the colour 

lie absorption maximum was at 533 nm and the molar absorptivity was 2.03 x ICF I.moIe-l.mm-z, 
slightly less than in isopentauol-isopropanol medium. Beer’s law was obeyed for iron(H) concen- 
trations up to 30 ppM in the aqueous solution (coefficient of variation 4% for 5 ppM). The absorbance 
in n-butanol is constant for 20 min and for at least 3 hr in butanol-methanol. 

E$ct of diverse ions 

As shown in Table I, nickel, zinc, mugger and chromium~I1) had littie effect on the 
absorbance. Copper(H) gave a negative error, because it catalysed the oxidation of ferrous ion with 
oxygen. Cobalt(H) gave a positive error, because cobalt reduced ferric ion in the presence of batho- 
phenanthroline.* Only 25 ppM of copper and 5 ppM of cobalt could be tolerated. 

Technical Laboratory 
Central Research I~titute of Electrical Power fndust~ 
Iwato, ILmae Tokyo, Japan 

TAKAYUKI MIZUNO 

Summary-Traces of iron(H) (l-30 ppM) in the presence of iron(III) 
were determined (error <lo%) by the bathophenanthroline method. 
Interference of iron(m) was eliminated by masking with sodium pyro- 
phosphate (2.5-60 mg). The iron(H) complex was extracted with n-bu- 
tanol, at pH 4.247. 

Zusammenfassung-Spuren des Eisen(II) (l-30ppM) in Gegenwart 
des Eisen(III) wurden mit Bathophenanthrolin Methode bestimmt 
(Fehler (10%). Stiirung von Eisen(III) wurde mittels Maskierung 
mit Natriumpyrophosphate (2,4-60 mg) beseitigt. Eisen(II) Komplex 
wurde in n-butanol, at pH 4,2-4,7 extrahiert. 
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1. 

2. 

:: 

RbumLOn a determin6 trace de fer(I1) (l-30 ppM) en presence de 
fer(II1) (erreur 10%) par la methode de bathopenanthroline. On a 
elimine l’interference de fer(II1) par la dissimulation avec pyrophos- 
phate de sodium (2,560 mg). 
n-butanol a pH 4,2-4,7. 

On a extrait la complexe de fer(I1) avec 

REFERENCES 

Vereinigung der Grosskesselbesitzer. Analysenverfahren fiir den Kraftwerksbetrieb, p. 240. 
Vulkan Verlag Dr. W. Classen, Essen, 1962. 
L. J. Clark, Anal. Chem., 1962,34,348. 
JZ,S KOlOl-1966, p. 96. 
G. F. Lee and W. Stumm, J. Am. Water Works Ass., 1960,52, 1567. 

Talanta, 1972, Vol. 19, pp. 372 to 377. Per&zmmn Press. Printed in Northern Ireland 

Determination of inorganic impurities in vinyl chloride by activation analysis 

(Received 15 March 1971. Accepted 24 June 1971) 

THE LACK of experimental data concerning the traces of inorganic compounds found in vinyl chloride 
is due to the difficulties in using classical analytical methods on gases or liquids at low temperature 
for the detection of trace impurities. The object of this paper is to examine the estimation of trace 
inorganic impurities in vinyl chloride. The high sensitivity of the activation method compared with 
the usual chemical methods makes it suitable for this purpose. Thevinyl chloride obtained by synthesis 
from acetylene and hydrogen chloride (mercuric chloride as catalyst) is likely to be contaminated by 
such inorganic constituents as arsenic and phosphorus which are present in acetylene asAsH,and PH,. 

A vinyl chloride sample irradiated with a thermal neutron flux gives mainly oneradioactiveisotope, 
Yl, via an (n, y) reaction, in high yield. 1 For an irradiation time of a few hours all other nuclear 
reactions may be neglected. The presence of elements other than C, H and Cl (e.g., As) might lead 
to the formation of radioisotopes which could be determined. 

A slow neutron flux of 1.2 x 109n/mmz/sec with a fast neutron component of 6.2 x 10’ 
n/mm%ec was used. Under these conditions the existence of nuclear reactions such as (n, a) 
and (n, p) for chlorine are possible and could result in the formation of szP and *YS, the fist of which 
would interfere in the determination of phosphorus by p-counting. The (n, p) reaction occurs even 
with slow neutrons but a cross-section for reactor neutrons of 590 f 90 mb is given.* The effect of 
YS is easily eliminated, owing to its low /?-energy of 0.2 MeV. 82P may result either from the IllP(n, y) 
raP reaction (which is directly related to the phosphorus present as impurity) or from %l(n, a)S2P. 
The contribution of the latter nuclear reaction is low, owing to the subcadmium neutron spectrum 
having a cross-section of 0.08 mb.‘L In the presence of fast neutrons this value might be higher. 

Sample irradiation 
EXPERIMENTAL 

Vinyl chloride samples were introduced into quartz vials cooled with liquid nitrogen in a special 
aluminium vessel insulated with expanded polystyrene. In order to keep the sample cool the facility of 
adding further refrigerant was required and the only reactor channel suitable for this purpose had 
the low neutron flux of 10’ n/mniQec and could not be used for analytical determinations. This 
difficulty was overcome by taking advantage of the tendency of the liquid monomer to polymerize. 
This oolvmer is solid and stable at 2.5” and could be used as the samole in the normal channel which 
has a’neutron flux of 1.2 x lo8 n/mma/sec. 

I 

The industrial synthesis of vinyl chloride uses acetylene and hydrogen chloride. Acetylene is 
contaminated by ASH, and PH, generated from calcium arsenide and phosphide present in calcium 
carbide. The acetylene and hydrogen chloride are also contaminated with traces of oxygen, which 
can give oxygenated compounds. Other organic contaminants of the monomer may be produced 
during the reaction process. These organic compounds and, more efficiently, vinyl chloride react 
with arsine and phosphine, resulting in the retention of these elements in the polymer. The same is 
true for bromine (existing as HBr in HCl). 
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reactions may be neglected. The presence of elements other than C, H and Cl (e.g., As) might lead 
to the formation of radioisotopes which could be determined. 

A slow neutron flux of 1.2 x 109n/mmz/sec with a fast neutron component of 6.2 x 10’ 
n/mm%ec was used. Under these conditions the existence of nuclear reactions such as (n, a) 
and (n, p) for chlorine are possible and could result in the formation of szP and *YS, the fist of which 
would interfere in the determination of phosphorus by p-counting. The (n, p) reaction occurs even 
with slow neutrons but a cross-section for reactor neutrons of 590 f 90 mb is given.* The effect of 
YS is easily eliminated, owing to its low /?-energy of 0.2 MeV. 82P may result either from the IllP(n, y) 
raP reaction (which is directly related to the phosphorus present as impurity) or from %l(n, a)S2P. 
The contribution of the latter nuclear reaction is low, owing to the subcadmium neutron spectrum 
having a cross-section of 0.08 mb.‘L In the presence of fast neutrons this value might be higher. 

Sample irradiation 
EXPERIMENTAL 

Vinyl chloride samples were introduced into quartz vials cooled with liquid nitrogen in a special 
aluminium vessel insulated with expanded polystyrene. In order to keep the sample cool the facility of 
adding further refrigerant was required and the only reactor channel suitable for this purpose had 
the low neutron flux of 10’ n/mniQec and could not be used for analytical determinations. This 
difficulty was overcome by taking advantage of the tendency of the liquid monomer to polymerize. 
This oolvmer is solid and stable at 2.5” and could be used as the samole in the normal channel which 
has a’neutron flux of 1.2 x lo8 n/mma/sec. 

I 

The industrial synthesis of vinyl chloride uses acetylene and hydrogen chloride. Acetylene is 
contaminated by ASH, and PH, generated from calcium arsenide and phosphide present in calcium 
carbide. The acetylene and hydrogen chloride are also contaminated with traces of oxygen, which 
can give oxygenated compounds. Other organic contaminants of the monomer may be produced 
during the reaction process. These organic compounds and, more efficiently, vinyl chloride react 
with arsine and phosphine, resulting in the retention of these elements in the polymer. The same is 
true for bromine (existing as HBr in HCl). 
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Standards 

Preliminary qualitative determinations identified the inorganic contaminants as arsenic, bromine 
and phosphorus. 

Standards of Asss08, KBr, HCl and NaBHPOl were irradiated at the same time as the samples, 
under similar conditions to avoid errors due to neutron flux fluctuations, shielding effects, geometry 
and time interval. 

Radioactivity measurements 

Most of the radioactivity measurements were based on gamma spectrometry with a 42 x 45 mm 
Nal(T1) scintillation counter associated with a 4OO-channel pulse-height analyser (SA-40 B, Intertech- 
nique). A 25 pg/mm” end-window GM counter for /?-measurements was also used for rrP. Liquefied 
samples were counted in a special apparatus cooled with liquid nitrogen. 

RESULTS AND DISCUSSION 

When liquefied monomer has been irradiated (usually for 3 hr) the resulting y-ray spectrum is 
similar to that shown in Fig. 1. The presence of a8Cl(37.3-min half-life) from the nuclear reaction 
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FIG. l.-Liquefied monomer gamma-spectra. 
1. In the presence of s*Cl. 
2. In the absence of **Cl. 

*‘Cl(n, y) *8cl is evident and does not permit an estimation of any inorganic component. When 
?l has completely decayed, the existence of the peaks is revealed at energies of 0.56,0.78,1@4,1*2, 
1.7, and 2.17 MeV (spectrum 2). 

From nuclear data,re4 the peaks at @56, 0.66 and perhaps 1.2 MeV are ascribed to ‘@As. The 
remaining peaks cannot be ascribed to “As because of the low activities involved. The height of 
the O-56-MeV peak is inexplicable,4 but the low neutron flux resulted in bad counting statistics. The 
alternative method of irradiation of polyvinyl chloride was therefore used. The counting statistics 
were thus improved owing to an increased neutron flux and a larger sample size. The y-spectra 
obtained for sample and standard are illustrated in Fig. 2. 

By comparison with literature data it is clear that rsAs obtained in the nuclear reaction1*4 r6As(n, r) 
‘OAs is not the only component involved. The O*Br must also be taken into consideration with its 
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FIG. 2.-Gamma-spectra. 
1. Solid polymerized sample. 
2. ‘OAs @nina spectrum induced in standard. 

characteristic peaks at 0.55, 0.70, 0.78, l-04, l-33 and 1.48 MeV (higher energies are neglected),* 
as shown in Fig. 2. This proves the existence of the nuclear reaction 81Br(n, r) 8aBr. The target element 
abundance 49.46 ‘A 81Br and u = 3.3 b explain the presence of this component.1 A decay curve for 
the O-78 and 1.04-MeV peaks, which except for the 0.55-MeV peak are the most important, gave a 
half-life of 35.4 hr, characteristic of *aBr. 

The 0.55-MeV peak results from the superposition of the lsAs 0.56-MeV peak and the BaBr 
0*55-MeV peak. A decay curve for the ‘OAs peak gave a half-life of 31 hr. Because of the half-lives 
of ‘6A~ of 26.4 hr,l and BaBr of 35.4 hr,’ it is clear that both components are present and this fact is 
reflected in the half-life of 31 hr found. If this peak alone is used the two activities must be determined 
separately, which is not possible from the decay curve obtained. A mathematical treatment permits 
the estimation of the activities of two components at time t = 0 when their half-lives are known.6 
The total activity Z (measured) is a resultant of the two components Z1 and Ze given in equation (1) 

Z = Z1 exp (-&r) + ZI exp (-&t) (1) 

where the I’s are the disintegration constants. 
Dividing this equation by exp( --A& gives 

Zexp (At> = Zl + Is exp t& - &)tl (2) 

A plot of Zexp (&t) against exp [(A, - &)t] gives the total activity at t = 0, when Z = Ilo + ZIo, as 
an intercept on the ordinate. The slope gives Z,“. 

The values obtained for one example were 7aAs, ZLo = l-7 x IO” c/At; 8’Br, ZSO = 3.60 x 10’ 
c/At. The results for 3 experiments are given in Table I. In this case the value of Z1” for 76As from 
equation (2) was compared with the corresponding 0*56-MeV peak activity of the standard. 

For the bromine determination two methods have been used. In the Grst, potassium bromide 
was used as the standard and the peak at 0.78 MeV was the most suitable to use because it involved 
the highest activity (except for the 0*55-MeV peak). The corresponding peaks of sample and standard 
were compared and the results are given in Table I. The second method was employed to check the 
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TABLE I.-D ETERMNATION OF ARSJSNIC AND BROMINE 

(Sample weight 354 mg and 302 mg compared with 2.5 mg As,O, and 3-O mg KBr as standards) 

No. of sample 

Activity in sample 
“As OrBr 

counts/20 min 

Activity in standard 
“AS *‘Br 

counts/20 min 

Impurity in sample 
As Br 
% % 

: 1.55 1.7 x x 10’ 10’ 1.35 le.5 x x 10‘ 10’ 1.23 1.13 x x 10’ 10’ 2.98 2.75 x x 10” lo6 7.4 8.6 x x lo-’ lo-‘ 2.86 3.27 x x lo-’ lo-’ 

3 1.45 x 10’ 1.28 x 10’ 1.10 x 10’ 2.67 x 10’ 8.2 x lo-’ 3.20 x lo-’ 

Mean value for As (8.0 f 0.6) x lo-’ % 
Mean value for Br (3.07 f 0.2) x 10-s % 

TALU II.-DETERMINATIONOFBROMINB 
(Based on activities at t = 0 from equation (2). using AslO* as standard) 

Activities at t = 0 
TaAs “Br 

Impurity in sample 
As Br 

No. of sample 

1 
2 
3 

counts counts % % 

17000 36000 7.4 x lo-’ 6.25 x lo-’ 
14500 20000 8.2 x lo-’ 4.55 x 10-a 
15500 21500 8.6 x lo-’ 4.75 x lo-’ 

Mean value for Br (5.4 f @85) x 10-s % 

results obtained for bromine, starting with the 7aA~ determination. The activity dN/dt induced in 
the target is given by the formula : 

dN/dt = Nu+[l - exp (- At,)] (3) 

where N refers to the target quantity (abundance included) u is the cross-section, + the flux and t1 
the time of irradiation. The activity A measured with a scintillation counter for the time interval At 
at time tl is given by : 

A = Nu+[l - exp (- AtJ exp (- Lt,)!&At 

where a includes the geometry and the scattering effects and q is the photopeak efficiency. 

(4) 

It would be convenient to write two equations of type (4); one for arsenic and one for bromine. 
Their ratio would eliminate several constants which are the same in both cases. The only unknown 
would be the quantity of bromine, which is deduced from the amount of arsenic previously determined 
(Table I) and the activities of ‘OAs and BPBr found from equation (2). The results are given in Table II. 

It must be emphasized that this alternative method is a check on the values obtained but the 
differences between the bromine results obtained by the two methods result from variations in cross- 
sections, geometry and statistics. The cross-section is referred to thermal neutrons, not to reactor 
neutrons, and a substantial error might thereby result. The fluctuations from the mean value in 
Tables I and II are acceptable under the given experimental conditions. 

A note of caution must be introduced in estimating IeAs. In the presence of fast neutrons (6.2 x 
10’ n/mm8/sec) and bromine as contaminant, the following nuclear reaction is theoretically possible: 
‘@Br(n, a) 7EA.s. However, owing to the low amount of bromine present (the same order of magnitude 
as the arsenic), the lower fast-neutron flux and the much lower cross-section, the presence of this 
nuclear reaction is certainly not detectable. The neutron spectrum of energies, combined with the 
reaction threshold, leads to the virtual absence of (n, a) reactions. 

When all other radioactive products have decayed, the only components supposed to be present 
are *&S and raP. The former was obtained in the ssCl(n, p)*Fl reaction even with slow neutrons. 
The second radioisotope is more likely to result with fast neutrons in the *‘Cl(n. a) s*P nuclear process. 
Interference of the last reaction with the *lP(n, y) mP reaction which permits the estimation of the 
phosphorus impurity may be expected and steps taken to avoid this contribution. 

The vinyl chloride sample was irradiated at the same time as hydrogen chloride and Na,HPO, as 
standards. The pure hydrochloric acid leads to % and **P following(n, p)and (n, a)nuclearreactions. 
The same is true for the sample, including the alP(n, y) ‘*P reaction which occurs in the presence of 
phosphorus as impurity. The NasHPO, standard is used for the (n, y) reaction of phosphorus. In all 
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TABLE III.-DETERMINATION OF PHOSPHORUS 
(Sample weight 302 mg, using Na*HPO, and HCl solution as standards. P = 4.3 mg 

and Cl = 172 mg) 

No. of sample 

Sample HCl 
activity activity 

counts/l72 mg Cl 

Sample Activity 
activity of 4.3-mg P impurity 

due to P P standard in sample 
counts/l 72 mg Cl counts % 

1 3250 2970 280 21600 1.85 x lo-* 
2 3050 2760 290 19300 2.14 x lo-’ 

Mean value (2.0 f 0.15) x lo-* % 

cases a reasonable decay time was allowed before counting, in order to eliminate the effect of inter- 
fering radioactive products. 

Beta-counting was later employed and a decay and absorption curve followed. When the decay 
curve was measured, an absorber (aluminium) was used to eliminate the effect of ssS. The half-life 
determined in the classical way gave a value of 14.3 d f 5 %. 

When hydrochloric acid activity was subtracted from that of the sample, the srP and ?Cl contri- 
butions were eliminated. The residual activity was ascribed to the (n, 7) reaction of the phosphorus 
impurity, which is compared with the standard activity. For the purposes of calculation, it was pre- 
ferred to eliminate some undesirable weak activities by absorption with aluminium. Results of the 
phosphorus determination are given in Table III. 

CONCLUSIONS 

The thermal-neutron activation method used has permitted the estimation of arsenic and bromine 
by gamma-spectrometry and phosphorus by beta counting. In each case the fluctuations from the 
mean value are 10-20%. Discrepancies between the values obtained by the two methods of calcu- 
lation are explained by side-effects and the influence of the cross-sections. 

Institute of Atomic Physics FL~R~N T. BUNU$ 
Bucharest, Romania SANDA MURGALEEU 

Sununary_-Trace impurities in vinyl chloride have been determined 
by activation analysis in a reactor thermal neutron flux of 1.2 x 100 
n/mn?/sec. Irradiations were carried out on liquid and solid samples 
at the same time as a standard. Gamma-spectrometry was used to 
reveal the presence of arsenic and bromine, the quantitative estimation 
being based on two calculus methods., The impurities determined 
were: arsenic 8.0 + 0.6 x lo-“%, bromine 3.07 f 0.2 x lo-*% and 
phosphorus 2-O f 0.15 x lO-2%. 

Zusammenfassung-Spuren-Verunreinigungen in Vinylchlorid wurden 
aktivierungsanalytisch bei einem thermischen Neutronentluh von 
1,2 x 1OQ n/mme/sec im Reaktor bestimmt. Die Bestrahlungenwurden 
an fltissigen und festen Proben gleichzeitig mit einem Standard ausge- 
fiihrt. Mit Hilfe der Gamma-Spektrometrie wurde Arsen und Brom 
nachgewiesen, wobei fur die quantitative Auswertung zwei Verfahren 
zur Anwendungkamen. FolgendeVerunreinigungen wurden bestimmt : 
Arsen 8,0 f 0,6 x lo-“%, Brom 3,07 f 0,2 x 10es% und Phosphor 
2,0 + 0,15 x lo-a%. 

R&u&-On a determine des impure& a l’etat de traces dans le 
chlorure de vinyle par analyse par activation dans un flux de neutrons 
thermiques de reacteur de 1,2 x lo9 n/mma/s. Les irradiations ont 
ete effect&es sur des echantillons liquides et solides en m6me temps 
que sur un &talon. On a utilise la spectrometrie gamma pour reveler la 
presence d’arsenic et de brome, l’estimation uantitative &ant basee sur 

.% deux methodes de calcul. On a determm les impure& suivantes: 
arsenic 8,0 & 0,6 x 10-4%, brome 3,07 f 0,2 x 10Ms% et phosphore 
2,0 jr 0,15 x 10-X%. 
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Organic and inorganic ion-exchange beads as indicators 
in redox and precipitation titrations 

(Received 30 April 1971. Accepted 21 October 1971) 

RECENTLY ion-exchange resins have found some new analytical applications in the detection of metal 
i0ns.l Resin beads. loaded with indicators. have also been used for the titration of acids and bases,g*s 
but, so far as we are aware, have not been used as indicators in precipitation titrations. 

Some inorganic ion-exchangers show great selectivity towards some metal ions, and adsorb them 
irreversibly. In these cases the metal ion is probably incorporated in the matrix and the bead of the 
exchanger in this particular form can be used advantageously as an indicator. Thus stannic arsenate 
adsorbs iron(II1) irreversibly,4 and in this form can be used for titration of metal ions with ferro- 
cyanide. 

EXPERIMENTAL 
Reagents 

Potassium ferrocyanide. The trihydrate was dried at loo” for 1 hr. A O.lOMferrccyanide solution 
was prepared by exact weighing and 1 g of sodium carbonate was added per litre. 

Zinc sulphate, 0.1 M. Standardized with EDTA. 
Ferrous ammonium sulphate, 0.1 M. 
Potassium dichromate, O.lN. 
Silver nitrate, O-1 M. 
Ceric sulphate solution. Standardized against arsenious oxide. Nitrates of other metal ions 

were used. 
Resin beads. Dowex SOW x 8 (20-50 mesh) resin beads in Na+ form were soaked in alcoholic di- 

phenylamine solution, and in H+ form were soaked in p-dimethylaminobenzylidenerhodanine, for 
use in redox and argentometric titrations respectively. 

Procedures 

Determination of Zn, Pb, Ag and Cd. To the metal ion solutions were added 5 ml of appropriate 
acid solution (1Macetic for lead, silver and cadmium and 1M hydrochloric for zinc), 1 ml of distilled 
alcohol and 3 or 4 beads in the Fe(II1) form. 
from a 5-ml microburette. 

The solutions were titrated with potassium ferrocyanide 
Near the end-point the solution was vigorously shaken after the addition 

of each drop. A sharp change from yellow to blue on the beads occurred at the end-point owing to 
the formation of Prussian Blue. For titrant concentrations of 0.005-OlM and metal ion amounts 
of 0.01-l m mole the titration error was from 0 to +0.4x. 

Titration ofFe(II) or Na,S,O,. To 5 ml of Fe(I1) solution were added 5 ml of SNsulphuric acid, 
1 ml of 85 % phosphoric acid and 3 or 4 beads in the diphenylamine form. The solution was titrated 
with potassium dichromate, ceric sulphate, or potassium permanganate from a 5-ml microburette 
with vigorous shaking after each drop. The end-point colour change from yellow to blue on the 
resin surface is sharp. The titrant concentration was varied between 0005 and O.lN, but the error 
remained more or less constant in the range +0.2-0.5 %, 

Determination of Cl-, Br-, I-. To 5 ml of metal halide solution were added a few p-diiethyl- 
aminobenzylidenerhodanine beads. In the case of chloride and bromide 5 ml of alcohol were also 
added. On titration with silver nitrate there was a sharp colour change from yellow to violet orange 
at the end-point. The results are in error by +0.1-0.3 % 

Successive &termination of Zn4+ and Cl-. To a mixture of zinc chloride and sodium chloride 
5 ml of alcohol and a few p-dimethylaminobenzylidenerohdanine beads were added. The solution 

11 
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RECENTLY ion-exchange resins have found some new analytical applications in the detection of metal 
i0ns.l Resin beads. loaded with indicators. have also been used for the titration of acids and bases,g*s 
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irreversibly. In these cases the metal ion is probably incorporated in the matrix and the bead of the 
exchanger in this particular form can be used advantageously as an indicator. Thus stannic arsenate 
adsorbs iron(II1) irreversibly,4 and in this form can be used for titration of metal ions with ferro- 
cyanide. 

EXPERIMENTAL 
Reagents 

Potassium ferrocyanide. The trihydrate was dried at loo” for 1 hr. A O.lOMferrccyanide solution 
was prepared by exact weighing and 1 g of sodium carbonate was added per litre. 

Zinc sulphate, 0.1 M. Standardized with EDTA. 
Ferrous ammonium sulphate, 0.1 M. 
Potassium dichromate, O.lN. 
Silver nitrate, O-1 M. 
Ceric sulphate solution. Standardized against arsenious oxide. Nitrates of other metal ions 

were used. 
Resin beads. Dowex SOW x 8 (20-50 mesh) resin beads in Na+ form were soaked in alcoholic di- 

phenylamine solution, and in H+ form were soaked in p-dimethylaminobenzylidenerhodanine, for 
use in redox and argentometric titrations respectively. 

Procedures 

Determination of Zn, Pb, Ag and Cd. To the metal ion solutions were added 5 ml of appropriate 
acid solution (1Macetic for lead, silver and cadmium and 1M hydrochloric for zinc), 1 ml of distilled 
alcohol and 3 or 4 beads in the Fe(II1) form. 
from a 5-ml microburette. 

The solutions were titrated with potassium ferrocyanide 
Near the end-point the solution was vigorously shaken after the addition 

of each drop. A sharp change from yellow to blue on the beads occurred at the end-point owing to 
the formation of Prussian Blue. For titrant concentrations of 0.005-OlM and metal ion amounts 
of 0.01-l m mole the titration error was from 0 to +0.4x. 

Titration ofFe(II) or Na,S,O,. To 5 ml of Fe(I1) solution were added 5 ml of SNsulphuric acid, 
1 ml of 85 % phosphoric acid and 3 or 4 beads in the diphenylamine form. The solution was titrated 
with potassium dichromate, ceric sulphate, or potassium permanganate from a 5-ml microburette 
with vigorous shaking after each drop. The end-point colour change from yellow to blue on the 
resin surface is sharp. The titrant concentration was varied between 0005 and O.lN, but the error 
remained more or less constant in the range +0.2-0.5 %, 

Determination of Cl-, Br-, I-. To 5 ml of metal halide solution were added a few p-diiethyl- 
aminobenzylidenerhodanine beads. In the case of chloride and bromide 5 ml of alcohol were also 
added. On titration with silver nitrate there was a sharp colour change from yellow to violet orange 
at the end-point. The results are in error by +0.1-0.3 % 

Successive &termination of Zn4+ and Cl-. To a mixture of zinc chloride and sodium chloride 
5 ml of alcohol and a few p-dimethylaminobenzylidenerohdanine beads were added. The solution 
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was titrated with silver nitrate till a sharp colour change from yellow to violet on the resin phase was 
observed. Then 5 ml of 1M hydrochloric acid were added. The slight excess of silver ions present 
at the equivalence point, was precipitated as the chloride, and a few Fe(III)-form beads were added 
and zinc was titrated with ferrocyanide. The results are reasonable, the errors for Cl- being in the 
range from -3.0 to +@2% and for zinc(I1) from -1.2 to -tO.5%. 

Simultaneous determination of silver and lead. A silver nitrate-lead nitrate mixture was taken 
in a burette and added drop by drop to a known volume of sodium chloride solution containing 
5 ml of ethanol and resin beads in the p-dimethylaminobenzylidenerhodanine form. At the equiv- 
alence point silver was precipitated as the chloride and lead nitrate remained in solution. A few 
drops of sodium chloride were added at the equivalence point to precipitate excess of silver (to 
minimize the error in the determination of lead), 5 ml of 1M acetic acid were added and lead was 
titrated with potassium ferrocyanide, with Fe(II1) beads as indicator. The errors are from 0 to +0.3 % 
for silver and from -0.7 to 0.90 for lead. Chloride solutions (O.OOlN) can be titrated with OGO5- 
0001N silver with an error of +0.3-0.9 %. 

Determination of chloride in a coloured solution. The chloride in a cobalt(II)-chloride mixture 
is determined as above. The addition of a few ml of saturated cobalt nitrate solution intensifies the 
colour but does not effect the end-point. 

Effect of diverse ions in Zn determination. To 5 ml of OGO2M zinc solution the following ions 
were added in the quantities (in mg) given in parentheses. No interference in the zinc determination 
was noticed when p-dimethylaminobenzylidenerhodanine was used as an indicator: Ba*+(lOO), 
Sr*+(lOO), Na+(240), AP+(40), Ca*+(l20), NH,+(40). Thiosulphate, chlorate, perchlorate, sulphite, 
thiosulphate and thiocyanate do not interfere. 

The following ions did not interfere at the levels indicated when stannic arsenate beads were used: 
Ba*+(120), Al’+(60), NH1+(60), Na+(320) Ca*+(140). 

Care must be taken that a drop of titrant does not fall on the resin beads. A blankcorrection was 
made in each case. The results are summarized in Table I. 

TABLEI.-COMPARISON OF THE BEAD METHOD WITH VOLHARD'S METHOD IN THE TITRATION 
OF cl- IN cot& 

Volhard method Proposed method 

Chloride 
taken, mg 

Chloride 
found, mg 

Error 
% 

Chloride 
taken, mg 

Chloride Error, 
found, mg % 

6.35 3.19 -49 6.35 6.30 -0.7 
12.78 9.58 -25 12.78 12.80 +0*1 
9.58 6.55 -30 9.58 9.60 +0*2 

DISCUSSION 

In the determination of halides the method is superior to the Mohr method since chloride, 
bromide and iodide can be accurately titrated, and Mohr’s method is not applicable to the determina- 
tion of iodides and thiocyanates. Further the Mohr titration is possible only in the pH range of 
7-10.5, whereas the bead method can be used with accuracy from pH 2 to 7. At pH less than 2 the 
method is inaccurate. Volhard’s method is undoubtedly superior to Mohr’s method, but it cannot 
be used if the solution itself has an intense colour. Thus in the titration of cobalt chloride the Volhard 
method gives wrong results whereas the bead method is accurate. It is also superior to the adsorption 
indicator method, since it is possible to titrate O.OOlM chloride solution by this method. It is not 
possible to titrate chloride solution more dilute than OOOSM, using fluoroscein as indicator. 

Another novel feature is that resin beads can be used for the successive determination of two 
substances. Thus zinc and chloride or silver and lead can also be determined without prior separation. 
This is feasible because it is possible to add different indicators in succession. This is not the case with 
the conventional indicators. 

Another advantage is that selective, specific and sensitive spot test reagents can be appropriately 
used for volumetric titrations. The use of p-dimethylaminobenzylidenerhodanine is a case in point. 
It has been used for the titration of silver nitrate with potassium chloride or bromide in 6it4 nitric 
acid or 5M sulphuric acid.6 

The greatest advantage of resin bead indicators is that a single indicator can be used when different 
species are titrated with the same titrant. Thus Zn, Pb, Ag, Cd and Cu have been titrated, using 
resin beads in the Fe(II1) form as the indicator. 

The method is particularly useful in dilute solutions, where the precipitates are not so dense and 
the colour change on the beads can be easily detected at the equivalence point. In more concentrated 
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solutions, the beads are not visible through the thick precipitate, but the colour change on the resin 
phase can be seen by raising the beaker above eye level and viewing the beads at the bottom. 

As zinc ferrocyanide is more soluble than Prussian Blue, the end-point is obtained rather early 
when zinc is titrated with ferrocyanide in aqueous medium and the results are erroneous. However 
if alcohol is added before the titration is started, accurate results are obtained, because the alcohol 
lowers the solubility product of zinc ferrocyanide. It will also lower the solubility product of iron@) 
ferrocyanide but presumably to a lesser extent. Addition of alcohol may similarly improve the 
end-point for Pb, Ag and Cd titration. The addition of alcohol has a remarkable effect on the inter- 
ference by diverse ions. Thus without alcohol barium interfered in the zinc titration even in 1 :l 
ratio, but in the presence of alcohol even 100 times as much did not interfere. The same is true for 
other ions. This is because the addition of alcohol suppresses the ionization of these electrolytes and 
prevents their interference. Stannic arsenate beads give even better results. Since Fe(II1) is irrevers- 
ibly adsorbed, the addition of large quantities of interfering ions does not affect the titrations. 

Acknowledgemenfs-The authors are grateful to Dr. S. M. F. Rahman for research facilities and to 
Mr. Virendra Kumar for many helpful suggestions. 
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Summary-Resin beads in the Fe(III) or pdimethylaminobenzvlidene- 
rhodanine form are used as indicators 6 precipitation titrations with 
K,Fe(CN)I, and Ag+. Resin beads withdiphenylamineadsorbedonthem 
can be used as indicators in cerimetric titrations. They have some 
advantages over conventional indicators. 

Zasammenfasstmg-Harzperlen in der Fe(III)- oder in der p-Di- 
methylaminobenzylidenrhodamin-Form werden als Indikatoren bei 
Fallunastitrationen mit K.Fe(CN). und Ae+ verwendet. Harzoerlen 
mit a&orbiertem Diphen$&n -kiinnen %s Indikatoren bei’ ceri- 
metrischen Titrationen verwendet werden. Sie haben gegentiber 
herkiimmlichen Indikatoren einige Vorteile. 

Rbum~On utilise des perles de resine sous la forme Fe(II1) ou 
p-dim&hylaminobenzylidene rhodamine comme indicateurs dam les 
titrages par precipitation avec K,Fe(CN), et Ag+. On peut utiliser les 
perles de r&sine ayant adsorb& de la diphenylamine comme indicateurs 
dans les titrages &im&riques. Elles ont quelques avantages par 
rapport aux indicateurs usuels. 
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ANNOTATION 

On the analytical utility of quasi-linear molecular emission spectra 

(Receiued 15 July 1971. Accepted 21 October 1971) 

A UNIQUE development regarding the spectra of aromatic hydrocarbons was reported by a Russian 
spectroscopist, E. V. Shpol’skii about two decades ago. i Certain aromatic molecules, when frozen 
in a crystalline matrix of selected n-parafhn solvents, gave unusually well-resolved tie-structured 
luminescence emission spectra. This phenomenon, known as the Shpol’skii effect, was soon confirmed 
by others.’ Two reviewarticles apeed a few years later and generated considerable interest.*,* 

The auuearance of verv sharu lines (5-10 cm-r half-bandwidth) in the luminescence emission 
spectra o?*molecules in rigid n-parafhn solvents at low temperatures has been attributed to the 
embedding of a solute molecule in the crystalline lattice of the solvent, thereby rendering it much like 
an oriented gas molecule, When the molecular dimensions of the solute and solvent are very similar, 
the probability of observing quasi-linear spectra is greatly enhanced.4.5 

In the last three years, more than 40 scientific papers have appeared on the subject of the Shpol’skii 
effect. SeveraF7 have strongly suggested widespread analytical application; few, however, have 
presented a detailed description of a specific analytical method along with the usual data stating 
reproducibility, accuracy and precision. Perhaps the closest approach to a true utilization of the 
Shpol’skii effect for an analytical determination is that of Muel and Lacroix;’ 3,4bcnzopyrene in 
cigarette smoke was determined, with octane used as solvent at -190”. A standard addition procedure 
was employed, using the sharp emission line of 3,4-benzopyrene at 403.0 nm. The reported limit of 
detection was 0.1 ng/ml with a relative precision of 10%. Some question, however, remains whether 
(under the experimental conditions used for the analysis) the fine structure, i.e., “quasi-line spectra” 
observed, differed signilicantly from that obtained in an ordinary low-temperature fluorescence 
spectrum, because 3,4benzopyrene exhibits fine structure in many solvents at low temperature. 

We wish to offer some possible explanations for the absence of widespread utilization of the 
Shpol’skii effect in analytical chemistry. On the basis of much experimental evidence and a survey 
of the recent literature, we have reached the following conclusions regarding the analytical utility of 
the Shpol’skii effect. 

(i) The availability of suitable commercial luminescence instrumentation severely limits analytical 
applications. Because quasi-line spectra generally exhibit half-band widths smaller than 0.1 nm, an 
instrument of very high resolution is necessary. To be analytically useful, the instrument must also 
have a high light-gathering power. Such an instrument can be prohibitively expensive. When spectra 
are obtained with instruments having lesser resolving power, little difference in the width of lines of 
the emission spectra is observed for the same molecule in many different solvents. In addition, 
molecules exhibiting the Shpol’skii effect generally give luminescence emission spectra possessing a 
reasonable amount of structure in many different solvents anyway, and so the gain in recorded 
spectral structure of molecules in solvents exhibiting the Shpol’skii effect is minimal with most 
analytical luminescence spectrometric systems. 

(ii) At the present time, the efforts necessary for preparation of the unknown sample,’ choice of 
solventP~L and consideration of little studied matrix effects@ on the intensity of low-temperature 
quasi-linear luminescence spectra must be unduly great. 

(iii) Intensity of lumine&ence of quasi-line spectra often has an irregular and non-reproducible 
concentration dependence. Shuol’skii et al.‘0 and Bolotonikovali have discussed the effects of 
molecular aggregation and eneigy transfer on the intensity of quasi-line spectra. They reported a 
reasonable luminescence intensity due to the Shpol’skii effect in the 10-s-lO-*M concentration 
region. At lower concentrations, band spectra from molecules aggregated inhomogeneously in the 
sample and not incorporated into the crystalline matrix may obscure the line spectra. Also, at 
concentrations above about 10-8M, the molecular aggregates absorb strongly but do not emit, 
whereas quasi-line spectra can only be observed from molecules incorporated in the solvent crystal 
lattice. 

(iv) In addition to the solvent-solute restrictions regarding molecular size, and formation of 
molecular aggregates, problems arise with respect to the rate of freezing of solutions. Dokunikhm 
et uI.‘* reported on the dependence of both intensity and width of quasi-lines as a function of the 
rate of freezing. 
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In light of the findings by the Russian workerslO-la regarding the dependence of the intensity 
and width of quasi-lines, and of the results of a concerted effort on our part, we feel that under the 
experimental conditions normally employed in luminescence analysis there exists little difference 
between low-temperature emission spectra and the spectra expected as a result of the Shpol’skii 
effect. We feel at the same time that there are advantages of low-temperature luminescence in 
analysis but that one must be careful to distinguish between true quasi-line spectra and fine-structured 
emission resulting from a simple temperature effect. 

It is our belief that combined instrumental and theoretical restrictions limit the usefulness of true 
quasi-line spectra for analytical determinations. Use of the Shpol’skii effect for qualitative identifica- 
tion purposes may prove to be of much greater use, although considerable caution must still be used 
in the interpretation of spectra. 
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drugs in blood and urine, supported by a U.S. Public Health Service Grant, GM 11373-08. 
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Summary_-The analytical utility of the Shpol’skii effect has been 
examined. It is concluded that the combined instrumental and 
theoretical restrictions limit the analytical usefulness of true quasi- 
line spectra for quantitative work. 

Zusammenfassung-Der analytische Nutzen des Shpol’skii-Effekts 
wurde untersucht. Es wird der SchluB gezogen, d& sowohl instrumen- 
telle als such theoretische Einschrgnkungen den analytischen Nutzen 
wahrer Quasi-Linienspektren beim quantitativen Arbeiten begrenzen. 

R&m&-On a examine l’utilit6 analytique de l’effet Shpol’skii. On en 
conclut que les restrictions instrumentales et thCoriques combin& limi- 
tent l’int&t analytique des spectres de quasi-raies vrais pour le travail 
quantitatif. 
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LETTER TO THE EDITOR 

A rapid volumetric method for determination of tbalhm(I) 

SIR, 

During investigation of the complexation tendency of thallium(l) and (III) with certain sulphur 
compounds such as thiourea, thioglycollic acid, dithio-oxamide and thiosemicarbaxide, it became 
necessary to develop a rapid and accurate method for the determination of thallium(I). In the 
bromine method’ use is made of phenol or sulphosalicylic acid to destroy the excess of bromine 
remaining after oxidation of thallium(I) to thallium(II1). This involves formation of undesirable 
precipitates. We have found that dimethylsulphoxide (DMSO) destroys almost immediately the 
excess of bromine, in the cold. DMSO and its oxidation product dimethylsulphone remain in 
solution and cause no interference in the iodometric titration of thallium(II1). Based on this, a rapid 
and accurate method for the determination of thallium(I) in many oxide and co-ordination systems 
has been developed and satisfactorily used in these laboratories for over two years. The results 
obtained are correct to within 05%. 

The recommended method is as follows. A sample containing 04-l mmole of thallium(I) is 
dissolved or suspended in about 50 ml of 05M hydrochloric acid. Excess of bromine water (U-30 ml 
of 01N) is added, the mixture is swirled for a minute, then 2-3 ml of dimethylsulphoxide are added to 
destroy the unutilized bromine. After a minute, 15 ml of 10% potassium iodide solution are added 
and the iodine liberated by the thallium(III) is titrated with standard thiosulphate, after addition of 
10 ml of 2% starch solution. 

Department of Chemistry 
Indian Institute of Technology 
Madras-36, India 
23 September 1971 

M. CHANDRASEKIURAN 

V. R. S. RAO 
G. ARAV~AN 
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ANALYTICAL CHEMISTRY IN JAPAN 

TAITIRO FUJINAOA 
Department of Chemistry, Faculty of Science, University of Kyoto, Kyoto, Japan 

IN JAPAN, “Chemistry” did not exist until 1837, when Yoan Utagawa, an official 
scholar of the Tokugawa Government, published the first chemistry book, Shamitsu 
K&o, He writes in its introduction as follows. 

“What is chemistry ? It is a field of science in Western countries. Japan and China 
have not had such learning. It is chemistry that makes the characteristics of materials 
clear by decomposing and synthesizing them. It can be said that chemists are able 
not only to clarify the scheme designed by Nature, but also to participate in the work 
of Nature. The domain of chemistry is quite extensive and is neighbour to physics; 
when the physicist is unable to clarify the characteristics of a material by observing 
it from without, the chemist analyses it and makes clear Nature’s scheme.” 

Shamitrm Kaiso is believed to be the translation of Elements of Experimental 
Chemistry, written by W. Henry, which had been translated into Dutch. At that time 
Dutch was the only foreign language permitted by the Tokugawa Government and 
this book was imported and translated into Japanese. Therefore, chemistry in Japan 
can be said to have arisen in England. The book contains five main chapters and one 
additional chapter. In the additional chapter qualitative analysis, preparative 
chemistry and mineral water analysis are described. The names of persons and 
substances were coined by Utagawa in Chinese characters. For example nitrogen 
was written as azoticum B B $s SX f& . This way of thinking has become the basis 
for the contempora~ chemical terms of Japan. Owing to this fact, we are able to 
learn not only chemistry but also all fields of science in our mother tongue, a condition 
which has not always been realized in most of the nations of Asia. 

For example, handbook of AnaZyticaE Chemistry, edited by Prof. Kenjiro 
Kimura and published last year by the Japan Society for Analytical Chemistry, 
presents a tremendous amount of analytical data together with precise descriptions of 
most of the analytical methodologies, in 1,610pages. Encyclopedia of Analytical Chem- 
istry, edited by Prof. Soichiro Musha and publish~ also last year by Kyoritsu Shuppan 
Co. Ltd., contains 12,000 terms with 2,544 figures in 2,228 pages, the equivalent of 
which may not be found even in the Western languages. 

Education 

In 1868, right after the Meiji Restoration, the government founded the Imperial 
Institute of Chemistry and later successively nine Imperial Universities, beginning with 
Tokyo in 1877, followed by various local main cities. There the course of chemistry 
was initiated and studied from the beginning at the Faculty of Science. In analytical 
chemistry, a professorial chair was first introduced in 1918 at the Department of 
Chemistry, Faculty of Science in the Imperial University of Tohoku, next in 1922 in 
Kyoto, in 1925 in Tokyo, in 1932 in Hokkaido, in 1941 in Kyushu, in 1942 in Nagoya 
and finally in Osaka. Likewise at most of the universities the course of analytical 
chemistry was introduced and studied similarly to the other fields of chemistry. 
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Meanwhile, in many universities courses of analytical chemistry were initiated in 
the faculties of engineering, pharmacology, medicine, agriculture and liberal arts. 
For instance, at the Faculty of Engineering of the University of Tokyo they have three 
chairs of analytical chemistry in their Department of Industrial Chemistry. Besides 
faculties, some ancillary institutes in the universities have chairsof analyticalchemistry. 
Thus in one university there are more than ten professors working in the field of 
analytical chemistry, with an equivalent number of associate professors and twice as 
many instructors and assistants. 

Before World War II there were nine Imperial Universities, including those in 
Souel and Taipei. General MacArthur, at the time of the occupation of Japan, 
thought that seven Imperial Universities were too few and status-prone: he felt the 
necessity of establishing universities in every prefecture of Japan, which can be 
compared to the state university system in the United States. In spite of Japan being a 
small country, the number of prefectures is almost the same as the number of states 
in the U.S.A. and seventy-five governmental universities and thirty-two other public 
universities were established (after the War the adjective “Imperial” was replaced by 
“governmental”). He also thought that private universities should have equal au- 
thority with the governmental universities, and so two hundred and eighty-one private 
universities have been founded. Most of these universities have more than one chair 
of analytical chemistry. This university policy as well as the establishment of the 
Japanese Constitution can be said to be one of the most successful decisions which 
have greatly contributed to today’s peace and prosperity in Japan. Needless to say, 
this decision also contributed basically to the development of analytical chemistry: 
the Japanese Government and her Ministry of Education going along with the policy, 
advised the establishment of a division of analytical chemistry in the Department of 
Chemistry for all universities, irrespective of whether they were public or private. 
Even at present many leading chemists in Japan believe that analytical chemistry is 
the basis of chemistry, and that the “systematic qualitative analysis” originated by 
Noyes should be the first step of practice for students to become capable researchers. 
However, in spite of the fact that the educational level and the research facilities for 
analytical chemistry have made a remarkable progress both in quality and quantity, 
recent students seem to have lost interest in learning and researching on the method- 
ology of analytical chemistry. 

Research 

Thanks to the increase of universities and hence the number of analytical professors, 
analytical chemistry has been greatly developed, followed by great progress in instru- 
mentation in this field. However, it is hardly possible to describe the whole picture 
of the development of analytical chemistry in Japan, so the lineage in the Faculties of 
Science in the former Imperial Universities will be briefly introduced. At the Univer- 
sity of Tohoku, Professor Emeritus Matsusuke Kobayshi, who is the foundation- 
holder of the chair, initiated the use of liquid amalgam for the reduction of metals in 
place of the solid amalgam of the Jones reductor : this modification has been applied 
to many practical analyses after thorough experimental and theoretical treatment. 
Professor Em. Shinichiro Hakomori, who introduced electrometric methods and 
cathode ray luminescence analysis, succeeded to this position, followed by Professor 
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Em. Yoshinaga Oka, who introduced y-ray activation analysis besides many investiga- 
tions in the field of chemical analysis. The position is now held by Professor Nobuo 
Suzuki, who is studying mainly the solvent effect in the extraction process, and 
substoichiometric determinations. At the University of Kyoto the late Professor Em. 
Motooki Matsui developed electrochemistry as applied to oragnic synthesis and 
inorganic analysis. Professor Em. Masayosbi Ishibashi succeeded to this position and 
contributed to the development of instrumental analysis, especially in the field of 
inorganic polarography. He also applied co-precipitation phenomena and instrumental 
analysis to the study of oceanography, determining more than 50 elements in sea-water, 
among which 17 elements were discovered there for the first time. After Prof. Ishibashi’s 
retirement Professor Taitiro Fujinaga succeeded to his chair, and is mainly studying 
new electrochemical methodologies such as current-scan polarography, electrolytic 
chromatography, non-aqueous solvent voltammetry, etc. At the University of Tokyo 
Professor Em. Kenjiro Kimura was the first holder of the chair of analytical chemistry 
and performed extensive instrumental research, especially in the fields of X-ray and 
emission spectroscopy, and radiochemical analysis with his colleague Professor Em. 
Eiichi Minami, who succeeded to his position. They have also contributed to the 
development of geochemistry, especially that of hot springs in Japan. After their 
retirement, Professor Shizuo Fujiwara succeeded to the position and is studying 
mainly the nuclear magnetic and electron spin resonance spectroscopy as applied to 
analytical chemistry. At the University of Hokkaido, Professor Em. Yasumitsu 
Uzumasa initiated the analytical chemistry division and studied mainly emission and 
absorption spectroscopy, applied to geochemical analysis of hot springs and volcanic 
substances. The position then passed to Professor Tomihiko Kambara who is mainly 
studying the diffusion processes related to polarography and gas chromatography. 
At the University of Kyushu, Professor Sakae Shinoda, who mainly studied X-ray 
analysis of rare earth elements, Professor Iwaji Iwasaki who developed trace analysis 
applied to geochemical samples, and Professor Jun Yoshimura who mainly investigated 
the use of ion-exchange resins applied to inorganic analysis, have occupied the chair of 
analytical chemistry. Professor Shigeru Ohashi is now working mainly on gel- 
permeation chromatography as applied to the analysis of inorganic complexes. At 
the University of Nagoya, Professor Em. Ken Sugawara founded the division and 
concentrated on the development of trace analysis applied to the analysis of lake, 
river and spring water. The position is now held by Professor Motoharu Tanaka who 
is mainly interested in equilibrium studies on various titration and extraction processes. 
At the University of Osaka, Professor Shigero Ikeda is working on various problems 
in electron spectroscopy (ESCA) and electroanalytical chemistry in non-aqueous 
solvents. It should be emphasized that many achievements in the development of 
analytical chemistry have also been realized in other faculties and universities. Here 
let me quote one example. At the Faculty of Agriculture of the University of Kyoto, 
the late Professor Masuxo Shikata devised the polarograph with Professor Jaroslav 
Heyrovsk? in Prague in 1924, and next year the first commercial model was made by 
the Yanagimoto Mfg. Co. under his guidance. Professor Shikata with his successor 
Professor Em. Isamu Tachi initiated the study of organic polarography and contributed 
much to the development of polarography in this country: they established the 
Polarographic Society of Japan in 1960 and publish bimonthly the Review of Polarog- 
raphy in English. 
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Industrial analysis 

In 1900 the Tokyo Industrial Research Institute (IRI) was established and later 
several IRI’s were founded in Osaka and other main cities, which have taken charge 
of the analyses requested by the public. In the Tokyo IRI, the Analytical Chemistry 
Centre was established in 1957. There are many kinds of new analytical instruments 
and up-to-date machinery on display and used for furthering research. President 
Dr. Yoichiro Mashiko is making a big effort for its further development. 

In 1925 the first Japanese Engineering Standard (JES), on the AnaZysis of Copper- 
base Alloys, appeared, and was followed by many series of other JES. After World 
War II these standards have been succeeded by the Japanese Industrial Standards 
(JIS). The JIS give criteria for various practical methods of analysis to be applied to 
raw materials and industrial products. Professor Em. Takayuki Somiya of the 
University of Tokyo, Faculty of Engineering, contributed much to the development 
of applied analytical chemistry and process control in industry. This position was 
then held by Professor Hitoshi Kamata, who is working mainly on emission spectros- 
copy and mass spectroscopy applied to industrial analysis. Professor Em. Hidehiro 
Goto of the University of Tohoku made a big contribution to the study of trace 
analysis, using spectrophotometric and catalytic methods, which were applied to the 
analysis of iron and steel. Overall, the analytical laboratories of industrial factories, 
research institutes and universities have been rapidly improved in these decades. For 
example most of the iron and steel works are equipped with an automatic emission 
spectrometric analyser, the so-called “Quantometer” together with a pneumatic 
sample conveyer and telephone reply system between smelting furnace and laboratory. 
With this facility, the production quality is finely controlled while the melt is still hot. 
This kind of rapid analysis is widely adopted in various industries and even further 
automated by use of computers. The contribution of analytical chemistry to the 
study of environmental science is also worth mentioning: such analytical information 
on flowing water as degree of transparency (photometric), chemical oxygen demands 
(coulometric), pH (glass electrode), dissolved oxygen (amperometric), cyanide (ion- 
selective electrode) and electrical conductivity, etc, are automatically recorded at 
unmanned stations on rivers and lakes. The records are sent to the central analytical 
laboratory, through cable if necessary. Air pollution due to carbon monoxide, 
sulphur dioxide (infrared absorption) and oxidants (coulometric) is also analysed 
automatically and in many cities shown to the public with a digital electric sign. 

Analytical instrument industries 

Most of the large analytical instruments and pure chemicals for analytical purposes 
had to be imported before World War II. On the other hand the first model of a 
polarograph, designed by Professor Shikata, was commercialized in 1925 almost at the 
same time that Nejedley in Czechoslovakia sold the world’s first commercial model. 
Likewise the background of the present prosperity in the industry of analytical 
instruments had been slowly growing up. The expansion of analytical instruments in 
the market is remarkable in these decades: Yanagimoto Mfg. Co. is now selling a 
series of polarographs which can be linked in a single frame unit to give the complete 
range of direct current, alternative current, square-wave and radiofrequency-modu- 
lated square-wave polarograms. Shimazu Mfg. Co. manufactures X-ray fluorescence 
spectrometers, including an electron microprobe analyser and various kinds of 
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automated emission and absorption spectrometers. Hitachi Mfg. Co. produces a 
mass spectrometer, electron microscope and other chromatographic and optical 
instruments. Japan Electronics and Optical Laboratories Inc, is well known for its 
nuclear magnetic and electron spin resonance spectrometers. In the field of reagent 
chemicals, Wakojunyaku Co., Tokyo Kasei Rogyo Co. and Dojindo Co. have 
developed many kinds of organic reagents, especiahy chelating agents, which are 
supplied to overseas customers. It is difficult to cover all the manufactures of instru- 
ments and chemicals in this short article: it can be said that almost any analytical 
tools which have appeared in the literature are available in the domestic markets. 

The Japan Analytical Instruments Manufacturers’ Association was organized in 
1960. At that time the annual gross output of analytical instruments was less than ten 
million U.S. dollars. However by 1970 it reached one hundred million dollars and 
one fifth was exported throughout the world. 

Year 

Fro &-Growth of Analytical Instrument Froductiou. 

TABLEI.-PRODUCTION AND EXPORT OF ANALYTICAL INSTRUMENTS 

(APRIL 1969-MARCH 1970) 

output Export 

Instruments Amount* % Amount* % 

Electrochemical 
Optical 
Efectromagnetic 
Chromatographic 
Distillation and 

separation 
The~ometric 
Mi~ellaneous 
Total 

5,534 6.6 
25,307 30.0 
22,736 26.9 
17,286 20-5 

1,499 l-8 

267 1.8 
5,183 33.0 
7,475 47.5 
1,767 11.4 

102 O-6 

2,381 2.8 224 l-4 
9,618 11-4 685 4.3 

84,362 100.0 15,730 lUO+O 

Finally, let me introduce briefly the Japan Society for Analytical Chemistry 
(JSAC), which celebrated its 20th anniversary last year. Most of the analytical 
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chemists in Japan belong to the Chemical Society of Japan which was established 
about one hundred years ago, and some others to the Society of Agricultural Chemistry 
of Japan or the Pharmaceutical Society Japan as well as to the CSJ. After twenty 
years, the number of members of the JSAC exceeds 6,000; there are 31 honorary mem- 
bers, 850 company associates, 315 public members and 6,510 regular members. They 
publish their organ 3~nsek~-Kagak~, the “Japan Analyst”, in Japanese with English 
abstracts every month, and the members and the subscribers receive the organ every 
month plus one annual review. Each issue carries an average of 20 original research 
papers. Altogether some 600 papers on analytical chemistry are published each year 
in Japanese journals. The JSAC holds one regular annual meeting and two local 
discussion meetings a year and at the annual meeting they grant the Society Prize to a 
few members who have contributed to the development of analytical chemistry and 
Progress Prizes to some promising young members. Besides these, they also award 
the Distinguished Service Prize to those who have served more than 25 years as 
chemical analysts in a company or research institute: the total number of D. S. 
Prize winners reached 710 in 1971. The JSAC has organized an International Congress 
on Analytical Chemistry in Kyoto in April, 1972 (from 3rd to 7th) sponsored by the 
International Union of Pure and Applied Chemistry, and the Science Council of Japan. 
Professor Em. Yuji Shibata, ex-president and member of the Japanese Academy of 
Science, who acted as the first President of the JSAC in 1951, is taking the president- 
ship of the International Congress. The Congress is hoped to be a fruitful meeting of 
700 analytical chemists, including 300 overseas participants. 

In conclusion, present-day Japan has been provided with all things abundantly, 
and it is not exceptional in the field of analytical chemistry either. However, it is 
most important now for the Japanese analytical chemists to make greater efforts to 
create new methodologies based on unique principles in order to contribute to analyt- 
ical chemistry as a science as Mr. Utagawa described 145 years ago. 
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ION-SELECTIVE C~LCO~EN~DE ELECTRODES 
FOR A NURSER OF CATIONS 

HIRO~HI HIRATA and KENJI HIGASHIYAMA 
Wireless Research Laboratory, Matsushita Electric Industrial Co. Ltd. 

Kadoma, Osaka, Japan 

(Received 7 June 1971. Accepted 2 December 1971) 

Summary-Ion-selective chalcogenide disc electrodes have been 
developed which are responsive to cations such as silver, lead, clno- 
mium(III), nickel, cobalt(U), cadmium, zinc, copper(R) and mangan- 
ese(II) ions. Each was prepared by using the corresponding metal 
chalcogenide with silver sulphide. An electrode was assembled with 
both a compacted and a siutered disc. The sintered electrodes were 
more sensitive and stable than the compacted ones. Response to 
silver ion was 59.5 mV/pAg, to lead, nickel, cadmhtm, zinc and 
copper(H) 295 mV/pM and to ~hro~~(III) 20 mV/pM. Cobalt(H) 
and manganese(H) electrodes had a non-Nernstian response of 
25 mV/oM. Both selenides and tellurides can he used for notentio- 
metri~‘~et~~nation, but the ~n~an~(II~ electrode se&s as an 
analytical tool only when the disc consists of rnangan~~~ telluride 
and silver sulphide. 

ION-SELECTIVE solid-state membrane electrodes have been developed for a number 
of cations and anions.’ They may be classified into four main groups; single crystal 
membrane electrodes; compacted polycrystalline electrodes; heterogeneous mem- 
brane electrodes; glass electrodes. Strictly speaking, the sintered electrodes to be 
dealt with in the present paper belong to a fifth class. 

A range of commercial solid-state membrane electrodes which respond to such 
cations as silver, copper(T1) lead and cadmium has been introduced by Orion 
Research Inc. They are based on the corresponding metal sulphide with silver 
sulphide in the form of compacted discs.l 

In our laboratory, a new type of ceramic electrode has been prepared by using 
sintering and hot-pressing methods; copper(I) sulphide ceramic electrode for 
copper(II),z lead sulphide-silver sulphide-copper(I) sulphide electrode for lead,s 
and cadmium sulphide-silver sulphide-copper(i) sulphide electrode for cadmium* 
have been developed in succession. 

They proved to have several excellent characteristics, especialiy in their long-range 
stability and their reproducibility of response, and in their rn~ha~c~ properties 
such as abrasion-resistance and breakage-strength. 

Heterogeneous membrane electrodes for cations have also been developed in 
our laboratory; electrodes fabricated from silicone rubber membr~es imprecated 
with copper(I) sulphide,5 lead sulphide6 and cadmium sulphide-silver sulphide.’ 

There are limitations in employing metal sulphides; the use of other eulphides is 
not possible because they are insu~cientIy conducting or are appr~iably soluble 
in neutral and acidic solutions, or at least rather hygroscopic. Consequently, the 
use of metal chalcogenides other than sulphides has been investigated. As a result, 
metal chaIcogeuide electrodes were found to be applicable to a considerably wide 
variety of cations such as silver, lead, copper( cadmium, nickel, cobalt(II), 
m~ganese(II}, zinc and chromium(II1) ions.8 

In this paper, the sensitivities of these disc electrodes are described. 
391 
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Apparatus 
EXPERIMENTAL 

M~suremen~ of e.m.f. to 0.1 mV were made on an Orion 801 pH-meter with the ion-selective 
electrode in conjunction with a double-junction reference electrode to prevent contamination from 
test solution. 

Chemicals 

Starting materials for preparing the electrodes, such as silver, lead, copper, nickel, cobalt, zinc, 
cadmium, manganese, chromium, sulphur, selenium and tellurium were commerci~ly available and 
as pure as possible, All chemicals were analytical-reagent grade and used without further purification. 

Stock metai in solutions (IM) were made by dissolving weighed amounts of the nitrates in distilled 
water, with no inert electrolytes added to maintain constant ionic strength, and diluted as required. 
All solutions were prepared from water which had been both demineralized and distilled. 

Predation of ceramic electrodes 

Metal selenides or tellurides were prepared by the direct reaction of the elements in a high-vacuum 
sealed quartz tube. Silver sulphide, the carrier material, was obtained by direct reaction of silver 
with sulphur in a hydrogen sulphide gas stream. 

A mixture of metal selenide (or telluride) and silver sulphide was compressed at a pressure of 
10 ton/cm2 to form a taMet with a diameter of I5 mm and a thickness of 2-3 mm, and then sintered 
at lOO-600’ for 3 hr in a stream of nitrogen. 

Preparation of electrode 

A cross-section of the electrode is shown in Fig. I. The disc was fastened directly to a lead 
wire, and then mounted with epoxy resin adhesive in a stem of unbreakable epoxy resin which was 
highly resistant to acids, bases and organic solvents. An internal solution and an internal electrode 
were eliminated to avoid internal contamination and to simplify the structure of the electrode. The 
surface of the sintered disc was polished with diamond paste and washed with an ultrasonic cleaner. 

FIG. l.-Cross-section of metal chalcogenide electrode. 

A, Electrode disc 
B, Lead wire 
C, Insulator (epoxy resin) 
D, Epoxy resin stem 
F, Cap 
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Procedure 

Potentiometric m~urement~ were made in the conventional manner. The inner chamber of the 
double j~ctiour~~eu~ electrode was drained and @ied once every two weeks, and the outer chamber 
was filled dairy with saturated potassium nitrate solution. No potentiar changes were observed on 
fi&ng. Between m~~eme~ts~ the electrode pair was rinsed several times with distiLled water and 
wiped with filter paper. In the calibrations, the solutions were rna~eti~i~y stirred at a con&ant, slow 
rate and readings were taken when ~qu~l~b~~ was reached (O-I-2 min). 

RESULTS 

Commerc~a~y available silver-se~~~~ve ekctrodes contain a compacts disc 
of silver sufphide or a silicone rubber membrane jm~re~nated with silver sulphide. 
The limit of detection may be restricted by the solubility of silver sulphide. Siiver 
selenide and telluride are less soluble and therefore of potential use. 

Figure 2 shows the potential US. concentration curves of silver chalcogenide 
electrodes. The lower Emit of the Nernst~~ slope is IO-‘-IO-*A# when silver s&enide 
is used in place of the s~phide.* 

r 
i 

7 6 5 
- log C&g 

FIG. Z-Potential responses of Giver ~h~~oge~ide electrodes, 
A * Compacted siIver selenide 
B. Sintered silver sulpRide 
C. Sintered silver tdluride 
D. Sintered silver selenide 
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The response rate of a silver selenide or telluride electrode is as fast as that of a 
sulphide one to [Ag+] > 10-6M, although the selenide or telluride has more covalent 
character than the sulphide, A ceramic chalcogenide electrode has better stability 
and reproducibility than a compacted one, and also better abrasion-resistance. 

Other electrodes 

The chalcogenides of the other metals investigated has to be mixed with silver 
sulphide in order to obtain electrodes that worked satisfactorily. These electrodes 
were compared with each other and with other membrane electrodes for the same 
elements. In general the metal sulphide electrodes were about as sensitive as 
commercial sulp~d~type electrodes (which are usually made with a compacted 
mixture of metal sulphide and silver sulphide), and some orders of magnitude more 
sensitive than impregnated silicone-rubber electrodes. They also had better 
resistance to abrasion, had fast response, and gave stable and reproducible potentials. 

Copper(Z). The copper(I) selenide and telluride electrodes gave nearly the same 
performance as the sulphide electrode (which had the advantage that silver sulphide 
was not necessary for its functioning) with copper(I1). The response slope was 
Nernstian down to 10WM copper(I1) and the analytical range 10-s-lO-lM. 

Lead. The lead sulphide electrode gave Nernstian response down to 10WM 
lead, and so did the selenide and telluride electrodes, but the latter two gave a more 
sensitive response at lower concentrations than this. The response rates proved 
highly dependent on the nature of the active material, the composition of the disc 
and the temperature of sintering. The rate increased with tead chalcogenide content 
over the range S-50%, and decreased if the sintering temperature was above the 
optimum of 300”. 

Cadmium. cadmium selenide electrodes behaved similarly to the sulphide 
electrodes, but the telluride electrode was superior both in linear response range 
and in sensitivity. The optimum composition was lo-SO% w[w of chalcogenide, 
and the sintering temperature below 300” for a fast response to be obtained. 
Electrodes outside this range of composition were unsatisfactory. The response is 
Nernstian down to 10-6M. 

Zinc. There was no commercial electrode available. Zinc orthophosphate 
and zinc sulphide were first tried as electrode materials but both were unsatisfactory 
for various reasons (drift, non-selectivity of the phosphate electrode) and this was 
attributed to the hygroscopic nature of these materials. The selenide and telluride 
were therefore tried and the selenide was found to give the best response if it was 
sintered with silver sulphide in a high-vacuum sealed quartz tube. The response is 
Nernstian down to 10-6M. 

Manganese(Zl). Few investigations have been made of electrodes responsive 
to manganese(U). Buchanan and SeagolO studied impregnated silicone-rubber 
electrodes and found that they were not selective; electrodes fabricated from 
membranes impregnated with manganese(I1) carbonate and hydrogen phosphate 
trihydrate responded toward manganese(I1) ion, but the presence of an additional 
electrolyte in the test solution levelled the response towards manganese@) to that 
corresponding to the concentration of the added salt. 

In the present study, manganese(II) chalcogenide disc electrodes were 
tried. However, manganese(I1) sulphide could not be used, since it was very soluble 
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in neutral and acidic solutions. Manganese(H) selenide mixed with silver sulphide 
was also moderately soluble in water and the surface became porous after several 
measurements, even when sintered. Consequently, only manganese(II) telluride could 
be used. Figure 3 shows the response of a manganese(U) telluride-silver sulphide 
disc sintered at 400“. This electrode exhibited fairly good response toward 
manganese(I1) over the concentration range 10-1-10-6M with an observed slope 
of 25 mV/pMnw. Moreover, there was no levelling effect from additional electrolytes 
such as alkali metal and alkaline earth metal ions in the test solution. 

L-I- I I t 1 f 

6 5 4 3 2 I 
-log CMn2t 

FIG. 3.-Potential response of sintered manganese@) telluride electrode. 

C~~~~j~~(~~~. No electrode has ever been studied which is responsive toward 
chromium(III), because of the lack of suitable active materials. 

Chromium(II1) selenide and telluride electrodes were studied, but did not respond 
rufficiently to chromiumfII1) ion, whether the chalcogenide was alone or inco~orated 
with silver sulphide, in the form of compacted or sintered discs. 

On the other hand, ~hro~urn(II~ was found to interfere more or less for most 
of the cation-sensitive electrodes, the most remarkable interference being with a 
nickel selenide ceramic electrode. The potential US. concentration curves for this 
electrode, as shown in Fig. 4, satisfies Nemst’s law, but interferences from nickel 
by other ions which interfere with the potentiomet~c determination of nickel, cannot 
be avoided. 

Cobalt(H). Few studies have been made on electrodes responsive to cobalt(I1). 
Chatterjeell obtained a clay membrane that responded to copper( molybdenum, 
and cobalt(H). Buchanan and SeagolO prepared a silicone-rubber membrane 
impregnated with cobalt(H) salts such as the carbonate and orthophosphate 
(octahydrate and anhydrous). These membranes, however, proved unsatisfactory, 
either by not giving the desired response or by having no selectivity toward cobah( 
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f;‘rc;. 4.-Potential responses of c~rniurn~~ ion-sensitive electrodes. 
A. Sintered nickel selenide 
13. Siotered chromium(II~~ selenide 
C. Sintered ~~rorni~rn~1~~ telluride 

Cobalt~Ir~ sulphide was found here to show no response toward cobait(II). 
Cobalt(H) selenide added to silver sulphide and sintered in an inert gas stream 
responded nicely to cobalt(II), but compacted cobalt(I1) selenide or telluride and 
sintered ~balt(Ii} telluride electrodes, proved unsatisfactory (Fig. 5). 

The response characteristics seem highly dependent on the nature of the 
chalcogenide and silver sulphide, the temperature and time of sintering, and the 
inert gas used in the sintering. 

nickel. Several electrodes responsive toward nickel have been investigated. 
Mora~ani-Pelletier and Baffiex? studied collodion and paraffin membranes 
embedded with nickel salts. Buchanan and Seagol* prepared silicone-rubber 
membranes impregnated with nickel dimethylglyoximate, nickel acetylacetonate 
(dihydrate and anhydrous), nickel carbonate and nickel orthophosphate heptahydrate. 
Dobbelstein and Diehlx3 investigated membranes of collodion, of epoxy polyester, 
and of phenol-formaldehyde, containing nickel dimethylglyoximate, and 8 membrane 
prepared by polymeri~ng phenol, formaldehyde, a~onia and nickel nitrate. 

Only membrane electrodes impregnated with nickel salts, and not chelates, 
responded towards nickel ion, but were non-selective. 

Nickel sulphide electrodes were found by us to be so poor in response to nickel 
that after several measurements they no longer responded properly. Nickel selenide 
and telluride, however, gave sensitive and selective response to nickel, which were 
linear over the range 10-6-10-1A& with a slope of 29.5 mV, The sintered disc gave a 
more Nernstian response than a compacted one did. 
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FM. 5.-Potential nzyonsw of coba& chalwgenide electrodes. 
A. Sin&red cobah(II) sekmide 
B. Sintered cobalt(IIl telltide 
C. Comeed coba& seknide 
D. Compacted cobz&(II) tehide 

The response rates varied with composition and the temperature of sintering. 
Among the common ions, silver, copper@, mercury(H), iron( sulphide and 
chloride interfered seriously. But over lOOO-fold amounts of alkali metal, alkaline 
earth metal, aluminium, zinc, cadmium, cobalt, manganese(H) and nitrate did not 
interfere at all. At constant ionic strength, the potentials did not change over a pH 
range from below zero to the pH at which nickel hydroxide precipitated. The 
discs showed Nernstian slopes at temperatures from 0’ to 95’. 

DISCUSSION 

The mechanism of the response by a mixed crystalline electrode is not so well 
understood as that of a single crystal or a liquid ion-exchanger membrane electrode, 
Up to the present, the behaviour of these electrodes has been explained on the 
basis of ion-exchange occurring at the interface between electrode and solution, 
plus some mechanisms for conduction through the bulk of the electrode disc. 
Recently Brand and Rechnitzl* made impedance measurements on mixed crystalline 
electrodes such as the lead-selective electrode, which has a compacted disc containing 
a mixture of lead sulphide and silver sulphide. As a result, charge was found to 
build up at the membrane-solution interface, producing a capacitative effect. 
However, it is very difficult, in terms of only the capacitative effect, to explain the 
role played by the silver sulphide. 

Most metal sulphides other than silver sufphide can only be used as active material 
if mixed with the latter. For example, a highly-purified lead sulphide electrode, in 
which no traces of silver could be detected by qualitative emission s~roan~~~ 
proved non-responsive toward lead, whereas, an impure lead sulphide electrode 

2 
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containing trace amounts of silver was much more sensitive than a pure one. 
Cadmium sulphide behaves similarly, and it seems that silver sulphide must be 
incorporated in both compacted and sintered electrodes. 

As seen in this paper, a number of metai selenides and teliurides, when inco~orated 
with silver sulphide, function in a similar manner to sulphide electrodes. 

From the experimental results, it seems that particular silver ions arising from 
imperfections in the crystal lattice play a predominant role in ion-selective solid-state 
electrodes. The presence of silver ions, especially interstitial ones, renders the 
disc conductive and capable of providing sensitivity, fast response and the other 
response characte~stics suitable for potentiometric measurements. 
Acknowfedaement-The authors thank Dr. S. Kisaka, Dr. K. Sugihara, Dr. S. Hayakawa and 
DC. S. M&i for their encouragement in this work. 

~~f~~-Es wurden ionenselektive ~hei~eIektroden aus 
Chalkogeniden entwickelt, die auf Kationen wieSilber,Blei,Chrom(III), 
Nickel, Kobalt(II), Cadmium, Zink, Kupfe~II) und M~gan(II) 
ansprechen. Jede Elektrode wurde sowohl mit einer gepre&en als 
such mit einer gesinterten Scheibe aufgebaut. Die gesinterten Elek- 
troden waren empfindlicher und stabiler als die gepre8ten. Die Elek- 
troden sprechen auf Silber mit 59,s mV/pAg,auf Blei,Nickel,~d~um, 
Zink und Kunfer(I1) mit 29.5 mV/nM und auf C!hrom(III) mit 20 mV/ 
pM an. Kobalt(II)- und Mangan(II)-Elektroden gehorchten der 
Nemstschen Beziehune nicht und zeiaten 25 mV/nM. Sowohl Sdenide 
als such Telluride koznen zur pot&tiometris&en Bestimmung ver- 
wendet werden; die M~g~e~ektr~e ist jedoch anaiytisch nur darm 
nutzbar, wenn die Scheibe aus Mangan(II)-tellurid und Silbersulfid 
besteht. 

R&earn&--On a mis au point des &e&odes de chalco&nure s&&es 
aux ions, qui repondent B des cations tels que les ions argent, plomb, 
chrome(III), nickel, cobalt(II), cadmium, zinc, cuivre(I1) et mangan- 
&&II). On a prepare chacune d’elles en utilisant le cbakog&mre 
m&aihque correspondant avec Ie stifure d’argent. On a assemb& 
l’electrode avec un disque agglomere ou fritte. Les electrodes fritt&s 
sont plus sensibles et stables que les electrodes compactes. La r6ponse 
est de 59,5 mV/pAg pour I’ion argent, de 29,5 mV/pM pour les ptomb, 
nickel, cadmium, zinc et c~vre(II), et de ZOmV~pM pour Ie 
chrome(II1). Les electrodes de cobalt(H) et manganese(I1) ont une re- 
ponsenon-Nernstienne de ZSmVlpM, On peut utiiisertant less8&mnes 
que fes teliurures pour le dosage potentiometrique, mais l’ekctrode 
de man~n~~(II) ne sert comme outil analytique que Iorsque fe disque 
est constitue de tellurure de manganese(I1) et de sulfure d’argent. 
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STALAGMOMETRIC TITRATIONS 
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Summary-End-point detection in some precipitation titrations is 
achieved by measurement of the surface tension between mercury 
and the solution (“stalagmometric” titration). The drop-time of a 
polarographic dropping mercury electrode in open circuit is plotted 
against volume of surface-active titrant added, and shows a break 
or a peak at the end-point. The stalagmometric titration of sodium 
tetraphenylborate with Zephiramine (tetradecyldimethylbenzylammo- 
nium chloride) was satisfactory and made possible the determination of 
potassium by back-titration. Potassium was also titrated directly with 
tetraphenylborate and with calcium dipicrylaminate. Sodium dodecyl- 
benzenesulphonate was titrated directly with Zephiramine and the 
results were compared with those obtained by the p-toluidine method 
and Epton’s method. 

ACCORDING to Kolthoff and Stenger,’ the “stalagmometric” method of end-point 
detection was applied as far back as 1841 by Clark to the determination of water 
hardness, with a soap solution as the titrant. At that time, the end-point was detected 
by observing the appearance of foaming of the solution. Then the stalagmometer 
was introduced by Traube2 in 1914. Later, the capillary-manometric methods 
and also the ring method4 were employed for surface tension measurements, and some 
investigations on acid-base titrations with long-chain fatty acids or certain alkaloids 
have been reported. 

Very little has been done in this field recently, presumably because of the lack of 
a convenient and suitable method of surface tension measurement. 

The authors have developed an interfacial tensiometric titration method, based on 
measurement of the drop-time for a dropping mercury electrode immersed in the 
solution being titrated (stalagmometric titration). The drop-time gives an approxi- 
mate relative value of surface tension between mercury and the solution according 
to Tate’s law. 

EXPERIMENTAL 

Reagents 

Sodium tetraphenylborate. 
Zephiramine. (Tetradecyldimethylbenzylammonium chloride; Zeph-Cl). 
Potassium chloride standard solution. Potassium chloride (reagent grade), dried for 3 hr in air at 

llO”, was used. 
Calcium dipicryfaminate Ca[N{C,H,(N0,)8}S],. 
Sodium dodecylbenzenesulphonate. 
Water. Distilled and demineralized. 

Apparatus 

Dropping mercury capilhzry. The capillary characteristics at 050-m mercury column height were: 
m = 0.839, mg/sec and t = 17.0, set in pure water at 21.6”. The electrode was used in open circuit. 

Measurement of the drop time. A stop-watch readable to 0.1 set was used. 

General procedure 
Figure 1 shows the assembly used for the stalagmometric titration. The titrant is added to the 

beaker from the burette as usual, and the solution in the beaker is stirred and allowed to stand for 
399 
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a while after each addition. The time for five mercury drops to fall is measured with a stop-watch, 
and a further volume of titrant is added. A plot of drop-time against volume of titrant added 
gives the stalagmometric titration curve. 
end-point. 

The point of the maximum drop-time is taken as the 

FIG. l.-Assembly used for the stalagmometric titration. 

RESULTS AND DISCUSSION 

Titration of sodium tetraphenylborate with Zephiramine 

Sodium tetraphenylborate reacts stoichiometrically with Zeph-Cl, forming a 
white precipitate. Bromophenol Blue or Titan Yellow as adsorption indicator 
has been used in this reaction for the indirect determination of potassium.5-7 

In the present work, the relationship between the surface tension and the con- 
centration of these reagents has been studied. Series of solutions of both Na(C,H,),B 
and Zeph-Cl covering the concentration range from 1O4M to 10VM in 10-3M 
sodium chloride were prepared. The drop-time for each solution was measured and 
plotted against the logarithm of the concentration. Figure 2 clearly indicates that 
both of these reagents are surface-active. 

The titration curves for the stalagmometric titration of Na(C,H,),B with Zeph-Cl 
are shown in Fig. 3. A sharp peak, i.e., a sudden increase in surface tension, was 
seen in each curve, and was taken as the end-point. This new method was compared 
with the ordinary Bromophenol Blue method (adsorption indicator),5 and the results 
are given in Table I. By the familiar F- and t-tests, it has been confirmed that there 
is no significant difference between the variances and means of these two groups of 
results. 
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Fro. Z.-Change of drop-time of the dropping mercury capillary with the concentration 
C of surface-active substance. 

Open circle Zeph-Cl; closed circle Na(Ph),B; environment (supporting ekztrolyte 
or blank solution) 10-‘&f NaGI. 

0 5 IO I5 

lO-‘M tepn-Cl, ml 

Fro. 3.-Stalagmometric titration curves of Na(Ph),B with 1VM Zeph-Cl solution. 
1O-eM Na(Ph),B soIution taken: (1) 590 ml; (2) lOGO ml; (3) 15.00 ml. 
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TABLE I.-RESWJ_TS OF ~T!ONS 

Titration 

Titrant volume used for 5-ml 
of sample soIution, and its 

standard deviation, ml 
Number of 
titrations 

10-sM Na(C&IJ,B with IO-%%f Zeph-Cl 
by s~la~ometric method 5~42~ -+. O+O, 6 
by BPB method 5.43, i 0.01, 3 

lo-l&f KC1 with lo-‘M Na(C,H,),B 
by s~la~omet~c method 4.948 f 0*02, 
calculated value* 4.93s & O.Ol& 3’ 

10~*M KCI with 10-eF Ca-dipicrylaminate 
by stalagmometric method 2477 rt: 0.00, 9 

* Calculated from the factor of the Na(C&i&B solution which was standardized against the 
standard Zeph-Cl solution by the Bromophenot Bhte method. 

buck-titration of potassium 

A known volume of 10-2M aqueous potassium solution was transferred to a 
25-ml volumetric flask, a known excess of Na(C,H,),B solution was added, and the 
flask was filled up to the mark with water, The white precipitate was allowed to 
stand in contact with the mother liquor for some time before being separated by 
filtration. A 20-ml portion of the filtrate was titrated stalagmometri~ally with 10qzM 
Zeph-Cl. Titration curves similar to those in Fig. 3 were obtained, and complete 
recovery of potassium from potassium chloride was achieved. 

Direct titration of potassium with sodium tetraphenylborate 

The direct titration of potassium with Na(C,H,),B is an interesting problem and 
has been realized through the use of various techniques including conductometric,8 
potentiometric,@ amperometriclO and high-frequency measurements.*l 

The solubility product of the salt being not so small (p&r = 7*7), O*lM solutions 
were used, the O* 1M tetraphenylborate solution being standardized by the Bromophenol 
Blue method against standard IO-sM Zeph-Cl. A few examples of the titration 
curves obtained by the direct titration are given in Fig. 4. Only one component 
is surface-active, so the titration curve shows quite a different shape from those in 
Fig, 3. Satisfactory results were obtained, as summarized in Table I. 

Direct titration of potassium with calcium di~i~ry~aminate 

Dipicrylaminate, which forms a sparingly soluble salt with potassium ion, has 
been used for the separation and gravimetric determination of potassium. The 
mercury drop-time was plotted against the logarithm of the concentration (Fig. 51, 
showing that dipicrylaminate is remarkably surface-active. 

The direct stalagmometric titration of potassium was tried with 10-2M calcium 
dipicrylaminate solution as titrant. Some titration curves are reproduced in Fig. 6, 
and the results in Table I. 

Titration of sodium dodecylbenzene~ulphonate with Zephiramine 

The anionic surfa~tant Na-DBS may be titrated with lO_aM Zeph-Cl by the 
stalagmometri~ method. la In the present study, Zeph-Cl was titrated with IO-*M 
Na-DBS solution (Fig. 7). As would be expected from the fact that both components 
are surface-active agents, the plot has a sharp peak at the equivalence point. 
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FIG. 4.-Stalagmometric titration curves of KC1 with 10-l&f Na(Ph),B solution. 
10-lMKCI solution taken: (1) 590 ml; (2) 10.00 ml; (3) 15.00 ml. 
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FIG. 5.-Change of drop-time of the dropping mercury capillary with the concen- 
tration C of calcium dipicrylaminate in lO-‘M NaCl environment. 
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FIO. 6.-Stalagmometric titration curves of KC1 with lo-*A4 calcium dipicrylaminate 
solution. 

10-eM KC1 solution taken: (1) 5.00 ml; (2) 10.00 ml; (3) 15.00 ml. 
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FIG. 7.-Stalagmometric titration curve of Zeph-Cl with lo-*A4 Na-DBS solution. 
lo-*A4 Zeph-Cl solution taken: 5.00 ml. 
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TABLE II.-DETERMINATION OF Na-DBS CONTENT 

Method 
Na-DBS content Number of 

found, % determinations 

405 

Stalagmometric titration 90.3, * 0.2, 9 
p-Toluidine method 9@21 f 0.2, 3 
Epton’s method 92.7% f 0*3* 3 

In Table II, the content of Na-DBS obtained from the stalagmometric titration 
is compared with that from the p-toluidine method, i.e., the Wickbold method,” in 
which the toluidinium salt is extracted into ether and titrated with standard sodium 
hydroxide solution. There is no significant difference between the variances and 
means of these two sets of results. 

By Epton’s method,14 i.e., two-phase titration with quaternary ammonium salt, 
with Methylene Blue as indicator, the Na-DBS content was found to be about 2% 
higher than these values. 

Zusammenfassung-Die Endpunktsbestimmung in einigen FUlungs- 
titrationen wird durch Messung der Oberfllchenspannuag zwischen 
Quecksilber und der Losung bewerkstelligt (“stalagmometrische” 
Titration). Die Tropfzeit einer polarographischen Quecksilbertropfel- 
ektrode bei offenem Stromkreis wird gegen das Volumen des zu- 
gegebenen oberftiichenaktiven Titranten aufgetragen; sie zeigt beim 
Endpunkt einen Knick oder eine Spitze. Die stalagmometrische 
Titration von Natriumtetraphenyloborat mit Zephiramin (Tetra- 
decyl-dimethyl-benzyl-ammoniumchlorid) war zufriedenstellend und 
ermijghchte die Bestimmung von Kahum durch Riicktitration. 
Kalium wurde such direkt mit Tetraphenyloborat und Calciumdipikry- 
laminat titriert. Natrium-dodecylbenzolsulfonat wurde direkt mit Zep- 
hiramin titriert und die Ergebnisse mit denen der p-Toluidinmethode 
und des Verfahrens nach Epton verglichen. 

R6sum6-La detection du point de fin de dosage dans certains 
titrages par precipitation est realisee par la mesure de la tension 
superficielle entre du mercure et la solution (titrage “stalagmome- 
trique”). Le temps de goutte dune electrode polarographique a goutte 
de mercure en circuit ouvert est trace en fonction du volume d’agent de 
titrage tensio-actif aioutb, et montre une brisure ou un nit au point 
de fii de dosage. Le titrage stalagmometrique du tttra~henylbbrate 
de sodium uar la Zenhiramine (chlorure de tetradtcvldimethvlbenzvl- 

I , 
ammonium) est satisfaisant et rend possible le dosage de potasiium {ar 
titrage en retour. On a aussi dose le potassium directement par le 
tetraphenylborate et par Ie dipicrylaminate de calcium. On a tit& le 
dodecylbenztne sulfonate de sodium directement par la Zephiramine 
et les r&hats ont CtC compares a ceux obtenus par la methode 
a lap- toluidine et la methode d’Epton. 
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INVESTIGATION OF MANGANESE(II1) FLUORIDE FOR 
COULOMETRIC TITRATION 

M. KATOH and T. YOSHIMORI 
Faculty of Engineering, Science University of Tokyo, Sbinjuku-ku, Tokyo, Japan 

Summary-A study has been made of the use of electrogenerated 
mangan~(~~), in an etectrofyte containing fluoride, for coulometric 
titration. The addition of ffuoride prevented the deposition of 
manganese dioxide on the anode, and was responsible for increase of 
the current efficiency and for extension of the feasible range of current 
density, owing to complex fo~ation between mangane~?lI~ and 
fluoride. The bonding ratio, the apparent stability constant and the 
redox potential of the complex were atso estimated from the Nernst 
equation and the cu~nt-potential curves. 

l4 SEvnr~4L investigations have been reported dealing with the generation of man- 
gane~~II) for coulometric titration. The electrolytes used mainly consisted of 
manganese(I1) sulphate and sulphuric acid, sometimes with phosphoric acid added. 
In the present study, potassium fluoride was also added to the electrolyte and a 
distinct improvement was found. 

TutundW first used manganese(1~ sulphate solution as the electrolyte for coulo- 
metric oxidimetry .I Ne considered the anodically oxidized product in the electrolyte 
to be ~rmanganate. Subse¶nent i~ves~gators, 24 however, pointed out that man- 
ganese(II1) was the most likely species to be produced. One of the di~dv~~ges 
of these procedures was the formation of m~gan~e dioxide on the anode surface. 
Although the earlier authors did not refer to the phenomenon, the current efficiency 
at the anode should be di~nished by the formation of the dioxide. The other prob- 
lem was the small current feasible, which was less than 40 ~A~rnrn~ under optimum 
conditions [@2M maRga~ese~I1) sulphate and 2-71M sulphuric acid]. 

Manganese(II1) forms several complexes. The fluoride,6 metaFhosphate6 and 
pyrophosphate7 complexes have already been used in the determination of this 
element. It may therefore be expected that these anions can be used to prevent the 
deposition of manganese dioxide on the anode, and may also raise the upper limit 
of the current density for the electrogeneration of the oxidant. 

In the present study, the formation of manganese dioxide has been found to be 
largely prevented by addition of potassium fluoride to the electrolyte, and the smiting 
current density has been increased several fold. 

Meta- and pyrophosphates are not considered here, because me~phosphata 
sometimes produces precipitates with tervalent cations, and the p~ophosphate 
compfex is not stable in acidic media. The mechanism of the reaction has also 
been elucidated, by inte~retatio~ of the absorption spectra and the cu~ent-potential 
curves for the generator electrode. The composition and stability of the fluoro- 
mangane~~II1) complex are also deduced from the potential variations of the indicator 
electrode with time during a constant-current efectrolysis. 

4007 



408 M. KATOH and T. YOSHIMORI 

Apparatus 

Cell and electrodes. The main electrolysis cell consisted of two tall-form lipless beakers. They 
were used far an anolyte and for a catholyte, and were connected by means of a saturated potassium 
sulpbate agar-agar bridge. Both beakers were fitted with silicone rubber stoppers. The reference 
electrode of Hg-HgsSOp-H2S04 (0415 V us. N.H.E. at 25”) was joined to the anolyte cell, through an 
intermediate beaker containing 3N sulphuric acid, with the same kind of sulphate bridges as just 
described. A platinum plate (ZOO mm*) was used as a cathode, An anode (generator electrode) 
consisting of a platinum plate (250 mn+), an indicator electrode made of a platinized platinum plate 
(250 mm*) and a nitrogen inlet were set in the anolyte cell. An electronic constant-cu~ent sctnrce 
(d.c.) was used for the electrolysis. When a resistance inserted between the output terminals of this 
supply was changed from 0 to 100 ohm, the variation of the current was 0.6 mA at 220 mA and 0.17 
mA at 100 mA. The stability of the current was &O-01% during 60 min. The current was measured 
from the IR drop across a standard series resistor (100 ohm tir O-01 %) by using a precision potentiom- 
eter. The potential between the reference electrode and the anode or the indicator electrode was 
measured with an electronic potentiometer (Yokokawa Electric Co. Tupe PM-20). The time of the 
electrolysis was measured with a stop-clock having a synchronous motor. 

Reagems 

Sulphuric acid, (lN, 55 ml), was used for both the intermediate solution and the catholyfe. Two 
electrolytes (55 ml) were generaBy used as the anolyte: A, 0.5&f manganese(H) sulphate-1N sul- 
phuric acid; B, 05n/i manganese(H) sulphate-1N sulphuric acid-&l-05M potassium fluoride. 
All electrolytes were prepared from chemicals of analytical grade. Before the electrolysis 
was deaerated by passage of purified nitrogen for half an hour. 

the anolyte 

was ~nfained at 25” by a thermostat. 
The temperature of the electrolyte 

RESULTS AND DISCUSSION 

Behaviour of the anode during the electrolysis 

During the electrolysis of anolyte A, which contained no fluoride, a brownish 
black deposit was formed on the anode surface irrespective of the current density 
applied. The deposit is presumed to be manganese dioxide because the Pourbaix 
diagram8 shows stable regions of MaO, (between f-16 and I.67 V v.r. N.H.E. near 
pN O-3, corresponding to our experimental conditions). Outside this region, man- 
ganese(I1) on the less noble and permanganate on the more noble side are shown to 
be stable species. When anolyte B, which was more than O*lM in fluoride was used, 
no deposit was formed on the electrode. 

The formation of manganese dioxide on the anode may cause serious difficulties 
in the coulometric titration. As the electricity will be partly consumed for formation 
of this compound, the current efficiency may be decreased. On this basis addition of 
fluoride was considered to be effective for obtaining higher current efficiency. Further 
study, therefore, was directed to identify the anodic products from A and B. 

Ab~o~~t~o~ spectra of the acolyte after electro~~~sis 

In order to identify the products of the anode, absorption spectra were measured. 
A standard solution of manganesefIll) was prepared by the fo~iowing method.s 
A solution that was @2M in manganese(I1) sulphate, O*OSN in potassium perman- 
ganate and 0.6M in sulphuric acid was allowed to stand for a day, then filtered, and 
the absorption spectrum of the filtrate was measured. 

A solution that was 1mM in potassium permanganate and IN in sulphuric acid 
was used as the standard permanganate solution. Both spectra are shown in Fig. I, 
and are almost the same as those reported by Lingane et cd2 

Solution A was electrolysed at 2-50 mA for 1800 sec. The spectrum of the anolyte 
after the electrolysis is also shown in Fig. 1. The spectrum was identical with that 
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FIG. 1 .-Absorption spectra 
[I] : 1mM KMnO,. 
[II] : 0.56 mM MrP+. 
[III] : Solution A after electrolysis for 1800 set at 2.5 mA. 
[IV] : Solution B (O.lM KF) after electrolysis for 1800 set at 2.5 mA. 

of manganese(III), showing the anodically oxidized product was not permanganate 
but manganese(II1). In this case manganese dioxide was also formed on the anode. 

The absorption spectrum of solution B(O*144 fluoride) after electrolysis under 
the same conditions was quite different from that of permanganate or manganese(III). 
This indicates that a manganese(II1) fluoride complex may be formed in the solution. 

Both solutions were then electrolysed for various time intervals at constant current 
(2.50 mA). The results obtained are shown in Fig. 2. 

The curve for solution A was slightly convex, which indicated that the formation of 

Time of electrolysis, min 

FIG. 2.-Increase of the absorbance as a function of the time of electrolysis 
A : Solution A 
B : Solution B (O.lM KF) 
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manganese dioxide on the anode would be slower in the initial stages of the electro- 
lysis than in the later ones. This phenomenon is probably due to the formation of 
manganese dioxide. In the case of the solution B, an the other hand, strict proportion- 
ality was observed between the time of the electrolysis and the concentration of 
manganese(II1) fluoride complex. 

Further study on the.fluoro-manganese(III) complex 

Solution A and four types of solution B which differed in potassium fluoride 
concentration were anodically oxidized for 600 set at 2.5 mA, while being stirred 
magnetically at constant rate. After cessation of the current, the stirring was con- 
tinued for an additional 40 min. The potentials of the indicator electrode (platinized 
platinum) were measured every minute during these 50 min. The platinized platinum 
electrode was preferable to smooth platinum foil because of its good response. 
Figure 3 shows the results of the measurements. The potential became almost 
constant within 5 min after cessation of the current in all cases. 

I Electrolysis I 
-p- -- --rr- Stonding o6 2.50mA I 

/A- 

on 

A 

FIG. 

1 
I 

I I I I 
0 10 20 30 40 50 

Time, min 

3.-Build-up of the potential and the response of the indicator electrode. 
A; Solution A: 
BI; Solution B (O.lM KF): BII; Solution B (0.2M KF): 
BIII; Solution B (0.3M KF) : BIV; Solution B (0.5M KF). 

The results of Fig. 3 were interpreted as follows. The complex-formation reac- 
tion is given by equation (1). 

Mn3+ + xHF + MnFE” + xHf (1) 

The stability constant is 

K = [MnF,3”] [H+]“/[Mn3+] [HF] (2) 

Although each term should be an activity, molar concentrations were used for 
convenience. Therefore K is the apparent stability constant. 

Mass balance for manganese(II1) gives equation (3). 

[Mn3+] + [MnFLZ] = C Z (3) 
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where C is the total concentration of man~ese~I1~. Substi~ting (3) into (Z), 
we obtain 

I( = (C - [Mns+]~[H~~~[Mn3+][HF] 

In (4), [MrW] can be obtained from the following relationship at 25”: 

(4) 

E = E” + 0.059 log EMns+]/Mne+] (5) 

where [Mnw] is almost constant because the concentration of manganese(III) formed 
by the electrolysis is only 2.83 x lo_QM and is negli~b~y small compared with the 
total concentration of manganese(I1) (05M). E” is known to be 1.50 V us. N.H.E. 
and E can be determined from Fig. 3. The term C - fMnW] in equation (4) is nearly 
equal to C provided that the fluoro-manganese(II1) complex is very stable. Such an 
assumption is reasonabIe because of the spectra (Fig. 1, curves HI and JV) and this 
is confirmed by the high stability constant obtained later. Hence (4) can be rearranged 
as follows: 

log [Mna+] - fog C = -1og K - x(Iog [HF] + pH) (6) 

where [Mn&tl can be obtained from (5) and C is calculated from the rmmber of 
coulombs passed (and found to be 2.83 x 10-W). The left-hand side of (6) can be 
designated cf. In the right-hand side of (6), the pH was calculated to be about 0.3, 
from the dissociation constants of sulphuric acid, k, = CQ and ka = 1.3 x lO-* 
at 25”. The next problem is the estimation of [HF]. The following equilibria exist 
in the solution B: 

EH+1~WfE~Fl= 4 

P-W-IKHFI P-1 = ka 

(7) 

(f-9 
2[HF,-] + [HF] + IF-1 4 x[MnF*&] = C’ (9) 

where C’ represents the total concentration of fluoride; kl and ka are give@ as 
6.71 x l(r” and 3.86 respectively, at 25”. in this case x[MnF,5”] is again neglected 
owing to its negIigib~y small ~on~ntration. According to the relationships (7), (8) 
and (P), HF was the main species at present pH 0.3. [HF,-] and [F-l can then be 
neglected, to a first approximation, and [HF] equated with C’. Therefore plots of 
q against (log [HF] + pH) are possible from the values of Fig. 3, the potentials for 
use in (5) being the values 30 min after the current had been cut OR. The resultant 
straight line gave x and log K from the slope and intercept respectively, x = 3.0 and 
log K = 5-l being obtained. This means that the composition of the complex is 
MnFa, under the experimenta? conditions used, and the stability is moderately high 
even in such a strongly acidic solution. The value of log K is only an apparent value 
because activity coefficients were ignored, but serves as an estimate of the stability. 
The formal redox potential for equation (10) may also be calculated from this value, 

MnFa + 3H+ + e G+ Mn2+ + 3HF 

E” = 1.20 V us. N.H.E. 

(IO) 

This couple is apparently Iess noble than that of equation (1 I), 

Mn3+ + e + Mn2+ 

E” = 1.50 V vs. N.H.E. 
(11) 
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Since the standard redox potential of (10) is almost the same as that of (12) below, 
no interaction will occur between the two, that is, no manganese dioxide is formed. 

MnO, + 4H+ + 2e + Mn2+ + 2H,O 
E” = 1.23 V US. N.H.E. (12) 

In the absence of potassium fluoride, the following disproportionation reaction 
will occur : 

2Mn3+ + 2H,O ---f MnO, + Mn2+ + 4Hf 

This was confirmed in the present experiment. 

(13) 

Anodic behaviour 

The anodic polarization curves of solutions A and B were measured from the 
stepwise increase of the electrolytic current. In this experiment, only a small amount 
of manganese(II1) is formed in the first period of the electrolysis. This causes, 
however, an appreciable potential change in the solution, and disturbs the measure- 
ments of the potential of the anode. Therefore the electrolyte (A or B) was pre- 
electrolyzed for 15 min at a current of 2.5 mA before the first measurement of the 
potential. The pregenerated manganese(II1) depressed the appreciable change of the 
equilibrium potential of the solution, as can be predicted from the Nernst equation. 
Thus, the over-potential of the anode could be obtained more easily. 

The limiting currents were observed by this method, and are shown in curves A, 
B,, B, and B, of Fig. 4. The curve for solution A is nearly the same as the results 
obtained previously. 2*3*11 We consider that the currents in solutions A and B are 

limited by the kinetics and not by a diffusion process. The biamperometric titration 

Po!ential of generator electrode 
(vs. Hg-HgZSO,-N.H,SOz,) 

FIG. 4.-Anodic polarization curves in various electroyltes 
A; Solution A: B,; Solution B (O*lM KF): 
Bg; Solution B (0.3M KF): Bt; Solution B (0.5M KF). 
A’-B,‘: Solutions A-B8 without manganese(I1). 
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curve of iron(I1) with this electrolyte also indicated the irreversibility of this electrode 
reaction. The results will be shown in the next report. 

Lingane et aL3 concluded from their chronopotentiometri~ study that the anodic 
process is kinetically controlled. T. Sekine ef al.8 also derived the same explanation 
from the activation energy (38.5 kJ/mole) for this process, which is higher than that 
for a diffusion process. It is interesting to note that the limiting current increases 
linearly with increase of fluoride con~ntration. When the concentration of sulphuric 
acid in solution B (0.5M fluoride) was increased to 6N, the current density was 
further increased (up to 0.15 mAfmm2)., 

In Fig. 4 the curves marked with a “dashed” letter were measured for solutions 
without manganese(I1) sulphate. The current efficiency for the generation of mangan- 
ese(III) was calculated from the difference of the currents at the same potential with 
and without manganese(I1). It is assumed that the current consumed in the absence 
of manganese will also be consumed in addition to that required to oxidize mangan- 
ese(H) when the latter is present. The efficiencies are shown in Fig. 5. It can be 
concluded from these curves that a higher current density for generation of mangan- 
ese(II1) is obtained in the fluoride-containing solutions; i.e., the feasible range 
of current is wider when fluoride is present than when it is absent. 

Current. mA/cm” 

FIG. 5.-Current efficiencies estimated from the anodic polarization curves 
A; Solution A: B1; Solution B (O.lM KF): 
B,; Solution B (0.31w KFJ): B,; Solution B (O&W KF). 

Acknowledgement-The authors wish to thank Mr. T. Shibuya and Mr. K. Shimizu for their assis- 
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Zusammenfassung-Die Verwendung von elektrolyti~h in einem 
~uori~alti~n Elektrolyten erzeugtem M~gan~I~ zur coulometris- 
then Titration wurde untersucht. Die Zugabe van Fiuorid verhinderte 
durch Komplexbildung mit Mangan(II1) die Abscheidung von Mangan- 
dioxid an der Anode und ergab eine Erh~h~g der Stroma~~ute 
sowie eine Ausdehnung des nutxbaren Stromdichte~~ichs. Das 
Bindungsverhlltnis, dik scheinbare Bildungskonstante und das 
Redoxpotential des Komplexes wurden aus der Nemstschen Gleichung 
und aus den Stromspannungskurven berechnet. 
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Rhrn&Qn a eff&%u& une 6tude sur l’emploi du manga&e(III) 
tlectrogh%, dans UR &ctroiyte contenant du fluorure, pour le 
titrage coulom&ri 

3.se bioxyde de mangan 
ue. L’addition de fluorure prhient le dSp6t de 

sur l’anode et est responsable de l’accroissement 
de l’eflicaciti: du cwrant et de l’extension du domaine praticable de 
densitf: de courant, du fait de la formation de complexe entre le 
manga&se(III) et le fluorure. L.e taux de liaison, la co&ante de stabii- 
it6 apparente et le potentiel redox du complexe ont aussi 6tb estimh B 
partir de l%quation de Nemst et des courbes courant-potentiel. 
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SOLVENT EXTRACTION OF ANIONS WITH METAL 
CHELATE CATIONS-XVIII* 

SPECTROPHOTOMETRIC DETERMINATION OF MALEIC ACID 

IN THE PRESENCE OF FUMARIC ACID BY SOLVENT 

EXTRACTION WITH TRIS( 1 , lo-PHENANTHROLINE)IRON(II) 

CHELATE CATIONS 

Y. YAMAMOTO, T. KUMAMARU and M. MURANAKA 

Department of Chemistry, Faculty of Science, Hiroshima University 
Higashisenda, Hiroshima, Japan 

(Receiued 14 June 1971. Accepted 29 Allpust 1971) 

!&mmmry-A new calorimetric method is proposed for the determina- 
tion of maleic acid. Among aliphatic dicarboxylic acids tested, maleic 
acid was found to be selectively extracted into nitrobenxene as the red 
ion-association complex (a,,, 516 run) formed between the hydrogen 
maleate anion and the tris(l,lO-phenanthroline)iion(II) cation. At 
least a 32-fold molar excess of tris(l,lO-phenanthrolme)iron(II) 
relative to maleic acid is needed and the optimal pH range is 3-5. A 
linear relationship is obtained over the concentration range 10-6-10-4 
M maleic acid. The relative standard deviation was 1.0 %. The colour 
intensity of the extract remains constant at room temperature for at 
least 24 hr. A large amount of fumaric acid, the frans-isomer of 
maleic acid, is not extracted under the same conditions. This makes it 
possible to determine maleic acid in the presence of fumaric acid. 

MALEIC ACID or maleic anhydride is one of the important raw materials for industrial 
production of polyester resins, alkyd resins, etc. Several procedures for the determi- 
nation of maleic acid have been published, especially regarding the separation from 
fumaric acid. Markman and Chikryzoval presented a simultaneous determination of 
maleic acid and fumaric acid by polarography with O.lM hydrochloric acid in 90% 
ethanol as a supporting electrolyte. Funasaka et aLa proposed an ultraviolet spectro- 
photometric method combined with a salting-out chromatographic separation from 
fumaric acid, but the procedure seems to be somewhat tedious. Burger and Schulek3 
devised a new titrimetric method for the determination of maleic acid and fumaric 
acid, using bromine monochloride and mercury(II), and Kreshkov et aL4 reported 
on the analysis of mixtures of 2 or 3 dicarboxylic acids by potentiometric titration in 
non-aqueous solution. 

In our previous papers of this series, certain aromatic organic acids such as 
pentachlorophenol>6 picric acid’ and phthalic acid+s the structures of which are 
relatively symmetrical, were found to be selectively extracted into particular organic 
solvents with cationic metal chelates such as tris(1 ,lO-phenanthroline)iron(II), 
tris(2,2’-bipyridyl)iron(II), bis(cuproine)copper(I) or bis(neocuproine)copper(I). 
Such extraction systems have been successfully utilized for the spectrophotometric 
determination of the organic acids. In connection with these investigations, we also 
studied the extraction behaviour of various aliphatic dicarboxylic acids, and found 

* Part XVII: T. Kumamaru, Y. Hayashi, N. Okamoto, E. Tao and Y. Yamamoto, Anal. C’him. 
Actu, 1966, 35, 524. 
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that among them maleic acid can also be selectively extracted into nitrobenzene with 
tris(l,lO-phenanthroline)iron(II). This work was undertaken in order to establish a 
new calorimetric method for the determination of maleic acid in the presence of 
fumaric acid. The method has the advantage of being not only sensitive and accurate 
but also free from interference by the organic acid homologues. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical-reagent grade chemicals and demineralized water. 
Standard maleic acid solution, 2.5 x 1W4M. 
Other carboxylic acid solutions, 2.5 x 10W4M. Stock solutions (O.OlM) of these acids (adipic, 

crotonic, fumaric, glutaric, DL-malic, malonic, oxalic, succinic and L-tartaric) were diluted as re- 
quired before use. 

Z’ris(1 ,lO-phenanthroline)iron(ZZ) sulphate solution, 1.6 x 10-2M. Prepared by dissolving 6.343 g 
of l,lO-phenanthroline monohydrate and 3.187 g of ferrous ammonium sulphate hexahydrate in 
dilute sulphuric acid and diluting the mixture to 500 ml with water. The resulting solution (pH 3.5) 
is 1.6 x 10-PM in tris(1 ,lO-phenanthroline)iron(II) sulphate and 1.6 x 10-4M with respect to excess 
of 1 ,lO-phenanthroline. 

Buffer solution. The phosphate buffers for pH 4-9 were prepared by mixing 0.3M potassium 
dihydrogen phosphate and 0*3M disodium hydrogen phosphate in suitable ratios. More acidic or 
alkaline solutions were prepared by mixing 0.3M potassium dihydrogen phosphate with 05M 
sulphuric acid, or 0.3M disodium hydrogen phosphate with 0.5M sodium hydroxide. 

Generalprocedure 

Transfer by pipette into a lOO-ml separating funnel 5 ml of a carboxylic acid solution 
(2.5 x IO-&M), 5 ml of the phosphate buffer solution and 5 ml of the tris(1 ,lO-phenanthroline)iron(II) 
s&hate solution (1.6 x 10-aM). Dilute the mixture to 25 ml with water and add 10 ml of nitro- 
benzene. Shake the funnel for 1 min with a mechanical shaker. After 30 min. transfer the nitro- 
benzene extract to a 15-ml glass tube with a stopper and dry it with 1 g of anhydrous sodium sulphate. 
Measure the absorbance at 516 nm, using a reagent blank extract or nitrobenzene as a reference. 

Recommendedprocedure for the determination of maleic acid 

Calibration curve. Transfer by pipette into 100~ml separating funnels O-10 ml of the standard 
maleic acid solution (2.5 x lO+M) and 5 ml of nH 3.5 nhosnhate buffer solution. and then nroceed 
as for the general procedure. ’ 

I I I I 

Determinations. Proceed as above, taking an amount of sample containing no more than 7 mg 
of maleic acid in a total volume less than 15 ml. 

RESULTS AND DISCUSSION 

Extraction behaviour of aliphatic dicarboxylic acid homologues 

Absorption spectra. Figure 1 shows the visible absorption spectra of the extracts 
from the pH 3.5 phosphate-buffered solutions which contained maleic acid or one of 
its homologues. The presence of maleic acid leads to a considerable increase in the 
absorbance; malonic acid is slightly extracted and gives a similar absorption spectrum. 
These spectra are characterized by the absorbance maximum at 516 nm. 

pH study. Figure 2 shows the influence of pH on the degree of extraction of 
maleic acid and malonic acid from the phosphate-buffered solutions. The absorbance 
of the extract from a solution of maleic acid is maximal and constant if the pH of the 
aqueous phase is 3-5. The degree of the extraction of malonic acid is fairly low and 
the other seven dicarboxylic acids mentioned above are not scarcely extracted at all 
under the same conditions. 

The distribution curves for maleic acid species (calculated from pKBl 1.92, pKBI 
6.22)l” indicate that the hydrogen maleate anion predominates in pH range 3-6 
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Wavelength.. nm 

WG. L-Absorption spectra of nitrobenxene extracts. 
Organic phase, 10 ml; aqueous phase, 25 ml (Fe(phen), 3-2 x 10-BM, dicarboxylic 
acid 1.0 x 1O-4M, pH 3.51; reference, nitrobenzene. (I) Maleic acid, (II) malonic 
acid, (III) DL-IT&Z acid, (IV) fumaric acid, (V) oxalic acid, (VI) succinic acid, (VII) 

glutaric acid, (VIII) adipic acid, (IX) L&&ark acid, (X) reagent blank. 
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FIG. 2.-Effect of pH on the extraction of maleic acid and malonic acid. 
Dicarboxyiic acid, 1.0 x 10-W; reference, reagent blank. (I) Maleic acid, (II) 

maionic acid. 

(Fig. 3); it is probable that this singiy-oharged anion participates in the extraction. 
A possible reason for the specificity of the extraction of maleic acid is the formation 
by this anion of a seven-mem~red symmet~c ring trough an in~~ol~ul~ 
hydrogen bond, which resuits in good charge ~st~bution and a lower hydration 
energy. In order to confirm the composition of the extracted species, continuous 
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FIG. 3.-Distribution of maleate species as a function of pH: H,Ma = maleic acid. 
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FIG. 4.-Continuous variation plots for phenanthrolineiron(I1) hydrogen maleate at 

[Fe(phen),] + [MA], 8.0 x lo-‘M, rek.“,I?z; reagent blank. (I) 516 nm, (II) 490 nm. 
MA = maleic acid. 

variation plots for maleic acid were made, at wavelengths of 490 and 516 nm. As 
shown in Fig. 4, the maximum absorbance occurred at a ratio of ca. O-65. This fact 
together with the result of the pH study suggests that a 1:2 ion association complex is 
formed between the tris(1 ,lO-phenanthroline)iron(II) cation and the hydrogen 
maleate anion, and is transferred into nitrobenzene. 
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It is of interest that fumaric acid, the trans-isomer of maleic acid, is not extracted 
even in the pH range 3.5-4, where the hydrogen fumarate anion is predominant 
(Fig. 5). This behaviour may be accounted for as follows. The charge distribution 
on the sin~y~harged anion may be assumed to be localized, because of the lack of 
hydrogen-bonding, and the resultant selective hydration may be strong enough to 
prevent the ion-association complex from forming. 

20 

0 I2 3 4 6 6 7 8 9 IO 

FIG. S.-Distribution of fumarate species as a function of pH: H,Fu = fumaric acid. 

Development of a~a~yt~ca~ method for maleic acid 

By utilization of the selective solvent extraction oftris(l,IO-phenanthroline)iron(II) 
hydrogen maleate, it may be possible to determine maleic acid calorimetrically. 

Effect of reagent concentration. With other variables constant, different amounts 
of ~is(l,lO-phenanthro~ne}iron(I~ sulphate were added to an aqueous solution of 
maleic acid and extraction was done as described above. To obtain the maximum 
colour response it was found necessary to maintain a minimum 32-fold molar excess 
of the tris(l,lO-phenanthroline)iron(II) cation relative to maleic acid. Therefore, 
the chelate concentration was usually kept at 3.2 x lO_SM and the maximum maleic 
acid concentration at 1VM. Large amounts of the pH 35 phosphate buffer solution 
are without deleterious effect. 

E$et of ~~~j~g time. The shaking time for the extraction was varied from O-5 
to 10 min, while the other variables were kept constant. Extraction was quantitative 
with 15 set of shaking. Continued shaking up to 10 min produced no further change 
of absorbance. 

Colour stability of the extracts. Extractions were made on a series of maleic acid 
solutions in the usual way, after which the absorbances were measured as a function 
of time. The colour intensity of the extracts remained almost constant for at least 
24 hr under normal laboratory conditions. This extraction system is negligibly 
affected by temperature over the range tested, 15-30’. 



420 Y. YAMAMOTO, T. KUWRU and M. MIJRANAKA 

Calibration curve and precision. The recommended procedure for the calibration 
curve was established on the basis of the results above. The calibration curve was 
found to be linear over the con~ntration range l-10 x 1O-6M maleic acid in the 
initial aqueous phase. Under these conditions, 29 pg of maleic acid give an absorb- 
ance of 0.033 in a IO-mm cell and at 516 nm, when extracted into 10 ml of nitro- 
benzene. The precision was estimated from ten results for 1.0 x 1WM maleic acid. 
The mean absorbance was O-326 with a standard deviation of OGO3, (relative standard 
deviation 1.0 %). 

Efict of diverse ~~st~n~~s. The influence of diverse substances on the extraction 
was studied under experimental conditions similar to those used for the calibration 
curve. The tolerance for a given substance was defined as the maximum concentration 
which could be present without causing a deviation of about O-01 in the absorbance 
of the extract from 1.0 x lW&f maleic acid. Tolerances for several maleic acid 
homologues are listed in Table I. Large amounts of sulphate, phosphate, carbonate, 

TABLE I.-EZWECT OF MALEIC ACID HOMOLOWJES 

Substance ToIerance , 1 O-4M 

Fumaric acid 

Oxalic acid 

HCCOOH 100 

HOOCLI 
COOH 5 

Malonic acid 
Succinic acid 
Gfutaric acid 
Adipic acid 
DL-Malic acid 

L-Tartaric acid 

Crotonic acid 

I 
COOH 
HOOCCH,COOH 0.5 
HOOC(CH*)~COOH 25 
HOOC(CH,),COOH 100 
HOOC(CH&COOH 100 
CH(OH}COOH 5 
I 

&H~OOH 
HC(OH)COOH 100 

I 
HOCHCOOH 
H&CR 25 

H!XOOH 

Maleic acid taken: 1.0 x 10e4M. 

fluoride, and moderate amounts of chloride and nitrate did not interfere. Inter- 
ference of larger amounts of chloride, bromide or iodide could be eliminated by 
precipitation with silver sulphate. Nitrite should be decomposed by boiling with 
sulphamic acid. Metal ions interfere only if they form relatively stable maleate 
complexes, but can be masked by addition of non-interfering stronger complexing 
agents such as EDTA.11-14 

Application of the method. To make sure that maleic acid could be determined in 
the presence of fumaric acid, the procedure was applied to known sample solutions 
containing both isomers in various ratios. The results obtained are summarized in 
Table II. 

The fumaric acid has a negligible effect on the absorbance. Thus maleic acid 
can be determined in the presence of fumaric acid. 
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TABLE II.-DETERMINATION OF MALEIC ACID 
IN THE PRESENCE OF PUMARIC ACID 

[MA]l[FA]* 

[MA], 10-4M 

taken found 
Recovery 

of MA, % 

25/x 0.40 0.40, 
0.60 0.60. 
O-80 
1.00 

so/so 040 
0.60 
0.80 
1.00 

75125 0.40 
O-60 
0.80 
l-00 

0.79; 
0.99* 
0.39, 
0.601 
o-794 
1-00s 
0.40, 
O-60, 
0.808 
l*OOo 

lOO*, 
100.. 
99.; 
99** 
99.5 

100., 
99.3 

loo., 
100.4 
101.0 
1o1-o 
100.0 

* Ratio of maleic acid to fumaric acid. 

Zusanunenfassung-Eine neue kolorimetrische Methode zur Be- 
stimmung von MaleinsLure wird vorgeschlagen. Unter den 
aenrtiften aliphatischen Dicarbonsluren wird nur MaleinsZure 
iefektiv als rdtes Ionenassoziat (AmaX 516 mu) aus Hydrogenmaleat 
und Tris(l.lO-nhenanthrolin)eisen(II) in Nitrobenzol extrahiert. 
Man brat&t mindestens e&en 32-fachen molaren UberschuB an 
T&(1,10-phenanthrolin)eisen(II) tiber Maleinslure; der optimale 
pH-Bereich ist 3-5. Eine lineare Beziehung findet man bei 10-6-10-4M 
Maleinslure. Die relative Standardabweichung betragt 1,0 %. Die 
Farbmtensitat des Extrakts bleibt bei Raumtemperatur mindestens 
24 h stabil. Eine grol3e Menge von Fumarsaure, dem tram-Isomeren 
der Maleinslure, wird unter den selben Bedingungen nicht extrahiert. 
Damit wird es miiglich, Maleinsaure in Gegenwart von Fumarsaure zu 
bestimmen. 

R&an&On propose une nouvelle mtthode colorimetrique pour le 
dosage de l’acide maleique. On a trouvt que, parmi les acides ali- 
phatiques dicarboxyliques essay&s, l’acide mal6ique est extrait selective- 
ment en nitrobenzene en tant que complexe d’association ionique rouge 
(A max. 516 run) form6 entre l’anion hydrogenomaleate et le cation 
tris(l,lO-ph&uurthroline)fer(II). Une quantitd molaire au moins 32 
fois supsrieure de tris (l,lO-phenanthroline)fer(II) par rapport ii 
l’acide maleiaue est necessaire, et le domaine de DH optimal est de 3-5. 
On obtient &e relation lintaire dans le domiine de concentrations 
1O-s-1O-4 M en acide maleique. L’ecart type relatif est de 1,0x. 
Lintemit de coloration de l’extrait reste constante ii temperature 
ordinaire pendant au moins 24 h. Une grande quantite d’acide fiunari- 
que, l’isomere trans de l’acide maleique, n’est pas extraite dans les 
memes conditions. Ceci rend possible le dosage de l’acide mal6ique en 
la presence d’acide fumarique. 
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S~~~enta~on potentials under a centrifugal field are 
studied with the dirse system titanium dioxide, alkyd resin and 
xylene. The relationships between the sedimentation potential and 
the rotation speed, the distance apart of the electrodes in the eel1 
and the total weight of particles in the disperse system are examined. 
From the theoretical evaluation of the initial ~~~en~tion potential, 
the zeta potential of the pigment in the disperse system is calculated. 
The calculated value was almost coincident with that obtained by the 
ekxtrophoretic method. As the sedimentation potential is proportional 
to the total weight of pigment in the space between the electrodes in 
the cell, the particle-size distribution of pigment can be obtained 
from the sedimentation potential-time curve. The particle-size 
distribution in the above-mentioned disperse system was examined with 
respect to the effect of rotation speed and the pigment content, The 
modal diameter for the particle-size distribution obtained by this 
method had almost the same value as that obtained by the electron 
microscope method. By use of this method for particle-size analysis, 
the particle-size distribution for particles of diameter < 1 pm can be 
obtained in a short time (ea. 1030 min) and the zeta potential of the 
particles in the disperse system can be calculated. 

MEASUREMENT OF SEDIMENTATION POTENTIAL IN NON- 
AQUEOUS DISPERSE SYSTEMS AND ITS THEORETICAL 

EVALUATION 

PRWICWSLY, one of the authors has measured the electrophoretic velocities of particles 
in a non-aqueous disperse system and from those results calculated the zeta potential 
by using the Helmholtz equation, and pointed out that the stability of a disperse 
system is dependent 0x1 the charges of the particles even in a non-aqueous system 
of low dielectric constant.1*2 

This paper describes the measurement of sedimentation potential of particles 
in a non-aqueous disperse system under a centrifugal field.s 

EXPERIMENTAL 

The centrifuge was driven by a belt connecting it to a motor olu a set of interchangeable pulleys 
giving speeds of 250, 520, 1050 and 1560 ‘pm. The input impedance of the amplifier for measure- 
ment of the sedimentation potential was > lOI8 ohm and the total sensitivity of the amplifier and the 
recorder was 1 mV for full-scale deflection. The sensitivity could be reduced by means of voltage 
dividers applied to the input and output signals of the amplifier. 

The construction of the sample cell is shown in Fig. 1. 
ring-shaped electrodes have an inner diameter of 8 mm. 

The cell is made of Teflon, and the platinum 
The distance between the two electrodes is 

variable in 5 steps: 20,25, 30,3.5 and 40 mm. 
423 
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.Electrode ipt) 

FIG. I.-Construction of the cell. 

Materials and sample preparation 
An oily short-chain alkyd resin dissolved in xylene was used as the dispersion medium and titanium 

dioxides A, B and C as the dispersed phase. A was a eon-surface-tr~ted grade, B was treated with 
aluminium oxide, zinc oxide and silica, and C was for use in paint. 

The disperse systems were prepared at several concentrations, after dispersing 10% pigment in 
5% resin solution with a ball mill. The fmal disperse system was agitated for at least 30 min (usually 
30-60 min) to give a reproducible dispersion of the particles in each run. 

Procedure 
The validity of the following equations was examined [for symbolism see below; c$ appendix, 

eauations (6) and f12’)1.* 
A 

It was assumed that each particle had the same zeta potential. Other values of the factors of the 
~imentation potential were measured as follows. The viscosity of the dispersion medium was 
measured with an Ostwald viscometer and the electric conductivity by the current flowing on applying 
a d.c. voltage across the cell electrodes. The dielectric constant was measured with 1 kHz. As the 
dielectric constant used for calc~ation of the zeta potential should be that at the interface between 
the particle and the medium, but we assumed for convenience that the dielectric constant was almost 
constant in the whole liquid phase. 

The distance between the rotating axis and the electrodes was designed to be large enough to be 
taken as practically equal for both electrodes. This is necessary for the simple treatment, because 
the centrifugal force acting on the particles is proportional to the distance between the rotating 
axis and the particle. In this instrument the distance between the furthest electrode and the rotating 
axis was 0.20 m. The time required to reach steady rotation was observed to be 25 set at 1560 rpm, 
2.0 set at 1050 pm, or 1.0 set at 520 ‘pm. 

RESULTS AND DISCUSSION 

The initial sedimentation potential 

An example of the sedimentation potential-time curve obtained with this 
instrument is shown in Fig. 2. The time required to reach the maximum potential 
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Suspension: 
FIG. 2.4edimentation potential-time curve. 

TiO, B 5%, alkyd resin 3%, xylene 92%; 1560 rpm; 3U-mm cell 

was about 7 sec. Therefore the capacitance of the cell is considered to contribute 
to the potential decay. This consideration was supported by the fact that the time 
required for a steady current to flow was 7-8 set after the voltage had been applied 
across the cell. 

As it is very difficult to determine the amount of pigment during the sedimentation, 
the initial sedimentation potential should be used to calculate the zeta potential 
from equations (1) and (2). The authors tried to determine the initial potential by 
extrapolation of the curve, using two methods of filling the cell with suspension, 
as shown in Fig. 3. One mode is to fill with suspension just to the level of the upper 

Sedimentation time, set 

ian ~t~tial, t=O 

FM. 3.-Relationship between settling rate and initial sedimentation potential, for two 
types of cell filling. 

Sample: TiOI 3‘J& alkyd resin 3%; measured at 1050 ‘pm. 
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electrode (nearer to the rotating axis) as shown at the left of Fig. 3, and the other to 
fill it to above this level, as shown on the right. In the first mode, particles will be 
removed more and more from the space between the electrodes as the time elapses, 
and so the particle-size dist~bution changes i~ediately after the beaning of 
rotation. In the other, as the particles above the level of the upper electrode enter 
the space between the electrodes for some time after the beginning of rotation, 
the particle-size distribution will not change and only the distances between the 
particles will decrease to ~/CC of the initial distance, where a = exp k,w2a2t [cJ 
appendix equation @)I. 

Therefore the ~irnen~~on potential, I?=*, decreases according to the equation 

As &#(a) for each particle size is regarded as constant for some time after the beginning 
of rotation, EBed is expressed as the summation of linear equations of t. That is, 

Esed = 2 k2m2(; 
a=0 

From (4) it is obvious that the extrapolation of the sedimentation potential-time 
curve for the second mode of filling gives the initial sedimentation potential. This 
initial sedimentation potential is proportional to (rl + r&2 [c$ appendix equation 
(12’)] and so we can calculate the zeta potential by equation (1). However, both 
extrapolation values were ex~~rnent~ly almost the same, when the particles were 
very fine and the rotation speed was small. 

Relationship between the sedimentation potential and the amount of pigment 
particles in the space between the electrodes 

Assuming that the specific gravity of the particles is inde~ndent of the diameter, 
the relationship between the sedimentation potential and the total weight of particles 
should be linear, from (4). The total weight of particles was determined by weighing 
the amount of solid matter obtained by drying at 1OY’ for 3 hr a sample of suspension 
from the space between the electrodes, taken when the rotation was stopped. The 
points plotted for pigment weight U.S. sedimentation potential lay on straight lines 
for various rotation speeds, the slope increasing with rotation speed, but the lines 
did not pass through the origin, and the value extrapolated to zero potential was 
OW5 g (the initial amount of pigment was ea. O-06 g). The potential decay after 
the centrifuge was switched off is shown at the left of Fig. 3. It took about 20 set 
for rotation to cease. The error caused by sedimentation after switching off is 
therefore considered to be small. The inequality in centrifugal forces in the cell 
cannot explain the fact that the straight lines do not pass through the origin, because 
this effect might decrease the weight found. The discrepancy may be due to the 
inequality of zeta potentials for the particle systems, or to other causes. However, 
as the intercept was very small, the experimental results were taken as agreeing with 
equation (1) within experimental error. 
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Relationship between initial sedimentation potential and the electrode distance as 
well as the rotation speed 

The relationship between the initial sedimentation potential and the total weight 
of particles at the beginning can be obtained by using cells with various electrode 
distances. From (l), 

2(‘%d)t--0 

rl + ra 
= k,waWL 

4TP 

As the total weight, W, of particles in the space between the electrodes is proportional 
to the distance I between the two electrodes, the left-hand side (LHS) of the 
expression should be proportional to I and w2. The results obtained with various 
rotation speeds and distances between the electrodes gave straight-line plots which 
passed through the origin, showing equation (5) to be consistent with the experimental 
results [LHS plotted us. I and (LHS)‘fa us. 01. 

Resistance of the cell 

When the resistance of the cell containing the suspension is R, 

where A is the specific conductivity of the suspension and C, is a constant. When 
the electrode distance was changed, the change in R for various concentrations of 
particles was small. The calculated values of C, were constant within f3 %. 

Relationship between initial sedimentation potential and concentration of particles 

This relationship is shown in Fig. 4. When the amount of the potential-determining 
alkyd resin is small compared with the amount of pigment, the special adsorption 
layer of alkyd resin cannot cover the particles and so the zeta potential is considered 
to become lower. 

Relationship between zeta potential and the resin content 

The zeta potential of titanium dioxide was calculated for various concentrations 
of alkyd resin, The results are shown in Fig. 5. Generally speaking, the lower 
the resin content, the higher the zeta potential. Below O-3%, the amount of resin 
dissolved in the xylene becomes so small that the stability of the suspension is reduced 
and measurements become very difficult. These effects have been reported by van 
der Minne and Hermanie.6*6 

The results shown in Fig. 5 show the same trend as those calculated’ by the 
electrophoretic method. Although the former are a little lower, they are satisfactory, 
considering the difference in the methods. 

MEASUREMENT OF PARTICLE-SIZE DISTRIBUTION IN NON- 

AQUEOUS DISPERSE SYSTEMS BY MEANS OF THE 

SEDIMENTATION POTENTIAL 

In industries handling disperse systems of micro-size particles, it is very important 
to measure the state of dispersion. Among many methods defining this, the particle- 
size distribution is the most useful. Both the rheological and the optical properties 
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of the dispersed system change with the particle-size distribution. In industrial 
applications it is most desirable to know this distribution. Several methods for 
determining the particle-size distribution are known, but some problems still exist 
in the preparation of samples and in the measuring systems. Here we describe 
the method for calculating the particle-size distribution from measurements of the 
sedimentation potential, where the state of the sample is the same or nearly the 
same as in industrial use. 

It was shown above that the sedimentation potential is proportional to the total 
weight of particles existing in the space between the electrodes in the cell. Therefore 
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the sedimentation potential-time curve can reflect the curve for total weight of 
sedimented particles US. time, Then the particle-size distribution obtained from 
the sedimentation potential-time curve is based on the weight of particles. Strictly 
speaking it is based on the product of zeta potential and weight of particles, but 
assuming the specific gravity and the zeta potential of particles in the disperse system 
are independent of the diameter of the particles, the statement just made will hold 
true. 

EXPERIMENTAL 

SampIe andpreparation 
Titanium dioxide C was used as before. 

Conditions for measurement 
AI1 measurements were made at 25”. Because in the two-liquid-layer method the sedimentation 

potential in the second Iayer should be different from the initial sedimentation potential, and so 
the particle-size distribution should deviate from the initial distribution, the homogeneous liquid 
method was used. In the homogeneo~ liquid method it must be noted that the dispersed state of the 
sample and the time required for measurement play the most important parts. 

2a,, 2ae 2a, 20~ 2a, 2alo2ae2at 2ae ; 
-_ __ _ 

2ag : t 
I 

Partble diameter, pm 
occwnufated particle 
size distribution 

Sedimentation time, t 

FIG. 6.-Construction of cumulative particle-size distribution diagram from sediment- 
ation potential-tie curve. 

Con@wration of particle-size distribution curve 
When the radius of the largest particles still existing in the space between the electrodes at time t 

after the begiting of centrifugation is am, t can be calculated for each given am from t = In (r&# 
k,oQm” [cf. appendix equation (12)]. So the first step for obtaining the particle-size distribution 
curve is to calculate t for each increment of O-05 pm in am <O-5 pm and of 0.1 firn in am > 0.5 pm. 
Then the extrapolation to t = 0 of the tangent to the sedimentation potential-time curve at t gives 
the ordinate of the cumulative particle-size distribution curve at am. An example is shown in Fig. 6. 

RESULTS AND DISCUSSION 

Theoretical calculation of the parkle-size distribution from the sedimentation 
potential 

In sedimentation under a centrifugal field, the centrifugal force on a particle is 
proportional to the distance between the particle and the rotating axis. Therefore 

4 
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the force is a function of sedimentation time. On this basis equation (7) can be 
derived relating the particle-size distribution to the sedimentation potential [c$ 
appendix equation (12)]. 

where at = (In ~~z~r~)lk~~2t~1’2, and kl is a constant related to the viscosity and 
density of the dispersion medium or the suspension; k, is a constant related to the 
viscosity, density, dielectric constant and electric conductivity of the dispersion 
medium and zeta potential of the particles in suspension; r, and r2 are the radii 
of rotation of the electrodes. On putting t = 0 we obtain 

Therefore the initial sedimentation potential is equal to the potential which all 
particles would exhibit if they were gathered at the middle plane between the two 
electrodes. 

Lk~encknce of the particle-size ~istri~tia~ on the conditions of measurement 

Typical sedimentation potential-time curves for titanium dioxide C in various 
concentrations are shown in Fig. 7 and the particle-size distribution curves derived 
are shown in Fig. 8. Table 1 gives the model and median diameters for each ro- 
tation speed and pigment content. 

Efict of the pigment content. The pigment content has no large effect on the 
cumulative particle-size distribution curve, but there is a tendency for the number 

I 

f 

Pigment content 

- 0.5% 

- 1.0% 
4- 2.5% 

I -- 5,OYo 

Particle diameter, pm 

FIG. ?.-Cumulative partkle-size distribution measured at 520 rpm. 
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Fro. S.-Particle-size distribution measured on a 1% suspension of pigment. 

of large particles to increase as the pigment concentration increases. This may be 
caused by an increase in the number flocculated particles, but both the model and 
median diameters coincide within O-1 ,um, though the latter are inclined to decrease 
with increase in pigment concentration. 

TABLE I.--RELATIONSHIPS OF THE MODAL AND MEDIAN D IAMETJ3RS TO THE ROTATION 

SPEED AND PIGMENT CONTENT 

Pigment 
concentration 
% 

520 

‘pm 

Diameter, pm 
1050 

‘pm 

1560 
‘pm 

0.5 Mode 0*30-0*35 0.35-040 0*35-040 
Median 0.48 0.48 0.38 

1.0 
Mode 0*35-040 0*30-035 0~35-040 
Median 0.49 0.45 0.42 

2.5 Mode 0*30-0*35 o-35-040 0.35-0.40 
Median 0.44 0.43 0.39 

5.0 Mode 0.3CO.35 0.3tLO.35 0.35-0.40 
Median 0.42 042 0.38 

E$ct of the rotation speed. The rotation speed is recognized as having little 
effect on the distribution curve. In the figures the distribution was plotted for O-05 pm 
intervals. If the distribution at O-1 pm intervals had been plotted, the curves would 
have agreed better. The differences for the larger particles are perhaps due to errors 
in drawing. 

Comparison between the distribution curves obtained by the sedimentation potential 
and the electron microscope methods. In Fig. 9 are shown the distribution curves 

based on particle weight and on number of particles. Figure 10 shows the distribution 
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FIG. 9.-Relationship between particle-size distributions on weight base and number 
base. 

Measured at 1540 rpm, 0.5% pigment, sedimentation potential method 

curve obtained by the measurement of the fixed-direction diameter for 1000 par- 
ticles by electron microscope. 

The distribution-curve obtained by the electron microscope method is based on 

number of particles and that from the sedimentation potential method is based on 
particle weight (strictly, on the product of the weight and zeta potential of the particle). 
For comparison, weight-base and number-base distribution curves are both plotted 
in Figs. 9 and 10. 

In the electron microscope method, combined images of particles are not counted, 
as the images of aggregated particles cannot be distinguished from overlapping 
images of separate particles. Because aggregated particles are not counted, the 

-O-Weight base 

Particle diameter, pm 

Fro. IO.-Relationship between particle-size distribution on weight and number 
base. 

Electron microscope method. 
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single particle concentration becomes higher. For this reason the particle-size 

distribution curve deviates noticeably from a logarithmic normal distribution curve. 

On the other hand, in the sedimentation potential method the particle size means 
the diameter of particle which moves as a kinetic unit in the disperse system. 
Therefore the distribution curve is similar to the logarithmic normal distribution 
curve, because the aggregated particles are counted. The model diameters (two 
methods of measurement) were 0.3-O-4 ,um based on the particle weight and about 

O-2 pm based on the number of particles. 
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SYMBOLS 

total charge of the particle 
charge per unit area around the particle 
potential around the particle 
cross-sectional area of the cell 
rotation radius of the electrode nearest to the rotating axis 
rotation radius of the electrode furthest from the rotating axis 
rotation speed 
total weight of the particles existing in the space between the two electrodes in the cell 
density of the particle 
density of dispersion medium 
specific electric conductivity of the dispersion medium 
dielectric constant of the dispersion medium 
viscosity of the dispersion medium 
zeta potential of the particle in the dispersion medium 
radius of the particle 
gradient of the sedimentation potential 
acceleration of the kinetic field 
retardation coefficient 
number of particles in unit volume 
total number of particles existing in the space. between the two electrodes in the cell 
reciprocal of the thickness of the electrical double layer 
distribution of the particle of radius a 
velocity constant of sedimentation 
potential constant of sedimentation 

Zusammenfassung-Sedimentationspotentiale in einem Zentrifugal- 
feld wurden an der Dispersion aus Titandioxid, Alkydharz und Xylol 
studiert. Die Beziehungen zwischen Sedimentationspotential und 
Rotationsgeschwindigkeit, Abstand von den Elektroden in der Zelle 
und Gesamtgewicht der Teilchen in der Dispersion werden untersucht. 
Aus der theoretischen Berechnung des anftinglichen Sedimentations- 
potentials wird das Zeta-Potential des Pigments in der Dispersion ber- 
echnet . Der berechnete Wert fiel mit dem elektrophoretisch 
ermittelten fast zusammen. Da das Sedimentationspotential propor- 
tional ist zum Gesamtgewicht des Pigments im Raum zwischen 
den Elektroden in der Zelle, kann man aus der Kurve, die das Sedi- 
mentationspotential in Abhsngigkeit von der Zeit wiedergibt, die 
Teilchengr65enverteihmg des Pigments erhalten. Die Teilchengr65en- 
verteihmg in der erwlhnten Dispersion wurde im Hinblick auf den 
Einflu5 von Rotationsgeschwindigkeit und Pigmentanteil untersucht. 
Der gquivalente Durchmesser der Teilcheneriiljenverteilunp. der auf 
diese %eise erhalten wurde, war fast gleicK dem elektron&mikros- 
kopisch ermittelten. Verwendet man dieses Verfahren fiir die Teil- 
chengriibenanalyse, so kann man die GrB5enverteihmg bei Teilchen 
mit Durchmessem < 1 ym in kurzer Zeit (cu. 10-30 min) erhalten und 
das Zeta-Potential der Teilchen in der Dispersion berechnen. 
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R&mGOn etudie les potentiels de sCdimentation dam un champ 
centrifuge avec le systeme disperse dioxyde de titane, rtsine alkyde et 
xylene. On examine les relations entre le potentiel de stdimentation 
et la vitesse de rotation, 1’6loignement des electrodes dans la cellule et 
le poids total des particules dans le systeme disperd. De l’6valuation 
theorique du potentiel de skdimentation initial, on calcule le potentiel 
dz6ta du pigment dans le systeme disperse. La valeur calculQ 
comcide presque avec celle obtenue par la methode Blectrophoretique. 
Comme le potentiel de sedimentation est proportionnel au poids total 
de pigment dans l’espace entre les electrodes dans la cellule, la 
repartition du pigment par dimensions de particules peut Btre obtenue 
a partir de la courbe potentiel de sedimentation-temps. La 
repartition par dimensionsde particules dans le systeme disperse men- 
tionne ci-dessus a et6 exami& par rapport a l’intluence de la vitesse de 
rotation et de la teneur en pigment. Le diametre modal pour la 
repartition par dimensions de particules obtenu par cette methode a 
presque la m&me valeur que celle obtenue par la methode au microscope 
Blectronique. En utilisant cette mCthode pour l’analyse de dimensions 
de particules, on peut obtenir la repartition par dimensions de 
particules en un temps court (environ lo-30 mn) pour des particules 
de diametre <l ,um, et l’on peut calculer le potentiel dzeta des 
particules dans le systeme disperse. 
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APPENDIX 

The sedimentation potential and the particle-size distribution 

The following five assumptions were made for the theoretical derivation of the sedimentation 
potential under the centrifugal field as a function of the particle-size distribution. 

(1) The particle is a sphere and is not combined. 
(2) The particle is very small and settles out in a laminar flow. 
(3) The retardation of the sedimentation velocity induced by the particle charge can be neglected. 
(4) All particles have equal density and equal zeta potential. 
(5) The electrical conductivity of the suspension is not affected by the pigment content. 

When the particles settle out from the dispersion medium, the kinetic equation for the stationary 
velocity of particles is . - 

4 dx 
5 P(P - p,,)aWx = 6nr],a;ii- 

where x is the distance between the rotating axis and a particle at time t. From (1) 

dx 2 p - Powaa2x -=_. 
dt 9 rlo 

(2) 

where 
= kIw2aex (2’) 

k 
1 

= 2(P - PO) 
9% 

Solving the differential equation (2’), 

In x = kw*a? + constant 

13) 

If the distance of the particle from the axis is rr when t = 0, 

constant = lnr, 
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and 

hlz = k&a% 
r, 

(4) 

x = piek&8’l (4’) 

On the other hand, when the horno~n~~ly dispersed spherical particles settle out, the gradient of 
sedimentation potential is: 

y = a”(P - P&*,!Y&),lf 
3Rlo 

When the ratio of the radius of the particle to the thickness of the dectrical double layer, %a, is 
negligible compared to unity, this equation should be written as 

/(P - /Jo~og~o@f 
3Ql, 

where if the particle is a sphere.fis equal to 213. 

is 
The sedimentation potential, &~a. i.e., the difference between the potentials of the two ektrodes 

EM = V(r* - rJ 

a% - -_ P&&a - rJglf,@f 
3Ly11il 

When the cross-sectional area of the cell is A, the total number of particles in the space between 
the two electrodes, n, is An&s - rr). 
be used instead of K. 

When n is used instead of n, in the equation above, KA should 

Therefore 
Es& = GYP - Powwf 

mo 

When the number of particles existing in the space between x and x f d.x away from the rotating 
axis is An, the sedimentation potential AESed across this space is given by 

where 

The total weight of particles Win the space between the electrodes is 

4 =a 
W- zrp f o a*#(a) da 

From (4’), writing x, for the distance (at time t) between the axis and the particle which was 
initially at a distance n from the axis, 

x, = xekr09o’t 

and putting X# f ahx for the distance (at time t) between the axis and the particle which was initially 
x + AS from the axis, 

xt -I- ahr = (x + Ax)&m’4’~ 
Therefore 

a = &ldaat (8) 

This equation shows that the rate of change of the number of particles in a differential space 
during centrifugiug is l/a and independent of the initial distance x. 
existing in a thickness dx of suspension at t can be expressed by 

Hence the number of part&s 
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Then the sedimentation potential of a particle of radius a at time t can be written as follows from 
(5’): 

#(a) 
(Esed),. = j;; ks8wax * tr, _ r,jeklwaast ’ dx 

k,m= 
=1_1_ 

w* - rd 

where xX is the distance between the rotating axis and the particle initially nearest to it at t. So from 
(4’) 

x1 = r, &@%Ga 

Substituting this expression for x1 into (9) we have, 

The largest particles among those existing in the space between the electrodes at f reach a dis- 
tance r, from the axis, if they were at distance r, initially. Putting the Iargest radius as urn, from 
(4’), we have 

Y* = l.1, eh%?~~t 

Therefore the sedimentation potential for all particles at t is obtained by integrating (10) with 
respect to the radii of the particles. 

kd am 
f -2x) 0 

us#(u)(r~2e-kl~za2t - rl*@&aat) &J 

And when t = 0, am is infinity from (II), and so (12) is written as follows, from (7). 

rI f ra 3F = k2.2.&--- 
4CP 

(12) 

This equation shows that the sedimentation potential at t = 0 is equal to the sedimentation 
potential which would be generated if all the particles were at the middle plane between the two 
efectrodes. 

Derivation of the eqmtion for the ~e~~~e~tution ~~te~tia~ 

The cume for the potential distribution round a particle in the dispersion medium is very complex, 
even if the particle is spherical, but it can be expressed approximately as fo!lows : 

(13) 

where B is the potential in the medium at a distance y from the centre of the particle and 0, is the 
potential of the particle. On the other hand, the charge per unit area around the particle is as follows, 
by the Poisson equation: 

D, 324 
r=-Gaya (14) 

singe aejay = 0 inside the particle, the charge at the interface of the particle and medium, z,, is 
expressed by 

3 ae 
%o = - 4?r 5j y=4 0 (1.5) 
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By substituting (131, 

From (15) and (16) 

Therefore the total charge, Q, of the particle is 

e = B,D*u(l c KU) (17) 

When the dispersion medium is a non-aqueous solution, the zeta potential is nearly equal to the 
surface potential. Then subs~tut~g 5 for 8, in (17), we have 

Q = UAdl + x4 (17’) 

Assumiug ~a is negligible compared to unity, for non-aqueous medium, 

and the number of particles passing across the cross”s~tjoR of the ce I’in uuit time is ~~~{~~d~), 
Then from (18) and (2) the streaming current, Istr, is given by 

This streaming current is responsible for the streaming potential, I&.. At steady state it must be 
balanced by a curreut which accords with C&n’s law. This back~~nt is expressed by 

AK&Z 
“I=-f- 

where I is the distance between the two electrodes with which the potential is measured. 
When the input impedance of the amplifier for the m~s~ement of potential large enough for 

the current ffowing out of the cell, to be neglected, 

rstr -t f’ = 0 (21) 

Substituting (19) and (20) into (21), 

Putting n = plJ 

For a spherical particle, the retardation coefficient (or shape factor) f is 213. Hence 

Eeea =r d4P - fhJwdD* 

3K% 
(23) 
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Summary-The polarogram of tellu~um~ in weakly basic soIution 
has a sharp maximum on the diffusion current plateau. The electrode 
process causing this maximum has been examined by means of various 
techniques such as semi~nductor catalysis, “block” polarography 
and ultraviolet irradiation of the dropping mercury electrode. The 
maximum was found to be caused by the catalytic wave of hydrogen 
produced by the tellurium deposited on the mercury surface. Part of 
the tellu~um is reduced to hydrogen telluride by nascent hydrogen 
formed catalytically. The brown mist which usually appears in the 
vicinity of the surface of the dropping mercury cathode consists of 
elemental tell~um produced by the decomposition of the hydrogen 
telluride near the electrode. The sudden decrease in the current 
maximum at a potential more negative than the peak potential of the 
maximum is due to desorption of tellurium, caused by movement of 
mercury. 

THE POLAR~~H~C MAXIMUM of tellurium was found in 1935 by Schwaer and Suchy? 
who said that this maximum seemed to be closely connected with the reduction of the 
hydrogen ion. Lingane and Niedrach2B3 reported that this maximum was probably 
due to catalytic reduction of the hydrogen ion in acidic solution, and they found that 
a brown mist formed in the vicinity of the dropping mercury electrode (d.m.e.). Van 
Stackelberg et al.d*” reported on the mechanism of the generation of brown mist and 
the polarographic maximum. Since then, several papers6-8 concerning the poiaro- 
graphic reduction of Te(IV) have appeared. 

The polarographic reduction of Te(V1) was described by Norton et al*9 in 1953, 
and again a maximum appeared which depended on the nature of the sample solution. 
Further reports5*10*U on the polarographic reduction of Te(V1) discuss the nature of 
the maximum. 

In earlier papers,12*13 we reported obtaining a maximum wave of similar kind 
when polarograp~ng a suspension of tellurium powder in ammonium chloride 
solution. When a piece of tellurium block was put into contact with the d.m.e., the 
same kind of maximum wave was observed. Irradiation of the d.m.e. with ultraviolet 
light depressed the maximum current, and when the irradiation was stopped the 
current recovered, On the basis of these results, the mechanism of the tellu~um 
maximum has to be reconsidered. 

EXPERIMENTAL 
Tellurium ingot (99.9999% purity; Osaka Asahi Metal Mfg. Co. Ltd.) was cut into pieces or 

ground into powder in an agate mortar. 
Tellurium in the form of TeO%,TeO*, H,TeO,, Ki;reOs. (NH&TeO,, H,TeO,aad NH&lTeO$H,O 

was obtained in chemically pure grade. 
A Yanagimoto P-8 type polarograph was used for the d.m.e. work, aud a Yanagimoto VE-3 

type automatic apparatus for constant-potential electrolysis was used for the work with a mercury 
pool cathode and a carbon rod anode. 

439 
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In the “suspension polarography” the sample solution was prepared by adding powdered metallic 
tellurium or a tellurium compound to the electrolyte solution, and current-potential curves were 
recorded with use of the d.m.e. while the sample solution was stirred magnetically. Rate of stirring, 
temperature of the solution (25” ic @lo) and other experimental conditions were kept constant. 
The conditions for the d.m.e. were: t = 6.0 set (open circuit in 1M ammonium chloride), m = 
0.60 mg/sec, and h = 45 cm. All batches of the electrolytic solution were deaerated with nitrogen 
before the electrolyses. 

A piece of bellow block was pasted on an end of a glass rod. The block was kept in contact 
with the hanging mercury drop (see Fig. 3A), and the current-potential curves were recorded by 
polarograph. This will be called the “block polarograph.” 

Instantaneous current-time curves were recorded O~ilIo~aphic~ly with an Iwasaki Synchroscope 
Model 83.5302 with SP-20 DF-A preamplifier and the Shimadzu Electropotentiostat Model SP-1. 

An Ushio Uniarc-250 UR-3 apparatus was used to irradiate the d.m.e. The sample solution was 
deaerated with nitrogen before use. Experiments were carried out in the dark. 

The hydrogen content of the evolved gas was measured with a Yanagimoto Gas-Chromatograph, 
Mod& GCGJ. 

RESULTS AND DISCUSSION 

General characteristics of polarogruphic maximum of tellurium 

Figure 1 [(a)-(c)] shows the polarograms of Te(IV) and Te(V1) in 1M ammonium 
chloride. In the polarogram of Te(IV), the potential range A involves the reduction 
current due to Te(IV) -+ Tea and the ranges B, C, D, and E have been thoughtl* to 
involve the reduction current due to Te(IV) -+ Tee-, where B and C involve also the 
catalytic current.3*5 

If the concentration of K,TeC& is increased up to 3 x 1pM in 1M ammonium 
chloride, id increases linearly, while imag attains a saturation value, comforming to the 
Langmuir adsorption isotherm, but shows a kink of the curve at the con~ntration at 
which the brown mist appears around the d.m.e. The values of EdBcOmp and E,,, 
become a little more negative with increase in Te(IV} concentration, settling at almost 
-1.15 and -1.3 V respectively (all potentials are quoted US. S.C.E.). The values of 

@i& and J% are -0.32 and -0.55 V respectively and independent of the concen- 
tration. 

With a concentration of ammonium chforide between 0.2 and 1*2M, there is no 
change in (Elf&, qIz, Edeccmp, E,,,, and id, but &, shows a two-step saturation 
curve, e.g., plateaux at 40 PA for 0+3--0*7M NH&I and at 60 ,uA at > IM NH&I, 
for 5 x lO-%M K,TeO,. 

According to Zhdanov and Pats’ or Lingane and Niedrach? a decrease in pH 
makes the height of the Te(IV) maximum higher. On the other hand, in strong 
alkaline solution there is no maximum.3*s 

“Suspension polarography” of telh4rium powder 

Figure l[(d) and (e)] shows the polarograms for 1M ammonium chloride with 
tellurium powder (150-200 mesh). Curve (d) shows what happens during magnetic 
stirring, and (e) what happens after the stirring stops. Curve v”) shows the decay 
curve of imax with time after the stirring stops. These techniques may be called 
“suspension pofarography.” 

In the case of the suspension polarogram of tellurium powder, the reduction step 
Te(IV) -+ Tea as in Fig. l(a) cannot be obtained, but a similar maximum is seen on 
curves (a) and (e). It indicates that the existence of Te(IV) in the solution is not the 
necessary condition for the maximum. Combining this with the further experimental 
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Fro. I.-Polarograms of tellurium. 
a: 1.0 x lO-aM Te(IV) in 1M NH&l 
6: 1.0 x IO-*MTe(VI) in lMNH,Cl 
c: 0.3 x 10-SM Te(V1) in 1M NH&l 
d: suspension polarogram while stirring; 

metallic Te-powder (100450 mesh, 306 mg) 
in 50 ml of 1M NH&I 

e: same as d, but after stopping stirring 
ia: diffusion current of Te(IV) -+ Tea process 

imsX : peak current of the rn~~urn wave 
(E&,: half-wave potential of the prewave 

Ells: half-wave potential of the Te(IV) -+ Tea process 
E max: peak potential of the maximum wave 

E decomp: decomposition potential of the maximum wave 
E,: initial potential of the final ascent 

facts to be mentioned later, it is thought that the contact of tellurium with the surface 
of the mercury electrode is the decisive factor in production of the maximum. So, it 
is considered that in ordinary polarography the elemental tellurium, reduced from 
Te(IV), deposits on the mercury drop and plays a role in causing the maximum. 

Figure 2 shows the effects of Triton-X-100 and gelatin on the height of the maxima 
in suspension polarography of tellurium powder with stirring. The effects of those 
maximum suppressors3*6*8 on the ordinary maximum of tellurium are illustrated for 
contrast, showing the same nature of the maximum, whatever its origin. The results 
of the current-time curves of Kuta’s parabola16 at several applied potentials are shown 
in Table I. 

Besides elemental tellurium, TeO,, H2Te0, and (NH&TeO, powders give analogous 
typical maxima, but TeO,, H,TeO, or NH,HTe04*2H,0 give a small maximum or 
none. With potassium or sodium chloride solution as supporting electrolyte a very 
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FIG. Z.-Effects of concentration of Triton-X-100 (a) and gelatin (6) on the height of 
the maximum in the “suspension polarogram” of 306 mg of tellurium powder in 50 ml 

of 1M NH&I, and on the corresponding polarogram of 0.4 mM K,TeO*, (a’), (6’). 

TABLE I.-INSTANTANEOUS CURRENFTIME CURVES OF 1M NH&I (50 ml) wrr~ sus- 
PENDED TBLLURIUM POWDER (300Ill@ AT VARIOUS CATHODE POTENTIALS 

Applied -0.8 -0-9 -1.0 -1.2 -1.3 -1.35 -1.6 
voltage, V @decomP) @ksx) 

I 1 2 2-S 
XOfP 

5 z -% -z- 
>; >; ; 

+: diffusion current, Q: maximum of first kind, %: kinetic current. 

large maximum appears, but with potassiumg or sodium3 hydroxide the maximum 
is very small or non-existent. 

Block pqlarography of elemental tellurium 

A piece of elemental t~llu~um is placed in contact with the d.m.e. as shown in 
Fig. 3. The current begins at the same Edecomp as in suspension polarography, but 
increases linearly with potential sweep in accordance with Ohm’s law until the block 
is detached from the electrode (see Fig. 3-B). It can be seen that the brown mist is 
spreading out and gas evofving from the whole surface of the tellurium block. 

The same kind of phenomenon is seen in suspension polarography with a large 
particfe of tellurium which might hit the mercury electrode by inertia and let the 
current flow even at potentials from -1.4 to -1.8 V, as shown in Fig. 4. 

Adsorption of elemental tellurium on the cathode 

In constant-potential eiectrolysis of Te(IV) in 1M ammonium chloride, black 
deposit of elemental tellurium is seen on the surface of the mercury pool cathode at 
more negative potentials than -0.5 V. Tellurium deposited on the mercury cathode 
deforms the electrocapillary curve for suspended tellurium powder (Fig. 5). The 
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FIG. 3.--A: The dropping mercury cathode, in contact with a piece of elemental 
tellurium block pasted to the end of a glass rod. a: mercury drop; b: tellurium 

block; c: glass rod. 8: “Block polarogram” of tellurium in 1 M NH&L 

-I 8 

V,,S.CE 

FIG. 4.-Y%yension polarograms” with tellurium powder in 1M NJ&Cl. 
100-150 mesh 

depression of the electrocapillary curve is observed just in the potential range between 
the beginning of the reduction wave of Te(IV) and the maximum. A small peak, C in 
Fig. 5, appears in the depression of the electrocapillary curve at the same time as 
sudden evolution of hydrogen from the cathode, and it is thought that desorption of 
elementary telhnium from the electrode makes the electrocapillary process recover 
sync~onou~y. However, in the presence of gelatin in the solution the catalytic 
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evolution of hydrogen disappears and a depression, without the small peak, is ob- 
tained. The shape of this electrocapillary curve is very similar to that of a solution 
composed of Te(IV), @3M ammonia and @l&f ammonium chloride, given by 
von Staekelberg et CZI.~*~ According to their report ,5 the presence of gelatin does 
not prevent the adsorption of tellurium which is electrolytically deposited, but does 
so with telluride. 

On the other hand, according to studies at the stationa~ mercury electrode by 
Jamieson and Perone,s during the reduction Te(IV) ---f Te* at the d.m.e., elemental 
tellu~um remains adhered to the electrode and this desorbs from the electrode at 
potentials more negative than the maximum. 

Ro, 5.--Efectrocapillary curve for fM NH&3 solution with suspended tellurium 
powder, compared with a “suspension pol~ogr~” of the same solution, 

By the adsorption of elemen~l tellurium on the mercury cathode, a ‘“tellurium 
electrode”’ is established over the potential range between the reduction wave of 
Te(IV) and the maximum of the polarogram, that is the potential range A in Fig. 1. 
At a potential more negative than the maximum, already deposited tehurium departs 
from the mercury drop as Jamieson and Peronee observed for the stationary mercury 
electrode. This is caused by the relaxation of surface tension of mercury due to the 
mutual repulsion of negatively charged mercury atoms. Thus mercury moves to the 
circumference from the site facing the anode, Ieaving a bright mercury surface at 
the starting area as shown in Fig. 6. This opinion is different from that of Antwelier 
and von Stackelberg. I6 The particles of elemental tellurium which have been desorbed 
and suspended in the bulk of the solution are seen moving rapidly along the surface of 
the mercury cathode in three types of flow according to the applied potentials, as 
shown in Fig. 7. Jones and Kaye l7 observed this kind of mercury movement by 
using a dilute suspension of coal particles. 

At the potentials of the positive half of the m~imum, the brown mist has an 
umbrella shape (Fig. 7-4, and the surface of the mercury drop is covered with a 



Polarographic maximum wave of tellurium 445 

FIG, 6.-Streams of mercury and ammonium chioride solution with K,TeO* at -1.4 V. 
A : at the surface of a large mercury cathode 
B: at the surface of a mercury drop 
CI: mercury pool or mercury drop 
6: IA4 NH&l with K*TeO* 
c: carbon rod anode 
d: anode 

FIG. ?.-The flow of the brown mist at various potentials in the polarography of 
1 mM KsTeOs in 0*1&f NH&X-O~lN NH,OH. 

A, at -1.25 V; B, at -1.3 V (A!?,,); C, at -1*9V 

tellurium deposit. Especially when it is in a saturated solution of potassium chloride, 
the mercury drop is apparently black. As soon as the potential reaches the value of 
E 5lBXP the brown mist begins to flow suddenly upward (Fig. 7-B). This phenomenon 
also means that the mercury surface begins to move suddenly at the potential of I&=. 
This is distinctly seen by sudden clearance of the mercury drop from black to bright 
metallic when it is in a saturated solution of potassium chloride. The mist of ele- 
mental tellurium is also observed at the final increase of the current (Fig. 7-C). 

Catalytic reaction of hydrogen evolution 

On increase of the negative potential of the tellurium cathode established on the 
mercury drop by the electrode process of Te(IV) -+ TeO, hydrogen begins to evolve 
from the tellurium surface at the decomposition potential. 

The solution side of the electric double layer at the interface of the tellurium 
electrode and the solution is negatively charged, and its eIectrostatic potential equals 
the work function of the solution, QSOl, less the electron affinity of tellurium, llr,. 
Taking QTe as the work function of tellurium, the potentiaf barrier which hinders 

6 



electron-Bow from te&uhtm to the solution is expressed by QjsOl - (PTB. When a 
cathodic potential Yis applied to te~~riurn the barrier amounts to Qsof - at,, - eV.f* 
So if this value becomes en~u~ to give rise to the maximum, the surface of the 
~~~u~~ ehztrode is ~~~ati~~ly rich in electrons and has the character of teliuride. 
A~rd~~g to Lingane aud Niedraeh3 telhuide is present as H,Te at pH 4, and as 
HTe- at 4 c pH < 11. The adsorbed hydrogen wil be very quickly reduced, as 
follows. 

The Tez$ thus added again combines with hydrogen ions to form HTe-, and so on; 
this cycle is repeated to evo&e hydrogeu ~ata~~~~y. Some part of the hydrogen 
may reduce the electrode substrate and form HTe- in the solution at 4 c pH i= 11 
as folfows. 

Tes -j- 2H c- HTe- -i- H+ C-3 

The HTe- thus formed or telluride ion originally present gives the same cycle as in (1) 
and makes hydrogen evolve, The reason why the ~a~y~c wave of hyd~~u does not 
appear in strongly alkaline solution is that teli~i~rn eaanot exist in the elemental 
form but dissolves in the alkaline rn~d~urn~ On the other hand, some. of the NTe- 
either in the soh~tion or in the adsor~d state is ~~~~~d j~~~~~~~ ‘tra ~~~rn$~~ 
tellurium by dissolved oxygen or by ultraviolet rays. 

HTe- % H+ + Tee -I- 2~ 

2HTe- +- 0% i_ XX* --f 2H&I f 2Tee (3 

~~~rne~~ tel~~r~urn thus produced forms the brown mist which appears in the vi- 
cinity of the dropping mercury surface in the potential range of the ~l~o~a~~~ 
~x~murn. 

~a~at~o~ of the surface of the mercury encode with ~~~o~~~ I&$& promotes 
the photodec~mpos~~o~ and increases the amount of” the brawn mist but decreases 
the height of the ~~~o~a~~~ ma~mum, because of the decrease of the amount 
of hydrogen tehuride near the electrode. 

Figure 8 shows the experimental resuft of an cLon-off” test of ultraviolet irradiation 
at the d.m.e. The current is higbe~ when it is dark and Iower when it is bright. This 
on-off affect on the m~mum awent begins to appear about more than half an hour 
after the electrolysis has been carried out at &,, For this reason, it Is thought that 
the amouut of teI~uride near the electrode increases enough to show the effect. The 
small ~u~tuations of the current which appear in the current-time curves in Fig. 8 
seem due to the lack of uniform distribution of the effective ions near the electrode. 
fn fact, un sling of the so~~~~on the ~uctuation of current becomes very small. 

The response time of the current when the light is ofTis shorter than when it is (nl. 
The former is within t set, while the latter is within 10 sets. This suggests the necessity 
of above-men~oned haff an hour ~r~~~e~ro~ysis~ 

On the other hand, the tehuride formed on the electrode reacts iu the di&rsioa 
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Time, min 

FIG. S.-Effect of ultraviolet irradiation of d.m.e. on the catalytic current of hydrogeu 
at constant voltage of -1.2 V (E,& in 1M NH&l with @15 x lo-*A4 H,TeO*. 

layer according to equation (4): 

2HTe- + Te(IV) = 3Te” + 2H+ (4) 

This has been reported to be the cause of the brown mist.4*6*E IIowever, according to 
our ex~~rnen~ results, the brown mist appears in spite of the absence of Te(IV), 
especially in the case of suspension polarography of elemental tellurium powder or 
block polarography using an elemental tellurium block, so that the theory which 
needs the presence of Te(IV) is not always acceptable. 

The descending branch of the ~irn~rn 

At a potential where the maximum is over (region E in Fig. I), the brown mist 
disappears. At still more negative potentials than E,, however, the brown mist begins 
to appear again (Fig. X), because hydrogen telluride begins to be formed again 
owing to the reduction of tellurium by the nascent hydrogen produced electro- 
reductively, e.g., by NH,+ + e- -+ NH, + H. This flow of brown mist is more 
speedy than at B in Fig. 7, and it means that the movement of the mercury at C is 
more rapid than at B. 

Because of the desorption of tellurium due to the above-mentioned mercury 
movement from the surface of the d.m.e., the tellurium electrode which has been 
established is cancelled and becomes simply a mercury cathode, so the catalytic wave 
of hydrogen on the tellurium electrode disappears at more negative potentials than 
Lar and at the same time i,,, suddenly falls. 

If the tellurium deposited on the mercury cathode is not desorbed at more negative 
potentials than E,,, the catalytic hydrogen wave does not vanish at any potential. 
The experiments shown in Figs. 3 and 4 illustrate this. 

Minimum after the maximum 

In the polarogram of Te(IV), a small current minimum appears at the potential 
immediately after the descent of the maximum (D in Fig. 1). The larger the height of 
the maximum, the deeper the following mi~mum, but it cannot be seen when the 
sample solution is agitated or in suspension polarography. Figure 9A shows a 
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polarogram of Te(IV) and B shows a polarogram of the same solution, but with the 
potential sweep reversed. In B, the minimum at the negative side of the m~imum 
disappears, while a new minimum appears at the positive side of the maximum. 
This shows that this minimum does not essen~ally correspond to the potential, but 
is a kind of after-effect of the maximum wave. 

It is thought that the cause of the appearance of the minimum is the screening 
effect, on Te(IV) diffusion toward the electrode, of the products which remain in the 

l- 

* 

L 
-10 

I I I 
-1-Z -1.4 

v,, SCE. 

FIG. 9.-Pokrogmms of 0.5 x lo-*M K,TeOS in l&f NH4Cf-1M NH&H. 

A : swept from positive to negative potential 
B: swept from negative to positive potential 

vicinity of the mercury surface. These products are thought to be composed of 
HTe-, H, etc, which remain near the electrode and react reductively with the ‘Ire(W) 
ions [see equation (4)] to cause the temporal decrease of the current. This kind of 
redox reaction is suggested by Schmidt and von Stackelberg,p who made use of this 
phenomenon for the explanation of the plateaux before and after the Te(IV) maximum 
being at the same level of current. 

Schmidt and von Stackelbergs considered the problem of the plateaux before and 
after the Te(IV) maximum being at the same level, though the electrode process before 
the maximum is Te(IV) + 4e- -+ Te*, while after the maximum it is Te(IV) + 6e- = 
Tee-. The apparent anomaly is explained by them in terms of telluride, formed on the 
electrode, reacting with Te(IV) in the diffusion layer according to equation (4), to 
produce tellurium. Therefore one third of the Te(IV) concentration in the diffusion 
layer is cancelled to make the it = 6 process look like an IZ: = 4 process. 

On the other hand, according to our experimental results, in spite of the absence of 
Te(IV), especially in the case of the suspension polarography of elemental tellurium 
powder or the block pofarography using an elemental tellurium block, the currents 
before and after the maximum are equal. In the case of the polarography of Te(IV), 

the reduction proceeds in steps Te(IV) % Te& -% HTe- + H+. After the 
reduction of Te(IV) -+ Te*, the processes on the d.m.e. are as explained above by 
equations (1), (2) and (3). Even if elemental telfurium couid adhere to the mercury 
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electrode at a potential more negative than the peak potential of the maximum, it 
produces hydrogen to reduce itself to telluride. Consequently, since the latter half-step 
Tea -+ HTe- is not faradaic, it shows no current, whiie the first half-step gives a 
current corresponding to n as high as 4. In the case of strongly aIkaline medium, 
reductively produced elemental tellurium is successively dissolved in the medium as 
alkali metal polytelluride at potentials more positive than the maximum, while at the 
more negative potentials the pol~elluride is reduced to simple telluride, showing a 
reductive current higher than in the mild alkaline medium, as shown in Fig+ 1Ob. 

FIG. IO.-Polarograms of 1 x IO-*M K~TeO, in (a) TM KOH; (b) O+iM NH&t- 
O+lM NJ&OH. 

Schmidt and von Stackelberg,b like Norton, Stoenner and Medalias reported that 
in the case of the Te(V1) wave the reduction (n = 8) leading to Te2- is modified 
(n = 6) by the side-reaction of Te(V1) with Te2- in the diffusion layer. We do not 
agree with this opinion, however, for the same reason as in the case of Te(IV). Here 
the reduction Te(Vi) -+ Tea (n = 6) provides the net current after the maximum. 
This supports the result reported by Issa et aLlo 

POSSIBILITIES OF ANALYTICAL APPLICATION 

On the basis of the results of this survey of the tellurium maximum, we can list the 
analytical possibilities, though further examination is necessary. 

1. The peak-height of the maximum is linearly proportional to the concentration 
of Te(IV)in the regions of 05-1~0 x 103Mand l*@-15 x 10-9N. Though these two 
regions are adjacent, the slopes of the curves are different, so calibration curves are 
necessary. 

2. Qualitative analysis for tellurium in insoluble form, e.g., Te, TeO,, HeTeO,, or 
(NHJ2Te0,, can be carried out by suspension polarography or by bIock polarography. 
By suspension polarography the relative concentration of the powder could be found 
semiquantitatively. 

3. For the determination of tellurium, the amperometric app~ca~on of the 
maximum current seems to be more sensitive and specific than measurement of the 
Te(IV) -+ Tea wave. 

4. The photochemical effect on the maximum current of tellurium can be utilized 
for the “on-off” indication of ultraviolet light. 
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5. The maximun current for tellurium can be utilized for indication of the contact 
of mercury with tellurium. 

6. Besides the usual constancy of analytical conditions needed in polarography, 
the inundation of the laboratory should also be kept constant, because of the photo- 
chemical effect on the electrode process corresponding to the current maximum. 

Besides the surface-active substances shown in Fig. 2, ultraviolet irradiation of the 
electrode is effective to some extent for the suppression of the maximum in order to 
obtain a better background for analysis. 

~~~~~D~ PoIarogramm von Tellur@V) in schwach 
alkalischer Msung hat im Diffusionsstrom-Plateau ein scharfes Maxi- 
mum. Der dieses Maximum hervorrufende EIektrodenprozeR wurde 
auf verschiedene Weise untersucht; mit Hilfe der Halbleiterka~yse, 
der “Bl~k’‘-Polaroffaphie und ultravioletter Be-strahhmg der Qu6k- 
silbertronfelektrode. Es wurde aefunden, dat3 das Maximum durch die 
kataiytis~he Stufe des Wasser&ffs verumacht wird, der durch das auf 
der Qu~ksil~ro~~~che abgeschiedene Tellur freigesetzt wird. Ein 
Teil des Tellurs wird durch den katalytisch gebildeten naszierenden 
Wasserstof’f zu Telhuwasserstoff reduziert. Der gewiihnlich iu der 
Niihe der Gberflache der QuecksilbertropfeIektrode auftretende braune 
Nehei besteht aus elementarem Telhtr, das durch Zersetzung von 
Telhnwasserstoff entsteht. Der pl6tzliche Abfall des Stroms bei neg- 
ativerem Potential als dem des Stro~a~~s beruht auf Tehurde- 
sorption, die durch die Bewegung des Quecksilbers bedingt ist. 

R&unt&-Le polarogramme du teIIuri~~ en solution faiblemeut 
basique a un maximum accent& sur le palier de courant de diffusion, 
On a examine le mocessus ii l’electrode oui nrovooue ce maximum au 
moyen de diverse’s techniques telies que laca~alyse au semi-conducteur, 
la polarographie de “blocage” et I’irradiation ultra-violette de I’elec- 
trode a zoutte de mercure. On a trouve que le maximum est cause par 
la vagugcatalytique de i’hydrogene prod& par le tellurium depose&r 
la surface du mercure. Une nartie du telhuium est r&&rite en hvdroaene 
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tellurd par l’hydrogene nai&ant form6 cataiytiquement. Le drou&rd 
brun qui apparait habituellement au vo~inagedeiasurf~dela~thode 
a goutte de mercure se corn ose de tellurium eiementaire produit 

x, par Ia decomposition de l’hy ogene tell& p&s de l’electrode. La 
chute brusque dans le maximum du courant a un potentiel plus nCgatif 
que le potentiel du pit du rn~~ est d&e & la desorption du tellure, 
cat&e par b mouvement du mercure. 

REFERENCES 
L. Schwaer and K. Suchy, Col~ec~~~~ Czech. Chem. Commun., 1935,7,25. 
1. J. Lingane and L. W. Niedrach, .T. Am. Chem. Sot., 1948,70,4115. 
&r&n, i&c& 1949,71,196. 



Tama, 1972, Vol. 19, pp. 451 to 464. Pveamon RCM. Printed h Northern Mand 

SEPARATION AND DETERMINATION OF RUTHENI~ 
BY EVOLUTION WITH CHROMIUM(VI)-CONDENSED 

PHOSPHORIC ACID REAGENT* 

TOSHIYASU B&A@, KIKUO TERADA, TOMOE KIBA and KAZUO SUZUKI 
Laboratory for Analytical Chemistry, Department of Chemistry, Faculty of Science, 

Kanazawa Umversity, Marunouchi-1, Kanaxawa, Ishikawa Pref., Japan 

(Rec&& 7 June 1971. Accepted 7 October 1971) 

Summary-Ruthenium in various chemical forms can be evolved as the 
tetroxide from insoluble matrix materials by heating the sample with 
chromium(VI)-condensed phosphoric acid reagent (abbreviated as 
Cr(VI)-CPA). Because of its excellent decomposing power for various 
solid samples, condensed phosphoric acid is very useful in the chemical 
analysis of various insoluble materials, and when an oxidizing agent such 
as potassium dichromate is added in the CPA medium, drastic oxidation 
proceeds on heating. This method is now extended to the separation 
of ruder from marine sediments. During the reaction with Cr(VI)- 
CPA ruthenium tetroxide is evolved and collected in an absorbent 
solution of 61M hydrochloric acid and ethanol (1 :I), and the ruthenium 
is then determined speotrophotometrically with thiourea or radio- 
metrically by counting the &?- or r-activity. Osmium, which can be 
evolved as the tetroxide by the same treatment, can be eliminated 
beforehand by heating the sample with Ce(IV)-CPA, which removes os- 
mium but not ruthenium, The successive distillations by means of 
Ce(IV)-CPA and Cr(VI)-CPA give satisfactory results for the separ- 
ation between osmium and ruthenium. This method might be useful 
for the separation of ruthenium in geochemical or neutron-activation 
analysis. 

SINCE 1951 Toshiyasu Kiba and his co-workers1 have worked on development of a 
new chemical treatment for decomposition of various solid samples by use of con- 
densed cont. phosphoric acid. The so-called condensed phosphoric acid (abbrevi- 
ated as CPA) is also called dehydrated phosphoric acid, strong phosphoric acid or 
polyphosphoric acid, and prepared by dehydration of commercial orthophosphoric 
acid or the hydration of phosphorus pentoxide. This anhydrous material is a mixture 
of various kinds of phosphoric acid such as ortho-, pyro-, tri-, tetra-, and so on, the 
PsO, content being generally >724 %. The composition of the CPA depends on the 
temperature used for the dehydration. 2 In this study the CPA used was prepared by 
heating reagent grade orthophosphoric acid to 300”. It is a stable and inactive viscous 
liquid at room temperature, but heated it loses its viscosity and becomes very reactive. 
By simple heating with CPA, powdered glasses, insoluble silicates,3*4 alumina,6 
clays,s and insoluble sulphatess can be decomposed readily, giving a transparent or 
slightly turbid liquid. Furthermore, when an oxidizing agent such as potassium 
iodate or potassium dichromate is added with CPA to various inorganic or organic 
samples, a drastic oxidation reaction occurs along with the decomposition of the 
sample, and some resistant samples such as elemental carbon,’ graphite,* and 
powdered coal9 can be decomposed easily, e.g., with the evolution of carbon dioxide 
and iodine equivalent to the oxygen consumed when KIO,-CPA is used. Simple 
organic and biochemical compounds can be decomposed with oxidant-CPA with 

* A part of this work was performed at the Research Reactor Institute, Kyoto University. 
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accompanying evolution of carbon dioxide, nitrogen, and halogen, depending on the 
composition of the sample. On the other hand, a reducing CPA medium has been 
prepared by heating a mixture of tin(I1) chloride dihydrate and CPA to 300” to expel 
water and hydrogen chloride from the medium. This is called Sn(II)-CPA and can be 
stored in contact with the atmosphere without any loss of its reducing power. When 
samples containing sulphur, such as insoluble sulphates, sulphide ores and organic 
sulphur compounds, are heated with Sn(II)-CPA, hydrogen sulphide is evolved 
quantitatively. Hydrogen selenide and mercury can also be evolved from samples 
containing selenium and mercury by heating with Sn(II)-CPA. Thus, new sample 
treatment with various CPA systems has been developed and the method is highly 
popular in Japan, more than fifty articles having appeared on chemical analysis with 
the use of CPA, some of which are listed in Table I. In appreciation of this work the 
Japan Society for Analytical Chemistry awarded the Society Prize in 1963 to Prof. 
Toshiyasu Kiba. It must be noted that CPA is not only useful for analytical purposes 
but also for organic synthesis’@ and electrochemical investigation+” in anhydrous 
media. The unusual reactivity of ordinary oxidants and reductants in CPA media 
has been exploited by Gopala Rao and his collaborators.13 

A further application is in establishment of a simple method for ruthenium in 
marine sediments with use of CPA, since this element has never been examined in 
CPA medium. The ruthenium should be oxidized to Ru(VII1) and evolved as the 

TABLE I.-CPA MEDIA APPLIFD IN CHEMICAL ANALYSB 

Treatment 
Sample Determinand bY 

Uranium dioxide U(M) CPA - 
Thorium dioxide B CPA 
Graphite C KIO,-CPA 

Organic compds. oxid. KIO,-CPA 

Organic compds. KIO.-CPA 

Tungsten metal 
Organic compds. 
Nitrate 
Bioiog. materials 
Teeth, hair 
Hafides 
Potvvinvl 

c 
N 
N 
N 
N 
halogen 

KIO,CPA 
KIO,CPA 
KIO,-CPA 
KIO;-CPA 
KKO,-CPA 
K&&O,-CPA 

K,Cr,O,-CPA decomposition of sample 
K,Cr,O,-CPA 
S&II)-CPA 

decomposition of sampb 
I&S iodometry 

Sn(II)-CPA I&S iodometry 

&lo&de S 
Coal Dowder Ge 
S&i&ate 
SuGhide ores 
Thiocyanates 
Sulphite 
Alumina. ciav 
Organic &m&s. 
Iron and steels 
Ash of pofy 

propyleoe 
Protein 
Spun rayon 
Pesticides 
Sulphide ores 

ss 
S Sn(II)-CPA 
S Sn(II)-&PA 
S Sn(II)--CPA 
S Sn(II)-CPA 

: 
Sn(II)-CPA 
Sn(II)-CPA 

Hg Sn(Ii)-CPA 
Se Sn(II)-CPA 

Gas Determination 
evolved method Reference 

CO, 

poiarography 14 
calorimetry 15 

iodine 
CO* 
iodine 
CO* 
iodine 
CO, 
nitrogen 
nitrogen 
nitrogen 
nitrogen 
halogen 

iodometry 7, 8 

iodometry 16 
alkalimetry 17 

alkaiimetry 18 
gas volumetric 19 
gas volumetric 20 
gas volumetric 21 
gas volumetric 22 
iodometry 23 

iodometry 
calorimetry 
calorimetry 
calorimetry 

HIS 
Was 
Hg 
K.Se, 

calorimetry 
calorimetry 

Se 
~Iorimetry 
calorimetry 

24 
9 
6 

25 

5 
26 
27 
28 

26 

;z 
31 
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gaseous tetroxide from the matrix. After various ex~riments CrfvQ-CFA was pre- 
ferred for this purpose. ~srn~urn was found to behave similarly to ~the~um with 
Cr(VI)-CPA, but another CPA medium, Ce(IV)-CPA, was found to separate osmium 
from ruthenium by evolving only osmium tetroxide. Separation by evolution of 
gaseous inorganic eompou~ds has been described by SandelI,= especially for metal 
chlorides, but these processes are based on evolution from aqueous solution, not from 
a solid sample, AI~ough ruthenium has been separated by distillation by heating an 
acidic solution containing various oxidizing agents, a tedious treatment of B solid 
sample by fusion and diss~lu~on with acids must be done firsts The present method 
can be directly applied to soil samples without fusion or dissolution of the samples, 
and ruthenium in various chemical forms can be distilled as tetroxide by only one or 
two operations. ruthenium and osmium are apt to be lost during the usual operations 
of d~stil~a~on and fusion in acidic nredia, but this CPA treatment can be applied ia a 
clased system from the s&art of the analytical process without any loss of the elements. 

Condensed ~~sp~~r~o c&d (CPA), Phx 300-400 g of commercial ortbo~~~ho~c acid of 
extra pure reagent grade in a 3OO-ml coniclrl beaker, and dehydrate it by heating on a 500-W de&G 
heater until a thermometer dipped in the liquid indicates 300”. During the heating the vapour 
coming OS should be rapidly removed from the ~jgh~urh~d of the liquid surface tough a glass 
tuba, one end of which is held near the liquid surface, the other end being connected to a suction 
pump. Continue the suction until no further vapour emerges. The sirupy liquid thus obtained should 
be stored in a closed vessel, 

&the&m stanhrd solution. Dissolve r~the~i~m(II~ trichloride mo~o~yd~t~ in 2&f hydro- 
chloric acid. Standardize the solution ~a~~metrI~Iy as foHows: take an aliquot of the solution aad 
dilute it to about 1M in byhydrochloric acid. Then precipitate metallicz ~~e~~rn with ~~~i~rn 
m&al powder and gentle heating. Add just enough concentrated bydrochforic acid to dissolve 
the excess of rn~~~i~rn metal, and heat gently to coagul the precipitate. Filter off the precipitate 
with a filter stick and glass-fibre iitter paper. Wash with hy~~hIor~c acid, ethanol and ether, 
su~sively, and dry at room temperature for 2 hr under reduced pressure, and weigh. 

~srn~~rn stcundord so&t&n. Dissolve osmium tetroxide in O%h# sodium hydroxide solution. 

Smdardii the solution volwm~~~~Iy by Kiobbie’s method? add potassium iodide to the osmium 
tetraxide in ditute sulphuric acid and titrate the Iiberated iodine with standard sodium thiosulphate 
solution ~tentiometri~Ily. 

~~0~~~~ SQi~t~~~, lo%* 
Qtlrer ~~~~~~~~ Potassium diGhrom~t~, curium (Iv) sufphate, hydr~hIo~ a&d and sodium 

hydroxide, all of extra pure grade, were used without further purification. Doubly distilled water 
was used except for the radi~he~~l presses. 

Radiuactiue tracer. Ruthenium-106 as trichloride from The Radio Chemical Centre, England, 
and osmiu;n-185 as osmates 
Research Reactor Institute, R 

repared by sodium peroxide f&on of irradiated osmium metal in the 
yoto University, were employed as tracers to examine the behaviour 

of the two efements in the course of the reaction with CPA. 

Apparatus 
~~~t~~~t~ me~~~rne~ts~ ISA-14 NaSf’l’tj crysbl of weII-t~~ scaler SA-250 and timer TM-2, 

all from Kobe Kogyo Co., for y-counting. M~ltiGh~nel puI~-height anaiysers, ED&34208, 
Toshiba Co., (ZOO channels) and RCL (512 channels); ~e~)~e~or, ORTEC ModeI 8100-45, 
having a resolution of about 25keV for the 133%keV gamma-peak of *°Co; gas-flow counter 
{ALOKA LBG-21 U, Nippon Irigaku Co.). 

&ac&a ves.seJ and ~~so~~~~~ t&s_ The apparatus used is shorn in Fig. 1; the reaction vessel 
(A) and absorbing tubes (IS) are connected together by ground-glass ball-jomts. The reaction vessel 
is a round-bottoms flask having a glass cap fitted to its top and provided with inlet and outlet tubes. 
A @ass tube dosed at one end is inset in the cap to take a thermometer for measuring the temperature 
of the reaction medium. A few drops of silicone oil are put in the tube to reduce the time-lag of 
temperature j~di~tion. 
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PIG. L--Reaction vessel (A), absorbing tubes (B) and electric heater @I). 

Test solutions. To establish generally useful procedures ruthenium and osmium compounds in 
various chemical forms were submitt~ to test. Radioactive tracers of the two elements were also 
employed to estimate recovery and separation factor. 

&m&e to be anabed, Marine sediment was vreferred for the studv on the environmental 
radioaciive contamina&on of the Japan Sea. The samples were parts of co&s taken from the bottom 
of the Japan Sea, and surface sediments from Nanao Bay near Kanaxawa, and their locations are 
shown in Table VT. 

Experimental procedure 

PIace a sample solution in the reaction vessel and add a few drops of dilute sodium hydroxide 
solution to keep the solution alkaline. Evaporate the solution to dryness on a water-bath. Add 
about 20 g of CPA and l-4 g of cerium(Iv) sulphate; put 10 mi of the absorbing solution [9 ml of 
a mixture of 6&i HCI and CsH,OH (1: 1 v/v), plus 1 ml of 10 % thiourea solution] into each of the 
absorbine tubes. Then connect all the ioints as shown in Fie. 1. Suck the air slowly from the last 
outlet tu& with a suction pump and hea<the reaction vessel wi& an electric heater to s&t the reaction. 
The time needed to complete the oxidation and distillation is that needed to raise the temperature 
to that appropriate for osmium. After the distillation, stop the heating and disconnect all the con- 
nections. Combine the absorbing solutions in a 25- or %I-ml standard flask, together with the wash- 
ings and dilute to the mark with a 1: 1 v/v mixture of 6&f hydrochloric acid and ethanol. Measure the 
absorbance of the red solution at 480 nm. Determine the osmium content from a working curve pre- 
prepared in the same way with a series of solutions of osmic acid. For tracer work, gamma-count a 
portion (usually 3 ml) of the absorbing solution. 

After the separation of osmium as described above put about 2 g of potassium dichromate 
(in 2 or 3 portions) into the reaction vessel, which must be cooled to below 100” after the osmium 
distillation. Heat and cool the vessel whenever the reagent is added, to make the di~olution of the 
reagent uniform in the CPA medium. Distil the Koenig by heating the reaction vessel to 2400 
The absorbing solution is 1: 1 vfv 6M hydrochloric acid and ethanol mixture. After distillation trans- 
fer the absorbing solution into a standard flask together with the washings and dilute to volume. 
For speetrophotometric determination of ruthenium, use the thiourea method. To a 25-ml flask 
take an ahquot of the solution, add 1 ml of 10% thionrea solution and dilute to just below the mark 
with the mixed hydr~hiori~ acid-ethanol solution. Stand the vessel for 10 min at 85” in a water-bath 
to develop the colour. Cool, dilute to the mark with acid-ethanol mixture, and measure the absorb- 
ance of the bluesolution at 620 nm. Determine the ruthenium content from a working curve prepared 
by the same sp~~ophotometri~ procedure with a series of solutions of ru~e~um chloride. The 
colour is very stable.16 

For the tracer method use. a portion (usually 3 ml) of the absorbing solution for y-counting. 
When marine sediments are to be analysed the sample should be dried at 110” for an hour and 

ground in a mortar, and a l-g portion should be used in the reaction vessel. The analytical procedure 
is the same as for solutions. 
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RESULTS AND DISCUSSION 

Distillation recovery of ruthenium 

The choice of a suitable oxidizing agent useful in the CPA decomposition and 
distillation method was the first problem. Various oxidizing agents were tested accord- 
ing to the procedure described above, and the amount of ruthenium distiki was 
determined s~trophotomet~cally in each case. The recovery of ruthenium by 
various oxidizing agent-CPA treatments is shown in Table II, from which potassium 

TABLE ~I.----RECOVBRY OF RUTHENIUM WITH 
VARIOUS CPA REAGENTS 

Oxidiig agent 
Recovery of Ru,+ 

g/20 g of CPA % 

Potassium dichromate I 
1 
4 

Potassium periodate ; 
1 
. 
I 

Calcium hypochlorite 1 
Potassium iodate 1 
Potassium parsulphate 
Cerium(IV) suiphate : 

4 
Hydrogen peroxide, 30% 2ml 

101.9 
98.6 

loo.3 
77.0 
87.8 
84.0 
11.2 
0 

.:: 
0 
0 

* (l-69, mg of Ru, taken as RuClJ. 

dichromate is found the most useful for the purpose. Cerium(IV) sulphate was found 
not to react with ruthenium, and ruthenium tetroxide did not appear at all in the 
absorbing solution. This fact shows that potassium dichromate acts more powerfully 
than cerium(IV) sulphate in CPA, in contrast to the order of their oxidation potentials 
in aqueous solution. This result is compatible with that obtained by Rao for the for- 
mal redox potentials in phosphoric acid of increasing concentrations.36 This reversal 
of the redox potential order in CPA may be attributed to the strong complex-forming 
behaviour of chromium(II1) with CPA. The ideas of Charlot5’ on acid-base equili- 
brium involving oxide complexes in a melt may be extended to the reaction in CPA, a 
non-aqueous medium resembling a melt. 

Cr3&3- + 6e- S$ 2 Cr3+ _t 7 O*- 

The equilibrium potential is 

E= Ed-nF ET log 
[Ox] RT 
- - -+ log [03-l 
[RedI 

In this equation, if an 03- acceptor exists in the system, [CF-) decreases and the 
value of E should therefore be higher. CPA is itself an 02- acceptor with the equilibria 

Hence, an apparently 
(VI) and cerium(IV). 

P20,4- + 0” r?: 2PO*3- 

P3010” + 203- + 3PO*3- 

anomalous formal redox potential may occur for chromium 
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The recovery of ruthenium from ruthenium(II1) chloride by distillation from 
Cr(VI)-CPA was achieved as described above, and further examination for other 
~thenium compounds was tried as follows. Standard ~thenium chloride solution 
was put in the reaction vessel and sodium hydroxide solution, sodium sulphide 
solution or magnesium powder was added. Thus the ruthenium was transformed into 
the hydroxide, sufphide, or the metal. After evaporation of the contents to dryness, 
the Cr(VI)-CPA treatment was applied. The time required for completion of reaction 
was examined by changing the absorbing solution for fresh at intervals of several 
minutes. The results are shown in Fig. 2. The chloride was the most easily decom- 
posed, taking only about 5 min., but sulp~de and metallic ruthenium were some- 
what resistant, since it took about 30 min to complete the distillation of ruthenium 
tetroxide. In this case chromium(W) dioxychloride was also sometimes evolved 
from the chloride-rich sample, but it caused no interference with the determination 
of ruthenium. 

.too 

0 

Reactfon time, min 

Fko. Z.-Recovery of RuO, during the Cr(VI)-CPA treatment. 
Sample: (A) Ru metal, (B) RuBSa, both with 2 g of K&&O, in 20 g of CPA; (C) 

Ru(OH),, (D) RuCI,, both with 1 g of K&O, in 20 g of CPA. 

Osmium was distilled along with ruthenium on treatment with Cr(VI)-CPA, but 
was even more readily distilled from mixtures of weaker oxidizing agents with CPA. 
To find a suitable CPA system to separate osmium from ruthenium, the recovery of 
osmium by distihation from various reagent-CPA systems was examined, using 
osmium samples in various forms. Spectrophotometric and radioisotopic tracer 
methods were used. The results are summarized in Table III, from which it is seen 
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TABLE III.-RECOVERY OF OSMXUM WITH VARIOUS CPA RLMENTS 

451 

Oxidizing agent Osmium Amount of Recovery 
added in CPA g/20 g of CPA as os, mg mg % 

Potassium persulphate I OS 1.20, 1.071 88.7 

; 
OS 0.24% o*osIi 22.8 
OS& 0~24~ 0.08, 33.2 

2 oso, 0.24, 0*08* 35-o 
Hydrogen peroxide, 2 ml OS 0*24X 0.21s 

(30%) 3 @SP o-241 o*toa z.: 
4 oso, O+241 O-18$ 77-2 

Cerium(IV) sulphate 
4” 

OS 1’20, 1.26, 105 
0.25, 105 

: 
~~~~)~ 

024* 
1.20, 1.22, 101.4 

ass, 0.241 0.23, 98-l* 
2 C& o-121 o-11& 94*1* 
2 0s 0*24r 0.24, 102-s* 
2 OS o-121 0.12, 99.5 * 

Osmium in different chemical forms was prepared in the same way as for ruthenium. 
* Radioactive tracer, resOs, was added as osmates, and the recovery was estimated by counting 

the activity. 

that osmium can be distilled quantitatively by means of Ce(IV)-CPA in all cases. 
Of the oxidizing agents used, hydrogen peroxide seems to be rather useful for the 
purpose when it is added in a series of small portions, but its 30% solution brings a 
significant amount of water into the anhydrous CPA system and the tem~rature is 
considerably lowered and there is bumping of the reaction-vessel contents. Hence 
this reagent cannot be recommended for the CPA treatment. 

Temperature control 

Precise temperature control during the process was not necessary, as the temper- 
ature was simply raised from room temperature to the uppermost appropriate to each 
CPA reagent. Decomposition of samples and distilla~on of the tetroxides proceeded 
with the rise in temperature and was complete by the time the temperature reached 
its highest point. Therefore additional heating or extended heating time should be 
avoided since the CPA is apt to solidify if the temperature rises over 300”. In Table IV 
the recovery of ruthenium and osmium is given as a function of temperature, From 
these results it is also seen that ruthenium is not evolved at all by Ce(IV)-CPA 
treatment. 

Elements having chlorides which are believed to be vaporized from their acidic 
solutions by heati@% were submitted to the CPA treatment. Among them Fe(III), 
Mn(II), SnfII, IV), Sb(II1, V), Te(VI), Re(VII), and Ir(IV) could not be found in the 
distillate. Halogen gas was evolved from halides, and selenium, mercury, t~~eti~, 
and arsenic have a tendency to yield gaseous compounds. By the use of tracers it was 
found that about 3040% of selenium(VI), lO-20% of mercury(1, II) and O-2% of 
arsenic(II1) was lost from samples containing 10 mg of each element, on treatment with 
Cr(VI)-C!PA. Tec~etium~II) in tracer amounts lost 10-20x to the distillate after 
the same treatment. ?Vhen the Ce(IV)-CPA treatment was used before the Cr(VI)- 
CPA treatment, the elements that could be volatilized were all removed by the former 
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TABLZ IV.-RECOVERY OF OSMIUM AND RUTHJNUM AT VARIOUS 
TEMPERATURES OF THE CPA MEDIA 

Oxidizing agent 
(g/20 g of CPA) 

Cerium(IV) sulphate (4) 

Potassium dichromate (2) 

Temperature, 
Recovery after distillation,* 

% 
“C OS Ru 

210 60-70 0 
250 85-90 0 
280 98-99 0 
285 99 0 
180 95 
210 
230 lzz 
240 100 

* Ten milligrams of ruthenium and osmium. 

treatment, and hence did not appear in the absorbing solution of the second distii- 
lation with Cr(VI)-CPA. Thus ruthenium could be separated quantitatively without 
condonation except that it was unavoidable that some c~o~urn was transferred 
as chromium dioxychioride into the absorbing solution when chloride was present 
in the sample. 

Successive dbiilations for osmium and ruthenium 

Successive ~stiiiations were tried for synthesized samples containing the two 
demerits. A mixed solution was placed in the reaction vessel, and tracers were added 
if necessary. An appropriate reagent to produce the desired chemical compounds 
of the elements was added as described in the case of ruthenium. The sample was 
evaporated to dryness on a water-bath, and 20 g of CPA and 14 g of cerium(IV) 
sulphate were added. The first distillation was done with the osmium absorbing 
solution in the absorber. Then the reaction vessel was cooled to below lOO”, the 
ruthenium absorbing solution substituted for the osmium absorbent, f-2 g of potassium 
dichromate added to the reaction vessel, and the second distillation started. The 
amount of the element in the absorbing solution after each distillation was determined 
by spectrophotometry or by y-counting of the tracer. The results in Table V show the 
advantage of this CPA method. In Fig. 3 the y-spectra of the Ce(IV)-CPA and 
Cr(VI)-CPA distillates, and of the residual CPA in the original reaction vessel are shown 
together to verify the separation. Identical spectra were obtained, not only with tracers 
but also with a few milligrams of carriers; hence separation by successive distillation 
was achieved successfully, with good recoveries of both tracers and carriers. 

Separation and determination of ruthenium-106 in marine sediment 

The separation and determination of lo6Ru, a fission-product nuclide, in marine 
sediment samples from the Japan Sea was tried by the proposed method. A l-g 
sample was taken in the reaction vessel and a ruthenium chloride carrier solution con- 
taining 15 mg of ruthenium was added. The sample mixture was dried on a water- 
bath and subjected to successive distillation as described above. The final absorbing 
solution after the Cr(VI)-CPA tr~tment was transferred to a beaker and diluted with 
water to be about 144 in hydrochloric acid. Ma~esium powder was then put in to 
reduce Ru(II1) to Ru(O), followed by heating to coagulate the precipitate. The excess 
of magnesium was dissolved by dropwise addition of the minimum of concentrated 
hydrochloric acid required, and the solution was heated gently. The ruthenium metal 
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TAJJLE v.--RIIcovBRY OF OSMIUM AND RUllIENIUM AFTSR SEPARATION 

BY SUCCESSNB DISITLLATIONS WITH Ce(IV)-CPA AND Cr(Vl)-CPA 

Chemical form 
of sample 

Taken, mg 
OS RU 

Found, ?tg 
Os,by Ru, by 

Ce(IV)-CPA Cr(VI)-CPA 

Recovery. % 
OS Ru 

Metal 

Sulphide 

0.24, 

0024~ 0.48s 
1.20, 
tracer 
o-121 
tracer 
O-241 
0241 
0241 
tracer 
O.241 
0.121 
0*241 

tracer 
0.24t 

1.698 

0~42~ ;:2 

1.69: 
0.34, 
tracer 
0.34, 
1*69@ 
0*42& 
1.69, 
0.34, 
0.34, 
0.34, 

tracer 
034, 

0.25, 1.69, 103.8 984 

0.24, 0.42r 99.5 0.50~ 0.345 105.0 1:*: 
1.195 0348 101.1 

o-ll** = 
g.;* - 
97.8* - 

o-24,* 0.34, -* 10;8* 
96.6” 

101.4* 
0.24s 1.65, 101.5 97.6 
0.23s 0.42, 99.2 99.8 

100*3* - 
0.24,* 1 X00*8* - 
0*12** - 100*4* - 

- 0.34, - lOO*O 
96.8: 

o.& 0*35,* 1&4* 104*5* 

To estimate the recovery, spectrophotometric determination of both elements was employed, 
except where shown by an asterisk (which denotes radiometric c~u&ing). 

J 

FIG. 3.--@pectra of each fraction after the separation by SPA-method, deal 
by NaI(TI) scintillator with 200-channel analyser. 

(A) Os-fraction, (B) Ru-fraction, (C) distillation residue. 

thus obtained was collected on a glass fibre filter paper on a filter stick and washed 
several times with hydrochloric acid, ethanol and ethyl ether, successively. The pre- 
cipitate was dried at room temperature for two hours under reduced pressure, and 
weighed. The recovery of ruthenium carrier was estimated as the ratio of this weight 
to that added to the sample. Thereafter, the precipitate was wrapped with a thin film 
of Mylar or Kurehalon (a commercial polye~yleneterephthalate product) and 
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additionally with aluminium foil (75 pg/mm2) to cut off the weak /l-ray generated 
from rosRu. The /?-ray from the daughter nuclide loeRh was counted. The content of 
leoRu in the sediment was evaluated in the usual way. 

The efficiency of the counter was estimated by counting a g”Sr-goY standard. 
The results are shown in Table VI, where the values obtained are in fair agreement 
with those obtained by a method involving fusion of the solid sample with sodium 
peroxide, solvent extraction of ruthenium tetroxide into carbon tetrachloride, back- 
extraction into an aqueous phase, precipitation of metallic ruthenium with magnesium, 
and weighing of the carrier before the counting of the radioactivity. 

TABLE ~.-R~T~~ENI~M-~~~INMARMESEDI~~J~NTSFR~MT~~EJAPAN SEA 

No. 
Sample 

location (sample number) 

1 Nanao Bay, North Bay (29) 2.76 f 0.1, 
(3.0 i o-l)* 

2 North Bay (22) 4.0, + 0.2, 
3 South Bay (44) 4.0s & 0.1, 

(3.9 f o*l)* 
4 West Bay (11) 3.18 f 0.1, 
5 39”47’N 139”lS’E (#31) 5.48 & 0.21 
6 42”35’N 135”29’E (#33) 3.8, i 0.24 
7 40”27’N 135”47’E (#37) 2.2, zt o-1, 

; 
36*51/N 132”18’E (#39) 44 f 0.2, 
38’35’N 131”OO’E (#43) 1.7, f 0.1s 

1.9s & 0.2, 
10 30”40‘N 130’44’E ( #49) 2*8* f 0.1. 

Samples 5-10 were the top 20 mm of the cores. 
* The value obtained by fusion of the sample with NalOs, sol- 

vent extraction, etc, as in text. 

Radiochemical analysis usually requires correction of the measured counting 
rate for the chemical recovery of the carrier added. In the present case, none of the 
ruthenium, either loaRu or carrier, was lost during the entire process, and the recovery 
of the carrier might always be taken as 100%. Therefore, determination of the chem- 
ical recovery can be omitted. Isotopic exchange between losRu and the carrier is 
also no problem, because the results obtained by this method are fairly identical 
to those by the fusion method. 

Conjkmation of the separations, by neutron activation 

When it is desired to determine the amounts of non-radioactive ruthenium and 
osmium in marine sediment, neutron-activation analysis will be preferred, since these 
amounts are too minute to be determined by spectrophotometry. In such a case 
CPA treatment of the irradiated sample may be accepted. The possibility of separa- 
tion of active ruthenium and osmium from activated marine sediment was examined. 
A 04-g sample of marine sediment was loaded in a quartz ampoule and the end of the 
vessel was sealed. Reference standards of ruthenium and osmium were prepared by 
sealing a known amount of ruthenium chloride solution (~10~* pclg as Ru) and osmic 
acid solution (~10-~ ,ug as OS) in quartz ampoules, after evaporation to dryness with 
small portions of sodium hydroxide solution. ss All these ampoules were put into 
another larger ampoule and the end of this was sealed. The ampoule was wrapped in 
aluminium foil and put into an alu~nium capsule which was then irradiated for 80 
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hr in the Research Reactor of Kyoto University with a thermal neutron flux of about 
4 x 1011 n@ns/sec. After cooling for a week, the ampoules were taken out of the 
capsule. Each ampoule was broken and its contents put into the CPA reaction vessel 
together with non-ra~oactive carriers. The decomposition and distillation processes 
were applied as described for ruthenium. The typical y-spectra of each fraction of 
distillate from the irradiated sample standards are shown in Figs. 4 and 5, respectively. 
From these spectra, the osmium fraction after the Ce(IV)-CPA treatment is seen to 
be contaminated with other radioactive nuclides, mainly with We, and the ruthenium 
fraction after the Cr(VI)-CPA treatment is contaminated with 77As, 61Cr and 82Br. 

Channri number 

Fro, 4.-y-spectra of each fraction after the separation by CPA-method, obtained 
by Ge(Li) detector with 5OO-cbannel analyser. 

Sample: irradiated marine sediment. (A) 9~ metal precipitated from Os-distillate. 
(B) Filtrate after (A). (C) Ru meM~gr~q$ated from Ru-fraction. (X3) Filtrate 

. 

6 



Fro. S.-@@ctra of each reference standard of activated Ru and OS *after being 
subjected to the Ce(IV)-CPA and Cr(VI)-CPA treatments, mspecuvely. 

The main radioactive nuclide generated after the neutron activation of marine 
sediment is saBr which shows its y-ray spectrum especially in the osmium fraction 
after Ce(IV)-CPA treatment of the sample. Although some contaminating nuclides 
were distilled when metallic ruthenium was precipitated for radioactivity counting 
most of them passed into the filtrate, as shown in Figs. 4 and 5. The radioactive 
ruthenium consists of that from the ruthenium initially present in the marine sediment 
and that produced by fission of uranium in the sample. The spectra presented here 
refer to the separation of ruthenium from the marine sediment, not the determination 
of ruthenium present in the sample. In the osmium fraction, selenium and mercury 
are apt to be co-distilled, and they should be removed when this method is to be used 
for the activation determination of osmium. The activation determination of ruth- 
enium and osmium by the use of this CPA treatment and some improved techniquesas 
will be described elsewhere. However, it can be said now that this CPA method is 
specific for ruthenium and osmium in the separation of noble metals and more use- 
ful than other methods such as distilled from an aqueous solution.“*u 

Acknowle&nent-We are grateful to the members of the Research Reactor Institute of Kyoto 
University for their help with the activation of the samples and the radiochemical treatment. 

Zusammenfassaag-Ruthenium kann in verschiedenen chemischen For- 
men als Tetroxid aus unl6slichem Grundmaterial ausgetrieben werden. 
Man erhitzt dazu die Probe mit einem Reagens aus Chrom(VI) und 
kondensierter Phosphor&m (abgektirzt als Cr(VI)-CPA). Wegen 
ihrer ausgezeichneten Zersetzungsf&higkeit fii verschiedene feste Pro- 
ben ist kondensierte PhosphorsHure sehr ntttzlich bei der chemischen 
Analyse verschiedener unkkdicher Mate&hen; gibt man ein Oxida- 
tionsmittel wie Kalhundichromat zu dem CPA-Medium, dann tritt 
beim Erhitzen drastische Oxidation ein. Dieses Verfahren wird 
jetzt auf die Abtrennung von Ruthenium aus marinen Ablagerungen 
ausgedehnt. W&rend der Reaktioa mit Cr(Vl)-CPA wird Ruthen- 
iumtetroxid entwickelt und in einer Absorptionslkung aus 6M 
Sal&ure und &an01 (1: 1) gesammelt ; Ruthenium wird dann spek- 
trophotometrisch mit Thioharnstoff oder radiometrisch durch Z&hlen 
der /3- oder, y-Aktivitiit bestimmt. Osmium, das aufdieselbe Weise als 
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Tetroxid vertltichtigt werden kann, wird vorab durch Erhitzen der 
Probe mit Ce(IV)-CPA beseitigt; dieses Reagens entfemt Osmium, 
nicht aber Ruthenium. Die aufeinander folgenden Destillationen 
mit Ce(IV)-CPA und Cr(VI)-CPA geben xufriedenstellende Ergebnisse 
fiir die Trenuung von Osmium und Ruthenium. Dieses Verfahren 
kiinnte sich xur Abtremumg von Ruthenium bei geochemischen oder 
Neutronenaktivierungsanalysen als ntitxlich erweisen. 

R&mruB-Le. ruthenium sous des formes chimiques diverses peut f%re 
d&gage il l’etat de tetroxyde de mat&es de matrice insolubles par 
chautfage de l’&chantillon avec le reactif chrome(V&acide phos- 
phorique condense [en abr&ge Cr(VQ-CPA]. En raison de son 
excellent pouvoir decomposant pour divers 4chantillons solides, l’acide 
phosphorique condense est t&s utile dans l’analyse chimique de 
diverses matieres insolubles, et lorsqu’un agent oxydant tel que le 
bichromate de potassium est ajoute au milieu CPA, une oxydation 
dnergique se d6veloppe par chauffage. Cette m6thode est maintenant 
&endue a la s6paration du ruthenium des sediments marins. Pendam 
la r&tction avec Cr(VDCPA, le tetroxyde de ruthenium se degage et 
est recueilli darts une solution d’aborption, melange 1 :l d’acide 
chlorhydrique 6M et d’&hanol, et l’on dose alors le ruthenium 
spectrophotom&riquement par la thiour& ou radiom&riquement 
par comptage de I’activit6 b ou y. L’osmium, qui peut &re d&gage B 
f&tat de tetroxyde par le m8me traitement, peut &re &mine 
auparavant par chautTage de l’eohantillon avec Ce(D+CPA, qui 
6liie I’osmium, mais non le ruth&ium. Les distillations successives 
au moyen de Ce(IvtCpA et Cro-QA donnent des r&.ultats 
satisfaisants pour la separation de l’osmium et du ruthenium. Cette 
methode peut i%re utile pour la s6paration du ruth&hun en analyse 
g&&imique ou par activation de neutrons. 
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W-The operating conditions of an atop-adoption system 
based on &+meleas atomization have been invastigated for trace axxtiysis 
for Al, Cr, Cu, Fe, Mg and Mn. The sample solution on a tantalum 
strip was atomized by e&%&al heating in au iuert atmosphere within 
an absorption chamber. This technique aiiows the use of small sample 
sizes and results in a higher sensitivity than that with the ~nventional 
flame technique. Some interference effects and applications were 
investigated. 

TIE RAI@ TECXZMQ~.~E is nosily used for the production of atomic populations in 
atomic-abso~tion spectrometry, because the nebulizer-bones systems provide 
simple, rapid, and accurate means of introducing sample solutions into the flame. 
However, the flame has some disadvantages as an atomizer. The atomization within 
the flame is very inefficient and the elements which form refractory oxides are extremely 
difficult to atomize even with a nitrous oxide-acetylene flame. Furthermore, flames 
contain sufficient free radical concentrations to combine with many elements to 
produce stable compounds, resulting in a lower degree of atomization and giving an 
abso~tion background at certain wavelengths. The low ef%iency of nebuhzers also 
affets the sensitivity. For most commercially available pneumatic nebulizing units, 
only 515% of the solution uptake finally reaches the flame, and very few elements 
are completely atomized in the flame. 

Therefore, some new methods of atomi~tion have been developed to improve 
sensitivity. Gatehouse and Walsh1 described the use of a hollow-cathode sputtering 
device for the direct atomization of solid samples. Goleb and Brady2 used a similar 
technique, in which the sample solution was evaporated on the walls of a suitable 
cathode, This t~hnique is, however, cumbersome and limited in appli~t~on. Nelson 
and Kuebler* atomized the sample by Bash heating from a capacitor discharge lamp 
wound round a silica chamber which contained quartz or graphite strips to locate 
the sample and was purged by an inert gas. L’vov* described the use of a graphite 
furnace which was heated by an a.c. current in an atmosphere of argon. This technique 
required only a few ,ul of solution and promised to have a higher sensitivity, of the 
order of 1O-*-1O-7 g. Massmanns has used an electrically heated graphite cell, and 
reported some sensitivities below lo_‘8 g. West and Williams8 devised au efticient 
carbon filament reservoir, the sample solution being placed on the filament and 
atomized by means of passing a current. These authors have determined IO-1Q g of 
silver and magnesium in a few ~1 of solution. Dogena and Burgess’ also described a 
similar system in which atomization took place in the pressure range in the range of 
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l-400 mbar. Welz and Wiedeking8 used a graphite tube furnace in analysis of copper 
and other elements in serum. 

These flameless atomization methods demonstrate that only a few ~1 of liquid 
sample are required and that detection limits may be reached which are well below 
those obtained by conventional flame atomization. The electrothermal heating 
device should be useful for trace analysis. 

This paper describes the parameters required to optimize the atomic absorption 
of various elements in an electrothermal heating device for flameless atomization, 
Further application possibilities for trace analysis are also discussed. 

EXPERIMENTAL 

Apparatus 

A Nippon &rrell-Ash AA-IF emission and atomic-absorption spectrophotometer, with the 
nebulizer-burner system removed, was used. The radiation from a hollow-cathode lamp (Hitachi, 
Hamamatsu TV and Westinghouse) was electronically modulated at 60 Hz, and the output from an 
RIO6 photomultipiier tube was connected to a Yanagimoto recorder (f-see full-scale deflection). 
The instrument settings were adjusted to give the optimum working conditions. The following 
resonance lines were used: magnesium 285.2 nm, manganese 279.5 nm, copper 324.8 nm, iron 
248.3 nm, chromium 357.9 run, and ahnninium 309*3 nm. 

Absorption chamber. The absorption chamber used in this work is shown in Fig. 1. It was made 

Inert gas Inert gas 
inlet outlet 

Surface view 

Ii u --Copper rod 

Front view 

Fro. l.-Atomization chamber. 

of Pyrex glass and opting-quality sifica end-windows were sealed onto the sides of the chamber. 
The tantalum strip was mounted between two copper rods which were insulated from each other 
and from the cork by binding Teflon round them and inserting them into quartz tubes passing through 
the cork in the bottom of the absorption chamber, Taps were sealed on the top of the chamber to 
allow the passage of a stream of inert gas through the chamber. A stopper at the top of the chamber 
allowed sample solutions to be deposited in a depression in the strip. The chamber was placed on 
the opticaf bench so that the beam from the hollow~thode lamp was focused midway above the 
strip and then refocused on the entrance slit of the mon~~mator. The strip could be of nickel. 
tungsten, tantalum or platinum, and was heated by passing an electric current from a low voltage 
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transformer. The voltage was varied between 0 and 110 V with a maximum load current of 20 A. 
The temperature attained by the strip was measured with an optical pyrometer. The inert gas was 
supplied to the absorption chamber via a conventional flow-meter. 

Procedure 

The sample solution (2 ~1) was placed in the depression in the strip with a Hamilton lo+1 micro- 
syringe. The chamber was freed from air by flushing it with argon for 2 min. By passage of a low 
current through the strip in an atmosphere of inert gas, the solvent was evaporated without vaporiza- 
tion of the sample salts. The strip was then heated to vaporize and atomize the sample salts into the 
inert gas stream. All atomic-absorption signals were recorded and only peak signals were measured. 

RESULTS AND DISCUSSION 

Optimum analytical conditions 

Strip material and voltage applied for atomization. The relationship between 
absorption signal and strip voltage is shown in Fig. 2. The absorption signal observed 

V 

FIO. 2.-Effect of strip voltage (temperature) on atomic-absorption signal (chloride 
salts used). 

A, O-2 ng Mg; B, 0.6 ng Fe; C, 0.4 ng Mn; 
D, 0.6 ng Cu; E, @8 ng Cr (flow-rate of argon: 3 l./min) 

was transient, lasting a few seconds. The temperature attained by the strip is indicated 
in the figure. It can be seen that the optimum voltage differs for each element, and 
this may be due to a difference in the energy requirements for free atom production. 
The rate at which a sample was vaporized, and the atomization, were related to the 
temperature of the strip. Copper gave a narrower absorption signal than did mag- 
nesium, presumably because of the rapid atomization rate for copper; the width 
of the absorption signals for other elements was related to the atomization rates. 
Changing the temperature also broadened the signals. Increasing the voltage beyond 
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the optimum value resulted in low peak signals owing to evaporation of the sample 
too quickly for monitoring by the amplifier. Although integration of the absorption 
signal might improve the sensitivity, the peak height was a reproducible measure of 
the concentration of the element. 

Nickel, tungsten, tantalum and platinum were compared as strip material. 
Tantalum and tungsten showed similar results, but the tantalum strip was easier to 
fabricate. Only small signals were obtained with platinum, and neither nickel nor 
platinum could be used at very high temperature, so tantalum was chosen as the 
strip material. A continuous emission was observed, particularly in the wavelength 
range above 400 nm when the tantalum strip alone was heated, owing to light from 
the glowing strip entering the monochromater. Therefore, high precision was not 
obtained for elements having resonance lines in the longer wavelength range, because 
of the background. 

Attempts were made to cover the strip with a small quartz tube, through which 
the beam from the hollow-cathode lamp passed. The sensitivity was improved, while 
the reproducibility was reduced because of the difficulty in accurate positioning of 
the strip in the tube. 

Effect of inert gases and their$ow-rate. An inert atmosphere is necessary within 
the absorption unit to prevent oxidation of the sample. Helium, argon and nitrogen 
were compared as inert gases, and reproducible results were obtained for a flowing 
system at atmospheric pressure as reported earlier.6 The atomic-absorption signals 
were found to be unchanged for low concentrations of copper when different inert 
gases were used (Fig. 3). However, helium and nitrogen had a somewhat larger 
cooling effect upon the strip, as would be predicted from their thermal properties. 

FIG. 3.-Effect of different inert gases (flow-rate of inert gas: ~2 I./min). Chlorides 
were used. 
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The temperature of the strip in nitrogen and helium was 8 and 16 % lower, respectively, 
than that in argon at the same applied voltage. The cooling effect had little effect 
on the absorption signal, in contrast to the effect of strip temperature. No explanation 
can be found for this. As shown in Fig. 4, the magnesium absorption changed with 

20 - 

FIG. 4.-Effect of argon flow-rate on atomic-absorption signal. 
A, 0.2 ng Mg; B, 0.6 ng Cu; C, 1-O ng Cr; 
D, O-4 ng Mn; E, I.0 ng Fe (used as chlorides) 

increase in the flow-rate of argon. High inert gas flow-rates may have an adverse 
cooling effect on the atomic vapour. The argon flow-rate had different effects on 
measurement of other elements. The iron absorption was decreased with increasing 
flow rate whereas the chromium absorption was increased. 

The largest absorption signals were obtained when the light beam passed immedi- 
ately above the strip. 

Effect of the chemical composition of the sample. The chemical composition of 
the sample is important because thermal decomposition followed by atomization 
takes place before absorption. The nitrates and chlorides exhibited identical responses 
for copper, manganese and magnesium, while higher responses were obtained for 
chromium in the form of chromic salts than as chromate. 

Reproducibility 

The reproducibility of the method was determined by repetitively measuring 
standard solutions under optimized conditions, and calculating the coefficient of 
variation for each set of data. The coefficient of variation was 3-5 % for all elements 
except iron (~7%). The volume delivered by the microsyringe had a coefficient of 
variation of 3 %, so the main source of error was probably in delivery of the sample 
solution. Preheating of the strip was necessary before each analysis to remove any 
unwanted contamination on its surface. 
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Sensitivity 

The absorption was plotted against the weight for each of the elements under 
conditions for maximum sensitivity. The curves obtained are shown in Fig. 5. The 
sensitivities (concentration which gives 1 ‘A absorption) were then calculated and are 
shown in Table I. The calibration curves showed increasing curvature at higher 
temperatures. 

FIG. 5.-Calibration curves for magnesium, copper, manganese, iron and chromium 
(used as chlorides). 

TABLE I.-SENSITWITY 

Element Sensitivity, g 

Mg (285.2 nm) 
Mn (279.5 nm) 
Cu (324*8nm) 
Fe (248.3 nm) 
Cr (357.9 nm) 
Al (309.3 nm) 

3.0 x IO-‘” 
1.0 x lo-” 
1.4 x IO-” 
2.0 x lo-” 
3.6 x lo-‘l 
6.0 x lo-l1 

Interferences 

Interferences from aluminium and phosphate are encountered in the determination 
of magnesium, using a conventional flame. By the present technique, no such inter- 
ferences were observed for [interferent]/[Mgl ratios up to 10. Higher concentrations 
of phosphate depressed the magnesium absorption. The interference due to aluminium 
depended on the magnesium concentration and the temperature as shown in Fig. 6. 
The presence of copper did not affect the magnesium absorption, but the absorption 
due to copper was affected by the presence of magnesium. No coherent theory can 
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FIG. 6.-Interferences of ~uminium in magnesium absorption (chlorides used). 
A, O-15 ng Mg(2100”); B, @long Mg(2100’); 
C, O-05 ng Mg(2100”); D, @15 ng Mg(1800’); 
E, 0.10 ng M&180@=); F, 0.05 ng Mg(1800”). 

be advanced to explain these interferences, and much more work is needed on this 
aspect. 

Potassium iodide (7 pg) was vaporized to examine molecular absorption in the 
wavelength region between X7+0 and 553.5 nm. Molecular absorption was observed 
at lower temperatures (1000”) as described previously by L’vov. Molecular absorption 
was not observed at higher temperatures (~2100”). 

Applications 

The value of the method was tested by selecting specific analytical applications. 
The magnesium concentration of control serum was measured by diluting 400-fold 
with water, and atomizing aliquots of the sample solution (2 ~1) in the absorption 
device. Calibration was accomplished with known amounts of magnesium. The 
results are presented in Table II together with the certificate values. 

TABLE H.-DETERMINATION OF MAGNESIUM IN SERUM 

Sample Mg found, &ml Certificate value, pg/mf 

A 24 23 
B 59 

: 
2s 4: 
34 31 

A: Maui-Trol I (DADE Division, American Hospital 
Supply Corp., Miami, Fla.). 

B: Moni-Trol II. 
C: Versatol (General Diagnostics Division, Warner- 

Cbilcott Lab., Morris Plain, N.J.). 
D: Chemitrol (Clinton Lab., Los Angeles, Calif.). 
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An aluminium alloy (BCS 216/l) was also analysed for magnesium. With triplicate 
analyses, the values of @77,0*80 and 0.78 % were obtained. Calibration was accom- 
plished using pure magnesium. These values were somewhat higher than the certified 
value of 0.74% (probably owing to interference by the aluminium). In this case the 
accuracy would be expected to be improved by the addition of aluminium to the 
standards. The standard addition method gave a value of 0.76% for magnesium. 

This technique would appear to have considerable advantages in trace analysis 
where sample size is a limitation. Moreover, a solvent extraction method followed 
by atom~atio~ from the thermal strip could be suitable for dete~i~ng trace amounts 
without a matrix effect. 

Zusammenfassung-Die Arbeitsbedingungen eines Atomabsorptions- 
systems, das auf flammenloser Atomerzeugung beruht, wurden im 
Hinblick auf die Spurenanalyse nach Al, Cr, Cu, Fe, Mg und Mn 
untersucht. Die Probenl&mg wurde auf einen Tantalstreifen 
aufgetragen und durch elektrische Heizung in inerter Atmosphtire in 
einer Absorptionskammer in den atomaren Zustand gebracht. Das 
Verfahren erlaubt geringe Probengri%en und erreicht eine hiihere 
Empfindlic~eit ais das herk~~~iche Fl~~verfahren. Einige 
StGreffekte und Anwendungen wurden untersucht. 

R&uu&On a Btudid les conditions de fonctionnement d’un systhme 
d’absorption atomique basc! sur l’atomisation sans flamme pour 
l’anatyse de traces de Al, Cr, Cu. Fe, Mg et Mn. La solution t%han- 
tillon sur une lamelie de tantale est atomis% par cha&age Bectrique 
dans une atmosphkre inerte & l’intkrieur d’une chambre d’absorption. 
Cette technique permet l’emploi d’&hantillons de petite dimension et 
conduit & une sensibilitk plus grande que celle obtenue avec la technique 
de flamme ordinaire. On a &die quelques effets d’interf&ences et 
applications. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
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Summary-A method is described for the spectrophotometric deter- 
mination of microgram amounts of zirconium, uranium(W), thorium 
and rare earths with Arsenazo III after systematic separation by 
extraction. First zirconium is extracted into a xylene solution of 
thenoyltrlfluoroacetone (TTA) from about 4M hydrochloric acid. 
Uranium(VI) is then extracted into axylene solutionof tri-n-octylamine 
from about 4M hydrochloric acid. Thorium is next extracted into 
TTA solution at pH about 1.5, and finally rare earths are extracted into 
TTA solution at pH about 4.7. Each metal is back-extracted from 
the organic phase before determination. 

ARSENAZO III (2,2’- [ 1,8-dihydroxy-3,6-disulpho-2,7-naphthylenebis(azo)]~~~en~ 
arsenic acid) is an extremely sensitive calorimetric reagent for thorium, uranium, and 
zirconium and a sensitive one for rare earths.1-3 Although microgram amounts 
of thorium and zirconium can be determined without separation,4 determination of 
zirconium, uranium, thorium, and rare earths in their mixtures is difficult because of 
interference. Methods have been described for the separation of 5 ,L+J of zirconium 
from 3 mg of thorium, 6 20 ,ug of uranium from 10 mg of thorium or 10 mg of zir- 
conium,6*7 and for the separation of microgram amounts of thorium and uranium.8 
In each method, Arsenazo III has been used for determination. 

The purpose of the present work is to develop a method for the systematic separa- 
tion of zirconium, uranium, thorium, and rare earths and subsequent photometric 
determination with Arsenazo III. The separation method described herein will be 
generally useful. 

EXPERIMENTAL 

Reagents 

Standardzirconium solution. A stock solution, containing 1.00 mg of zirconium/ml, was prepared 
by dissolving 3-533 g of ZrOCl,*8HI0 in 2M hydrochloric acid, and diluting to exactly 1 litre with 
2M hydrochloric acid. This solution was standardized by titration with EDTA, using Xylenol Orange 
as indicat0r.O A working standard solution was prepared by diluting the stock solution with 2M 
hydrochloric acid. 

Standard uranium solution. A stock solution, containing l-00 mg of uranium/ml, was prepared by 
dissolving 0500 g of pure uranium metal in 10 ml of concentrated nitric acid and 12 ml of 30% 
hydrogen peroxide by heating. The solution was evaporated to near dryness. The residue was 
dissolved in 0.2M nitric acid and the solution was diluted to exactly 1 litre with 0.2M nitric acid. 
From this stock solution a working standard solution containing 10 pg of uranium/ml was prepared 
by diluting with water. 

Standard thorium solution. A stock solution, containing 1.00 mg of thorium/ml, was prepared by 
dissolving 2.379 g of Th(NO&4HI0 in 2M hydrochloric acid, and diluting to exactly 1 litre with 

* Presented at the 19th Annual Meeting of the Japan Society for Analytical Chemistry, Nagoya, 

October, 1970. 
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2M hydrochloric acid. This solution was standardized by titration with EDTA, using Xylenol Orange 
as indicat0r.O A working standard solution was prepared by diluting the stock solution with 2M 
hydrochloric acid. 

Stack solutions of ~u~tha~~, dysprosium, and ytterbi~. Each solution, containing 1.00 mg of 
metal/ml, was prepared by dissolving the previously ignited oxide in a slight excess of nitric acid 
(1 + 1) and diluting with water. Working standard solutions were prepared by diluting the stock 
solutions with water. 

S&z&& cerium(III) solution. Water (10 ml), 70% perchloric acid (10 ml) and 30% hydrogen 
peroxide (1 ml) were added to 0.1228 g of previously ignited CeO,. On heating, the oxide dissolved 
and the resulting solution was evaporated to dryness. Then 11 ml of sulphuric acid (1 + 1) and 1 ml 
of 30% hydrogen peroxide were added, and the solution was evaporated to white fumes. After 
cooling, the solution was diluted to exactly 100 ml with water. A working standard solution (10 pg of 
cerium/ml) was prepared by diluting this stock solution with water. 

Thenoyltripuoroacetorce, 0*5M. ‘ITA (45 g> was dissolved in 400 ml of xylene. 
Trl-nsctylumine solution. TNOA (5 g) was dissolved in 100 ml of xylene. 
Cresol Red solution. Cresol Red (100 mg) was dissolved in 26 ml of @Ol M sodium hydroxide and 

the solution was diluted to 250 ml with water. 
Aqueous Arsenazo ZZZ solution, 0.10 % w/v. 

Procedure 

An outline of the procedure is shown in Fig. 1. 

Sample ( 20 ml, 4.M HCi 1 
TTA 

3& HCL 
665 nm 

Th 

7 
aq. 

pH 3.013.5 
660 nm 

RE 

FIG. I.--Outline of procedure. 

Separation and defermi~t~n o~‘sirco~ium. Transfer the sample solution (4M in hydrochloric acid 
and containing O-15 ,t+?, of zirconium, O-SO c(g of uranium, O-30 pg of thorium, and O-50 pg of a 
rare-earth element in a volume of approximately 20 ml) to a loo-ml separatory-funnel. Shake the 
solution for 10 min with 10 ml of TTA solution. When the layers have separated, drain off the aqueous 
phase into a second separatory-funnel. Wash the organic phase by shaking it for 5 min with 3 ml of 
4M hydrochloric acid. Add this aqueous phase to the second separatory-funnel. 

Add 10 ml of 0.2M hydrofluoric acid-O+2M nitric acid to the organic phase and shake for 3 min 
to back-extract the zirconium. Transfer the aqueous phase to a SO-ml quartz dish. Shake the organic 
phase for 30 set with 3 ml of G2d4 hydrofluoric acid-O=2M nitric acid. Transfer the aqueous phase to 
the quartz dish and evaporate to dryness. (Discard the organic phase.) To the residue add 1 ml of 
concentrated nitric acid and 1 ml of 70% perchlorlc acid. Evaporate the solution to dryness, and 
dissolve the residue in 10 ml of concentrated hydrochloric acid. 

Transfer the solution to a 2%ml volumetric flask, washing in with 85 ml of concentrated hydra- 
chloric acid, add 1-O ml of 0.1% Arsenazo III solution, and dilute to the mark with water. Measure 
the absorbance of the solution in a l-cm cell at 665 mn, using the reagent blank as the reference. 

Sepration and ~termi~tion of uranium. To the aqueous phase in the second ~~tO~-fUM~ 
add 10 ml of TNOA solution and shake for 2 min. When the layers have separated, drain off the 
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aqueous phase into a third separatory-funnel. Wash the organic phase by shaking it for 2 min with 
3 ml of 4M hydrochloric acid. Add this aqueous phase to the third separatory-funnel. 

Add 10 ml of 0.3M hydrochloric acid to the organic phase and shake for 2 min to back-extract 
the uranium. Transfer the aqueous phase to a fourth separatory-funnel. Shake the organic phase for 
I min with 3 ml of 0.3M hydrochloric acid. Add the aqueous phase to the fourth separatory-funnel. 
(Discard the organic phase.) Shake the aqueous phase containing uranium for 1 min with S ml of 
xylene. 

Transfer the solution to a 2S-ml volumetric flask through filter paper. Add 1 ml of 1% ascorbic 
acid solution [to reduce iron(II1) if present], 1 drop of Cresol Red solution, dilute ammonia solution 
(1 + 9) until the colour turns to red from yellow (pH of the solution must be 1+2-O), 1.0 ml of 
Arsenazo III solution, and dilute to the mark with water. Measure the absorbance of the solution at 
650 nm, using the reagent blank as the reference. 

Separation and determination of thorium. To the aqueous phase in the third separatory-funnel add 
1 drop of Cresol Red solution, concentrated ammonia solution until the colour of the aqueous phase 
turns to red from yellow (pH of the solution must be 15 - 2-O), and 10 ml of 05M TTA. and shake 
the system for 15 min. When the layers have separated, drain off the aqueous phase into a tlfth 
separatory-funnel. 

Shake the organic phase for 10 mitt with 10 ml of 3M hydrochloric acid to back-extract the 
thorium. Transfer the aqueous phase to a sixth separatory-funnel. Shake the organic phase for S mitt 
with S ml of 3M hydrochloric acid. Add the aqueous phase to the sixth separatory-funnel. (Discard 
the organic phase.) Shake the combined aqueous phases for 1 min with S ml of xylene. 

Transfer the aqueous solution to a 2S-ml volumetric flask through filter paper. Wash the organic 
phase by shaking it for 30 set with S ml of 3M hydrochloric acid. Transfer the aqueous solution to 
the same volumetric flask through the tilter paper. Add 1 ml of concentrated hydrochloric acid 
and 1-O ml of Arsenaxo III solution and dilute to the mark with water. Measure the absorbance of 
the solution at 665 nm, using the reagent blank as the reference. 

Separation and determination of a rare earth. To the aqueous phase in the fifth separatory-funnel, 
add SO% w/v ammonium acetate solution until the pH of the solution becomes 4.7 f 0.2 (pH test 
paper) and 15 ml of O*SM TTA, and shake the system for S min. When the layers have separated, 
drain off the aqueous phase into a seventh separatory-funnel. Add IS ml of ‘ITA solution to the 
seventh separatory-funnel, and shake the system for S min. Discard the aqueous phase. Combine 
the second extract with the first and wash the extracts by equilibrating them for 1 min with 10 ml of 
O-1 M acetate but&r solution of pH 4.7. Discard the aqueous phase. 

Shake the organic phase for S min with 25 ml of 1M hydrochloric acid to back-extract the rare 
earth. Transfer the aqueous phase to a SO-ml quartz dish and evaporate to dryness. To the residue 
add 1 ml of concentrated nitric acid and 1 ml of 70% perchloric acid. Evaporate the solution to 
dryness. 

Dissolve the residue in 15 ml of water and transfer the solution to a 25ml volumetric flask. Add 
1 ml of SO% ammonium acetate solution and 4M hydrochloric acid until the pH of the solution 
becomes 3G3.S (pH test paper). Add 1.0 ml of Arsenaxo III solution and dilute to the mark with 
water. Measure the absorbance of the solution at 660 nm, using the reagent blank as the reference. 

Calibration curues. Construct calibration curves for zirconium (O-15 ,ug), uranium (0-SO&, 
thorium (O-30 ,ug), and rare earth (O-SO pg) by omitting the separation steps. 

RESULTS AND DISCUSSION 

Determination of zirconium, uranium, thorium, and rare earths 

The conditions for the spectrophotometric determination of zirconium,4 uranium,’ 
and thorium4 have been already described. The addition of gelatin in the determina- 
tion of zirconium4 has been found unnecessary. Although uranium can be determined 
more sensitively by making use of the uranium(N)-Arsenazo III compIex,6J’J the 
present work is based on the uranium(W)-Arsenazo III complex,‘J’J because of 
simpler manipulation. In the present work, molar absorptivities of 12.9 x 108, 
4.4 x 109, and 10.2 x 10sI.mole-l.mm-l have been obtained for zirconium, 
uranium, and thorium, respectively. 

The conditions for the determination of rare earths (dysprosium has been chosen 
to represent rare earths) have been examined. The absorption curves are shown in 
Fig. 2. A wavelength of 660 nm has been adopted for the determination of rare earths. 
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Wavelength, om 

FIG. Z.-Absorption curves at pH 3.0. 
(I) Dy (40 ~8125 ml) and Arsenazo III (1 mg/25 ml) 2rs. reagent blank. 
(2) Reagent blank CT. water. 

The effect of pH on the absorbance of the dysprosium-Arsenazo III complex is shown 
in Fig. 3. A suitable pH range is 3.0-3.5. The molar abso~tivities at 660 nm are 
4.1 x 105, 4.0 x 1Os, 4.2 x 103, and 3.4 x 109 l.mole-l.mm-l for La, Ce, Dy, and 
Yb, respectively. These values are a little lower than those given by Sawina 

PH 
FIG. ?I.--Effect of pH on absorbance at 660 rim. 

(i) Dy (40 ,~&25 ml) and Arsenazo III (1 mgf25 ml) us. reagat blank. 
(2) Reagent blank YS, water. 

Separation of zirconium, uranium, thorium, and rare earths 

The conditions for the separation of zirconium from thorium,6 uranium from 
thorium,6*’ and thorium and uranium* have been already clarified. Separation of rare 
earths by TTA extraction was previously studied. l1 On the basis of these investigations 
a scheme has been evolved for the analysis of mixtures of zirconium, uranium, 
thorium, and rare earths (Fig. 1). 
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TABLE X.--DETEWATION OF Zr, U, Th, AND RARE EARTHS 

Taken, pg Found, ~8 
/ . / . 
Zr U Th DY Zr U Th DY 

10.1 
0 
0 
0 

15.2 
0 
5.1 

IO.1 
10-l 
10.1 
10.1 

3OqO 

:: 
30.0 
50.0 

3oqo 
30.0 
30.0 
30.0 

0 

19q3 
0 

19.3 
19.3 
29.0 

19q3 
19.3 
19.3 

:: 

3opo 

lo!0 
30.0 
50.0 
30.0 
30.0 
3@0* 

g-9,9*9 
(40 2: 
::: 

l&,, 13-1 

090 090 090 I&,, l&* 

27.0, 27.0 18**, 18ma 
0,O 4&.45.11 18.&, 19-x 
5.1, 5.1 
9.9, 9.9 %.:, 27** 

27*,,27*r 
0 0 

9*9,96 2&,26.6 &, 18** 
9.4, 9.2 27.*,26*6 18*,, 18-e 
9.5, 95 27~~. 27er 17*@* l& 

* La instead of Dy. 

Results obtained in applying the proposed procedure are collected in Table I. 
Recoveries of uranium are a little low (- 9OyJ. After extraction of uranium with 
TNOA solution, the organic phase was diluted with an equal volume of xylene, and 
uranium was back-extracted with 0*3&f hydrochloric acid. The recovery of uranium 
was not improved by this procedure. 

Occasionally high blank values for zirconium were obtained. This was due to 
traces of zirconium in the glass of the separatory-funnels. Separator-y-funnels can be 
found which do not yield appreciable amounts of zirconium on treatment with @2M 
hydrotluoric aeid42M nitric acid. However, if such sep~ato~-funnels are not 
available, plastic separatory-funnels may be necessary for the back-extraction step. 

TABLE II.-EFFETE OF FOREKGN IONS 

Additions Found, ,ug 
fl T w 

Zr U Th DY 

Fe(II1) 1 mg Zr 10-l pg 3 9.6, 9.7 27*&. 27*, 18.,, 18ei 
u 3o.opg 
Th 19.3pg 
Dy 3@Op 

so*= 1 mmole Zr 10.1 pg 3 9,3,9*6 27.,, 27.0 l&*, l&s 
U 3oaopg 
Th 19*3pg 
Dy 30.0~ 

PO*+ 1 mmole Zr 2.9, 4.0 26*‘, 27~~ 5.8, 5.0 
u 3o.o/Jg 
Th 

10.1 fig ,) 

19.3 ,ug 
Dy 300~ 

P0,* 0.05 mmole zr 10.1 pg 

i 

9.7,9*7 27.0r27.0 13.r. 14.t 
u 3o*opg 
Th 19-3 pg 
Dy J&Opg 

PO,‘- 0.01 mmole Th 19.3pg Not detd.* Not detd.* 18.1, 18.1 
Dy 3@Opg 

se 50 tcg s o&T 1 0, 0 60 0.0 
u 0% 
--I-% 0% 
DY 0% 

28.&, 28.. 

29-c, 29,, 

22.‘ 

28*,, 29eo 

28*,, 28., 

0,O 

l Not determined 

7 
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Smaller amounts of uranium may be determined if uranium(W) is reduced to 
uranium(1~ with zinc and then the colour is developed with Arsenazo III in hydro- 
chloric acid solution.* 

As shown in Table I, the recovery of iant~anum is the same as that of dysprosi~. 
It is believed that other rare-earth elements will give similar results.ll 

Interference study. The effect of selected foreign ions on the separation and deter- 
mination of zirconium, uranium, thorium, and dysprosium is shown in Table II. 
Although scandium will accompany thorium in the separation step,12 it does not 
interfere with the determination of thorium. One mmole of phosphate does not inter- 
fere with the anaIysis for uranium, but it does with the analysis for the otherelements; 
0.05 mmoIe of phosphate stili interferes with the analysis for thorium, 
but 0.01 mmole of phosphate does not. 

Zusammenfassung-Es wird ein Yerfahren zur spektrophotometrischen 
Unter scheidung von Mikrogrammengen von Zirkonium, Uran(VI), 
Thorium und seltenen Erden mit Arsenazo III nach systematischer 
Trennung durch Ausscheidung beschrieben. Zuerst wird Zirkonium 
in eine XylollGsung von Thenoyltrifluoroaceton (‘ITA) aus etwa 4M 
Chlorhydrats%ure ausgeschieden, Dann wird Uran(VI) in eine 
Xylotliisung von Tri-n-oktylamin aus etwa 41M Chlorhydratsiiure 
ausgeschieden, Danach wird Thorium in eine ‘ITA Lasung bei etwa 
pH 1,s und zum Schluss seltene Erden in eine ‘ITA L&ung bei etwa 
pH 4,7 ausgeschieden. Jedes Metal1 wird vor ~nt~~cheidung von der 
organischen Phase zurhck titriert. 

R&n&-On d&it une m&hode pour la d~te~ination spectrophoto- 
m&ique de quantit& de l’ordre du microgramme de zirconium, 
uranium(W), thorium et terres rares avec l’Arsenazo III aptis 
sbparation syst~matique par extraction, On extrait d’abord le zircons 
de l’acide chlorhydrique environ 4M dans une solution en xyl&ne de 
thenoylt~fluora~tone (TTA). On extrait alors I’uranium(VI) de 
l’acide chlorhy~ique environ 4M dans une solution en xy&ne de tri- 
n-octylamine. Le thorium est ensuite extrait par la solution de TTA B 
un pH d’environ I,5 et, finalement, Ies terms rares sont extraites par la 
solution de TTA & un pH d’environ 4,7. Chaque m&al est extrait en 
retout de la phase organique avant le dosage. 
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FORMATION AND COMPOSITION OF THE PRECIPITATES 
OF VARIOUS METAL 8-SELENOQUIN~LINE COMPLEXES 

EIICHI SBKIDO, GAMU FUJRVARA and YOSHITAKA MASUDA 
DepartmeIlt of Chemistry, Faculty of Science, K&e University, Nada, Kobe, Japan 

(Receioed 19 Jane 1971. Accepted 1 December 1971) 

Summary-The effect of acidity on the precipitation of various bivalent 
metal 8-selenoquinoline and %mercaptoquinoline complexes has been 
systematically studied and compared. The metal ions were Zn*+, Cd%+, 
Pbs+, MnP+, Nize, Cup+ and Co*+. Most of the metal ions, except 
copper(I1) and cobalt(H), precipitate as a 1:2 complex, metal:ligand. 
However, in hydrochloric acid solution cadmium precipitates as 
CdR,QHCl and lead as PbR,QHCl or PbR-CL Copper(H) is reduced 
to copper(I) and precipitates as CuRRH at pH above 2-O and as CuR 
in strongly acidic solution. Cobalt(H) does not give a precipitate of 
composition but appears to precipitate as a mixture of CoR,,RH and 
fixed CoRp or as other complexes. The reasons for the formation 
of the various types of precipitate are considered. 

FRO&% THE VIEWPOINT of selectivity of organic reagents it is particularly interesting 
to investigate the change of reactivity of 8-hydroxyquinoline with a metal ion when 
the donor oxygen atom is replaced by a sulphur or a selenium atom. The formation 
of S-hydroxyquinoline precipitates with various metal ions was systematically studied 
by Goto,l and the various metal %mercaptoquinoline complexes were formed by 
Ruznetsov, Bamkovsky and Ievin’sha for the first time. For S-selenoquinoline, 
systematic studies have not been made although qualitative results for the formation 
of precipitates and their chloroform extraction were reported by Sekido, Fernando 
and Freiser.3 The present paper is concerned with stoic~ometric studies on the 
formation and composition of the precipitates of various bivalent metal &seleno- 
quinoline complexes, and comparisons with those of 8-mercaptoquinoline and 8- 
hydroxyquinoline. 

EXPERIMENTAL 

Sodium salts of S-sele~ui~Iine and 8-~ereapt~uinoli~e. S-Selenoquinoline was synthesized 
by the modified method of Sekido, Fernando and Freiser,d and its sodium salt monohydrate was 
prepared by the method of Sekido and Fujiwara. 6 The sodium salt of 8-mer~pt~uinol~e anhydride 
was prepared by the method of Nakamura and Sekido. 6 Both of the reagent solutions were prepared 
as follows. An amount of 8-selenoquinoline corresponding to 50% excess over that required 
stoichiometrically for complete precipitation of a known quantity of metal ion was dissolved in a 
mixed solution of 2 ml of 50% h~phosphorous acid, 2 ml of 6&f hydrochloric acid and 30 ml 
of water. 8-Mercaptoquinoline solution was prepared in the same manner but without hypophos- 
phorous acid. 

Bu$er solutions. A 1M acetic acid-U4 sodium acetate buffer was used for weakly acidic medium 
and lemony-l~~onium chloride and Clark-Lubs buffer solution for weakly basic medium. 
Hydrochloric acid and sodium hydroxide solution were used for strongly acidic and basic media 
respectively. 

Stock solutions of biualent metal ions, O*lM. Stock solutions of Zn**, Cd’+, Pba+, Ni*+, Mn’+, 
Cus+ and Co*+ were prepared by dissolving their salts in demineralized water. Their concentrations 
were determined with EDTA. 

Ail reagents, including masking reagents, were of analytical-reagent grade. 

479 
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Precipitation of the complexes 

In order to find the effect of pH on the formation of the 8-selenoquinoline or 8-mercaptoquinoline 
complexes other conditions must be kept the same. Thus the conditions such as excess of reagent, 
temperature, aging time, use of reducing agents, washing and drying of the precipitates, were first 
examined. 

The following procedures were adopted. Metal solution (0.1&f, 10 ml) and 50 ml of water were 
taken in a 200-ml Erlenmeyer flask and adjusted to a definite pH with 20 ml of 1M buffer solution. 
If necessary, a masking reagent such as tartaric acid was added to prevent alkaline hydrolytic 
precipitation. The resulting solution was heated to 65-75O under nitrogen, and the reagent solution 
(50% excess) was added. After aging for about 10 min, the precipitate was collected and washed 
with 50 ml of hot solution at 80” adjusted approximately to the desired pH with hydrochloric acid 
or sodium hydroxide and then with 50 ml of hot water. All the operations were conducted under a 
blanket of nitrogen gas. The precipitate was dried to constant weight, in a desiccator charged with 
silica gel. 

Determination of composition of the precipitates 

About 0.1 g of the precipitate was weighed into a crucible and decomposed by heating with 
18 ml of concentrated nitric acid and 6 ml of 60% perchloric acid. The procedure was repeated 
until the organic matter was completely destroyed. The resulting clear solution was titrated with 
O.lM EDTA. 

RESULTS AND DISCUSSION 

The effect of acidity on the formation of the precipitates of the bivalent metal 
8-selenoquinoline and 8-mercaptoquinoline complexes is shown in Figs. l-6. The 
tiesults for the formation of the precipitates are summarized in Table I. Most of 
the metal ions except for copper(I1) and cobalt(I1) precipitate stoichiometrically as the 
1: 2 complex, MR,. However, in hydrochloric acid solution cadmium precipitates 
as CdR2*2HCl and lead as PbR2-2HCl or PbRCl for 8+elenoquinoline, and lead 
precipitates as PbRCl for 8-mercaptoquinoline. Copper@) seems to precipitate 
as CuRRH at pH > 2-O and as CUR in strongly acidic solution. Cobalt(I1) does not 
give precipitates of a definite composition, but appears to precipitate as a mixture of 
CoR,-RH and CoR, or as other complexes (e.g. CoR&. The 8-seleno- and 8-mer- 
captoquinoline precipitates have no co-ordinated water although most of the bivalent 
metal 8-hydroxyquinoline complexes have two molecules of water of co-ordination. 

Jlj a0 
0 
C 
.a y 60- 

ii 

6 40- 

i 
.IF 

s” zo- 

0 

FIG. l.-The effect of acidity on formation of zinc and manganese 8-selenoquinoline 
precipitates ( -) and I-mercaptoquinoline precipitates (----). 0 and 0: zinc 
complexes; 0 and n : manganese complexes. The term “weight of precipitate (%)” 
refers to the precipitate weight relative to the theoretical weight corresponding to the 

species indicated. 
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PH 

FIO. 2.-The effect of acidity on formation of cadmium I-selenoquinoline (--O-) 
and cadmium Smercaptoquinoline (- f -) precipitates. Q indicates precipitates 

formed on cooling or standing at low temperature. 

The minimum pH for complete precipitation of the 1:2 metal complex increases 
in the order Zn < Cd < Ni < (Co) < Pb < (Cu) < Mn for 8-selenoquinoline 
complexes and Cd < Ni < (Co) < Zn < (Cu) ( Pb < Mn for Smercaptoquinoline 
complexes. The values for cobalt and copper are those for CoR,*RH and CUR-RH 
respectively. In order to compare these orders qualitatively with that for 1:2 metal 
S-hydroxyquinoline complexes, Goto’s data1 are cited below although the conditions 
of the formation of these precipitates is a little different from those used for this study. 

Metal : Cu Ni Zn Co Cd Pb 
pH: 2.1 4.0 4.1 4.2 5.4 ?‘9” 8.4 

On the basis of proton affinity, the pH of formation of the precipitate of the same 
metal would be expected to decrease in the order of the value of pK,, + pK,+ for the 
three’reagents, 15.01 for 8-hydroxyquinoline, 7 1040 for S-mercaptoquinoline4 and 
8-67 for 8-selenoquinoline. 4 This relation seems to hold between the 8-hydroxy- 
quinoline complex and either of the other two reagent complexes but not between the 

FIG. 3.-The effect of acidity on formation of lead 8-selenoquinoline (-_O-) and lead 
8-mercaptoquinoline (- -o- -) precipitates. 
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PH 

Fro. I.-The effect of acidity on the formation of nickel 8-selenoquinoline (--O-) 
and nickel S-mercaptoqumoline (- S_ -) precipitates. @ indicates nickel 8- 

seienoquinolinate formed on standing at low temperature. 

PH 

FIG. 5.-The effect of acidity on the formation of copper 8-selenoquinoline (-0-j 
and copper I-mercaptoquinoline (- -O- -) precipitates. @ indicates copper 

8-selenoqu~oline complex formed without h~ophosphoro~s acid present. 

PH 

FIG. 6.-The effect of acidity on the formation of cobalt 8-selenoquinohne (-_O--) and 
cobalt I-mercaptoquinoline (--@--) precipitates. @ indicates the precipitate of 

cobalt 8-selenoquinolinate formed from Co(NH&*+. 
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8-mercapt~~noline and 8-seIenoquinoline complexes themselves. The order for the 
8hydroxyquinoline precipitates is almost the Irving-Williams order,8 but that for 8- 
selenoquinoline and S-mercaptoquinoline complexes is not. 

Taking into account the electronegativities of selenium, sulphur and oxygen atoms, 
the covalent character of the metal-selenium bond is probably the same as or slightly 
greater than that of the metal-sulphur bond and is greater than that of the metal- 
oxygen bond. Therefore, copper(I), zinc and cadmium ions, classified as group B 
metals having filled d orbitals, will form the strongest covalent bonds, followed by 
copper( nickel and cobalt ions, which are the latter half of the first transition metal 
group having group B character. In addition to the covalent bond these metal ions, 
especially the group B metal ions, probably form r-bonds with the selenium or sulphur 
atom. Manganese, with increasing group A character forms a weak bond with 
selenium or sulphur, and alkaline earth metal and alu~Rium ions, being group A, 
do not form such complexes even in alkaline solution, although they do form com- 
plexes with 8-hy~oxyquinoline. 

When zinc reacts with 8-~lenoqui~oline at pH > 0.75, a hydrated zinc ion will 
approach the anionic selenium (-Se-) of the zwitterion form of 8-selenoquinoline 
(step I), and will bond with it (step II). The value of pfy, co~espon~ng to the 

\ dissociation of /N-H+ is quite sensitive to the charge on the selenium atom.* That 

is, the neut~li~tion of the selenium anion by a proton results in a remarkable 
decrease of the pX, value from 8.75 to 3.26 as seen in Table 11, Consequentiy, the for- 
mation of an Se-& bond makes the basicity of the nitrogen atom decrease significantly, 
so that the proton will dissociate at fairly low pH, and then the nitrogen atom will 
co-ordinate with the zinc ion even at pH O-75 (step III). Then the second zwit- 
terion form of 8-selenoquinoline approachs the 1: 1 complex (step IV), and forms the 
second Se-Zn bond (step V), and then wifl complete the 1:2 complex (step VI). 

- 

.I 
*Zn’+ 
I II III 
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When the acidity of the solution increases, there is competition between zinc and 
hydrogen ions to bond with the nitrogen atom. At pH lower than O-75 both Zn-N 
and Zn-Se bonds will be replaced by H-N and H-Se bonds respectively. 

If the covalent character of an M-Se bond is higher than that of Zn-Se bond, for 
example Cd-Se or Pb-Se, the M-Se bond will still be preserved even if the M-N 
bond is replaced by an M-H bond. Consequently, in the case of cadmium and lead 
the red-orange precipitate of MR,.2HCl as shown in formula I will be formed in ,a 
strongly acidic solution. The following reasons support the conclusion that the 
red-orange precipitate of cadmium is represented by formula I. (1) The theoretical 
weight of the precipitate is in the range of observed values. (2) This red-orange 
precipitate dissolves partly in hot water and then changes to a yellow-orange com- 
pound which may be the CdRa complex. (3) The metal-bonding infrared band for 
the 1:2 cadmium complex, CdR,, 657 cm-l, shifts to lower frequency, 645 cm-l, 
for the red-orange compound. It is known that the metal-bonding bands which 
appear in the range of 600-700 cm-l for the various metal S-selenoquinoline and 
%mercaptoquinoline complexes shift to lower frequency when the chelate linkage is 
cleaved.lO (4) The difference in colour of the two kinds of precipitate corresponds to 
the change of the visible absorption spectra of cadmium 8-selenoquinoline complex 
(1: 1) in 50 % dioxan-perchloric acid so1ution.s 

In the case of lead, the existence of PbR-2HCl in strongly acidic solution is con- 
firmed by the same reasons as for cadmium. However, in addition to the formation 

co =i -I 
Se $“+ 
‘M 

HCI- 

Cl- 
7 

+ ‘Se 

HN 2 

03 \ ’ / 

M=CdorPb 

Formula I 

of PbRz and PbR,.2HC1, the gray-green precipitate (of which the composition almost 
corresponds to PbRCl) is formed in the range of pH O&2*5. The following reaction 
will take place in this pH range, because the Pb-N bond is probably very weak: 

PbCI+ + 
c&J ;= yJ +H+ 

H’ 
I 
PbCl 

If the M-Se bond and M-N bond are weaker than the Zn-Se bond and Zn-N 
bond respectively, for example in the manganese complex, the 1:2 complex will be 
formed at a higher pH than that for the formation of the zinc complex. That the 
stability of the manganese complex is less than that of other metal complexes is 
supported by the easy change to a white-brown substance even on gentle drying by 
heating. 
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Copper(I1) seems to be reduced to copper(I) by 8-selenoquinoline whether in the 
presence of hypophosphorous acid or not, as shown in Fig. 5. However, in the 
absence of hypophosphorous acid, the equivalent amount of S-selenoquinoline 
required to reduce copper(I1) to copper(I) is oxidized to 8,8’-diquinolyldiselenide 
which does not dissolve in the solution at pH > 1.5. Thus the composition of the 
precipitate obtained with 8-selenoquinoline at pH > 3-O will be CuReRH, not CUR,, 
and in strongly acidic solution the following dissociation will occur: 

co 
:I: 

&+H++p+Q 

\’ 

\ 

/ 

This supposition is supported by the following facts. (1) The observed weight of 
precipitate agrees with the theoretical. (2) This reaction occurs at pH below 2.9, 
which is slightly less than pK n, 3.26, for the neutral form of 8-selenoquinoline in 
aqueous solution as shown in Table II.4 (3) The precipitates obtained with and with- 
out hypophosphorous acid present both have a metal-indicative band at 656 cm-l 
and in addition those obtained in its absence have a band at 642 cm-l, which 
also appears with 8,8’-diquinolyldiselenide. 

The weight of the precipitate of copper(I) %mercaptoquinoline complex, CUR 
formed in the pH range from about 0.5 to -0.55, almost agrees with the theoretical 
value. Of the metal ions dealt with in this study copper(I) will form the strongest 

TABLE II.-ACID DISSOCIATION CONSTANTS FOR 8-SELENOQUINOLINE IN WATER.* 

pKc 8.75 

~KB 3.26 

~KD 5.41 

PKA -0.08 

<p F--‘p+H+ 
SeH Se- 

* Reference 4. 
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covalent bond because it is extremely deformable. In fact, the 8-selenoquinoline 

complex precipitates completely at pH -0% (76M hydrochloric acid) and is 70% 
precipitated even from 12M hydrochloric acid. Similarly, 8-mercaptoquinoline 

complex precipitates in strongly acidic solution although no precipitate of CUR 
forms in 12M hydrochloric acid. If the pH,,, is defined as the pH at which the 

complex is 50% precipitated, the values of pH,,, for the 8-selenoquinoline and 
8-mercaptoquinoline complexes are -0.95 and -0.71 respectively. This may be 
attributed to the covalent bond for Se-Cu being stronger than that for S-Cu. 

The weight of the precipitate of the cobalt 8-selenoquinoline complex varies 
widely from the theoretical, and it is impossible to decide whether it is CoR,, CoR*RH 
or CoR,, as elemental analysis shows the composition to be highly variable and 
not corresponding to any of these formulae. The precipitates obtained from ammonia- 
cal solution (pH 9-l 1) are almost constant in composition but do not correspond to 
CoR,. Although the weight of the precipitate of the cobalt 8-mercaptoquinoiine 
complex obtained at pH above l-25 is not so variable as that of 8-selenoquinoline 
complex, it is not stoichiometric either. 

Acknowledgement-The authors acknowledge the assistance of Mr. Y. Mido with the infrared 
measurements. 

Zusammenfassung-Der SiureeinfW auf die FUlung der Komplexe 
von 843elenochinolin und S-Mercaptochinolin mit verschiedenen 
zweiwertigen Metallionen wurde systematisch untersucht und ver- 
glichen. Die verwendeten Metallionen waren Zn”, Cds+, Pblf, Mn’+, 
Nia+, Cue+ und Co2+. Die meisten Metallionen auBer Kupfer(I1) und 
Kobalt(I1) fallen als Komplexe mit dem Metal1 : Ligand-Verhlltnis 1: 2 
aus. In salzsaurer Liisung fiillt jedoch Cadmium als CdRI*2HCl und 
Blei als PbR1.2HCl oder PbRCl aus. Kupfer(I1) wird zu Kupfer(1) 
reduziert und f%llt bei einem pH iiber 2,0 als CuRa.RH, in stark 
saurer LGsung als CUR aus. Kobalt(I1) gibt keinen definiert zus- 
ammengesetzten Niederschlag; anscheinend flllt es als ein Gemisch 
aus CoR,*RH und CoRI oder als andere Komplexe aus. Die Griinde 
fiir die Bildung der verschiedenen Niederschlagstypen werden erBrtert. 

R&urn&On a systbmatiquement &udi6 et cornpark l’influence de 
l’acidit6 sur la prkcipitation de divers complexes de m&aux divalents 
avec la 8-stl&noquinol~ine et la &mercaptoquinol&ne. Les ions 
m&alliques Btaient Zn2+, Cd%+, Pbe+, Mn’+, NiP+, Cu”+ et Co*+. La 
plupart des ions mbtalliques, B l’exception du cuivre(I1) et du cobalt(H), 
prkipitent & l’ttat de complexe 1:2, metal: ligand. Toutefois, en 
solution dans l’acide chlorhydrique, le cadmium pr6cipite & 1’6tat de 
CdR,*2HCl et le plomb & 1’6tat PbR,.ZHCl on PbRCl. I.e cuivre(I1) 
est reduit en cuiv;e(I) et prkipite B 1’Ctat CuR*.RH ti pH superieur & 
2.0 et ii 1’6tat CUR en solution fortement acide. I.e cobalt(II) ne donne 
pas de pr&ipite de composition d&inie mais precipite s&g forme de 
mklange de CoR,.RH et CoR, ou sous forme d’autres complexes. 
On consid&e les raisons de la formation des divers types de pr&ipitC. 
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HYP~R~UT~CTIC ALUM~NIUM-SILICON ALLOYS 
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Summary-A reproducible method is described for dete~nation of 
small amouuts of phosphorus (from04005 % to O*OZ”h in hypereutectic 
al~~i~-siii~n complex alloys. The method permits the separate 
determination of phosphorus in acid-soluble and acid-insoluble 
fractions. Pho~homoly~ate is extracted with n-but~ol~hlorofo~ 
solvent mixture and back-extracted with a btannous chloride reducing 
solution. The phosphorus content of a sample cut into smail pieces 
decreases during storage; loss of phosphorus is negligible on acid 
dissohrtion under oxidizing conditions. 

AL~MINI~M-SILICON alloys are of considerable technical importance in casting pro- 
cesses. In casting of such alloys in the h~reut~tic region, a uniform distribution of 
fine silicon particles in the material, which results in better tensile properties, is 
ensured by the addition of a small amount of phosphorus. The phosphorus reacts 
with the aluminium to produce aluminium phosphide, an efficient nucleating agent for 
the silicon. Since the amount of phosphorus retained in the alloys is of considerable 
metallurgical significance, an accurate method is required for the determination 
of this element, which is present in the form of aluminium phosphide both in the 
primary silicon particles and probably in the alu~~um matrix. 

The analytical method for the determination of phosphorus is usually based on the 
formation of phosphomolybdate or the corresponding reduced complex. Many 
basic investigations on these methods have been published.‘** Various methods have 
been developed for the determination of phosphorus in aluminium alloys, and found 
successful. However, the distillation separation of phosphorus in the acid-soluble 
fraction, as described by Kuhn,3 is extremely laborious, and a direct photometric 
method for the determination of total phosphorus, described by Davey,4 in which the 
alloys are dissolved in a nitric-hydrofluoric acid mixture, is simple but less repro- 
ducible and apt to give low results for the compIex alloys. By Davey’s method, 
of course, a separate determination of phosphorus in acid-soluble and acid-insoluble 
fractions is impossible. 

Generally, hypereutectic aluminium-silicon complex alloys contain around 20 74 
silicon, l-2% copper, 1% magnesium, l-15% nickel and/or 0.5% chrome. 
The phosphorus content is usually less than 0.01%. 

The purpose of this study was to investigate an accurate and reproducible method 
for the separate dete~nation of 0~~~*02% phosphor in the acid-~luble and 
acid-insoluble fractions of hypereutectic aluminium-silicon complex alloys, as well 
as the errors caused by the form of the sample, period of storage and mamer of 
~ssolution. 

The possibi~ty of using emission spectrometric or X-ray fluorescence procedures 
for the total phosphorus was first considered. It was found, however, that in the 
case of the former there was interference from neighbou~ng iron or manganese lines 
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with the phosphorus doublets at 253.5 and 255.4 nm and with the latter, inter- 
ference with phosphorus K% from copper lu,, (fourth order). Therefore it was con- 
cluded that absorptiometric procedures were preferable. 

Several authors have pointed out both silicon and aluminium can cause severe 
interference in the development of the phosphomolybdenum blue colour. In the pres- 
ent work, in order to obtain the most reproducible result, the silicon was removed 
completely and the phosphomolybdate was separated from alumiuium by extraction 
with an organic solvent. On the basis of preliminary tests, phosphomolybdate 
was extracted with n-butanol~hloroform mixture and back-extracted with a stannous 
chloride reducing solution. This procedure has already been applied for the deter- 
mination of phosphorus in copper,6 lead6 and pure iron7 but not to alu~nium alloys. 

EXPERIMENTAL 

Reagents 

Standardphosphorus soiutioti, 0.1 mg/mI. Dissolve O-4263 g of diammonium hydrogen phosphate 
in water and dilute to 1 litre. Prepare working solutions bv appropriate dilution. 

A~~~iu~ ~~bdate solution 10 % w/v. @ore in a pol$h&e bbttle for at least 24 hr before use. 
Stages chloride soi~t~o~. Dissolve I.5 g of SnCl,~Z&O in 5 ml of cone. hv~oc~o~c acid. 

with heating, then dilute to 100 ml with watk Prepare jusi before use. 
rr 

Soluenf mixture. Mix 3 volumes of chloroform with 1 of n-butanol. 

Transfer accurately about 0~5 g of the sample in massive form, each piece about IO0 mg or more 
in weight and washed with acetone, to a 250-ml beaker, Add 30 ml of nitric acid (2 + I) and 2 ml 
of cont. hydrochlo~c acid, cover with a watch-glass and heat gently. After the initial reaction has 
subsided, add further hydrochloric acid in two 4-ml portions to maintain a moderate rate of de- 
composition of the alloy. Avoid too rapid an addition and violent a reaction, 
smaller pieces with a glass rod to accelerate the dissolution if necessary. 

Break the sample into 

After the dissolution, add 20 ml of water, filter through a Whatman No. 40 filter paper or cquiva- 
lent, previously washed with 50 ml of warm 71Mnitric acid and rinsed several times with hot water to 
guard against phosphorus contamination. Receive the filtrate in a 250-ml beaker. Wash the fiter 
paper with hot water. 
fraction. 

Keep the black silicon residue for the determination of P in the acid-insoluble 

Acid-soIu&ie phosphors content. Add 7 ml of perchloric acid (60%) and evaporate carefully to 
dryness until fumes are no longer evolved, on an asbestos pad on a hot-plate. This takes about 2 hr. 
Allow to cool, add 14 ml of 7Mnitric acid and warm for about 5 min. Rinse the inside of the beaker 
with water. Add 5 ml of 3 % EDTA solution, then heat to just below boiling and dissolve the residue. 
Transfer the solution to a 1%ml separatory funnel with water to make the final volume 50 ml. Add 
4 ml of sonic molybdate solution, mix and allow to stand for 5 min. Extract first with 20 ml 
and then 10 ml of solvent mixture, shaking for 3 min each time. Combine the extracts in another 
separatory funnel and add an appropriate volume of the stannous chloride reducing solution, (10 ml 
for ~15 fug of P, 30 ml for -50 pg of P and 60 ml for < 100 pg of P). Shake for 30 set, allow to 
stand, did the organic layer ~ttom) and measure the absorbance of the blue colour against 
water in a IO-mm cell at 720 nm within 40 min from the addition of the stannous chloride solution. 

If the blue solution is turbid, filter it through sanitary cotton plugged in the end of a separatory 
funnel. 

Apply the whole procedure to a reagent blank determination, but with only 10 ml of 7M nitric 
acid, and subtract the absorbance from that of the sample. 

For construction of the calibration curve, transfer 0-lOO fig of P to separatory funnels, add 
10 ml of 7M nitric acid, dilute to 50 ml with water, add 4 ml of ammonium molybdate solution and 
follow the procedure. Beer’s law is obeyed up to at least 1.7 pg of P/m1 and the molar absorptivity 
for phosphorus is l-39 x X0* l.mole-l.mm-l. 

Acid-insoluble phosphorus confent. Place the residue with the filter paper in a SO-ml platinum 
crucibIe. Add several drops of nitric acid, dry, and ignite at 600” until the paper has been burned. 
Remove from the flame and allow to cool. Add 5 ml of nitric acid (2 -i- 1) and 1 ml of perchloric 
acid (60%). Add hydrofluoric acid dropwise from a small polythene beaker, agitating the crucible 
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durhrg the addition, until all silicon has dissolved. Finally, add 3 ml of hydrothtoric acid and evapo- 
rate to dryness, until fumes are no longer evolved, on an asbestos pad on a hot-plate. Process a 
reagent blank in the same manner, 

Cool and add 10 ml of 7&f nitric acid and heat the contents of the crucible to nearly boiling. 
Transfer the resulting solution to a 150-ml separatory funnel with water and dilute to 50 ml. Add 
4 ml of ~onium molybdate solution and treat as outlined above. 

If only total phosphorus is requhed, add the resulting solution to the tiltrate from the dissolution 
step, and apply the procedure. 

RESULTS AND DISCUSSIONS 

Form of sample 

The form of sample used for determination of phosphorus is extremely important. 
If the sample is in the form of drillings, turnings or millings, a strong smell of gaseous 

Sample Form 
pa % 

Oct. t968 March 1970 Feb. 1971 

Wafer 
Wafer 

; 
Wafer 
Wafer 

E Wafer 
F Book type 
G Book type 
II Book type 

0.0038 043040 
00064 0*0063 
0+069 0.0072 
0.0086 O+Mk35 
0.0144 0.0142 

0.0043 0*0040 
0.0082 0.0083 
0.0167 0.0170 

phosphorus compounds is detected during machining. These finely divided samples 
give a low phosphorus result. Drillings of the hypereutectic aluminium-silicon 
complex alloys, for instance, gave a result which was lower by MO6 % than the true 
value of O+OZl %. Therefore, the sample was cut into slices 2-3 mm thick from the 
cross-section of a test-piece, 80 x 10 x 40 mm book-type mould, or an ingot, with 
a clean saw-blade without lubricant, rapid cutting being avoided. The use of “as cast” 
surfaces should be avoided, since these are usually rich in phosphorus, When a 
sample slice, 05 g in weight and 2 mm in thickness, was cut into 5 pieces, the phos- 
phorus content, decreased slightly to 0*019 % from 0.020 %. 

If sampling from a liquid alloy is possible, pour a small quantity of the molten 
alloy upon a clean, cold, smooth metal surface from a height of approximately O-3 m. 
The resulting wafer of the alloy should be uniform and not more than 1 mm in 
thickness. The sample is cut off in pieces of suitable size just before analysis. 

Sfabiiity of phosphorus in the alloy during storage 

As stated above, phosphorus in the alloy seems to be unstable during machining, 
Absence of a standard aluminium-base alloy sample for phosphorus suggests the 
instability of this element on long-term storage. No work has been done on this 
problem, and confirmation of the stability of the phosphorus in the alloy during 
storage was necessitated. 

Samples in wafer form and book-type form stored in paper envelopes had 
stable phosphorus content during storage for a year or more (Table I). On the other 
hand, the phosphorus content in samples cut into pieces (2 x 2 x 10 mm), even 
when stored in a desiccator, decreased gradually within a week as shown in Fig. 1. 
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Fm. t.-Pi~osphorus content in sample pieces over a period of a month. 
l : Stored in desiccator x : Left in atmosphere. 

A sample of lower P content, 0.0076 %, showed a slower decrease, to 0.0072% after a 
week. 

Loss of pho,yhorus on acid dissolution 

Phosphorus is readily liberated as phosphine by the action of nascent hydrogen. 
Kuhn’s procedures consists of absorbing (in brominated hydrobromic acid in a closed 
system) the phosphine liberated during hydrochloric acid attack upon the alloy. 
In Davey’s procedure, 4 the alloy is completely decomposed by nitric-hydrofluoric 
acid mixture in an open system, which is quite simple to use compared with the 
closed system. Blackburn and Peter@ confirmed by a neutron-activation method 
that the loss of phosphorus is negligible on complete dissolution of aluminium alloy 
in 3 :l nitric-hydrofluoric acid mixture but that a considerabIe amount of phosphine 
is released on use of hydroc~oric acid. Mills et al.,* and Matelli and Vincentini,l” 
however, still insisted upon hydrochloric acid dissolution in a closed system for the 
determination of phosphorus in the acid-soluble fraction. Pakalns:l for aluminium 
alloys with t2 % silicon, adopted 10: 3 ~tric-hydro~uoric acid mixture for dis- 
solving the sample for total phosphorus deter~nation. 

Because of the lack of precise descriptions, the manner of acid dissolution was 
evaluated again in terms of loss of phosphorus. Addition of 15 ml of 1: 3 nitric- 
hydroc~o~c acid mixture and the same volume of water to 09 g of wafer sample 
(0~014% P) cut into pieces, did not cause any practical loss of P under rather vigorous 
reaction. III fact, in closed-system dissolution, less than 2 (ug of P was found in the 
absorbing solution. In contrast, dissolution with 30 ml of hydrochlo~c acid (1 + 1) 
caused a remarkable loss of P in the acid-soluble fraction with a result 0*0024% 
lower than the true value of 0$036 %; nevertheless, in the acid-insoluble fraction the 
phosphorus content was almost the same as the result, 0*0104%, obtained by the 
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t I / i 1 

0 I 2 3 4 

Nitric acid (Ml 

FIG, Z.--Optimum concentrzition ranges of reagents. 

r~o~ended procedure, To confirm the loss of P in the acid-soluble fraction, 
samples of pure aluminium in fine pieces, containing about 0.03 % P, were dissolved 
under violent reaction conditions. The results obtained were 0*030% and OGOlS% 
of P from aqua regia and hydrochloric acid dissolution, respectively. 

For a skilful analyst, not too much caution is required in dissolution of a slice 
sample under oxidizing conditions. In the present work, however, careful dissolution 
of a 05-g sample with 30 ml of nitric acid (2 + 1) and a total of 10 ml of cont. hydro- 
chloric acid was adopted to prevent losses of phosphine as well as of spray. There is 
no need to use a distillation separation for the deter~nation of phosphorus in the 
acid-soluble fraction. 

Efeet of concentration of nitric acid on extraction 

Phosphate (30 pg of P) in a solution (50 ml) having an acidity of 0*3-2M with 
respect to nitric acid and containing 0.5 g of ahuninium as nitrate, was subjected 
to the extraction and stripping procedure. 

It was found that the optimum acidity before extraction is 06I.7M in nitric acid 
when 4 ml of 10% amonium molybdate solution are used, and that the extraction 
efficiency >95 % in a single extraction from 0%1.3M nitric acid me~um. 

Generally, the range of optimum acid concentration depends on the amount of 
molybdenum solution added. This was recontlrmed in the present work and is 
shown in Fig. 2. However, in the determination of <5 lug of phosphorus, addition 
of too much ammonium molybdate should be avoided, because the resulting blue 
colour is unstable. 

Stabiliry of cotour 

The molybdenum blue obtained by the reco~ended procedure was stable 
at 20” for at least 40 min, after which the absorbance gradually decreased, 

8 



494 Koiw~~ MUKAI 

There is no known interference by alloying elements up to 2% or by the alu- 
miuium matrix. Certainly less than 5 mg of ionic Si, As and Ge have no influence. 
There is about 2 mg of Si in the acid-soluble fraction after acid dissolution of the 
alloys, and this is dehydrated by fuming in this procedure. 

Among the impurity elements investigated, vanadium and zirconium decreased 
the absorbance if EDTA was not added. Commercial alu~nium sometimes contains 
about @01 % vanadium as impurity, but seldom contains more than O*OOl % zir- 
conium. There is no trouble caused by Zr at this level, but the presence of 0.05 
or 0.1 mg of V causes a result low by 4 or 8 pg respectively in the deter~nation of 
10-50 ,ug of P. Addition of 5 ml of 3 % EDTA solution prevents interference by up to 
05 mg of V (equivaient to 0.1% V in the present work) or 2 mg of Zr if present. 

TABLE XI.--TYPICALPHOSPHORUS RFSULTS 

Sample Soluble fraction 
Phosphorus, % 

insoluble fraction Totat 

: 
3 

54 
6 

;: 

1;: 
21 
12 
13 
14 

:56 
17 

00003 o*OOzo 
0*0002 O-0021 
OGOO2 o%IO30 
@0003 0.0037 
owO3 O-0048 
0~0003 0.0053 
owo3 0.0065 
OGOO5 00X4 
OGO58 O-0072 
OGOO6 0+089 
0*0032 O-0065 
oGO37 00095 
OGO38 O-0106 
0.0026 0.0121 
O-0035 0‘0120 
OW24 ow39 
OW49 0*0120 

OGO23 
O-0023 
0+032 
0*0039 
0-0051 
O-0056 
O-0068 
Ow69 
O-0080 
O%lO95 
0*0097 
0.0132 
0~0144 
0.0147 
O-0155 
0.0163 
0.0169 

Much care must be exercised at all times to avoid ~nta~nation, because there 
are many sources of microgram-level phosphorus ~onta~nation, such as cigarette 
ash, perspiration, filter paper and dust from fume hoods. All containers should be 
~oroughIy rinsed both inside and out with iO% w/v a~o~urn hydrogen fluoride 
solution, and then with demineralized water. Clean samples and filter paper should 
not be handled with the naked fingers. 

Typical results obtained on a number of aiu~nium-21% silicon complex alloy 
samples, covering a phosphorus range of 0.~2-0.017%, are given in Table II. In 
general, most of the P existed in the acid-insoluble fraction Phosphorus (0*0006 “I,) 
was found in alloys made without addition of P, for in this case the metallic silicon 
contained 0.003 oA P. 

The standard deviation was about 0.0~2% for the range O~~l~.OlO% of phos- 
phorus. A set of 6 samples may be analysed in 6 hr for acid-soluble and acid~insoluble 
phosphorus, Reagent blank levels were of the order of 0.~02% P. 
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CONCLUSION 

Conventional sp~tr~pbotometric methods available for the deter~nation of 
phosphorus in separate fractions in hypereutectic aluminium-silicon complex alloys 
have been improved. Compared with the direct dissolution procedure, a little more 
time is consumed in processing the soluble and insoluble phosphorus fractions 
separately, but in this way, it is possible to correlate the phosphorus content of 
the two fractions with the properties of the alloy. It is possible, however, to combine 
the two fractions at a convenient stage before extraction and to obtain more repro- 
ducible and reliable results for total phosphorus without diffic~ty, because most of the 
silicon is preliminarily separated and removed by fuming. 

Even on rather vigorous acid dissolution of the alloys containing a considerabIe 
amount of acid-soluble phosphorus, little loss of phosphorus was detected. The 
conditions used did not require a distillation separation to be made and so saved 
time. 

It was also confirmed that the phosphorus in the alloys was stable over a long 
storage term unless the alloy was cut into small pieces. 

The method may be extended to other aluminium-base alloys. 

AcktiowIer&ement--It is a pleasure to acknowledge the assistance given by Mr. S. Yagi and Mr. I. 
Izumi in the exp~r~rn~tai work. 

Z~~~~g-E~e repr~uzier~re M~thode zur ~~ti~~g 
kleiner Phosphormengen (0,OOOS x-O*02 %) in hypereutektischen 
Alumini~~icium-Mehrstof8egie~gen wird beschrieben. Die 
Methode erlaubt die getrennte Bestimmnng von Phosphor in &ure- 
l&lichen und s%ureunlBslichen Fraktionen. Phosphomolybdat wird 
mit einem LWmgsmittelgemisch aus nlutanol und Chloroform 
extrahiert und mit einer Zi~n(II~-chlo~d-Reduktio~sl~sung rlick- 
extrahiert. I3er ~hosphorgehalt einer in kleine Stiicke zerteilten Probe 
nimmt bei der Aufbewahrung ab; beim L&en in Sib-e unter oxidi- 
erenden ~~~~~n ist der Verlust an Phosphor zu vema~~~sigen. 

K&un&-On d&Grit une mt%hode reproductible pour le dosage de 
petites quantitks de phosphors (de 0,0005% ?I 0,02’%) dans les 
alliages complexes al~~~~siljciurn hypereutectiques. La mkthode 
permet la dbtermination s&par& du phosphore dans les fractions 
acido-soluble et acido-insoluble. On extrait le phosphomoly~ate par 
un melange ~~but~ol-chlorofo~e, et extrait en retour avec one 
solution &duct&e de chlorure stauneux. La teneur en phosphore 
d’un &hantillon tail16 en petites pi&es d&crolt durant la conservation; 
la perte en phosphore est nt$$igeable par dissolution acide dans des 
conditions oxydantes. 

REFERENCES 
1, D. F. Bolh, Co~vrimetr~c ~ete~mi~tio~ of ~on~tars, p. 29. Interscience, New York, 1958. 
2. S. R. Crouch and H. V. Malmstadt, Anaf. &em., 1967,39,1084. 
3. M. V. Kuhn, Fonderie, 1958,149,279. 
4. M. L. Davey, Meta~I~r~~a, 1962,65,1X 
5. S. Yokosuka, Bunseki Kagaku, 1956,5,395. 
6. Japanese Industrial Standards, JIS H 1121-1961. 
7. 0, Kammori, I. Taguchi and T. Kayama, Nippon Kinzoku Gakk~~~h~* 1966,30,78. 
8. R. ~la~kburn and 3. I?. Peters, Anal. Chem., X963,35,10. 
9. E, C. Mills and S. E. Hermon, Metal fnd., London, 1962,101,492. 

IO. G. ~atelli and V. V~~entini, Alumi~~o e Nuova Meta~~~~~i~, 1969,38, 627. 
Il. P. PakaIns, Altar. Chim. Acta, 1970,51,497. 



T&in@, 1972,Vd.I9,p~.497 to 503. PaeamonprrsS.prio~ in NonbMlIrolaad 
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Summary-The effect of a magnetic field on d.c. poIsrographic 
reduction currents was studied with a static magnetic field applied 
~~~~~1~ to the dropping mercury electrode. In the presence 
of the magnetic field, diffusron or migration currents show a shght but 
distinct increase. The factors which can influence this effect have been 
examined experimentally, The effect is interpreted in terms of 
suppression of transfer of concentration polariration from one drop 
to the next. It is shown that certain types of maxima are enhanced 
by application of a magnetic field. 

IT WAS FOUND in this laboratory that the maximum wave current in d.c. polarography 
decreases on appli~tion of a static magnetic Seld.l*a The decrease in current is 
always observable for the second kind of maxima, whereas for the first kind of 
maxima it occurs only with certain types of chemical systems. The magnetic field 
does not influence the drop-time and the flow-rate of mercury. The phenomenon 
has been interpreted in terms of retardation, by the magnetic field, of tangential 
motion at the surface of a mercury drop. The effect has also been examined in a.c. 
polaro~aphy3 and os~illopolaro~phy.7 

In all these investigations 1--p the magnetic field effect was to decrease the maximum 
wave current, and this can be interpreted in terms of ma~etohydrodyn~ics. 
However, it has also been founda that a magnetic field causes a small increase in 
the limiting current. This paper gives the expe~mental details and inte~re~tion 
of this effect, and shows that certain types of the maxima of the first kind are enhanced 
by the magnetic field. The effect of the magnetic field may be useful in elucidation 
of reaction processes at the surface of the dropping mercury electrode (DME). 

EXPERIMENTAL 
The d.c. polarograms were obtained with a Yanagimoto Polarograph Model PA-102 with a 

scan-rate of O-2 V/ruin. Current-time curves during a single drop-lie at fixed potential were obtained 
by using a potentiostat constructed in this laboratory and a spectrum computer (Model JRA-5, 
Japan Electron Optics Co.). A magnetic field of 5.6 x 10’ A/m was applied perpendicularly to the 
DME. The magnetic field is homogeneous within about 10 ppm over the whole volume of the glass 
cell. Some sample solutions were passed through a charcoal filter bed before measurement in order 
to eliminate surface-active substances. Potent&is were measured o.r. the mercury pool anode. 

RESULTS AND DISCUSSION 

The magnetic field often increases the limiting current by only a smal1 amount 
(typically2 1%) and can be observed only if the current is magnified to some extent. 
This enhancement implies that mass transport from the bulk solution to the electrode 
surface is increased by application of the magnetic field, presumably because of a 
stirring motion of electrolytes at the mercury/solution interface, brought about 
by the magnetic field. This statement is consistent with the results obtained by 
others. Leont’ev and Smirnov found that application of a magnetic field resulted 
in mixing of the electrolyte during electrolysis, which in turn caused a re~st~butio~ 
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of cathodic current density .6 Center et al. studied the effect of a magnetic field on 
electrolysis at a mercury pool cathode and found that the mercury/solution interface 
is hydrodynami~iIy stirred by the magnetic field.@ In the present system, it is 
assumed that the surface of a mercury drop is stirred hydrodynami~lly by a force 
F, defined as 

F=JB CO 

(where B is the magnetic field, and J the electrolytic current flowing at the 
mercury~so~utio~ interface) and that this results in an increase, in some cases, in 
mass transport to the electrode surface. The possibility that the force is due to 
direct interaction of the magnetic field with a diama~et~c mercury drop is considered 
very slight, 

Eflect on dijiiusion current 

With the system 5mM lysine in 1.44 lithium chloride at pII 2-5, we observed a 
current minimum, i.e., lowering of the diffusion current just after the fall of the 
maximum of the first kind; in the region of this current minimum, a rna~e~~ field 
affects the current intensity appreciably as shown in Fig. 1. Similar results are 

I%. I.---Effect of magnetic field on the minimum following the first l&d of maximum. 
5mh4 @Sine and 1M LXX. pH 2-5 
(a): Without magnetic field 
(b): App~~~o~ of noetic field 

observed for ImM nickel or cobalt chloride with no supporting electrolyte. The 
current minimum following a maximum of the first kind has been studied by several 
workers,7*8 and is attributed to the transfer of concentration polarization (TCP) 
from one drop to the next, which causes depletion of the depolarizer in the 
neighbourhood of the electrode. After the fall of the negative maximum (of the first 
kind, i.e., a maximum which appears at a potential negative with respect to the 
el~tro~apillary zero potential), the depletion of the solution is especially enhanced, 
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since at the maximum the depleted solution is transferred upwards and accumulates 
under the capillary in the vicinity of the drop, resulting in the current intensity 
being decreased after the m~mum to less than the limiting diffu~on current. 
Hence it may be concluded that the magnetic field can partially suppress the TCP, 
through the stirring action produced by I; at the surface of the DME. This is 
consistent with the result obtained by Smoler,7*s*10 who found that the current 
minimum does not appear when the capillary orifice is bent at an angle of 90” or 
45”. He interpreted this in terms of removal of depleted solution from the capillary 
orifice, brought about by a falling drop. He observed a feeble downward streaming 
of the solution along the capillary orifice when the drop falls, which is a characteristic 
phenomenon of the inclined capillary and not observed in the case of the ordinary 
capillary. 

As shown in Fig. 2, the magnetic field effect varies for different parts of the 
polarogram. It is most pronounced at the region of limiting diffusion current, 

h I 008pA 

Fro, 2.-Comparison of magnetic field effect at various portions of the poiarogram. 
2mM NiCI, and no supporting electrolyte drop-time 3.49 set (at - 140 V, h = 0.70 m). 

+ : magnetic field switched on 
- : magnetic field off 

Sample solution was passed through a charcoal filter bed before measurement. 

and almost imperceptible on the wave itself (as might be expected since depletion 
increases with wave-height). At the beaning of the wave the current is slightly 
decreased by the applied field (3 in Fig. 2)s The enhancement of the limiting diffusion 
current (1 in Fig. 2) is most marked at the beginning of growth of a mercury drop. 
This is consistent with the results of Hans et al. IJ who found the contribution from 
TCP is somewhat greater during the early growth of the drop. Because of difficulty 
in reproducing the hydrodynamic conditions, 7 the results are poorly reproducible, 
however (c$ Fig. 3). 

Eflect of surface-active substances. Addition of O*OOl% of gelatin eliminates 
the increase in the limiting current caused by the magnetic field. It has been 
established7*10 that the addition of surface-active substances lowers the TCP, and 
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FIN. 3.-Effect of the drop-time on the magnetic field effect. 
2mM NiCl, and no supporting electrolyte at -1.60 V (indicated by arrow on the d.c. 

polarogram) 
(a): t = 4.28 set, (b): t = 7.87 set 

+ : magnetic field switched on 
- : magnetic field off 

sample solution was passed through a charcoal filter bed before measurement. 

this has been explained in terms of formation of a film of surface-active substance 
round the drop, this film being retained by the falling drop and carrying with it the 
depleted layer of the solution. As the surfactant has already suppressed the TCP, 

the magnetic field of necessity has no effect. 
Influence of the drop-time. As shown in Fig. 3, the magnetic field enhancement 

of the limiting diffusion current is more pronounced when the drop-time is reduced. 
Smoler’ found that the minimum after a negative maximum becomes more marked 
if the drop-time is shortened. When the drop grows slowly, the TCP effect is nullified 
because there is enough time for diffusion to occur. Rapid growth enhances TCP, 
which in turn is reduced by the magnetic field. 

Concentration of supporting electrolyte. Increasing the concentration of supporting 
electrolyte diminishes the enhancement and may even cause a decrease in the 
limiting current when a magnetic field is applied. This may be explained as follows. 
TCP is expected to appear almost irrespective of the concentration of supporting 
electrolyte. However, addition of too much supporting electrolyte results in 
appearance of the second kind of maxima (which are due to the’ tangential motion 
brought about at the surface of a mercury drop by high flow-rateg). It has been 
shown that the second kind of maxima are reduced appreciably by application of a 
magnetic field.2 According to Hans et al. l1 the second kind of maxima result in an 
increase in TCP (for the reasons given for the first kind). An increase in concentration 
of supporting electrolyte therefore results in formation of the second kind of 
maximum and then two opposing effects occur: (a) the effect of the magnetic field is 
enhanced because of the increase in TCP due to the maximum of the second kind, 
but (b) the magnetic field appreciably decreases the current of the second kind of 
maximum. 

With the SmoIer-type capillary, i.e., a capillary inclined at 45”, the magnetic 
field decreased the limiting current when the concentration of supporting electrolyte 
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was decreased, which can be explained in terms of the second kind of maxima, 
caused by the high flow-rate of mercury which is characteristic of this capillary. 

The dependence of the magnetic field effect on the magnitude of current intensity, 
i.e., a test of equation (l), was also studied. However, the results were poorly 
reproducible, because of differences in adsorbability of reaction products, which 
may determine the hydrodynamic conditions at the interface (cJ effect of surface-active 
substances, above). 

Enhancement of thejrst kind of maxima 

As shown in Fig. 4, (2mM uranyl sulphate, no supporting electrolyte), a maximum 
of the first kind may be enhanced appreciably by a magnetic field. Increasing the 

. -I.-*.* m-m,vL (III-.-IC 

FIO. 4.-Relation between magnetic field effect on the lirst kind of maximum and 
mercury reservoir height h. 

2mM UOISOI and no supporting electrolyte 
(a), (a’) : no magnetic field 
(b), (V): magnetic field on. 

mercury head, however, increases the current at the maximum and the magnetic 
field effect becomes unobservable. A similar result is obtained for oxygen in 10-3M 
potassium chloride with a trace of sodium polyacrylate, where the potential at 
which the maximum falls abruptly becomes more negative when the magnetic field is 
applied or the mercury head increased. This effect has been examined for a variety 
of chemical systems, but only a few show enhancement. Indeed, many show a 
decrease instead,lea and their current-time curves during growth of a mercury drop 
fluctuate violently, that will be discussed elsewhere. The enhancement can be cor- 
related with the anomalous shape of the current-time curve (i-t curve) during 
growth of a mercury drop at the maximum. For example, for 5mM copper 
chloride in 0.1M ammonia-ammonium chloride, the current at the maximum 
increases with time, according to i = KF3, but falls abruptly at the later stages of 
drop growth until the diffusion current (i = kP) is attained (Fig. 5). A similar 
trend is observed for the uranyl sulphate and oxygen systems. The abrupt fall is 
probably due to formation of a weakly absorbed layer of surface-active substance, 
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Fm. S--Relation between magnetic geld effect on the first kind of maxima and the 
shape of the c~ent-me curve at the maxima. 

5mM CuClp and O+lM NH,-NH&I 
Cmrent-time curves are recorded at -0.42 V. 

(A), (a): with rna~et~~ field 
(B), (lj): no magnetic field 

or an electrolysis product at the surface of the DME, resulting in disappearance of 
the maximum. Coverage of the surface of a DME by adsorbents is especially 
pronounced in the later stages of drop growth, the rate of expansion of surface 
area then being small.* 

The magnetic field is clearly demonstrated in Fig. 5, the abrupt fall of the i-t 
curve being eliminated by the magnetic field. A possible explanation is that the 
force F disturbs the surface layer and removes any surface-active substances from 
the neighbourhood of the capillary orifice, resulting in a continuation of the current 
at a value i = liW until the drop falls. When the mercury head is increased, the 
abrupt faI1 of current is reduced by the increased rate of expansion of the surface 
area of the DME. 

* The surface area A of the growing me~y drop can be ~pre~nt~ as a fiction of time,lt 
A = kP, and dA/dt = f kt-“t8. From this it can be Concluded that dA/dt be-mm small 
with increase in t. 
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It appears that the present model for the effect of the magnetic field is reasonable; 
further study of this effect may be usefui in exploration of the structure of the electrode 
double layer and the mechanism of transport phenomena at the DME. 

Acknowledgement-The authors thank Teruhiko Kugo, Yanagimoto Co., Kyoto, for his valuable 
discussions and help in the experimentai work. 

Zusanunenfassung-Der EinfluD eines Magnetfelds auf gleichstrom- 
poiarographische Reduktionsstrome wurde untersucht. Ein stat- 
&ches -M&etfeid wurde senkrecht zur Qu~ksiI~~ropfelekt~de 
aneeleet. In Gegenwart des Magnetfeides nehmen Diffusions- und 
W&rd&mgsstr&e urn einen kl&ren, aber deutlichen Retrag zu. 
Die Faktoren, die diesen Pro& beeini?ussen k&men, wurden experi- 
mentell untersucht. Der Effekt wird dadurch erkhtrt, daf3 die Uber- 
tragung der Konzentrationspolarisation von einem Tropfen zum 
nachsten unterdriickt wird. Es wird gezeigt, daO beim Anlegen eines 
Magnetfeldes bestimmte Typen von Maxima verst&rkt werden. 

Resume-On a CtudiC i’effet dun champ magnetique sur les courants 
de reduction polarographique en courant continu avec un champ 
ma~~iique statique appliqu6 ~~ndiculairement & I’electrode a 
goutte de mercure. En la presence du champ magnetique, les courants 
de diffusion ou de migration montrent un accroissement leger mais 
net. On a examine experimentalement les facteurs qui peuvent 
influer sur cet effet. L’effet a Cti: interpret6 en fonction de la suppres- 
sion du transfert de la polarisation de concentration dune goutte a la 
suivante. On montre que certains types de maximums sont renfor& 
par I’application dun champ magnetique. 
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Summmy-The correlation between the absorbance of a merocyanine 
dye in an organic solvent and the water content of the solvent has been 
investigated. The merocyanine dyes investigated are I-methylA-I@- 
oxocyclohexa-2,5-dienylidene)-ethylidene]-l,Cdihydropyridine (I), l- 
methyl4[(2-oxocyclohexa-3,5-dienylidene)-ethylidene]-l,rklihydropy- 
ridme, l-methyl-2-[(P-oxocyc~hexa-2J-dienylidene)-ethylidene]-l,2di- 
hydrop~d~e and l-methyl-2-[(ox~~c~ohe~-3,~ienylid~e~~yl- 
idene]-1,2-dihydropyriclme, and the organic solvents are isopropanol, 
acetone, acetonitrile and pyridme. The possibility of determining a trace 
amount of water in an organic solvent is demonstrated, and a pro- 
cedure is proposed for the determination of trace water in pyridine. The 
sensitivity of the method depends on the solvent, being more sensitive 
in an aprotic solvent than in a protic one; for example, 0.05 or 0.27 mg 
of water in 1 ml of acetonitrile or of isopropanol respectively can be 
detected with I, by use of an ordinary spectrophotometer. 

SINCE Kosower l attempted to define solvent polarity by the change in the position 
and intensity of absorption band of l-alkylpy~dinium iodide, several empirical 
parameters to characterize the solvent polarity have been proposed.ad 

The susceptibility of an absorption band to solvent polarity is known as solvato- 
chromism, and marked solvatochromism is noticed especially in the charge-transfer 
band of a compound having a polarized structure in its ground state, The physico- 
chemical basis of this phenomenon has been extensively studied.6 Dyes and mixtures 
of dyes with betaine and merocyanine structures have been studied in various sol- 
vents.6-Q A betaine dye in a ground state can be represented by a zwitterion structure, 
while a merocyanine dye is shown as a resonance hybrid of a zwitterion and an 
unpolarized structure in a solution. 

Betaine Merocyanine 

SCHEME 1 

The polarity of organic solvents is affected by their water content and we reported 
the possibility of the determination of water in organic solvents by spectral change 
of some betaine dyes. lo Similar determinations have been reported by others.6-Q 
In this paper we consider the possibility of determining a minute amount of water in 
a range of organic solvents by the solvatochromatic effect of a group of merocyanine 

* Contribution No. 245 from the Department of Organic Synthesis, Kyushu University. Part I, 
T~kmta, 1970,17,319. 
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dyes having homologous structures, such as l-methyl-4-[(4-oxocyclohexa-2,5- 
die~ylidene~-ethy~d~ne]-1 &dihydropyridine (4,4-M), I-methyl-4-](2-oxocycEohexa- 
3,5-dienyiidene)-ethyiidenel-1,2-dihydropyridine (4,2-M), I-methyl-2-[(4-oxocyclo- 
hexa3,5-dienylidene)-ethylidene]-I,2-dihydropyridine (24-M) and I-methyl-2- 
[(2-oxocyclofiexa-3,5-dienyIidene)-ethylidene]-1,2-dihydropyridine (2,2-M), A pro- 
cedure is proposed for the determination of trace water in reagent grade pyridine, 
and the sensitivities of water determination in various organic solvents with mero- 
cyanine dyes as well as betaine dyes are discussed in relation to the molecular 
structures of the dyes. 

EXPERIMENTAL 

Reagents 

Soivatochromic dyes. The dyes used in this investigation are listed in Table I and their structural 
formulae in Fig. 1. The precursor hydroiodides were synthesized by the procedure of Phillip@ 

TABLBI.-~~~RANCES AND PROPERTD~S 0F SOLVATOCBROMIC DYES 

Dye 

44-M 
2,4-M 
4,2-M 

2,2-M 

Hydroiodide 
(solvent for recryst.) Desiccated merocyanine dye* 

red (water), m.p. 257~9°C O-6 H*O, violet? 
yellow (methanol), m.p. 265’C 0.1 HzO, deep green 
violet needles (methanol) 0.15 H,O, greenish violet 
m.p 215-30°C 
yellow plates (methanol) H&, green 
m.p. 257-8°C 

+ All the dyes showed no melting points, instead decomposing at various tempera- 
ture above 2OO”C, depending upon the content of water of crystallization. 

t S. J. Davidson and W. P. Jencks, $. Am. Chem. Sot., 1969,91,225. 

and aqueous methanol solutions of the respective hydroiodides were treated on a column of hydroxyl- 
type anion-exchange resin to give the final mer~yanine dyes, which were purified by r~~st~li~t~on 
from aqueous acetone or methanol-acetone mixture. They were identified by elemental analyses and 
spectroscopy. 

CH*-N~=CH-CH=~ o=CH-CH=o=O 

\ 
4,4 - M CH* 

2.4 - M 

C&,-Ns=CH-CH=/o Q=CH-CH=,p 

0 \ 
CH, o 

43 - M 2,2 - M 

FIG. l.-Structures of merocyanine dyes. 

In the solid state, they usually contained many molecules of water of crystallization. The 
desiccated samples were obtained by drying at 60”/10 nbar for 10 hr, but the last trace of water was 
very hard to remove. 

Organic solvents, Isopropanol as a protic solvent and acetone, acetonitrile and pyridine as aprotic 
sofvents were used. Ail were of reagent grade, and were dried by appropriate methods as summarized 
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in Table II. The trace water content in each dried solvent was determined by Karl Fischer titration, 
the end-point being determined amperometrically. 

TABLEIL-ORGANIC so~vmrs AND THEIR WATER CONTENTS 

Solvent Method of drying 

Water content of 
dried solvent, 

mglmf 

Isopropanol 
Acetone 
Acetonitrile 

Pyridine 

reflux over calcium hydride 
retmx over Drierite 
reflux over phosphorus 
pentoxide and over anhydrous 
cat&m carbonate successively 
reflux over potassium 
hydroxide pellets 

0.15 
0.71 
0.45 

0.41 

Procedure for spectral stzaiy 

The procedure was essentially the same as that described in the previous paperr The stock 
solution for a dye was prepared so that the concentration was ca. IO-‘M, and it was diluted to give 
the final solution, cu. IO*M, in which the water content was determined. 

Recommended procedure for determining trace water in pyridine with 4,4-M dye 

The stock dye solution was prepared by dissolving a weighed amount of dried 4,4-M dye (1.38 mg 
or 6.21 ,umole) in dry pyridine to make 50 ml. A calibration curve of this dye was prepared by 
measuring the absorbance of pyridine solutions containing 2 ml of the stock dye solution and a 
known amount of water (50-250 mg) in 25 ml. 

Two ml of the stock dye solution were transferred by pipette into a 2%ml dry volumetric flask, 
and made up to the mark with a pyridine sample of unknown water content. After mixing, solution 
was transferred into an air-tight spectrophotometric cell for absorption measurement at 61Onm 
against distilled water. Another S-ml aliquot was transferred into a titration cell for determination 
of the water content by Karl Fischer titration. The results are summarized in Table III. 

TABLEIII.--DETERMINATIONOFWATBRCONTENTIN RRUXNT~~DB 
PYBIDINE BY SPECTROPHOTOh4BTBlC MeTHOD AND &%IU &%XEB 

TZTRAlloN MBTHOD 

Sample 

Dry pyridine 
No. 1 
No. 2 
No. 3 

Absorbance 
Water content, mgjml 

at 610 nm+ S~~ophotome~c Karl Fischer 
methodt titration 

0.748 - 0.32 
0.723 0.80 080 
0.647 
0.578 3:; 

2.60 
511 

* The final dye concentration was 9.95 x IO-*&f. 
t The dry pyridine used in preparation of calibration cnrve was found 

to contain 0.32 mg of water per ml by Karl Fischer titration. Therefore, the 
calibration curve was connected for this amount. 

RESULTS AND DISCUSSION 

A~p~~c~ility of the dyes 

Before quan~ita~ve evaluation, appli~bility of the dyes to trace water deter- 
mination was checked in respect to their solubilities in various organic solvents, 
chemical stabilities and analytical sensitivities. The solubility had to be at least 
l@+M for the preparation of the stock solution. Table IV summarizes the dissolution 
behaviour of the dyes in the solvents used, including water. 
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TABLE IV.DISSOLU~ON BEHAVIOR OF THE DYES 

Dye Water 

4,4-M good* 
2,4-M good 
4,2-M good 
2,2-M good 

Solvent 
Isopropanol Acetonitrile Pyridine Acetone 

good fair? good 
good good good 

g;;t 

good fair poor 
good good good zFr 

l good: sufhciently soluble for absorption spectrophotometry. 
t fair: sufhciently soluble but dissolving slowly. 
$ poor: insuthciently soluble or insoluble. 

Generally the dyes were fairly soluble in a protic solvent, and the dyes 2,4-M and 
2,2-M were soluble enough in the protic and aprotic organic solvents so far studied. 
Water determination in this work was carried out in isopropanaol, acetonitrile and 
pyridine, acetone being excluded because of its poor dissolving power for the dyes. 

The dyes were chemically stable and not photosensitive in solution, but they 
appeared to exhibit a stronger thermochromic effect 12*13 than the betaine dyes reported 
earlier,lO though no systematic investigation was carried out. Therefore, analytical 
operations were carried out under an ordinary fluorescent lamp and photometric 
measurements were performed at a temperature as invariable as possible. 

Quantitative evaluation of the dyes 

The dyes were evaluated by comparing the spectral change in an organic solvent 
containing a known amount of water. Figure 2 shows the visible absorption spectra 
of 4,4-M in isopropanol and in acetonitrile. Substantial changes in the spectra can 
be observed with the change of water content in the range of O-20 mg/ml for iso- 
propanol and O-10 mg/ml for acetonitrile. The spectral change observed in pyridine 
is of intermediate degree. 

The change in absorbance at certain wavelengths (560 and 570 nm for isopropanol 
and 580 nm for acetonitrile) when plotted vs. water content gives calibration curves 
for the determination of water, as shown in Fig. 3. The curves are not necessarily 
linear, because the method is not based on Beer’s law. 

Figure 4 shows the absorption spectra of dye 2,4-M in aprotic solvents such as 
acetonitrile and pyridine. Again acetonitrile gives the strongest spectral change, that 
in isopropanol being of similar to that in pyridine. When the change of absorbance 
at 550 and 560 nm is plotted against the water content, calibration curves for the 
range O-10 mg/ml are obtained. 

In order to compare analytical sensitivities of the dyes, we define the sensitivity as 
S = AA/A W, where AA is the change in absorbance for a change of water content of 
A W.* S-values of the dyes are summarized in Table V, as are the analytical limits of 
detection, D, defined by D = 0.004/S, the coefficient 0.004 being based on the fact that 
an ordinary spectrophotometer can measure absorbance with a precision of 50.002. 
Table V indicates that the S-value is generally higher in aprotic than in protic solvents. 

+ In the previous paper, lo the term “sensitivity. S’ was the inverse of that used here, and corre- 
sponds to the limit of detection D. Also the equationlo defining S was misprinted, and 
should becorrected to S = O@O4A w/AA. S is now redefined (at the suggestion of the referee), 
since it seems more sensible that a large S value should mean a higher sensitivity. 
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FIG. 2.-Visible absorption spectra of 4,4-M. 
(A) in dried acetonitrile 
(B) in a&o&rile containing an additional 10 mg of water per ml of the solvent 
(C) in dried isopropanol 
(D) in isopropanol containing an additional 20 mg of water per ml of the solvent. 
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FIG. 3.-Calibration curves for water determination with 4,4-M. 
(A) in isopropanol, dye concentration 2.82 x 1O-sM. 0: measured at 560 mn; 

0 at 570 nm 
(B) in acetonitrile, dye concentration 1.39 x 10-6M. 

9 
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500 550 SO0 

Wave length, nm 

Fxa. 4.-Visible absorption spectra of 2,4-M. 

(A) in dried pyridine 
(I$) in pyridine contain@ an additional 20 mg of water per ml of the solvent 
(C) in dried a~tonit~iIe 
@) in acetonitxile containing an additional 10 mg of water per ml of the sofvent. 

Solvent 

Isopropanoi 

AL\A S, L), A, 
DY@ AA m&ml m&w m&ml nm 

4,4-M @291 2,4-M @250 : 0.015 0.27 0013 0.32 E 
4.2-M 0.232 E o-012 0.34 570 
2,2-M 0.138 0~007 0*58 540 

Acetonitrilc 4.4-M 0.493 : 0.082 0.05 580 
2,4-M 0.357 0.059 0.07 SO 
4,2-M 0.365 6 0.061 0.07 610 
2,2-M 0.232 6 0.039 0.10 570 

Pyridine 4,4-M 0.290 10 O-029 0.14 610 

2,4-M 0.253 12 0,021 0.19 4,2-M 0.260 :22 0.022 O-18 ;z 
2,2-M 0.309 0.026 0.15 600 

Dye 4,4-M is the most sensitive for both protic and aprotic solvents, Dye 2,2M 
exhibits the poorest sensitivity, haif that of dye 4,4-M. Dyes 2,4-M and 4,2-M show 
similar analytical sensitivities midway between those of the other two. 
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Determination of trace water in pyridine 

As a typical example, the proposed procedure was applied to the determination of 
a trace amount of water in reagent grade pyridine, and the result was compared with 
that obtained by the Karl Fischer titration method. 

In this procedure, the dye concentration has to be kept constant for the standard 
solutions employed in the preparation of calibration curve as well as for the samples. 
Therefore, it is desirable to use the same stock dye solution for both purposes, be- 
cause the same volume of stock solution can be used in preparing the final solutions 
throughout the procedure. As 2 ml of dye solution could be ma~pulated fairly 
accurately, a satisfactory reproducibility was obtained by the proposed method. It 
does not seem necessary to use a non-solvachromic dye as an internal standard to 
correct the solvatochromic dye concentration, such as was proposed in our previous 

paper* 
As it was noticed that these dyes showed a noticeable thermochromism, the 

calibration and sample measurements should be done at the same temperature. 
Accordingly, our experiments were carried out in a constant-tem~rature room. 

Table III shows fairly good agreement between the results obtained by the two 
methods. However, the dry pyridine used in the preparation of the calibration 
standard was found to contain 0.32 mg of water per ml by the Karl Fischer method, 
and the calibration curve had to be corrected. 

As discussed previously, the method is not as sensitive as the Karl Fischer method, 
and is subject to interference by polar impurities. However, the procedure is far 
simpler than the titrimetric method, and may find wide application. 

Correlation of S-value with molecular structure of the dye 

Table VI lists the S-values of the betaine dyes, which are the most sensitive to 
water content among those investigated in the previous work,e inclu~ng the 4,4M 
merocyanine dyes for comparison. In aprotic solvents these dyes show comparable 

TAISE ~.--coMpARISON OF S-VALIJFS OF THB BETAINB AND 
mRocYANINE DYES 

DYC 
Solvent 

Isopropanol Acetonitrile Pyridine 

p-2* OGO4 O-040 O-017 
WQt 0.004 0.067 0.030 
4,4-M o-015 O-082 o-029 

* 2,4,6-hriph~yl-N-(3,S~iphenyl4~y~x~henyl)-pyri~i~ 
betaiue. 

t I-methyl-6-hydroxyquinoliuium betaine. 

sensitivities for water dete~natio~. In protic solvents, however, the rn~~a~ne 
dye is much more sensitive. Thus, at present, the 4,4-M has a wider applicability 
than the beta&e dyes. 

In the dye molecules the distance between the cationic (RsN+) and anionic (RO-) 
centres in the zwitterion structure is considered to increase in the order 2,2-M < 
4,2-M N 24-M < 4,4M, though a definite conformation of the dye molecule in 
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solution is not clear. This order parallels the increase in S-values. A similar relation- 
ship is also observed with the betaine dyes, 1,6-Q, 1,8-Q (1-methyl-Shydroxyquinolin- 
ium betaine) and 2,5-IQ (2”me~yl-5-hydroxyisoquino~nium betaine),lO in which 
~stances between oppositely polarized sites on aromatic nuclei are definite. 

Results of the measurements of transition energy, ET, of the merocyanine dyes in 
various solvents are tabulated in Table VII. Plots of EF (measured in the protic 

TABLE VI.---TRANSITION ENERGY, .&, OF MEROCYANINE DYES IN VARIOUS SOLVENTS 

Protic sokent E 

Water 78.5 
M&hiiDOl 32.6 
Ethanol 24.3 
nzropanol 20.1 
Isopropauol 18.3 
n-Butanol 17.1 

f(4 

0.982 
0.954 

0.940 0.928 
0.920 
0.914 

4,4-M 

271 
247 

233 228 
218 
225 

ET, kJ. mole-” 
2,4-M 4,2-M 

-* 266 
254 245 

240 233 235 227 
218 
226 

2,2-M 

274 
251 

E 
231 
235 

Aprotic solvent 

Acetonitrile 37.5 0.960 209 219 206 216 
Acetone 20.5 0.928 201 214 196 209 
Pyridiue 12.3 0.882 197 210 193 206 

E: Dielectric constant of soIvent,~(&~ = 2(e - 1)/2e + 1. 
Er : Transition energy. 
* A,, is not clear on the absorption spectra of 2,4-M dye in aqueous solution. 

solvents) us.f(e) were linear, with slopes of 163.8, 146.8 and 140-l for 4,4-M, 4,2-M 
and 2,2-M respectively, giving the spectral susceptibility of the dye to solvent polarity. 
The dye 44-M is the most susceptible, indicting it should have the highest solvato- 
chromic effect among the four dyes. In aprotic media a similar tendency can be 
observed. 

These results suggest that in a group of dyes having homologous polar structures 
the extent of the solvatochromic effect depends upon the distance between the op 
positely polarized sites, which presumably affects the difference between the dipole 
moments of a dye molecule in the ground and excited states. A larger blue shift, 
however, would not necessarily be obtained with longer distance between the op- 
positely polarized sites in a dye molecule. There must be an optimal distance for a 
certain chromophore system. 

Analytics sensitivity is not solely dependent upon the gradient, A&/Af (a). For 
example, despite the S-value ratio of 4,4-M to 2,2-M being about 2: 1, the gradient, 
AE,/AfcE), for the former is only 15 % steeper than that for the latter. Another 
example is presented in Table VIII, which shows the spectral change of 16-Q betaine 
and 4,4-M merocyanine in isopropanol. Although both dyes show a virtually equal 
extent of blue shift with an equal increase of water content, the hypochromic shift 
with water content of the latter dye is several times that of the former. In comparison 
with the merocyanine dyes, the betaine dyes generally show a rather small change in 
intensity at absorption maximum with increase of water content. The S-value 
depends upon the spectral shift in terms of both wavelength and absorption intensity. 
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TAB= VIII.SD”“-,, CHANC3E OF 1.6-O AND OP 4.4-M IN ISOPROPANOL 

A max nm 
Al,? nm 

Af 
I* 11+ T II 

14-Q 460 453 7 1,000 0.980 O-020 
4.4-M 546 539 7 I.000 0.750 0.250 

* Aliquot I is of a dried solvent, II contains an additional 2% of water. 
+t Ail = %&I) - &&II). 
$ A: absorbance at &,,,. 
0 &4 = A(I) - A(I1). 

The higher sensitivity of the merocyanine dye in protic solvents is rnai~l~ due to the 
change in absorption intensity. 
Acknowledgement-The authors wish to thank the Ministry of Education for financial support of 
this work. 

Zusammenfassunp-Die Beziehung zwisehen der Extinktion eines 
Meroeyaninfarbstoffs in einem organischen Liisungsmittel und dem 
Wassergehalt des L&ungsmittels wurde untersucht. Die untersuchten 
Farbstoffe sind l-Methyl-4-r(4-oxoc~cfuhexa-2,5-dieoylidenf-- 
den]-l&dihydropyridin (E), I-Methyl-4-[(Z-oxocyclohexa-3,5-dienyli- 
den)-~thy~den]-1,4-dihydrop~~n, I-Methyl-2-[(4-oxocyclohexa-2,5- 
dienyliden)-&thyliden]-1,2-dihydropyrldm und l-Methyl-2-[(2-oxo- 
cyelohexa-3,5dienyliden)-~thylidenJ-l,2-dihydropyri~, die organis- 
then Losungsmittel Isopropanol, Aeeton, Acetonitril und Pyridin. Es 
wird gezeigt. da8 man eine Spurenmenge Wasser in einem organisehen 
I&ungsmittel bestimmen kann; eine Vorschrift zur Bestimmung van 
Wasserspuren in Fyridm wird vorgesehlagen. Die Emp~dlichkeit des 
Verfahrens hiingt vom Losungsmittel ab, sie ist in einem protonenfreien 
L~sungsmittel h&her als in einem protone~aiti~eo. Z. B. kann man 
mit I in einem gewiihnlichen Spektrophotometer in 1 ml Aeetonitril 
oder Isopropanol 0,OS bzw. 0,27 mg Wasser naehweisen. 

R&&-Gn a etudie la correlation entre I’absorption d’tm colorant de 
type meroeyanine dam un solvant organique et la teneur en eats du 
solvant. Les colorants de type mero~~ne &dies sont les I-methyl 
4-[(4-oxocyciohexa-2,S-dienylidene)4thylid&te] 1 &dihydropyridine 
(I), l-methyl 4-[(Z-oxocyelohexa 3,5-di~nyiid~ne)-~thylid~ne] 1,4-di- 
hydropyridine, l-methyl 2-&&oxocyclohexa2,5-diQylid&ne>ethylid&ne] 
I,2-dihydrop~idioe, et I-methyl ZI(Z-oxocyciohexa 3,5-dienylidene)- 
Cthylidene] 1 ,Zdihydropyridine, et fes solvants organiques sont I’isopro- 
panol,~a~tone, l’a&onitrile et la pyridine. La possibilite dedetermina- 
tion dune trace d’eau dans unsolvant organique est demontree, et I’on 
propose une teel-mique pour le dosage de l’eau a l’etat de traces dam la 
pyridine. La sensibilite de Ia methode depend du solvant, &ant plus 
sensible dans un solvant aprotique que dans un solvant protique; par 
exemple, on peut detector 0,OS our 0,27 mg d’eau dam 1 ml d’ae&o- 
nitrile ou d’isopropanol, respeetivement, au moyen de (I), en utilisant 
un speotrophotometre ordinaire. 
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Summary-Experimental reaction yields have been determined for 
various types of photonuclear reactions, induced in 52 elements by 
means of B~~t~~g irradiation with maximttm energies ranging 
from 30 to 72 MeV, and of detection of the resultant activities with a 
lithium-drifted germanium detector. From the results obtained, sensi- 
tivities in photon-activation analysis were evahrated and the reactivity 
of high-energy photons with nuclei in a wide range of atomic 
number is discussed. Some nuclear considerations in photon-activation 
analysis, involving the relative probability of formhrg each product as a 
result of the (y,xqp) reactions are also given. 

IN RECENT YEAM photon-activation analysis has been exploited as a useful analytical 
method for the determination of trace amounts of a number of elements in the periodic 
table. A cyclic or linear electron accelerator capable of producing a high-current 
electron beam has been used as the irradiation facility, and several reports concerning 
the experimental or calculated sensitivities with bremsstrahhmg of moderate maximum 
energies (-35 MeV) have been published .I4 Sensitivities well below 1 pg are 
obtained for many elements, and the emphasis is on the dete~nation of those 
elements having nuclear properties unfavourable for thermal-neutron activation 
analysis, such as carbon, nitrogen, oxygen and fluorine. These elements can also be 
determined at very low levels by means of charged-particle activation analysis. In 
addition, severe difficulties due to sample self-shielding are encountered when a mixture 
to be analysed contains substantial amounts of elements with large thermal-neutron 
capture cross-sections. In these cases, photon-activation analysis is found to be 
very promising. 

A general feature of the photon absorption cross-section for a nucleus is charac- 
terized by a peak 5-6 MeV wide at an energy located between the photodisintegration 
threshold and about 30 MeV, and, in this energy region, the main nuclear events are 
the emission of one neutron or one proton. A considerable amount of work has been 
done in the past on the determination of the (r,n), (r,p) and (~,a) reaction yields for 
many elements with Bremsstrahlung produced by 20-MeV eIectons.7-9 

Since yield is a function of photon energy, it should be noted that higher sensiti- 
vities can be expected with an accelerator giving Bremsstra~ung of higher maximum 
energies. The excitation of a nucleus by gamma-rays with higher energies, however, 
gives rise to more complex events. Apart from the reactions described above, 
those with the emission of two or more nucleons become important, thereby 
causing difficult interference problems in photon-activation analysis. A basic prob- 
lem in photon-activation analysis under such conditions is, therefore, the necessity to 
investigate the production rates or yields of various photonuclear reactions induced 
* Present address: Department of General Education, Kitasato University, Sagamihara, Kanagawa, 

Japan. 
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simultaneously in a sampIe to be analysed, over the energy range of given brems- 
strahhmg. It should also be mentioned that the production rates of those reactions 
depend on a specific target-sample configuration used for activation. Recently, Engel- 
mannlo determined the distribution of the 25-45 MeV electron-induced Bremsstrah- 
lung beam spectrum by activating silver and carbon monitors arranged behind 
piatinum and aluminium targets, and the lon~tu~nal and transverse dist~bution 
patterns have been presented in terms of amounts of (y,n) activation. 

The work described here was undertaken in order to evaluate the potential for 
determining trace amounts of many elements by inducing the (y,xnyp) reactions with 
bremsstrahlung from a linear electron accelerator and by detecting the resultant 
activities with a lithium-drifted germanium detector. Thus, first, sensitivities were 
obtained for some 13 elements at two different Bremsstrahhmg maxium energies, 30 
and 60 MeV, and secondly, the yield values at 30 MeV for 138 different reactions were 
obtained and discussed in terms of some nuclear considerations for photon-activation 
analysis, involving the relative probability of forming each reaction product, and, 
finally, dependences of Bremsstrahhmg maximum energies on the yields for various 
types of the reactions were obtained, so that the more general applicability of photon- 
activation analysis to sensitive and accurate determination of many elements in a wide 
variety of materials can be considered. 

Accelerator 

EXPERIMENTAL 

The 300-MeV linear electron accelerator of Tohoku University was used as the Bremsstrahlung 
source. The machine was operated with the “high current” accelerating section which provided a 
high intensity electron current, the peak current being at least 90 mA with energies up to 75 MeV. In 
many cases the pulse repetition rate was tOO/sec with a pulse width of 3 psec. The beam was deflected 
90” from the original beam path of the accelerating section, and again deflected 45” onto the beam exit 
window. The spread of electron energies in this operating condition is 3% from the selected value. 
The electron beam produced Bremsstrahlung in a platinum converter with a thickness of 3 mm 
located 30mm from the beam exit window. The average beam currents were measured at the 
position of the converter, by using a current monitor, and found, in typicai operating conditions, to be 
70 and 100 ,eA at 30 and 40-75 MeV, respectively. 

Sample materials and irradiation 

Samples of 52 elements, either in the form of metals or simple compounds, with chemical purity 
of 99.9% or better, were used. Metallic samples were small discs 6 mm in diameter with a thickness 
of about O-1 mm. The powdered samples were individually wrapped in smal1 pieces of aluminium 
foil and made into small discs 6 mm in diameter with a thickness of 2 mm. The amount loaded was 
between 10 and 100 mg, depending on the production rate of the desired activity. The sample was 
placed in a water-cooled sample holder on the Bremsstrahlung beam axis immediately behind the 
converter, for irradiation. 

The distribution of the Bremsstrahlung flux behind the converter was far from homogeneous. In 
order to monitor the flux under such conditions, accurately weighed discs of copper, O-lmm thick, 
were placed on the front and back of each sample and irradiated together with the sample. The “Cu 
activities produced by the ‘Wu(y,n)WZu reaction were used for comparison. A mean specliic activity 
was used for determining the dose rate of Bremsstrahhmg to which the sample was exposed. The 
experimental results showed that the vertical spread of flux did not have a pronounced effect on the 
results, if the samples were limited to dimensions of the size given, and that the flux gradient along 
the length of the sample was less than 5%, even in the case of a sample of high atomic number. A 
typical irradiation was complete in 30-60 min. 

Radioactivity measurement 

The counting equipment consisted of a lithium-drifted germanium detector with a sensitive volume 
of 24 mi. ORTEC Model 8001-30. and its associated electronics, couuled to a TMC 1024-channel 
pulse-height analyser. 
of ‘*‘Cs. 

The count&g system had a resolution of 4keV for the 661.6 keV gamma-line 
Energy calibration and photopeak counting efficiences were determined by counting a series 
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of calibrated sources of known activities. The sample and copper monitor to be measured were 
separately sandwiched between lo-mm thick Lucite plates to absorb positrons from any positron 
emitters, and they were counted at a fized position, 20 mm in most cases, from the active surface of the 
detector. Because of the high resolving power of the detector, no chemical separations were required 
for the present purposes, unless otherwise noted. 

Nuclides were identified from a knowledge of the target nuclide, the gamma-ray spectra, decay 
data, data listed in the Table of Isotopes,” and current literature data. The initial decay rates of the 
various products were determined from decay curve analyses of the specified gamma-ray photopeak 
areas and normalizations were applied to them for the dose rate and sample weight. 

The yield values ware computed from the activity data by using the detection efficiency and the 
decay scheme parameters from the literature” for each nuclide. A yield was defined as the production 
rate of a nuclide due to a certain photonuclear reaction, in disintegrations@c at the end of irradiation 
of one mole of a parent nucleus. This was converted into the corresponding saturation rate and 
expressed relative to that of the 66Cu(y,n)6PCu process which occurred in the copper discs used for flux 
monitoring. In obtaining the yield data for 30-MeV Bremsstrahling, a dose rate was determined by 
using the yield value of 28 x 106~moie~roeutgen for the ‘%!u(y,n)*%r reaction reported by Katz 
et al.,1P and a yield was expressed in the form of dps/mole/R. In a typical operating condition at 30 
MeV a dose rate of 4.41 x 10’ R/min was obtained at the sample position. 

RESULTS AND DISCUSSION 

Experimental sensitivity 

Of the many product m&ides identified in this work, some 13 n&ides were 
selected for the sensitivity evaluations at two different Bremsstrahhmg maximum 
energies, 30 and 60 MeV. The elements chosen for the sensitivity determinations 
were those having nuclear properties unfavourabfe for thermal-neutron activation 
analysis or those proved to be highly activated when irradiated with 20-MeV 
Bremsstrahhmg2 

Table I lists the results. In Table I, all activity data have been expressed in counts/ 
minfmg of the element at the end of 1 hr irradiation at each Bremsstrahlung maximum 

TABLE I.-EXPE~M~NTAL SENS~X-I~~~IES FOR PHOMN ACTNA-~~ON ANALYSIS WITH 30 AND 
60 MeV BRE~~AHLUN~ 

Element Reaction 

F 
Si 
Ti 
Fe 
Ga 
Sr 
Zr 
Nb 
Sn 
cs 
Pr 

‘%(y,n)“C 
l*O(~,n)lsO 
19F(y,n)‘*F 

Half-life 
of 

product 

20.3 min 
2.0 min 

110 min 
656 min 
3.09 hr 
8.9 min 

68 min 
2.83 hr 
4.18 min 

10.16 d 
40 min 
6.5 d 
3.4 min 

30 MeV 60 MeV 
y-ray 

energy, Photopeak Limit of Photopeak Limit of 

MeV activity,? detection, activity, t detection 
cpmlmg rg cpmlmg pg 

0511+ 444 x 106 0.23 2.71 x 10s 0.037 
0.511* 7.78 x lo6 0.13 5.32 x lo6 O-019 
0.511* 2.94 x lo6 0.034 643 x 106 0.016 
1.28 3.68 x 10” 27 1.10 x 10” 9-l 
o-511+ 2.07 x 10” 0.48 6.31 x 10’ 0.16 
0.511* 676 x IO4 15 2.02 x 106 0.49 
o-511* 1.80 x 10” 0.0056 2.45 x 10’ 0.0041 
0.388 4.95 x lo6 0.020 8.19 x 106 0.012 
O-588 531 x 10s o-19 1.21 x 10” @OS3 
o-934 1.51 x IO8 6.6 2.75 x lo8 3.6 
0.160 4.86 x lo6 0.21 7.09 x IO6 0.14 
@668 1.14 x 104 0.88 1.73 x IO’ 0.58 
o-511* 2.60 x 106 O-039 4.31 x IO* O-023 

* Annihilation y-rays. 
t At the end of 1-hr irradiation with a standard dose rate of Bremsstrahhmg photons. With this dose 
rate, 2.4 ,t&i of %u or 60.1 &i of %u are produced in 1 mg of Cu at 30 MeV, or 4-7 &i of %u 
per mg 0.1 at 60 MeV. 
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energy, when a standard amount of Bremsstrahlung photons had passed through the 
sample. With this dose rate, 2.4 ,uCi of 64Cu were produced in 1 mg of copper with 
30-MeV Bremsstrahhmg, or 4.7 &i with 60-MeV Bremsstrahlung. 

The limit of detection was then calculated on the basis of minimum detectable 
photopeak area. The limit was assumed, depending on the half-life of the product in 
question, to be the quantity of the element needed to give either lOO(t,,, < 1 hr) or 10 
(tllz > 1 hr) cpm under the present experimental conditions. Sensitivities for light 
elements can be improved significantly by Bremsstrahlung irradiation with higher 
maximum energies. With our accelerator, most of the elements listed here can be 
detected in amounts well below 1 lug with 30-MeV Bremsstrahlung and these amounts 
are generally reduced by one-half with 60-MeV Bremsstrahlung. In practical analysis 
using non-destructive methods, however, these amounts should be altered, owing to 
difficulties in resolution of the complex spectra. 

The yield as a fwction of atomic number 

For most nuclei, an excitation energy of 30 MeV is sufficient to cause the emission 
of one or two particles, and, especially for heavy nuclei, of three particles. In this 
work, the yields for 138 different photonuclear reactions could be measured separately 
in 52 elements from carbon up to lead with 30-MeV Bremsstrahlung. These totalled 
69(y,n), 31(y,p), 18(y,2n), 13(y,pn), 4(y,a) and 3(y,3n) reactions. Several of the 
(y,y’) reaction products were also measured but are excluded from the present compila- 
tion because of their low production rates. The individual yield was plotted against 
the atomic number (2) of the target element as shown in Fig. 1. The yield values for 
the (y,n) reactions lie in the range lob-lOs/mole/R, and increase regularly with atomic 
number. The (y,2n) yield values become important at around chromium and, rising 
rapidly with increasing atomic number, reach about 10 y0 of those of the (r,n) reac- 
tions with high-Z nuclei. The (y,3n) reactions were only measured for the elements of 
high atomic numbers. For low-2 nuclides, the (r,n) and (y,p) yields are of the same 
order of magnitude. With increasing Z, however, the (y,p) yield drops rapidly since 
proton emission is more and more hindered by the Coulomb barrier, It is seen that 
the 0,~) yield curve levels off at a roughly constant value for elements with atomic 
number greater than 50. The presence of direct effects in the photoproton emission 
from heavier nuclei will be responsible for this behaviour as has been suggested by 
several workers.13si4 The shape of the curve for the (y,pn) reactions is very similar to 
that for the (y,p) reactions, which shows an initial rise, reaches a maximum and then 
drops rapidly with increasing atomic number, with tailing around Z = 60. 

For light elements both (r,n) and (7,~) reactions can be used for analytical pur- 
poses, whereas for heavier elements the (y,n) reaction is the most widely used. Other 
types of reactions are generally of little practical use and are mainly considered only 
in interference studies. 

Isotopic yield ratio 

The cross-section for photoneutron emission from a neutron-excess isotope is ex- 
pected to be large, and vice versa for photoproton emission. From the yield data 
obtained with 30-MeV Bremsstrahlung, several examples of this sort were selected 
and are listed in Table II. For the (r,n) processes in antimony isotopes, the total 
cross-section for the formation of the excited state of 121Sb is shared between two 
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FIG. I.-The yields of photonuclear reactions as a function of atomic number with 
30-MeV Bremsstrahhmg. *-The yields of metastable isomers, t-The yields for the 

reactions on target nuclides with “magic”neutron or proton numbers. 

TABLE II.-THE YIELD RA~OS OF SEVERAL 

ISOTOPIC PAIRS WITH 30 MVe BR~M~~~~~HLIJNG 

Reaction 
pathway 

Isotopic 
pair 

Yield 
ratio 

Cu(r,n) 
Zn(r,n) 
Gdyd 
Se(r,n) 
SW,4 

Ce(y,d 
JWy,n) 
Wr,p) 
‘WY@ 
Wy.p) 
Wy,p) 
Mo(y,p) 
WY ,p) 

16GepGe 
We/Te 
l=“Sb/l=‘Sb/“oSb 
(16 min) (5.8 d) 
l*eCe/l*lCe 
I,syb,lWyb 

ssAl/ggAl 
%c~%c~‘Bc 
rsGa/r’Ga 
‘aA~I’7A~ 
vb/*Wb/Wb 
lssTa/l*sTa 

1.72 
1.62 
1.71 
2.12 
1/0~89/@041 

1.45 
1.13 
1.30 
l/0.67/0.39 
1.52 
1.23 
l/0*74/0*57 
146 

different ‘%b isotopes, 16-min T3b(l+) and 5.8-d ?3b(8-). The yield of the 5-8-d 
isotope was determined to be 4 % of that of the ldmin isotope as a result of the small 
probability of formation, owing to the large spin change. 



520 TOYOAKI KATO and YOSHINAGA OKA 

AS seen in Fig. 1, anomalously small yield values were obtained for the reactions on 
parent nuclides with “magic” neutron or proton numbers. These are the (y,n) re- 
actions on 160(Z = 8), 52Cr(N = 28), b4Fe(N = 28), ssNi(Z = 28), 8gY(N = SO), 
‘OZr(N = 50), lamSn(Z = 50), 141Pr(N = 82), 144Sm(iV = 82) and 204Pb(Z = 82), 
the (y,2n) reactions on 64Fe, 5sNi, 8sY, sOZr, 141Pr and l%rn, and the (y,p) reactions 
on 43*44Ca (Z = 20), the (y,pn) reactions on 54Fe, b8*60Ni and 8gY, and the (y,or) 
reaction on slV(N = 28). 

Isomeric yield ratio 

As seen in Fig. 1, the yields of metastable state isomers are low in general. The 
yield ratios of several isomeric pairs determined with 30-MeV Bremsstrahlung are 
given in Table III together with their spins and half-lives. The yield ratios favour 

TABLE III.-THE YIELD RATIOS OF SEVERAL ISOMEIUC PAIRS WITH 30 MeV BREMSSTRAHLUNG 

Parent 

Target Spin 
nucleus 

Reaction 
Residual Yield 

ratio 
Ground state Metastable state Y, 

Spin Half-life spin Half-life Cy, + Y,) 

7/2- 
5/2- 
Of 
1/2- 
0+ 
0+ 
o+ 
1/2- 
0+ 
0+ 

‘SC 
s4Rb 
8DZr 
lWA 

g 
r Wd 
IQ’Pt 
la’Hg 
87Y 
=Nb 
6aMn 

2+ 

&+ 
1+ 
1/2+ 
l/2- 
1/2- 
l/2- 
9/2+ 
6+ 

3.92 hr 6f 2.44 d 0.173 
33.0 d 6+ 20 min 0.147 
78.4 hr 1/2- 4.18 min 0.381 
24 min 6+ 8.4 d 0.042 
53.5 hr 11/2- 43 d 0.213 
18 hr 13/2+ 80 min 0.166 
65 hr 13/2+ 24 hr 0.089 
80 hr 9/2+ 14 hr 0.304 
35 d 1/2- 90 hr 0.430 

5.7 d 2+ 21 min 9.79 

those isomers having spin closer to that of the target nucleus, although the results for 
ssZr and sSNb isomers are exceptions. Similar results have been reported earlier.lsJ6 
Dependences of excitation energy on the isomeric yield ratios were not significant 
over the energy range investigated (see Fig. 3). 

The yield as a function of excitation energy 

Reactions of the type (y,xn). For most of the medium and heavy weight nuclei, 
the energy range of 30-MeV bremsstrahlung covers a substantial part of the excitation 
function of the (r,n) reaction, and hence the yield reaches an almost constant value 
beyond 30 MeV. Typical yield curves for the (r,n) reactions are given in Fig. 2. The 
yield curve for the 12C(y,n)11C reaction (-Q = 18.72 MeV), however, rises at 60 
MeV to a value three times higher than that at 30 MeV. 

The yield of a reaction with the emission of more than one neutron appears to be 
strongly energy-dependent. Several yield curves for the types (r,Zn), (y,3n) and (y,4n) 
are shown in Fig. 3. The relative yields of forming each nuclide by the (r,xn) reac- 
tions appear likely to show almost an order of magnitude decrease with each unit 
increasing in x. Figure 4 gives the relative yields for the (r,xn) reactions on ssY and 
16eTm. 
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FIG. 2.-The yield curwx for several (y,n) reactions, 
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FIG. 3.-The yield curves for several 0,210, @,31x) and (y,4n) reactions. 
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~eacti~~~ of the type (y,pxn), The yield curves for the (y,p) reactions on QdCa, 
WMo and ls2Sm are shown in Fig, 5. Over the energy range investigated, the yield 
increases gradually with inhering energy. The ~nt~bu~ou of the direct ~hotoFroton 
emission mechanism will become more inpo~nt at high energies2 theory causing the 
enhancement of the yield values. The enhancement of the yield values is more signi- 
ficant for the &,pu), &,p2n) and @,p3n) reactions as shown in Fig. 6. For the produc- 
tion of reactions of such types, the quasi-deuteron effect plays an impo~nt role, 
deluding on the atomic number of the reacting nucleus and on the incident photon 
energy.17 At high energies this process can be responsible for the increase in the 
yield values. 

Other compkx reaction. Other reactions with the emission of more particles are 
subst~~a~ forbidden from rna~-~eshold cousider~tio~s for most of the light 
nucfei in the energy range covered in this experiment, but in some heavy nuclei they 
can still occur. 

When iodine activities were ~e~c~ly separated from au irradiated eaesium sample, 
the l=I activity formed by the (y,2pSn) reaction on l%k f-Q = 554 MeV) was 
measured together with the 1811 and iso1 activities. The yields of these reactions are 
given as a function of B~msstrahl~g maxium energy in Fig. 7. The reaction paths 
other than @,2p5n) would also occur simultaneously; the reactions fr,rx3n) (-Q = 
27.1 MeV), (y,dt2n) (-Q = 44.7 h&V), (y,%Ieltn) (--Q = 47.7 MeV), ~~,2d3n) 
C-Q = Sl*O MeV) and ~~~~4n) f--Q = 53.2 MeV), 

Although the yield values for such types of reactions are very smalf, a difEcuIt 
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FIG. K-The yield curves for several (y,p) reactions. 
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FIG. 6.-The yield curves for several (r,pn), (y,p2n) and (y.p3n) reactions. 
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FIG. 7.-The yield of the r*8Cs(y,2pxn) reactions as a function of Bremsstrahlung maxi- 
mum energy. 

interference problem will occur when these reactions produce a nuclide identical to 
that in the activation analysis. 

CONCLUSION 

Although considerable effort has been devoted to photon-activation analysis for 
traces of light elements, it appears to be quite promising to apply this method to the 
determination of many other elements at trace levels. Under the present experimental 
conditions with our accelerator, sensitivities well below 1 ,ug were obtained for many 
elements. These sensitivities would be improved with an accelerator giving Brems- 
strahlung of a much higher dose rate, and with better counting efficiencies. The 
amount of activation is very dependent on electron energy, and the (y,2n) reactions, 
besides the (r,n) and (y,p) reactions, become useful in analysis. The interference 
problem, however, becomes serious under such conditions, but the yield data for 
various photonuclear reactions which occur simultaneously at a given electron energy 
should serve as a useful guide. The combination of anefficient chemical separation and 
solid-state detection technique will also improve sensitivity, accuracy and versatility 
in the determination of the heavier elements in photon activation analysis. 

Acknowledgment-The authors express their appreciation to members of the Institute of Nuclear 
Science, Tohoku University, for their very fine service with the irradiations. 

Znsannnenfassung-Experimentelle Reaktionsausbeuten wurden ftlr 
verschiedene Typen von Kern-Photoreaktionen ermittelt. Sie wurden 
in 52 Elementen durch Bestrahlung mit Bremsstrahlung (Maximal- 
energien xwischen 30 und 72 MeV) ausgelijst und die entstandenen 
Aktivitlten mit einem Lithium-gedrifteten Germaniumdetektor 
nachgewiesen. Aus den Ergebnissen wurden Empflndlichkeiten der 
Photoaktivierungsanalyse berechnet; die Reaktionsfiihigkeit von 
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hochenereetischen Photonen mit Kernen in einem weiten Bereich von 
Ordnung&hlen wird diskutiert. Einige kemchemische ~berlegungen, 
etwa die relative Wa~he~i~hkeit der Bildung eines bestimmten 
Produkts als Folge der 0, xnyp)-Reaktionen, werden ebenfalls 
mitgeteilt. 
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R&un&-Gn a determine les rendements de reaction experimentaux 
pour divers types de reactions photonucleaires, induites darn 52 
eiements au moyen d’irradiation “Brem~tm~ung” aver energies 
maximales allant de 30 a 72 MeV, et detection des activites r&sultantes 
par un deteoteur au germanium modifi6 au lithium. Des r&&ats 
obtenus, on a &lue les sensibilit&s en analyse par activation de 
photons et l’on discute de la reactivite des photons de haute energie avee 
les noyaux dans tm large domaine de nombres atomiques. On pr&ente 
aussi quelques considerations nucleaires en analyse par activation de 
photons, comprenant la probabilite relative de formation de chaque 
produit comme rtSsultat des reactions (7, xnyp). 
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(Received 14 June 1971. Accepted 29 August 1971) 

S--Microgram quantities of iron, cobalt, copper, zinc and 
cadmium are extracted with various aqueous, organic and mixed 
solvents from chlorides of sodium, potassium, nickel, cadmium, 
barium and lead prepared by evaporation of aqueous sampfe solutions. 
An ultrasonic field accelerates the extraction, and satisfactory trace 
recoveries and separation factors are achieved in several systems with- 
in a reasonable time. The application to a polarographic determina- 
tion and a two-stage separation technique are also described. 

VARIOUS methods of separation have been applied to the preconcentration of trace 
elements from matrix elements before the trace dete~ination, to make the sensitivity, 
precision and accuracy better than those which direct determination would a4Geve.l.s 
The most commonly used methods include volatilization, liquid-liquid extraction, 
precipitation, eI~trode~si~ou and ion-exchange. Solid-liq~d extraction of trace 
elements from solids, with appropriate solvents, can also be employed for the same 
purpose, but very few applications have been made to date. Rynasiewicz et al? 
extracted traces of boron from solid sodium chloride with 95% ethanol for the 
photome~c dete~ina~on of boron in sodium metal. Morrison and Ruppp em- 
ployed the solid-liquid extraction of traces of boron from crystalline silicic acid with 
water, as a preconcentration technique in the emission spectrographic determination 
of boron at the parts per mihiard level (ppM) in silicon. The same pr~on~ntratio~ 
technique was also applied to the determination by the isotope-dilution method with 
a mass spectrometer.6 In this laboratory, the extraction of nanogram or microgram 
quantities of iron, cobalt, copper and zinc from solid basic bismuth nitrate with 
0.07N phosphoric acid41234 hydrochloric acid or water was studied and applied 
in the square-wave polarographic or the emission spectrographic determination of 
these impurity elements in high-purity bismuth and reagent-grade bismuth nitrate 
pentahydrate.” Because very little information has hitherto been available on this 
subject, more work should be done to evaluate solid-liquid extraction as a precon- 
centration technique in trace element analysis in the light of criteria such as trace 
recoveries, separation factors,* cont~ination hazards, simplicity, rapidity and cost. 
The present paper reports the extraction of microgram quantities of impurity elements. 
from several solid metal chlorides, with various solvents. 

* The separation factor S for a matrix efement M with respect to a desired trace eIement T is. 
deBned as follows: 

~5’ = (QulQd/~Q~~lQr~) 

where Qeo = the quantity of 7’ in the sample; Qua = the quantity of M in the sample; 
Q,= the quantity of T after the separation; Q, = the quantity of M after the separation, 
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EXPERIMENTAL 

A Fujitsu NaIfTI) well-type scintillation counter (44 x 50 mm). A Yanaco PF-501 polarograpb. 
A Hirama model VI spectropbotometer with matched 20-mm cells. A Kaijo Denki model 4335 
ultrasonic generator (29 kHz, X50 W). 

Reagents 

Tracer solutions. HydrocbIoric acid solutions (@l ~)~ntai~~g I p&ml of c*Fe-labelfed Fe(III), 
60Co-labeiled Co(H), %u-labelled Cu(II), @6Zn-labelled Z&II), l~~Ag-labelied A@) and 10 pgiml 
of 115Cd-labelled CdlIIl . 

Matrix ~~~~t~o~.’ %aCJ, KCl, NiCl*.6H~~, Cd~I~-2*5~~0, BaCl,.2H80 and Pb(NO& dissolved 
in water (0.1 or 02 g of the matrix metal efements per m1). 

Water was purbied by distillation and ion-exchange. 
and were used witbout further pnrification. 

All the reagents used were of reagent grade 

Place 5 or 10 ml of matrix solution {con~jng 1 g of tbe matrix element) and 1 ml of tracer 
solution in a SO-ml beaker. In case of the lead matrix, add 4 ml of 12~bydr~~oric acid. Evaporate 
the solution to dryness on a water-bath and then on an electric hot-plate at ca. 130°, rotating the 
beaker rapidly to prevent loss by spattering. Add 2 ml of water, stir, and evaporate again to dryness 
as described above. Cool to room tern~rat~~ and t~t~te the residue with a glass rod. Transfer 
tbe triturate to a SO-ml gl~s-stop~red ~lenmeyer flask, Rinse the beaker with 201111 (or 40ml 
for the cadmium matrix) of a solvent, and add tbe washings to the flask. Fasten the stopper, suspend 
the flask by a string in a 3%litre tank containing water and a transducer* and apply uitrasonics for 
30 min (or 5 min for the lead matrix) to effect vigorous stirring. Transfer the contents of the flask 
quantitatively to a SO-ml rood-~ttorn~ centrifuge tube, and centrifuge for 3 min (or 6 min for 
the cadmium matrix) at 4000 rpm. Transfer tbe supernatant liquid into a second 50-x& beaker. 
IRinse the flask with 5 ml (or 10 ml for the cadmium matrix} of the solvent* and add the washings to 
the centrifuge tube. Immerse the tube in the tank, and apply ultrasonics for 30 set while stirring 
with a glass rod. Centrifuge for 3 min (or 6 min for the akin matrix). Transfer the supematant 
liquid to the beaker containing the first extract. If the combined liquid is turbid, Bter it through a 
Millipore fiber (Polyvic BS, mean pore size 2*0 pm, diam. 25 mm) or a glass fibre filter (Toy0 Rosbi, 
diam. 25 mm; for solvents containing acetone). Dilute the liquid to 25 ml (or 50 ml for the cadmium 
matrix) with the solvent in a volumetric flask, and measure the ~a-a~~ty of a Z-ml aiiquot to 
obtain the trace recovery. 

Determine the matrix element dissolved in the solvent by the following methods after evaporation 
of the solvent; gravbnetry for sodium, potassium and lead, polarograpby for lead and cadmium, 
EDTA titration for cadmium and barium, and spectrophoto~t~ for nickel. 

RESULTS 

Typical results are shown in Fig, 1. The appli~tion of a sound field accelerates 
the extraction of trace elements as well as dissolution of the matrix element, and the 
apparent equilibrium is achieved in about 30 min. The solvent is saturated with 
the matrix element before the trace recoveries reach their maxima. The same results 
were also obtained in the extractions of zinc from sodium chloride and barium 
chloride with a i : f n-butanol-12M hydrochloric acid mixture and from cadmium 
chloride with a 999 : 1 acetone-1ZM hydrochloric acid mixture. However, the extrac- 
tion of iron and zinc from lead chloride with a 999 : 1 etbanol42M hydrochloric acid 
mixture was completed within 5 min. 

Table I lists the change in particle size during the extraction in a sound field. 
Without a sound field, much larger particles remained after the extraction. Although 
pulverization by ultrasonics is very effective, a preliminary crushing with a glass rod 
is essential to obtain a suflkientiy small particle size after the extraction for a perfect 
trace recovery, especially in the extraction from sodium chloride, as shown in Table II. 
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FIG. I.-Extraction of cobalt and zinc from nickel chloride. 1 g of Ni + 1 ,~g of 
labelled Co or Zn; 25 ml of acetone-12M HCl (99:l). 0 with sound field 0 with 

mechanical stirring. 

TABLE I.--PULVERIZATION OF SOLIDS DURING EXTRACIION IN A SOUND FIELD 

Matrix element 

(1 g> Solvent 

Particle size,* pm, after extraction for 

0 min 3 min 10min 30min 

Na n-butanoC12M HCl 40-150 40-100 20-60 lo-20 
(1: 1). 25 ml 

Ni acetone-l 2M HCl - -20 -5 -1 
(99: l), 25 ml 

Cd acetone-12M HCl 100-200 6OOt 40-100 -2 
(999 : I), 50 ml 

Ba n-butanol-12M HCl 30-150 -60 -10 -2 
(1: l), 25 ml 

* Microscopic measurement. 
t Increase due to swelling. 

TABLE II.-EFFECT OF PARTICLE SIZE OF SODIUM CHLORIDE ON ZINC RECOVERY 

Size distribution of NaCl before extraction, % w/w 

Crushing with 
a glass rod 

<60 60-100 100-150 150-200 >200 @SZn recovered, 
mesh mesh mesh mesh mesh % 

Rough 27, 34 23,17 12, I6 17,18 21,15 SO,69 
Extensive 593 16,13 22,25 25, 19 32, 40 96,98 

Conditions: 1 g of Na + 1 ,ug of labelled Zn; 25 ml of n-butanol-12M HCl(1: 1); 30 mm extraction. 

These large particles are generally agglomerates of crystals, but a minor agglomeration 
occurs in the case of lead chloride crystals (60400 pm in size), which remain nearly 
unchanged during the extraction. 

Extraction by the standard procedure 

Table III summarizes the solid-liquid extraction of trace elements from several 
metal chlorides with various solvents by the standard procedure described previously, 
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which was established on the basis of the experimental results above. Trace recovery 
is always quite reproducible at greater than 90% yields. Neghgible amounts of 
nitrate and free acids were found in solid lead chloride prepared by the standard 
procedure. Loss of trace elements due to adsorption or adhesion on the walls of 
the S-ml beaker used for evaporation of sample sohrtions was always less than 1%. 
Fifty ml of solvent was employed for the cadmium matrix, because cadmium chloride 
swells in acetone and acetylaeetone, forming voluminous addition compounds, 
which makes the extraction difficult with only 25 ml of solvent. Filtration of the 
extracts was necessary in the extractions from lead chloride with water, and from 
barium chloride with solvents containing n-butanol (sometime with solvents eon- 
taining acetone). 

Effect of matrix quantity on the extraction 

Table IV shows that trace recoveries decrease with increase of the quantity of 
matrix elements in extractions with a fixed amount of solvent. Because stirring due 

TABLE ~.---EpFECT OF QUm OF MATRIX ELRMEm ON TRACE RECOVERY 

Trace recovery, % 

Matrix element 
taken, g 

Trace element With sound field and 
added (1 ,@ With sound fiefd mechanical stirring 

K 1 Fe 
2 Fe 
3 Fe 
5 Fe 

Ba 1 Zn 
2 ZIY 
: Zn 

ZB 

PS, 97 

2 
9*4So 

81: 85 

z: 

96 

97 83 
- 

94 

Solvent 25 ml of n-butanof42iMHCl (9: I) for K, 25 ml of n-butanoi-12&f HCI 
(1: 1) for Ba; 30 min extraction. 

to a sound field was insufficient when larger quantities of solids were used, mechanical 
stirring was used simul~n~us~y. Nevertheless, trace recoveries were poor for more 
than 3 g of matrix elements. 

Repeated extractions 

Extraction of traces of cobalt from nickel chloride with a 99:I. acetone-12M 
hydrochloric acid mixture was incompjtete (Fig, 1 and Table III). Therefore, repeated 
extractions with portions of fresh solvent were carried out, with the results given in 
Table V. The cobalt recovery is dire&y prop~~ona1 to the amount of nickel dis- 
solved, up to the 5th extraction, and nearly perfect recovery is attained by the use of 
about 50 ml of the sofvent. 

E$ct of water in organic soivents on the extraction 

Organic solvents such as ethanol and acetone usually contain small amounts of 
water, and also absorb water from air, For example, in this study the ethanol con- 
tained @2 % w/w of water and absorbed about @3 % w/w of water during the ex- 
traction procedure, and the acetone contained 0.5 % w/w of water (Karl Fischer 
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TAELB V.-&Pk?ATlB EXTRACTIONS OF COBALT FROM NICKEL CHL5RIDE* 
WITH A 99:i ACETONEd2M HYDROCHLORIC ACID hilXTURE 

No. of Volume of s0Co recovered, Ni dissolved in 
extraction? solvent, ml % solvent, nlg 

533 

: 20 10 42 24 0.47 @23 
3 5 
4 5 1: 

0.11 
0.12 

2 5 5 1: 0.10 0.12 
7 5 I 0.09 

Total 55 97 1.24 

+ 1 g of Ni + 1 pg of labelled Co. 
t 20 min each. 

%kEtLE VI.-EFFECX OF WATER IN SOLVENT ON RXTRACMON OF ZINC 

Matrix 
element* 

Cd, 1 g 

I’b, 1 g 

Solvent 

acetone-12M HCl 
(999 : I), 50 ml 

ethanol-l Z&f HCl 
(999: l), 25 ml 

Water in organic 
solvent, % w/w 

0.5 
1.5 
5.5 
0.2 
0.7 
1.2 
5.2 

6SZn recovered, 
% 

;: 

96 
98 

100 
98 

100 

Matrix element 
dissolved in 
solvent, mg 

10 
1.5 
38 

@059,@072 
PO61 
0.057 
0.10 

* 1 ,ug of labelied Zn added. 

determination). Table VI shows the effect of water in organic solvents on the ei- 
traction of zinc. 

DISCUSSION 

In Fig. 2 are plotted the curves for recovery of a particular trace element as a 
function of the quantity of matrix element dissolved, from the data given in Table III. 
In each case, the points obviously fell on one universal curve irrespective of the sol- 
vents used. Also, the curves resemble each other for iron, cobalt, copper and zinc 
in any matrix except for nickel. 

The results shown in Fig. 2 and Tables IV and V suggest that the following 
inequality must be satisfied for nearly perfect trace recoveries within 30 min of 
extraction : 

Am~m > k (9 

where Am is the quantity of the matrix element dissolved in the solvent, m the totd 
amount of the matrix element, and k a constant inde~ndent of the quantity of the 
matrix element and the kind and quantity of the solvent, provided that the state of 
the solid phase is invariant. 

We infer the following mechanism for the present solid-liquid extraction systems 
from the experimental results described previously. After evaporation of the sample 
solution, trace elements are present on the surfaces of crystals (or their agglomerates) 
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K I(1 
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0 

Matrix element dissolved in solvent. mg 

FIG. 2.--Relationship between quantity of matrix element dissolved in solvent and 
trace recovery. 

Fe (-), Co (- -), Cu (--- - -), Zn (- - -1, 1 lug added; 25 ml of solvent, except for 
Cd (50 ml); 30 min extraction, except for Pb (5 min). 

of pure chlorides of the matrix element (anhydrous, for sodium, potassium and lead; 
hydrated, for nickel, cadmium and barium), or in the interstitial space in the ag- 
glomerates. During the extraction in a sound field, the agglomerates are pulverized, 
and the trace elements are brought into good contact with the solvent and dissolved 
together with part of the matrix. 

Extremely low recoveries of silver are presumably due to its adsorption on the 
solid phase during the evaporation or the extraction step. The adsorption during 
the latter step was proved by a separate adsorption experiment, in which about 80% 
of silver was adsorbed on solid lead chloride from a mixed solution of 1 ml of tracer 
solution FlornAg) and 24 ml of a 999: 1 ethanol-12M hydrochloric acid mixture 
within 10 min of ultrasonic irradiation. Similarly, adsorption of copper on barium 
chloride from acetone and of iron on lead chloride from ethanol was observed. 
Therefore, low recoveries of iron and copper in the extraction with pure organic 
solvents or water might be partly ascribed to adsorption on the solid phase. Forma- 
tion of mixed crystals of matrix and trace elements during the evaporation and re- 
c~stallization during the extraction appear to be negligible in the present extraction 
systems. To explain the discrepancies among curves in Fig. 2, especially for nickel 
chloride, more detailed investigations on the formation of the solid phase, adsorption 
ghenomena, and various factors affecting the constant k would be necessary. 
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The following suggestions will be useful as a guide for designing solid-liquid 
extraction methods for trace element analysis. 

(1) Prepare larger crystals to make k smaller. 
(2) Select the solvent and its quantity so that Am[m is a little larger than k. Also, 

consider adsorption of trace elements on the solid phase and ease in stripping 
for the subsequent determination or separation step. 

(3) Apply ultrasonics during the extraction. 
(4) If the separation factors for matrix elements with respect to desired trace elements 

are insufficient, use the two-stage separation technique described later. 

At present, it is difficult to evaluate fully solid-liquid extraction as a precon- 
centration technique in trace element analysis. However, by choosing favourable 
solid phases, solvents and manipulations, quite satisfactory trace recoveries and 
separation factors may be easily obtained by this technique. Precipitation of 1 g of 
barium or lead as chloride from 25 ml of aqueous sample solution is also applicable 
to the pr~on~ntration of impurity elements such as zinc at the microgram level. 
After the precipitation, 95-97x of zinc remains in the supernatant solution with 
2 mg of barium or 40 mg of lead. These results are inferior to those obtained by the 
present technique (see Table III). 

APPLICATIONS 

Determination of impurities in iead 

The proposed pr~on~n~ation tec~ique was su~ssfully applied in the square- 
wave polarographic determination of ppM levels of zinc and cadmium in ~~-p~ty 
lead and reagent-grade lead nitrate. 

Recommendedprocedure. Transfer 2.5 g of lead to a 50-ml beaker, add 15 ml of 7M nitric acid, 
cover with a watch-glass, and heat gently to dissolve. Evaporate the solution to dryness, and then 
dissolve the residue in 15 ml of water. (For lead nitrate, dissolve 4 g of sample in 15 ml of water.) 
Dilute the solution to 25 ml with water in a volumetric flask. Place a 5- or IO-ml ahquot in another 
50-mi beaker and add 4 ml of 12M hydr~hloric acid. Evaporate the solution to dryness, and extract 
zinc and cadmium from the residue with a 999 : 1 ethanol-1 2M hydrochloric acid mixture, as described 
under Standardprocedure, Filter the extract through a Millipore filter, and evaporate to near dryness 
in a SO-ml fused silica beaker on a water-bath. Add 1 ml of 60% perchloric acid, and evaporate to 
dryness. Dissoive the residue in 1 ml of 5Ii4 phosphoric acid, and dilute to 5 ml with water. Transfer 
the solution to a polarographic cell, deaerate with nitrogen for 5 min, and record the square-wave 
polarogram from -0,S to - 1.5 V us. the mercury pooi. 

The calibration curve was linear up to at least 2 ,ug of zinc or cadmium with a 
ma~mum deviation of 0.02 pg. No interference results from the presence of 150 ,ug 
of lead(II), and 10 pg each of iron( cobalt(H), nickel(II), antimony(II1, V), 
arsenic(II1, V), tin(IV) and bismuth(III) in the dete~i~ation of 0.2 pg of zinc or 
cadmium. Analytical results are given in Table VII. The blank values for the entire 
procedure were @OS ,ug of zinc and 0.00 pg of cadmium. A determination requires 
about 2 hr. 

Two-stage separations 

According to inequality (I), the total amount of a matrix element (m) must be 
reduced to minimize the amount of it dissolving in a solvent (Am), if k is constant, 
Therefore, two-stage separation appears to be a promising means of improving the 
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TABLE VII.--~OLAROGRAPHXC DETERMrNATION OF 

IMPURITIES IN LEAD 

Sam pie 

Reagent-grade 
lead nitrate, 
4.00 g 

99999% lead metal, 
250 & 

Found, ppm 
Aliquot 
taken Zn Cd 

B 0.38 0.09 
? 0.37 0.07 
f+ 0.34 0.08 

Av. 0.36 0.08 
4 0.35 0.12 
$ 0.38 0.13 
;* 0.36 0.13 

Av. 0.36 O-13 

* 1 pg of Zn and O-1 pg of Cd added before extraction. 

separation factors for the matrix element with respect to the trace elements of interest. 
In this technique, after the first solid-liquid extraction, the solvent is stripped by 
evaporation, and then the second extraction is carried out on the residue with another 
solvent. For the selection of the solvent used in the first extraction, perfect trace 
recoveries and ease in evaporation are prime considerations. 

Procedure. Evaporate to dryness 5-10 ml of a sample solution containing 1 g of matrix element 
and 1 pg of labelled zinc, and extract zinc from the residue with 5 ml of a solvent in a test-tube 
(14 mm bore, 80 mm long, with a silicone rubber stopper) for 20 min in a sound fiefd, as described 
under ~~~ardprocgd~re. Centrifuge for 5 min, using the same test-tube. Transfer the supernatant 
liquid to another test-tube. Wash the residue in the first test-tube twice with 3 and then 2 ml of the 
solvent, with the aid of a centrifuge, and add the washings to the extract in the second test-tube. 
Evaporate the solution to dryness on a water-bath and then heat the residue in an air-oven at about 
110’ for IO min. Cool, and triturate the residue with a glass rod. Add 4 ml of another kind of solvent, 
and extract zinc from the residue for 30 min in a sound field. Centrifuge for 3 min. Transfer the 
supernatant liquid to a lo-ml volumetric flask. Add 1 ml of the second solvent to the second test-tube, 
and apply ultrasonics for 30 sec. Centrifuge, and transfer the supernatant liquid to the vohunetric 
Aask. Dilute to the mark with the second solvent, and measure the g~a-activity of a l-ml aiiquot. 
Determine the matrix element dissolved in the solvent, as described previously. 

The results are summarized in Table VIII. The separation factors were improved 
by a factor of 5-10 as compared with those obtained by the standard procedure with 

TABLE VIII.-TWO-STAGE SEPAP.A~ONS 

Matrix 
element * 

(1 B 

1st extraction 

Matrix 
element 

Sofvent dissolved, 
(IO ml) “Y? 

2nd extraction 

Matrix 
element 

Solvent @$Zn recovered, dissolved, 
(5 ml) % mg 

K 

Ni 

Cd 

ethanol-12M HCI 
(99 : 1) 
acetonel2M HCl 
(9: 1) 
ethanol-12M HCI 
(999 : 1) 

8 n-butanoLlZMHC1 
(9:l) 

1.5 acetone-12M HCI 
(99: 1) 

75 acetone-12MHQ 
(999: 1) 

97 0.8 

96 0*095 

95 0.93 

* 1 /*g of labelfed Zn added. 
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the second solvent (cf Table III). More improvement may be achieved by choosing 
more suitable conditions. 

Acknowledgement-We would like to thank Messrs. T. Kono, M. Hayashi and M. Hayakawa for 
their assistance in the experimental work. 

Zusanunenfassunl+-Mikrogrammengen Eisen, Kobalt, Kupfer, Zink 
und Cadmium werden mit verschiedenen w&igen, organischen und 
gemischten Losungsmitteln aus den Chloriden von Natrium, 
Kalium, Nickel, Cadmium, Barium und Blei extrahiert, die durch 
Eindampfen w%Briger Probenliisungen gewonnen wurden. Em 
Ultraschallfeld beschleunigt die Extraktion. In mehreren Systemen 
erreicht man in annehmbarer Zeit zufriedeustellende Trennfaktoren 
und Ausbeuten an Spurenelement. Anwendungen auf eine 
polarographische Bestimmung und ein zweistutlges Abtrennverfahren 
werden beschrieben. 

1. 

2. 

3. 
4. 
5. 
6. 

:: 

Rt%&-Gn extrait des quantit&s de l’ordre du microgramme de fer, 
cobalt, cuivre, zinc et cadmium avec divers solvants aqueux, organi- 
ques et mixtes d partir des chlorures de sodium, potassium, nickel, 
cadmium, baryum et plomb prepares par evaporation de solutions 
aqueuses d’~hantillons. Un champ ultra-sonore acc&re l’extraction, 
et l’on obtient des recuperations de traces et des facteurs de separation 
satisfaisants pour plusieurs systemes dans un temps raisonnable. 
On d&it aussi l’application ii un dosage polarographique et une tech- 
nique de separation a deux stades. 
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SELECTIVE GAS-CHROMATOGRAPHIC DETECTION 
USING AN ION-SELECTIVE ELECTRODE-II* 

SELECTIVE DETECTION OF FLUORINE COMPOUNDS 

TSUGIO KOJIMA, MITWJNOJO ICHJ.SE and YOSHWTSU SEO 
Department of Industrial Chemistry, Faculty of Engineering, 

Kyoto University, Kyoto, Japan 

(Received 7 June 1971. Accepted 17 September 1971) 

Snmmary-Components in samples are separated on a gas chromatog- 
raphy column using hydrogen as carrier gas. The individual wm- 
portents from the cohnnn are passed through a platinum tube heated 
at 1000°, where they undergo hydrogenulysis, and fluorine compounds 
are converted into hydrogen fluoride. The hydrogen tiuoride is dis- 
solved in a slow stream of an absorption solution, and the fluoride 
ion concentration in the resulting solution is monitored in a flow-ceil 
with a fluoride ion electrode. The potentiometr~ output of the cell is 
converted into a signal, which is proportional to the concentration of 
fluoride ion, by an antilogarithmic converter, and rewrded. The 
response of the detector to fluorine compounds was about 10,000 
times that to an equal quantity of other organic wmpounds, and 
5 x 1O-rt mole of fluorobenzene could be detected. 

SEPARATE components from a gas chromatographic column are generally identified 
by determining the retention value. In practice, however, identification by the 
retention value alone is difficult and the final confirmation is often possible only 
after information on the elemental composition, functional groups and structure is 
obtained by simultaneously using other analytical means. One method used for this 
purpose is to transfer the eluates of pure components from the chromatograph into 
a spectrometer (infrared, mass or nuclear magnetic resonance), which thus produces 
the spectrum of each pure component in turn. The most effective is the combination 
of gas chromatograph and mass spectrometer. 

Another method, which dispenses with expensive instruments uses the retention 
value and additional info~ation obtained from the gas chromatogram above. 
Volatile injected compounds are reacted with non-volatile reagents to form non- 
volatile products in the gas chromatographic system and a comparison of chromato- 
grams run in the presence and absence of the reagent is used to identify the kind of 
functional group or the structure of the carbon skeleton. Another method of this 
type is based on the selective detection of the compound containing a specific element 
or having a specific functional group, by means of a selective detector. 

We have searchedI+ for a method of this type which wilf give information on the 
elemental composition as well as the retention value. This is achieved by the selective 
detection of compounds containing halogens, sulphur, nitrogen and oxygen, with a 
reaction column and a selective detector. A new detection system for a gas chromato- 
graph was recently devised, using an ion-selective electrode as a detecting element.* 
This system will not only detect organic compounds selectively but also furnish 
information on the composition. 

* Part I: Bumeki Kagaku, 1971,20,20. 
539 
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It is difficult to detect fluorine compounds selectiveIy, and the only method6 
known so far is to monitor the intensity of the atomic emission spectrum of fluorine, 
using a d.c. discharge detector. The present method uses a simpler apparatus. 

Principle of the method 

EXPERIMENTAL 

The sample components are separated on a gas chromatographic cohmm using hydrogen as 
carrier gas and the effluent is passed through a platinum tube at fOOO” wbere the separated components 
undergo hydrogenolysis and the fluorine in the fluorine compound is converted into hydrogen 
fluoride. The decomposition gases are introduced into an absorption tube where solution (flowing 
at a constant rate) absorbs the hydrogen tluoride. The solution emerging from the absorption tube 
is passed into a micro-cell equipped with a fluoride ion electrode. Changes in the fluoride ion con- 
centration in the solution are detected by the co~~~nd~g changes in the ion electrode potential.‘ 
When the ionic strength is kept constant, a Nernst relationship exists between the electrode potential 
and the logarithm of the ion concentration. The difference iu potential between the ion electrode 
and a reference electrode is fed to an antilog converter circuit and a signal directly proportional to 
the ion concentration is recorded. A chromatogram composed of only the peaks due to fluorine 
compounds is obtained. 

Apparattrcs andprocedure 

A schematic diagram is shown in Fig. 1: (a) is the carrier gas source (hydrogen at a flow-rate of 
25-48 mllmin), (b) and (c) represent a Yanagimoto Model GCG-II gas chromatograph, and (d) is an 
electric furnace, 200 mm in length, for elemental analysis which was operated at 1000”. A platinum 

iquid 

FIG. l.-Schematic diagram of the apparatus. 

tube, 2 mlongand 1.5 mminside~ameter, was used as a pyroiysis tube (e); (f} is a glass absorption 
tube consisting of a gas-liquid contact area, 1 mm inside diameter and 0.15 m high, and a gas-liquid 
separation area, 13 mm inside diameter and 25 mm high. The pyrolysis tube and absorption tube 
are co~ected with 1 mm bore polyethylene tubing. Absorption solution (g) is pumped by a micro- 
pump (h) at a constant flow-rate (O-6 mlfmin) via a stream buffer (i) to the absorption tube where it 
absorbs hydrogen fluoride etc from the hydrogenolysis gases. The unabsorbed gases such as methane 
are separated, together with the carrier gas, from the absorption solution in the gas-liquid separator 
and vented from the system. The emerging absorption solution is led through a measuring cell 
equipped with a fluoride ion electrode (j) as a detecting element and is then discarded. The absorption 
sotution and the reference electrode (Q (a sleevetype saturated calomel electrode) are connected by 
means of a saturated potassium chloride solution-agar bridge. The measuring cell is shown in detail 
in Fig. 2. Since the volume of the cell is about @OS ml, the dead time is about 5.0 set when the flow 
rate of the absorption solution is 0.6 ml/min. 

The fluoride ion electrode used was an Orion Model 94-09A constructed from a single crysta1 
membrane of lanthanum 5uoride and it shows a potential E for a fluoride ion activity a,_ in the 
vicinity of the electrode, in accordance with the Nernst equation as follows: 

F = EO - 2.303 Flog a,_ (0 
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FIG. 2.---&h detaiks. 
(a) Fluoride ion electrode body; (b) silicone rubber packing; (c) polyethylene plate; 

(4 glass capillary 

If the ionic strength of the abso~tion sotution is kept constant, a negative potential proportional 
to the logarithm of the fiuoride ion ~n~nt~tion C,.. is obtained: 

E = E,’ - 0.0592 log C,_ (at 257 (2) 

The circuit for measuring the electrode potential is shown in Fig. 3, where (a) is a voltage follower 
Using a @T-2a amplifier ~~b~~/Nexus Research) as an impedance converter, (b) is an adjustable- 
coefficient inverter (Philbrick PF-85AU inversion type negative feedback coupling) as an adapter 
for (c), an antilog converter, (Philbrick/Nexus Model 4351); (df is a 1-mV recorder (Shimadxu 
R201) and (e) is the signal input. 

(a 

AE 

FIG, 3i--Circuit for ion electrode detector, 

In order to use the tluoride ion electrode in the Nernstian range, a small amount of sodium fluoride 
was added to the absorption solution to make the inanition of fluoride ion approximately IO-ah#. 
If this concentration of fluoride ion is C,, the electrode potential is 

The potential E’ when h 

E=E,‘- 0.0592 Iog C, (3) 

fluoride ion is increased by dr 
drogen fluoride is absorbed in thii soIu~on and the ~n~ntmtion of 
C is given by 

E’ = &,’ _ 0*0592 log (C, + AC) (4) 
11 
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From equations (3) and (4), the change in the potential, AE, corresponding to the change in the 
fluoride ion concentration is given by 

AE = (E’ - E) = -0*0592 log (I + $$) IS) 

In this apparatus, the potential change is recorded after antilog conversion to give an output 
signal proportional to the concentration, as in the case of an ordinary detector, the antiIog converter 
used having the following conversion characteristics: 

1 loo’%,, a= -i6* (6) 

The change in potential, AE, enters as input e fll fo the anti@ converter (f) after undergo& 
zfedz conversion in the voltage follower (u) and 1s then ampltfied A trmes m the amplmer (&). 

, 
e,, = -A.hE (7) 

The following equation is derived from equations (5), (6) and (7): 

e. = - A. 1O-o*6, A . AE 

log t--d = --I + 0~5.A.O*0592log (l + $f) 

Adjustment of the gain A in the amplifier @I in such a manner as to make the coefficient of the 
second term of the right-hand side of equation (8) unity, that is to make A = 33.78, gives the 
relationship 

and the output e. of the antilog converter begins to change in direct proportion to the change in the 
fluoride ion concentration in the absorption solution. 

RESULTS AND DISCUSSION 

Samples containing hydrocarbons, nitrogen and oxygen compounds in addition 
to fluorine compounds were prepared and the possibility of selective detection of 
fluorine compounds was investigated. 

In Fig. 4 is shown a chromatogram obtained by injecting into the column O*l- 
0.2 ~1 of sample consisting of a mixture of O*Ol mole each of ethylmercaptan, 
n-octane, 1,Zdibromoethane and 1-nitropropane and 0.1 mmole of ethyl trifluoro- 
acetate. In Fig. 4, (a) is an ordinary non-selective chromatogram obtained by passing 
the effluent component from the separation column through a hydrogen flame 
ionization detector while by-passing the hydrogenolysis tube, and the number in 
parentheses indicates the mole ratio; (b) is a chromatogram obtained by subjecting 
the same sample to hydrogenolysis absorbing the decomposition gas in the TISAB 
solution’ (a mixture of 57 ml of glacial acetic acid, 58 g of sodium chloride and O-3 g 
of sodium citrate, diluted to 2 1.) which is about 1ObM in sodium fluoride as 
mentioned above. The ethyl ~fluoroace~te is selectively detected in the measuring 
cell. 

In measurements of fluoride ion concentration with the aid of the fluoride ion 
electrode, it should be noted that the interfering OH- ions will show their effect as 
the pH of the solution rises whereas the apparent F- concentration will decrease 
owing to formation of HF or HF,- as the pH drops. The useful range of pH is 5-7 
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n-C,H,, ( I 1 

x6 

C,H,SH ( I ) 

xi (0) 

CH2BrCH2f3r ( I 1 

I i CF,COOC,H, (0.01) 

( I ; Mole ratio 

0 5 IO 

min 

FW. 4.-Chromatogam of a test mixture. 
Column-Durapak-Carbowax 4OO/Porasil C (100-120 mesh), 1 m; temperature-90”; 
carrier gas-H, 28 ml/m& (a) Non-selective detection by use of FID; (b) selective 

detection of fluotie compound by use of fluoride ion electrode detector. 

when the concentration of F- is lObM, according to Bock,g and a TISAB solution 
of pH 5 is used as an absorption solution. 

By use of the same procedure, O-1 mmole in 1 ,1,2,2-tetrachloro-1 ,Zdifluoroethane 
was detected selectively in a mixture with O-01 mole each of ethyl iodide, n-propyl 
acetate, 1 ,l ,Ztrichloroethane and ethyl thiocyanate. 

Aromatic compounds 

A chromatogram of a mixture of O-01 mole each of ethylbenzene, bromobenzene, 
benzonitrile and thioanisole and O-1 mmole of o-fluorotoluene is shown in Fig. 5. 
For further confirmation, a mixture of O-01 mole each of o-xylene, o-chlorotoluene, 
methyl benzoate, phenyl isothiocyanate and 0.1 mmole of benzotrifluoride was 
chromatographed. It was confirmed from these experiments that selective detection 
of fluorine compounds is complete. 
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Quantitative results 

The results shown in Fig. 4 and Fig. 5 indicated that fluorine compounds could 
be detected selectively, and the quantitativeness of response of the detector was next 
investigated. The results are shown in Table I. 

(b) 

I I 

0 5 IO 
min 

FIG. 5.-Chromatogram of a test mixture. 
Column temperature 128” ; see Fig. 4 for other conditions. (a) Non-selective detection 
by use of FID, (6) selective detection of fluorine compound by use of fluoride ion 

electrode detector. 

Fluorobenzene, o-fluorotoluene, and benzotrifluoride were chosen as the first 
group of compounds; a sample containing 0.01 mole each of these compounds was 
prepared, diluted lO,OOO-fold with n-hexane, and 2 ~1 were injected into a column 
(Durapak-Carbowax 4OO/Porasil C, lo@-120 mesh, 1 m, 609, and chromatographed. 
The relative size of each peak area was determined by the method of cutting out the 
recorded peaks and weighing the paper. Taking benzotrifluoride as the standard, 
the ratio of the peak area of each of two other components to the peak area of the 
standard was measured repeatedly. 1 ,1,2,2-Tetrachloro-l , I-difluoroethane, o-fluoro- 
toluene, and p-chlorofluorobenzene were chosen as the second group of compounds; 
a sample containing 0.01 mole each of these compounds and diluted lO,OOO-fold 
with n-hexane, was chromatographed as before. The same procedure as for the first 
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group was repeated with 1,1,2,2-tetrachloro-1,2-~fluoroe~ane as the standard. 
Perfluoro-compounds were chosen as the third group of compounds; a sample 
containing l/350 mole of perfluoromethylcyclohexane, l/l50 mole of perfluoro- 
benzene and l/50 mole of m-difluorobenzene was prepared and diluted 1000-fold 
with n-hexane, and 0.8 pi was chromatographed, The perfluorobenzene was used as 
the standard. 

If the hydrogenolysis reaction, the absorption of hydrogen fluoride, and the 
response of the detector to fluoride ions are quantitative, the ratio of the peak areas 
of the three components for each group should be proportional to the number of 
fluorine atoms in each molecule, The average of the experimentally determined ratio 
of peak areas is close to the theore~cal value. It is thus shown that ftuorine bonded 
to an aromatic nucleus (which has been said to be particularly resistant to quantitative 
decomposition), pertluoro-compounds of the third group, and compounds containing 
other halogens in addition to fluorine can be deter~ned quantitatively. 

As mentioned previously, a propo~ionality to the fluoride ion concentration in 
the absorption solution should exist in the present apparatus in the range where the 
ionic strength of the absorption solution is constant. To confirm this, experiments 
were carried out with fluoro~nzene as a sample. 

The output e, of the antilog converter is confined to the range from 0 to -10 V. 
Therefore, supposing the concentration of the fluoride ion added to the absorption 
solution is IBM, the permissible range of the fluoride ion concentration in the 
absorption solution becomes 10-S-lOSM from equation (9). The ionic strength p of 
the absorption solution is O-820, and this changes merely to 0,821 when the fluoride 
ion concentration reaches lW_4& upon absorption of hydrogen fluoride. As a 
consequence, the changes in the activity coefficient of the fluoride ion may be ignored. 
Moreover, the changes in the pH are negligible. Therefore, if the amount of sample 
is adjusted so that the fluoride ion concentration falls within the range lo”-lO-sM, 
there should exist a linear relationship between the amount of sample injected and 
the peak area. Accordingly, solutions of fluorubenzene in n-hexane with a concentra- 
tion of 04001-0~05M were prepared, 2 ~1 of each were injected into the column, 
and the relationship between the amount of sample injected and the peak area was 
examined. An absolute calibration curve was obtained and the existence of a linear 
relationship between the amount of sample injected (2 x 10-10-10-7 mole) and the 
peak area in the concentration range indicated above was found. 

CONCLUSION 

A gas c~omatographic detector with using an ion-selective electrode has been 
developed and applied to the selective detection of fluorine compounds. It has the 
following advantages : the limit of detection is 5 x lO--lr mole (for fluorobenzene), 
the detector sensitivity is high, the degree of selectivity is 10,OOQ or more with an 
extremely high sensitivity, the drift of the base line is O-02 mVj’hr with good stability. 

The response time of the detector is about 10 set when the concentration of F- 
is about lO-sJ4 and several seconds when it is more than IO-*M. Such slow responses 
distort the early peaks slightly but the effect is negligible for peaks having retention 
times greater than 5 min. 

A platinum tube was used as a hydrogenolysis tube in the present study, but 
could be replaced by a quartz tube. 
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Zusammenfassnng-Die Proben werden an einer Gasehromatogra- 
phiesriule mit Wasserstoff als Triigergas in ihre Komponenten 
getrennt. Die einzelnen von der S&de kommenden Komponenten 
werden durch ein auf 1000” geheiztes Platinrohr geleitet; dort 
werden sie hydrierend gespalt&. Fluorverbindung& werden in 
Fluorwasserstoff ~~~ef~rt. Der Fluo~~~~toff wird in einem 
langsamen Strom e&r Absorptionsliisung gelost und die Fluorid- 
ko~tmtion in der L&mg in einer Durc~~zelle mit einer 
Fluoridionen-Elektrode verfolgt. Das potentiometrische Verhalten 
der Zelle wird mit Hilfe eines antilo~~t~i~hen Umsetzers in ein 
Signal umgesetzt, das der Fluoridkonzentration proportional ist, 
und retistriert. Der Detektor sorach auf Fiuo~erb~d~~~ etwa 
10 000&l starker an als auf eine gleiche Menge anderer or&nischer 
Verbindungen; 5 s 1O-*1 Mel Fluorbenzol komxten nachgewiesen 
werden. 

R&tune--& &pare des composants dans des &hantillons sur une 
colonne de chromatographie en phase gaxense en u&ant l’hydrogi?ne 
comme gaz vecteur. On fait passer les composants individuels 
provenant de la colome a travers un tube de platine chat&5 a IOOO”, 
oli ils subissent ~hydro~nol~, et les composes Auor& sent convertis 
en acide fluorhydrique. L’acide fluorhydrique est dissous darts un lent 
courant dune solution &absorption, et la concentration en ion fluornre 
dans la solution r&&ante est contr6lBe dans une cellule a &oulement 
avec une electrode a ion fluorure. LQnission potentiom~~que de la 
cellule est convertie en un signal, qui eat proportionnel a la concentra- 
tion en ion fluorure, par un conve~~ur ant~og~it~ique, et en- 
registre. La reponse du detecteur aux composes fluores est d’environ 
10000 fois celle fonrnie par tine Cgale quantite d’autres composes 
organiques, et l’on a pu detecter 5 x lo-l1 mole de fluorobenzene. 
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ACETONITRILE 
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Kyushu University, Fukuoka, Japan 

(Received 15 June 1971. Accepted September 1971) 

Summary-Cadmium, zinc and manganese(I1) iodide complexes have 
been studied polarographically in acetonitrile and the electrode 
reactions for these complexes discussed. The overall stability con- 
stants of the iodide complexes of these metal ions were evaluated and 
corrected for the effect of the ion-pairing electrolyte. The values for 
log /?l of CdI,*- and Zr&*- are 26.2 and 18.4 respectively and the 
values found for the Mn(I1) iodide complex are log @I = 3.5, log 
/3% = 5.6, log /?. = 7.8, log PI = 10.0, log b6 = 12.2 and log f16 = 14.4. 
Within certain limits, the wave-height for each complex is proportional 
to the metal concentration. 

THE FQLAROGRAPHIC behaviour of some halide complexes in dimethylsulphoxide and 
dimethylformamide has been studied by Pool1 and by Furlani et al.a respectively, but 
there are very few investigations on the stability constants of halide complexes in 
these non-aqueous solvents, because of the problems associated with the unknown 
activities. This work deals with the electrode reactions for iodide complexes of 
cadmium, zinc and manganese(H) and the stability constants of iodide complexes 
of these metal ions in acetonitrile (which has the low donor numbe? of 14.1). 

EXPERIMENTAL 
Materials 

Acetonitrile (AN) (Wako Junyaku Co., extra pure reagent grade) was purified’ and the water 
content was found by Karl Fischer titration to be 0.01 ‘A. There was no impurity causing a detectable 
polarographic current at potentials less than -2.8 V vs. SCE. 

Reagent-grade cadmium, zinc and manganese(I1) perchlorate hexahydrates were dried in VUCI(O 
at 60” for 5-6 days. 

Tetraethylammonium iodide, Et,NI, was prepared, purified three times and dried in vucuo at 60’ 
for 5-6 days. EtbNCIOI (TEAP) was used as the supporting electrolyte. 

Apparatus 

The electrolysis cell consists of three electrodes as shown in Fig. 1. The dropping mercury electrode 
had the following characteristics: m = l-425 mg/sec, t = 3.79 set in O.lM TEAP-AN medium at 
-0.5 V vs. SCE. A platinum wire was used as the counter-electrode. The reference electrode was 
SCE with a salt bridge (NaClO,-NaCl-KC1 agar bridge). The temperature was controlled at 
25.0 f 0.1”. The junction potential was about 10 mV. 

Procedure 

A sample solution in TEAP-AN, 0.5mM in metal(I1) perchlorate and containing an appropriate 
amount of EtdNI, was taken in a cell. Since there is appreciable ion-pairing of the tetraethylammo- 
nium ion with iodide, the concentration of EtlN+ was kept constant (O.lM) for each metal iodide 
solution by adding an appropriate amount of Et,NClO, instead of using constant ionic strength. 
The concentration of free iodide was calculated by using the iondissociation constant6.‘ 

(&)ltlNI = 0.2. 
Et,NClO, was assumed to be almost completely dissociated.‘,’ 

The dissolved oxygen in the solution was removed by bubbling for 20 min with pure nitrogen 
presaturated with acetonitrile vapour; the polarogram was then recorded. 

549 
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SCE 

FIG. l.--Electrolysis ceI1, 
A, sample solution B, DME 
C, counter-electrode D, saIt&ridge 

E, sintered glass 

THEORY 

DeFord and Humes derived the equation for the shift of the half-wave potential 
at constant ionic strength and defined the function F,(X), assuming that the complex 
species, (~~~)~ . . .) dissociate to IiP rapidly and are reduced reversibly to 
amalgam, that is 

F,(X) = $l B,[XloP = antilog ( sl &%a>* - (J%/,M + log 2 1 (1) 
0 

where (&& and (E;&, k, and k, are the half-wave potentials and effusion-current 
constants of the simple ion and complex ion, respectively, n denotes the number of 
electrons involved in the reduction, ts, is the overall formation constant of the pth 
complex and [Xl0 is the concentration of the complexing l&and at the electrode 
surface; concentrations are used instead of activities. The F,(X) functions can be 
written in the following forms if the ionic strength is kept constant. 

According to Bjerrumle the average number fi of figands attached is then given by 
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equation (3). 

d In F,(x) 
I?= dln[X], =- 

d(E;,& 0.0591 

d log IX], I n 
(3) 

Values of Fp(X) for various con~n~ations [X], of the complexing ligand can be 
determined experimentally and equations (1) and (2) solved graphically for /?,, 

B 
is predominant in the solution because of a large value of &, equation 

(1) can <simplified to the equation derived by Lingane.lr 

(4) 

The values of p and /l,, are then obtained from plots of AE&i.e. (&Je - @&I 
vs. log [Xl,. 

In a solvent of low dielectric constant, the concentration of ligand must be 
corrected for ion-pair formation by the ligand. The total concentration C, of the 
eomplexing l&and is given by 

c, = [xl0 + [Ml0 $ P#& [X1$’ + Wn-pM (5) 

where [ion-pair], is the concentration of the complexing ligand ion-pairs at the 
electrode surface. When E = Ii&, equation (5) becomes 

G = [Xl, + L$J $ p& Exlop + [ion-p~rl~ (6) 

where subscript t means total concentration. The dissociation constant kd of Et,NX 
is given by kd = ~Et~N+]~[X]~~ ]Et,NX],. For a given series of experiments at constant 
[Et,N+], the ion-pair concentration is given by 

[ion-pair], = [Et,NXlt = [Et4N+lt[X10/kd. 

From equations (6) and (7): 

(7) 

[Xl, = (G - g$$gXI/)/(l + y). (8) 

A simul~neous solution to equations (I) and (8) cannot easily be obtained. 
However, when MX$*p)+ is predominant in solution, equation (8) simplifies to 

[Xl, = (C, - f [Mlt)/ (1 + [Et,kN’lt). 
a 

(9) 

Assuming the free halide ion concentration to be 

[Xlo- [Xl, = G/i1 + [Et,Nclt/kd~ 
the value of p is obtained graphically [equation (3)] and the approximate [.x1@ is 
calculated by using equation (9). This procedure is repeated and Anally with the 
refined [xl, the true values of the /?‘s are obtained graphically from the F.(X) plots. 

The method can be applied to reversible electrode reactions of simple and complex 
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ions. For the qu~i-reversible electrode process, the reversible halt-wave potential, 
(E,,$ can be calculated by applying the Matsuda-Ayabe theory.12 

RESULTS AND DISCUSSION 

For each metal iodide complex system the electrode reaction was reversible or 
quasi-reversible, two-electron and diffusion-controlled. The ion-pair dissociation 
constant for Et,N+I- was used to correct the free iodide ion concentration. The 
overall stability constants obtained are concentration constants rather than activity 
constants. 

C&I- system 

The reduction wave of @5mM cadmium was split into two waves by addition of 
iodide (Fig. 2). The height of the first wave (simple ion) and that of the second wave 
(complex ion) were almost the same at [I-lt/[Cdk = 1. The first wave disappeared 

E, V vs. SCE 

FIG. 2.-Polarograms of 05OmM Cd in the presence of iodide. 
[I-],/[Cdlt: I-O; 2-l; 3-2; 4-3; 54; 6-10. 

at [I-]t/fCd]t = 4, but the second wave was left (reciprocal slope: 0*044 V). The 
reciprocal slope for the complex wave was about 0.030 V at [I-J+,/[Cd], > 10 and the 
electrode reaction was reversible. As shown in Table I, the half-wave potential was 
shifted to more negative values with increasing concentration of iodide ion and the 
height of this wave decreased slightly. 

The plot of log [I-] YS. AE,,, is shown in Fig. 3. The dashed line shows a plot 
of the values obtained by using [I-]* = C nt&(l + [Et,N+],/k,) and this plot was 
found to be linear at [I-]$ > 4mM. The value of p was calculated to be about 4.3. 
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TABLE I.-POLAROGRAPMC DATA FOR Cd-I- SYSTEM 

D-It, -J%, 
P?IM V vs. SCE 

0 0.215 
0.5 0.291 

0.630 

::; 
-t 

0.675 
2.0 0.701 

;:; 0.735 0.758 
5.0 0.768 

10.0 0.811 
15.0 0.836 
20.0 0.847 
30.0 0.869 
40.0 0.881 

[Cd]t = 0.5mM 
* Plot not made. 
t Ill-defined. 

‘, 
CIA 

3.88 
I.91 
1.74 

3.84 
3.77 

3.72 3.69 
3.80 
3.18 
3.58 
3.23 
3.06 
2.77 

Reciprocal 
slope, 

F?lV 

28 
29 
_* 

56 
44 

33 31 
30 
28 
28 
27 
29 
29 

-1 I- 

0-4 0.5 0.6 
A&z , V 

FIO. 3.-Plot of log [I-] vs. AElls for Cd-I- system. 
--O-- log [I-It vs. AE,/* 
-.- log [I-], vs. AE,,, 

Then [I-], was calculated again by using equation (9) with p = 4. The full line 
shows the plot of these values to be linear. The value ofp was calculated to be 3.9,. 
As O-059/2 log k,/k, < 0405 V under these conditions, this term can be neglected 
within experimental error. 

Extrapolation of the plot of log [Ilo vs. AElI to 1M concentration of [Ilo gave 
the value of AElI, for use in equation (4), and thence log b4 = 26.2. 

In AN, the values of successive formation constants for the cadmium-iodide 
complexes could not be obtained, because of the large formation constant of CdI,2-. 
The value of /& was found to be much larger in AN than that (7*17)13 in formamide. 
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Zn-I- system 

This system behaved simiiarly to the cadmium system, and gave the value 

log BQ = 18.4 for ZI&~-. 
There are few data for zinc-iodide complexes, and this complex seems, in general, 

to be unstable in aqueous solution. The pofarographic data are given in Table II. 

TABLE II.--F%AROC+RAPHIC DATA FOR Zn-I- SYSTEM 

II-It, 
mM 

0 

0.5 1.0 
l-5 
2.0 
5.0 

l&O 
15.0 
20.0 
25.0 
30.0 
35.0 

--%4r 
V t’s. SCE 

0,648 

0.823 
0.855 
0.866 
0.923 
0.944 
0,965 
0.978 
0.987 
0994 
0.998 

;> 

3.57 

3.63 
3.62 
3.47 
3.20 
2.96 
2.85 
2.48 
2.05 
2.05 
l-94 

Reciprocal 
SfOpe, 

mV 

30 

58 
41 
37 
32 
28 
27 
29 
27 

[Zn(II)lt =I 05mM 
* Ill-defined. 

Mn(II)-I- system 

Polarograms of 0.5mM m~ganese(I1) in the presence of iodide ion did not 
exhibit the wave-splitting. The half-wave potential was constant (-1.14 V vs. SCE) 
at [I-ft/[Mn(II& Q 4 (Table III), but shifted to more negative potentials at [I-],/ 
[Mn(II& > 6 and the height of the wave decreased slightly. A plot of Evs. 
log i/(ia - i) indicates that the electrode reaction is quasi-reversible. 

A plot of [E + (23RT/nF) log i/(id - i)] vs. E is shown in Fig. 4. The reversible 
half-wave potential, (J&,2)‘, was obtained by extrapolation to a positive enough 
potential. 

TABLE III.-POLAROGRAPHIC DATA POR Mn(II)-I- SYSTEM 

D-It. 
mM 

--Elf,, 
V us. SCE 

-E& 
V vs. SCE 

Reciprocal 
SlQpe, 

mV 

0 

;:; 

3.0 
5*0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 

1.148 
1.149 
1,146 
1,159 
1.177 
1.239 
1.259 
1.292 
I.312 
1.336 
1.356 

1.171 
1.222 
1.241 
1.269 
1.290 
1.310 
1.317 

3.17 
3.33 
3.21 
3.33 
3.37 
3.15 
3.25 
3.15 
3.06 
2.97 
2.97 

[Mn(II)]~ = O&G%+ 
l Plot curved. 
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L I t I 

-1.2 -1.3 -14 
E, V vs.SCE 

Fro. A-Plot of {E + ~,3RT]~~~g i(ia - i)} tts. E for Mn(Il) in the presence of iodide. 
[I-&: f-&O; 2-10~0; 3-150; b-2@0; S--25*0; 6-3@0; 7-35+hGW. 

The plot of AEl12[= (&& - (E,&~] vs, log [I-J is shown in Fig. 5. The dashed 
line shows the plot of the values obtained by using [I--J, = C~~,~r~(l + [Et&+]fk& 
This plot is curved and indicates that some species of Mu@)-iodide complex co-exist 
in a&o&rile. The value of p was calculated by using equation (3) at each point of 
the curve. Then the values of [I-&, were obtained by using equation (9), and AI&s v.s 
log [I-]@ was plotted. This procedure was repeated till the each vaiue of [I-], became 
constant. The full line in Fig. 5 shows the final plot. On subs~tution of these ex- 
perimental data into the right-hand side of equation (l), the J$(X) function was cal- 
culated, and the F,(X) fun&ion was calculated from the previous F,,(X) function by 
equation (2). Figure 6 shows the plot of FP func~ons against iodide ~n~nt~tion, [I-],, 
By extrapolation of the FJX) function to [I-lo = 0, the value of & was obtained. 

r 

A&, V 

FIG S.-Plot of log [I-] us. A&, for Mn(II)-I- system. 
--o-- log [K-It US. A~Q 
-o- log D-l* vs. A&r* 
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10 20 30 10 

CI’b,mM 

, 

ll 
3 

FIG. &-Plot of F,(X) US. [I-]* for Mn(U)-I- system. 

The logarithms of the overall formation constants for this system are: 

log @I = 3.5, log & = 5.6, log Is, = 7.8 

log #I4 = 10.0, log& = 12.2, log /?& = 14.4 

In this procedure, extrapolation to zero concentration of complex is used so that 
the values of /I,, can be obtained without using the value of the activity coefficient of 
the complexing ligand. 

looti 

7 

6 

_-Q 

-2.0 -1.5 

FIG. 7.-Distribution diagram for manganese iodide system. 
Number on the curve indicates number of ligands bound in complex 

tog III 
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The value ofp was calculated to be 6 in the range of high concentration of iodide 
ion as shown in Fig. 5. By use of equation (4), log & was calculated at [I-], = 
38.5mM and found to be 14.8, in good agreement with the value obtained by the 
DeFord and Hume method. MnI,& is the predominant species in acetonitrile 
medium. 

The distribution of manganese(II)-iodide complexes in acetonitrile was calculated 
as a function of ligand concentration and is shown in Fig. 7. 

In a mixture of cadmium, zinc and manganese(I1) iodide complexes, each wave 
is clearly separated from the others and the wave-height for each complex is pro- 
portional to the metal concentration in the range from O-1 to l.OmM in acetonitrile 
medium. 

Acknowledgements-The authors wish to express their sincere thanks to the Ministry of Education 
for its financial support of this work. 

Zusammeofassung-Jodidkomplexe von Cadmium, Zink und 
Mangan(I1) wurden polarographisch in Acetonitril untersucht und die 
Elektrodenreaktionen dieser Komplexe diskutiert. Die Bruttostabi- 
litatskonstanten der Jodidkomplexe dieser Metallionen wurden 
ermittelt und ftir den Einflul3 des ionenpaarbildenden Elektrolyten 
korrigiert. Die log B,-Werte von CdI,=- und ZnIa8- betragen 26,2 bzw. 
l&4; beim Mangan(II)-Jodidkomplex wurden log b1 = 3,5, log 
j3* = 5,6, log ps = 7,8, log /$ = lO,O, log Bs = 12,2 und log & = 14,4 
gefunden. In gewissen Grenzen ist die StufenhGhe jedes Komplexes 
proportional zur Metallkonzentration. 

R&m&--Les complexes d’iodure de cadmium, zinc et mangan&se(II) 
ont 6t6 BtudiBs polarographiquement en ac&onitrile et l’on discute des 
&actions ill’6lectrode de ces complexes. On a &al& les constantes de 
stabilite globales des complexes iodure de ces ions mdtalliques et les a 
corrigkes pour l’influence d’appariement d’ions de l’dlectrolyte. Les 
valeurs de log bd de CdI,*- et ZnI,‘- sont de 26,2 et 18,4 respectivement 
et les valeurs trouv&s pour le complexe d’iodure de Mn(I1) sont log 
/?I = 3,5; log /?4 = 5,6; log & = 7,8; log B, = 10,O; log & = 12,2 
et log /3( = 14,4. Dans certaines limites, la hauteur de vague pour 
chaque complexe est proportionnelle rl la concentration du m&al. 
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Summary-The use of iigand buffers composed of a chelating agent 
and an excess of ~l~o~phi~ly inert metal is recommended for the 
selective polarographic dete~netion of a metal in the presence of a 
second metal, which has a polarographic wave at a less negative 
potential than the metal to be determined. Theoretical considerations 
on the optimum &and concentration and the optimum composition 
of the ligand buffer are followed by the determination of zinc in 
cadmium as an example. 

IN THE POLAROGRAPHIC determination of a metal Mr, difficulties are encountered in 
the presence of a large amount of a second metal Mrr, which gives a polarographic 
wave at a more positive potential. In such a case, one can avoid the inte~e~n~ of 
Mrr by utilizing a Iigand L which forms more or less stabIe complexes with Mrr. In 
the presence of such a masking agent, the wave of Mrr either di~~shes or moves to a 
more negative potential. l However, this method cannot be useful when the ligand L 
affects the polarographic wave of Mr : if the ligand L forms complexes with Mr, the 
half-wave potential of Mr moves to a more negative potential and sometimes the 
diffusion current of M, diminishes. 

In this paper, the use of ligand buffers composed of a cheIa~ng agent and an excess 
of inert metal Mrrr is re~mmended for the selective polarographic deter~nation of 
Mr in the presence of a second metal Mrr. The dete~nation of zinc in cadge will 
be given as an example. 

THEORETICAL CONSIDERATIONS 

Suppose that a chelating agent L forms complexes with metals Mr and Mr, and 
that the complexes MrL and MrrL do not give polarograp~c waves at the potentials 
where Mr and/or Mrr give polarograp~c waves. In order to mask only the Mrr wave 
by the chelating agent L, the conditional fo~ation constant of MrrL, K&Q, should 
be larger than that for MrL, .&+ When an excess of the ligand L is added to a 
solution containing Mr and Mrr, the wave of Mrr is masked and, the excess of L 
forming MrLr with Mr, the wave-height of Mr diminishes too. However the deter- 
mination of Mr would be possible, if one could find a third metal Mrrr,* for which 

* Ml11 should not interfere with the polarographic wave of Mr. 
559 
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K~r+ > K&n > A&+: in the presence of an excess of MrIr (Iigand buffer2 of L 
with an excess of Mrrr), the excess of ligand L forms MrrrL and liberates Mx from 
M,L. 

The total c~~~ntrations of metals Mr and Mrr are denoted as Clw, and C& 
respectively. [M,‘] and [M,,‘] refer to the total consecrations of Mr and Mrr not 
combined with L. From the conditional formation constant of NIL, Kn+, we have 

The wave-height of Mr being proportional to [Mr’], [M,L] should not exceed 1% of 
CX1 for successful quantitative pofarographic determination of Mr: [~~LJ~~~~‘] 
should be smaller than 10m2. Then from equation (l), we have 

&yII fL1 -<; lwa 
Or IL1 G ~o-2.KB.II% (2) 

Now we consider the masking of Mr,. From the conditional formation constant 
of M,rL, .K~r+,, we have 

M,Ll 
- = kx&JILl 
@h’l 

(3) 

Thus in order to mask Mrr as completely as possible, most of Mrr should be in the 
form of M,,L: [M~rL]~~Mr~] or K MIf,LIL] should be sufficiently high. It should be 
noted, however, that the upper limit of [L] is given by equation (2). 

Substitution of equation (2) into (3) yields 

l?%L] 

G-l< 

&Xrr’L 

io%&,n (4) 

From equation (4) we realize that ~~~~,~~~~~,~ should be s~cie~tly large if a large 
amount of Mrr 
diminishes by a 

is to be masked: when K~l,~L/KX,~L = 104, the wave-height of Mrr 
factor of 100 at the ligand concentration [L] given by equation (2’), 

whereas the decrease in the wave-height of Iv& is only 1% of CX1 at the same 
ligand concentration. 

[L] = 10-2/KJ.$In (2’) 

Even though the wave-height of a second metal M,r twhich is supposed to give rise 
to a wave at a potential less negative than that of Mr) attains several times that of Mr, 
the presence of the metal MI1 does not make any difficulty in the polarographic deter- 
mination of the metal MI, Therefore when the condition ~~~~,~/~~~,= = 104 
can be realized, the polarographic determination of MI is possible in the presence of 
several hundred times as high a concentration of Mrr as that of Mr. 

Optimum eo~p~s~t~#n of the Iigand bu$era 

The metal Mrrr to be added as a component of the ligand buffer for masking the 
metal MI1 should not interfere with the polarographic wave of the metal lvir and 
should satisfy the condition: KnI+ > KM;,+ > &in. The optimum concentration 
of Mrrr is calculated as follows. 
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Denoting by C, and C+i the total concentrations of the added chelating agent L 
and the metal MIII respectively, we have 

CL = [M&1 + PWI + Ph,&l + [L’l (5) 

In equation (5) [MrL] and [L’] are very small in the presence of excess of Mrlr and 
can be neglected. Moreover, when masking of Mrr is complete, [M,,L] can be 
regarded as CnaI,. Then from equation (5) we have 

M&l = CL - GsII (5’) 

From equation (5’) and the conditional formation constant of MrIIL, &;tIL, we get 

%I, = (CL - 
cMJ ( 1 

l + [L]K&& 1 

where [L] should be fixed at an optimum value as determined in the preceding section. 
Then the favourable value of C 
and C&r.* 

MIII is found from equation (6) for given values of CL 

DETERMINATION OF ZINC IN THE PRESENCE OF CADIUM 

Cadmium and zinc give rise to a well-defined polarographic wave in NH,-NH&l 
supporting electrolyte. The half-wave potential of the former in this solution is about 
-0.8 V and that of the latter is about -1-3 V w. SCE. Thus it is not ~fficult to deter- 
mine cadmium in the presence of a large amount of zinc, but a large amount of cad- 
mium makes difficult the polarographic determination of zinc. The formation 
constants of EGTA [ethyleneglycol-&s(2-aminoethyl ether)-N,N,N’,N’-tetra-acetic 
acid] complexes of cadmium and zinc are? Kc,, = 1016” and rC,,, = 1014’6. The 
difference of these two constants is larger than that of the corresponding EDTA 
complexes. Thus EGTA was chosen for the selective masking of cadmium in the 
presence of zinc. 

In Fig. 1, logarithmic conditional formation constants log KXFL are plotted for 
cadmium, zinc, calcium and barium as a function of log [NH,].? As calcium and 
barium do not form ammine complexes, we can realise the following condition for a 
certain favourable value of [NH,]: KcdtL > KBstL(KcalL) > KzntL, 

In Fig. 2 are given polarograms of cadmium and zinc in NH,-NH&l supporting 
electrolyte with and without added EGTA. In the presence of EGTA the cadmium 
wave disappears and the zinc wave-height diminishes. 

* When masking of Mrr is not quantitative and CY,, 
rewritten as: 

cannot be regarded as [MrrL], (5‘) is 

CI, = D&IL1 + MrrLl 

Then from this equation and the conditional formation constants of MrrL and MrtrL. we have 

for the favourable value of C urrr in the selective determination of Mr in the presence of Mrr. 

t We know of the formation of such a mixed iigand complex as ZnLNH* for L = EDTA. 
Though in this case also such mixed ligand compfexes are expected, they are not taken into 
consideration, because we have no available data for their formation constants, The stepwise 
formation constants used to calculate the conditional formation constants are log Kt = 2.37, 
logK* = 244, log KS = 250 and log K4 = 2.15 for zinc ammine complexes, and log K1 = 
2.65, log KS = 2-10, log KS = 144 and log Kl = 0+93 for cadmium ammines. 
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FIG. 1 

BaL 

5- 

I I 
-2 -I 0 I 

log [NH,] 

.-Logarithmic conditional formation constants of EGTAcomplexes 
zinc, calcium and barium as a function of log [NH,]. 

of cadmium, 

-.A ’ 

FIG. 2.-Polarograms of cadmium and zinc. 
(1) Cd: 0.9 x lo-*M; Zn: 1 x lo-*M in 0*5M NH&lM NH&l and @01x 

(2) g:::; (1) + 1.3 x 10-8M EGTA. 
(3) Solution (2) + 2 x lo-*M BaCl,. 
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Log KzntL being 6.2 in 04N NH, (Fig. 1), [L] should be smaller than lV* in 
order to avoid diminution of the zinc wave in the presence of EGTA. Then we 
consider the masking of cadmium for [L] = lV2* Log KCdpL being 10.6 in O+MNH, 
(Fig. 1), we have immediately from equation (3): [CdL]/[Cd’] = lOPa. Thus 
cadmium would be completely masked in this medium. As a metal to be added as 
a component of ligand buffer, barium is suitable, because KBatL = l@a (Fig. l).* 
When barium is added in twice as much as the excess amount of EGTA ([Bawl 5: 
[BaL]), [L] = lO-@* (see Ref. 2 for details). 

Table I summarizes the wave-heights of zinc and cadmium in O+N NH,-NH4C1 

TABLE L-DIFFUSION CURRENT OF ZINC AMD CADMIUM 

h3TA/CQd CB,/(h3TA - CCd) ia( p-4 id@& PA 

0 
I.1 :: 

6.24 6.03 
0 3.54 

1.1 2 0.18 5.62 
l-l 

1: 
0.36 6.07 

l-l &60 6.05 
1.2 2 0.12 5.78 
1.2 

1; 
0.30 6.03 

1.2 0.63 6.02 
1.3 2 0.22 5.95 
l-3 0.42 604 
1.3 1; 0.66 6.06 

CC& = 1.0 X lo-‘M, c,,, = 1.0 X l&‘w, CBorA = 1.1-1-3 X lo-‘M, c, = 2-30 X 
W‘M; o&W NH,*lM NH*Cl; 0*01 % gelatine. 

containing EGTA and BaCl, in different proportions. When C,,/(C,,, - Cod is 
2, the wave-height of zinc is a little too low, while the recovery of zinc is quantitative 
for C&C,,, - Ccd > 5. Under these conditions the wave-height of cadmium 
diminishes to between l/l0 and 1120 of its normal value. 

Figure 3 demonstrates the good linearity of the wave-height of zinc plotted us. 
tine concentration under the following conditions: Cc, = 5 x lo-$M; Cz, = O-l- 
1 x 10-sM; CECfTd, = 5.5 x 10-3M and C,, = 5 x lo_SM. In the same figure, the 
wave-height of cadmium is given as a broken line. Thus by the present method we can 
determine zinc in the presence of cadmium in concentrations 10-50 times that of the 
zinc. 

Experiments reveaIed that the masking of cadmium was less compIete than 
expected from the equilibrium considerations, and that a concentration of barium 
higher than calculated was necessary to realize a quantitative wave-height for zinc. 
This is because dissociations such as 

CdLa- + 4NHs + Cd(NH&4w + LS 

would proceed at the electrode surface and some kinetic nature would be involved in 
the cadmium wave, The free ligand produced at the electrode surface suppresses the 

* For @lM NH1 a ligand buffer containing excess of calcium can be used for our purpose. How- 
ever, the conditional formation constant being proportional to about the fourth power of @JH,l, 
the concentration of ammonia should strictly be adjusted in the ligand buffer with excess of 
calcium. Thus we prefer the ligand buffer with excess of barium, for which the optimum con- 
centration of ammonia is higher (O+M) and easily kept constant. 
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Conceotratice of zim x lo4M 

Fro. 3.-Wave-height of zinc as a function of zinc concentration. 
cot = 5 x IO-‘M, Cs, =0.1-l X IO-'n/I, 0*5M NH*-O.lM N&cl; Cna*~ = 

55 X 10-SM and Cgg = 5 x 10-8iK 
Broken line indicates the wave height of cadmium under the same conditions. 

zinc wave. Thus it is necessary to use a higher concentration of barium than calculated 
for the quantitative recovery of zinc. 

Of metals giving rise to polarographi~ waves in ammoniacal solution, copper gives 
a wave at a more positive potential and the other metals such as nickel and cobalt do 
not give polarographic wave in the ammonia-EGTA supporting electrolyte. Therefore 
these metals do not interfere in the present method. 

The use of figand buffers can solve many problems in polarographic analysis, for 
example, polarographic determinations of cadmium in indium and lead in bismuth. 

Cadmium and indium give polarographic waves at the same potential in many 
supporting electrolytes. In EDTA-Th Iigand buffer, the indium wave disappears, 
while the cadmium wave is not affected and can be determined. 

Bismuth gives a wave at a potential a little more positive than that of lead. The 
ligand buffer EDTA-Th masks the bismuth wave, while the lead wave remains un- 
changed (log Knitr > log K&r > log K n&. The method would thus be applicable 
to the determination of lead in crude copper after separation of bismuth and lead from 
copper by co-precipitation with ferric hydroxide. 

EXPERIMENTAL 

Reagents 
EGTA solution, 0.10. Ten ml of 1M sodium hydroxide are added to 3.804 g of the pure reagent, 

and the whole is diluted to 100 ml. 
Cadmium solution, 0.01&f. Metallic cadmium (99.99%. 0562 9, is dissolved in a small amonnt of 

hydrochloric acid. The excess of acid is expelled by evaporation and the solution is diluted to 500 ml. 
Zinc so&&n, 0.01&f. Metallic zinc (0327 g> is dissolved in a small amount of hydrochloric acid 

and the same procedure is followed as for the cadmium solution. 
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Barium solution, OalOM. Reagent grade BaCl,.2H,O (244 g) is dissolved in 100 ml of distilled 
water. The solution is standardized by EDTA titration. 

In a 50-ml measuring flask take a lo-ml sample containing 20-25 mg of cadmium and 0.3-5 mg of 
zinc. Add 5 ml of 5M NH*-l&f NH&l supporting electrolyte, and 3 ml of lo-‘M EGTA solution, 
5 ml of 10+&f BaCl, solution and 5 ml of 0.1% gelatine solution. Then dilute to the mark (the 
optimum barium concentration is 5-10 times the concentration of excess of EGTA). Take an aliquot 
of the solution in a polarographic cell and remove the dissolved oxygen with nitrogen gas which has 
passed through 0.5M ammonia solution. Record the polarogram from -0.5 to -1.5 V. 

Zusammenfassung-Die Verwendung von Ligandenpuffem aus einem 
Chelatbildner und einem Uberschuh von polarographisch inaktivem 
Metal1 wird vorgeschlagen fib die selektive polarographische Bestim- 
mung eines Metalls in Gegenwart eines zweiten Metalls, das eine 
pol&graphische Stufe bei bnem weniger negativen Potential besitzt 
als das zu bestimmende Metall. Theoretische Erwlgungen tiber die 
optimale Ligandenkonzentration werden angestellt sowie die Bestim- 
mung von Zink in Cadmium als Beispiel ausgefiihrt. 

R&urn&-On recommande l’emploi de tampons a base de ligand, com- 
posesd’un agent chelatantetd’unexc&i’unm&alpolarographiquement 
inerte, pour le dosage polarographique selectif d’un metal en la 
presence d’un second metal qui a une vague polarographique a un 
potentiel moins negatif que le metal a doser. Des considerations 
theoriques sur la concentration optimale du ligand et la composition 
optimale du tampon a base de ligand sont suivies par le dosage du zinc 
dans le cadmium en tant qu’exemples. 
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SHORT COMMUNICATIONS 

Flow method in high-resolution nuclear magnetic resonance 

(Received 7 June 1971. Accepted 2 September 1971) 

RAPID CHEMICAL EXCHANGES have been studied by the variation in nuclear magnetic resonance (NMR) 
line shape, whereas slow reactions have been examined by the integration of NMR spectra. 
No paper has appeared on a device to follow reactions with a half-life in the range l-10” set, although 
low-resolution NMR flow-cells have been examined by many investigators.‘-’ The presentpaperdeals 
with designs of flow-cells and their application in the observation of labile intermediates such as the 
yellow thiol forms of thiamine and monoethyl carbonate in alkaline solutions. 

EXPERIMENTAL 

A Varian A-60A spectrometer with a room-temperature probe was used. Five types of flow- 
cell were examined: (A) a straight glass tube, l-6 mm bore, (B) a pipette-type tube, 1 and 3 mm bore, 
(C) a spiral capillary, 1 mm bore, in a conventional sample tube, 4.25 mm bore, with carbon tetra- 
chloride, (0) a jet in the base of a conventional tube, (E) the conventional spinning tube with an 
inlet at the base and an outlet at a height of about 50 mm. Samples were fed from lOO-ml syringes 
through plastic tube to the inlet. A glass Y-tube or a conventional jet mixing chamber was used to 
mix two kinds of fluid. 

An ultraviolet spectrum of the yellow thiol form of thiamine was measured with a Perk&Elmer 
450 spectrometer in a l-mm flow-cell at 8 set after mixing 1mMthiamine hydrochloride and 1Msodium 
hydroxide in equal proportions. The molar absorptivities were 85 x 1Oa l.mole.-r mm-l at A,,,, 
335 nm, 1.3 x 10J at 245 nm (shoulder) and 1.6 x 10’ at 230 nm. On the flow being stopped, the 
absorbance at 335 nm decreased at a rate of 8.8 x 1O-4 set-i at 23” to form the colourless thiol 
(&il., 235 and 263 nm). 

RESULTS 
Test of theflow-cells 

The best results were obtained with flow-cell (E). The half-height width (W) of the methyl triplet 
in ethanol increased slightly from 1 to 1.5 Hz at a flow-rate of 3 ml/mm The peak height (h) and the 
intensity of the integrated curve (i) decreased rapidly with increase in the field (HI). The values of h 
and i in the flow system were smaller than those in the stopped-flow system at low HI whereas the 
values at higher H, were nearly equal. The inhomogeneities of the static field (AH,) in the directions 
of the flow (J) and the plane of spimnng (xz) were averaged by the movements of the sample. 

The resolution and intensities in cells A-D (without spinning) were decreased by the flow: W by 
2-7 Hz, h by l/10 and i by l/5 at HI = 0.02 mG. The circular flow in cells C and D was not 
sufficient to average AH,, in the plane. 

Labile intermediate in reaction of thiamine with alkali 

It has been established from the ultraviolet absorption spectrum that the thiazolium form of thia- 
mine (I) is converted by alkali into the colourless thiol form (III) via the pseudo-base and the yellow 
thiol form (II). Conventional NMRD gave a spectrum of a mixture of the colourless and yellow thiols 
for an alkaline solution of thiamine. Flow NMR with cell Ewas successfully applied to this reaction. 

A yellow mixture of 1M thiamine hydrochloride and 4M potassium hydroxide at 5 set after 
mixing gave an NMR spectrum corresponding to the pure yellow thiol. 
the colourless thiol was formed at the expense of the yellow thiol form. 

When the flow was stopped, 
The first-order rate constant 

of the reaction was estimated to be 1.7 x 1O-a see-’ at 38’. 
The structure of the yellow thiol form (II) proposed by MaierO is in accord with the chemical 

shifts. The peaks due to the protons on the thiazolium ring shift upfield during the reaction, whereas 
the peaks due to the protons on the pyrimidine ring remain almost constant. These shifts corre- 
spond to the change of a quaternary nitrogen atom (I) into a tertiary nitrogen atom (II and III). 

AIkaline hydrolyses of ethoxacarbonyl compaundr 

When a mixture (1 :l) of 1Murethane and 1 M potassium hydroxide was flowing through the cell, 
only the NMR spectrum of urethane (7: 8*78t, 5.929) was observed. 
(7: 8*84t, 6.369) was formed from the urethane. 

On stoppage of the flow, ethanol 
The rate constant was 1.6 x lOA se& at 380. 
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Fro. l.-Dependence of the peak height (II, -) and the integrated height (i, - - -) 
for the methyl triplet of ethanol on the radiofrequency field (HI). x , in flow-cell E 

at a flow-rate of 3 mlfmin; 0, without flow. 

I 
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FIG. 2.-60-MHz NMR spectra of 1M thiamine hydrochloride (I) flowing in the cell 
I??, the yellow thiol form (II) at 5 set after mixing (I) with 4M KOH (1 A), and the 
colourless thiol form (III) at 20 min after the flow has stopped. s-solvent (water); b’- 
rotational isomer, 23 ‘A; DSS-sodium 2,3-dimethyl-2-silapentane-5-sulphonate as 

internal standard. 



Short communications 569 

Any intermediate such as monoethyl carbonate or the complex of urethane with hydroxide ions 
was not observed. In the course of the alkaline hydrolysis of diethyl carbonate (7: 8*74t, 5409) 
to ethanol, monoethyl carbonate (7: Wt, 6.064) was obtained as an intermediate. 

DISCUSSION 

Moderately rapid reactions with a half-life of l-lo3 set can be studied by high-resolution NMR 
spectroscopy, using the flow-cell E. A large flow-rate is necessary. To obtain the maximum signal 
from a flowing liquid, it is necessary to work at a relatively high field (H,), which results in a broaden- 
ing of the peaks. Saturation with increasing HI in the non-flow system was more rapid than that in 
the flow system, where rates of relaxation are comparable with the flow rate. The conventional 
instrument takes about 5 min to cover the range of 10 ppm and so requires large amounts of sample. 
Fourier NMR is expected to reduce this amount and decrease the time. 

ZhemovoP has studied a flow-through probe consisting of 2 successive coils in a static field, using 
broad-line NMR (W = 60-120 Hz). In such a flow probe for high-resolution NMR, reaction of 
prepoiarized molecules in the first coil will be followed by depolarization in the second coil. 

Acknowledgement-The authors thank Dr. S. Tatsuoka for permission to publish this work. 
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Summary-Flow-cells have been designed for following moderately 
rapid reactions by high-resolution NMR. Labile intermediates such as 
the yellow thiol form of thiamine and monoethyl carbonate in alkaline 
solutions were detected by using this device. 

Zusannnenfaastmg-Es wurden Durchflul3zellen entwickelt, um 
m&Big rasch verlaufende Reaktionen durch hochauflosende NMR zu 
verforgen. Labile Zwischenprodukte wie die gelbe Thiolform von 
Thiamin und Mono;ithvlcarbonat in alkalischen Liisuneen wurden 
mit Hilfe dieser Vorrich&ng nachgewiesen. 

R&sum&-% a concu des cellules a ecoulement pour suivre les x&c- 
tions modemment rapides par RMN a haute resolution. On a detect6 
avec ce dispositif des intermediaires labiles tels que la forme thiol 
jaune de la thiamine et le monoethylcarbonate en solutions alcalines. 
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Application of urease to the precipitation of manganese(U) oxinate from 
homogeneous solution with urea in the presence of calcium 

(Received 7 June 1971. Accepted 19 June 1971) 

SINCE 1937 when Willard et al. proposed precipitation from homogeneous solution (PFHS) for 
the precipitation of aluminium hydroxide, l the method has been utilized for the gravimetric 
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Any intermediate such as monoethyl carbonate or the complex of urethane with hydroxide ions 
was not observed. In the course of the alkaline hydrolysis of diethyl carbonate (7: 8*74t, 5409) 
to ethanol, monoethyl carbonate (7: Wt, 6.064) was obtained as an intermediate. 

DISCUSSION 

Moderately rapid reactions with a half-life of l-lo3 set can be studied by high-resolution NMR 
spectroscopy, using the flow-cell E. A large flow-rate is necessary. To obtain the maximum signal 
from a flowing liquid, it is necessary to work at a relatively high field (H,), which results in a broaden- 
ing of the peaks. Saturation with increasing HI in the non-flow system was more rapid than that in 
the flow system, where rates of relaxation are comparable with the flow rate. The conventional 
instrument takes about 5 min to cover the range of 10 ppm and so requires large amounts of sample. 
Fourier NMR is expected to reduce this amount and decrease the time. 

ZhemovoP has studied a flow-through probe consisting of 2 successive coils in a static field, using 
broad-line NMR (W = 60-120 Hz). In such a flow probe for high-resolution NMR, reaction of 
prepoiarized molecules in the first coil will be followed by depolarization in the second coil. 
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Summary-Flow-cells have been designed for following moderately 
rapid reactions by high-resolution NMR. Labile intermediates such as 
the yellow thiol form of thiamine and monoethyl carbonate in alkaline 
solutions were detected by using this device. 

Zusannnenfaastmg-Es wurden Durchflul3zellen entwickelt, um 
m&Big rasch verlaufende Reaktionen durch hochauflosende NMR zu 
verforgen. Labile Zwischenprodukte wie die gelbe Thiolform von 
Thiamin und Mono;ithvlcarbonat in alkalischen Liisuneen wurden 
mit Hilfe dieser Vorrich&ng nachgewiesen. 

R&sum&-% a concu des cellules a ecoulement pour suivre les x&c- 
tions modemment rapides par RMN a haute resolution. On a detect6 
avec ce dispositif des intermediaires labiles tels que la forme thiol 
jaune de la thiamine et le monoethylcarbonate en solutions alcalines. 

REFERENCES 

1. K. Schaumberg, Dan. Kemi, 1966,47,177. 
2. W. K. Genthe, Dis. Abst., 1965,26, 3204. 
3. A. Timur, ibid., 1965,26, 3179. 
4. A. I. Zhemovoi, Zsv. Akad. Nauk. USSR, Ser. Fiz., 1965, 29, 311; 1963, 27, 942, 945; Chem. 

Abstr., 1965,63,7915; 1965,62,15612; 1963,59, 13506; 1962,57,5738; 1962,56,7083. 
5. J. R. Singer, J. Appl. Phys., 1960,31, 125. 
6. A. L. Bloom and J. N. Shoolery, Phys. Rev., 1953, 90,358. 
7. G. Saryan, Proc. Indian Acad. Sci., 1951,33A, 107. 
8. G. D. Maier and D. E. Metzler, J. Am. Chem. Sot., 1957,79,4386. 
9. Y. Asahi, Takeda Kenkyusho Nempo, 1967,26,15. 

Taltmta, 1972, VoL 19. pp. 569 to 572. Penmuon Press Printed in Northern Ireland 

Application of urease to the precipitation of manganese(U) oxinate from 
homogeneous solution with urea in the presence of calcium 

(Received 7 June 1971. Accepted 19 June 1971) 

SINCE 1937 when Willard et al. proposed precipitation from homogeneous solution (PFHS) for 
the precipitation of aluminium hydroxide, l the method has been utilized for the gravimetric 
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determination of many metallic and non-metallic ions. In the PFHS method, the hydrolysis of 
urea has often been applied to raise the pH of the solution. We have found that urease can be used 
in the hydrolysis of urea in the PFHS method and have applied it in the precipitation of nickel 
dimethylglyoximatea and of cobalt S-hydroxyquinaldinate .J Although precipitation of manganese(H) 
oxinate had not been recommended as a gravimetric method, it has been found satisfactory.’ In 
this study, it was found that rate of increase of pH depends on the amount and purity of urease 
used and the concentration of citric acid, etc .4 The rate of pH increase can be regulated by changing 
the urease concentration if other experimental conditions are kept constant. 

The pH ranges for precipitation of calcium and manganese oxinates are similar.6~g Therefore 
the effect of calcium on the precipitation of manganese(I1) oxinate was investigated. 

Reagents 
EXPERIMENTAL 

Manganese solution. A solution containing 0.25-3 g of manganese(H) per litre was prepared by 
dissolving manganese(n) sulphate in water. The manganese solution was standardized with EDTA 
solution which had been standardized with metallic zinc (99.999 % pure), Eriochrome Black T being 
used as indicator. 

Calcium solution. Aqueous solution, 1 mg/ml. 
Ascorbic acid. Used as the dry powder. 
Citric acid. Aqueous solution, 10%. 
Urea. Aqueous solution, 20%. 
Oxine. Ethanolic solution (2’%) prepared immediately before use. 
Urease. Aqueous solution (O.Ol’%) prepared immediately before use (activity 8300 units/g, 

Sigma Chem. Co. Type VI). 
All chemicals used were analytical-reagent grade. 

Procedure 

To a solution containing 24.46 mg of manganese(H) and 20 mg of calcium were added 100 mg 
of ascorbic acid, 1 ml of 10% citric acid solution, 50 ml of 20% urea solution, and 7 ml of 2% 
ethanolic oxine solution. The solution was diluted to ca. 200 ml and the pH was adjusted to 5-O 
with ammonia solution. Four series of such solutions (eight solutions per series) were prepared 
and then urease was added: 0.6 mg (series a), 0.3 mg (series b), 0.2 mg (series c) and 0.1 mg (series d). 
These solutions were kept at 35”. After a measured time the pH of the solution was measured and 
the precipitate formed was filtered off, washed, dried and weighed. 

RESULTS AND DISCUSSION 

The effect of the urease concentration on the rate of pH increase is shown in Fig. 1. If the pH 
of the solution rises rapidly (Fig. la), the precipitates formed are similar to those produced by the 

I 
P 

6 

Time, hr 

Fro. l.-pH-time curves. a, urease 0.6 mg; b, urease 0.3 mg; c, urease 0.2 mg; d, 
urease 0.1 mg. 
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FIG. 2.-Effect of the reaction time on the formation of precipitates. (Expected weight 
of Mn(II) oxinate: 152.86 mg.) 

ordinary method, When the pH takes 6-10 hr to reach a value of >8, satisfactory precipitates are 
obtained. 

The weights of the precipitates are plotted against the reaction time in Fig. 2. The broken line 
in Fig. 2 shows the calculated weight of manganese(II) oxinate from the amounts of manganese 
taken. The amount of precipitate formed increases with reaction time. When the increase in pH 
is rapid, the weight of precipitate increases above the calculated value (Fig. 2a), but when the pH 
increases slowly, the weight excess is small (Fig. W). 

Calcium in the precipitates 

It was assumed that the increased weights of precipitates were due to calcium. To prove this. 
the precipitates were dissolved in dilute hydrochloric acid and the calcium contents were determined 
by atomic-absorption spectroscopy. The results are shown in Fig. 3. 

O-6 

r 

Time, hr 

FIG. 3.4lcium content of the precipitates of Mn(II) oxinate. 
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TABLE I.---D ~A~ON OF MANGA~E 

Mn taken, 
mg 

19-38 
19.38 
19.38 
19.38 
2291 
22.91 

PFHS method - Conventional methoi, 
- 

Ca taken, Mn found, Difference, Mn found, Difference, 
m. mz? mg mg m&J! 

5 19.39 +0.01 19.54 A-O.16 
10 19.42 10.04 19.54 $0.07 
20 19.41 +0*03 20.21 -i-O.83 
40 19.42 -t-O*04 22.88 +3.50 
60 23.06 $0.15 - - 

100 23.87 10.16 - - 

When the pH of the solution rose rapidly (Fig. 3u}, the calcium content in the precipitate increased 
rapidly with reaction time. However, when the pH rose more slowly, the calcium content of the 
precipitates stayed within limits comparable with the experimental error. The calcium contained 
in the precipitate increases rapidly at pH >8.5. This rapid increase in calcium content may be 
due to the precipitation of calcium carbonate. The presence of calcium carbonate may be proved by 
the fact that when the precipitate was dissolved in dilute hydrochloric acid, carbon dioxide was evolved. 
Carbon dioxide was generated by decomposition of urea and dissolved in the solution. When a 
solution of calcium containing urea was heated, calcium carbonate was precipitated at pH values 
over 8-5, and the weights of the precipitates increased rapidly at pH >85, which agrees with the 
literature values of the pH at which calcium carbonate is precipitated. 

~etermi~tion of manganese(ff) as ox&ate in the presence of calcium 

Mangauese(XI) was determined satisfactorily as the oxinate in the presence of calcium by the 
procedure given, using O-3 mg of urease and keeping the mixed solution for 8 hr at 35”. The results 
are shown in Table I with the results obtained by the conventional wet method.7 
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Summary-The effect of calcium on precipitation of manganese(H) 
oxinate from homogeneous solution by means of decomposition of 
urea with urease was investigated. Manganese was determined 
satisfactorily in the presence of calcium. 

~~~~g-Der FinfluB von Calcium auf die F&hung von 
Mangan(II)-oxinat aus homogener Losung mittels Zersetzung von 
Harnstoff mit Urease wurde untersucht. Mangan lieI sich in Gegen- 
wart von Calcium ~f~edensteIlend ~stimmen. 

R&au&-On a etudie l’influence du calcium sur la precipitation de 
l’oxinate de rn~g~~(II) dune solution homo~ue au moyeu de ia 
decomposition de l’uree par l’urease. On a dose le manganese de 
mar&e satisfaisante en la pr&ence de calcium. 
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Qualitative analysis of ultxaviolet-absorrmg substancea by IEM of 
flaorescent materials 

(Received 7 Jute 1971. Accepted 23 November 1971) 

THE SPECTRAL REGION to which the human eye responds is restricted to the mu-row range of about 
400-800 nm. Consequently, a great number of colour reactions have been developed for detection 
of colourless substances, and many new reactions are proposed every year. On the other hand, for 
detection of colourless substances absorbing ultraviolet light, use of fluorescent materials has been 
developed, and recently a mixed fluorescent material was proposed for detection of these substauces 
as coloured compounds, and thus to increase the selectivity of detection. 

USE OF FLUORESCENT MATERIALS FOR DETECTION 
OF ULTRAVIOLET-ABSORBING SUBSTANCES 

Brockman and Volpersl were the first to separate colourless substances on adsorption columns 
impregnated with a fluorescent material. The adsorption zones appeared under mon~o~tic 
ultraviolet light as dark bands against a brilliant background. They used Morin, a pentahydroxy- 
flavone, to make alumina fluoresce (300 mg per 500 g of alumina), berberine for silica gel, diphenyl- 
fluoriclme sulphonic acid for calcium carbonate, and Morin for ~~~i~ oxide. This method is 
applicable to those substances which absorb ultraviolet light in the wavelength region causing 
fluorescence. 

Sease* described the use of silica gel mixed with 25 % of fluorescent zinc sulphide, and BrockmamQ 
suggested its slight adsorptivity. The usable wavelength range was limited to 330-390 nm. Sease* 
extended the range to 230-390 nm by admixture with 25 % of fluorescent zinc silicate. On cohurms 
of the tluorescent silica gel he separated 48 binary mixtures involving 25 different compouuds, and 
detected the zones by illuminating the columns with a hydrogen lamp which provides continuous 
ultraviolet lieht. With such a light-source, however, the detection limit for an individual compound 
should be hiiher than that with”suitable monochromatic light. 

Kirchner ef al.4 made fluorescent chromatostrins with a mixture of 19 g of adsorbent, 1 g of 
starch, @15 g of zinc silicate and 0.15 g of zinc &mium sulphide, to sepirate and de&t sgme 
unsaturated organic compounds. The technique has grown into thin-layer chromatography with 
fluorescent adsorbents, the most popular nowadays among these bemg Merck’s Silica Gel FIsr 
containing fluorescent zinc silicate. 

Fluorescent materials have also been used to make fluorescent screens which are mainly useful for 
detecting spots of ultraviolet-absorbing substances on paper. 

Althouxh the combinations of some fluorescent materials mentioned above are usable for a wide 
wavelengthyrange, they have poor selectivity since the substances appear as dark and uncoloured 
spots. In contrast, by the method described here, the substances show diierent colours, depending 
on their ultraviolet absorbing spectra, and thus the selectivity is much increased. 

Light source 
Various kinds of mercury lamps of difherent pressure have been used for the light source, in 

combination with suitable titers, the simplest and most popular among them being a low-pressure 
lamp which emits a strong line at 254 mn and some weak lines, and a fluorescent lamp which is made 
from a similar lamp coated with fluorescent barium metasilicate and emits a band spectrum around 
350 nm. 

Seasd used a hvdroeen lamn to obtain an ultraviolet continuum. Tamura et uZ.~ improved the 
low-pressure mercury l&p to supplement the energy of wavelength longer than 254 rim. Three 
kinds of fluorescent materials which absorb light at 254 nm and emit ultraviolet light of longer 
wavelength-(Zn,Ca),(po,)lfTf (fluorescence %aximum, 31Onm), BaSi,O,lpb (%Omn) &d 
(~,Sr,M~SiO~.SO*~b (370 nm)--were mixed in the proportions 26*0,33.2 and 40.8 % respectively; 
the mixture was bound with acetylcellulose to make a film which was placed behind the mercury 
lamp, and a Toshiba UV-D25 tilter was attached in front of the lamp. The emission spectrum of the 
light source thus obtained is shown in Fig. 1. 

Since the fluorescent flhn graduahy deteriorates, the light source was further improved by 
mating half of the inner surface of the discharging tube with the same fluorescent mixture (Fig. 2).* 

* The light source is to be mauufactured by Tokyo Kogaku Kikai K.K. 
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Tamura et af.@ se&ted three i&t& of fiuorescent matetials which have different excitation spectra 
and Suorescent colours (blue, green and red) fram the products of Tokyo Shibaura Electric Co. 
(Fig. 3), and mixed them so as to abtain white fiuoresoence on irradiation with continuous ultraviolet 
right (Fig, 3, Table I). 

The mixed ~uor~~t materials display dierent colours a~~mg to the wa~~e~~h~ of the 
i~dia~og nltmv~o~et fight. The mixed fluorescent materiais A and B change their &our from bhre, 
tbro~~ green* yellow and orange, to red on ~~g~ug the excitation wavekngth from 250 to 350 run, 
Thus the visible spectrum seems to be transferred to the ultraviolet region. 

Tamura et al. applied the mixed Auoresceut material A to detection of ultraviolet absorbing 
substances as coloured substances, 

Fluorescent screen. The mixed fluorescent material was mixed with an equal quantity of 1% 
starch solution and spread on a glass pIate with an apphcator, or mixed with severaJ times its quantity 
of 5% a~t~~~lIul~ solution in acetone and spread on a poly~~y~ chloride plate, to produce a 
fhrorescent screen. * 

* A iiuomseant screen made from mixtnre A is ~rnrne~i~~ av&abIe under the name of 
Lumicofor-Plate (Wake Pure Chemical Industries, Ltd.). 
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I%% 3.--Spectra and fluorescent colours of comic fluore~e~t mate&Is. 
- Excitation spectra (~~0~~); - Emission spectra (uncorrected); 
I: Y&UEo (SPD-374), red; II: Cd~B*O~~Mn (SPD&), oraqpred; III: CaWO, 
(SPD-lB), blue-violet; IV: 3Sr~~O*)~-SrF*~Mo, Sn (SPD-INi), yellow; V: Sr&o,/Sn 
(SPD-105), blue; VI: CaSiOslPb, Mn (SPD-IlB), orange; VII: Zn,SiO,/Mn 
fSPfi3B),green; VIII: 3Ca&Q&CaFCl/Sb, Mn (SPD-1451), white; IX: MgGa,O,/ 
Mn @PD+, green; X: MgWOd (SPD-2), blue-white; XI: (Sr~g~)~~o‘)~/so 
(SPD-103A), orange: XIX: YVOJEu (SPD-3733), red; XTII: ZnS/Ag (SPD-351), 
blue; XIV: ZnCdSlAg (SPD-363), green; XV: ZnCdS/Ag (SPD-319, ~&ow; 

XVI: Mg*(AsB)~O~~/Mn (SPD-102), red 
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T~LB L-COMPOSITION OF SOME MIXED 
pLuoRl?scENTMA~~ 

Symbol Component Mixing ratio 

A v, VII, XII 20:5:1 
B v. VII. XVI 12:3:2 
c Vii, Xii, XIII 5:1:2 
D I, IX, XIII 3:5:1 

After chromatographic or electrophoretic separation, the filter paper was placed on the light 
source and covered with the fluorescent screen. Then the ultraviolet-absorbing compounds were 
observed as coloured spots on the white background. 

The colour of a spot corresponds to the absorption spectrum of the compounds in it, and vitamin 
C, which has an absorption maximum at 265 nm, gives a red spot on a chromatogram, as expected 
from the spectrum of A. In some cases, however, the colour does not correspond to the absorption 
spectrum in the solution, because of changes caused by adsorption or solidification, or because of 
overlap with the fluorescence of the compound as in the case of vitamin B,,. A colour change from 
red to brown during irradiation was observed in the case of vitamin Br, and this was the result of 
photochemical decomposition. The limits of detection depend on the molar absorptivities of the 
compounds, and those of vitamin B1, C and nicotinamide were found to be 0.1, @5,05 and O-4 pg 
respectively in c~o~to~aphy with n-butanol, acetic acid and water (4: 1: 5 v/v; upper phase). 

Gases and liquids are observed by placing them in a quartz cell and putting this between the 
light source and the fluorescent screen. The vapour of benzene then looks red and aromatic im- 
purities in a solvent can be detectable. 

LI 

FIG. 4.-A viewer for ul~a~olet-absorb~g substances. 
&-quartz lens; F-fluorescent screen, L,--glass lens. 

A viewer for ultraviolet-absorbing substances has been developed, as shown in Fig. 4. An object 
is irradiated with the light source, the image is focused on the screen, and the fluorescent image is 
observed through the lens L,. 

Thin-layer andcolumn chromatography. The fluorescent screen is scarcely applicable for thin-layer 
chromatography since ordinary adsorbents and glass absorb light of wavelength shorter than 300 nm. 
and therefore 5-10 % of the mixed fluorescent material is added to the adsorbent.* The colour is better 
if observed from the back of the thin layer. 

The detection limits on thin layers are generally lower than on paper, and &l ,ug of vitamin Br 
and 0.3 rg of nicotinamide are sufficient for detection. 

A similar fluorescent adsorbent in a quartz tube has been used for column chromatography, for 
example, an adsorbent was made by hydrolysis of ethyl silicate containing fluorescent material A, 
to achieve homogeneous distribution of the fluorescent components through the adsorbent. 

Takitani et ui. studied separation of hypnotics” and other drugs’ on thin layers and columns of 
silica gel containing the mixed fluorescent material. 

DISCUSSION 
Strong acids or alkalis should not be applied to the mixed fluorescent material, for some of the 

components would be decomposed. Ultraviolet-absorbing solvents, if present, should be removed 
completely before the observation. The irradiation time should be kept as short as possible to avoid 
photochemical decomposition of unstable compounds. 

+ Silica gel containing the fluorescent material A, Wakogel B-5 UA is available (Wake Pure 
Chemical Industries, Ltd.). 
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Subject to these conditions, the mixed fluorescent material should bc widely applicable not only 
to qualitative analysis of natural products, biological substances, drugs, synthetic materials etc, but 
also to their puri6cation and for tracing their chemical reactions. 

Acknowledgements-The author wishes to thank Japan Analyst for permission to reprint figures. 
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Summary-Developments of detection techniques of ultraviolet 
absorbing substances with fluorescent materials arc reviewed. 

Zwammenfaaung-Es wird eine Ubersicht iiber Nachweisverfahren 
von Ultraviolett absorbierenden Substaoxeu mit Hilfe fluoreszenxf%h- 
iger Stoffe gegeben. 

R&nm&Gn passe en revue les d6veloppements de techniques de 
detection de substances absorbaut dam l’ultra-violet avec des produits 
fluorescents. 
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Automatic iowedmnge chromatograph for analysis of alkali and alkaline 

earth metal mixtnr~ 

(Received 7 June 1971. Accepted 28 hoverer 1971) 

Fm PHOTCMWRY has been widely used for determination of alkali and alkaline earth metals, but 
a sample solution of several millilitres is necessary. A new method for ultramicro determination of 
these metals had been developed by the authorsl-s A hydrogen flame-ionization detector is used as 
sensor and the sample solution required for analysis is only several microlitres. This detector, in 
which an electric current is caused by ionization of the metals in the flame, has high sensitivity but 
lacks selectivity. Use of this detector with automatic ion-exchange chromatography on an inorganic 
ion-exchanger has been studied. 

Chromatograph 

EXPERIMENTAL 

A block diagram of the automatic chromatograph is shown in Fig. 1 and some details in Fig. 2. 
The ~~to~ph consists of a hydrogen flame-ionization detector, an ion-exchange cohmm, a 
motor-driven turntable, a photoelectric monitor, and a heater chamber to eva 

r 
rate the &ate. The 

detector had double jets for two hydrogen flames (Fig. 3). Salts of alkali an alkaline earth metals 
were evaporated in the lower iiame (the evaporating Same) and electrical responses corresponding 
to ionization of these metals were measured in the upper flame (the ionizing flame). The ionexchange 
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FIG. i.-Schematic diagram of chromatograph. @ Control box; @I ion-exchange 
column; @ device for monito~g a drop of eIuate; @ turntable (sample holders); 
@ hydrogen flame-ionization detector; @I d.c. amplifier; @I recorder; @ constant- 

voltage stabilizer. 

I I 
I I 
I 

10.5rnm 
I 

I e I--+ 

5 3mm 

\ / 

Fro. 2.-Vertical plane of chromatograph. 0 Detector; Q ion-exchange column; 
@ device for monitoring a drop of eluate; @I shock absorber; @ sample holder (Pt); 
@ drain; @ turntable (160 mm diameter); @ screw for setting the height of sample 

holder; @I heater for evaporating eluate. 

column was a silica tube of 4.2 mm bore packed with zirconium phosphate (Bio-Rad, 100-200 mesh) 
to a height of 20 mm. The turntable had 47 platinum sample holders. A net or ring, made of tine 
platinum wire (@l mm diameter) was placed below the column to reduce the speed of a falling drop 
of effluent and ensure successful loading on a sample holder. The photoelectric monitor was the same 
as one used for a fraction collector. The heater chamber was set to evaporate eluates, especially those 
containing ammonium chloride, on the sample holders before they were inserted into the evaporating 
flame. Optimum temperatures of the heating zone are shown in Fig. 4. The chromatographic and 
sampling devices are shown in Fig. 5. 

When a drop of eflluent from the column is loaded on a sample holder, the motor begins to rotate 
as a resuh of a signal from the monitor, and drives the turntable clockwise untii the next sample 
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Era. 3.-Hydrogen flame-ionization detector. Q Collector electrode (14 mm diameter, 
6 mm high, Au); @ ionizing jet (anode, 0.6 mm bore, Pt); @I terminal for applying 
potential to ionizing&t; @ insulator; @ evaporating jet (1 mm bore, Pt); @I sample 

holder; (53 turntable; @I heater for evaporating eluate. 

FIG. 4.-Heater assembly. @ Detector; @ sample holder; @ shock absorber; @ 
drain; @I plate heater; (e, coil heater; @ turntable. 
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Pro. 5.-Chroinatographic column and sampling device. 0 Polyethylene bottle; @ 
polyethylene tube; @ Pt tube (0.6 mm bore); @ vinyl chloride tube; @ ion-exchange 
cohnrut (s&a tube 4 mm bore); @ polyethylene; _@ device for monitorhrg a drop of 

&ate; @ shock absorber; @ sample holder; @ dram. 

holder is positioned just below the ~01~. Simuhaneously a drop of e&tent on another holder 
moves into the heater chamber. In the heating zone, the eluate is evaporated, leaving a solid metal 
salt on the sample holder. When the metal saft is inserted into the evaporating Same, a response from 
the collector electrode is obtained and recorded. Thus the elution chromatogram is obtained. 

Reagents 

Salts of alkali and aIkaline earth metals used were analytical grade reagents and ammonium 
chloride was prepared from hydrogen chloride and ammonia. They were dissolved in deminerahxed 
water and their solutions were kept in polyethylene bottles. Hydrochloric acid was prepared by 
dissohring hydrogen chloride in demineralized water. 

RESULTS 
Characteristics of the ionization detector were investigated in detail. The detector showed a good 

response to microamounts of the metals, as shown in Table I. 

TABI I.--LIMIT OF D~~~~A~ON AND LINEAR DYNAMIC RANGE 

Limit of Linear 
determination dynamic 

Sample @role) range Remarks 

LiCl 5 x 10-l’ 1:lOO Mixing HC1 
NaCI 4 x lo-= 1:50 Mixing HCI 
KC1 5 x lo-‘& I:100 
RbCl 3 x 10-14 1:loO 
CSCI 3 x lo-‘4 1:lOO 
CXI, 3 x lo-‘* 1:loo 
St-Cl, 3 x 10-u 1:50 
BaCI, 3 x lo-‘3 1:70 

Evaporating flame temp. 143O’C; ionizing flame temp. 1380°C. 
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IM NH,Cl 

I I I t I I t I 
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Elution time, min 
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Eluate volume, ml 

ho. 6.-Ionexchange c~o~to~~ of sodium and caesium ions. Column, zirconium 
phosphate (20 mm x 13 mm’); pretreatment with 2M HCI; eluent, 1M NH&l; 

flow-rate, O-072 ml/mm. Sample: NaCl2 X 10-* mole, C&I 2.1 x 1O-1Q mole. 

An elution chromatogram (Fig. 6) of sodium and caesium ions was obtained with the chromate-’ 
graph, with l&f ammonium chloride as eluent. Sodium and caesium could be determined from 
either the peak heights or the peak areas. The response did not return to zero after elution. It was 
considered that these baseline shifts occur& bemuse of contamination with trace amounts of 
sodium or potassium in the preparation of the eluent. Therefore, the ammonium chloride, hydro- 
chloric acid and demineralized water used should be highly purified. 

llepr#ment of htdmtrial Analytical Ckemistry 
Faculty of Technology 
Tokyo Metropditan University 
Setqgaya-kq Toky 

SIXUNARA?EI 
SHmETAKA SUZUKI 
h8ASAMU YAMADA 

Summary-A new automatic chromatograph for ultramicro determina- 
tion of aikali and alkaline earth metals has been developed. It com- 
bines a ~gh-~iti~~ hydrogen Same-ionization detector with 
ion-exchange chromatography. Zirconium phosphate was chosen as 
ion-exchanger. 

ZuaanmteulfesPrmg-Ei neuerautomatischerChromatographzur Ultra- 
mikrobestimmungvonAlkalienundErdalkalimetallenwurdeentwickelt. 
Er vereinigt einen h~h~p~~~hen W~~~toff-F~e~o~~tio~- 
detektor mit der Ionenaustauschchromatographie. Als Ionenaustau- 
scher wnrde Zirkoniumphosphat gew%hlt. 

R&sum&On a elabore un nouveau chromatographe automatique 
pour i’uitra-micro dosage de metaux alcahns et alcalino-terreux. I1 
combine un detecteur 8 ionisation de Samme d’hydrog&ne de haute 
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sensibilite avec la chromatographie d%change d’ions. On a choisi le 
phosphate de zirconium comme khangeur d’ions. 
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Spectrophotometric studies on 5,7-dibromo-S-aminoquinoline chelates of some 
bivalent transition metals 

(Receiued 19 June 1971. Accepted 21 October 1971) 

WE HARE BEEN studying 8-aminoquinoline and its derivatives in contrast with 8-quinolinol and as an 
example of an N,N-co-ordinately bonding organic reagent,l-ll and now report on the 5,7-dibromo 
derivative. 

Reagents 
EXPERIMENTAL 

Synthesis of 5,7_dibromo-8-aminoquinoline. Though 5,7-dibromo-8-aminoquinoline was obtain- 
able by the reduction4 of 5,7-dibromo-8_nitroquinoline, we synthesized it via the acetylation of 
8-aminoquinoline.6 

Commercial 8-aminoquinoline (2 g) was dissolved in glacial acetic acid (8-10 g) and placed in a 
500-ml Erlenmeyer flask. In like manner, 4.47 g of bromine were separately dissolved in glacial 
acetic acid (18-23 g) by weight and stored in a separating funnel. The 8-aminoquinoline solution was 
vigorously agitated while being ice-cooled, and the bromine solution was added from the separating 
funnel dropwise. A fine yellowish-orange precipitate of 5,7-dibromo-8-acetylquinoline was obtained. 
Care was taken to cause it to agglomerate as little as possible. The precipitate was titered off and 
dissolved in 50-100 ml of concentrated hydrochloric acid, The solution was poured into sufficient 
cooled water to yield a yellowish precipitate. This precipitate was recrystallized from methanol. 
The m.p. was 120-121’, and the yield 30%. Elemental analysis was as follows. Found: C 36.4%. 
H 2*1x, N 9.5 %, Br 52.7%; calcd. for CBHaNIBr,: C 35.79 %, H 1.99 %, N 9.28 %, Br 52.94 %. 

Metal ion solutions and solvents, etc., to be used in the experiments were the same as previously 
reported.* 

Dissociation constant of 5,1-dibromo-8-aminoquinoline (DBA) 

The absorption spectra of 2.02 x lo-“MDBA in 50% v/v aqueous dioxan were taken at various 
acidities (Fig. 1). At pH > l-9, the shape of the absorption spectrum was constant, with absorption 
maximum at 356 nm. At acidities of 0.05-l*ON (perchloric acid), the absorption spectra varied, 
with an isosbestic point at about 400 run, and tinally a new absorption maximum at 438 nm. The 
low-acidity spectrum is considered to be that of the neutral reagent and the high-acidity spectrum that 
of nrotonated reagent. Since it was thought that both chemical species were co-existent up to at 
lea;t 0*5ON acidity: the dissociation cons& could be calculated. - 

For comparison, the absorption spectra of I-aminoquinoline and 5,7-dibromo-8-aminoquinoline 
are shown in Fig. 2. The absorption spectrum of the reagent is shifted to longer wavelengths by the 
introduction of bromine atoms. 

If HL+ is the protonated form of the neutral reagent, L, the acid dissociation constant, K,,, is 

If the absorbance at the determined wavelength of the solution is A, EHL and EL are the molar absorp- 
tivities of HL+ and L respectively, C is the total concentration of L (i.e., CI, = [HL+] + [L]) and 
A,, = CL&L, 

G 1 K, -=- 
(A - A,) CGIL - 4 + ~l@m - &I,) 

(2) 
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Ro. l.-Absorption spectra of 2.02 x 10-W 5,7-dibromo-8-aminoquinoliie. 
I-pH 1.85; 2-410M HC104; 3-0.25M HCIO,; 4-0.5OM HClO,; 

5-14OM HClO,. 
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FIG. 2-Absorption spectra of 8-aminoquinoline and 5,7-dibromo-&aminoquinoline. 
I-5,7-Dibromo-8-aminoquinoline; 2-5,7-Dibromo-8-aminoquinoline (protonated 
form); 3-8~Aminoquinoline; 4-8~Aminoquinoline (protonated form). Concen- 

trations 2.02 x 10-W. 
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If the concentration of the reagent is kept at 2.02 x IO-‘M, and the concentration of perchioric 
acid is varied from @IO to 0*25M, a linear relationship is found between C&4 - A,) and l/[H+]. 
From these results, the acid dissociation constant of 5,7-dibromo-S-aminoquinoiine can be found by 
the method of least squarea. An average value, K,, 754 x IO-% (pl& 1.1) was obtained, the individual 
values being 7.73,7*72 and 7.18 (all x lo-*) from measurements at 430,460 and 470 nm respectively. 

This is large compared with that of the constant of 8-aminoquinoline (1.58 x 10-e) because the 
electron-attracting power of the bromine atoms in the 5th and 7th positions reduces the electron 
density on the ring nitrogen atoms. 

Absorption spectra of 5,7_dibromo-8-aminoquino&e chelate of copper 

With 2.02 x IO-‘MDBA in 50% v/v dioxan-waler at an acidity of l*OMperchIoric acid, variation 
of the copper(E) concentration from 2.19 x lo+ to 2-19 x RPM gave variation of the absorption 
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FIG. 3.-Absorption spectra of copper chelate of 5,7-dibromo-8-aminoquinoline. 
Reagent 202 x 10-&M, I-Reagent only; Z-[Cu] 1.09 x lo-*M, 3--[cU] 3.29 x 

lo-“iM; 4-[Cu] 1.09 x lo-*M, 5-[Cu] 2.19 x lo-*M. 

spectra, relative to a solvent blank (Fig. 3). The absorption mum was at 3 16 nm and the isosbes- 
tic point at 348 nm. It is considered that when copper is in excess only one type of chelate is formed 
in l.OM perchloric acid. 

Composition and stability constant of 5,7~ibromo_8_aminoquinoline chelate of copper 

If the reagent reacts with copper according to 

ctP+ f &IL+ * cuL,‘+ + nII+ (3) 

(4) K _ KuLs*+l~H+P 
1- [ Cu’+] [HL+]” 
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If the initial concentrations of copper and reagent are C, and Cr and the concentration of the 
chelate is x (ah in mole/l .), 

4 = (C,, 
X[HfE 

- XXCL - nn)” (9 

Under these conditions, as the isosbestic point in Fig. 3 and the molar ratio method show, the com- 
position of the &elate is 1: 1. Thus when L as well as HL+ is taken into account 

If&x, sZ and em are the molar a~~tiviti~ of the cheiate, L and HL+, the total absorbance is A 
and the absorbancea of L and HLf are AL and AH&+ respectively, it follows that 

-I- 
1 

EHLWI dct 
3 

(7) 

- iH+l -I- & - fHSlfK 

If the concentration of the reagent is 2.02 x IO-% and the concentration of cop 
P 

iOIt 
varies from 7.07 x 10-; to 1.52 x 10-*&f, the acidity is maintained at 0.4SN with pert oric acid 
and the relationship between the left-hand aide and l/C, in formula (7) is plotted, a Iinear relation- 
ship is obtained. Values of the ~~b~~ constant for the system were obtained by applying the 
methods of least squares to this curve. They were 14, 16 and 18 (mean 16) for measurementa at 
320,325 and 330 mn. Log kt = 2.3 was obtained as the stabiht 

dy K, was taken as 754 x lO-*, and an ionic strength of @50 an 
constant of the 1: 1 complex when 

rna~t~~. 
a temperature of 25.0 f @lo were 

Absorption spectra ~~t~iiity amstunt of 5,7~ro~S~i~u~~line chekztes ofother met& 
The method was also applied to the determination of the equilibria constants for the 1: 1 

chelates formed with nickel, zinc, cobalt and cadmium (Table 9. The stability constants are in 
Table II. 

CONCLUSION 
The results are summari 

8-quinoImo1. 
zed in Table II, which also inchrdes those for 8-amhmquinoline. and 

It is seen that the electron-withdrawing effect of the bromine atoms leads to relatively 

TILE I.-~~~ CONSTW OF 5,7-DIRROMO-8- 

AtaNOQuxNoLmE -m. 

Wavelength, nm 

310 

315 
320 
32.5 
330 
335 

Mean value 

K 

Ni Zn Co Cd 

- 5.4 - - 

- 3-l 17 - 

4.3 4.1 - - 

4.9 - 13 2.7 

4.2 - 9 2.7 

- - - 2.9 

4-S 4.2 13 2.8 



586 Short co~~i~tio~ 

TABLE II.-ACUITY (p&) AND STABILITY CONSTANT3 (LOG k) IN 50 % V/V AQUEOUS DIOXAN. 

Reagent 
log k 

Pa 
Cu Ni Zn Co Cd Pb 

8-Aminoquiuoline * 3.80 55 4.1 3.7 - 1.9 - 

5,7-Dibromo-8-~~oquinol~e I.12 2-3 1.8 1-8 2.2 1.6 - 

8-Qu~ol~ol 502t 13*49$ 1144$ 9.962 1055$ 9+43$ 10.612 

* Reference 2. 
t Reference 6. 
$ Reference 7. 

low stability constants. The absorption curve of the chelate is shifted to longer wavelengths and 
greater molar absorptivities. The stability constants almost follow the Irving-Williams order, but 
that of the cobalt(II) chelate is greater than expected. 

5,7-Dibromo-8aminoquinoline is not thought to be particularly superior to 8-quinolmol as an 
analytical reagent, but it seems to provide information on the mfluence that different atoms exert on 
the formation of chelates. 

Department of Chemistry 
Faculty of Sciertce 
Ibaraki University 
Mto, Japan 

KATsuMx YAhsAMoTO 
HIROSHI TABATA 

Summary-The acid dissociation constant of 5,7-dibromo-&amino- 
quinoline and the stability constant of 1: 1 chelates of some bivalent 
transition metals were determined spectrophotometrically in 50 % v/v 
dioxan-water medium at an ionic strength of 050 at 25.0 -f O*l” and 
compared with those of 8-~~oqu~oline. The dissociation constant 
was found to be 7.54 x lo-% and the stability constants (log Ki) were 
2.3 (copper), 1.8 (nickel), 1.8 (zinc), 2.2 (cobalt) and 1.6 (cadmium), 
respectively. The dissociation constants are greater and the stability 
constants smaller than the corresponding values for 8-aminoquinoline 
and 8-quinolinol. 

Zusammenfassung-Die S&.nedissoziationskonstame von 5,7-Dibrom- 
8-aminochinolin und die Stabilititskonstanten von 1: l-Chelateneiniger 
zweiwertiger ~~rgan~metalle wurden s~~ophotometr~h in 
50 Vol.-% Dioxan-Wasser bei einer Ionenstarke von 0,.50 bei 25,0 f 
O,l” gemessen und mit denen von 8-Aminochmolin verglichen, Die 
Disso~ationskonstante be&l&t 7,54 * 1O-8 und die Stabilitltskonstanten 
(log &) 2,3 (Kupfer), 1,8 (Nickel), 1,8 (Zink), 2,2 (Kobalt) und 1,6 
(Cadmium). Die Dissoziationskonstante ist groBer und die Stabilitiits- 
konstanten kleiner als die entsprechenden Werte bei 8-Aminochinolin 
und GHydroxychinolin. 

R&nn&-Qn a determine s~ctrophotom~triquement la constante de 
dissociation acide de la 5,7-dibromo I-aminoquinoleine et les con- 
stantes de stabilite de chetates 1: 1 de quelques metaux de transition 
bivalents dans le milieu dioxane-eau 50 % v/v, a une force ionique de 
050 a 25,0 f OJ”, et on les a comparees & celles de la S-aminoquino- 
16ine. On a trouve que la constante de dissociation est de 7,54 x lo-” 
et les constantes de stabilitb (log K,) sont 2,3 (cuivre), 1,8 (nickel), 1,8 
(zinc), 2,2 (cobalt) et I,6 (cadmium) respectivement. Les constantes de 
dissociation sont pius grandes et les constantes de stabilite plus petites 
que les valeurs correspondantes pour la 8aminoquinoltSine et la 
8-hydroxyquinoleine. 
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Summary-A review is made of the basic theory, instrumentation and 
application of mass spectrometry, with special reference to the de- 
velopment of the equipment and its impact on the scope of application. 

THE IONIZATION PROCESS 

ANALYSIS by mass spectrometry depends upon the segregation of ionized molecules 
in magnetic, electric or radiofrequency fields. The ionization process which precedes 
this separation must take place in the gas phase and this imposes certain limitations 
on the technique, which are discussed later. Mass spectrometry is best introduced by 
using its relationship to other physical techniques based upon ionization. The ioniza- 
tion process may be described most generally by the interaction of a species M, 
which may be a molecule, an atom or a free radical, with a second species X, which 
may be an electron, a photon, an ion, a fast molecule or even a high potential gradient. 
M may be considered to be in thermal equilibrium with its surroundings but X must 
have a certain minimal energy content (E) which is greater than the binding energy 
of the electron in the lowest energy orbital in M, i.e., the lowest ionization potential 
(I) of M. As a result of this interaction the lowest-energy electron is ejected and an 
ion M+ is formed. For cases in which E is greater than Z the excess of energy will be 
partitioned between the ion (EJ and the electron (E,). As the free electron is so light 
when compared with even a small polyatomic ion, any translational energy released 
in the process will be almost completely retained by the electron, which can of course 
retain no other form of energy. The ion M+ on the other hand, although it has no 
translational energy, may have excitation energy (&) which may be electronic, 
vibrational or rotational. 

M + X(E) - M+(&) + e&) 

n, nX nl n2 

In order to examine the consequences of this interaction in a real environment 
we must assume an assembly of particles of species M, their number being nM. The 
number of particles of species X, which will most normally be measured as a flux, is 
nx and the numbers of ions and electrons produced will be n, and n2 respectively. 
Except in the case of multiple ionization n1 and rr2 will be equal. 

There are obviously two ways of investigating the ionization process experi- 
mentally: either the number of ions or the number of electrons may be measured. 
Such measurements are most commonly made by collecting the charged species with 
electrode assemblies across which the appropriate potential gradients are applied. 

t For reprints of this review, see Publisher’s announcement near end of this issue. 
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It is most convenient to investigate ionization as a continuous process so that n, is 
kept constant by maintaining a flux or current of X through the assembly of mole- 
cules, atoms or radicals M. The resulting numbers of ions and electrons may now also 
be measured as fluxes, i.e., numbers of ions or electrons per second or, more famili- 
arly, electric currents. Let us suppose that nM and nx are kept constant while E is 
varied. The electron current n,/t (where t is time) is now measured, for example, by 
inserting a pair of polarized electrodes into the cell in which M and X are interacting. 
If the electron current n,/t is plotted against the energy E, the result is a typical ioniza- 
tion curve with a very steep rise in n,/t as E rises above the ionization potential of M. 
When X is a photon then E may be very sharply defined by the wavelength of X and 
the ionization potential may be measured with considerable precision. When X is an 
electron, E is not precisely defined, as it is not very easy to obtain a beam of mono- 
chromatic electrons of suitable intensity. As electrons are normally produced from a 
white hot tungsten or rhenium filament they retain a Boltzmann distribution of energy 
-&AE which is an appreciable fraction of a volt. As a result the inflection in the 
ionization curve is less precisely defined and the value of the ionization potential less 
certain. Now let us consider an alternative experiment in which the energy E is kept 
constant and considerably greater than the ionization potential of M. Instead of the 
total ionization current n,/t being measured, the energy distribution in the emitted 
electrons is determined. This may be achieved experimentally by interposing a 
retarding potential grid between the two collecting electrodes or more elaborately by 
passing a beam of the emitted electrons through a transverse electric field and dis- 
persing them according to their velocity. A plot is now made of E,’ against n,‘/t 
where E2’ is the energy in any emitted electron and n2’ is the number of electrons 
having such a translational energy. Then z ni = n2. The difference between the 
energy of the projectile (E) and the translational energy of the emitted electron (E,‘) 

is equal to that energy retained by the ion M f. When X is a photon of high energy, 
this curve may be recognized as the photoelectron spectrum. Such a curve will have 
several maxima corresponding to the ionization of electrons in orbitals of different 
energies. In addition, for simple molecules, the maxima may reveal structure due 
to the formation of the ion in a variety of excited states. This experiment gives 
information about the energies of orbitals in polyatomic molecules in addition to the 
lowest ionization potential. Similar information is theoretically available if X is not a 
photon but an electron. Once again however, there is the problem of the energy 
spread experienced with electron beams. Electron monochromators are now being 
developed, however, giving currents as high as 10m8 A with an energy spread of as 
little as 20 mV. Combinations of two of these devices have been used to provide 
determinations of the energy distribution of emitted electrons, and a new spectro- 
scopic technique, electron energy loss spectroscopy, is being developed. Once again 
the information available with this technique is concerned with the energies of orbitals 
in simple polyatomic molecules rather than with structures. 

The alternative method of investigating the ionization process is by measuring the 
ion current rather than the electron current. A plot of q/t against E once again 
provides a method of determining the ionization potential of M. The results are more 
precise when X is a photon rather than an electron but the measurement of ionization 
potentials from the ionization efficiency curves obtained with mass spectrometers is 
common practice and various extrapolation procedures and deconvolution devices 
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are used to increase precision of the determination. When X is an ion, the situation is 
complicated by the involvement of the recombination energy of the projectile ion with 
an electron. This complication also arises with the other techniques mentioned 
above. A measurement of the ratio nl/nM gives a measure of the ionization cross- 
section of the molecule M. The ionization efficiency curve, which is a plot of n,/t 
against E does not give any information about the higher ionization potentials of 
polyatomic molecules because it is not possible to identify the variation of cross- 
section with E for any specific ionization process in which an electron of particular 
energy is being removed, except in the simplest possible case of the hydrogen atom or 
possibly the hydrogen molecule. Energy analysis of the ion current reveals no 
information, because the translational energy is all removed by the electron and at 
present there is little or no possibility of the determination of the nature of the 
excited states of ions. 

While however, little information of this type is available from an examination of 
the ion current, the technique of mass spectrometry is based on an alternative way of 
looking at the ion current. This arises because it is possible to segregate ions not 
according to their energy content but according to their relative mass. The various 
methods by which this segregation is achieved are discussed below and it is only 
necessary to point out that the assembly of the species M may now consist of a number 
of different molecules, atoms or radicals. Each of these will be converted into the 
appropriate ions M+ and it is now possible to measure all the individual ion currents 
n,/t and to plot n,/t against the mass of the ion m. Such a plot constitutes a mass 
spectrum. 

M 

If the assembly of species is, for example, a mixture of rare gases so that the only 
ionization processes possible were the production of the singly-charged rare gas ions 
then it is possible to analyse the mixture by mass spectrometry. Both n&r and nx 
must be kept constant so that the rate of production of ions is constant. The indi- 
vidual ion currents of the species M are then proportional to the partial pressures of 
the species M in the mixture and the sum of all these currents is equal to the total ion 
current n,/t. This situation is rather similar to the conditions of fluorescence analysis 
where the incident radiation is analogous to the electron beam and the fluorescent 
radiation is analogous to the ion beam, the wavelength and mass being characteristic 
of the species M. There are very few cases in which this very simple form of mass 
spectrometry has a modern application. There are two examples worth recording 
however, the first medical and the second cosmochemical. The most readily available 
gas mixture is the atmosphere and a mass spectrum of air readily reveals the separation 
of the ion currents due to oxygen, nitrogen, carbon dioxide and argon. The efficiency 
of a patient’s respiration may be assessed by taking samples of the atmosphere from 
his lungs. This process can be carried out continuously and can show not only the 
state of the patient’s breathing but also the concentration of any foreign gas intro- 
duced to induce anaesthesia. 

The second application also deals with the analysis of atmospheres, but in extra- 
terrestrial situations. The development of very small light mass spectrometers, now 
referred to as “flyable” instruments, permits their transportation by rocketry to a 
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number of remote situations. The molecule and ion concentrations in the outer layers 
of the earth’s atmosphere may be examined by carrying a small mass spectrometer 
on a rocket and relaying the information which it gathers to a remote ground station 
by radio. An extension of this principle will allow the examination of a number of 
planetary atmospheres. 

The dissociation of excited ion-molecules 

The great value of mass spectrometry as an analytical technique does not derive 
from simple applications such as these, but from a quite distinct and separate result of 
the initial ionization process. For ionization to take place the energy in the electron 
must exceed the lowest ionization potential of the molecule. It must therefore have a 
value of E which is at least 15 eV since the ionization potentials of all molecules lie 
between 6 and 15 eV. It is common practice, in order to obtain sufficiently high 
values of the cross-section nl/nM which determines the sensitivity, to choose values of 
E in the 50400 eV range. The cross-section nl/nM does not vary significantly above 
100 eV but falls off rapidly below 50 eV. Although not all of the energy in the pro- 
jectile electron is transferred to the molecule, the result of the ionization process may 
be the production of an ion with a considerable excess of energy (E,). As the excited 
molecule ion is normally produced under high vacuum conditions (approximately 
1O-6 mm Hg) this excess of energy cannot be lost by collision with other molecules. It 
can thus only be reduced by the emission of a photon, a comparatively unlikely event, 
or by the molecule ion undergoing dissociation or rearrangement. As the bond 
dissociation energy of all chemical single bonds lies between 2 and 5 eV the transfer 
of a small fraction of the translational energy of the incident electron can result in 
the fission of a number of chemical bonds with the production of radicals and smaller 
ions. Because of the large excess of energy the dissociation process has two important 
features. The first is that there are a number of alternative modes of dissociation 
available and the diversity of these decompositions is further enhanced by the 
fact that the electrons have an energy spread &A(E) and may transfer a variable 
amount of their translational energy to the molecule, depending on the nearness 
of approach and the consequent intensity of interaction. As a result the excited 
molecule ion may dissociate in a number of parallel and consecutive reactions. If 
E is high, the molecule ion is most likely to react by breaking chemical bonds; if 
E is low the molecule ion is most likely to rearrange. The second feature is that the 
rate constants for the dissociation processes are very high and the reactions have neg- 
ligible energies of activation. As a result the rates of reaction are almost totally un- 
affected by experimental parameters other than E. This means that the ratios of the 
ion currents for the molecule, fragment and rearrangement ions will have constant 
values over wide variations of ?rM or nx or the temperature of the ionization cell. The 
relative intensities of the ion currents, which are responsible for the peaks in a mass 
spectrum, constitute what has come to be known as the cracking pattern of the 
molecule. It is the cracking pattern which is therefore substantially invariant and 
constitutes a fingerprint of the molecule in the same way that the infrared absorption 
spectrum does. It is thus possible to match the cracking pattern observed with a 
chemical compound measured upon one instrument with that of the same compound 
measured on a machine with a completely different geometry. This match is not 
as complete as that obtained with infrared or NMR spectra, but the usefulness of 
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this near identity has led to the collection both privately and by industrial and 
government organizations of large libraries of mass spectral cracking patterns. The 
best known collection of spectra has been made by the American Petroleum Institute 
Research Project 44. A second rapidly growing collection is being amassed by the 
Mass Spectrometry Data Centre situated at Aldermaston. The reduction of these 
cracking patterns to digital form permits a direct comparison by computer, and 
several schemes are in operation by which the mass spectrum of an unknown com- 
pound may be compared with a library of the spectra of known compounds, held 
upon a disc in a computer memory. 

One of the most severe problems encountered in the matching of spectra is the 
necessity of matching the purity of the standard and unknown samples. The presence 
of a substantial impurity in either may cause a mismatch so severe that the identity is 
lost. The effect of the minor constituent in distorting the mass spectrum may be 
further magnified by a difference in the rate of evaporation of the two components. 
With volatile samples this effect may be minimized by evaporating all of the sample 
into a reservoir from which the vapour flows into the ion source. When solid samples 
are being introduced into the source by the insertion-probe technique this is not 
possible. The situation is at its worst when isomers are being studied. There are 
only very small differences in the mass spectra of structural isomers and it is only 
possible to match the spectra of unknown and standard if the purity and method of 
sample admission are kept the same. Fortunately, there are two ways of dealing with 
this problem. The first is to use the technique of differential evaporation as discussed 
in the section describing quantitative methods, and the second is to combine mass 
spectrometric identification with some other technique of physical separation such as 
chromatography. Chromatography in one form or other is to be preferred because in 
general the resolution obtainable with chromatographic methods rises with the 
lowering of sample size, and mass spectrometry is capable of dealing with very small 
sample sizes, in some cases well below the detection limit of the normal calorimetric 
or fluorometric methods. 

Chromatographic separation 

It is not difficult to separate small quantities (micrograms) of complex organic 
compounds by paper chromatography. The area containing the spot of the unknown 
is eluted with an organic solvent, the solution is concentrated by evaporation, and the 
concentrate admitted directly to the mass spectrometer. It is unfortunate that this 
process is surprisingly variable : sometimes the resulting mass spectrum can be 
matched very well with that of a standard, at other times the solvent may extract 
from the paper not only the sample material but also a great deal of contamination 
from the paper itself. The amount and nature of this contamination are dependent 
not only on the nature of the paper but also on its previous history, i.e., which sol- 
vents it has already been exposed to during the chromatographic separation. Some 
improvements are observed when paper chromatography is replaced by thin-layer 
chromatography, on silica gel, cellulose etc. It has been possible, for example, to 
separate drugs from whole blood by a single separation upon cellulose and to identify 
the drug by removing a small area of the thin layer with a spatula and extracting with 
the appropriate eluent, filtering the slurry, evaporating the solvent and transferring the 
residue to the ion source in the manner described in the experimental section. Further, 
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in the case of some compounds it has been possible to show that this process may be 
quantitative, so that submicrogram quantities of the components of complex mixtures 
may be separately identified and determined.l 

When the sample components are sufficiently volatile they may be separated by 
gas chromatography. The very high efficiencies of separation obtainable with these 
methods, which greatly exceed those possible with fractionating columns, and their 
ability to deal with very small sample sizes, have encouraged experimenters to combine 
them with mass spectrometry. The separation of a pair of compounds by gas-liquid 
chromatography depends not only upon differences in the volatility of the two com- 
ponents but also upon differences in their interaction with the involatile liquid into 
which they are partitioned from the gas phase. As a result it is possible to take 
advantage not only of simple solution forces but of specific chemical interactions. 
It is thus possible, for example, to separate the cis and mm isomers of many simple 
hydrocarbons by using an involatile liquid containing a silver salt with which the 
unsaturated compounds form transient complexes. In a similar fashion the isomers of 
aromatic hydrocarbons may be separated by including in the involatile liquid some 
polynitro compound capable of forming molecular complexes with the aromatic. 
In each case some small difference in the stability of these complexes is exploited and 
quite small quantities of the involatile liquid are required. On the other hand, 
separations involving conventional solution forces may be made possible by having a 
very much larger quantity of the involatile liquid, maintained as a very thin film, and 
considerably multiplying the number of equilibrations of the sample mixture with the 
liquid. The limit to this is set only by purely experimental considerations of size and 
carrier gas inlet pressure. However, by an appropriate choice of column length and 
involatile liquid composition, it is possible to separate the components of complex 
mixtures of chemically very similar compounds. As an example, with the most 
efficient columns (either glass capillaries lined with squalane, or narrow packed 
columns with the same material dispersed upon small mesh size inert support) it is 
possible to separate deuterated hydrocarbons from their protonated counterparts. 
Dodecadeuterocyclohexane may be separated from normal cyclohexane with a 
relatively inefficient column of about 2000 theoretical plates, hexadeuterobenzene is 
separated from benzene, and trideuterotoluene from toluene2 with packed or capillary 
columns with an efficiency of lO,OOO-15,000 plates, and with the highest efficiency 
columns of above 100,OO0plates, monodeuterobenzene can be separated from benzene. 
The success of separations has in the past been limited by the inability of the gas 
chromatographic technique to provide an unequivocal means of identifying the 
separated species. The idea of specific retention volumes as a unique physical property 
which could be used for identification purposes has not been enthusiastically accepted 
by gas chromatographers. The determination of this constant, which is independent of 
temperature, gas flow-rate, involatile liquid concentration and sample size, required 
such precisely defined operating conditions that it was seldom used. A more success- 
ful compromise was the relative retention volume in which the retention volume of the 
unknown was expressed as a fraction of that of some similar known substance. 
Some variations in the experimental parameters were rendered less important but the 
uncertainties remained. Uncertainty could be removed by segregating the compo- 
nents of the mixture as they emerged from the chromatographic column, by adsorption 
on silica gel or alumina or by the passage of the effluent through a trap cooled in 
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liquid air. A separate adsorbent tube or liquid-air trap was required for each com- 
ponent of the mixture requiring identification. The sample components recovered in 
this way were then identified by a second technique. Such a two-stage separation and 
identification does, however, involve difficulties, mainly resulting from the problem of 
manipulating small amounts of volatile material. This has resulted in the develop- 
ment of a direct coupling of the effluent from the gas chromatograph to the inlet 
system of the mass spectrometer, so that there is no handling process after the injection 
of the sample mixture into the inlet of the gas chromatograph. The manner in which 
this has been achieved is discussed in the section dealing with instrumentation and it 
is only necessary to point out that the problem of matching unknown and standard 
spectra is considerably simplified when the purity of the specimen is so assured. 
Further, although the retention volume is not normally determined with sufficient 
precision to make it a primary means of identification, it provides a useful additional 
piece of evidence to back up the mass spectra identification. 

In all the foregoing it has been assumed that there exists a library spectrum of the 
unknown, and the only problem is that of matching. While this may be the case for 
some experimentalists, even in a routine analytical laboratory there will be times 
when the analyst will be faced with the identification of a completely new compound 
from its mass spectrum. 

As outlined earlier, the mass spectrum presents a record of the unimolecular 
decomposition of an assembly of highly excited molecular ions. The chemistry of the 
decomposition is unique, and no great reward is obtained by comparisons with ground 
state chemistry or with radiolysis. And yet the only structural information available 
from a mass spectrum is that which can be gleaned from an understanding of the way 
in which the molecule ion breaks down. There are three distinct approaches to the 
problem of extracting this information. The analyst may attempt to understand this 
novel type of chemistry so that he may deduce the structure of the molecule ion from 
recognized decomposition processes. This approach is analogous to that by which 
many natural products were identified by classical organic chemical degradations, 
e.g., pyrolysis or dehydrogenation. The second approach is to change the ionization 
process so that a different dissociation route is traversed. The third approach, which 
will commend itself most readily to the analytical chemist since he may make use of 
much of his armoury of chemical identification methods, is to modify the sample 
itself by means of a known chemical reaction and to infer the structure from a com- 
parison of the mass spectrum before and after the chemical process. This method is 
analogous to the preparation of a derivative with a known physical property such as a 
melting point, absorption spectrum, Rf value or cryoscopic molecular weight. Our 
present understanding of the chemistry of the decomposition of ions has in fact been 
largely accumulated by studies involving the second and third approaches, and 
Beynon3 in this country and McLafferty in the United States have been particularly 
successful in expanding our understanding of the mechanisms involved. While it has 
been stressed that the chemistry of ion decomposition cannot be interpreted with the 
aid of an understanding of ground state mechanisms alone, there are certain features 
or underlying principles of chemical theory which must apply with equal force to 
these very fast reactions. It would be expected that the effect of neighbouring groups 
upon each other would be reflected in the rates of decomposition. An extreme example 
of this would be the so-called “ortho effect” where much stronger interactions would be 
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expected between groups when they are adjacent to each other as substituents on a 
benzene ring than when they are more remote. Such an effect is observed and the 
spectra of isomers such as those of the nitrophenols or the hydroxybenzaldehydes are 
appreciably different (Fig. 1). 

I I I I I I I I I I 1 I I I I I 

IO 20 30 40 50 60 70 60 SO 100 110 120130 140 150 160 I70 

FE. l.-Mass spectra of nitrophenols: a, p-nitrophenol; b, o-nitrophenol; c, 
m-nitrophenol. 

Since the energy is lost from the excited ion by breaking chemical bonds the 
strength of these bonds must have an effect upon the rate. As a result the rate of 
production of an ion from the molecule ion by the fission of a carbon-bromine bond 
would be expected to be much faster than if the same ion were being produced by the 
fission of a carbon-hydrogen bond, which has twice the bond dissociation energy. 
There are many examples in which this may be clearly demonstrated. The nature of 
the second species must also play a part in determining the rate of decomposition. 
Where the unionized fragment is a stable radical such as benzyl or ally& then this 
dissociation is favoured. A very common example of the effect of the second species 
is when that species has a high electron affinity and so may readily form a negative 
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ion with the release of up to 3 eV of energy. The most commonly observed example 
is the production of ion-pairs when compounds containing fluorine atoms are ionized. 
The high electron affinity of the fluorine atom results in the rapid dissociation of the 
molecule ion, and the mass spectra of most saturated fluorocarbons have negligibly 
small molecule ion peaks. 6 The most valuable information from a fundamental 
point of view would be the thermodynamic heats of formation of the ions, but al- 
though many values are available the thermochemical relationships have only been 
constructed for the simplest cases, and the main obstacle to their use in more complex 
systems is the lack of information about the excited states of the ions involved. If the 
mass spectrum represented only the results of the bond-breaking processes then the 
interpretation of most spectra would be greatly simplified. However, there are in 
addition a number of other processes occurring, leading to the formation of ions which 
could not arise by simple bond-breaking. The peaks in the mass spectra correspond- 
ing to ions produced in these processes were originally considered as noise, but recent 
improvements in instrumentation have provided more information about them and 
their recognition may actually aid structural analysis. These processes, which are 
normally called rearrangements, usually occur at low energies and result in the 
formation of an even-electron neutral species and an odd-electron ion, (c$ the bond- 
breaking process leads to the formation of an even-electron radical ion and an odd- 
electron atom or radical). An exception to this is when hydrogen atoms are involved. 
Hydrogen atoms appear to be quite mobile in the excited ion molecule and substantial 
rearrangements occur. Thus in the spectrum of 1 ,l ,l-trideuterodimethyl sulphide2 
there are substantial peaks corresponding to the ions CD,H+ and CDH$.e Another 
example of the mobility of atoms is the transfer to metal observed in the mass spectra 
of metal chelates. The spectrum of the titanium derivative of the diketone benzoyl- 
trifluoroacetone exhibits peaks corresponding to ions in which one or two fluorine 
atoms have been transferred to the metal atom (Fig. 2). The elimination reactions 
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FIG. 2.-Mass spectrum of titanium benzoylacetonate, illustrating fluorine transfer 
to metal. 

referred to previously however may be more useful once they are understood. 
Certainly the most widely known of these rearrangement processes is the McLafferty 
rearrangement’ in which the hydrogen atom gamma to a carbonyl or other electro- 
negative&group is transferred to the heteroatom with beta-cleavage of the molecular 
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ion and the elimination of an unsaturated compound or a diradical (Fig. 3). Other 
examples include the elimination of CF, from atomatic compounds containing a CF, 
group, such as benzotrifluoride,* or the elimination of CO from aromatic ketones 
such as anthraquinone.s 

C,H,+CH,COH CH,CH + 

,<, 7fH3+OCH2CH;, , 

, 

20 40 0” 80 100 Ix) 

m/e 

FIG. 3.-Mass spectrum of heptanone-3, illustrating the McLafferty rearrangement. 

All these rearrangements lead to the formation of ions having an even mass 
(provided they do not contain an odd number of nitrogen atoms) and even-mass 
peaks other than molecule ion peaks are comparatively rare, so that it is easy to pick 
out the peaks due to rearrangement processes and to infer the structures from which 
they are formed. 

In carrying out identification of unknown species by their mass spectrum alone, 
there are two techniques now available as a result of modern instrumentation, which 
are of the greatest assistance. The first of these is precise mass analysis which has 
been made possible by the development of high resolution instruments. The presently 
accepted mass scale uses carbon 12 as its standard, assigning it a mass of 12.OOfKlOO. 
On this scale the mass of the hydrogen atom is 1.007825 while that of the oxygen 
atom is 15.994914. It follows that there is an appreciable difference in mass between 
ions having the same integral mass. Thus both carbon dioxide and propane ions 
have an integral mass of 44 but their precise masses of 43.989828 and 44.062600 
differ by about 1 in 600. As a result a mass spectrometer with a resolution of 1000 can 
resolve the beams of carbon dioxide and propane ions when they are produced 
simultaneously and from the mass scale it is possible to say which is which. A higher 
resolution is required to resolve the mass doublet due to carbon monoxide and 
nitrogen molecule ions. It can be seen that an assembly of carbon, hydrogen and 
oxygen atoms gives a unique precise mass and this is true for any other atomic 
assembly. At the time of writing commerical mass spectrometers are available which 
have a mass resolution of 100,000 and masses of ions can be measured with a precision 
of 1 ppm. As a result it is possible to determine the atomic constitution of ions with a 
high degree of certainty. Taking, for example, the molecule ion of adrenaline, its 
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precise mass is 183.089541 and the nearest precise mass to this which can be envisaged 
is 183.088195 which differs by one part in 180,000, which is considerably greater than 
the uncertainty of measurement. The atomic constitution is thus unequivocally 
determined as CBH,,O,N. The identification of the atomic composition from the 
precise mass can be carried out by the use of tables of the precise masses of atomic 
assemblies or may be done automatically with quite a simple computer programme. 
The atomic constitution of all ions represented in a mass spectrum can be identified 
provided that either the time or the instrumentation is available. It should be stressed, 
however, that despite the very great advance in understanding that such information 
provides, there is still at this stage no direct evidence as to the manner in which the 
atoms are linked together in the ions. It would be considered a reasonable assumption, 
on finding that peaks of mass 91 and 77 in the spectra of aromatic compounds were 
due to the atomic species C,H,+ and C B H 6+, that these were in fact the benzyl and 
phenyl ions. There is evidence to the contrary, mainly arising from labelling studies, 
that these are seven membered ring and open-chain structures, respectively. Quanti- 
tative evidence about the structure of ions is scanty but there is good reason for 
believing that the doubly-charged ion of benzene no longer retains its cyclic structure. 

The second technique which has been found useful in the study of ionic decom- 
position is that of metastable defocusing. It was pointed out in the earlier paragraphs 
that the reactions of ionic decomposition were extremely rapid and that the result of 
this was the consistency of the cracking pattern. In fact most of the chemistry is 
complete before the ion has left the source region of the instrument and proceeded 
to the analysis region, this journey taking a time of the order of a ysec. Some mole- 
cules in the ion source have relatively inefficient encounters with the ionizing electrons 
and as a result have lower amounts of excitation energy in the ions produced. The 
rate of dissociation of such ions is slower and weakly excited ions may escape from the 
source region of the instrument before undergoing reaction. The experimental result 
of this situation is that the ion, having acquired a velocity appropriate to its mass 
from the accelerating voltage gradient in the instrument, now changes its mass by the 
loss of a neutral fragment before being subjected to mass analysis. The magnetic 
field therefore brings this ion to a focus on the mass scale at a position which is neither 
the focus of the parent or the daughter ion but lower than either. In many cases the 
masses of the ions are related by the simple equation. 

where m, is the parent mass, m2 the daughter mass and m* the apparent or metastable 
mass. The ions so produced have been erroneously named metastable ions and the 
peaks metastable peaks. These peaks may easily be identified in a mass spectrum by 
their appearance. They are most commonly very much wider than the normal peaks. 
This is due to the fact that the ionic decomposition is usually associated with the 
release of kinetic energy, which effectively increases the energy spread of the ion beam 
for that species only, and hence decreases the resolution, giving wider peaks. In fact 
there is a quantitative relationship between peak width and kinetic energy release and 
there have been a number of studies on this relationship, but of more general use is the 
facility of identifying the parent and daughter ion responsible for the metastable peak. 
Since the mass of each of these ions must be greater than that of the metastable peak 
position on the mass scale, and because there is normally a large ion current due to the 
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parent ion, it is a fairly simple matter to find values of m, and ma which satisfy the 
equation. As an example, the mass spectra of most saturated hydrocarbons exhibit a 
peak at m/e = 39-l and the appropriate values of m, and m2 for this metastable mass 
are 43 and 41 respectively. This means that the mode of decomposition can be 
identified, and on combining this technique with precise mass measurement it can be 
shown that the decomposition pathway is 

C&,+ + C&i+ + H, 

This of course does not imply that the CsH,+ ion is either a propyl or an isopropyl 
ion; in fact, what evidence there is, arising from labelling studies, suggests a cyclic 
structure. In general, metastable peaks are less intense than those produced con- 
ventionally and the technique of metastable defocusing allows the operator to over- 
come this sensitivity problem and eliminate the difficulty of disentangling the normal 
and metastable spectra. The instrument is so adjusted that only those ions which have 
suffered a change in velocity as a result of a dissociation process taking place outside 
the ion source are able to pass a diaphragm situated after the energy selector of a 
double focusing instrument. The ion current due to ions formed within the ion 
source is not detected and the spectrum consists only of a series of metastable peaks, 
the intensity of which can be increased by increasing the amplification of the instru- 
ment, without at the same time increasing the signal due to the normal ion processes.lO 
It is also possible to scan the spectrum in such a way as to identify all those de- 
compositions associated with one particular ion. 

The second approach in the identification of unknown compounds from their 
mass spectra is to gain additional information by varying the ionization process. 
The simplest way in which this may be achieved is to vary the energy in the ionizing 
electron beam. Many of the processes which are possible at energies of 70 eV cannot 
take place if the electron voltage is reduced to say 10 eV (see e.g., Fig. 4). In some 
cases it may be possible to eliminate all the dissociation processes and obtain a spec- 
trum which represents only the molecule ions of the sample components. This is 
however, easiest to achieve if the normal mass spectrum reveals a large molecule ion 
peak. Reducing the electron energy does not increase the total molecule ion current 
and may substantially reduce it, but it does increase the relative importance of the 
parent peak. An alternative to the reduction of electron energy is the substitution of 
the electron impact source by what has been called the field ionization source. If a 
molecule is exposed to a potential gradient which is similar to that existing at the outer 
electronic shells of the molecule then the outer low-energy electrons can escape and 
the molecule becomes ionized without the transfer of large amounts of excitation 
energy to the ion. A value of lo* V/cm is sufficient for this purpose and this can be 
created experimentally by a voltage of lo6 V applied upon a sharp edge with a radius 
of a few hundred A, such as a razor blade. The ions accelerated away from this edge 
are not highly excited and it is possible to create ions from molecules having weak 
chemical bonds, such as hydrates. Such species would not survive ionization by an 
electron impact source. Thus the spectrum produced by a field ionization source is 
very much simpler than that obtained with a conventional electron impact source and 
it is very much easier to identify the molecule ion.rl 

A further way in which ionization can take place has been studied by Field and 
relies upon ion-molecule interactions. l2 A conventional ion source is normally 



Analytical mass spectrometry 601 

10 eV L! Ili!lI!dll liI l l sllll 20 40 60 80 100 120 140 160 180 I; 

m .h 

FIG. 4.-Mass spectrum of fluoranthene at 70 and 10 eV. 
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operated at a very low pressure so that the molecules have a long mean free path 
and secondary reactions are rendered insignificant. If, however, the pressure is allowed 
to rise above about 1O-6 mm Hg the ion may interact with un-ionized gas molecules 
before it leaves the ion source. It has now become possible to eliminate the danger 
of producing gas discharges caused by the earthing of ion-accelerating voltages through 
a high pressure gas and to operate ion sources safely at pressures up to 1 mm Hg. If 
methane is ionized in such a source, then the methane ion, which is the initial result 
of the electron impact, abstracts a hydrogen atom from the methane gas to form CH,+. 

CH, + CH,+ + CH$ + CH, 

If now a trace of a substance having a higher proton affinity is added to the methane, 
the proton is transferred to this molecule. The protonated molecule then decomposes 
in such a way that the charge remains with the fragment radicals. In this way an 
assembly of molecules gives rise to a mass spectrum with a different cracking pattern 
from that obtained by normal electron impact. 

Finally, there is the purely chemical approach in which the sample substance is 
subjected to known reactions, the results of which are assessed by running additional 
mass spectra. The reactions chosen should be those which occur at room temperature 
(if possible) and lead to the formation of a derivative having a higher molecular weight 
than the original sample substance. There are a number of such reactions described in 
the literature, for the quantitative analysis of small amounts of compounds containing 
functional groups. The simplest possible reaction is that of deuteration. The sample 
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is merely mixed with heavy water and allowed to equilibrate. Any labile hydrogen 
atoms such as those attached to oxygen atoms in hydroxyl or carboxyl groups will be 
replaced by deuterium. The result is that the mass spectrum, while retaining its 
overall pattern, will move to higher m/e values for those peaks which correspond to 
ions which have suffered deuteration. It is thus an easy matter to determine the 
number of hydrogen atoms replaced and which therefore were attached to oxygen. 
A second specific reaction which may be used with advantage is the conversion of 
aldehydes into aldoximes with hydroxylamine hydrochloride solution. For each 
aldehyde group converted the spectrum moves 15 mass units. The simplicity of this 
approach is that these reactions may be carried out on the microgram scale on the 
probe of the mass spectrometer, and the reaction products analysed without any 
pretreatment. As an example, the following three spectra (Fig. 5) show the spectrum 
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FIG. 5.-Determination of structure by the formation of derivatives: a, hydroxypyrone 
aldehyde; b, after deuteration; c, after forming the oxime. 

of an alkaloid precursor13 and its reaction products with heavy water and hydroxyl- 
amine hydrochloride. The presence of one hydroxyl and one aldehyde group is 
clearly indicated and the structure of the compound has been shown to be 
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INSTRUMENTATION 

Mass spectrometry shares with the technique of molecular beams the distinction 
of being the physical method slowest to receive widespread acceptance and exploita- 
tion by the chemist. Both were being used by the physicist before the last war and it is 
only recently that the mass spectrometer has taken its place beside optical spectrom- 
eters in the laboratory for routine sampling and analysis. In no other technique 
has there been such widespread proliferation of instrumentation or so wide an 
application to diverse analytical problems. In this section the main types of instru- 
ment will be discussed and examples given. A more complete review has been made 
by Beynon and Fontaine.14 

At the present time, because of the very diverse nature of the instruments which 
may be classed as mass spectrometers, it is necessary to define the instrument in the 
most general terms. The one feature which all instruments have in common is that 
ionization and mass analysis take place in a high vacuum system. Briefly then, a mass 
spectrometer is a device which is capable of introducing a sample into a high vacuum 
and converting a proportion of the molecules in the resulting vapour into ions. The 
ions so produced are classified according to their mass to charge ratio (m/e) and the 
abundances of each ionic species is measured and recorded. As will be discussed in a 
later section, because such measurement and recording takes an appreciable interval 
of time, ion abundances must be detected as ion currents n,/t. In order to give any 
significance to such ion currents, it is necessary to maintain a constant partial pressure 
nM of the sample in the source and to keep a constant rate of ionization n,/t. These 
considerations are unimportant in the design of a mass spectrograph, where only 
the masses of the individual ions are to be measured. These instruments, however, 
are comparatively rare. 

The story of the development of the modern mass spectrometer is an account of 
continued efforts to improve the sensitivity of the machine, to increase its ability to 
distinguish between ions of closely similar mass, i.e., its mass resolution (m/Am) 
and to decrease the time taken to record the magnitude of the ion currents, i.e., the 
mass spectrum. At the same time there have been attempts to increase the range of the 
instrument both in the production of ions of higher m/e values and in the classification 
and recording of such ion currents. 

180”-Focusing instruments 

An ion moving with uniform velocity in a magnetic field at right angles to the 
plane of its motion describes a circular path provided that the magnetic field is con- 
stant and uniform. This principle was exploited in the earliest form of mass spectrom- 
eter described by Dempster15 in 1918, and it is of considerable interest that an 
instrument of this type is still in an active stage of development today. Positive ions 
are accelerated in a potential gradient V and enter a uniform magnetic field H which 
is perpendicular to the direction of their motion. The ions of mass m aquire a velocity 
v and so have an energy given by &mu2 = eV, where e is the electronic charge. The 
radius R of the circular path which the ions describe is then given by the equation 

On combination of these two equations the field and potential gradient requirements 
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for an ion with mass to charge ratio m/e travelling in an orbit of radius R are given by 

H2R2 
m/e = - 

2v 

The uniform magnetic field has a focusing action equivalent to that of a cylindrical 
lens so that beams of ions issuing from a slit are brought to a focus after suffering a 
deflection of 180“ to form a first-order image of the slit with ions of the appropriate 
m/e values for the given field strength and potential gradient. This system is thus 
direction-focusing so that it is not necessary to inject a parallel beam of ions into the 
magnetic field. On the other hand, it requires that all ions having the same m/e 
value should have the same velocity a, that is to say this is not an energy-focusing 
system. The resolution of this type of instrument depends upon the homogeneity of 
the magnetic field over the whole of the ion path, the stability of the ion-accelerating 
potential difference and the width of the entrance and exit slits. The optimum values 
for slitwidths are those in which a successful compromise is achieved between the 
increase in resolution obtained by reducing slitwidth and the accompanying reduction 
in sensitivity. 

Before giving any actual values of mass resolution achieved by various instru- 
ments, it is necessary to make a satisfactory definition of the term m/Am. The original 
definition used by Dempster is expressed in the formula 

where S, and S, are the entrance and exit slitwidths. This makes the assumption that a 
perfect image of the entrance slits is formed in the plane of the exit slit and that the 
adjacent beams of ions are resolved when one image occupies the exit slit while none of 
the ion current due to the adjacent image enters the exit slit. Owing to imperfections 
of the experimentally attainable ion optics system, this simple equation cannot be 
retained as an adequate definition of mass resolution. The image will be distorted, 
having chromatic aberration due to variations in the kinetic energy of ions of the same 
mass and would have “wings” on either side due to the gas scattering in the ion path. 
These aberrations are taken into account by assuming a constant b such that the effect 
of the aberrations is shown to be proportional to the radius of curvature of the ion 
path as in 

m/Am = RI(Sr + S2 + BR) 

Despite the obvious value of this equation it is more common to apply an empirical 
definition of mass resolution in which unit resolution is said to be achieved when there 
is a valley between adjacent peaks in a mass spectrum record. The peaks should be of 
equal height and the depth of the valley is chosen arbitrarily; the height of the valley 
above the base-line is expressed as a fraction of the peak height. When comparing the 
advertised performance of commercial instruments or the published figures for mass 
resolution of experimental instruments, it is important to identify the criterion which 
has been applied for unit mass resolution, as this can range over two orders of 
magnitude. Alternative criteria for resolution which have been suggested are based 
on peak width or contribution to a mass peak from an adjacent peak of the same 
height. The effect of slitwidth on mass resolution in a modern 180”-focusing mass 
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spectrometer is illustrated in Fig. 6 which shows a mass spectrum for krypton recorded 
with slitwidths of 0.25 and 0.50 mm. 

The stability and simplicity of this method of mass selection has led to its adoption 
and development in a range of low-resolution instruments. In particular, Associated 
Electrical Industries have produced a number of commercial instruments under the 
generic name of M.S. 10 and 20, based on a design with a radius (R) of 5 cm. These 
instruments are still in a state of active development and improvement. The original 

Slit width 
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Fm. B.-Effect of slitwidth on resolution: mass spectrum of krypton. 

design used a large permanent magnet with a field strength (H) of 1840 gauss. Scann- 
ing of a mass range of l-200 was achieved by varying the accelerating voltage (V) 
either continuously or in steps. The resolution which could be achieved with a slit- 
width of O-50 mm was 40 with a 2% peak valley between adjacent peaks of equal 
height. This type of instrument is suitable for use as a sophisticated ionization gauge, 
when it may be bolted directly to the vacuum system being monitored. Alternatively, 
it may be used for leak testing, by using a gas with a characteristic mass spectrum as 
the test gas for tracing the leak in a vacuum system. The resolution is adequate for the 
identification of most of the residual gases found in high-vacuum systems. 
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Recently, this design has been modified so as to convert the instrument into a 
versatile mass spectrometer for low-resolution general analytical studies. The mass 
range has been extended to 1000 by replacing the permanent magnet with a large 
electromagnet capable of providing fields up to 11,000 gauss. The resolution has been 
increased to approximately 550 by reducing the slitwidths to 0.025 mm and increasing 
the detector sensitivity. This design is particularly flexible since it permits the magnetic 
field to be swept at a number of alternative accelerating potentials. 

The same company also produced a greatly simplified design in the Minimass 
Partial Pressure Gauge. The radius has been reduced to 1 cm and a small permanent 
magnet with a field strength of 4000 gauss is employed. Voltage scanning up to mass 
240 permits the identification of each mass on a linear scale and the mass resolution 
is approximately 28 with 50 % peak valley between adjacent peaks. This inexpensive 
compact model is intended for monitoring vacuum systems. 

Similar models to the M.S. 10 range have been produced by the Atlas Co.* of 
Germany (R = 28 mm, H = 2750-4000 gauss, m/Am 18-44) and the Consolidated 
Electrodynamics Corporation of the U.S.A. (H = 800-6000 gauss, m/Am up to 600 
with an electrostatic slit). 

The chief advantage of the 180”-focusing system has been its comparative simplicity 
and consequent low price. The chief disadvantage in the past has been the necessity 
to scan the mass range by adjusting the ion-accelerating potential (V) so that ions are 
collected with varying efficiencies, the heavier ions requiring low potentials. Thus the 
sensitivity is lowest for ions with the highest m/e value and since in general such ion 
currents will give the most information from an analytical point of view, this reduction 
in sensitivity is a disadvantage. The recent substitution of large pole-face area electro- 
magnets for the conventional permanent magnet has eliminated this disadvantage, 
permitting magnetic scanning. Although there is a corresponding rise in cost, the 
resulting flexibility has made this type of instrument the most important of the low- 
resolution magnetic series. The limiting factors in any further improvement of per- 
formance with this type of machine are the mechanical difficulties associated with 
providing source slitwidths of less than O-025 mm and the resulting problem of provid- 
ing additional detector sensitivity. 

Sectorjeld instruments 

It was shown in 1940 that the phenomenon of the focusing of ion beams by 
causing deflection through 180” in a homogeneous magnetic field was in fact a special 
case of focusing by means of an inhomogenous field. l6 The ion beam should leave and 
enter the magnetic field at right angles to the field boundary and inside the field the ion 
describes a path which is a sector of a circle. The angle subtended by this sector may 
be 60”, 90” or in the limiting case above, 180”. The separation of ions of different 
mass to charge ratios takes place in an exactly analogous manner and beams of ions 
from the source situated some distance from the field boundary are brought to a 
focus at a collector symmetrically disposed on the other side of the sector magnetic 
field. The disadvantages of this type of geometry are the long path with consequent 
greater probability of collisional scattering, and the difficulties associated with the 
precise alignment of the sector magnetic field to obtain satisfactory focusing. On the 
other hand, there are considerable advantages in having both source and collector in 

* Now Varian Mat. 
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field-free regions. The source is more readily accessible so that a variety of modifica- 
tions may be carried out and the collector may be fitted without difficulty with an 
electron multiplier to increase detector sensitivity. 

The most successful machine of this type was first introduced by the Metropolitan- 
Vickers Company (now G.E.C.IA.E.1.) just before 1950. The M.S. 2 was a 90”- 
sector 15-cm radius instrument issued originally with a mechanically adjustable 
collector slit providing a maximum resolution of about 300. This resolution was later 
doubled by the use of a collector slit having an effective width which could be altered 
by giving it a high positive potential. For quantitative studies the collector slit was 
set at 0.62 mm to give a lower resolution but increased reproducibility, the record 
being in the form of a series of flat-topped rather than pointed mass peaks. A greatly 
improved version using the same basic geometry with a 90” sector of radius 15 cm 
was the M.S. 2H. The addition of an electron multiplier at the collector provided 
increased sensitivity, permitting a further increase in resolution to above 650. The 
mass range with the normal accelerating voltage of 2 kV was extended to 650 by 
increasing the magnetic field. 

There have been a number of variations on this type of instrument, the most 
notable being the Atlas CH, with a resolution in excess of 1000. 

A further stage in the improvement of the performance of the 90’~sector field 
instrument was provided by the A.E.I. M.S. 12 design in which the radius of curvature 
had been increased to 30 cm. A further decrease in slitwidth to 0.0125 mm was made 
possible by increasing the ion accelerating potential to 8 kV and with an electron 
multiplier detector a mass resolution of 7500 was achieved. In this design, which is 
now obsolete, both magnetic and voltage scanning facilities were provided, the latter 
permitting a mass spectrum to be displayed in less than l/5 sec. 

Double-focusing instruments 

A beam of positive ions may also be analysed according to the velocity which the 
ions have attained. This velocity is proportional to the square root of the mass, 
provided that all the ions have suffered the same acceleration in a potential gradient, 
and velocity analysis is normally achieved by passage through transverse electrostatic 
fields. The principle of combining velocity and mass analysis to provide instruments 
having both direction and velocity focusing of beams of ions was discussed by a num- 
ber of mass spectrometrists but little progress was made until Mattauch and Herzogl’ 
formulated their theory of double focusing, employing a radial electrostatic field for 
which R dV/dR = constant where R is the radius and V the potential, and there is 
a homogeneous sector magnetic field. The improvements in the definition of the 
ion optic image made possible by the application of this principle stimulated the con- 
struction of a number of double-focusing instruments, culminating in the commercial 
development of two different types. 

The first of these commercial double-focusing mass spectrometers was described 
in 1958 by Craig and Errock. ls It was based upon the geometry suggested by Nier and 
Johnsonlg and was marketed as the first instrument specifically designed for the 
qualitative analysis of organic compounds. The commercial version became the 
A.E.I. M.S. 9 mass spectrometer. * It combined a magnetic sector of 90” with a radius 

* Similar instruments have been developed by the Hitachi Organization in Japan and 
marketed by Perkin-Elmer. 
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of 15 cm, with an electrostatic analyser of radius 18.25 cm. A source slitwidth of 
6.25 pm was used to give a resolution of 10,000. The instrument had the novel features 
of oscilloscope peak-matching, by which the precise masses of known and unknown 
ions were compared, with an accuracy sufficient to permit the identification of the 
atomic constitution of the unknown ion provided it had a mass of about 200. A 
further feature was the ability to record the spectra of compounds of low volatility 
by direct sample insertion into the ion source. There has been a steady improvement 
in the performance of the double-focusing instrument over the past ten years and the 
most recent models have a magnetic sector of 30 cm radius and an electrostatic sector 
of 38 cm radius with a source slit that can be reduced to O-1 pm to give a resolving 
power of 100,000. At lower resolving powers the scan duration can be reduced to 2 
sec. Additional features have included combined electron bombardment, field 
emission and water-cooled sources to permit the study of labile organic compounds. 
With a spectrometer having these characteristics it is possible to determine the atomic 
constitution of almost all the ions normally responsible for the peaks in a mass 
spectrum. However, making a number of precise mass determinations by the peak 
comparison technique is time-consuming and the most recent development is to 
carry out these determinations automatically by the aid of a small computer. The 
output from the spectrometer is digitized and the centroid of each mass peak deter- 
mined from a score of ion current measurements or by differentiation. The centroids 
of known and unknown peaks are then compared not in terms of accelerating voltage 
as in the manual technique, but in terms of time with the aid of a megacycle clock. 
The spectra may be stored on magnetic tape to be played back in analogue form or they 
may be printed out in the form of a table of atomic constitution and ion abundance. 

Double-beam mass spectrometer 

The most recent development in instrument design has been the production of a 
double-beam instrument by the A.E.I. organization (MS 30). The beams from two 
ion sources are bent so as to pass through a single mass-analyser system and then 
allowed to diverge to two separate detectors. With such an arrangement it is possible to 
compare the spectra of two compounds recorded at the same time on a single chart 
recorder. The spectra may be of known and unknown compounds, permitting direct 
chemical mass marking or matching of spectra. The two spectra may equally well be 
those of a single compound ionized and analysed under different conditions, e.g., 
high and low resolution or electron voltage. The operation of this instrument has 
been simplified so as to make it appeal to the routine analyst. The multiplicity of 
controls on older models has been replaced by a few interlocked push buttons. 

Spark-source mass spectrography 

In the double-focusing high-resolution mass spectrometers described above, the 
deflection due to the electrostatic and magnetic sectors is in the same sense. In an 
alternative geometry, ion optic image corrections and double focusing may also be 
achieved if the two deflections have opposite senses .20 In addition to providing high 
resolution, this geometry has the further advantage that all ions are brought to a 
focus in one plane. The result is that a complete mass spectrum may be recorded 
simultaneously by placing a photographic plate in this plane. These features were 
exploited successfully in instruments produced by the A.E.I. company in this country 
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and the Atlas Co. in Germany. The ability of the double focusing system to accom- 
modate ions with a large spread of kinetic energy made it possible to use an 
instrument for elemental analysis in which the ionization was carried out with a high- 
frequency spark. In the A.E.I. M.S. 7 the substances to be submitted to elemental 
analysis were incorporated into carbon electrodes if they were themselves non- 
conducting and submitted to the action of a high-frequency spark in the ion source 
region. The resulting vapour was then ionized and the ions submitted to mass 
analysis. Detection was by means of a photographic plate which not only permitted 
the simultaneous recording of ion currents at all masses but also compensated for 
variations in spark intensity by integrating ion current with time. The final measure- 
ment of ion abundance was made by developing the plate and measuring the density 
of the appropriate line. Comparisons with standards permitted quantitation of the 
technique and made it a competitor to emission spectrography. The great advantage of 
spark-source mass spectrometry is its ability to give a quantitative analysis of a large 
number of trace elements at the same time with only a few exposures. The limit of 
detection is very much lower than that of any other technique except activation 
analysis. Limits of detection of 1 in lo9 are frequently quoted and the sample size 
may be as small as 50 mg. 

While this type of instrument is eminently suitable for photoplate detection, the 
plate can be replaced by a slit and the ion current detected electrically. The spectrum 
may be scanned past the slit as in other instruments. This versatility has been made 
use of in designs developed by the Atlas company, who have marketed models which 
can be used with either electron bombardment or spark sources and with either 
photographic or electrical detection. 

Mass jilters 

There are three types of non-magnetic mass analysers which can be classed as 
mass filters, that is devices in which radiofrequency fields are used to selectively 
exclude ions from a detector; they are classed according to their electrode systems 
and have been given the names of the quadrupole, the monopole and the three- 
electrode mass filters. 

The quadrupole system consists of four rods which are mounted along the direc- 
tion of the ion path between the ion source and the collector. The ions enter the space 
between the rods where they experience a radiofrequency field. Paul was the first to 
describe such an arrangement and in his design the rods were collinear and sym- 
metrically disposed around the ion path, with opposite pairs being interconnected.21 
The potentials applied to the rods are as follows 

and 
V,” u-j- Vcoscot 

v, = -v, 
where V is the amplitude of an RF sinewave of frequency w, U is a superimposed 
d.c. voltage and x and y are planes at right angles to the ion path. Theoretically the 
rods should have a hyperbolic cross-section; in practice, with the exception of the 
instrument marketed by Industrial and Technical Equipment Co. Ltd., the cross- 
section is circular, and it is usual to make the distance between opposite pairs of rods 
smaller than the rod diameter by a factor of 1.16. 
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Under the conditions that U/V < + for a given value of the RF amplitude V, 
only ions within a very small mass range can execute stable trajectories along the 
length of the rods and escape to the detector. All other ions have unstable trajectories 
which end in a collision with the rods. In order to scan a mass spectrum either the 
frequency or the RF amplitude V may be swept and for wide scans a combination 
has been preferred. Rods are about 20 cm long and O-6 cm in diameter, so the assem- 
bly provides a very compact mass analyser. The upper frequency range is determined 
by power requirements and is about 5 MHz. The great advantage of this type of 
analyser is that it is insensitive to variations in ion energy, so quite crude sources can 
be used. On the other hand, it has the disadvantage of requiring very precise rod 
alignment and stability, of the order of a few thousandths of a centimeter. The power 
supplies must also be very stable and for the highest resolution the U/V ratio must be 
kept constant within at least 1 in 20,000. The first commercial mass filter was produced 
by the Atlas Co. in Germany in 1963. It has a resolution of 100 and a mass range of 
2-100. More elaborate instruments have been produced by the E.A.I. Co. and most 
recently by the Finnegan Instrument Corporation. The latter organization has 
produced the mass filter with the highest performance, it being capable of scanning 
up to a mass of 750 with a resolution of 1000. Other instruments with more modest 
performances have been introduced by GEC/AEI, Vacuum Generators, Baltzers, 
20th Century Electronics and Varian. The ability of the mass filter to scan a wide 
mass-range in a very short time interval has been exploited in the mass spectrometer/ 
gas chromatograph combination described later. While in theory very high resolu- 
tions are accessible with the mass filter, at present it is in the stage of being an in- 
expensive low- and medium-resolution device having the virtue of rapid scan and small , 

size. 

The monopole 

It was first pointed out by von Zahn that one quarter of the geometry of the 
quadrupole could be replaced by a single rod and a grounded electrode with a right 
angle cross-section .22 The operation is the same, both RF and d.c. voltages being 
applied to the rod and scanning achieved by sweeping either the RF frequency or 
amplitude. As in the case of the quadrupole, the monopole suffers from the dis- 
advantage of giving spiked peaks rather than the flat-topped peaks produced by 
magnetic sector instruments. On the other hand the monopole has th advantages of 
providing spatial separation of ions so that it is feasible to record several ion currents 
at the same time. In addition, the stability requirement of the U/V ratio is greatly 
reduced so that simple power supplies can be used while good resolution can be 
achieved without the same mechanical requirements. The chief disadvantage of the 
design is the sensitivity to contamination by particulate matter, which causes peak 
splitting, while small changes in the operating conditions may introduce large varia- 
tions in the relative intensities of the ion currents. Nevertheless, a successful monopole 
partial pressure gauge i.e., a low-resolution monopole, has been marketed by Veeco 
Instruments Ltd. It has a mass scan of l-200, a resolution of 50 and a minimum 
detectable total pressure of 5 X 10eg mm Hg. 

The three-electrode analyser 

This was first described by Fischer. 23 It is a very compact arrangement, each 
electrode being part of a hyperboloid of rotation. In practice this amounts to a 
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ball-bearing being placed above and below a ring of the same cross-section. It will be at 
once realized that the quadrupole and three-electrode assemblies have the same cross- 
section geometries but the latter is in fact a three-dimensional device so that ions 
cannot escape from a field between the electrodes once they have entered it. The ions 
circulate continuously around the axis of the field, unstable ions being lost as before 
by collision with the electrodes. The stable ion current is detected by means of the 
inductive load which it presents to an external oscillator. High sensitivity has been 
obtained for the three-electrode system in experimental models, which have detected 
as few as 10,000 ions. There is also the possibility of storing ions for relatively long 
periods and hence integrating weak ion currents. 

Time-of-flight mass spectrometers 

In the time-of-flight mass spectrometer first described by Stevens24 the ionizing 
electron beam was intermittent rather than continuous. The electron pulse lasted 
about O-1 ,usec and the time of a complete cycle was about 100 ,usec. The ions formed 
during the pulse were accelerated into a drift tube which they traversed on their way 
to a detector. The rate of travel was inversely proportional to the square root of the 
mass to charge ratio, and with sufficiently good time resolution of the signal obtained 
from the detector it was possible to isolate the individual pulses produced by the 
separated bunches of ions. An oscilloscope was the most suitable means of displaying 
such a spectrum, provided that the time-base was coupled to the pulsing circuits. 
The original designs were rather insensitive but later instruments stored ions in the 
source for a few psec before initiating the analysis, and commercial instruments such 
as that manufactured by the Bendix Co. have sensitivities which are comparable 
with those of other instruments. While repetition rates as high as 100,000 per set at 
resolutions approaching 1000 are possible, it is important to stress the fact that the 
dynamic range under such conditions is low and good analytical operation is only 
possible by integration over some hundreds of cycles. 

The great advantage of this type of mass analyser is the simplicity of the source and 
non-critical nature of the source and flight-tube geometry. Apart from the ability of 
the detector circuits to resolve smaller and smaller time intervals the only way of 
increasing the resolution of time-of-flight instruments is to increase the length of the 
path between source and collector. In order to prevent the size of the drift tube 
becoming unmanageably long the ions may be constrained by magnetic fields to move 
in a helix. A device of this type was recently described under the name of the Spira- 
tron.26 It is interesting that under these flight conditions the more energetic ions move 
in longer paths and arrive at the detector later, thus providing the possibility of a two- 
stage instrument. In this a helical path is coupled with a straight path in which the 
more energetic ions arrive first, thus eliminating the reduction in resolution caused by 
energy spread of the ion beam. 

APPLICATIONS 

Coupling with the gas chromatograph 

The advantages of the direct coupling of the effluent of a gas chromatographic 
apparatus with the inlet system of a mass spectrometer were outlined in the intro- 
duction. The methods of carrying out the combination are discussed briefly here; 
for a more detailed discussion the reader is directed to earlier reviews.26*27 There are 
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two problems associated with such a combination, the first being the necessity of 
recording the mass spectrum during the period in which the sample is emerging from 
the base of the chromatographic column. This time may vary from about 10 set to 
above 1 min, but during this time, in which the signal is rising and falling on the 
chromatograph detector, the concentration of the sample in the effluent carrier gas 
stream is rising and falling also. It is advantageous to record the mass spectrum with 
a constant sample pressure since otherwise the relative intensities of the ion currents 
will not be constant and the matching procedure referred to earlier will not be possible. 
For these reasons it is important to record the spectrum in a fraction of the time re- 
quired for the whole of the sample to emerge and to make this record when the 
concentration is at its maximum. (Or alternatively to use a normalizing procedure 
based on a total ion-current measurement.) It is easier to change the accelerating 
voltage rapidly than to alter the magnetic field, and in many simple combination 
instruments the mass decade can be scanned in a second or less. Recent advances in 
instrumentation of magnetic instruments have made it possible to scan a mass decade 
magnetically in about 2 sec. This eliminates the disadvantage (associated with voltage 
scanning) of the lower efficiency of collection of the heavier ions. Much faster times 
of scanning are available with non-magnetic instruments and no problems are 
encountered with their use, for these reasons. A rapid scan allows the experimenter to 
examine partially resolved chromatographic peaks by recording the mass spectrum 
at the beginning and end of the chromatographic peak. In these spectra the role of 
the two sample components in the two spectra will be revealed. 

The second problem associated with the direct coupling of the two instruments is 
the carrier gas. Even when the sample is at its highest concentration in the carrier 
gas effluent from the column, it is still present as only a small fraction of the carrier 
gas concentration. The direct admission of the carrier gas stream to the ion source 
would therefore result in the production of a high source pressure and in the recording 
of a mass spectrum which was largely that of the carrier gas itself. In order to over- 
come this problem it is necessary to achieve a segregation of the sample and to admit 
only it to the ion source, preferably without any loss of the sample. This ideal case 
has never been achieved in practice but there have been three successful compromises. 

The first of these was developed by Ryhage and relied upon the effusion of the 
gas mixture from a narrow orifice for its separation. 2s The carrier gas used was helium 
and together with the sample the effluent passed through such a jet into a chamber at a 
reduced pressure. Immediately opposite to the jet was a small aperture leading to a 
second jet. The helium, because of its low gas density, had a high component of 
velocity at right angles to the line of flow and so collided with the chamber walls and 
was pumped away. The heavier sample molecules entered the aperture and issued 
together with a reduced amount of helium to the second jet where the process was 
repeated, the final aperture leading directly to the ion source and the second chamber 
being held at a pressure lower than that in the first chamber. Recoveries of the order 
of 50% of the original sample were achieved and the carrier gas concentration was 
reduced to 2 %. 

The second method also depended for its success on the exploitation of the low 
density of helium. The Watson-Biemann separator 29 allowed the effluent to pass into 
a tube made of glass frit or sinter. An outer jacket surrounded the frit and the 
annular space was continuously pumped out. The helium diffused through while the 
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sample passed along the tube to the ion source. Recoveries of about 15% were 
achieved and the carrier gas concentration was reduced to a few per cent. 

The third separator, which is now promising to oust all the others (although at 
present the majority use a glass frit separator) because of its cheapness and simplicity, 
was originally suggested by several investigators and is called the membrane separator. 
It uses a thin film of a polymer, usually silicone rubber, to divide the effluent stream 
from the ion source. The sample components are soluble in the membrane and 
diffuse through it into the ion source while the carrier gas is excluded. To eliminate 
memory effects and to increase the rate of diffusion and hence the response time, the 
film must be made as thin as possible. The recovery can be as high as 25% and the 
residual carrier gas concentration as low as 5%. All three separators are usually 
heated in order to increase the rate of the separation process and to reduce adsorption. 
There are a number of commercial instruments sold as a gas chromatograph-mass 
spectrometer package. The first successful design was the LKB 9000 which used the 
Ryhage separator, had a resolution of about 1000 and required a total sample size of 
only 0.1 ,ug. The GEC/AEI Co. used the glass frit separator in their MS. 12 which in 
its final stages of development had a resolution of 7500 and required a sample size of 
only 2 ,ug. The MS. 12 has now been replaced by the M.S. 30 double-beam instrument 
described previously, which uses a membrane separator. Lower resolution magnetic 
sector combinations have been developed by Edwards High Vacuum Ltd., and 
Vacuum Generators Ltd. The GEC/AEI Co. have combined their 180”-focusing 
instrument (the M.S. 20) with a gas chromatograph. The rapid-scan facility and low 
cost of the quadrupole mass filter have made it an attractive gas chromatograph 
detector and the EAI Co. and the Finnegan Instrument Co. in the U.S.A. have 
manufactured competitors to the magnetic instruments, using both frit and membrane 
separators. The resolution is in the 500-1000 range and the sensitivity is 3 x lo-l1 
g/set. They have a very high scan-rate and indeed the scan-rate of all the instruments 
described is sufficiently fast to permit oscilloscope presentation of spectra. This is a 
useful facility because whether chromatographic peak detection is made by an 
external detector or by the ionization facilities of the instrument operating at an 
electron voltage below that of the ionization potential of the carrier gas, no peak 
identification is possible until the spectrum is run. The use of the oscilloscope obviates 
the need for the recording of unrequired mass spectra merely for peak identification 
purposes. In an analysis of a complex sample mixture this could be a costly under- 
taking. 

The determination of isotopic constitution 

The examination of any mass spectrum of an organic compound immediately 
reveals the polyisotopic nature of naturally occurring carbon, sulphur, chlorine, 
bromine and boron. The small proportions of the heavier stable isotopes of hydrogen, 
nitrogen and oxygen are less obvious. All these isotopes are stable and should not be 
confused with artificially produced radioactive isotopes such as carbon-14. The 
very great success of labelling techniques based on radioactive isotopes may be 
shared to some extent by the use of artificially enriched stable isotopes. The ability 
of the mass spectrometer to detect stable isotopes can never be as great as the ability 
of the counter to detect radioactive isotopes, but the great advantage is that the stable 
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isotopes may be handled with none of the precautions inherent in the handling of 
radioactive compounds. The principles involved in tracing with stable isotopes are, 
however, exactly the same, the change in the isotopic constitution of samples (drawn 
from a dynamic or reacting system) being assayed by the mass spectrometer, and the 
signal at the abnormal isotope peak being analogous to the signal derived from the 
counter. 

There is, however, a further advantage in the mass spectrometer method, because 
the ionization is followed by a dissociation process in which the labelling atoms are 
combined with fewer and fewer of the other atoms in the molecule. Thus an examina- 
tion of the spectrum can give information not only on the extent of labelling but also 
on the position of labelling within the structure. In order to do this of course it may 
be necessary to use all the techniques which have already been outlined in previous 
paragraphs, such as precise mass determination. 

If now the spectra of the labelled and unlabelled molecules are compared and the 
atomic constitution of the fragment ions is determined, it will be seen that the labelled 
atom is concentrated in one part of the molecule. This of course can only be achieved 
when the label atom is part of the backbone of the molecule. As has been observed 
earlier, hydrogen and deuterium atoms are notoriously labile in the ions and it is 
difficult to draw any but statistical conclusions from such labelling. This determina- 
tion of the site of introduction of the label atom depends upon the ionization of a 
compound sufficiently volatile to permit evaporation into the source of the mass 
spectrometer. In some cases, because of the complexity of the reaction mixture or the 
intractable nature of the products, it may not be possible to make such a determina- 
tion. It may still be feasible to get tracing information by conversion of the reaction 
mixture or some part of it into a volatile product which contains the stable isotope. 
In the case of carbon-14, radioactive tracing of the labelled compound is achieved 
by conversion into carbon dioxide or even methane. A similar conversion may be 
carried out with compounds containing carbon-13 and the ion current at m/e = 45 
used as a measure of the total carbon-13 content. In a similar way the nitrogen-15 
content of, for example, excreted urea, may be determined by Kjeldahl digestion 
followed by a hypobromite treatment to release molecular nitrogen. The ion current 
at m/e = 29 is a measure of the enrichment of the sample. Oxygen-18 may be assayed 
by pyrolysis followed by the oxidation of the carbon monoxide to carbon dioxide. 
The IsO concentration is measured at m/e = 46. The precision of these measure- 
ments can be quite high and is improved by integrating the results of a number of 
measurements. The sensitivity depends upon the dynamic range of the instrument 
and can have a value of O-01 atom ‘4. When determinations of the isotopic concentra- 
tion of both carbon and nitrogen are required the mass spectrometer may be connected 
directly to a conventional C, H, N analyser. 

The very great advantage of the stable isotope method of tracing is that quite 
highly labelled material may be fed to experimental animals or patients without fear 
of the side-effects arising from the administration of similar doses of radioactive 
material. With the increasing availability of compounds labelled with 13C, 15N and 
180 and the wide distribution of moderately priced instruments capable of analysing 
them, a large increase may be expected in the use of stable isotope tracing in the 
biochemical and medical fields. 
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Quantitative analysis 

With an ion source with a constant ionizing electron beam current and with a 
constant source pressure of the sample gas it is possible to determine the sensitivity 
of an instrument for any particular substance. Since in general any substance will 
produce ion currents at a number of different m/e values the sensitivity at any one of 
these values may be chosen. In the absence of any reason to the contrary the value 
chosen will be that at which the most intense ion current is produced, that is to say 
the m/e value corresponding to the highest peak in the mass spectrum. It is however 
difficult to record the pressure of the sample vapour in the ion source by any other 
than some form of ionization gauge, because of the very low pressures involved. It is 
therefore common practice to establish a constant flow of sample vapour through a 
capillary or sinter into the ion source from a reservoir of the sample gas maintained 
at a higher pressure. The sample pressure in the reservoir and hence the pressure in 
the ion source remain substantially constant during the time in which measurements 
are made. Once the instrument has been calibrated by measuring the sensitivities on 
selected m/e values for pure sample vapours the analyst is in a position to deal with 
any mixture of those compounds for which he has recorded sensitivities. For every 
component in the mixture the analyst must measure the intensity of one ion current 
or peak height in the mixture spectrum. While it is sometimes possible to calculate 
the mixture composition by a spectrum-stripping technique, a more general method 
is to express the values of the ion currents or peak heights as sums of the products of 
sensitivities and partial pressures, obtaining a series of linear simultaneous equations 
and to invert the matrices. For complex mixtures this is best carried out by computer. 
It is sometimes impossible to carry out this routine because the resolution of the 
instrument is not sufficient to enable separation of ion currents at closely similar m/e 
values. If this is the case then a solution to the problem is to record two spectra of the 
mixture, one before and one after the quantitative conversion of one of the components 
of the mixture into a second substance. As an example the masses of carbon monoxide 
and nitrogen differ only by 1 part in 2800 and if the instrument available cannot 
achieve this resolution then a low-resolution spectrum is recorded and then the sample 
vapour in the inlet system is exposed to iodine pentoxide which converts the carbon 
monoxide into carbon dioxide quantitatively. A second spectrum is then recorded 
and in this spectrum the ion current at mass 28 is due only to nitrogen. From a 
comparison of the two spectra the concentration of carbon monoxide can be deduced.30 

Analyses such as those described can only be carried out if a few milligrams of the 
sample are available and if the sample is sufficiently volatile to permit the achievement 
of suitable reservoir pressures. Much modern mass spectrometry is carried out, 
however, with solid samples of low volatility and these are normally analysed by 
introducing them directly into the ion source on the end of a ceramic or glass probe 
which is inserted into the instrument through a vacuum lock and within a few mm of 
the ionizing electron beam. In the most recent developments the probe may be heated 
or cooled to control evaporation. The resulting vapour molecules move only a short 
distance before they become ionized and so substances with extremely low vapour 
pressures may be analysed. Under these circumstances the sample pressure within 
the source is controlled only by the rate of evaporation and can only be adjusted 
crudely by altering the temperature or the position of the sample. It is thus not 
easy to calibrate the instrument or to analyse quantitatively. Further, since sample 

3 
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sizes have tended to diminish, the sample pressure may vary widely during evapora- 
tion, owing to the exhaustion of the solid on the probe. For this reason an alternative 
system has been devised in which the ion current due to the sample is integrated while 
the whole of a known amount of the sample is being evaporated. It is then possible to 
relate the integrated ion current to the amount of sample evaporated and to determine 
a sensitivity for the instrument with that sample. 31 One method of doing this would 
be to scan the whole mass spectrum repetitively at as rapid a rate as possible, while 
evaporating the sample, and to measure the corresponding peak height on each scan 
and plot peak height against time for each significant m/e value. This is possible 
experimentally and Fig. 7 shows the results of such a determination, using 60 ng of 
p-tyramine as the sample. The total evaporation time is about 100 sec. However, 
the recording of a large number of spectra is an expensive process and measurement 
of the spectra is tedious. The system only becomes practical if the mass spectrometer 
output is digitized and stored either on tape or in a core for processing by computer. 
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Fro. 7.-Mass spectrum scanned at S-SC intervals during the evaporation of 60 ng 
ofp-tyramine. 
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However, a compromise may be made in which not all of the spectrum but only a small 
part of it is repetitively scanned during the course of evaporation. The simplest possible 
situation is when only one ion current is recorded, for example the molecule ion- 
current since that will give most information about the molecule, although the argu- 
ment would apply with equal force to a characteristic fragmentation peak in the mass 
spectrum. If the instrument is tuned to the selected m/e value before the evaporation 
begins and the ion current is recorded during the whole course of the evaporation of a 
small sample, then the record of the ion current at the selected m/e value is a measure 
of the rise and fall of the sample vapour concentration in the ion source, and the area 
under the curve so obtained is directly proportional to the integrated ion current and 
hence to the weight of sample evaporated. Thus an inexpensive and greatly simplified 
record is obtained and computer analysis is unnecessary. The problem of tuning in 
to a specific m/e value before an ion current is established at this value, i.e., before 
evaporation has begun, is not always a simple matter. If voltage scanning, time-of- 
flight or radiofrequency instruments are being used, it is not too difficult, but with 
magnetic sector instruments without a very accurate mass-marking system it may not be 
possible to achieve. Further, it is often the case that an instrument of the latter type 
will go off tune during the course of an evaporation. For these reasons a system has 
been developed in which the single mass is repetitively scanned by means of peak 
switching facilities. Since this may be carried out in about 1 set, only a short in- 
expensive recording is required and this consists of a series of peaks, the heights of 
which are proportional to the instantaneous ion current at the selected m/e value. 
These peaks rise and fall as the evaporation proceeds and it is the envelope of these 
peaks which constitutes the integrated ion current curve. Further, it is the area under 
this envelope which is proportional to the amount of sample evaporated. The problem 
of tuning to the m/e value with sector instruments may be solved by using a second 
calibrating substance in a second inlet system of the instrument, usually a reservoir of 
the type described above. The compound used is most commonly heptacosafluoro- 
tri-n-butylamine, which is allowed to flow into the source, and a peak in its spectrum 
is selected which is close to the m/e value which is being used for integration. This 
peak is then tuned in on the instrument by adjusting the magnet scan and the acceler- 
ating voltage is then altered so as to tune in the desired m/e value. The reference 
supply may then be cut off and evaporation initiated. If it is suspected that the sen- 
sitivity of the instrument is varying during the course of the evaporation then the ion 
currents due to the reference sample peaks may be recorded alternately with the sample 
peak currents. Any change in the height of the reference peaks would be due to a 
change in instrument sensitivity alone, since the sample source pressure of the refer- 
ence compound is constant. In quantitative analysis by this technique the machine 
is first calibrated with known weights of pure samples of the compound. Comparison 
of the sample integrated ion-current curve area with the calibration graph gives a 
direct determination of the amount of unknown evaporated. Figure 8 shows such a 
calibration graph and it can be seen that there is linearity of response over several 
orders of magnitude. The limits of detection are very low indeed and detection of as 
little as 10-l* g has been achieved in favourable cases.31 The effect of the matrix from 
which the sample is evaporated has been studied by making mixtures of two com- 
pounds, the major component being present in up to a million times the concentration 
of the minor component. It was found that provided the total sample size did not 
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FIG. 8.-Calibration graph for fluoranthene. 

exceed 5 ,ug, thus ensuring that the ion source pressure did not rise above 1O-s mm Hg, 
a plot of the integrated ion-current curve area for a characteristic m/e value of the 
minor component was linear down to the detection limit. The sensitivity of this 
technique varies with the compound and also with the characteristic m/e value 

selected. While it may be felt that the molecule ion peak is the most characteristic in 
the spectrum this sometimes carries only a very tiny fraction of the total ion current 
and thus can only give a low sensitivity. In such cases a characteristic fragment ion 
peak may provide a suitable m/e value for integration. 

The analysis of metals 

The most efficient method of analysing for trace metals is by the use of the spark- 
source double-focusing mass spectrometer such as the A.E.I. M.S. 7. Although the 
accuracy is limited by photoplate detection the ion currents due to all the ionized 
species are recorded at the same time and a limit of detection of one part in lo9 has 
been claimed. Where the analytical requirements are less stringent it is sometimes 
possible to use the integrated ion current method with a general purpose mass spectrom- 
eter. Some metal salts such as mercuric chloride are themselves sufficiently volatile 
to permit their evaporation into the ion source directly. Figure 9 shows a portion of 
the mass spectrum for mercuric chloride, including the molecule ion region. It can 
be seen that the isotopic complexity has resulted in the distribution of the ion current 
over a number of isotopic ions and the sensitivity is thus much lower than that which 
can be achieved for a monoisotopic substance. However, amounts of mercuric 
chloride down to 1 ng can be determined with an error of 5 %,32 

Where no simple salt can be prepared it is necessary to convert the metal into a 
volatile form by making a chelate such as the acetylacetonate. The volatile nature of 
such chelates was first demonstrated by Morgan33 over 40 years ago and more recently 
their properties have been exploited in an elegant and extensive study by Sievers,34 
using gas chromatography. The volatility of many metal chelates is improved by 



Analytical mass spectrometry 619 

268 269 270 2771 272 273 
-L 
74 275 276 

FIG. P.-Mass spectrum of mercuric chloride.*’ 

the substitution of fluorine and sulphur atoms in the diketone molecule. Although it 
is debatable whether alkali metal derivatives of diketones and keto esters can be 
classified as chelates, they may be evaporated from a probe into the ion source at 
temperatures below 200°.3s Although it is possible to detect very small quantities of 
these compounds by the integrated ion current method the procedure is complicated 
by the fact that alkali metal chelates undergo two types of reaction upon evapora- 
tion-association and exchange. 36 Thus the mass spectra exhibit ions of the form 
MXL,+ and the introduction of a large amount of a sodium chelate followed by, for 
example, a potassium derivative of a second diketone may result in the production 
of a spectrum revealing ions in which the two alkali metals have exchanged diketones. 
More complex association reactions are revealed if the chelates of alkali and alkaline 
earth metals are evaporated together. 37 Double chelates of the form MM’L, have been 
shown to exist. In the absence of the alkali metals however it is possible to estimate as 
little as 10-B g of alkaline earth metals as their chelates with trifluoro-5,5dimethyl- 
hexan-2,4-dione even though the mass spectrum exhibits polymeric peaks. Similar 
association reactions have been shown to occur between the chelates of alkali and 
rare-earth metals with the formation of binary chelates having the general formula 
MM’L,.3s In the absence of the alkali metals, however, very small quantities of rare- 
earth metals may be estimated as their chelates with heptafluoro-7,7-dimethyloctan- 
4,6-dione by the integrated ion current method. 

1,3-Diketones or keto-esters have been used to make volatile derivatives of a 
number of other metals, the most volatile of these being the transition metal chelates, 
and detection limits for these species in the subnanogram range have been claimed. 
The power of the integrated ion current technique is, however, best demonstrated by 
the determination of mixtures of zirconium, hafnium and titanium as their trifluoro- 
acetylbenzoylmethane chelates at the nanogram level-a formidable task by any other 
method.3g There are many other chelating agents which form metal derivatives 
sufficiently volatile for their ready evaporation into the ion source and among these 
are S-hydroxyquinoline, dipyridyl, dimethyl- and phenylglyoxime and the thio and 
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amino derivatives of acetylacetone. A notable exception to this list is benzoyl- 
phenylhydroxylamine which forms derivatives which are not sufficiently stable to 
survive evaporation. 

The integrated ion current method has been applied to the determination of a 
variety of organic compounds. It is perhaps very well suited to the analysis of poly- 
cyclic hydrocarbons obtained as air pollutants from automobile exhausts or the soot 
of smoky flames. The limit of detection for compounds such as the benzpyrenes is 
several orders of magnitude lower than that of any other technique. Further the 
spectrum of a complex mixture may be reduced to a number of molecule ion peaks by 
reducing the ionizing electron voltage to about 10 eV. Drugs have been assayed in 
blood and urine, and the distribution of non-catecholic amines in the human brain 
has been plotted. 

A final feature of the integrated ion current technique is provided fortuitously by 
the differential rates of evaporation of closely similar compounds from the surface of 
a mass spectrometer probe. If the sample consists of a pair of isomers such as for 
example o- and p-nitrophenol, and if the curve is plotted for the molecule ion, then 
instead of the gaussian curve obtained for most sample evaporations a curve with two 
distinct maxima is obtained. This is because one isomer is being evaporated before 
the other. In all cases where isomerism can occur the integrated ion current curves 
have been shown to have fine structure. In the case of the chlorinated hydrocarbon 
“Chloran” no less than five maxima are visible. Structure has been demonstrated in 
curves obtained for cis-tram isomers, dioximes, polycyclic hydrocarbons, and very 
convincingly for metal chelates. By this means, the existence of cis-tram isomerism 
in the S-hydroxyquinoline derivatives of bivalent metals has been demonstrated and 
complete separation of the isomers has been achieved in the %hydroxyquinoline 
derivatives of tervalent metals40 

An interesting application of the integrated ion current technique is in the assess- 
ment of the efficiency of decontamination agents and the cleaning of surfaces. For 
this application the probe is replaced by a small cylinder made of the material on 
which decontamination studies are to be made. The surface is then coated with a sub- 
stance which is sufficiently volatile to be evaporated into the ion source at a high 
temperature. The amount adhering is determined in the normal way. The probe is 
then recontaminated and before assay is washed in the appropriate decontamination 
agent. The amount remaining is then assayed as before. 

In the original study it was found that washing in cold solutions of efficient 
decontamination agent removed the contamination down to the level where it existed 
as a monolayer on the surface. This monolayer was only removed by treatment with 
the agent at elevated temperatures. More recently a phosphate-free decontamination 
agent, Decon 90, has been shown to break through the monolayer even in the cold and 
to leave no detectable film of contamination on the mass spectrometer probe after 
treatment at 50”. 

Zusammenfassung-Es wird ein uberblick iiber die elementare 
Theorie, die Technik und die Anwendung der Massenspektrometrie 
gegeben. Besonders wird auf apparative Entwickhmgen und dadurch 
bedingte neue Anwendungsmbglichkeiten hingewiesen. 
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R&ann&Gn a effectd une revue de la theorie fondamentale, de 
l’instrumentation et de l’application de la spectrometrie de masse, 
specialement en ce qui conceme le developpement de l’equipement 
et sa repercussion sur le cadre l’application. 
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Summary-A review is made of the basic theory, instrumentation and 
application of mass spectrometry, with special reference to the de- 
velopment of the equipment and its impact on the scope of application. 

THE IONIZATION PROCESS 

ANALYSIS by mass spectrometry depends upon the segregation of ionized molecules 
in magnetic, electric or radiofrequency fields. The ionization process which precedes 
this separation must take place in the gas phase and this imposes certain limitations 
on the technique, which are discussed later. Mass spectrometry is best introduced by 
using its relationship to other physical techniques based upon ionization. The ioniza- 
tion process may be described most generally by the interaction of a species M, 
which may be a molecule, an atom or a free radical, with a second species X, which 
may be an electron, a photon, an ion, a fast molecule or even a high potential gradient. 
M may be considered to be in thermal equilibrium with its surroundings but X must 
have a certain minimal energy content (E) which is greater than the binding energy 
of the electron in the lowest energy orbital in M, i.e., the lowest ionization potential 
(I) of M. As a result of this interaction the lowest-energy electron is ejected and an 
ion M+ is formed. For cases in which E is greater than Z the excess of energy will be 
partitioned between the ion (EJ and the electron (E,). As the free electron is so light 
when compared with even a small polyatomic ion, any translational energy released 
in the process will be almost completely retained by the electron, which can of course 
retain no other form of energy. The ion M+ on the other hand, although it has no 
translational energy, may have excitation energy (&) which may be electronic, 
vibrational or rotational. 

M + X(E) - M+(&) + e&) 

n, nX nl n2 

In order to examine the consequences of this interaction in a real environment 
we must assume an assembly of particles of species M, their number being nM. The 
number of particles of species X, which will most normally be measured as a flux, is 
nx and the numbers of ions and electrons produced will be n, and n2 respectively. 
Except in the case of multiple ionization n1 and rr2 will be equal. 

There are obviously two ways of investigating the ionization process experi- 
mentally: either the number of ions or the number of electrons may be measured. 
Such measurements are most commonly made by collecting the charged species with 
electrode assemblies across which the appropriate potential gradients are applied. 

t For reprints of this review, see Publisher’s announcement near end of this issue. 
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It is most convenient to investigate ionization as a continuous process so that n, is 
kept constant by maintaining a flux or current of X through the assembly of mole- 
cules, atoms or radicals M. The resulting numbers of ions and electrons may now also 
be measured as fluxes, i.e., numbers of ions or electrons per second or, more famili- 
arly, electric currents. Let us suppose that nM and nx are kept constant while E is 
varied. The electron current n,/t (where t is time) is now measured, for example, by 
inserting a pair of polarized electrodes into the cell in which M and X are interacting. 
If the electron current n,/t is plotted against the energy E, the result is a typical ioniza- 
tion curve with a very steep rise in n,/t as E rises above the ionization potential of M. 
When X is a photon then E may be very sharply defined by the wavelength of X and 
the ionization potential may be measured with considerable precision. When X is an 
electron, E is not precisely defined, as it is not very easy to obtain a beam of mono- 
chromatic electrons of suitable intensity. As electrons are normally produced from a 
white hot tungsten or rhenium filament they retain a Boltzmann distribution of energy 
-&AE which is an appreciable fraction of a volt. As a result the inflection in the 
ionization curve is less precisely defined and the value of the ionization potential less 
certain. Now let us consider an alternative experiment in which the energy E is kept 
constant and considerably greater than the ionization potential of M. Instead of the 
total ionization current n,/t being measured, the energy distribution in the emitted 
electrons is determined. This may be achieved experimentally by interposing a 
retarding potential grid between the two collecting electrodes or more elaborately by 
passing a beam of the emitted electrons through a transverse electric field and dis- 
persing them according to their velocity. A plot is now made of E,’ against n,‘/t 
where E2’ is the energy in any emitted electron and n2’ is the number of electrons 
having such a translational energy. Then z ni = n2. The difference between the 
energy of the projectile (E) and the translational energy of the emitted electron (E,‘) 

is equal to that energy retained by the ion M f. When X is a photon of high energy, 
this curve may be recognized as the photoelectron spectrum. Such a curve will have 
several maxima corresponding to the ionization of electrons in orbitals of different 
energies. In addition, for simple molecules, the maxima may reveal structure due 
to the formation of the ion in a variety of excited states. This experiment gives 
information about the energies of orbitals in polyatomic molecules in addition to the 
lowest ionization potential. Similar information is theoretically available if X is not a 
photon but an electron. Once again however, there is the problem of the energy 
spread experienced with electron beams. Electron monochromators are now being 
developed, however, giving currents as high as 10m8 A with an energy spread of as 
little as 20 mV. Combinations of two of these devices have been used to provide 
determinations of the energy distribution of emitted electrons, and a new spectro- 
scopic technique, electron energy loss spectroscopy, is being developed. Once again 
the information available with this technique is concerned with the energies of orbitals 
in simple polyatomic molecules rather than with structures. 

The alternative method of investigating the ionization process is by measuring the 
ion current rather than the electron current. A plot of q/t against E once again 
provides a method of determining the ionization potential of M. The results are more 
precise when X is a photon rather than an electron but the measurement of ionization 
potentials from the ionization efficiency curves obtained with mass spectrometers is 
common practice and various extrapolation procedures and deconvolution devices 
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are used to increase precision of the determination. When X is an ion, the situation is 
complicated by the involvement of the recombination energy of the projectile ion with 
an electron. This complication also arises with the other techniques mentioned 
above. A measurement of the ratio nl/nM gives a measure of the ionization cross- 
section of the molecule M. The ionization efficiency curve, which is a plot of n,/t 
against E does not give any information about the higher ionization potentials of 
polyatomic molecules because it is not possible to identify the variation of cross- 
section with E for any specific ionization process in which an electron of particular 
energy is being removed, except in the simplest possible case of the hydrogen atom or 
possibly the hydrogen molecule. Energy analysis of the ion current reveals no 
information, because the translational energy is all removed by the electron and at 
present there is little or no possibility of the determination of the nature of the 
excited states of ions. 

While however, little information of this type is available from an examination of 
the ion current, the technique of mass spectrometry is based on an alternative way of 
looking at the ion current. This arises because it is possible to segregate ions not 
according to their energy content but according to their relative mass. The various 
methods by which this segregation is achieved are discussed below and it is only 
necessary to point out that the assembly of the species M may now consist of a number 
of different molecules, atoms or radicals. Each of these will be converted into the 
appropriate ions M+ and it is now possible to measure all the individual ion currents 
n,/t and to plot n,/t against the mass of the ion m. Such a plot constitutes a mass 
spectrum. 

M 

If the assembly of species is, for example, a mixture of rare gases so that the only 
ionization processes possible were the production of the singly-charged rare gas ions 
then it is possible to analyse the mixture by mass spectrometry. Both n&r and nx 
must be kept constant so that the rate of production of ions is constant. The indi- 
vidual ion currents of the species M are then proportional to the partial pressures of 
the species M in the mixture and the sum of all these currents is equal to the total ion 
current n,/t. This situation is rather similar to the conditions of fluorescence analysis 
where the incident radiation is analogous to the electron beam and the fluorescent 
radiation is analogous to the ion beam, the wavelength and mass being characteristic 
of the species M. There are very few cases in which this very simple form of mass 
spectrometry has a modern application. There are two examples worth recording 
however, the first medical and the second cosmochemical. The most readily available 
gas mixture is the atmosphere and a mass spectrum of air readily reveals the separation 
of the ion currents due to oxygen, nitrogen, carbon dioxide and argon. The efficiency 
of a patient’s respiration may be assessed by taking samples of the atmosphere from 
his lungs. This process can be carried out continuously and can show not only the 
state of the patient’s breathing but also the concentration of any foreign gas intro- 
duced to induce anaesthesia. 

The second application also deals with the analysis of atmospheres, but in extra- 
terrestrial situations. The development of very small light mass spectrometers, now 
referred to as “flyable” instruments, permits their transportation by rocketry to a 
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number of remote situations. The molecule and ion concentrations in the outer layers 
of the earth’s atmosphere may be examined by carrying a small mass spectrometer 
on a rocket and relaying the information which it gathers to a remote ground station 
by radio. An extension of this principle will allow the examination of a number of 
planetary atmospheres. 

The dissociation of excited ion-molecules 

The great value of mass spectrometry as an analytical technique does not derive 
from simple applications such as these, but from a quite distinct and separate result of 
the initial ionization process. For ionization to take place the energy in the electron 
must exceed the lowest ionization potential of the molecule. It must therefore have a 
value of E which is at least 15 eV since the ionization potentials of all molecules lie 
between 6 and 15 eV. It is common practice, in order to obtain sufficiently high 
values of the cross-section nl/nM which determines the sensitivity, to choose values of 
E in the 50400 eV range. The cross-section nl/nM does not vary significantly above 
100 eV but falls off rapidly below 50 eV. Although not all of the energy in the pro- 
jectile electron is transferred to the molecule, the result of the ionization process may 
be the production of an ion with a considerable excess of energy (E,). As the excited 
molecule ion is normally produced under high vacuum conditions (approximately 
1O-6 mm Hg) this excess of energy cannot be lost by collision with other molecules. It 
can thus only be reduced by the emission of a photon, a comparatively unlikely event, 
or by the molecule ion undergoing dissociation or rearrangement. As the bond 
dissociation energy of all chemical single bonds lies between 2 and 5 eV the transfer 
of a small fraction of the translational energy of the incident electron can result in 
the fission of a number of chemical bonds with the production of radicals and smaller 
ions. Because of the large excess of energy the dissociation process has two important 
features. The first is that there are a number of alternative modes of dissociation 
available and the diversity of these decompositions is further enhanced by the 
fact that the electrons have an energy spread &A(E) and may transfer a variable 
amount of their translational energy to the molecule, depending on the nearness 
of approach and the consequent intensity of interaction. As a result the excited 
molecule ion may dissociate in a number of parallel and consecutive reactions. If 
E is high, the molecule ion is most likely to react by breaking chemical bonds; if 
E is low the molecule ion is most likely to rearrange. The second feature is that the 
rate constants for the dissociation processes are very high and the reactions have neg- 
ligible energies of activation. As a result the rates of reaction are almost totally un- 
affected by experimental parameters other than E. This means that the ratios of the 
ion currents for the molecule, fragment and rearrangement ions will have constant 
values over wide variations of ?rM or nx or the temperature of the ionization cell. The 
relative intensities of the ion currents, which are responsible for the peaks in a mass 
spectrum, constitute what has come to be known as the cracking pattern of the 
molecule. It is the cracking pattern which is therefore substantially invariant and 
constitutes a fingerprint of the molecule in the same way that the infrared absorption 
spectrum does. It is thus possible to match the cracking pattern observed with a 
chemical compound measured upon one instrument with that of the same compound 
measured on a machine with a completely different geometry. This match is not 
as complete as that obtained with infrared or NMR spectra, but the usefulness of 
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this near identity has led to the collection both privately and by industrial and 
government organizations of large libraries of mass spectral cracking patterns. The 
best known collection of spectra has been made by the American Petroleum Institute 
Research Project 44. A second rapidly growing collection is being amassed by the 
Mass Spectrometry Data Centre situated at Aldermaston. The reduction of these 
cracking patterns to digital form permits a direct comparison by computer, and 
several schemes are in operation by which the mass spectrum of an unknown com- 
pound may be compared with a library of the spectra of known compounds, held 
upon a disc in a computer memory. 

One of the most severe problems encountered in the matching of spectra is the 
necessity of matching the purity of the standard and unknown samples. The presence 
of a substantial impurity in either may cause a mismatch so severe that the identity is 
lost. The effect of the minor constituent in distorting the mass spectrum may be 
further magnified by a difference in the rate of evaporation of the two components. 
With volatile samples this effect may be minimized by evaporating all of the sample 
into a reservoir from which the vapour flows into the ion source. When solid samples 
are being introduced into the source by the insertion-probe technique this is not 
possible. The situation is at its worst when isomers are being studied. There are 
only very small differences in the mass spectra of structural isomers and it is only 
possible to match the spectra of unknown and standard if the purity and method of 
sample admission are kept the same. Fortunately, there are two ways of dealing with 
this problem. The first is to use the technique of differential evaporation as discussed 
in the section describing quantitative methods, and the second is to combine mass 
spectrometric identification with some other technique of physical separation such as 
chromatography. Chromatography in one form or other is to be preferred because in 
general the resolution obtainable with chromatographic methods rises with the 
lowering of sample size, and mass spectrometry is capable of dealing with very small 
sample sizes, in some cases well below the detection limit of the normal calorimetric 
or fluorometric methods. 

Chromatographic separation 

It is not difficult to separate small quantities (micrograms) of complex organic 
compounds by paper chromatography. The area containing the spot of the unknown 
is eluted with an organic solvent, the solution is concentrated by evaporation, and the 
concentrate admitted directly to the mass spectrometer. It is unfortunate that this 
process is surprisingly variable : sometimes the resulting mass spectrum can be 
matched very well with that of a standard, at other times the solvent may extract 
from the paper not only the sample material but also a great deal of contamination 
from the paper itself. The amount and nature of this contamination are dependent 
not only on the nature of the paper but also on its previous history, i.e., which sol- 
vents it has already been exposed to during the chromatographic separation. Some 
improvements are observed when paper chromatography is replaced by thin-layer 
chromatography, on silica gel, cellulose etc. It has been possible, for example, to 
separate drugs from whole blood by a single separation upon cellulose and to identify 
the drug by removing a small area of the thin layer with a spatula and extracting with 
the appropriate eluent, filtering the slurry, evaporating the solvent and transferring the 
residue to the ion source in the manner described in the experimental section. Further, 
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in the case of some compounds it has been possible to show that this process may be 
quantitative, so that submicrogram quantities of the components of complex mixtures 
may be separately identified and determined.l 

When the sample components are sufficiently volatile they may be separated by 
gas chromatography. The very high efficiencies of separation obtainable with these 
methods, which greatly exceed those possible with fractionating columns, and their 
ability to deal with very small sample sizes, have encouraged experimenters to combine 
them with mass spectrometry. The separation of a pair of compounds by gas-liquid 
chromatography depends not only upon differences in the volatility of the two com- 
ponents but also upon differences in their interaction with the involatile liquid into 
which they are partitioned from the gas phase. As a result it is possible to take 
advantage not only of simple solution forces but of specific chemical interactions. 
It is thus possible, for example, to separate the cis and mm isomers of many simple 
hydrocarbons by using an involatile liquid containing a silver salt with which the 
unsaturated compounds form transient complexes. In a similar fashion the isomers of 
aromatic hydrocarbons may be separated by including in the involatile liquid some 
polynitro compound capable of forming molecular complexes with the aromatic. 
In each case some small difference in the stability of these complexes is exploited and 
quite small quantities of the involatile liquid are required. On the other hand, 
separations involving conventional solution forces may be made possible by having a 
very much larger quantity of the involatile liquid, maintained as a very thin film, and 
considerably multiplying the number of equilibrations of the sample mixture with the 
liquid. The limit to this is set only by purely experimental considerations of size and 
carrier gas inlet pressure. However, by an appropriate choice of column length and 
involatile liquid composition, it is possible to separate the components of complex 
mixtures of chemically very similar compounds. As an example, with the most 
efficient columns (either glass capillaries lined with squalane, or narrow packed 
columns with the same material dispersed upon small mesh size inert support) it is 
possible to separate deuterated hydrocarbons from their protonated counterparts. 
Dodecadeuterocyclohexane may be separated from normal cyclohexane with a 
relatively inefficient column of about 2000 theoretical plates, hexadeuterobenzene is 
separated from benzene, and trideuterotoluene from toluene2 with packed or capillary 
columns with an efficiency of lO,OOO-15,000 plates, and with the highest efficiency 
columns of above 100,OO0plates, monodeuterobenzene can be separated from benzene. 
The success of separations has in the past been limited by the inability of the gas 
chromatographic technique to provide an unequivocal means of identifying the 
separated species. The idea of specific retention volumes as a unique physical property 
which could be used for identification purposes has not been enthusiastically accepted 
by gas chromatographers. The determination of this constant, which is independent of 
temperature, gas flow-rate, involatile liquid concentration and sample size, required 
such precisely defined operating conditions that it was seldom used. A more success- 
ful compromise was the relative retention volume in which the retention volume of the 
unknown was expressed as a fraction of that of some similar known substance. 
Some variations in the experimental parameters were rendered less important but the 
uncertainties remained. Uncertainty could be removed by segregating the compo- 
nents of the mixture as they emerged from the chromatographic column, by adsorption 
on silica gel or alumina or by the passage of the effluent through a trap cooled in 
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liquid air. A separate adsorbent tube or liquid-air trap was required for each com- 
ponent of the mixture requiring identification. The sample components recovered in 
this way were then identified by a second technique. Such a two-stage separation and 
identification does, however, involve difficulties, mainly resulting from the problem of 
manipulating small amounts of volatile material. This has resulted in the develop- 
ment of a direct coupling of the effluent from the gas chromatograph to the inlet 
system of the mass spectrometer, so that there is no handling process after the injection 
of the sample mixture into the inlet of the gas chromatograph. The manner in which 
this has been achieved is discussed in the section dealing with instrumentation and it 
is only necessary to point out that the problem of matching unknown and standard 
spectra is considerably simplified when the purity of the specimen is so assured. 
Further, although the retention volume is not normally determined with sufficient 
precision to make it a primary means of identification, it provides a useful additional 
piece of evidence to back up the mass spectra identification. 

In all the foregoing it has been assumed that there exists a library spectrum of the 
unknown, and the only problem is that of matching. While this may be the case for 
some experimentalists, even in a routine analytical laboratory there will be times 
when the analyst will be faced with the identification of a completely new compound 
from its mass spectrum. 

As outlined earlier, the mass spectrum presents a record of the unimolecular 
decomposition of an assembly of highly excited molecular ions. The chemistry of the 
decomposition is unique, and no great reward is obtained by comparisons with ground 
state chemistry or with radiolysis. And yet the only structural information available 
from a mass spectrum is that which can be gleaned from an understanding of the way 
in which the molecule ion breaks down. There are three distinct approaches to the 
problem of extracting this information. The analyst may attempt to understand this 
novel type of chemistry so that he may deduce the structure of the molecule ion from 
recognized decomposition processes. This approach is analogous to that by which 
many natural products were identified by classical organic chemical degradations, 
e.g., pyrolysis or dehydrogenation. The second approach is to change the ionization 
process so that a different dissociation route is traversed. The third approach, which 
will commend itself most readily to the analytical chemist since he may make use of 
much of his armoury of chemical identification methods, is to modify the sample 
itself by means of a known chemical reaction and to infer the structure from a com- 
parison of the mass spectrum before and after the chemical process. This method is 
analogous to the preparation of a derivative with a known physical property such as a 
melting point, absorption spectrum, Rf value or cryoscopic molecular weight. Our 
present understanding of the chemistry of the decomposition of ions has in fact been 
largely accumulated by studies involving the second and third approaches, and 
Beynon3 in this country and McLafferty in the United States have been particularly 
successful in expanding our understanding of the mechanisms involved. While it has 
been stressed that the chemistry of ion decomposition cannot be interpreted with the 
aid of an understanding of ground state mechanisms alone, there are certain features 
or underlying principles of chemical theory which must apply with equal force to 
these very fast reactions. It would be expected that the effect of neighbouring groups 
upon each other would be reflected in the rates of decomposition. An extreme example 
of this would be the so-called “ortho effect” where much stronger interactions would be 
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expected between groups when they are adjacent to each other as substituents on a 
benzene ring than when they are more remote. Such an effect is observed and the 
spectra of isomers such as those of the nitrophenols or the hydroxybenzaldehydes are 
appreciably different (Fig. 1). 
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FE. l.-Mass spectra of nitrophenols: a, p-nitrophenol; b, o-nitrophenol; c, 
m-nitrophenol. 

Since the energy is lost from the excited ion by breaking chemical bonds the 
strength of these bonds must have an effect upon the rate. As a result the rate of 
production of an ion from the molecule ion by the fission of a carbon-bromine bond 
would be expected to be much faster than if the same ion were being produced by the 
fission of a carbon-hydrogen bond, which has twice the bond dissociation energy. 
There are many examples in which this may be clearly demonstrated. The nature of 
the second species must also play a part in determining the rate of decomposition. 
Where the unionized fragment is a stable radical such as benzyl or ally& then this 
dissociation is favoured. A very common example of the effect of the second species 
is when that species has a high electron affinity and so may readily form a negative 
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ion with the release of up to 3 eV of energy. The most commonly observed example 
is the production of ion-pairs when compounds containing fluorine atoms are ionized. 
The high electron affinity of the fluorine atom results in the rapid dissociation of the 
molecule ion, and the mass spectra of most saturated fluorocarbons have negligibly 
small molecule ion peaks. 6 The most valuable information from a fundamental 
point of view would be the thermodynamic heats of formation of the ions, but al- 
though many values are available the thermochemical relationships have only been 
constructed for the simplest cases, and the main obstacle to their use in more complex 
systems is the lack of information about the excited states of the ions involved. If the 
mass spectrum represented only the results of the bond-breaking processes then the 
interpretation of most spectra would be greatly simplified. However, there are in 
addition a number of other processes occurring, leading to the formation of ions which 
could not arise by simple bond-breaking. The peaks in the mass spectra correspond- 
ing to ions produced in these processes were originally considered as noise, but recent 
improvements in instrumentation have provided more information about them and 
their recognition may actually aid structural analysis. These processes, which are 
normally called rearrangements, usually occur at low energies and result in the 
formation of an even-electron neutral species and an odd-electron ion, (c$ the bond- 
breaking process leads to the formation of an even-electron radical ion and an odd- 
electron atom or radical). An exception to this is when hydrogen atoms are involved. 
Hydrogen atoms appear to be quite mobile in the excited ion molecule and substantial 
rearrangements occur. Thus in the spectrum of 1 ,l ,l-trideuterodimethyl sulphide2 
there are substantial peaks corresponding to the ions CD,H+ and CDH$.e Another 
example of the mobility of atoms is the transfer to metal observed in the mass spectra 
of metal chelates. The spectrum of the titanium derivative of the diketone benzoyl- 
trifluoroacetone exhibits peaks corresponding to ions in which one or two fluorine 
atoms have been transferred to the metal atom (Fig. 2). The elimination reactions 
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FIG. 2.-Mass spectrum of titanium benzoylacetonate, illustrating fluorine transfer 
to metal. 

referred to previously however may be more useful once they are understood. 
Certainly the most widely known of these rearrangement processes is the McLafferty 
rearrangement’ in which the hydrogen atom gamma to a carbonyl or other electro- 
negative&group is transferred to the heteroatom with beta-cleavage of the molecular 
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ion and the elimination of an unsaturated compound or a diradical (Fig. 3). Other 
examples include the elimination of CF, from atomatic compounds containing a CF, 
group, such as benzotrifluoride,* or the elimination of CO from aromatic ketones 
such as anthraquinone.s 

C,H,+CH,COH CH,CH + 

,<, 7fH3+OCH2CH;, , 

, 

20 40 0” 80 100 Ix) 
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FIG. 3.-Mass spectrum of heptanone-3, illustrating the McLafferty rearrangement. 

All these rearrangements lead to the formation of ions having an even mass 
(provided they do not contain an odd number of nitrogen atoms) and even-mass 
peaks other than molecule ion peaks are comparatively rare, so that it is easy to pick 
out the peaks due to rearrangement processes and to infer the structures from which 
they are formed. 

In carrying out identification of unknown species by their mass spectrum alone, 
there are two techniques now available as a result of modern instrumentation, which 
are of the greatest assistance. The first of these is precise mass analysis which has 
been made possible by the development of high resolution instruments. The presently 
accepted mass scale uses carbon 12 as its standard, assigning it a mass of 12.OOfKlOO. 
On this scale the mass of the hydrogen atom is 1.007825 while that of the oxygen 
atom is 15.994914. It follows that there is an appreciable difference in mass between 
ions having the same integral mass. Thus both carbon dioxide and propane ions 
have an integral mass of 44 but their precise masses of 43.989828 and 44.062600 
differ by about 1 in 600. As a result a mass spectrometer with a resolution of 1000 can 
resolve the beams of carbon dioxide and propane ions when they are produced 
simultaneously and from the mass scale it is possible to say which is which. A higher 
resolution is required to resolve the mass doublet due to carbon monoxide and 
nitrogen molecule ions. It can be seen that an assembly of carbon, hydrogen and 
oxygen atoms gives a unique precise mass and this is true for any other atomic 
assembly. At the time of writing commerical mass spectrometers are available which 
have a mass resolution of 100,000 and masses of ions can be measured with a precision 
of 1 ppm. As a result it is possible to determine the atomic constitution of ions with a 
high degree of certainty. Taking, for example, the molecule ion of adrenaline, its 
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precise mass is 183.089541 and the nearest precise mass to this which can be envisaged 
is 183.088195 which differs by one part in 180,000, which is considerably greater than 
the uncertainty of measurement. The atomic constitution is thus unequivocally 
determined as CBH,,O,N. The identification of the atomic composition from the 
precise mass can be carried out by the use of tables of the precise masses of atomic 
assemblies or may be done automatically with quite a simple computer programme. 
The atomic constitution of all ions represented in a mass spectrum can be identified 
provided that either the time or the instrumentation is available. It should be stressed, 
however, that despite the very great advance in understanding that such information 
provides, there is still at this stage no direct evidence as to the manner in which the 
atoms are linked together in the ions. It would be considered a reasonable assumption, 
on finding that peaks of mass 91 and 77 in the spectra of aromatic compounds were 
due to the atomic species C,H,+ and C B H 6+, that these were in fact the benzyl and 
phenyl ions. There is evidence to the contrary, mainly arising from labelling studies, 
that these are seven membered ring and open-chain structures, respectively. Quanti- 
tative evidence about the structure of ions is scanty but there is good reason for 
believing that the doubly-charged ion of benzene no longer retains its cyclic structure. 

The second technique which has been found useful in the study of ionic decom- 
position is that of metastable defocusing. It was pointed out in the earlier paragraphs 
that the reactions of ionic decomposition were extremely rapid and that the result of 
this was the consistency of the cracking pattern. In fact most of the chemistry is 
complete before the ion has left the source region of the instrument and proceeded 
to the analysis region, this journey taking a time of the order of a ysec. Some mole- 
cules in the ion source have relatively inefficient encounters with the ionizing electrons 
and as a result have lower amounts of excitation energy in the ions produced. The 
rate of dissociation of such ions is slower and weakly excited ions may escape from the 
source region of the instrument before undergoing reaction. The experimental result 
of this situation is that the ion, having acquired a velocity appropriate to its mass 
from the accelerating voltage gradient in the instrument, now changes its mass by the 
loss of a neutral fragment before being subjected to mass analysis. The magnetic 
field therefore brings this ion to a focus on the mass scale at a position which is neither 
the focus of the parent or the daughter ion but lower than either. In many cases the 
masses of the ions are related by the simple equation. 

where m, is the parent mass, m2 the daughter mass and m* the apparent or metastable 
mass. The ions so produced have been erroneously named metastable ions and the 
peaks metastable peaks. These peaks may easily be identified in a mass spectrum by 
their appearance. They are most commonly very much wider than the normal peaks. 
This is due to the fact that the ionic decomposition is usually associated with the 
release of kinetic energy, which effectively increases the energy spread of the ion beam 
for that species only, and hence decreases the resolution, giving wider peaks. In fact 
there is a quantitative relationship between peak width and kinetic energy release and 
there have been a number of studies on this relationship, but of more general use is the 
facility of identifying the parent and daughter ion responsible for the metastable peak. 
Since the mass of each of these ions must be greater than that of the metastable peak 
position on the mass scale, and because there is normally a large ion current due to the 
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parent ion, it is a fairly simple matter to find values of m, and ma which satisfy the 
equation. As an example, the mass spectra of most saturated hydrocarbons exhibit a 
peak at m/e = 39-l and the appropriate values of m, and m2 for this metastable mass 
are 43 and 41 respectively. This means that the mode of decomposition can be 
identified, and on combining this technique with precise mass measurement it can be 
shown that the decomposition pathway is 

C&,+ + C&i+ + H, 

This of course does not imply that the CsH,+ ion is either a propyl or an isopropyl 
ion; in fact, what evidence there is, arising from labelling studies, suggests a cyclic 
structure. In general, metastable peaks are less intense than those produced con- 
ventionally and the technique of metastable defocusing allows the operator to over- 
come this sensitivity problem and eliminate the difficulty of disentangling the normal 
and metastable spectra. The instrument is so adjusted that only those ions which have 
suffered a change in velocity as a result of a dissociation process taking place outside 
the ion source are able to pass a diaphragm situated after the energy selector of a 
double focusing instrument. The ion current due to ions formed within the ion 
source is not detected and the spectrum consists only of a series of metastable peaks, 
the intensity of which can be increased by increasing the amplification of the instru- 
ment, without at the same time increasing the signal due to the normal ion processes.lO 
It is also possible to scan the spectrum in such a way as to identify all those de- 
compositions associated with one particular ion. 

The second approach in the identification of unknown compounds from their 
mass spectra is to gain additional information by varying the ionization process. 
The simplest way in which this may be achieved is to vary the energy in the ionizing 
electron beam. Many of the processes which are possible at energies of 70 eV cannot 
take place if the electron voltage is reduced to say 10 eV (see e.g., Fig. 4). In some 
cases it may be possible to eliminate all the dissociation processes and obtain a spec- 
trum which represents only the molecule ions of the sample components. This is 
however, easiest to achieve if the normal mass spectrum reveals a large molecule ion 
peak. Reducing the electron energy does not increase the total molecule ion current 
and may substantially reduce it, but it does increase the relative importance of the 
parent peak. An alternative to the reduction of electron energy is the substitution of 
the electron impact source by what has been called the field ionization source. If a 
molecule is exposed to a potential gradient which is similar to that existing at the outer 
electronic shells of the molecule then the outer low-energy electrons can escape and 
the molecule becomes ionized without the transfer of large amounts of excitation 
energy to the ion. A value of lo* V/cm is sufficient for this purpose and this can be 
created experimentally by a voltage of lo6 V applied upon a sharp edge with a radius 
of a few hundred A, such as a razor blade. The ions accelerated away from this edge 
are not highly excited and it is possible to create ions from molecules having weak 
chemical bonds, such as hydrates. Such species would not survive ionization by an 
electron impact source. Thus the spectrum produced by a field ionization source is 
very much simpler than that obtained with a conventional electron impact source and 
it is very much easier to identify the molecule ion.rl 

A further way in which ionization can take place has been studied by Field and 
relies upon ion-molecule interactions. l2 A conventional ion source is normally 
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FIG. 4.-Mass spectrum of fluoranthene at 70 and 10 eV. 
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operated at a very low pressure so that the molecules have a long mean free path 
and secondary reactions are rendered insignificant. If, however, the pressure is allowed 
to rise above about 1O-6 mm Hg the ion may interact with un-ionized gas molecules 
before it leaves the ion source. It has now become possible to eliminate the danger 
of producing gas discharges caused by the earthing of ion-accelerating voltages through 
a high pressure gas and to operate ion sources safely at pressures up to 1 mm Hg. If 
methane is ionized in such a source, then the methane ion, which is the initial result 
of the electron impact, abstracts a hydrogen atom from the methane gas to form CH,+. 

CH, + CH,+ + CH$ + CH, 

If now a trace of a substance having a higher proton affinity is added to the methane, 
the proton is transferred to this molecule. The protonated molecule then decomposes 
in such a way that the charge remains with the fragment radicals. In this way an 
assembly of molecules gives rise to a mass spectrum with a different cracking pattern 
from that obtained by normal electron impact. 

Finally, there is the purely chemical approach in which the sample substance is 
subjected to known reactions, the results of which are assessed by running additional 
mass spectra. The reactions chosen should be those which occur at room temperature 
(if possible) and lead to the formation of a derivative having a higher molecular weight 
than the original sample substance. There are a number of such reactions described in 
the literature, for the quantitative analysis of small amounts of compounds containing 
functional groups. The simplest possible reaction is that of deuteration. The sample 
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is merely mixed with heavy water and allowed to equilibrate. Any labile hydrogen 
atoms such as those attached to oxygen atoms in hydroxyl or carboxyl groups will be 
replaced by deuterium. The result is that the mass spectrum, while retaining its 
overall pattern, will move to higher m/e values for those peaks which correspond to 
ions which have suffered deuteration. It is thus an easy matter to determine the 
number of hydrogen atoms replaced and which therefore were attached to oxygen. 
A second specific reaction which may be used with advantage is the conversion of 
aldehydes into aldoximes with hydroxylamine hydrochloride solution. For each 
aldehyde group converted the spectrum moves 15 mass units. The simplicity of this 
approach is that these reactions may be carried out on the microgram scale on the 
probe of the mass spectrometer, and the reaction products analysed without any 
pretreatment. As an example, the following three spectra (Fig. 5) show the spectrum 
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FIG. 5.-Determination of structure by the formation of derivatives: a, hydroxypyrone 
aldehyde; b, after deuteration; c, after forming the oxime. 

of an alkaloid precursor13 and its reaction products with heavy water and hydroxyl- 
amine hydrochloride. The presence of one hydroxyl and one aldehyde group is 
clearly indicated and the structure of the compound has been shown to be 

OH 

0 I lCHO 
0 



Analytical mass spectrometry 603 

INSTRUMENTATION 

Mass spectrometry shares with the technique of molecular beams the distinction 
of being the physical method slowest to receive widespread acceptance and exploita- 
tion by the chemist. Both were being used by the physicist before the last war and it is 
only recently that the mass spectrometer has taken its place beside optical spectrom- 
eters in the laboratory for routine sampling and analysis. In no other technique 
has there been such widespread proliferation of instrumentation or so wide an 
application to diverse analytical problems. In this section the main types of instru- 
ment will be discussed and examples given. A more complete review has been made 
by Beynon and Fontaine.14 

At the present time, because of the very diverse nature of the instruments which 
may be classed as mass spectrometers, it is necessary to define the instrument in the 
most general terms. The one feature which all instruments have in common is that 
ionization and mass analysis take place in a high vacuum system. Briefly then, a mass 
spectrometer is a device which is capable of introducing a sample into a high vacuum 
and converting a proportion of the molecules in the resulting vapour into ions. The 
ions so produced are classified according to their mass to charge ratio (m/e) and the 
abundances of each ionic species is measured and recorded. As will be discussed in a 
later section, because such measurement and recording takes an appreciable interval 
of time, ion abundances must be detected as ion currents n,/t. In order to give any 
significance to such ion currents, it is necessary to maintain a constant partial pressure 
nM of the sample in the source and to keep a constant rate of ionization n,/t. These 
considerations are unimportant in the design of a mass spectrograph, where only 
the masses of the individual ions are to be measured. These instruments, however, 
are comparatively rare. 

The story of the development of the modern mass spectrometer is an account of 
continued efforts to improve the sensitivity of the machine, to increase its ability to 
distinguish between ions of closely similar mass, i.e., its mass resolution (m/Am) 
and to decrease the time taken to record the magnitude of the ion currents, i.e., the 
mass spectrum. At the same time there have been attempts to increase the range of the 
instrument both in the production of ions of higher m/e values and in the classification 
and recording of such ion currents. 

180”-Focusing instruments 

An ion moving with uniform velocity in a magnetic field at right angles to the 
plane of its motion describes a circular path provided that the magnetic field is con- 
stant and uniform. This principle was exploited in the earliest form of mass spectrom- 
eter described by Dempster15 in 1918, and it is of considerable interest that an 
instrument of this type is still in an active stage of development today. Positive ions 
are accelerated in a potential gradient V and enter a uniform magnetic field H which 
is perpendicular to the direction of their motion. The ions of mass m aquire a velocity 
v and so have an energy given by &mu2 = eV, where e is the electronic charge. The 
radius R of the circular path which the ions describe is then given by the equation 

On combination of these two equations the field and potential gradient requirements 
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for an ion with mass to charge ratio m/e travelling in an orbit of radius R are given by 

H2R2 
m/e = - 

2v 

The uniform magnetic field has a focusing action equivalent to that of a cylindrical 
lens so that beams of ions issuing from a slit are brought to a focus after suffering a 
deflection of 180“ to form a first-order image of the slit with ions of the appropriate 
m/e values for the given field strength and potential gradient. This system is thus 
direction-focusing so that it is not necessary to inject a parallel beam of ions into the 
magnetic field. On the other hand, it requires that all ions having the same m/e 
value should have the same velocity a, that is to say this is not an energy-focusing 
system. The resolution of this type of instrument depends upon the homogeneity of 
the magnetic field over the whole of the ion path, the stability of the ion-accelerating 
potential difference and the width of the entrance and exit slits. The optimum values 
for slitwidths are those in which a successful compromise is achieved between the 
increase in resolution obtained by reducing slitwidth and the accompanying reduction 
in sensitivity. 

Before giving any actual values of mass resolution achieved by various instru- 
ments, it is necessary to make a satisfactory definition of the term m/Am. The original 
definition used by Dempster is expressed in the formula 

where S, and S, are the entrance and exit slitwidths. This makes the assumption that a 
perfect image of the entrance slits is formed in the plane of the exit slit and that the 
adjacent beams of ions are resolved when one image occupies the exit slit while none of 
the ion current due to the adjacent image enters the exit slit. Owing to imperfections 
of the experimentally attainable ion optics system, this simple equation cannot be 
retained as an adequate definition of mass resolution. The image will be distorted, 
having chromatic aberration due to variations in the kinetic energy of ions of the same 
mass and would have “wings” on either side due to the gas scattering in the ion path. 
These aberrations are taken into account by assuming a constant b such that the effect 
of the aberrations is shown to be proportional to the radius of curvature of the ion 
path as in 

m/Am = RI(Sr + S2 + BR) 

Despite the obvious value of this equation it is more common to apply an empirical 
definition of mass resolution in which unit resolution is said to be achieved when there 
is a valley between adjacent peaks in a mass spectrum record. The peaks should be of 
equal height and the depth of the valley is chosen arbitrarily; the height of the valley 
above the base-line is expressed as a fraction of the peak height. When comparing the 
advertised performance of commercial instruments or the published figures for mass 
resolution of experimental instruments, it is important to identify the criterion which 
has been applied for unit mass resolution, as this can range over two orders of 
magnitude. Alternative criteria for resolution which have been suggested are based 
on peak width or contribution to a mass peak from an adjacent peak of the same 
height. The effect of slitwidth on mass resolution in a modern 180”-focusing mass 
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spectrometer is illustrated in Fig. 6 which shows a mass spectrum for krypton recorded 
with slitwidths of 0.25 and 0.50 mm. 

The stability and simplicity of this method of mass selection has led to its adoption 
and development in a range of low-resolution instruments. In particular, Associated 
Electrical Industries have produced a number of commercial instruments under the 
generic name of M.S. 10 and 20, based on a design with a radius (R) of 5 cm. These 
instruments are still in a state of active development and improvement. The original 

Slit width 

Slit width 0.25 mm 1 
*6B4e2;07s 

Fm. B.-Effect of slitwidth on resolution: mass spectrum of krypton. 

design used a large permanent magnet with a field strength (H) of 1840 gauss. Scann- 
ing of a mass range of l-200 was achieved by varying the accelerating voltage (V) 
either continuously or in steps. The resolution which could be achieved with a slit- 
width of O-50 mm was 40 with a 2% peak valley between adjacent peaks of equal 
height. This type of instrument is suitable for use as a sophisticated ionization gauge, 
when it may be bolted directly to the vacuum system being monitored. Alternatively, 
it may be used for leak testing, by using a gas with a characteristic mass spectrum as 
the test gas for tracing the leak in a vacuum system. The resolution is adequate for the 
identification of most of the residual gases found in high-vacuum systems. 



606 J. R. MAIER 

Recently, this design has been modified so as to convert the instrument into a 
versatile mass spectrometer for low-resolution general analytical studies. The mass 
range has been extended to 1000 by replacing the permanent magnet with a large 
electromagnet capable of providing fields up to 11,000 gauss. The resolution has been 
increased to approximately 550 by reducing the slitwidths to 0.025 mm and increasing 
the detector sensitivity. This design is particularly flexible since it permits the magnetic 
field to be swept at a number of alternative accelerating potentials. 

The same company also produced a greatly simplified design in the Minimass 
Partial Pressure Gauge. The radius has been reduced to 1 cm and a small permanent 
magnet with a field strength of 4000 gauss is employed. Voltage scanning up to mass 
240 permits the identification of each mass on a linear scale and the mass resolution 
is approximately 28 with 50 % peak valley between adjacent peaks. This inexpensive 
compact model is intended for monitoring vacuum systems. 

Similar models to the M.S. 10 range have been produced by the Atlas Co.* of 
Germany (R = 28 mm, H = 2750-4000 gauss, m/Am 18-44) and the Consolidated 
Electrodynamics Corporation of the U.S.A. (H = 800-6000 gauss, m/Am up to 600 
with an electrostatic slit). 

The chief advantage of the 180”-focusing system has been its comparative simplicity 
and consequent low price. The chief disadvantage in the past has been the necessity 
to scan the mass range by adjusting the ion-accelerating potential (V) so that ions are 
collected with varying efficiencies, the heavier ions requiring low potentials. Thus the 
sensitivity is lowest for ions with the highest m/e value and since in general such ion 
currents will give the most information from an analytical point of view, this reduction 
in sensitivity is a disadvantage. The recent substitution of large pole-face area electro- 
magnets for the conventional permanent magnet has eliminated this disadvantage, 
permitting magnetic scanning. Although there is a corresponding rise in cost, the 
resulting flexibility has made this type of instrument the most important of the low- 
resolution magnetic series. The limiting factors in any further improvement of per- 
formance with this type of machine are the mechanical difficulties associated with 
providing source slitwidths of less than O-025 mm and the resulting problem of provid- 
ing additional detector sensitivity. 

Sectorjeld instruments 

It was shown in 1940 that the phenomenon of the focusing of ion beams by 
causing deflection through 180” in a homogeneous magnetic field was in fact a special 
case of focusing by means of an inhomogenous field. l6 The ion beam should leave and 
enter the magnetic field at right angles to the field boundary and inside the field the ion 
describes a path which is a sector of a circle. The angle subtended by this sector may 
be 60”, 90” or in the limiting case above, 180”. The separation of ions of different 
mass to charge ratios takes place in an exactly analogous manner and beams of ions 
from the source situated some distance from the field boundary are brought to a 
focus at a collector symmetrically disposed on the other side of the sector magnetic 
field. The disadvantages of this type of geometry are the long path with consequent 
greater probability of collisional scattering, and the difficulties associated with the 
precise alignment of the sector magnetic field to obtain satisfactory focusing. On the 
other hand, there are considerable advantages in having both source and collector in 

* Now Varian Mat. 
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field-free regions. The source is more readily accessible so that a variety of modifica- 
tions may be carried out and the collector may be fitted without difficulty with an 
electron multiplier to increase detector sensitivity. 

The most successful machine of this type was first introduced by the Metropolitan- 
Vickers Company (now G.E.C.IA.E.1.) just before 1950. The M.S. 2 was a 90”- 
sector 15-cm radius instrument issued originally with a mechanically adjustable 
collector slit providing a maximum resolution of about 300. This resolution was later 
doubled by the use of a collector slit having an effective width which could be altered 
by giving it a high positive potential. For quantitative studies the collector slit was 
set at 0.62 mm to give a lower resolution but increased reproducibility, the record 
being in the form of a series of flat-topped rather than pointed mass peaks. A greatly 
improved version using the same basic geometry with a 90” sector of radius 15 cm 
was the M.S. 2H. The addition of an electron multiplier at the collector provided 
increased sensitivity, permitting a further increase in resolution to above 650. The 
mass range with the normal accelerating voltage of 2 kV was extended to 650 by 
increasing the magnetic field. 

There have been a number of variations on this type of instrument, the most 
notable being the Atlas CH, with a resolution in excess of 1000. 

A further stage in the improvement of the performance of the 90’~sector field 
instrument was provided by the A.E.I. M.S. 12 design in which the radius of curvature 
had been increased to 30 cm. A further decrease in slitwidth to 0.0125 mm was made 
possible by increasing the ion accelerating potential to 8 kV and with an electron 
multiplier detector a mass resolution of 7500 was achieved. In this design, which is 
now obsolete, both magnetic and voltage scanning facilities were provided, the latter 
permitting a mass spectrum to be displayed in less than l/5 sec. 

Double-focusing instruments 

A beam of positive ions may also be analysed according to the velocity which the 
ions have attained. This velocity is proportional to the square root of the mass, 
provided that all the ions have suffered the same acceleration in a potential gradient, 
and velocity analysis is normally achieved by passage through transverse electrostatic 
fields. The principle of combining velocity and mass analysis to provide instruments 
having both direction and velocity focusing of beams of ions was discussed by a num- 
ber of mass spectrometrists but little progress was made until Mattauch and Herzogl’ 
formulated their theory of double focusing, employing a radial electrostatic field for 
which R dV/dR = constant where R is the radius and V the potential, and there is 
a homogeneous sector magnetic field. The improvements in the definition of the 
ion optic image made possible by the application of this principle stimulated the con- 
struction of a number of double-focusing instruments, culminating in the commercial 
development of two different types. 

The first of these commercial double-focusing mass spectrometers was described 
in 1958 by Craig and Errock. ls It was based upon the geometry suggested by Nier and 
Johnsonlg and was marketed as the first instrument specifically designed for the 
qualitative analysis of organic compounds. The commercial version became the 
A.E.I. M.S. 9 mass spectrometer. * It combined a magnetic sector of 90” with a radius 

* Similar instruments have been developed by the Hitachi Organization in Japan and 
marketed by Perkin-Elmer. 
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of 15 cm, with an electrostatic analyser of radius 18.25 cm. A source slitwidth of 
6.25 pm was used to give a resolution of 10,000. The instrument had the novel features 
of oscilloscope peak-matching, by which the precise masses of known and unknown 
ions were compared, with an accuracy sufficient to permit the identification of the 
atomic constitution of the unknown ion provided it had a mass of about 200. A 
further feature was the ability to record the spectra of compounds of low volatility 
by direct sample insertion into the ion source. There has been a steady improvement 
in the performance of the double-focusing instrument over the past ten years and the 
most recent models have a magnetic sector of 30 cm radius and an electrostatic sector 
of 38 cm radius with a source slit that can be reduced to O-1 pm to give a resolving 
power of 100,000. At lower resolving powers the scan duration can be reduced to 2 
sec. Additional features have included combined electron bombardment, field 
emission and water-cooled sources to permit the study of labile organic compounds. 
With a spectrometer having these characteristics it is possible to determine the atomic 
constitution of almost all the ions normally responsible for the peaks in a mass 
spectrum. However, making a number of precise mass determinations by the peak 
comparison technique is time-consuming and the most recent development is to 
carry out these determinations automatically by the aid of a small computer. The 
output from the spectrometer is digitized and the centroid of each mass peak deter- 
mined from a score of ion current measurements or by differentiation. The centroids 
of known and unknown peaks are then compared not in terms of accelerating voltage 
as in the manual technique, but in terms of time with the aid of a megacycle clock. 
The spectra may be stored on magnetic tape to be played back in analogue form or they 
may be printed out in the form of a table of atomic constitution and ion abundance. 

Double-beam mass spectrometer 

The most recent development in instrument design has been the production of a 
double-beam instrument by the A.E.I. organization (MS 30). The beams from two 
ion sources are bent so as to pass through a single mass-analyser system and then 
allowed to diverge to two separate detectors. With such an arrangement it is possible to 
compare the spectra of two compounds recorded at the same time on a single chart 
recorder. The spectra may be of known and unknown compounds, permitting direct 
chemical mass marking or matching of spectra. The two spectra may equally well be 
those of a single compound ionized and analysed under different conditions, e.g., 
high and low resolution or electron voltage. The operation of this instrument has 
been simplified so as to make it appeal to the routine analyst. The multiplicity of 
controls on older models has been replaced by a few interlocked push buttons. 

Spark-source mass spectrography 

In the double-focusing high-resolution mass spectrometers described above, the 
deflection due to the electrostatic and magnetic sectors is in the same sense. In an 
alternative geometry, ion optic image corrections and double focusing may also be 
achieved if the two deflections have opposite senses .20 In addition to providing high 
resolution, this geometry has the further advantage that all ions are brought to a 
focus in one plane. The result is that a complete mass spectrum may be recorded 
simultaneously by placing a photographic plate in this plane. These features were 
exploited successfully in instruments produced by the A.E.I. company in this country 
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and the Atlas Co. in Germany. The ability of the double focusing system to accom- 
modate ions with a large spread of kinetic energy made it possible to use an 
instrument for elemental analysis in which the ionization was carried out with a high- 
frequency spark. In the A.E.I. M.S. 7 the substances to be submitted to elemental 
analysis were incorporated into carbon electrodes if they were themselves non- 
conducting and submitted to the action of a high-frequency spark in the ion source 
region. The resulting vapour was then ionized and the ions submitted to mass 
analysis. Detection was by means of a photographic plate which not only permitted 
the simultaneous recording of ion currents at all masses but also compensated for 
variations in spark intensity by integrating ion current with time. The final measure- 
ment of ion abundance was made by developing the plate and measuring the density 
of the appropriate line. Comparisons with standards permitted quantitation of the 
technique and made it a competitor to emission spectrography. The great advantage of 
spark-source mass spectrometry is its ability to give a quantitative analysis of a large 
number of trace elements at the same time with only a few exposures. The limit of 
detection is very much lower than that of any other technique except activation 
analysis. Limits of detection of 1 in lo9 are frequently quoted and the sample size 
may be as small as 50 mg. 

While this type of instrument is eminently suitable for photoplate detection, the 
plate can be replaced by a slit and the ion current detected electrically. The spectrum 
may be scanned past the slit as in other instruments. This versatility has been made 
use of in designs developed by the Atlas company, who have marketed models which 
can be used with either electron bombardment or spark sources and with either 
photographic or electrical detection. 

Mass jilters 

There are three types of non-magnetic mass analysers which can be classed as 
mass filters, that is devices in which radiofrequency fields are used to selectively 
exclude ions from a detector; they are classed according to their electrode systems 
and have been given the names of the quadrupole, the monopole and the three- 
electrode mass filters. 

The quadrupole system consists of four rods which are mounted along the direc- 
tion of the ion path between the ion source and the collector. The ions enter the space 
between the rods where they experience a radiofrequency field. Paul was the first to 
describe such an arrangement and in his design the rods were collinear and sym- 
metrically disposed around the ion path, with opposite pairs being interconnected.21 
The potentials applied to the rods are as follows 

and 
V,” u-j- Vcoscot 

v, = -v, 
where V is the amplitude of an RF sinewave of frequency w, U is a superimposed 
d.c. voltage and x and y are planes at right angles to the ion path. Theoretically the 
rods should have a hyperbolic cross-section; in practice, with the exception of the 
instrument marketed by Industrial and Technical Equipment Co. Ltd., the cross- 
section is circular, and it is usual to make the distance between opposite pairs of rods 
smaller than the rod diameter by a factor of 1.16. 
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Under the conditions that U/V < + for a given value of the RF amplitude V, 
only ions within a very small mass range can execute stable trajectories along the 
length of the rods and escape to the detector. All other ions have unstable trajectories 
which end in a collision with the rods. In order to scan a mass spectrum either the 
frequency or the RF amplitude V may be swept and for wide scans a combination 
has been preferred. Rods are about 20 cm long and O-6 cm in diameter, so the assem- 
bly provides a very compact mass analyser. The upper frequency range is determined 
by power requirements and is about 5 MHz. The great advantage of this type of 
analyser is that it is insensitive to variations in ion energy, so quite crude sources can 
be used. On the other hand, it has the disadvantage of requiring very precise rod 
alignment and stability, of the order of a few thousandths of a centimeter. The power 
supplies must also be very stable and for the highest resolution the U/V ratio must be 
kept constant within at least 1 in 20,000. The first commercial mass filter was produced 
by the Atlas Co. in Germany in 1963. It has a resolution of 100 and a mass range of 
2-100. More elaborate instruments have been produced by the E.A.I. Co. and most 
recently by the Finnegan Instrument Corporation. The latter organization has 
produced the mass filter with the highest performance, it being capable of scanning 
up to a mass of 750 with a resolution of 1000. Other instruments with more modest 
performances have been introduced by GEC/AEI, Vacuum Generators, Baltzers, 
20th Century Electronics and Varian. The ability of the mass filter to scan a wide 
mass-range in a very short time interval has been exploited in the mass spectrometer/ 
gas chromatograph combination described later. While in theory very high resolu- 
tions are accessible with the mass filter, at present it is in the stage of being an in- 
expensive low- and medium-resolution device having the virtue of rapid scan and small , 

size. 

The monopole 

It was first pointed out by von Zahn that one quarter of the geometry of the 
quadrupole could be replaced by a single rod and a grounded electrode with a right 
angle cross-section .22 The operation is the same, both RF and d.c. voltages being 
applied to the rod and scanning achieved by sweeping either the RF frequency or 
amplitude. As in the case of the quadrupole, the monopole suffers from the dis- 
advantage of giving spiked peaks rather than the flat-topped peaks produced by 
magnetic sector instruments. On the other hand the monopole has th advantages of 
providing spatial separation of ions so that it is feasible to record several ion currents 
at the same time. In addition, the stability requirement of the U/V ratio is greatly 
reduced so that simple power supplies can be used while good resolution can be 
achieved without the same mechanical requirements. The chief disadvantage of the 
design is the sensitivity to contamination by particulate matter, which causes peak 
splitting, while small changes in the operating conditions may introduce large varia- 
tions in the relative intensities of the ion currents. Nevertheless, a successful monopole 
partial pressure gauge i.e., a low-resolution monopole, has been marketed by Veeco 
Instruments Ltd. It has a mass scan of l-200, a resolution of 50 and a minimum 
detectable total pressure of 5 X 10eg mm Hg. 

The three-electrode analyser 

This was first described by Fischer. 23 It is a very compact arrangement, each 
electrode being part of a hyperboloid of rotation. In practice this amounts to a 



Analytical mass spectromefry 611 

ball-bearing being placed above and below a ring of the same cross-section. It will be at 
once realized that the quadrupole and three-electrode assemblies have the same cross- 
section geometries but the latter is in fact a three-dimensional device so that ions 
cannot escape from a field between the electrodes once they have entered it. The ions 
circulate continuously around the axis of the field, unstable ions being lost as before 
by collision with the electrodes. The stable ion current is detected by means of the 
inductive load which it presents to an external oscillator. High sensitivity has been 
obtained for the three-electrode system in experimental models, which have detected 
as few as 10,000 ions. There is also the possibility of storing ions for relatively long 
periods and hence integrating weak ion currents. 

Time-of-flight mass spectrometers 

In the time-of-flight mass spectrometer first described by Stevens24 the ionizing 
electron beam was intermittent rather than continuous. The electron pulse lasted 
about O-1 ,usec and the time of a complete cycle was about 100 ,usec. The ions formed 
during the pulse were accelerated into a drift tube which they traversed on their way 
to a detector. The rate of travel was inversely proportional to the square root of the 
mass to charge ratio, and with sufficiently good time resolution of the signal obtained 
from the detector it was possible to isolate the individual pulses produced by the 
separated bunches of ions. An oscilloscope was the most suitable means of displaying 
such a spectrum, provided that the time-base was coupled to the pulsing circuits. 
The original designs were rather insensitive but later instruments stored ions in the 
source for a few psec before initiating the analysis, and commercial instruments such 
as that manufactured by the Bendix Co. have sensitivities which are comparable 
with those of other instruments. While repetition rates as high as 100,000 per set at 
resolutions approaching 1000 are possible, it is important to stress the fact that the 
dynamic range under such conditions is low and good analytical operation is only 
possible by integration over some hundreds of cycles. 

The great advantage of this type of mass analyser is the simplicity of the source and 
non-critical nature of the source and flight-tube geometry. Apart from the ability of 
the detector circuits to resolve smaller and smaller time intervals the only way of 
increasing the resolution of time-of-flight instruments is to increase the length of the 
path between source and collector. In order to prevent the size of the drift tube 
becoming unmanageably long the ions may be constrained by magnetic fields to move 
in a helix. A device of this type was recently described under the name of the Spira- 
tron.26 It is interesting that under these flight conditions the more energetic ions move 
in longer paths and arrive at the detector later, thus providing the possibility of a two- 
stage instrument. In this a helical path is coupled with a straight path in which the 
more energetic ions arrive first, thus eliminating the reduction in resolution caused by 
energy spread of the ion beam. 

APPLICATIONS 

Coupling with the gas chromatograph 

The advantages of the direct coupling of the effluent of a gas chromatographic 
apparatus with the inlet system of a mass spectrometer were outlined in the intro- 
duction. The methods of carrying out the combination are discussed briefly here; 
for a more detailed discussion the reader is directed to earlier reviews.26*27 There are 
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two problems associated with such a combination, the first being the necessity of 
recording the mass spectrum during the period in which the sample is emerging from 
the base of the chromatographic column. This time may vary from about 10 set to 
above 1 min, but during this time, in which the signal is rising and falling on the 
chromatograph detector, the concentration of the sample in the effluent carrier gas 
stream is rising and falling also. It is advantageous to record the mass spectrum with 
a constant sample pressure since otherwise the relative intensities of the ion currents 
will not be constant and the matching procedure referred to earlier will not be possible. 
For these reasons it is important to record the spectrum in a fraction of the time re- 
quired for the whole of the sample to emerge and to make this record when the 
concentration is at its maximum. (Or alternatively to use a normalizing procedure 
based on a total ion-current measurement.) It is easier to change the accelerating 
voltage rapidly than to alter the magnetic field, and in many simple combination 
instruments the mass decade can be scanned in a second or less. Recent advances in 
instrumentation of magnetic instruments have made it possible to scan a mass decade 
magnetically in about 2 sec. This eliminates the disadvantage (associated with voltage 
scanning) of the lower efficiency of collection of the heavier ions. Much faster times 
of scanning are available with non-magnetic instruments and no problems are 
encountered with their use, for these reasons. A rapid scan allows the experimenter to 
examine partially resolved chromatographic peaks by recording the mass spectrum 
at the beginning and end of the chromatographic peak. In these spectra the role of 
the two sample components in the two spectra will be revealed. 

The second problem associated with the direct coupling of the two instruments is 
the carrier gas. Even when the sample is at its highest concentration in the carrier 
gas effluent from the column, it is still present as only a small fraction of the carrier 
gas concentration. The direct admission of the carrier gas stream to the ion source 
would therefore result in the production of a high source pressure and in the recording 
of a mass spectrum which was largely that of the carrier gas itself. In order to over- 
come this problem it is necessary to achieve a segregation of the sample and to admit 
only it to the ion source, preferably without any loss of the sample. This ideal case 
has never been achieved in practice but there have been three successful compromises. 

The first of these was developed by Ryhage and relied upon the effusion of the 
gas mixture from a narrow orifice for its separation. 2s The carrier gas used was helium 
and together with the sample the effluent passed through such a jet into a chamber at a 
reduced pressure. Immediately opposite to the jet was a small aperture leading to a 
second jet. The helium, because of its low gas density, had a high component of 
velocity at right angles to the line of flow and so collided with the chamber walls and 
was pumped away. The heavier sample molecules entered the aperture and issued 
together with a reduced amount of helium to the second jet where the process was 
repeated, the final aperture leading directly to the ion source and the second chamber 
being held at a pressure lower than that in the first chamber. Recoveries of the order 
of 50% of the original sample were achieved and the carrier gas concentration was 
reduced to 2 %. 

The second method also depended for its success on the exploitation of the low 
density of helium. The Watson-Biemann separator 29 allowed the effluent to pass into 
a tube made of glass frit or sinter. An outer jacket surrounded the frit and the 
annular space was continuously pumped out. The helium diffused through while the 
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sample passed along the tube to the ion source. Recoveries of about 15% were 
achieved and the carrier gas concentration was reduced to a few per cent. 

The third separator, which is now promising to oust all the others (although at 
present the majority use a glass frit separator) because of its cheapness and simplicity, 
was originally suggested by several investigators and is called the membrane separator. 
It uses a thin film of a polymer, usually silicone rubber, to divide the effluent stream 
from the ion source. The sample components are soluble in the membrane and 
diffuse through it into the ion source while the carrier gas is excluded. To eliminate 
memory effects and to increase the rate of diffusion and hence the response time, the 
film must be made as thin as possible. The recovery can be as high as 25% and the 
residual carrier gas concentration as low as 5%. All three separators are usually 
heated in order to increase the rate of the separation process and to reduce adsorption. 
There are a number of commercial instruments sold as a gas chromatograph-mass 
spectrometer package. The first successful design was the LKB 9000 which used the 
Ryhage separator, had a resolution of about 1000 and required a total sample size of 
only 0.1 ,ug. The GEC/AEI Co. used the glass frit separator in their MS. 12 which in 
its final stages of development had a resolution of 7500 and required a sample size of 
only 2 ,ug. The MS. 12 has now been replaced by the M.S. 30 double-beam instrument 
described previously, which uses a membrane separator. Lower resolution magnetic 
sector combinations have been developed by Edwards High Vacuum Ltd., and 
Vacuum Generators Ltd. The GEC/AEI Co. have combined their 180”-focusing 
instrument (the M.S. 20) with a gas chromatograph. The rapid-scan facility and low 
cost of the quadrupole mass filter have made it an attractive gas chromatograph 
detector and the EAI Co. and the Finnegan Instrument Co. in the U.S.A. have 
manufactured competitors to the magnetic instruments, using both frit and membrane 
separators. The resolution is in the 500-1000 range and the sensitivity is 3 x lo-l1 
g/set. They have a very high scan-rate and indeed the scan-rate of all the instruments 
described is sufficiently fast to permit oscilloscope presentation of spectra. This is a 
useful facility because whether chromatographic peak detection is made by an 
external detector or by the ionization facilities of the instrument operating at an 
electron voltage below that of the ionization potential of the carrier gas, no peak 
identification is possible until the spectrum is run. The use of the oscilloscope obviates 
the need for the recording of unrequired mass spectra merely for peak identification 
purposes. In an analysis of a complex sample mixture this could be a costly under- 
taking. 

The determination of isotopic constitution 

The examination of any mass spectrum of an organic compound immediately 
reveals the polyisotopic nature of naturally occurring carbon, sulphur, chlorine, 
bromine and boron. The small proportions of the heavier stable isotopes of hydrogen, 
nitrogen and oxygen are less obvious. All these isotopes are stable and should not be 
confused with artificially produced radioactive isotopes such as carbon-14. The 
very great success of labelling techniques based on radioactive isotopes may be 
shared to some extent by the use of artificially enriched stable isotopes. The ability 
of the mass spectrometer to detect stable isotopes can never be as great as the ability 
of the counter to detect radioactive isotopes, but the great advantage is that the stable 
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isotopes may be handled with none of the precautions inherent in the handling of 
radioactive compounds. The principles involved in tracing with stable isotopes are, 
however, exactly the same, the change in the isotopic constitution of samples (drawn 
from a dynamic or reacting system) being assayed by the mass spectrometer, and the 
signal at the abnormal isotope peak being analogous to the signal derived from the 
counter. 

There is, however, a further advantage in the mass spectrometer method, because 
the ionization is followed by a dissociation process in which the labelling atoms are 
combined with fewer and fewer of the other atoms in the molecule. Thus an examina- 
tion of the spectrum can give information not only on the extent of labelling but also 
on the position of labelling within the structure. In order to do this of course it may 
be necessary to use all the techniques which have already been outlined in previous 
paragraphs, such as precise mass determination. 

If now the spectra of the labelled and unlabelled molecules are compared and the 
atomic constitution of the fragment ions is determined, it will be seen that the labelled 
atom is concentrated in one part of the molecule. This of course can only be achieved 
when the label atom is part of the backbone of the molecule. As has been observed 
earlier, hydrogen and deuterium atoms are notoriously labile in the ions and it is 
difficult to draw any but statistical conclusions from such labelling. This determina- 
tion of the site of introduction of the label atom depends upon the ionization of a 
compound sufficiently volatile to permit evaporation into the source of the mass 
spectrometer. In some cases, because of the complexity of the reaction mixture or the 
intractable nature of the products, it may not be possible to make such a determina- 
tion. It may still be feasible to get tracing information by conversion of the reaction 
mixture or some part of it into a volatile product which contains the stable isotope. 
In the case of carbon-14, radioactive tracing of the labelled compound is achieved 
by conversion into carbon dioxide or even methane. A similar conversion may be 
carried out with compounds containing carbon-13 and the ion current at m/e = 45 
used as a measure of the total carbon-13 content. In a similar way the nitrogen-15 
content of, for example, excreted urea, may be determined by Kjeldahl digestion 
followed by a hypobromite treatment to release molecular nitrogen. The ion current 
at m/e = 29 is a measure of the enrichment of the sample. Oxygen-18 may be assayed 
by pyrolysis followed by the oxidation of the carbon monoxide to carbon dioxide. 
The IsO concentration is measured at m/e = 46. The precision of these measure- 
ments can be quite high and is improved by integrating the results of a number of 
measurements. The sensitivity depends upon the dynamic range of the instrument 
and can have a value of O-01 atom ‘4. When determinations of the isotopic concentra- 
tion of both carbon and nitrogen are required the mass spectrometer may be connected 
directly to a conventional C, H, N analyser. 

The very great advantage of the stable isotope method of tracing is that quite 
highly labelled material may be fed to experimental animals or patients without fear 
of the side-effects arising from the administration of similar doses of radioactive 
material. With the increasing availability of compounds labelled with 13C, 15N and 
180 and the wide distribution of moderately priced instruments capable of analysing 
them, a large increase may be expected in the use of stable isotope tracing in the 
biochemical and medical fields. 
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Quantitative analysis 

With an ion source with a constant ionizing electron beam current and with a 
constant source pressure of the sample gas it is possible to determine the sensitivity 
of an instrument for any particular substance. Since in general any substance will 
produce ion currents at a number of different m/e values the sensitivity at any one of 
these values may be chosen. In the absence of any reason to the contrary the value 
chosen will be that at which the most intense ion current is produced, that is to say 
the m/e value corresponding to the highest peak in the mass spectrum. It is however 
difficult to record the pressure of the sample vapour in the ion source by any other 
than some form of ionization gauge, because of the very low pressures involved. It is 
therefore common practice to establish a constant flow of sample vapour through a 
capillary or sinter into the ion source from a reservoir of the sample gas maintained 
at a higher pressure. The sample pressure in the reservoir and hence the pressure in 
the ion source remain substantially constant during the time in which measurements 
are made. Once the instrument has been calibrated by measuring the sensitivities on 
selected m/e values for pure sample vapours the analyst is in a position to deal with 
any mixture of those compounds for which he has recorded sensitivities. For every 
component in the mixture the analyst must measure the intensity of one ion current 
or peak height in the mixture spectrum. While it is sometimes possible to calculate 
the mixture composition by a spectrum-stripping technique, a more general method 
is to express the values of the ion currents or peak heights as sums of the products of 
sensitivities and partial pressures, obtaining a series of linear simultaneous equations 
and to invert the matrices. For complex mixtures this is best carried out by computer. 
It is sometimes impossible to carry out this routine because the resolution of the 
instrument is not sufficient to enable separation of ion currents at closely similar m/e 
values. If this is the case then a solution to the problem is to record two spectra of the 
mixture, one before and one after the quantitative conversion of one of the components 
of the mixture into a second substance. As an example the masses of carbon monoxide 
and nitrogen differ only by 1 part in 2800 and if the instrument available cannot 
achieve this resolution then a low-resolution spectrum is recorded and then the sample 
vapour in the inlet system is exposed to iodine pentoxide which converts the carbon 
monoxide into carbon dioxide quantitatively. A second spectrum is then recorded 
and in this spectrum the ion current at mass 28 is due only to nitrogen. From a 
comparison of the two spectra the concentration of carbon monoxide can be deduced.30 

Analyses such as those described can only be carried out if a few milligrams of the 
sample are available and if the sample is sufficiently volatile to permit the achievement 
of suitable reservoir pressures. Much modern mass spectrometry is carried out, 
however, with solid samples of low volatility and these are normally analysed by 
introducing them directly into the ion source on the end of a ceramic or glass probe 
which is inserted into the instrument through a vacuum lock and within a few mm of 
the ionizing electron beam. In the most recent developments the probe may be heated 
or cooled to control evaporation. The resulting vapour molecules move only a short 
distance before they become ionized and so substances with extremely low vapour 
pressures may be analysed. Under these circumstances the sample pressure within 
the source is controlled only by the rate of evaporation and can only be adjusted 
crudely by altering the temperature or the position of the sample. It is thus not 
easy to calibrate the instrument or to analyse quantitatively. Further, since sample 

3 
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sizes have tended to diminish, the sample pressure may vary widely during evapora- 
tion, owing to the exhaustion of the solid on the probe. For this reason an alternative 
system has been devised in which the ion current due to the sample is integrated while 
the whole of a known amount of the sample is being evaporated. It is then possible to 
relate the integrated ion current to the amount of sample evaporated and to determine 
a sensitivity for the instrument with that sample. 31 One method of doing this would 
be to scan the whole mass spectrum repetitively at as rapid a rate as possible, while 
evaporating the sample, and to measure the corresponding peak height on each scan 
and plot peak height against time for each significant m/e value. This is possible 
experimentally and Fig. 7 shows the results of such a determination, using 60 ng of 
p-tyramine as the sample. The total evaporation time is about 100 sec. However, 
the recording of a large number of spectra is an expensive process and measurement 
of the spectra is tedious. The system only becomes practical if the mass spectrometer 
output is digitized and stored either on tape or in a core for processing by computer. 
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Fro. 7.-Mass spectrum scanned at S-SC intervals during the evaporation of 60 ng 
ofp-tyramine. 
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However, a compromise may be made in which not all of the spectrum but only a small 
part of it is repetitively scanned during the course of evaporation. The simplest possible 
situation is when only one ion current is recorded, for example the molecule ion- 
current since that will give most information about the molecule, although the argu- 
ment would apply with equal force to a characteristic fragmentation peak in the mass 
spectrum. If the instrument is tuned to the selected m/e value before the evaporation 
begins and the ion current is recorded during the whole course of the evaporation of a 
small sample, then the record of the ion current at the selected m/e value is a measure 
of the rise and fall of the sample vapour concentration in the ion source, and the area 
under the curve so obtained is directly proportional to the integrated ion current and 
hence to the weight of sample evaporated. Thus an inexpensive and greatly simplified 
record is obtained and computer analysis is unnecessary. The problem of tuning in 
to a specific m/e value before an ion current is established at this value, i.e., before 
evaporation has begun, is not always a simple matter. If voltage scanning, time-of- 
flight or radiofrequency instruments are being used, it is not too difficult, but with 
magnetic sector instruments without a very accurate mass-marking system it may not be 
possible to achieve. Further, it is often the case that an instrument of the latter type 
will go off tune during the course of an evaporation. For these reasons a system has 
been developed in which the single mass is repetitively scanned by means of peak 
switching facilities. Since this may be carried out in about 1 set, only a short in- 
expensive recording is required and this consists of a series of peaks, the heights of 
which are proportional to the instantaneous ion current at the selected m/e value. 
These peaks rise and fall as the evaporation proceeds and it is the envelope of these 
peaks which constitutes the integrated ion current curve. Further, it is the area under 
this envelope which is proportional to the amount of sample evaporated. The problem 
of tuning to the m/e value with sector instruments may be solved by using a second 
calibrating substance in a second inlet system of the instrument, usually a reservoir of 
the type described above. The compound used is most commonly heptacosafluoro- 
tri-n-butylamine, which is allowed to flow into the source, and a peak in its spectrum 
is selected which is close to the m/e value which is being used for integration. This 
peak is then tuned in on the instrument by adjusting the magnet scan and the acceler- 
ating voltage is then altered so as to tune in the desired m/e value. The reference 
supply may then be cut off and evaporation initiated. If it is suspected that the sen- 
sitivity of the instrument is varying during the course of the evaporation then the ion 
currents due to the reference sample peaks may be recorded alternately with the sample 
peak currents. Any change in the height of the reference peaks would be due to a 
change in instrument sensitivity alone, since the sample source pressure of the refer- 
ence compound is constant. In quantitative analysis by this technique the machine 
is first calibrated with known weights of pure samples of the compound. Comparison 
of the sample integrated ion-current curve area with the calibration graph gives a 
direct determination of the amount of unknown evaporated. Figure 8 shows such a 
calibration graph and it can be seen that there is linearity of response over several 
orders of magnitude. The limits of detection are very low indeed and detection of as 
little as 10-l* g has been achieved in favourable cases.31 The effect of the matrix from 
which the sample is evaporated has been studied by making mixtures of two com- 
pounds, the major component being present in up to a million times the concentration 
of the minor component. It was found that provided the total sample size did not 
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FIG. 8.-Calibration graph for fluoranthene. 

exceed 5 ,ug, thus ensuring that the ion source pressure did not rise above 1O-s mm Hg, 
a plot of the integrated ion-current curve area for a characteristic m/e value of the 
minor component was linear down to the detection limit. The sensitivity of this 
technique varies with the compound and also with the characteristic m/e value 

selected. While it may be felt that the molecule ion peak is the most characteristic in 
the spectrum this sometimes carries only a very tiny fraction of the total ion current 
and thus can only give a low sensitivity. In such cases a characteristic fragment ion 
peak may provide a suitable m/e value for integration. 

The analysis of metals 

The most efficient method of analysing for trace metals is by the use of the spark- 
source double-focusing mass spectrometer such as the A.E.I. M.S. 7. Although the 
accuracy is limited by photoplate detection the ion currents due to all the ionized 
species are recorded at the same time and a limit of detection of one part in lo9 has 
been claimed. Where the analytical requirements are less stringent it is sometimes 
possible to use the integrated ion current method with a general purpose mass spectrom- 
eter. Some metal salts such as mercuric chloride are themselves sufficiently volatile 
to permit their evaporation into the ion source directly. Figure 9 shows a portion of 
the mass spectrum for mercuric chloride, including the molecule ion region. It can 
be seen that the isotopic complexity has resulted in the distribution of the ion current 
over a number of isotopic ions and the sensitivity is thus much lower than that which 
can be achieved for a monoisotopic substance. However, amounts of mercuric 
chloride down to 1 ng can be determined with an error of 5 %,32 

Where no simple salt can be prepared it is necessary to convert the metal into a 
volatile form by making a chelate such as the acetylacetonate. The volatile nature of 
such chelates was first demonstrated by Morgan33 over 40 years ago and more recently 
their properties have been exploited in an elegant and extensive study by Sievers,34 
using gas chromatography. The volatility of many metal chelates is improved by 
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FIG. P.-Mass spectrum of mercuric chloride.*’ 

the substitution of fluorine and sulphur atoms in the diketone molecule. Although it 
is debatable whether alkali metal derivatives of diketones and keto esters can be 
classified as chelates, they may be evaporated from a probe into the ion source at 
temperatures below 200°.3s Although it is possible to detect very small quantities of 
these compounds by the integrated ion current method the procedure is complicated 
by the fact that alkali metal chelates undergo two types of reaction upon evapora- 
tion-association and exchange. 36 Thus the mass spectra exhibit ions of the form 
MXL,+ and the introduction of a large amount of a sodium chelate followed by, for 
example, a potassium derivative of a second diketone may result in the production 
of a spectrum revealing ions in which the two alkali metals have exchanged diketones. 
More complex association reactions are revealed if the chelates of alkali and alkaline 
earth metals are evaporated together. 37 Double chelates of the form MM’L, have been 
shown to exist. In the absence of the alkali metals however it is possible to estimate as 
little as 10-B g of alkaline earth metals as their chelates with trifluoro-5,5dimethyl- 
hexan-2,4-dione even though the mass spectrum exhibits polymeric peaks. Similar 
association reactions have been shown to occur between the chelates of alkali and 
rare-earth metals with the formation of binary chelates having the general formula 
MM’L,.3s In the absence of the alkali metals, however, very small quantities of rare- 
earth metals may be estimated as their chelates with heptafluoro-7,7-dimethyloctan- 
4,6-dione by the integrated ion current method. 

1,3-Diketones or keto-esters have been used to make volatile derivatives of a 
number of other metals, the most volatile of these being the transition metal chelates, 
and detection limits for these species in the subnanogram range have been claimed. 
The power of the integrated ion current technique is, however, best demonstrated by 
the determination of mixtures of zirconium, hafnium and titanium as their trifluoro- 
acetylbenzoylmethane chelates at the nanogram level-a formidable task by any other 
method.3g There are many other chelating agents which form metal derivatives 
sufficiently volatile for their ready evaporation into the ion source and among these 
are S-hydroxyquinoline, dipyridyl, dimethyl- and phenylglyoxime and the thio and 



620 J. R. MAJER 

amino derivatives of acetylacetone. A notable exception to this list is benzoyl- 
phenylhydroxylamine which forms derivatives which are not sufficiently stable to 
survive evaporation. 

The integrated ion current method has been applied to the determination of a 
variety of organic compounds. It is perhaps very well suited to the analysis of poly- 
cyclic hydrocarbons obtained as air pollutants from automobile exhausts or the soot 
of smoky flames. The limit of detection for compounds such as the benzpyrenes is 
several orders of magnitude lower than that of any other technique. Further the 
spectrum of a complex mixture may be reduced to a number of molecule ion peaks by 
reducing the ionizing electron voltage to about 10 eV. Drugs have been assayed in 
blood and urine, and the distribution of non-catecholic amines in the human brain 
has been plotted. 

A final feature of the integrated ion current technique is provided fortuitously by 
the differential rates of evaporation of closely similar compounds from the surface of 
a mass spectrometer probe. If the sample consists of a pair of isomers such as for 
example o- and p-nitrophenol, and if the curve is plotted for the molecule ion, then 
instead of the gaussian curve obtained for most sample evaporations a curve with two 
distinct maxima is obtained. This is because one isomer is being evaporated before 
the other. In all cases where isomerism can occur the integrated ion current curves 
have been shown to have fine structure. In the case of the chlorinated hydrocarbon 
“Chloran” no less than five maxima are visible. Structure has been demonstrated in 
curves obtained for cis-tram isomers, dioximes, polycyclic hydrocarbons, and very 
convincingly for metal chelates. By this means, the existence of cis-tram isomerism 
in the S-hydroxyquinoline derivatives of bivalent metals has been demonstrated and 
complete separation of the isomers has been achieved in the %hydroxyquinoline 
derivatives of tervalent metals40 

An interesting application of the integrated ion current technique is in the assess- 
ment of the efficiency of decontamination agents and the cleaning of surfaces. For 
this application the probe is replaced by a small cylinder made of the material on 
which decontamination studies are to be made. The surface is then coated with a sub- 
stance which is sufficiently volatile to be evaporated into the ion source at a high 
temperature. The amount adhering is determined in the normal way. The probe is 
then recontaminated and before assay is washed in the appropriate decontamination 
agent. The amount remaining is then assayed as before. 

In the original study it was found that washing in cold solutions of efficient 
decontamination agent removed the contamination down to the level where it existed 
as a monolayer on the surface. This monolayer was only removed by treatment with 
the agent at elevated temperatures. More recently a phosphate-free decontamination 
agent, Decon 90, has been shown to break through the monolayer even in the cold and 
to leave no detectable film of contamination on the mass spectrometer probe after 
treatment at 50”. 

Zusammenfassung-Es wird ein uberblick iiber die elementare 
Theorie, die Technik und die Anwendung der Massenspektrometrie 
gegeben. Besonders wird auf apparative Entwickhmgen und dadurch 
bedingte neue Anwendungsmbglichkeiten hingewiesen. 
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R&ann&Gn a effectd une revue de la theorie fondamentale, de 
l’instrumentation et de l’application de la spectrometrie de masse, 
specialement en ce qui conceme le developpement de l’equipement 
et sa repercussion sur le cadre l’application. 
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Summary-Features concerning development, response, selectivity 
and applications of selective ion-sensitive electrodes are reviewed. 
Recommendations are made concerning investigations involving the 
development and applications of electrodes and attention given to the 
manner of presenting data for publication. 

OVER SIXTY YEARS have elapsed since the initial discovery1 and characterization2 of the 
electrical potential arising at a thin glass membrane interposed between aqueous 
solutions of different acidity, but it is only within the last five or six years that there 
has been widespread development and interest in sensor membrane electrodes based 
upon a more general application of ion-exchanging materials. This might seem 
surprising when viewed against the prediction by Lengyel and Blum3 in 1934 of a 
cation-sensitive glass electrode and of reports by Tendeloo’ in 1935 and Kolthoff 
and Sanders6 in 1937 detailing potentiometric response to certain ions by electrodes 
composed of solid-state membranes of barium sulphate and calcium fluoride slices4 
or discs of silver halides.6 

Glass electrodes selective to hydrogen ions have been standard items of laboratory 
equipment for over thirty years, but it was just over ten years ago that glasses of 
modified composition were adapted for selective response to cations other than 
hydrogen ions. As the advantages of a wider range of selectively sensitive electrodes 
were materializing, Fungor and Halos-Rokosiny? described in 1961 the selective 
working of precipitate-based ion-sensitive electrodes. However, it was the commer- 
cial availability of the fluoride solid-state electrode’ in 1966, which coincided with the 
tremendous interest in the determination of trace fluoride following water fluoridation 
and dental health programmes, that initiated the recent vast interest in selective ion- 
sensitive electrodes. Symposia such as those held in January 1969 at the National 
Bureau of Standards, Gaithersburg, Maryland, U.S.A., and in February 1969 at the 
University of Wales Institute of Science and Technology, Cardiff, U.K., have boosted 
their general acceptance. The subsequent publication of the N.B.S. Symposium 
proceedings has provided a very useful source book3 which has been well-supple- 
mented by the Orion Research Incorporated Data Sheets and Newsletter. 

The full benefit of selective ion-sensitive electrodes can only be realized by thorough 
familiarity with their properties and mode of operation. With this in view, this paper 
is intended to suggest a set of requirements in outlining the development, assessment 
and application of these electrodes. This is felt to be necessary in view of the existing 
ambiguities concerning the relation of potential to the logarithm of the activity of 
active ion and presentation of selectivity ratios or coefficients. Further reasons 
involve lifetimes and response time under various operating conditions. While it is 
recognized that different opinions and individual preferences will still flourish, it is 
nevertheless hoped that a format can be developed for the convenient presentation of 
results that will permit ease of assimilation and realistic appraisal by other workers. 

623 
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DEVELOPMENT OF NEW ELECTRODES 

Potential response 

In general, the potentiometric cell assembly incorporating a selective ion-sensitive 
electrode takes the form shown in Fig. 1 where the e.m.f., E, of the cell is the sum of 
various junction potentials : 

E=E,+E,.+E,+E,.+E, (1) 

Except for EM, which depends on the nature of the test or standardizing solution, 
the remaining contributory potentials may be taken as constant, although some of the 

- Selectwe 

~~~~ Reference 

ion- senstive 

electrode 

electrode 

---_ Test or standardizing solution 

FIG. 1 .-Experimental circuit for using selective ion-sensitive electrodes. 

junction potentials, particularly those of the reference electrode, can be troublesome. 
The reference electrode used in any investigation should be specified in published 

reports, along with the model and impedance of the e.m.f.-measuring instrument. 
For an electrode responding selectively to an ion, i, of activity a, and charge z, 

in the presence of an interfering ion, j, of activity a, and charge y, E, for Nemstian 
response, is given by 

E = constant f 
2.303RT 
7 log bi + &j(aj)""] (2) 

where K,, is the selectivity coefficient. The constant term incorporates the various 
junction potentials and the standard potential characteristic of EN. The second term 
on the right-hand side of equation (2) takes the positive sign for cations and the 
negative for anions. 

On the basis of the response characteristics above, selective ion-sensitive membrane 
electrodes have been described for about twenty ions which are fairly evenly divided 
between cations and anions. There is, therefore, plenty of scope for fresh develop- 
ments, both for electrodes selectively sensitive to an extended range of ions and for 
improvements and refinements to existing electrodes. 
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Unless the electrode is going to be available commercially, its description should 
carry exact details for its construction, and the design need not be any more intricate 
than the minimum necessary for the performance claimed. 

The dependence of the e.m.f. response on the logarithm of the activity indicates 
[equation (2) in the absence of interferent] that E will alter by only 2.72 mV for a 
univalent ion and by 1.36 mV for a bivalent ion for a 10 % decrease in the activity of 
the active species and by only 2.45 mV for a univalent ion and by 1.23 mV for a 
bivalent ion for a 10% increase in the activity of the active species. These figures 
mean that a sensitive voltmeter (with high impedance to cope with the high resist- 
ances involved) responding to O-1 mV, or better, is recommendedB for work of accept- 
able precision. Expanded scale facilities on commercial pH-meters do not normally 
meet this requirement. 

Selectivity 

Membrane electrodes have the advantage that they can be tailor-made for almost 
any ion, but the difficulty of distinguishing adequately between different ions, particu- 
larly of the same sign, is a serious limitation. Hence, considerable effort has been 
devoted to assessing the performance of the new range of electrodes in the presence of 
possibly interfering ions. This has been done in terms of the selectivity coefficients, 
&, defined by equation (2), the methods employed B~lo for evaluating K,, being based 
on e.m.f. measurements either in separate, or more realistically in mixed, solutions 
of the primary ion, i, and interfering ion, j. 

The two separate-solution methods with the solutions producing e.m.f.s E1 and E,, 
involve either equation (3) or (4) depending, respectively, on equality of the primary 
and interferent ion activities and of the e.m.f.s: 

a, = Kij(u,)z’y (4) 

For cations, the left-hand side of equation (3) takes the positive sign, and the negative 
sign for anions. The second term of the right-hand side disappears when the charges 
of the primary and interfering ions are equal. 

Separate solutions are not typical of operating systems so a more common pro- 
cedure for assessing selectivity ratings is measurement of the e.m.f. in solutions 
containing a fixed amount of interferent with varying activities of the primary ion 
for which the electrode is designed. Figure 2 illustrates the general idealized pattern 
and the calculation of K,, from equation (4). 

It is pertinent at this point to stress the benefits l1 of the universal and consistent 
adoption of K,, as described above for listing selectivity data. The inconsistencies to 
date, particularly in some manufacturers’ literature, can only cause bewilderment to 
readers and users alike. Such a system of presenting selectivity data consistently 
indicates that when Ki, -C 1 the electrode preferentially responds to the primary ion, i. 

However, Fig. 3 stresses the care needed in any interpretation of any single published 
item of selectivity information, for selectivity varies with the relative primary ion/ 
interferent activities. Thus, for the poly(vinylchloride) calcium-sensitive electrodGa 
the value KctiB = O-024 obtained at a high magnesium content (a% = 5 x 103A4) 
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Activity of i 

FIG. 2.-Illustration of selectivity coefficient evaluation, using fixed initial amount of 
interferent of same valence as i. 

I I I 

-6 -5 -4 -3 -2 -I 

FIG. 3.-Influence of chloride on the response characteristics of a nitrate-sensitive 
(Orion 92-07-02 nitrate liquid ion exchanger) poly(vinylchloride) electrode. 

suggests a better selectivity than Kc,na = O-222 at a lower magnesium level (a% = 
4.3 x 1O-5A4), while in fact the electrode gives the most extensively useful response at 
lower magnesium levels (cJ Fig. 3 for a nitrate-sensitive electrode affected by chloride 
interference). 

The considerable variation of selectivity with interferent concentration is further 
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illustrated by the work of Lal and ChristiatP on fifteen foreign cations, using the 
Orion 92-82 lead electrode. However, the apparent lack of critical assessment in this 
paper= emphasises the attention to detail essential for studies on electrode assessment. 
Thus, in commenting that the Orion lead electrode is much more responsive to uni- 
valent cations than is reported by the manufacturers, La1 and Christian13 have not 
considered the modifying influence of the power term of equation (4). Yet this 
equation shows that the lead electrode has nearly the same useful range in the presence 
of 10-sM sodium (down to 8.9 x Io”LM lead) as it has in the presence of 10-SM 
calcium (down to 25 x lW~?4 lead) even though the respective Ki, values differ by 
several orders of magnitude (KPbNa = 8.9 x lo6 and KPbca = 25). The extensive 
useful range permits the lead potentiometric titrations mentioned by these workerP 
but a high response to the sodium and potassium salt titrants used would hardly 
permit such an application. Moreover, potentiometric titrations of various univalent 
cations with sodium tetraphenylborate, with the lead electrode as sensor, warrant 
further investigation to determine the true mechanism. 

The importance of the useful role of plots such as Fig. 3 for investigations involving 
interference parameters cannot be over-emphasized. Unfortunately, however, such 
plots take up journal space and where the mixed-solution methods*loJa has been 
employed, an alternative procedurell is to quote the activity, a,, of the interfering ion 
corresponding to each KS, value. Readers will then be realistically informed that 
should the level ofj in the test situation exceed this value and the expected activity 
level of i be less than Kd,(ai)“l”, then the electrode will very likely be useless in such a 
test situation. 

An alternative mixed-solution method of expressing selectivity involves variation 
of interferent activity at constant primary ion activity9*loJ4 and is generally used for 
assessing hydrogen ion and hydroxide ion interference. Several diagrams expressing 
constancy of e.m.f. response over a pH range have been published12*15*1s and these 
confirm that unless there are unusual features it is adequate to quote a pH range for 
which there is unlikely to be interference with electrode behaviour, but again it is 
essential to quote the level of primary ion for that pH range. 

Srinivasan and RechnitzlO considered neither of the foregoing mixed-solution 
methods in their treatment of potential data obtained for several different Orion 
liquid membrane ion-sensitive electrodes. Instead, two rather complicated equations 
were proposed, the general form of the one for high values of K,, being 

(5) 

and that for low values of Kdj being 

a,’ - [exp * r$)]ai = Kij[exp f rg) (a$/’ - (a;)“‘] (6) 

As before, the positive sign alternative is used for cation-sensitive electrodes and the 
negative for anion-sensitive electrodes. The a values refer to El, the a’ values to E,. 

Equation (5) is used by plotting the left-hand side against interferent activities, 
a,‘, and equation (6) is used by plotting the left-hand side against the square-bracketed 
function of the right-hand side. In each case, linear plots are obtained, of slope K,. 
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However, there is little to commend such complicated functions when the desired 
information concerning the potential applicability of electrodes can so conveniently be 
obtained from plots of the kind shown in Fig. 3. 

Selectivities of solid-state electrodes have been variously expressed and emphasize 
the present chaos regarding selectivity quotations. 11*14 Except for the method involv- 
ing equations (5) and (6), the practical methods employed for evaluating the selectiv- 
ities are those already described above, although Light and Swartzl’ used equation (5) 
in a non-graphical procedure for determining anion interferences for the Orion 
94-16 sulphide electrode. 

The interference mechanism of solid-state electrodes differs from that of liquid 
ion-exchange and glass electrodes in the manner in which the primary ion and inter- 
fering ion(s) gain access to the all-important membrane .14 This has led to criticism by 
Pungor and T6th” concerning the application of the methods above for determining 
the selectivities of precipitate-based selective ion-sensitive electrodes. Even so, these 
workers used equation (4) in its appropriate form for obtaining “measured” selec- 
tivities of halide electrodes for comparison with those calculated from solubility prod- 
uct ratios.ls This, of course, highlights a common form of interference of crystal 
membrane and precipitate-impregnated membrane electrodes, arising from the 
interfering ion actually reacting at the membrane surface to form a new insoluble 
compound.lg For this kind of interference, a knowledge of solubility products of the 
membrane salt and of the insoluble compound formed is helpful in predicting the 
usefulness of an electrode. For example, for thiocyanate interference with the silver 
bromide electrode, the selectivity ratio, KBrSCN, is given by the ratio of the solubility 
product of silver bromide to the solubility product of silver thiocyanate. This implies 
that for the electrode to be functional to bromide in the presence of thiocyanate, the 
ratio of the interfering thiocyanate to the primary bromide activity must not exceed 
the ratio (solubility product of AgSCN)/(solubility product of AgBr). Of course, the 
inverse relationship holds when the electrode is to be used for thiocyanate, with 
bromide interference, the formll of the selectivity ratio then being KSCNBr. 

Interference with solid-state electrodes also occurs when the membrane material 
reacts with interferent to give a soluble complex, a feature that has been exploited in 
adapting silver halide membranes for use as cyanide electrodes.18*20*21 Dissolution of 
the membrane is also regarded as the basis of the “high” fluoride readings14*22 obtained 
with the lanthanum fluoride electrode in the presence of citrate in dilute fluoride 
solutions. 

Activity and ionic strength 

The various equations for calculating selectivity coefficients depend upon a 
knowledge of activities and it follows that consistency and exact reporting of selec- 
tivity data ought also to include outline information on the calculation of the activity 
coefficient, f, which is used to calculate activity from concentration. Such information 
is especially desirable since the Debye-Htickel equation, 

logf = -Az2fi 

where A is a constant which for water is O-511 at 25’, holds strictly only for zero 
ionic strength, ,!L, and its predictions differ from the behaviour of real electrolytes at 
ionic strengths greater than 10-3-10-2M. To meet this situation a variety of more or 
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less empirical extensions to equation (7) have been proposed to fit the data (with 
varying success) at moderate values of ionic strength (Fig. 4). 
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FIG. 4.-Computer simulations of various activity coefficient-ionic strength equations 
for univalent ions. 
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The variation of the Debye-Htickel equation shown in equation (8) is extensively 
used in selective ion-sensitive electrode work for calculating the single ion activity: 

logf= - 
AZ22/- 

(1 + 4J 
The ionic strength, ,u, is given by 

p = 42 cz2 

(8) 

(9) 

where c and z are the concentration and charge respectively of each ionic species 
present. 
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Stability of response 

Closely related to selective response in the rating of ion-sensitive electrodes is 
drift and response time. Reports on steadiness and reproducibility of electrode 
response can provide useful guides to prospective users on frequency of recalibration 
and the suitability of the electrode for continuous process use. 

Electrodes of different types are liable to different extents of drift, although wider 
drifts necessitating frequent recalibration can be tolerated when alternative methods 
of analysis are cumbersome or non-existent. Some electrodes have very low drift, 
e.g., a potassium electrode with biological membrane (Beckman Catalogue No. 39622) 
for which daily checking during a continuous ten-day soaking period in 10-2M 
potassium chloride “did not produce a noticeable drift.“16 However, an accompany- 
ing table does show differences in response of up to f2 mV after ten days, compared 
with the initial response .16 No results are quoted for the intervening period, although 
the ten-day results cover the potassium concentration range 10-5-10-1M (9.96 x 
IO@-7.7 x 10-2M activity). 

Data22-24 for the well-established and widely used lanthanum fluoride crystal 
membrane fluoride-responsive electrode indicate a similar f2 mV drift for the 
Orion 94-09 model, although Srinivasan and Rechnitz26 report drifts of up to 7 mV 
depending on stirring and activity conditions, the response being steadier at high 
ionic strengths. 

Miniaturization of electrodes is desirable for in viva measurements or for in situ 
studies where solution volume is a limitation. 26 However, design demands can lead to 
specification change and for this reason reports should clearly specify electrode types 
used. Thus, for a fluoride microelectrode the zero potential varied by about f20 mV 
from day to day but, on the other hand, depth of immersion had little effect on the 
potential, the e.m.f. shift being about -2 mV over the 1 mm length of the exposed 
lanthanum fluoride crystal. 

While 2 mV drifts may seem insignificant, it must be emphasized that drifts of this 
magnitude can lead to errors of several per cent. Frequent recalibration of selective 
ion-sensitive membrane electrodes is therefore essential, especially for the liquid 
ion-exchanger membrane electrodes which are reported to have drifts of over 2 mV 
for a single day’s use,12s27*28 even extending to 70 mV for an Orion 92-07 nitrate 
electrode.27 However, provided the calibration slope does not alter with time, 
recalibration is a simple matter and not a serious drawback, particularly when 
alternative analysis procedures are cumbersome or non-existent. 

Calibration slopes 

Equation (2) suggests that calibration slopes should be 59/z mV at 25”. For 
selective ion-sensitive electrodes this is far from universally true, although slopes are 
normally within 2-3 mV of the Nernstian value. This is no inconvenience so long as 
the particular calibration slope does not change with time, and unlike the overall 
drifts mentioned above, slopes have been found to be extremely steady during normal 
electrode life; if not, failure of the electrode is indicated. 

A drastic change in slope can often be related to some malfunction of the reference 
electrode, whereas failure of a functional selective-ion sensitive electrode is more 
gradual, being manifested as a drop in calibration slope. 

As with drifts, some very large deviations in calibration slope have been reported; 



Development and publication of work with selective ion-sensitive electrodes 631 

for example, slopes ranging from 64 to 50 mV per activity decade and attributed to 
defective assembly have been reported”’ for the liquid ion-exchanger Orion 92-07 
nitrate electrode. 

Deviations from Nernstian behaviour may be attributed to incomplete perm- 
selectivity of the membrane, a factor which Helfferich2g covered by an integral term in 
the function for membrane potential to account for the co-ion flux. Such integrals 
may be evaluated graphically, but this is of no benefit in the present context and for 
general application here it is adequate to take a coefficient, S, instead of 2.303RTlzF 
in equation (2), where S is the calibration slope. 

Speed of response 

Several studies have been made of the response times of selective ion-sensitive 
electrodes, principally by Rechnitz30-34 and Pungor,36 although descriptions of new 
electrodes frequently include details of response times.12s1e*zs In general, liquid 
exchanger ion-sensitive membrane electrodes respond less rapidly than the solid-state 

type- 
It can be argued that rather too much emphasis has been placed on response times 

of electrodes; this is certainly the case for direct potentiometric determination of 
activity where response times of some minutes are quite tolerable. However, auto- 
matic analysers and continuous-measurement cells require sensors with more rapid 
response, and response times of minutes are too long for kinetic work and potentio- 
metric titrations. 

In attempts to determine very short response times, the relatively high time- 
constants of measuring instruments can be a limitation, but when electrodes with such 
ideal time responses have been achieved, there is no reason for obsession with this 
characteristic until the measuring instruments and the slow equilibration of junction 
potentials within the measuring-cell have been improved. 

Response times are usually measured either by immersing the electrode in the 
solution and finding the time needed to reach equilibrium, or by injecting a solution of 
appropriate concentration into the system in which the electrode is already immersed. 
The equilibration can be monitored by chart-recorder, but Pungos5 used an oscillo- 
scope for times in the millisecond range. Response time data should be given for 
change from dilute to concentrated solution and for change in the opposite direction, 
and in addition, for reading within 1 mV of the equilibrium value. The latter times 
are usually a mere fraction of the full equilibration times and can provide guides 
for continuous monitoring and potentiometric applications. Indeed, where full 
equilibration times are long, the “I-mV times” can be short enough for rapid po- 
tentiometric titration rather than the intermittent start and stop of the burette system 
in automatic systems that is sometimes necessary6 in order to allow equilibration 
near the equivalence point. However, there are few reports on response times in 
mixed solutions. 

It is interesting that electrode response is very steady during stirring12Je*2s*33*34 
and that base-line noise levels of recorders are only important at low activities.ls 
However, there can be differences in potential response between stirred and unstirred 
solutions26 and for different rates of stirring. 33*34 Differences of O-4 and 6 mV have 
been observed25 in the potential response of the Orion 94-09 fluoride electrode for 
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10-l and lOaM fluoride solutions respectively, although at high ionic strengths, for 
example in 1M sodium nitrate, no such differences are evident.25 

Conditioning and storage of electrodes 

As with glass electrodes, the selective ion-sensitive electrodes often need condition- 
ing before use. The description of any new electrode should specify any conditioning 
needed, particularly when there are unusual features such as the need to age the 
Corning Model No. 476132 potassium electrode in a solution having a composition 
simulating that of the test solution in order to avoid long response times and hysteresis 
effects.37 Similarly, information should be given on the conditioning necessary to 
recover from detrimental circumstances; for example, liquid ion-exchanger calcium 
electrodes take an hour to regain proper response potentials to pure calcium chloride 
solutions after exposure to zinc chloride12 and, after exposure to perchlorate, nitrate 
electrodes take almost as long to return to normal behaviour.28 Silver thiocyanate 
should be removed from the membrane (by wiping or with a toothbrush and tooth- 
paste) of silver bromide electrodes after exposure to interfering levels of thiocyanate.% 

Storage conditions for electrodes when not in use should also be stated. 

APPLICATION OF SELECTIVE ION-SENSITIVE ELECTRODES 

The recent interest in selective ion-sensitive electrodes has resulted in about 400 
papers devoted to development and uses. A large proportion concern the specification 
and appraisal of electrodes, but as the rate of appearance of new electrodes might be 
expected to diminish, it can be expected that an increasing proportion of future 
publications will be devoted to application and mechanism. 

It is therefore necessary to specify which factors must be examined in development 
of an application, and what information must be given in any paper published on the 
work done. 

The applications are generally to direct determination of activity (or concentration), 
or to titration procedures. 

With adequate attention to calibration, particularly at low concentration levels 
and low ionic strength, selective ion-sensitive electrodes may be used for direct con- 
centration measurements. 

In using membrane electrodes, precautions must therefore be taken against 
complications at high concentrations and due to other ionic species with respect to 
variation of activity with ionic strength. Interference effects must also be tested at 
realistic levels. For example, bearing in mind equation (4), there is no point in attempt- 
ing to use a nitrate electrode with selectivity coefficient KNqllcl = 4 x 103 determined 
for a chloride level of 05M, when assessing soil nitrate m concentrations of about 
lO+M, when 2M potassium chloride is the extracting agent. This is evident from 
Fig. 3, which confirms that the response would be constant regardless of the nitrate 
activity. However, O*OlM copper sulphate or water could be used as extractant,*O 
although saline soils high in chloride might require supplementary treatment. 

Both the 0ien*O and Milham*l papers on soil nitrate determination are thorough 
in their enquiry and can serve as models for this kind of publication, although the 
former tends to include ambiguous statements. Both give due attention to compari- 
sons with established methods, recovery, a wide variety of samples, and the limitations 
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of published selectivity coefficients and of making corrections by equations, which 
for complicated systems of this kind would demand selectivity terms additional to 
the single one given in equation (2). Hence, Milham et aL41 used rather an involved 
buffer system to cope with some interferents: a low pH kept the equilibrium bicar- 
bonate low and the water-extractable organic acids undissociated; aluminium was 
added to complex anions of organic acids, and sulphamic acid was used to destroy 
nitrite quantitatively. 

Both papers also pay attention to possible effects of ionic strength, and give informa- 
tion on electrode conditioning and mixing times before measurement. The inclusion 
of the correlation coefficient and regression equation is also valuable. 

Concentration measurements of uncomplexed ions 

Exhaustive examination of the effect of ionic strength is necessary for appraisal 
of the application of selective ion-sensitive electrodes. Conductance monitoring may 
not give satisfactory guidance-possibly because of the power term in z in equation 
(9). Though direct measurement on the sample can give acceptable results, it is only 
when a sample consists largely of one salt that anactivity-e.m.f. calibration plot can be 
used accurately. However, such a plot may be acceptable for mixed solutions if the 
ratio of the primary ion to that of the other ions is constant. For example, to estimate 
potassium in sea-water, calibration standards are made by diluting synthetic potassium 
sea-water samples with demineralized water.14 

The constant ionic-background method is frequently used when the analytical 
sample contains a high but essentially constant level of ions besides the one of interest. 
Calibration standards of similar composition are then employed, but ions at interfer- 
ing levels must be absent, of course. 

If samples exhibit considerable overall variation in composition, adding an “ionic 
strength adjuster” to the sample and calibration solutions tends to bring all the 
solutions to a common ionic strength. It is assumed that the ultimate ionic strength 
arises almost exclusively from the ionic strength adjuster and not the sample itself. 
This is the basis of the involved buffer system41 described above for nitrate determina- 
tion in various materials, although the buffer was also a judicious recipe to meet the 
selectivity parameters of the electrode. Though virtually any substance may serve 
as an ionic strength adjuster, it must not complex with the primary ion, and the 
selectivity coefficient, Kij, where j is the ionic strength adjuster, must be negligible. 
Tetramethylammonium nitrate was chosen for this reason for an investigation42 of 
calcium complexes with tri- and tetrametaphosphate, using a calcium-selective liquid 
ion-exchange membrane electrode. Certain variations may sometimes be necessary 
in addition to ionic strength adjustment, for example, pH adjustment will release 
anions of weak acids. Thus, at pH 10.5 the cyanide ion is present and not undissoci- 
ated hydrocyanic acid.35 

Measurements of total concentration 

The methods just discussed give the concentrations (or activities) of free (that is, 
uncomplexed) ions. These may be quite different from the total concentrations (that 
is, free + complexed species). Two elegant methods are now available for total 
concentration measurements .43s44.45 Electrode calibration is not usually necessary 
and only two potentials need be taken. 
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Both methods require a change in the concentration of the primary ion, i. For 
known addition (otherwise known as the spiking or known-increment method) more i 
is introduced, whereas in known subtraction the level of i is lowered by adding a 
complexing agent. There are no complications from ionic strengths as in the previous 
cases. 

In the known-addition method, the potential, El, is measured for the sample 
solution of volume V, and total molar concentration C,, of species sought, 

El = constant f S log x&C, (10) 

where S is the electrode calibration slope, fi is the activity coefficient and X, the mole 
fraction of uncomplexed ions. A new potential, E,, is then measured after addition of 
a small volume, V,, of a standard solution (concentration C,) of ions of the species 
sought where C, - lOOC,-,: 

E, = constant f S log (x,f&, + x&CA) (11) 

where fi and x2 correspond to the new activity coefficient and mole fraction of free 
ions, respectively, and CA is the change in concentration, given by V,C,/V,,. An 
essential assumption is that x1 - x2 and fi ,- fi. Hence the difference between equa- 
tions (10) and (11) simplifies to 

A E,-E,=AE= &Slog - 
(co;c) 

and C, can be calculated. 

(12) 

A variation of the known addition method has recently been recommended46*47 
and is based on a modification of the method described by Gran4* for presenting 
potentiometric titration data in linear form by using a semi-antilog plot. The method4’ 
involves plotting the appropriate potential response on the vertical antilog axis 
against volume (ml) of “known addition” with the intercept yielding the concentration 
of ion present. The Orion Gran’s Plot Paper now available4’ is a semi-antilog paper 
corrected for limited volume changes. Further reports on total concentration measure- 
ment are expected, particularly since Gran plots facilitate measurement on samples in 
which the level of the ion being determined is close to the electrode’s limit of detec- 
tion.47 For the known-addition Gran plots, the top of the vertical (antilog) axis is 
equated to the potential of the electrode immersed in a solution containing 10 ml of 
known-addition solution plus 100 ml of test solution. 

An early suggestion 46 for the application of Gran’s method to the known-addition 
procedure is rather more cumbersome, for it involves calculation of 

(I/, + ~lO--EW2.303nr 

where E is the electrode response and V. and V are the volumes of the sample and 
known-addition solutions respectively. 

Orion Gran’s Plot Paper can also be used for the known-subtraction methods,4s 
when the approach corresponds to a titration procedure. The known-subtraction 
method depends on a lowering of the activity of the uncomplexed ions by addition of 
a complexing agent, and the additional assumption that the complexing (or precipi- 
tating) agent is much stronger in its effect than any other present in the original sample. 
Calculations along similar lines to the known-addition method give the expression 

E2-E1=AE= &Slog A 

(“c,” ) (13) 
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Extensive computer tables of appropriate CA and AE values are available to over- 
come the tedious arithmetic of the known-addition and known-subtraction calcula- 
tions.44 

Methods of coping with problems of wide variation of ionic strengths, interferents 
and complexing agents are not restricted to those above; further developments for 
dealing with special situations have been suggested and more can be expected. The 
use of a 1: 1 dilution of both samples and standards with Total Ionic Strength Adjuster 
Buffer (TISAB) is an elegant example of a rapid method in fluoride determination for 
overcoming variations in ionic strength and possible presence of complexing cations 
such as iron(III) and aluminium(III). 4D The essential point is that the methods pro- 
posed should be as simple as possible and there should be adequate testing of 
the precision, reproducibility and recoveries under optimum conditions, including 
calculation of standard deviations and confidence limits. 

Of course, subsequent experimentation can lead to suspicions of defectiveness, 
as has happened with TISAB interference50e51 in the potentiometric titration of fluoride 
with lanthanum nitrate. Such interference has been attributed@’ to the carboxylate 
ion content of TISAB, and although the acetate is retained, citrate has now been 
replaced by DCTA (1,2-diaminocyclohexane,N,N,N’,iV’-tetra-acetic acid) when 
analytical samples contain aluminium or iron. s2 However, for the direct determina- 
tion of fluoride, the lanthanum fluoride electrode is only minimally affected by these 
carboxylate ions.22 

Selective ion-sensitive electrodes in process control 

Process control imposes additional demands and restrictions on the application of 
selective ion-sensitive electrodes. Direct monitoring of the process stream without 
supplementary chemistry is the simplest, but even here there must be adequate assess- 
ment of recalibration demands and of the severe limitations often imposed by leaching 
effects on the membrane. The latter is particularly marked for liquid ion-exchanger 
electrodes, where owing to leaching of the solvent, the solute becomes concentrated 
on the surface of the membrane with resultant sharp increase in potentiaLm 

A watch must be kept for the creation of open circuits by the trapping of air bub- 
bles at electrode tips and for static charges resulting from fast-moving process streams 
rubbing against the plastic walling of electrodes. Since the electrode will probably 
have been assessed for its suitability for analysis of the process solution under static 
conditions, publications on continuous monitoring applications must pay attention 
to these matters as well as to constancy of flow-rate of the process sample stream and 
the reagent streams. The results ought to be confirmed by information derived from 
intermittent sampling. 

Compensation can be made for temperature fluctuation, but where the process 
sample stream contains a steady level of primary ion the need for compensation can 
be avoided by filling the electrode with a solution of the same concentration of 
primary ion as in the sample stream. 

Titration procedures with selective ion-sensitive electrodes 

Potentiometric procedures are of limited accuracy for direct concentration deter- 
mination. However, for sufficiently high concentrations potentiometric titration 
gives good accuracy, for the potentiometry no longer depends on the exact interpreta- 
tion of small changes in voltage and is not restricted by the accuracy of the electrode 
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response to changes in solution concentration. However, development of suitable 
potentiometric titration procedures has a whole variety of possible pitfalls. Thus, in 
addition to the often severe limitations imposed by interferences, restricted concentra- 
tion/activity range and response times of the electrodes, there are also the chemical 
factors of suitability of reagents, relative rates of reactions and the effects of pH and 
various side-reactions. 

The variety of titration procedures with selective ion-sensitive electrodes indicates 
that problems associated with response times are surmountable, for example, 
Hadjiioannou and Papastathopoulos &p claim that the time needed for the EDTA 
titration of calcium and magnesium with a calcium electrode varies from a few seconds 
to a few minutes. Even so, the point of maximum rate of potential change does not 
coincide with the equivalence point, and the over-titration must be at least partly due 
to sluggish response. Clearly a detailed investigation is necessary for the successful 
application of selective ion-sensitive electrodes for potentiometric titration. Thus, 
the slope of the titration curve, the overall voltage change, the blank, all depend on 
sample composition, buffer used and such experimental conditions as titrant delivery 
rate and concentration, stirring rate, size of beaker, position of delivery tip and depth 
of electrode immersion.64 

There is much to commend the approach of Whitfield and Leyendekkerss5 which 
makes an initial theoretical assessment and examines possible problems of locating 
the equivalence point on practical titration curves from the standpoint of both chem- 
ical and potentiometric considerations. In this way possible effects of factors such as 
interferences, ionic strength and limitations imposed by restrictions in electrode 
response after the end-point can be anticipated. The electrode response can restricts8 
the simple application of AE/AV US. V relationships for end-point location. 

There are other ways besides derivative methods for selecting the end-point.5s~57*6* 
The obvious one is to take the mid-point of the “potential jump” section of the normal 
E vs. V titration curve. Independent estimates by several observers help to avoid 
bias in the location of this point, or a computer programme based on least squares 
may be used. Alternatively, especially for unsymmetrical titration curves, a Gran 
plot4s can be used, e.g., on Orion Gran’s Plot Paper?’ 

The final procedure should be tested on a wide range of solution compositions and 
rigorously tested statistically. In general it is fundamental that the end-point and 
equivalence point be as close as possible. Ambiguities in locating the end-point are 
intolerable and corrections through blanks, particularly if these are variable, are also 
not recommended. 

Many useful hints on theoretical and practical aspects of titration procedures, 
including precision and accuracy of potentiometric end-point determination, are 
contained in two recent publications.58*5g 

Dzferentialpotentiometry 

Membrane electrode potentials are normally measured with respect to a reversible 
reference electrode, e.g., a calomel or silver-silver chloride electrode. Measurements 
may equally well be made with reference to another membrane electrode and in order 
to overcome the limitations imposed by the excessively high impedance of two mem- 
brane electrodes, Brand and RechnitzGo have described a new instrument. This can 
be used with, say, two glass electrodes making up the electrochemical cell and it has 
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been assessed for sodium ion determinations, using a cell composed of a pH (refer- 
ence) electrode and a sodium glass (indicator) electrode. Differential potentiometric 
titrations using glass reference and appropriate indicator electrodes are also discussed 
for calcium and copper determination by EDTA titration, but the assessment can 
only be described as incomplete because in view of the comments above on the 
coincidence of end-points with equivalence points of titration curves, the conclusion 
that the “shape of the titration curve was entirely adequate for analytical purposes” 
is insufficient. However, the papeP does show the prospective scope for widescale 
use of membrane electrodes as references for both direct potentiometry and potentio- 
metric titration. Certain of the low impedance membrane electrodes, such as the 
fluoride electrodes have already been useds1*62 for these purposes. 

CONCLUSIONS 

The possible number of combinations of available selective ion-sensitive membrane 
electrodes and solution systems is already large and likely to increase considerably. 
Hence, because of the limitations due to interferences, complex formation and a 
whole variety of operating conditions, it is imperative that prospective users should be 
well-guided to make intelligent decisions regarding the advantages and limitations of 
a new electrode or application in the context of their own particular problem. 

The following summary specifies a number of vital points to be included in reports 
on new electrodes and their applications. Emphasis is placed on realistic assessment 
in terms of speed, accuracy, cost, selectivity, simplicity, and comparison with other 
methods. 

1. A new or modz$ed electrode. In addition to constructional details and cell assembly, 
the report on the electrode must show assessments of useful activity/concentration 
range, response times and selectivity for the primary ion over other ions likely to be 
present in possible applications. Information on operational lifetime, freedom from 
drift and effective pH range at various activity levels should also be given. 

2. Applications for direct concentration/activity measurement. Details must be given 
of the cell assembly, particularly of the reference electrode used with the selective ion- 
sensitive electrode. After information has been given on selectivity factors and means 
of overcoming interferences, the experimental procedure should be detailed, and this 
must avoid the addition of interferents. The activity/concentration values obtained 
must, whenever possible, be carefully compared with those given by traditional and 
established methods (if they exist). It is desirable that statistical tests of comparison 
be made and attention given to recoveries. 

3. On-line process applications. The utility of any analytical system depends on 
accuracy and an on-line continuous pH monitoring system is considered good if it 
measures to &0*02 pH unit representing a deviation of about f I.2 mV at 25” or an 
error of about &5 % in the hydrogen activity measurement. Selective ion-sensitive 
electrodes have similar capabilities, but reports of applications to on-line continuous 
monitoring systems should clearly define the electrode behaviour as in 2 above and 
ought to include an assessment for intermittent samples as well as for continuous 
monitoring. This will help to characterize possible errors due to the additional 
parameters imposed by the flowing system. 
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4. Titration applications. Reports must attend to points concerning electrode be- 
haviour and comparisons with established procedures as in 2. Special attention must 
be given to correct end-point location, to possible interferences, and to damage to 
electrodes by titration solutions. 

Zusammenfassung-Es wird eine Ubersicht iiber Entwicklung, 
Ansprechverhalten, Selektivitlt und Anwendungen selektiv ionen- 
findlicher Elektroden gegeben. Beztiglich de; Entwicklung und 
Anwendung von Elektroden werden Empfehlungen ausgesprochen; 
such die Art und Weise, wie Ergebnisse publiziert werden sollten, 
wird angesprochen. 

R&n&-On passe en revue les caracteres concernant le developpement, 
la reponse, la selectivite et les applications des electrodes selectives 
sensibles aux ions. On fait des recommandations concernant les 
recherches impliquant le developpement et les applications d’electrodes 
et l’on Porte attention sur la man&e de presenter les don&es pour 
publication. 
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Summary-Features concerning development, response, selectivity 
and applications of selective ion-sensitive electrodes are reviewed. 
Recommendations are made concerning investigations involving the 
development and applications of electrodes and attention given to the 
manner of presenting data for publication. 

OVER SIXTY YEARS have elapsed since the initial discovery1 and characterization2 of the 
electrical potential arising at a thin glass membrane interposed between aqueous 
solutions of different acidity, but it is only within the last five or six years that there 
has been widespread development and interest in sensor membrane electrodes based 
upon a more general application of ion-exchanging materials. This might seem 
surprising when viewed against the prediction by Lengyel and Blum3 in 1934 of a 
cation-sensitive glass electrode and of reports by Tendeloo’ in 1935 and Kolthoff 
and Sanders6 in 1937 detailing potentiometric response to certain ions by electrodes 
composed of solid-state membranes of barium sulphate and calcium fluoride slices4 
or discs of silver halides.6 

Glass electrodes selective to hydrogen ions have been standard items of laboratory 
equipment for over thirty years, but it was just over ten years ago that glasses of 
modified composition were adapted for selective response to cations other than 
hydrogen ions. As the advantages of a wider range of selectively sensitive electrodes 
were materializing, Fungor and Halos-Rokosiny? described in 1961 the selective 
working of precipitate-based ion-sensitive electrodes. However, it was the commer- 
cial availability of the fluoride solid-state electrode’ in 1966, which coincided with the 
tremendous interest in the determination of trace fluoride following water fluoridation 
and dental health programmes, that initiated the recent vast interest in selective ion- 
sensitive electrodes. Symposia such as those held in January 1969 at the National 
Bureau of Standards, Gaithersburg, Maryland, U.S.A., and in February 1969 at the 
University of Wales Institute of Science and Technology, Cardiff, U.K., have boosted 
their general acceptance. The subsequent publication of the N.B.S. Symposium 
proceedings has provided a very useful source book3 which has been well-supple- 
mented by the Orion Research Incorporated Data Sheets and Newsletter. 

The full benefit of selective ion-sensitive electrodes can only be realized by thorough 
familiarity with their properties and mode of operation. With this in view, this paper 
is intended to suggest a set of requirements in outlining the development, assessment 
and application of these electrodes. This is felt to be necessary in view of the existing 
ambiguities concerning the relation of potential to the logarithm of the activity of 
active ion and presentation of selectivity ratios or coefficients. Further reasons 
involve lifetimes and response time under various operating conditions. While it is 
recognized that different opinions and individual preferences will still flourish, it is 
nevertheless hoped that a format can be developed for the convenient presentation of 
results that will permit ease of assimilation and realistic appraisal by other workers. 

623 
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DEVELOPMENT OF NEW ELECTRODES 

Potential response 

In general, the potentiometric cell assembly incorporating a selective ion-sensitive 
electrode takes the form shown in Fig. 1 where the e.m.f., E, of the cell is the sum of 
various junction potentials : 

E=E,+E,.+E,+E,.+E, (1) 

Except for EM, which depends on the nature of the test or standardizing solution, 
the remaining contributory potentials may be taken as constant, although some of the 

- Selectwe 

~~~~ Reference 

ion- senstive 

electrode 

electrode 

---_ Test or standardizing solution 

FIG. 1 .-Experimental circuit for using selective ion-sensitive electrodes. 

junction potentials, particularly those of the reference electrode, can be troublesome. 
The reference electrode used in any investigation should be specified in published 

reports, along with the model and impedance of the e.m.f.-measuring instrument. 
For an electrode responding selectively to an ion, i, of activity a, and charge z, 

in the presence of an interfering ion, j, of activity a, and charge y, E, for Nemstian 
response, is given by 

E = constant f 
2.303RT 
7 log bi + &j(aj)""] (2) 

where K,, is the selectivity coefficient. The constant term incorporates the various 
junction potentials and the standard potential characteristic of EN. The second term 
on the right-hand side of equation (2) takes the positive sign for cations and the 
negative for anions. 

On the basis of the response characteristics above, selective ion-sensitive membrane 
electrodes have been described for about twenty ions which are fairly evenly divided 
between cations and anions. There is, therefore, plenty of scope for fresh develop- 
ments, both for electrodes selectively sensitive to an extended range of ions and for 
improvements and refinements to existing electrodes. 
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Unless the electrode is going to be available commercially, its description should 
carry exact details for its construction, and the design need not be any more intricate 
than the minimum necessary for the performance claimed. 

The dependence of the e.m.f. response on the logarithm of the activity indicates 
[equation (2) in the absence of interferent] that E will alter by only 2.72 mV for a 
univalent ion and by 1.36 mV for a bivalent ion for a 10 % decrease in the activity of 
the active species and by only 2.45 mV for a univalent ion and by 1.23 mV for a 
bivalent ion for a 10% increase in the activity of the active species. These figures 
mean that a sensitive voltmeter (with high impedance to cope with the high resist- 
ances involved) responding to O-1 mV, or better, is recommendedB for work of accept- 
able precision. Expanded scale facilities on commercial pH-meters do not normally 
meet this requirement. 

Selectivity 

Membrane electrodes have the advantage that they can be tailor-made for almost 
any ion, but the difficulty of distinguishing adequately between different ions, particu- 
larly of the same sign, is a serious limitation. Hence, considerable effort has been 
devoted to assessing the performance of the new range of electrodes in the presence of 
possibly interfering ions. This has been done in terms of the selectivity coefficients, 
&, defined by equation (2), the methods employed B~lo for evaluating K,, being based 
on e.m.f. measurements either in separate, or more realistically in mixed, solutions 
of the primary ion, i, and interfering ion, j. 

The two separate-solution methods with the solutions producing e.m.f.s E1 and E,, 
involve either equation (3) or (4) depending, respectively, on equality of the primary 
and interferent ion activities and of the e.m.f.s: 

a, = Kij(u,)z’y (4) 

For cations, the left-hand side of equation (3) takes the positive sign, and the negative 
sign for anions. The second term of the right-hand side disappears when the charges 
of the primary and interfering ions are equal. 

Separate solutions are not typical of operating systems so a more common pro- 
cedure for assessing selectivity ratings is measurement of the e.m.f. in solutions 
containing a fixed amount of interferent with varying activities of the primary ion 
for which the electrode is designed. Figure 2 illustrates the general idealized pattern 
and the calculation of K,, from equation (4). 

It is pertinent at this point to stress the benefits l1 of the universal and consistent 
adoption of K,, as described above for listing selectivity data. The inconsistencies to 
date, particularly in some manufacturers’ literature, can only cause bewilderment to 
readers and users alike. Such a system of presenting selectivity data consistently 
indicates that when Ki, -C 1 the electrode preferentially responds to the primary ion, i. 

However, Fig. 3 stresses the care needed in any interpretation of any single published 
item of selectivity information, for selectivity varies with the relative primary ion/ 
interferent activities. Thus, for the poly(vinylchloride) calcium-sensitive electrodGa 
the value KctiB = O-024 obtained at a high magnesium content (a% = 5 x 103A4) 
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Activity of i 

FIG. 2.-Illustration of selectivity coefficient evaluation, using fixed initial amount of 
interferent of same valence as i. 

I I I 

-6 -5 -4 -3 -2 -I 

FIG. 3.-Influence of chloride on the response characteristics of a nitrate-sensitive 
(Orion 92-07-02 nitrate liquid ion exchanger) poly(vinylchloride) electrode. 

suggests a better selectivity than Kc,na = O-222 at a lower magnesium level (a% = 
4.3 x 1O-5A4), while in fact the electrode gives the most extensively useful response at 
lower magnesium levels (cJ Fig. 3 for a nitrate-sensitive electrode affected by chloride 
interference). 

The considerable variation of selectivity with interferent concentration is further 
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illustrated by the work of Lal and ChristiatP on fifteen foreign cations, using the 
Orion 92-82 lead electrode. However, the apparent lack of critical assessment in this 
paper= emphasises the attention to detail essential for studies on electrode assessment. 
Thus, in commenting that the Orion lead electrode is much more responsive to uni- 
valent cations than is reported by the manufacturers, La1 and Christian13 have not 
considered the modifying influence of the power term of equation (4). Yet this 
equation shows that the lead electrode has nearly the same useful range in the presence 
of 10-sM sodium (down to 8.9 x Io”LM lead) as it has in the presence of 10-SM 
calcium (down to 25 x lW~?4 lead) even though the respective Ki, values differ by 
several orders of magnitude (KPbNa = 8.9 x lo6 and KPbca = 25). The extensive 
useful range permits the lead potentiometric titrations mentioned by these workerP 
but a high response to the sodium and potassium salt titrants used would hardly 
permit such an application. Moreover, potentiometric titrations of various univalent 
cations with sodium tetraphenylborate, with the lead electrode as sensor, warrant 
further investigation to determine the true mechanism. 

The importance of the useful role of plots such as Fig. 3 for investigations involving 
interference parameters cannot be over-emphasized. Unfortunately, however, such 
plots take up journal space and where the mixed-solution methods*loJa has been 
employed, an alternative procedurell is to quote the activity, a,, of the interfering ion 
corresponding to each KS, value. Readers will then be realistically informed that 
should the level ofj in the test situation exceed this value and the expected activity 
level of i be less than Kd,(ai)“l”, then the electrode will very likely be useless in such a 
test situation. 

An alternative mixed-solution method of expressing selectivity involves variation 
of interferent activity at constant primary ion activity9*loJ4 and is generally used for 
assessing hydrogen ion and hydroxide ion interference. Several diagrams expressing 
constancy of e.m.f. response over a pH range have been published12*15*1s and these 
confirm that unless there are unusual features it is adequate to quote a pH range for 
which there is unlikely to be interference with electrode behaviour, but again it is 
essential to quote the level of primary ion for that pH range. 

Srinivasan and RechnitzlO considered neither of the foregoing mixed-solution 
methods in their treatment of potential data obtained for several different Orion 
liquid membrane ion-sensitive electrodes. Instead, two rather complicated equations 
were proposed, the general form of the one for high values of K,, being 

(5) 

and that for low values of Kdj being 

a,’ - [exp * r$)]ai = Kij[exp f rg) (a$/’ - (a;)“‘] (6) 

As before, the positive sign alternative is used for cation-sensitive electrodes and the 
negative for anion-sensitive electrodes. The a values refer to El, the a’ values to E,. 

Equation (5) is used by plotting the left-hand side against interferent activities, 
a,‘, and equation (6) is used by plotting the left-hand side against the square-bracketed 
function of the right-hand side. In each case, linear plots are obtained, of slope K,. 
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However, there is little to commend such complicated functions when the desired 
information concerning the potential applicability of electrodes can so conveniently be 
obtained from plots of the kind shown in Fig. 3. 

Selectivities of solid-state electrodes have been variously expressed and emphasize 
the present chaos regarding selectivity quotations. 11*14 Except for the method involv- 
ing equations (5) and (6), the practical methods employed for evaluating the selectiv- 
ities are those already described above, although Light and Swartzl’ used equation (5) 
in a non-graphical procedure for determining anion interferences for the Orion 
94-16 sulphide electrode. 

The interference mechanism of solid-state electrodes differs from that of liquid 
ion-exchange and glass electrodes in the manner in which the primary ion and inter- 
fering ion(s) gain access to the all-important membrane .14 This has led to criticism by 
Pungor and T6th” concerning the application of the methods above for determining 
the selectivities of precipitate-based selective ion-sensitive electrodes. Even so, these 
workers used equation (4) in its appropriate form for obtaining “measured” selec- 
tivities of halide electrodes for comparison with those calculated from solubility prod- 
uct ratios.ls This, of course, highlights a common form of interference of crystal 
membrane and precipitate-impregnated membrane electrodes, arising from the 
interfering ion actually reacting at the membrane surface to form a new insoluble 
compound.lg For this kind of interference, a knowledge of solubility products of the 
membrane salt and of the insoluble compound formed is helpful in predicting the 
usefulness of an electrode. For example, for thiocyanate interference with the silver 
bromide electrode, the selectivity ratio, KBrSCN, is given by the ratio of the solubility 
product of silver bromide to the solubility product of silver thiocyanate. This implies 
that for the electrode to be functional to bromide in the presence of thiocyanate, the 
ratio of the interfering thiocyanate to the primary bromide activity must not exceed 
the ratio (solubility product of AgSCN)/(solubility product of AgBr). Of course, the 
inverse relationship holds when the electrode is to be used for thiocyanate, with 
bromide interference, the formll of the selectivity ratio then being KSCNBr. 

Interference with solid-state electrodes also occurs when the membrane material 
reacts with interferent to give a soluble complex, a feature that has been exploited in 
adapting silver halide membranes for use as cyanide electrodes.18*20*21 Dissolution of 
the membrane is also regarded as the basis of the “high” fluoride readings14*22 obtained 
with the lanthanum fluoride electrode in the presence of citrate in dilute fluoride 
solutions. 

Activity and ionic strength 

The various equations for calculating selectivity coefficients depend upon a 
knowledge of activities and it follows that consistency and exact reporting of selec- 
tivity data ought also to include outline information on the calculation of the activity 
coefficient, f, which is used to calculate activity from concentration. Such information 
is especially desirable since the Debye-Htickel equation, 

logf = -Az2fi 

where A is a constant which for water is O-511 at 25’, holds strictly only for zero 
ionic strength, ,!L, and its predictions differ from the behaviour of real electrolytes at 
ionic strengths greater than 10-3-10-2M. To meet this situation a variety of more or 
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less empirical extensions to equation (7) have been proposed to fit the data (with 
varying success) at moderate values of ionic strength (Fig. 4). 
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FIG. 4.-Computer simulations of various activity coefficient-ionic strength equations 
for univalent ions. 
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The variation of the Debye-Htickel equation shown in equation (8) is extensively 
used in selective ion-sensitive electrode work for calculating the single ion activity: 

logf= - 
AZ22/- 

(1 + 4J 
The ionic strength, ,u, is given by 

p = 42 cz2 

(8) 

(9) 

where c and z are the concentration and charge respectively of each ionic species 
present. 
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Stability of response 

Closely related to selective response in the rating of ion-sensitive electrodes is 
drift and response time. Reports on steadiness and reproducibility of electrode 
response can provide useful guides to prospective users on frequency of recalibration 
and the suitability of the electrode for continuous process use. 

Electrodes of different types are liable to different extents of drift, although wider 
drifts necessitating frequent recalibration can be tolerated when alternative methods 
of analysis are cumbersome or non-existent. Some electrodes have very low drift, 
e.g., a potassium electrode with biological membrane (Beckman Catalogue No. 39622) 
for which daily checking during a continuous ten-day soaking period in 10-2M 
potassium chloride “did not produce a noticeable drift.“16 However, an accompany- 
ing table does show differences in response of up to f2 mV after ten days, compared 
with the initial response .16 No results are quoted for the intervening period, although 
the ten-day results cover the potassium concentration range 10-5-10-1M (9.96 x 
IO@-7.7 x 10-2M activity). 

Data22-24 for the well-established and widely used lanthanum fluoride crystal 
membrane fluoride-responsive electrode indicate a similar f2 mV drift for the 
Orion 94-09 model, although Srinivasan and Rechnitz26 report drifts of up to 7 mV 
depending on stirring and activity conditions, the response being steadier at high 
ionic strengths. 

Miniaturization of electrodes is desirable for in viva measurements or for in situ 
studies where solution volume is a limitation. 26 However, design demands can lead to 
specification change and for this reason reports should clearly specify electrode types 
used. Thus, for a fluoride microelectrode the zero potential varied by about f20 mV 
from day to day but, on the other hand, depth of immersion had little effect on the 
potential, the e.m.f. shift being about -2 mV over the 1 mm length of the exposed 
lanthanum fluoride crystal. 

While 2 mV drifts may seem insignificant, it must be emphasized that drifts of this 
magnitude can lead to errors of several per cent. Frequent recalibration of selective 
ion-sensitive membrane electrodes is therefore essential, especially for the liquid 
ion-exchanger membrane electrodes which are reported to have drifts of over 2 mV 
for a single day’s use,12s27*28 even extending to 70 mV for an Orion 92-07 nitrate 
electrode.27 However, provided the calibration slope does not alter with time, 
recalibration is a simple matter and not a serious drawback, particularly when 
alternative analysis procedures are cumbersome or non-existent. 

Calibration slopes 

Equation (2) suggests that calibration slopes should be 59/z mV at 25”. For 
selective ion-sensitive electrodes this is far from universally true, although slopes are 
normally within 2-3 mV of the Nernstian value. This is no inconvenience so long as 
the particular calibration slope does not change with time, and unlike the overall 
drifts mentioned above, slopes have been found to be extremely steady during normal 
electrode life; if not, failure of the electrode is indicated. 

A drastic change in slope can often be related to some malfunction of the reference 
electrode, whereas failure of a functional selective-ion sensitive electrode is more 
gradual, being manifested as a drop in calibration slope. 

As with drifts, some very large deviations in calibration slope have been reported; 
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for example, slopes ranging from 64 to 50 mV per activity decade and attributed to 
defective assembly have been reported”’ for the liquid ion-exchanger Orion 92-07 
nitrate electrode. 

Deviations from Nernstian behaviour may be attributed to incomplete perm- 
selectivity of the membrane, a factor which Helfferich2g covered by an integral term in 
the function for membrane potential to account for the co-ion flux. Such integrals 
may be evaluated graphically, but this is of no benefit in the present context and for 
general application here it is adequate to take a coefficient, S, instead of 2.303RTlzF 
in equation (2), where S is the calibration slope. 

Speed of response 

Several studies have been made of the response times of selective ion-sensitive 
electrodes, principally by Rechnitz30-34 and Pungor,36 although descriptions of new 
electrodes frequently include details of response times.12s1e*zs In general, liquid 
exchanger ion-sensitive membrane electrodes respond less rapidly than the solid-state 

type- 
It can be argued that rather too much emphasis has been placed on response times 

of electrodes; this is certainly the case for direct potentiometric determination of 
activity where response times of some minutes are quite tolerable. However, auto- 
matic analysers and continuous-measurement cells require sensors with more rapid 
response, and response times of minutes are too long for kinetic work and potentio- 
metric titrations. 

In attempts to determine very short response times, the relatively high time- 
constants of measuring instruments can be a limitation, but when electrodes with such 
ideal time responses have been achieved, there is no reason for obsession with this 
characteristic until the measuring instruments and the slow equilibration of junction 
potentials within the measuring-cell have been improved. 

Response times are usually measured either by immersing the electrode in the 
solution and finding the time needed to reach equilibrium, or by injecting a solution of 
appropriate concentration into the system in which the electrode is already immersed. 
The equilibration can be monitored by chart-recorder, but Pungos5 used an oscillo- 
scope for times in the millisecond range. Response time data should be given for 
change from dilute to concentrated solution and for change in the opposite direction, 
and in addition, for reading within 1 mV of the equilibrium value. The latter times 
are usually a mere fraction of the full equilibration times and can provide guides 
for continuous monitoring and potentiometric applications. Indeed, where full 
equilibration times are long, the “I-mV times” can be short enough for rapid po- 
tentiometric titration rather than the intermittent start and stop of the burette system 
in automatic systems that is sometimes necessary6 in order to allow equilibration 
near the equivalence point. However, there are few reports on response times in 
mixed solutions. 

It is interesting that electrode response is very steady during stirring12Je*2s*33*34 
and that base-line noise levels of recorders are only important at low activities.ls 
However, there can be differences in potential response between stirred and unstirred 
solutions26 and for different rates of stirring. 33*34 Differences of O-4 and 6 mV have 
been observed25 in the potential response of the Orion 94-09 fluoride electrode for 
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10-l and lOaM fluoride solutions respectively, although at high ionic strengths, for 
example in 1M sodium nitrate, no such differences are evident.25 

Conditioning and storage of electrodes 

As with glass electrodes, the selective ion-sensitive electrodes often need condition- 
ing before use. The description of any new electrode should specify any conditioning 
needed, particularly when there are unusual features such as the need to age the 
Corning Model No. 476132 potassium electrode in a solution having a composition 
simulating that of the test solution in order to avoid long response times and hysteresis 
effects.37 Similarly, information should be given on the conditioning necessary to 
recover from detrimental circumstances; for example, liquid ion-exchanger calcium 
electrodes take an hour to regain proper response potentials to pure calcium chloride 
solutions after exposure to zinc chloride12 and, after exposure to perchlorate, nitrate 
electrodes take almost as long to return to normal behaviour.28 Silver thiocyanate 
should be removed from the membrane (by wiping or with a toothbrush and tooth- 
paste) of silver bromide electrodes after exposure to interfering levels of thiocyanate.% 

Storage conditions for electrodes when not in use should also be stated. 

APPLICATION OF SELECTIVE ION-SENSITIVE ELECTRODES 

The recent interest in selective ion-sensitive electrodes has resulted in about 400 
papers devoted to development and uses. A large proportion concern the specification 
and appraisal of electrodes, but as the rate of appearance of new electrodes might be 
expected to diminish, it can be expected that an increasing proportion of future 
publications will be devoted to application and mechanism. 

It is therefore necessary to specify which factors must be examined in development 
of an application, and what information must be given in any paper published on the 
work done. 

The applications are generally to direct determination of activity (or concentration), 
or to titration procedures. 

With adequate attention to calibration, particularly at low concentration levels 
and low ionic strength, selective ion-sensitive electrodes may be used for direct con- 
centration measurements. 

In using membrane electrodes, precautions must therefore be taken against 
complications at high concentrations and due to other ionic species with respect to 
variation of activity with ionic strength. Interference effects must also be tested at 
realistic levels. For example, bearing in mind equation (4), there is no point in attempt- 
ing to use a nitrate electrode with selectivity coefficient KNqllcl = 4 x 103 determined 
for a chloride level of 05M, when assessing soil nitrate m concentrations of about 
lO+M, when 2M potassium chloride is the extracting agent. This is evident from 
Fig. 3, which confirms that the response would be constant regardless of the nitrate 
activity. However, O*OlM copper sulphate or water could be used as extractant,*O 
although saline soils high in chloride might require supplementary treatment. 

Both the 0ien*O and Milham*l papers on soil nitrate determination are thorough 
in their enquiry and can serve as models for this kind of publication, although the 
former tends to include ambiguous statements. Both give due attention to compari- 
sons with established methods, recovery, a wide variety of samples, and the limitations 
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of published selectivity coefficients and of making corrections by equations, which 
for complicated systems of this kind would demand selectivity terms additional to 
the single one given in equation (2). Hence, Milham et aL41 used rather an involved 
buffer system to cope with some interferents: a low pH kept the equilibrium bicar- 
bonate low and the water-extractable organic acids undissociated; aluminium was 
added to complex anions of organic acids, and sulphamic acid was used to destroy 
nitrite quantitatively. 

Both papers also pay attention to possible effects of ionic strength, and give informa- 
tion on electrode conditioning and mixing times before measurement. The inclusion 
of the correlation coefficient and regression equation is also valuable. 

Concentration measurements of uncomplexed ions 

Exhaustive examination of the effect of ionic strength is necessary for appraisal 
of the application of selective ion-sensitive electrodes. Conductance monitoring may 
not give satisfactory guidance-possibly because of the power term in z in equation 
(9). Though direct measurement on the sample can give acceptable results, it is only 
when a sample consists largely of one salt that anactivity-e.m.f. calibration plot can be 
used accurately. However, such a plot may be acceptable for mixed solutions if the 
ratio of the primary ion to that of the other ions is constant. For example, to estimate 
potassium in sea-water, calibration standards are made by diluting synthetic potassium 
sea-water samples with demineralized water.14 

The constant ionic-background method is frequently used when the analytical 
sample contains a high but essentially constant level of ions besides the one of interest. 
Calibration standards of similar composition are then employed, but ions at interfer- 
ing levels must be absent, of course. 

If samples exhibit considerable overall variation in composition, adding an “ionic 
strength adjuster” to the sample and calibration solutions tends to bring all the 
solutions to a common ionic strength. It is assumed that the ultimate ionic strength 
arises almost exclusively from the ionic strength adjuster and not the sample itself. 
This is the basis of the involved buffer system41 described above for nitrate determina- 
tion in various materials, although the buffer was also a judicious recipe to meet the 
selectivity parameters of the electrode. Though virtually any substance may serve 
as an ionic strength adjuster, it must not complex with the primary ion, and the 
selectivity coefficient, Kij, where j is the ionic strength adjuster, must be negligible. 
Tetramethylammonium nitrate was chosen for this reason for an investigation42 of 
calcium complexes with tri- and tetrametaphosphate, using a calcium-selective liquid 
ion-exchange membrane electrode. Certain variations may sometimes be necessary 
in addition to ionic strength adjustment, for example, pH adjustment will release 
anions of weak acids. Thus, at pH 10.5 the cyanide ion is present and not undissoci- 
ated hydrocyanic acid.35 

Measurements of total concentration 

The methods just discussed give the concentrations (or activities) of free (that is, 
uncomplexed) ions. These may be quite different from the total concentrations (that 
is, free + complexed species). Two elegant methods are now available for total 
concentration measurements .43s44.45 Electrode calibration is not usually necessary 
and only two potentials need be taken. 



634 G. J. MOODY and J. D. R. THOMAS 

Both methods require a change in the concentration of the primary ion, i. For 
known addition (otherwise known as the spiking or known-increment method) more i 
is introduced, whereas in known subtraction the level of i is lowered by adding a 
complexing agent. There are no complications from ionic strengths as in the previous 
cases. 

In the known-addition method, the potential, El, is measured for the sample 
solution of volume V, and total molar concentration C,, of species sought, 

El = constant f S log x&C, (10) 

where S is the electrode calibration slope, fi is the activity coefficient and X, the mole 
fraction of uncomplexed ions. A new potential, E,, is then measured after addition of 
a small volume, V,, of a standard solution (concentration C,) of ions of the species 
sought where C, - lOOC,-,: 

E, = constant f S log (x,f&, + x&CA) (11) 

where fi and x2 correspond to the new activity coefficient and mole fraction of free 
ions, respectively, and CA is the change in concentration, given by V,C,/V,,. An 
essential assumption is that x1 - x2 and fi ,- fi. Hence the difference between equa- 
tions (10) and (11) simplifies to 

A E,-E,=AE= &Slog - 
(co;c) 

and C, can be calculated. 

(12) 

A variation of the known addition method has recently been recommended46*47 
and is based on a modification of the method described by Gran4* for presenting 
potentiometric titration data in linear form by using a semi-antilog plot. The method4’ 
involves plotting the appropriate potential response on the vertical antilog axis 
against volume (ml) of “known addition” with the intercept yielding the concentration 
of ion present. The Orion Gran’s Plot Paper now available4’ is a semi-antilog paper 
corrected for limited volume changes. Further reports on total concentration measure- 
ment are expected, particularly since Gran plots facilitate measurement on samples in 
which the level of the ion being determined is close to the electrode’s limit of detec- 
tion.47 For the known-addition Gran plots, the top of the vertical (antilog) axis is 
equated to the potential of the electrode immersed in a solution containing 10 ml of 
known-addition solution plus 100 ml of test solution. 

An early suggestion 46 for the application of Gran’s method to the known-addition 
procedure is rather more cumbersome, for it involves calculation of 

(I/, + ~lO--EW2.303nr 

where E is the electrode response and V. and V are the volumes of the sample and 
known-addition solutions respectively. 

Orion Gran’s Plot Paper can also be used for the known-subtraction methods,4s 
when the approach corresponds to a titration procedure. The known-subtraction 
method depends on a lowering of the activity of the uncomplexed ions by addition of 
a complexing agent, and the additional assumption that the complexing (or precipi- 
tating) agent is much stronger in its effect than any other present in the original sample. 
Calculations along similar lines to the known-addition method give the expression 

E2-E1=AE= &Slog A 

(“c,” ) (13) 
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Extensive computer tables of appropriate CA and AE values are available to over- 
come the tedious arithmetic of the known-addition and known-subtraction calcula- 
tions.44 

Methods of coping with problems of wide variation of ionic strengths, interferents 
and complexing agents are not restricted to those above; further developments for 
dealing with special situations have been suggested and more can be expected. The 
use of a 1: 1 dilution of both samples and standards with Total Ionic Strength Adjuster 
Buffer (TISAB) is an elegant example of a rapid method in fluoride determination for 
overcoming variations in ionic strength and possible presence of complexing cations 
such as iron(III) and aluminium(III). 4D The essential point is that the methods pro- 
posed should be as simple as possible and there should be adequate testing of 
the precision, reproducibility and recoveries under optimum conditions, including 
calculation of standard deviations and confidence limits. 

Of course, subsequent experimentation can lead to suspicions of defectiveness, 
as has happened with TISAB interference50e51 in the potentiometric titration of fluoride 
with lanthanum nitrate. Such interference has been attributed@’ to the carboxylate 
ion content of TISAB, and although the acetate is retained, citrate has now been 
replaced by DCTA (1,2-diaminocyclohexane,N,N,N’,iV’-tetra-acetic acid) when 
analytical samples contain aluminium or iron. s2 However, for the direct determina- 
tion of fluoride, the lanthanum fluoride electrode is only minimally affected by these 
carboxylate ions.22 

Selective ion-sensitive electrodes in process control 

Process control imposes additional demands and restrictions on the application of 
selective ion-sensitive electrodes. Direct monitoring of the process stream without 
supplementary chemistry is the simplest, but even here there must be adequate assess- 
ment of recalibration demands and of the severe limitations often imposed by leaching 
effects on the membrane. The latter is particularly marked for liquid ion-exchanger 
electrodes, where owing to leaching of the solvent, the solute becomes concentrated 
on the surface of the membrane with resultant sharp increase in potentiaLm 

A watch must be kept for the creation of open circuits by the trapping of air bub- 
bles at electrode tips and for static charges resulting from fast-moving process streams 
rubbing against the plastic walling of electrodes. Since the electrode will probably 
have been assessed for its suitability for analysis of the process solution under static 
conditions, publications on continuous monitoring applications must pay attention 
to these matters as well as to constancy of flow-rate of the process sample stream and 
the reagent streams. The results ought to be confirmed by information derived from 
intermittent sampling. 

Compensation can be made for temperature fluctuation, but where the process 
sample stream contains a steady level of primary ion the need for compensation can 
be avoided by filling the electrode with a solution of the same concentration of 
primary ion as in the sample stream. 

Titration procedures with selective ion-sensitive electrodes 

Potentiometric procedures are of limited accuracy for direct concentration deter- 
mination. However, for sufficiently high concentrations potentiometric titration 
gives good accuracy, for the potentiometry no longer depends on the exact interpreta- 
tion of small changes in voltage and is not restricted by the accuracy of the electrode 
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response to changes in solution concentration. However, development of suitable 
potentiometric titration procedures has a whole variety of possible pitfalls. Thus, in 
addition to the often severe limitations imposed by interferences, restricted concentra- 
tion/activity range and response times of the electrodes, there are also the chemical 
factors of suitability of reagents, relative rates of reactions and the effects of pH and 
various side-reactions. 

The variety of titration procedures with selective ion-sensitive electrodes indicates 
that problems associated with response times are surmountable, for example, 
Hadjiioannou and Papastathopoulos &p claim that the time needed for the EDTA 
titration of calcium and magnesium with a calcium electrode varies from a few seconds 
to a few minutes. Even so, the point of maximum rate of potential change does not 
coincide with the equivalence point, and the over-titration must be at least partly due 
to sluggish response. Clearly a detailed investigation is necessary for the successful 
application of selective ion-sensitive electrodes for potentiometric titration. Thus, 
the slope of the titration curve, the overall voltage change, the blank, all depend on 
sample composition, buffer used and such experimental conditions as titrant delivery 
rate and concentration, stirring rate, size of beaker, position of delivery tip and depth 
of electrode immersion.64 

There is much to commend the approach of Whitfield and Leyendekkerss5 which 
makes an initial theoretical assessment and examines possible problems of locating 
the equivalence point on practical titration curves from the standpoint of both chem- 
ical and potentiometric considerations. In this way possible effects of factors such as 
interferences, ionic strength and limitations imposed by restrictions in electrode 
response after the end-point can be anticipated. The electrode response can restricts8 
the simple application of AE/AV US. V relationships for end-point location. 

There are other ways besides derivative methods for selecting the end-point.5s~57*6* 
The obvious one is to take the mid-point of the “potential jump” section of the normal 
E vs. V titration curve. Independent estimates by several observers help to avoid 
bias in the location of this point, or a computer programme based on least squares 
may be used. Alternatively, especially for unsymmetrical titration curves, a Gran 
plot4s can be used, e.g., on Orion Gran’s Plot Paper?’ 

The final procedure should be tested on a wide range of solution compositions and 
rigorously tested statistically. In general it is fundamental that the end-point and 
equivalence point be as close as possible. Ambiguities in locating the end-point are 
intolerable and corrections through blanks, particularly if these are variable, are also 
not recommended. 

Many useful hints on theoretical and practical aspects of titration procedures, 
including precision and accuracy of potentiometric end-point determination, are 
contained in two recent publications.58*5g 

Dzferentialpotentiometry 

Membrane electrode potentials are normally measured with respect to a reversible 
reference electrode, e.g., a calomel or silver-silver chloride electrode. Measurements 
may equally well be made with reference to another membrane electrode and in order 
to overcome the limitations imposed by the excessively high impedance of two mem- 
brane electrodes, Brand and RechnitzGo have described a new instrument. This can 
be used with, say, two glass electrodes making up the electrochemical cell and it has 
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been assessed for sodium ion determinations, using a cell composed of a pH (refer- 
ence) electrode and a sodium glass (indicator) electrode. Differential potentiometric 
titrations using glass reference and appropriate indicator electrodes are also discussed 
for calcium and copper determination by EDTA titration, but the assessment can 
only be described as incomplete because in view of the comments above on the 
coincidence of end-points with equivalence points of titration curves, the conclusion 
that the “shape of the titration curve was entirely adequate for analytical purposes” 
is insufficient. However, the papeP does show the prospective scope for widescale 
use of membrane electrodes as references for both direct potentiometry and potentio- 
metric titration. Certain of the low impedance membrane electrodes, such as the 
fluoride electrodes have already been useds1*62 for these purposes. 

CONCLUSIONS 

The possible number of combinations of available selective ion-sensitive membrane 
electrodes and solution systems is already large and likely to increase considerably. 
Hence, because of the limitations due to interferences, complex formation and a 
whole variety of operating conditions, it is imperative that prospective users should be 
well-guided to make intelligent decisions regarding the advantages and limitations of 
a new electrode or application in the context of their own particular problem. 

The following summary specifies a number of vital points to be included in reports 
on new electrodes and their applications. Emphasis is placed on realistic assessment 
in terms of speed, accuracy, cost, selectivity, simplicity, and comparison with other 
methods. 

1. A new or modz$ed electrode. In addition to constructional details and cell assembly, 
the report on the electrode must show assessments of useful activity/concentration 
range, response times and selectivity for the primary ion over other ions likely to be 
present in possible applications. Information on operational lifetime, freedom from 
drift and effective pH range at various activity levels should also be given. 

2. Applications for direct concentration/activity measurement. Details must be given 
of the cell assembly, particularly of the reference electrode used with the selective ion- 
sensitive electrode. After information has been given on selectivity factors and means 
of overcoming interferences, the experimental procedure should be detailed, and this 
must avoid the addition of interferents. The activity/concentration values obtained 
must, whenever possible, be carefully compared with those given by traditional and 
established methods (if they exist). It is desirable that statistical tests of comparison 
be made and attention given to recoveries. 

3. On-line process applications. The utility of any analytical system depends on 
accuracy and an on-line continuous pH monitoring system is considered good if it 
measures to &0*02 pH unit representing a deviation of about f I.2 mV at 25” or an 
error of about &5 % in the hydrogen activity measurement. Selective ion-sensitive 
electrodes have similar capabilities, but reports of applications to on-line continuous 
monitoring systems should clearly define the electrode behaviour as in 2 above and 
ought to include an assessment for intermittent samples as well as for continuous 
monitoring. This will help to characterize possible errors due to the additional 
parameters imposed by the flowing system. 
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4. Titration applications. Reports must attend to points concerning electrode be- 
haviour and comparisons with established procedures as in 2. Special attention must 
be given to correct end-point location, to possible interferences, and to damage to 
electrodes by titration solutions. 

Zusammenfassung-Es wird eine Ubersicht iiber Entwicklung, 
Ansprechverhalten, Selektivitlt und Anwendungen selektiv ionen- 
findlicher Elektroden gegeben. Beztiglich de; Entwicklung und 
Anwendung von Elektroden werden Empfehlungen ausgesprochen; 
such die Art und Weise, wie Ergebnisse publiziert werden sollten, 
wird angesprochen. 

R&n&-On passe en revue les caracteres concernant le developpement, 
la reponse, la selectivite et les applications des electrodes selectives 
sensibles aux ions. On fait des recommandations concernant les 
recherches impliquant le developpement et les applications d’electrodes 
et l’on Porte attention sur la man&e de presenter les don&es pour 
publication. 
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Summary-A new method is described for the iodometric microdeter- 
minationof sulphurinorganiccompounds, using a 1Zfold amplification 
reaction after oxygen-flask combustion. The method is based on 
reaction of the resulting sulphuric acid with an excess of saturated 
barium bromate solution. The umeacted barium bromate is precipi- 
tated by addition of acetone, filtered off, redissolved in hot water and 
after addition of an excess of iodide and acid, the iodine liberated is 
titrated with thiosulphate. The method is simple, rapid, highly 
accurate, and of wide application in the microanalysis of organosulphur 
compounds containing other common acid-forming elements. 

SEVERAL methods are available in the literature for the determination of sulphur in 
organic compounds via sulphate estimation. 1-S Redox titration methods after pre- 
cipitation as barium sulphate, with slightly soluble salts such as barium iodate or 
chromate, were suggested by Andrew@ and Sojbelman’ and described in greater detail 
by Erdey and Banyai. * In a recent publication, Jaselskis and Vass revived the barium 
iodate method for the semimicro determination of the sulphate ion in synthetic 
inorganic mixtures. They determined sulphate iodometrically, using a 3-hr equilibra- 
tion of the sulphate solution with solid barium iodate in 40% acetone-O-M aqueous 
acetic acid mixture. The liberated iodate was determined iodometrically after separa- 
tion of the mixed precipitates of barium sulphate and barium iodate. Although an 
amplified iodometric reaction is involved, the procedure is time-consuming, and is not 
suitable for the microdetermination of sulphur in organic compounds. 

Recently, ProkopovrO published a method for the iodometric microdetermination 
of sulphur in organic compounds containing C, H, 0, and S. The method is based 
upon combustion in the oxygen flask, with use of aqueous hydrogen peroxide as 
absorbant to convert sulphur combustion products into sulphuric acid. Addition of an 
excess of potassium iodide and iodate to the solution liberates iodine which is then 
titrated with thiosulphate. Unfortunately, this method cannot be used when other 
acid-forming elements are present in the organic compound. Various attempt@ have 
been made to eliminate such interferences but the procedures tend to be rather lengthy 
and complicated and were thus ignored. 

In the present investigation a new amplification method is described for the iodo- 
metric microdetermination of sulphur in organic compounds containing other acid- 
forming elements. The method depends upon reaction of the sulphuric acid, produced 
from oxygen-flask combustion of organosulphur CornpoundS, with a known and 
excessive amount of saturated barium bromate solution which on precipitating barium 
sulphate releases an equivalent amount of bromic acid. On addition of acetone to the 
solution the excess of barium bromate is then precipitated and, after filtration, is 

l Present address: Institut ftir Organische Chemie, Analytische Abteilung, Universitat des 
Saarlandes, 66 Saarbrticken, W. Germany. 

641 



642 Y. A. GAWARGIOUS and A. B. FARAG 

redissolved in hot water and determined iodometrically in the presence of acid and an 
excess of iodide. 

EXPERIMENTAL 

Reagents 

All the reagents were of analytical grade: saturated bromine water, hydrogen peroxide, sodium 
thiosulphate (0.02-0.04N), potassium iodide, starch, acetone and saturated solution of barium 
bromate monohydrate. 

Barium bromate was prepared by adding a hot aqueous solution of potassium bromate slowly and 
with stirring to a hot aqueous solution containing sufficient barium chloride for stoichiometric 
reaction. The solution was stirred for 20 min, the precipitate washed by decantation with five or six 
500-ml portions of distilled water, filtered off on a Biichner funnel, dried at room temperature and 
stored. 

Apparatus 

A 250-ml oxygen combustion flask and ordinary microanalytical equipment. 

Weigh exactly 3-6 mg of the organosulphur compound and wrap it as usual with the Schbniger 
technique. Place 10 ml of doubly distilled water in the 250-ml flask, fill the flask with oxygen and 
quickly add 1 ml of saturated bromine water or 3 or 4 drops of IOO-volume hydrogen peroxide. Light 
the paper fuse, insert the stopper rapidly and invert the flask, holding it and stopper firmly together. 
When the combustion is complete shake for 5 min. after which the cloud of sulphur trioxide com- 
pletely disappears. 
distilled water. 

Open the fiask and rinse down the stopper and gauze with about 10 ml of doubly 
Place the flask on a hot-Dlate and boil eentlv until the volume of the solution has been 

reduced to 2-4 ml. 
While the solution is still hot, add dropwise 2 ml of the saturated barium bromate solution with 

continuous swirling for 1 min and then cool the flask under running water. Add 50 ml of acetone and 
filter into a 250-ml conical flask by suction through a sintered glass filter (porosity 4). Wash the 
precipitate with 10 ml of acetone and remove the filtrate from the conical flask. Redissolve the 
unrcacted excess of barium bromate on the disc, washing it into the conical flask with 50 ml of hot 
water. To the cold solution add 5 ml of 6M hydrochloric acid and an excess of potassium iodide. 
Titrate the liberated iodine with standardized sodium thiosulphate solution, using starch as indicator. 
Carry out a blank experiment, using an equal volume of the barium bromate solution. 

Since the overall reaction sequence corresponds to 

SOIB- ZF 2BrOJ- E 121- 3 12SsOs*-, 

the percentage of sulphur in the organic compound is easily calculated from the equation: 

%S = 
(Y - X). N. 32.07 x loo 

w. 12 

where Y and X are the volumes of thiosulphate (ml) used in the blank and actual determinations 
respectively, N is the normality of the thiosulphate solution, and W is the weight (mgJ of the organic 
compound. 

RESULTS AND DISCUSSION 

The iodometric determination of sulphur in organic compounds is based on 
complete conversion of the sulphur combustion products into sulphuric acid, which 
is allowed to undergo a precipitation reaction with a known excess of barium bromate 
solution. The unreacted barium bromate is precipitated by addition of a water- 
miscible organic solvent, filtered and redissolved in hot water. 

Two possibilities exist for the estimation of sulphuric acid. In one, it can be deter- 
mined directly with a 12-fold iodometric amplification reaction via estimation of the 
liberated bromic acid. In the other, the sulphuric acid can be indirectly determined, 
also with a 12-fold iodometric amplification reaction, but this time via estimation of the 
unreacted excess of barium bromate after its separation and dissolution in hot water. 

Barium bromate was selected as the displacement reagent as it is sufficiently 
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soluble in aqueous solutions (7.96 mg/ml at 20” and 56.7 mg/ml at 100’). This 
appreciable solubility of the salt has a number of advantages 

(i) It assists the rapid and quantitative reaction with the sulphate ion so that 1 min 
was found to be quite long enough for completion of the precipitation. 

(ii) It allows the use of very small volumes of barium bromate solution which helps 
to minimise the dilution difficulties usually encountered in the quantitative precipi- 
tation of the sulphate ion on the micro-scale. As little as 2 ml of the saturated barium 
bromate solution proved quite satisfactory throughout this work. As expected, this 
amount was found to greatly exceed that required for the quantitative reaction with 
the sulphuric acid arising from ignition of micro-amounts of the various organosuphur 
compounds analysed. 

Preliminary experiments revealed that the acidity arising from combustion of 
organosulphur compounds, whether containing other acid-forming elements or not, 
was sufficient for quantitative precipitation of the sulphate, and that the addition of 
more strong acid was unnecessary. 

The next step was quantitative precipitation of the remaining excess of unreacted 
barium bromate (essential before an iodometric finish can be used). One solution 
is addition of a water-miscible organic solvent which is not oxidized by bromic acid 
or barium bromate. Several such solvents, e.g., alcohols, dioxan and acetone were 
tried, and acetone was found to be best, at concentrations above 80 %, when the solu- 
bility of barium bromate drops to a minimum of 04076 mg/ml. 

Attempts to estimate the liberated bromic acid directly, after the addition of ace- 
tone and without filtering off the precipitates of barium sulphate and bromate, did 
not succeed, mainly because the reaction with iodide was very slow in the presence of 
large amounts of acetone. In such media, the reaction goes to completion only after 
the addition of a few drops of ammonium molybdate catalyst and an excess of acid. 
The latter unfortunately causes the unreacted barium bromate precipitate to dissolve. 

The indirect determination of sulphuric acid via iodometric estimation of the excess 
of unreacted barium bromate, which is easily and quantitatively separated from the 
aqueous medium by addition of acetone, was then tried. On filtering off the precipi- 
tate and redissolving it in hot water, a pure solution of the unreacted barium bromate 
is obtained. Addition of an excess of iodide and acid to this liberates a 1Zfold amount 
of iodine which may be titrated with thiosulphate as usual. With this indirect method, 
no correction factor is required to account for the slight solubility of barium bromate 
because this is almost compensated for in the blank determination. 

On applying the procedure for the analysis of compounds containing C, H, and S 
or C, H, 0, and S, accurate results (c$ Table I) were obtained. p-Toluenesulphonic 
acid was used as test compound, for which representative figures are given in the 
Table. Duplicate analyses of dibenzylsulphide and o-mercaptobenzoic acid also gave 
very satisfactory values, indicating the efficiency of the procedure. 

INTERFERENCES 

Under the prevailing combustion and absorption conditions chlorine, bromine 
and nitrogen are converted to HCI, HBr-Br,, and HNO,-nitrogen oxides respectively. 
Of these, bromine is added in the procedure to oxidize the sulphur combustion 
products. Further, the excess of bromine, the HBr, CO, and oxides of nitrogen, are 
completely eliminated in the boiling step normally involved in the procedure to 
concentrate the absorption solution prior to addition of the barium bromate. 
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T~sre I.-THE IODOMETRIC MICRODETERMINATION OF SULPHUR IN 
ORGANOSULPHUR COMPOUNDS USING AN AhlPLIFICATXON 

REACTION 

Weight, 
mg 

Sulphur, % 
Calc. Found 

p-Toluenesulphonic acid 

o-Mercaptobenzoic acid 

Dibenzylsulphide 

,9$‘-Diaminodiethyldisulphide 
dihydrochloride 

p-Chlorothiophenol 

2-Mercaptoimidazole 

L-Cysteine 

Cysteine hydrochloride 

2.640 
3.175 
4.065 
3.235 
3.865 
2.770 
6.785 
6.475 
4.245 
3.425 
4.050 
6.020 
5.655 
4.700 
5.030 
4.120 
3.300 
2.755 
3.780 

16.86 

20.80 

14.96 

28.48 

22.17 

32.02 

26.69 

2034 

17.0 
16.7 
16.9 
17.0 
16.8 
21.0 
20.7 
15.1 
15.2 
28.3 
28.3 
22.0 
22.0 
31.9 
31.9 
26.8 
26.7 
20.2 
20.4 

However, a series of determinations was carried out using solutions containing 
micro-amounts of sulphuric acid alone and in mixture with micro-amounts of hydro- 
chloric, hydrobromic, and/or nitric acids. Running these solutions through the whole 
procedure showed that the presence of small amounts of these acids did not interfere. 

Application of the procedure for the analysis of a variety of organosulphur 
compounds containing chlorine, nitrogen, or both, gave very satisfactory results (c$ 
Table I). The average absolute error for all the results included in Table I is hO.1, % 
and the maximum deviation is f O-2, %. 

Organosulphur compounds containing phosphorus or iodine were not available 
during this study. However, since phosphorus is converted under the present con- 
ditions into orthophosphoric acid,12*13 mixtures containing micro-amounts of sulphuric 
and orthophosphoric acids were run through the normal procedure. These experiments 
showed that sulphate could be determined accurately in the presence of phosphate 
if the precipitation step is conducted within 1 min, followed by rapid addition of the 
50 ml acetone to precipitate the excess of barium bromate. In this way, co- 
precipitation of barium phosphate is minimized. 

Similarly, iodine is not expected to interfere in the procedure, mainly because with 
bromine-water as the absorbent, the iodine combustion products absorbed would be 
almost expelled from the aqueous sulphuric acid solution in the boiling step. 

The procedure described extends the application of the attractive iodometric 
titration to elemental sulphur microanalysis. The clear advantages of the method are 
the high sensitivity due to the l%-fold amplification, and the sharp end-point which 
overcomes the difficulties encountered with the indicator Thorin sometimes used for 
the direct titration of sulphate with barium ion. l In series analysis one determination 
requires about 30 min. 
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Zusammenfass~g-Eine neue Methode zur jodometrischen Mikrobes- 
timmung von Schwefel in organ&hen Verbindungen wird beschrieben. 
Nach der Verbrennung im Sauerstoffkolben wird eine zwblffache 
Verstlrkungsreaktion verwendet. Sie beruht aufder Reaktion der ent- 
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IODOMETRIC MICRODETERMINATION OF SULPHUR 
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(Received 31 March 1971. Accepted 8 Jub 1971) 

Summary-A new method is described for the iodometric microdeter- 
minationof sulphurinorganiccompounds, using a 1Zfold amplification 
reaction after oxygen-flask combustion. The method is based on 
reaction of the resulting sulphuric acid with an excess of saturated 
barium bromate solution. The umeacted barium bromate is precipi- 
tated by addition of acetone, filtered off, redissolved in hot water and 
after addition of an excess of iodide and acid, the iodine liberated is 
titrated with thiosulphate. The method is simple, rapid, highly 
accurate, and of wide application in the microanalysis of organosulphur 
compounds containing other common acid-forming elements. 

SEVERAL methods are available in the literature for the determination of sulphur in 
organic compounds via sulphate estimation. 1-S Redox titration methods after pre- 
cipitation as barium sulphate, with slightly soluble salts such as barium iodate or 
chromate, were suggested by Andrew@ and Sojbelman’ and described in greater detail 
by Erdey and Banyai. * In a recent publication, Jaselskis and Vass revived the barium 
iodate method for the semimicro determination of the sulphate ion in synthetic 
inorganic mixtures. They determined sulphate iodometrically, using a 3-hr equilibra- 
tion of the sulphate solution with solid barium iodate in 40% acetone-O-M aqueous 
acetic acid mixture. The liberated iodate was determined iodometrically after separa- 
tion of the mixed precipitates of barium sulphate and barium iodate. Although an 
amplified iodometric reaction is involved, the procedure is time-consuming, and is not 
suitable for the microdetermination of sulphur in organic compounds. 

Recently, ProkopovrO published a method for the iodometric microdetermination 
of sulphur in organic compounds containing C, H, 0, and S. The method is based 
upon combustion in the oxygen flask, with use of aqueous hydrogen peroxide as 
absorbant to convert sulphur combustion products into sulphuric acid. Addition of an 
excess of potassium iodide and iodate to the solution liberates iodine which is then 
titrated with thiosulphate. Unfortunately, this method cannot be used when other 
acid-forming elements are present in the organic compound. Various attempt@ have 
been made to eliminate such interferences but the procedures tend to be rather lengthy 
and complicated and were thus ignored. 

In the present investigation a new amplification method is described for the iodo- 
metric microdetermination of sulphur in organic compounds containing other acid- 
forming elements. The method depends upon reaction of the sulphuric acid, produced 
from oxygen-flask combustion of organosulphur CornpoundS, with a known and 
excessive amount of saturated barium bromate solution which on precipitating barium 
sulphate releases an equivalent amount of bromic acid. On addition of acetone to the 
solution the excess of barium bromate is then precipitated and, after filtration, is 

l Present address: Institut ftir Organische Chemie, Analytische Abteilung, Universitat des 
Saarlandes, 66 Saarbrticken, W. Germany. 
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redissolved in hot water and determined iodometrically in the presence of acid and an 
excess of iodide. 

EXPERIMENTAL 

Reagents 

All the reagents were of analytical grade: saturated bromine water, hydrogen peroxide, sodium 
thiosulphate (0.02-0.04N), potassium iodide, starch, acetone and saturated solution of barium 
bromate monohydrate. 

Barium bromate was prepared by adding a hot aqueous solution of potassium bromate slowly and 
with stirring to a hot aqueous solution containing sufficient barium chloride for stoichiometric 
reaction. The solution was stirred for 20 min, the precipitate washed by decantation with five or six 
500-ml portions of distilled water, filtered off on a Biichner funnel, dried at room temperature and 
stored. 

Apparatus 

A 250-ml oxygen combustion flask and ordinary microanalytical equipment. 

Weigh exactly 3-6 mg of the organosulphur compound and wrap it as usual with the Schbniger 
technique. Place 10 ml of doubly distilled water in the 250-ml flask, fill the flask with oxygen and 
quickly add 1 ml of saturated bromine water or 3 or 4 drops of IOO-volume hydrogen peroxide. Light 
the paper fuse, insert the stopper rapidly and invert the flask, holding it and stopper firmly together. 
When the combustion is complete shake for 5 min. after which the cloud of sulphur trioxide com- 
pletely disappears. 
distilled water. 

Open the fiask and rinse down the stopper and gauze with about 10 ml of doubly 
Place the flask on a hot-Dlate and boil eentlv until the volume of the solution has been 

reduced to 2-4 ml. 
While the solution is still hot, add dropwise 2 ml of the saturated barium bromate solution with 

continuous swirling for 1 min and then cool the flask under running water. Add 50 ml of acetone and 
filter into a 250-ml conical flask by suction through a sintered glass filter (porosity 4). Wash the 
precipitate with 10 ml of acetone and remove the filtrate from the conical flask. Redissolve the 
unrcacted excess of barium bromate on the disc, washing it into the conical flask with 50 ml of hot 
water. To the cold solution add 5 ml of 6M hydrochloric acid and an excess of potassium iodide. 
Titrate the liberated iodine with standardized sodium thiosulphate solution, using starch as indicator. 
Carry out a blank experiment, using an equal volume of the barium bromate solution. 

Since the overall reaction sequence corresponds to 

SOIB- ZF 2BrOJ- E 121- 3 12SsOs*-, 

the percentage of sulphur in the organic compound is easily calculated from the equation: 

%S = 
(Y - X). N. 32.07 x loo 

w. 12 

where Y and X are the volumes of thiosulphate (ml) used in the blank and actual determinations 
respectively, N is the normality of the thiosulphate solution, and W is the weight (mgJ of the organic 
compound. 

RESULTS AND DISCUSSION 

The iodometric determination of sulphur in organic compounds is based on 
complete conversion of the sulphur combustion products into sulphuric acid, which 
is allowed to undergo a precipitation reaction with a known excess of barium bromate 
solution. The unreacted barium bromate is precipitated by addition of a water- 
miscible organic solvent, filtered and redissolved in hot water. 

Two possibilities exist for the estimation of sulphuric acid. In one, it can be deter- 
mined directly with a 12-fold iodometric amplification reaction via estimation of the 
liberated bromic acid. In the other, the sulphuric acid can be indirectly determined, 
also with a 12-fold iodometric amplification reaction, but this time via estimation of the 
unreacted excess of barium bromate after its separation and dissolution in hot water. 

Barium bromate was selected as the displacement reagent as it is sufficiently 
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soluble in aqueous solutions (7.96 mg/ml at 20” and 56.7 mg/ml at 100’). This 
appreciable solubility of the salt has a number of advantages 

(i) It assists the rapid and quantitative reaction with the sulphate ion so that 1 min 
was found to be quite long enough for completion of the precipitation. 

(ii) It allows the use of very small volumes of barium bromate solution which helps 
to minimise the dilution difficulties usually encountered in the quantitative precipi- 
tation of the sulphate ion on the micro-scale. As little as 2 ml of the saturated barium 
bromate solution proved quite satisfactory throughout this work. As expected, this 
amount was found to greatly exceed that required for the quantitative reaction with 
the sulphuric acid arising from ignition of micro-amounts of the various organosuphur 
compounds analysed. 

Preliminary experiments revealed that the acidity arising from combustion of 
organosulphur compounds, whether containing other acid-forming elements or not, 
was sufficient for quantitative precipitation of the sulphate, and that the addition of 
more strong acid was unnecessary. 

The next step was quantitative precipitation of the remaining excess of unreacted 
barium bromate (essential before an iodometric finish can be used). One solution 
is addition of a water-miscible organic solvent which is not oxidized by bromic acid 
or barium bromate. Several such solvents, e.g., alcohols, dioxan and acetone were 
tried, and acetone was found to be best, at concentrations above 80 %, when the solu- 
bility of barium bromate drops to a minimum of 04076 mg/ml. 

Attempts to estimate the liberated bromic acid directly, after the addition of ace- 
tone and without filtering off the precipitates of barium sulphate and bromate, did 
not succeed, mainly because the reaction with iodide was very slow in the presence of 
large amounts of acetone. In such media, the reaction goes to completion only after 
the addition of a few drops of ammonium molybdate catalyst and an excess of acid. 
The latter unfortunately causes the unreacted barium bromate precipitate to dissolve. 

The indirect determination of sulphuric acid via iodometric estimation of the excess 
of unreacted barium bromate, which is easily and quantitatively separated from the 
aqueous medium by addition of acetone, was then tried. On filtering off the precipi- 
tate and redissolving it in hot water, a pure solution of the unreacted barium bromate 
is obtained. Addition of an excess of iodide and acid to this liberates a 1Zfold amount 
of iodine which may be titrated with thiosulphate as usual. With this indirect method, 
no correction factor is required to account for the slight solubility of barium bromate 
because this is almost compensated for in the blank determination. 

On applying the procedure for the analysis of compounds containing C, H, and S 
or C, H, 0, and S, accurate results (c$ Table I) were obtained. p-Toluenesulphonic 
acid was used as test compound, for which representative figures are given in the 
Table. Duplicate analyses of dibenzylsulphide and o-mercaptobenzoic acid also gave 
very satisfactory values, indicating the efficiency of the procedure. 

INTERFERENCES 

Under the prevailing combustion and absorption conditions chlorine, bromine 
and nitrogen are converted to HCI, HBr-Br,, and HNO,-nitrogen oxides respectively. 
Of these, bromine is added in the procedure to oxidize the sulphur combustion 
products. Further, the excess of bromine, the HBr, CO, and oxides of nitrogen, are 
completely eliminated in the boiling step normally involved in the procedure to 
concentrate the absorption solution prior to addition of the barium bromate. 



644 Y. A. GAWARGIOUS and A. B. FARAG 

T~sre I.-THE IODOMETRIC MICRODETERMINATION OF SULPHUR IN 
ORGANOSULPHUR COMPOUNDS USING AN AhlPLIFICATXON 

REACTION 

Weight, 
mg 

Sulphur, % 
Calc. Found 

p-Toluenesulphonic acid 

o-Mercaptobenzoic acid 

Dibenzylsulphide 

,9$‘-Diaminodiethyldisulphide 
dihydrochloride 

p-Chlorothiophenol 

2-Mercaptoimidazole 

L-Cysteine 

Cysteine hydrochloride 

2.640 
3.175 
4.065 
3.235 
3.865 
2.770 
6.785 
6.475 
4.245 
3.425 
4.050 
6.020 
5.655 
4.700 
5.030 
4.120 
3.300 
2.755 
3.780 

16.86 

20.80 

14.96 

28.48 

22.17 

32.02 

26.69 

2034 

17.0 
16.7 
16.9 
17.0 
16.8 
21.0 
20.7 
15.1 
15.2 
28.3 
28.3 
22.0 
22.0 
31.9 
31.9 
26.8 
26.7 
20.2 
20.4 

However, a series of determinations was carried out using solutions containing 
micro-amounts of sulphuric acid alone and in mixture with micro-amounts of hydro- 
chloric, hydrobromic, and/or nitric acids. Running these solutions through the whole 
procedure showed that the presence of small amounts of these acids did not interfere. 

Application of the procedure for the analysis of a variety of organosulphur 
compounds containing chlorine, nitrogen, or both, gave very satisfactory results (c$ 
Table I). The average absolute error for all the results included in Table I is hO.1, % 
and the maximum deviation is f O-2, %. 

Organosulphur compounds containing phosphorus or iodine were not available 
during this study. However, since phosphorus is converted under the present con- 
ditions into orthophosphoric acid,12*13 mixtures containing micro-amounts of sulphuric 
and orthophosphoric acids were run through the normal procedure. These experiments 
showed that sulphate could be determined accurately in the presence of phosphate 
if the precipitation step is conducted within 1 min, followed by rapid addition of the 
50 ml acetone to precipitate the excess of barium bromate. In this way, co- 
precipitation of barium phosphate is minimized. 

Similarly, iodine is not expected to interfere in the procedure, mainly because with 
bromine-water as the absorbent, the iodine combustion products absorbed would be 
almost expelled from the aqueous sulphuric acid solution in the boiling step. 

The procedure described extends the application of the attractive iodometric 
titration to elemental sulphur microanalysis. The clear advantages of the method are 
the high sensitivity due to the l%-fold amplification, and the sharp end-point which 
overcomes the difficulties encountered with the indicator Thorin sometimes used for 
the direct titration of sulphate with barium ion. l In series analysis one determination 
requires about 30 min. 
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Zusammenfass~g-Eine neue Methode zur jodometrischen Mikrobes- 
timmung von Schwefel in organ&hen Verbindungen wird beschrieben. 
Nach der Verbrennung im Sauerstoffkolben wird eine zwblffache 
Verstlrkungsreaktion verwendet. Sie beruht aufder Reaktion der ent- 
standenen Schwefelsaure mit einem uberschti an gesattigter Barium- 
bromatliisuna. Das nicht verbrauchte Bariumbromat wird durch 
Zugabe von X&on ausgefallt, abfiltriert und in he&m Wasser wieder 
gelost ; nach Zugabe von iiberschiissigem Jodid und S&ue wird das frei- 
gesetzte Jod mit Thiosulfat titriert. Die Methode ist einfach, schnell, 
sehr genau und hat umfangreiche Anwendungsmoglichkeiten bei 
der Mikroanalyse von schwefelhaltigen organischen Verbindungen, 
die andere saurebildende Elemente enthalten. 

R6sum~n d&it une nouvelle m&ode pour la microdetermination 
iodometrique du soufre dans les composes organiques. utilisant une 
reaction d’amplitication de facteur 12 ap& combustion en fiole d’oxy- 
gene. La mdthode est bas6e sur la reaction de l’acide sulfurique r&l- 
tant avec un exc& de solution satur6e de bromate de baryum. Le 
bromate de baryum qui n’a pas r6agiest pr&cipiteparadditiond’ac&one, 
filtre, redissous dam l’eau chaude et, apr&s addition dun ex& d’iodure 
et d’acide, on titre l’iode lib&e par le thiosulfate. La methode est 
simple, rapide, hautement precise et d’une large application dans la 
microanalyse de composes organosulfur&s contenant d’autres elements 
communs formant des acides. 
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Summary-The synthesis of 8-selenoquinoline and its sodium salt has 
been improved by optimization of each process. The stability of the 
reagents in air and nitrogen has been examined and correlated with the 
drying method. Both I-selenoquinoline and its sodium salt can exist 
as the monohydrate. It was found that the sodium salt of S-seleno- 
quinoline monohydrate is best as the weighing form of the reagent and 
that it can be kept stable under nitrogen in a vessel containing silica gel. 

8-SELENOQUINOLINE (8quinolineselenol), so-called selenoxine, was synthesized by 
Sekido, Fernando and Freiser,l and the properties of this reagent and some of its metal 
chelates were studied.2-P Because of the poor yield and its instability in air, however, 
further studies appeared necessary. 

Hitherto, 8-selenoquinoline has been synthesized according to scheme I. The 
diazotization of 8-aminoquinoline proceeds successfully in mineral acid but the 
resulting diazonium salt solution does not necessarily react smoothly with potassium 
selenocyanate; consequently the yield of 8-selenoquinoline or 8,8’-diquinolyldiselenide 
is usually poor. 8-Selenoquinoline is so unstable in air that it is necessary to take care 
in storing it, and on the other hand 8,8’-diquinolyldiselenide must be reduced just 
before use. 

This paper deals with the improved synthesis of 8-selenoquinoline and the stability 
of 8-selenoquinoline and its sodium salt as a function of the drying method used. 

EXPERIMENTAL 

Synthesis of B-selemquinoline and its sodium salt 

LSelenocyanafoquinoZine. Pure 8-aminoquinoline (15 g, 0.105 mole) prepared from 8-hydroxy- 
quinoline,* is dissolved in 48 % hydrobromic acid (78 ml, 0.50 mole) and water (200 ml). Into the 
solution cooled to 0”, 10 ‘A sodium nitrite solution is dropped with stirring. 
to yellow-green indicates the end of the diazotization. 

A colour change from red 
The excess of nitrite is destroyed by addition 

of 2M sulphamic acid until evolution of nitrogen ceases. The diazonium solution is neutralized with 
solid sodium acetate to pH 15-2.0, in an i&-bath. Then 15% potassium selenocyanate solution 
(100 ml, 0.104 mole) is added slowly during one hour, at below 5”. 
is formed as a suspension and nitrogen is evolved. 

The bulky yellow-brown product 
To complete the reaction, the solution is stirred 

for 30 min at below 5” and then forseveral hours at room iemperature (in a-fume-cupboard). The 
solution is adjusted to pH 8.0 with 12M sodium hydroxide and the precipitate altered off. If 1% 
hydrogen peroxide solution is added to the filtrate, a little yellow-brown precipitate may be formed. 
This precipitate, probably impure 8,8’-diquinolyldiselenide, is added to the 8-selenocyanatoquinoline 
in the following procedure. 8-Selenocyanatoquinoline can be recrystallized from 50% v/v aqueous 
methanol (to give yellow-brown needles, m.p. 74-75”), but as it is an evil-smelling compound and the 
recrystallization is difficult, the crude compound is used in the following procedure. 

8,8’-Diquinofyldiselenide. The crude 8-selenocyanatoquinoline (10 g, O-043 mole) is dissolved in 
6M hydrochloric acid (50 ml) and 50% hypophosphorous acid (10 ml) and the resulting solution is 
warmed for about 15 min on a water-bath. The colour changes gradually from yellow to red, which 
indicates the formation of 8-selenoquinoline by hydrolysis of 8-selenocyanatoquinoline. After cooling 
in an ice-bath, the impurity is filtered off (in a fume-cupboard, because hydrogen cyanide gas may 
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ieCN QeH 

Se 
Se 

Scheme I 

be produced). The I-selenoquinoline in acid solution is neutralized with 5M sodium hydroxide in 
an ice-bath while nitrogen is bubbled through the solution. The colour changes to red-violet in weakly 
acidic or neutral solution and then to yellow in alkaline solution. The alkaline solution of I-seleno- 
quinolme is rapidly filtered under nitrogen to remove the impurities. When 1% hydrogen peroxide 
solution is added to the filtrate, a white precipitate of 8,8’-diquinolyldiselenide forms rapidly. The 
precipitate is filtered off, washed with water and dried in uacuo at room temperature. It is purified 
by dissolving it in hydrochloric and hy-pophosphorous acids and repeating the above-mentioned 
procedure. Yield, 40 % (from 8-aminoquinoline); tine white crystals, m.p. 205” (lit.,’ 205-206’). 
Calculated for CrBHI,NISel: C, 52.19%; H, 2.92%; N, 676%. Found: C, 52.6%; H, 3.0%; N, 
7.3 %. 

8-Selenoquinoline. Purified 8,8’-diquinolyldiselenide (15 g) is dissolved in as little 6M hydrochloric 
acid as possible and 50% hy-pophosphorous acid (5 ml). The colour changes from yellow to red, 
which indicates the formation of I-selenoquinoline. To complete the reduction the solution is 
warmed on a water-bath for about 10 min. It is not favourable to heat at high temperature and for 
a long time. After cooling, the solution is filtered if necessary, put in an ice-bath, and kept under 
nitrogen while 12M sodium hydroxide is added dropwise. The red solution becomes deep violet-red 
and then a precipitate forms, which redissolves on further addition of sodium hydroxide, to give a 
yellow solution, which is rapidly filtered if necessary. Then 2M hydrochloric acid is carefully added 
until the pH reaches 4, and dark red-brown needles precipitate. The precipitate is rapidly filtered off 
under nitrogen and washed with oxygen-free cold water. The I-selenoquinoline is dried and kept in 
a desiccator containing silica gel and filled with nitrogen. More product can be obtained by repeating 
the procedure with the filtrate and washings. Yield, 52%; red-brown needles, m.p. not measurable 
(oxidation to 8,8’-diquinolyldiselenide). Calculated for C,H,NSe: C, 51.94%; H, 3.39%. Found: 
C, 51.7%; H, 3.6%. 

Sodium salt of 8-selenoquinoline. When 12M sodium hydroxide is added to an acidic solution of 
8-selenoquinoline, in an ice-bath under nitrogen, the yellow sodium salt of I-selenoquinoline is 
precipitated. After filtration, the sodium salt is dried and recrystallized from 95 % ethanol at least 
thrice. The amount of water of crystallization depends on the method of drying. Drying and storage 
in a desiccator containing silica gel and filled with nitrogen yields the monohydrate. Yield, 21.0% 
(from 8X-diauinolvldiselenide): vellow crystals. Calculated for C,H,NOSeNa: C, 43.57 %; 
H, 3.25%. Fdund: ‘C, 43.3%;’ H,‘3.6%. * 

When the salt is dried in uacuo at 120”, the anhydride is obtained. Yellow crystals; Calculated 
for C,H,NSeNa: C, 46.98 %; H, 2.63 %; N, 6.09 %. Found: C, 46.7 %; H, 2.9 %; N, 5.9 %. 
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Other reagents 

8-Mercaptoquinoline was prepared by the method of Kealey and Freiseti and its sodium salt by 
the method of Nakamura and Sekido: 

Apparatus 

Drying. Vacuum desiccators containing silica gel or calcium chloride as desiccant were used for 
drying at room temperature and an electric oven under reduced pressure for drying by heating. 

RESULTS AND DISCUSSION 

Synthesis of 8-selenoquinoline 

The improvements in the synthesis of 8-selenoquinoline are summarized in Table I. 

TABLE I.-IMPROVEMENTS OF THE SYNTHESIS OF ~-S~LENOQIJINOLIN~ COMPARED WITH 
THE CONVENTIONAL METHOD 

Reaction parameter This method Conventional method’ 

Acidity of diazotization Mineral acids (HCl, HBr 
or HISO.) 0.25M 

HISO., 0*1&f 

Neutralization of diazonium Addition of solid sodium Addition of 5M sodium 
salt solution acetate hydroxide 

Acidity of diazonium salt pH 1.5-2.5 pH 7.0 
solution and KSeCN 
solution 

Order of addition Addition of KS&N to 
diazonium salt solution 

Addition of diazonium salt 
solution to KSeCN 
solution 

Temperature and time of 
the reaction 

30 min in an ice-bath and 
then 60 min at room 
temperature 

30 min in an ice-bath 

Yield of 8,8’-diquinolyldi- 
selenide from I-amino- 
quinoline 

40% 12% (Maximum) 

E$ect of acidity on the diazotization of &aminoquinoline. It was found that the 
diazotization proceeds in hydrochloric or hydrobromic acid as well as in sulphuric acid 
and that at least 5 equivalents of acid per equivalent of S-aminoquinoline are needed 
for smooth diazotization. 

Neutralization of diazonium salt of &aminoquinoZine. When 5M sodium hydroxide 
is used for neutralization to pH 1.5-2.5, higher pH values may be attained locally. In 
addition, heating by the exothermic reaction might accelerate decomposition of the 
diazonium salt. Use of more dilute sodium hydroxide solution makes the volume too 
large, and causes difficulty later. Addition of solid sodium acetate eliminates these 
disadvantages. 

Acidity of the diazonium salt solution and the potassium selenocyanate solution. 
Potassium selenocyanate decomposes in acid solution to yield colloidal red selenium. 
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The rate of decomposition as a function of pH is as follows: 

PH 
Decomposition time, 

min 

below 1 I.0 2.0 4.0 5.0 I,0 

instantly 2 5-6 5-6 10 no change 

The decomposition is accelerated by increase in temperature. 
Although the diazonium salt of S-aminoquinoline is stable in strongly acidic 

solution, it decomposes at higher pH. The yield of 8,8’-diquinolyldisulphide by reac- 
tion of the diazonium salt with thiourea was used to monitor the effect of pH on 
decomposition of the diazonium salt (the rate of reaction of the urea increases with 
pH, so an inverse relationship of yield to pH indicates faster decomposition as the pH 
is increased) : 

PH -0.4 1.0 2.0 4.0 5.0 7.0 

Yield, % 50 40 32 19 7 9 

The best compromise between decomposition of the diazonium salt and of po- 
tassium selenocyanate was to use a pH of 13-2.5. 

Order of addition of the diazonium salt and selenocyanate. If the neutralized 
diazonium salt solution is added to the selenocyanate solution,l the product becomes 
very tarry and difficult to remove. The reverse order of addition was found to give a 
readily filterable yellow-brown precipitate. 

Drying conditions. The effect of varying the drying conditions is shown in Table II. 

TABLE II.-WATER CONTENT AND COU)UR OF 8-SELENOQUINOLINE AND ITS SODIUM SALT 
WHEN THESE ARE DRIED UNDER VARIOUS CONDITIONS 

No. Substance Desiccant 

Drying condition 
Water 

Temp., Time, content, * 
Atmosphere “C hr % c010ur 

1 8-SQ? silica gel 
2 8-SQt silica gel 
3 8SQ t silica gel 

4 a-SQ t CaCl, 

5 8-SQ-Nat 

8-SQ-Na$ 
S-SQ-Na$ 
I-SQ-NaS 
8-SQ-Na$ 

silica gel 

silica gel 
silica gel 
silica gel 

no 

nitrogen 
nitrogen 
vacuum 

(0.1 pbar) 
nitrogen 

vacuum 
(0.1 pbar) 
(0.1 pbar) 
(0.1 pbar) 

25-40 mbar 
vacuum 

(0.1 ,ubar) 

20-25 24 
20-25 48 
20-25 24 

20-25 48 
____ 

24 20-25 6.7 yellow 

20-25 48 7.6 yellow 
20-25 7 days 7,2 yellow 
20-25 48 7.8 yellow 

120 l-6 0 orange 

8.2 
0 
0 

0 

red 
red-brown 
red-brown 

red-brown 

* Average value of at least 5 results. Range f0.5 %. One molecule of water of crystallization 
corresponds to 8.0% H,O for 8-SQ and 7.3 % for 8-SQ-Na. 

t 8-SQ : 8-selenoquinoline. 
$ 8-SQ-Na : sodium salt of 8-selenoquinoline. 

Experiments l-4 show that 8-selenoquinoline easily loses its water of crystallization. 
In contrast, the sodium salt exists as the monohydrate over a fairly wide range of 
drying conditions. The anhydrous salt is so hygroscopic that it must be kept in a 
desiccator containing phosphorus pentoxide. 
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Thermal stability of &selenoquinoline and its sodium salt 

S-Selenoquinoline, especially its monohydrate, is easily oxidized in air to 8,8’- 
diquinolyldiselenide. Therefore, its thermal stability was examined in nitrogen as well 
as in air. Thermogravimetry of 8-selenoquinoline monohydrate in air (curve A in 
Fig. 1) shows loss of the water at a temperature of 51” or lower, accompanied by a 

60- 
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& A------- 8-Selenoquinoline 

340- B -.- - - 8 -Selenoquinoline 

C - 8, 8’Diquinolyldiselenide 
&‘- -.-‘-,I. 

20- 8 \ 

oLL ” ” ” ” ” ” ” ’ “‘I 200 300 400 500 

Temperoture, ‘C 

FIG. I.-Thermogravimetric curves of I-selenoquinoline and 8,8’-diquinolyldiselenide 
in air. 

colour change to red-brown at 50-51”. These facts may support the hypothesis that 
the water is not adsorbed by 8-selenoquinoline but weakly bound to it as shown in 
structure I. Bankovskii, Chera and Ievin’sh6 proposed structure II for 8-mercapto- 
quinoline dihydrate. Considering the difference in the acid dissociation constants1 of 
-SH in 8-mercaptoquinoline and -SeH for 8-selenoquinoline (in other words, the 
difference of electronegativities for sulphur and selenium) the S * -H bond in II may 
be stronger than the Se- * *H bond in I. 

sp c&J 
y If 

0 
s,- 7 

‘y lH “H’“\H___o/ H 

‘H 
I II 

Therefore, the temperature of dehydration for 8-mercaptoquinoline (58-59’) 
should be higher than that for 8-selenoquinoline (51’). In the case of 8-mercapto- 
quinoline, the second water molecule may be weakly connected via a hydrogen bond 
to the cyclically bound water molecule. 

The anhydride (curve A above 50” and curve Bin Fig. 1) changes to 8,8’-diquinolyl- 
diselenide by 140” (c$ curve C in Fig. 1). The oxidation of 8-selenoquinoline is also 
confirmed by the identity or the infrared spectra of the product from 8-selenoquinoline 
heated to 180-190” and of 8,8’-diquinolyldiselenide. The differential thermal analysis 
(DTA) and thermogravimetric curves of 8-selenoquinoline under nitrogen (curves A 
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and A’ in Fig. 2) are different from those of 8,8’-diquinolyldiselenide (curves C and C’). 
The peak at 204” on curve C corresponds to melting of 8,8’-diquinolyldiselenide and 
that at 360” to decomposition of the quinoline nucleus. 

8-Selenoquinoline is completely oxidized to 8,8’-diquinolyldiselenide after 3 hr in 
air. This oxidation is confirmed by the disappearance of the infrared absorption band 

Temperature, OC 

Fro. 2.-Differential thermal curves (A, B and C) and thermogravimetric curves (A’, 
B’ and C’) of the reagents in nitrogen gas. A and A’: 8-selenoquinoline; B and B’: 

8,8’-diquinolyldisulphide; C and C’: 8,8’-diquinolyldiselenide. 

at 2925 cm-l (N-H stretching vibration) and by the agreement with the infrared 
spectrum of 8,8’-diquinolyldiselenide. Anhydrous 8-selenoquinoline is stable for at 
least three weeks when stored under nitrogen in a vessel containing silica gel. 

Thermogravimetric curves for the sodium salt of 8-selenoquinoline in nitrogen 
and in air are shown in Fig. 3. The water is all lost between 78 and 106’ (curve A). 
The anhydride increases in weight by 10% over the temperature range 160-190’ if 
heated in air (curves A and B) but not if heated in nitrogen or carbon dioxide (curve C). 
A similar phenomenon occurs with the sodium salt of 8-mercaptoquinoline,’ and not 
for 8-selenoquinoline or 8,8’-diquinolyldiselenide. It is assumed that the sodium salt 
of 8-selenoquinoline is oxidized by air. Oxidation according to the reaction below gives 
a theoretical weight increase of 10.4 % (experimental value, 10.0 %). 
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se=0 
I 
se=0 

+ 2Na,O 

The DTA curves for the sodium salts of S-selenoquinoline monohydrate and 8- 
mercaptoquinoline dihydrate are shown in Fig. 4; for both there is a large endother- 
mic peak at about 120”, which corresponds to loss of the water. The rest of the de- 
composition is rather complex. The bond strength between the water and the organic 

c’ 

560 
5 t 

A-----Sodium SoIt of 8-selenoquinoline 
11n air) 

40 

t 

E-Sodium sdt of 8-selenoquinoline 
(in air) 

20 C-.-. Sodium salt of 8-relenoquinoline 
(in nitrogen gas) 

.ir& \ 
‘A 

orhydride 
---a -._ 

anhydride 

FIG. 3.-Thermogravimetric curves of the sodium salt of 8-selenoquinolie in air and 
nitrogen. 

molecule is presumably almost the same for both compounds. The O-H stretching 
vibration in the infrared spectra for both compounds exists at almost the same position, 
3277 cm-l for the 8-selenoquinoline salt and 3200-3300 cm-l for that of %mercapto- 
quinoline, the first being relatively sharp and the other broad (Fig. 5). These facts 
suggest that the structures may be III and IV respectively. 

III 

That the dehydration temperature of the sodium salts is higher than that of the 
Sseleno- or 8-mercaptoquinoline may be attributed to the bond between the sodium 
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/ I / 

200 300 400 500 

Temperature, T 

FIG. 4.-Differential thermal curves (A and B) and thermogravimetric curves (A’ and B’) 
of the reagents in nitrogen gas. A and A’: sodium salt of I-selenoquinoline; B and 

B’: sodium salt of 8-mercaptoquinoline. 
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FIG. 5.-Infrared spectra of sodium salt of the reagents in the region of 4000-2000 cm-l. 
A: I-selenoquinoline monohydrate; A’: its anhydride; B: 8-mercaptoquinoline 

dihydrate; C: 8-hydroxyquinoline hydrate. 
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atom and the oxygen atom of water being stronger than that between the oxygen 
atom and the selenium or the sulphur atom. Furthermore, the similar dehydration 
temperatures for the sodium salts suggest that one water molecule exists between the 
sodium atom and the nitrogen atom of the quinoline nucleus in both. The second 
water molecule of the dihydrate, being bound to the cyclically bound water molecule 
by a hydrogen bond, will broaden the O-H stretching vibration band. 

The temperature of incipient decomposition of the sodium salt of S-selenoquinoline 
is lower than that for %mercaptoquinoline salt; the S-Na bond may be stronger 
than the Se-Na bond. 

The anhydrous sodium salt of %selenoquinoline is so hygroscopic that it abstracts 
water from silica gel in a desiccator. It is stable if kept in a nitrogen atmosphere over 
phosphorus pentoxide in a desiccator, but over P,05 in a vacuum it changes gradually 
into a red-brown compound. The sodium salt monohydrate is the best storage form, 
being stable for at least 24 months in a nitrogen atmosphere in a desiccator contain- 
ing silica gel. 

Zusannnenfasstmg-Die Synthese von I-Selenochinolin und seines 
Natriumsalzes wurde durch Optimierung jeder Stufe verbessert. Die 
Stabilitlt der Reagentien an Luft und Stickstoff wurde geprtift und 
mit der Trocknungsmethode in Zusammenhand gebracht. Sowohl 8- 
Selenochinolin als such sein Natriumsalz kiimren als Monohydrat 
existieren. Es wurde gefunden, dab das Natriumsalz von I-Seleno- 
chinolin-Monohydrat die beste Wageform des Rcagens darstellt und 
dab es unter Stickstoff in einem Silicagel enthaltenden GefaD stabilisi- 
ert werden karm. 

R&rm&-On a ameliore la synthbse de la 8-selenoquinoltine et de son 
se1 de sodium en optimalisant chaque operation. On a examine la 
stabilite des reactifs a l’air et sous azote et on l’a rattachQ 21 lamethode 
de s&chage. La 8-selenoquinoleine et son se1 de sodium peuvent exister 
a l’etat de monohydrate. On a trouve que le monohydrate du se1 de 
sodium de la 8-selenoquinoleine est la meilleure forme du reactif pour 
la pes& et qu’il peut &tre conserve de man&e stable sous azote dans un 
recipient contenant du gel de silice. 
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Summary-The synthesis of 8-selenoquinoline and its sodium salt has 
been improved by optimization of each process. The stability of the 
reagents in air and nitrogen has been examined and correlated with the 
drying method. Both I-selenoquinoline and its sodium salt can exist 
as the monohydrate. It was found that the sodium salt of S-seleno- 
quinoline monohydrate is best as the weighing form of the reagent and 
that it can be kept stable under nitrogen in a vessel containing silica gel. 

8-SELENOQUINOLINE (8quinolineselenol), so-called selenoxine, was synthesized by 
Sekido, Fernando and Freiser,l and the properties of this reagent and some of its metal 
chelates were studied.2-P Because of the poor yield and its instability in air, however, 
further studies appeared necessary. 

Hitherto, 8-selenoquinoline has been synthesized according to scheme I. The 
diazotization of 8-aminoquinoline proceeds successfully in mineral acid but the 
resulting diazonium salt solution does not necessarily react smoothly with potassium 
selenocyanate; consequently the yield of 8-selenoquinoline or 8,8’-diquinolyldiselenide 
is usually poor. 8-Selenoquinoline is so unstable in air that it is necessary to take care 
in storing it, and on the other hand 8,8’-diquinolyldiselenide must be reduced just 
before use. 

This paper deals with the improved synthesis of 8-selenoquinoline and the stability 
of 8-selenoquinoline and its sodium salt as a function of the drying method used. 

EXPERIMENTAL 

Synthesis of B-selemquinoline and its sodium salt 

LSelenocyanafoquinoZine. Pure 8-aminoquinoline (15 g, 0.105 mole) prepared from 8-hydroxy- 
quinoline,* is dissolved in 48 % hydrobromic acid (78 ml, 0.50 mole) and water (200 ml). Into the 
solution cooled to 0”, 10 ‘A sodium nitrite solution is dropped with stirring. 
to yellow-green indicates the end of the diazotization. 

A colour change from red 
The excess of nitrite is destroyed by addition 

of 2M sulphamic acid until evolution of nitrogen ceases. The diazonium solution is neutralized with 
solid sodium acetate to pH 15-2.0, in an i&-bath. Then 15% potassium selenocyanate solution 
(100 ml, 0.104 mole) is added slowly during one hour, at below 5”. 
is formed as a suspension and nitrogen is evolved. 

The bulky yellow-brown product 
To complete the reaction, the solution is stirred 

for 30 min at below 5” and then forseveral hours at room iemperature (in a-fume-cupboard). The 
solution is adjusted to pH 8.0 with 12M sodium hydroxide and the precipitate altered off. If 1% 
hydrogen peroxide solution is added to the filtrate, a little yellow-brown precipitate may be formed. 
This precipitate, probably impure 8,8’-diquinolyldiselenide, is added to the 8-selenocyanatoquinoline 
in the following procedure. 8-Selenocyanatoquinoline can be recrystallized from 50% v/v aqueous 
methanol (to give yellow-brown needles, m.p. 74-75”), but as it is an evil-smelling compound and the 
recrystallization is difficult, the crude compound is used in the following procedure. 

8,8’-Diquinofyldiselenide. The crude 8-selenocyanatoquinoline (10 g, O-043 mole) is dissolved in 
6M hydrochloric acid (50 ml) and 50% hypophosphorous acid (10 ml) and the resulting solution is 
warmed for about 15 min on a water-bath. The colour changes gradually from yellow to red, which 
indicates the formation of 8-selenoquinoline by hydrolysis of 8-selenocyanatoquinoline. After cooling 
in an ice-bath, the impurity is filtered off (in a fume-cupboard, because hydrogen cyanide gas may 

6 641 
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ieCN QeH 

Se 
Se 

Scheme I 

be produced). The I-selenoquinoline in acid solution is neutralized with 5M sodium hydroxide in 
an ice-bath while nitrogen is bubbled through the solution. The colour changes to red-violet in weakly 
acidic or neutral solution and then to yellow in alkaline solution. The alkaline solution of I-seleno- 
quinolme is rapidly filtered under nitrogen to remove the impurities. When 1% hydrogen peroxide 
solution is added to the filtrate, a white precipitate of 8,8’-diquinolyldiselenide forms rapidly. The 
precipitate is filtered off, washed with water and dried in uacuo at room temperature. It is purified 
by dissolving it in hydrochloric and hy-pophosphorous acids and repeating the above-mentioned 
procedure. Yield, 40 % (from 8-aminoquinoline); tine white crystals, m.p. 205” (lit.,’ 205-206’). 
Calculated for CrBHI,NISel: C, 52.19%; H, 2.92%; N, 676%. Found: C, 52.6%; H, 3.0%; N, 
7.3 %. 

8-Selenoquinoline. Purified 8,8’-diquinolyldiselenide (15 g) is dissolved in as little 6M hydrochloric 
acid as possible and 50% hy-pophosphorous acid (5 ml). The colour changes from yellow to red, 
which indicates the formation of I-selenoquinoline. To complete the reduction the solution is 
warmed on a water-bath for about 10 min. It is not favourable to heat at high temperature and for 
a long time. After cooling, the solution is filtered if necessary, put in an ice-bath, and kept under 
nitrogen while 12M sodium hydroxide is added dropwise. The red solution becomes deep violet-red 
and then a precipitate forms, which redissolves on further addition of sodium hydroxide, to give a 
yellow solution, which is rapidly filtered if necessary. Then 2M hydrochloric acid is carefully added 
until the pH reaches 4, and dark red-brown needles precipitate. The precipitate is rapidly filtered off 
under nitrogen and washed with oxygen-free cold water. The I-selenoquinoline is dried and kept in 
a desiccator containing silica gel and filled with nitrogen. More product can be obtained by repeating 
the procedure with the filtrate and washings. Yield, 52%; red-brown needles, m.p. not measurable 
(oxidation to 8,8’-diquinolyldiselenide). Calculated for C,H,NSe: C, 51.94%; H, 3.39%. Found: 
C, 51.7%; H, 3.6%. 

Sodium salt of 8-selenoquinoline. When 12M sodium hydroxide is added to an acidic solution of 
8-selenoquinoline, in an ice-bath under nitrogen, the yellow sodium salt of I-selenoquinoline is 
precipitated. After filtration, the sodium salt is dried and recrystallized from 95 % ethanol at least 
thrice. The amount of water of crystallization depends on the method of drying. Drying and storage 
in a desiccator containing silica gel and filled with nitrogen yields the monohydrate. Yield, 21.0% 
(from 8X-diauinolvldiselenide): vellow crystals. Calculated for C,H,NOSeNa: C, 43.57 %; 
H, 3.25%. Fdund: ‘C, 43.3%;’ H,‘3.6%. * 

When the salt is dried in uacuo at 120”, the anhydride is obtained. Yellow crystals; Calculated 
for C,H,NSeNa: C, 46.98 %; H, 2.63 %; N, 6.09 %. Found: C, 46.7 %; H, 2.9 %; N, 5.9 %. 
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Other reagents 

8-Mercaptoquinoline was prepared by the method of Kealey and Freiseti and its sodium salt by 
the method of Nakamura and Sekido: 

Apparatus 

Drying. Vacuum desiccators containing silica gel or calcium chloride as desiccant were used for 
drying at room temperature and an electric oven under reduced pressure for drying by heating. 

RESULTS AND DISCUSSION 

Synthesis of 8-selenoquinoline 

The improvements in the synthesis of 8-selenoquinoline are summarized in Table I. 

TABLE I.-IMPROVEMENTS OF THE SYNTHESIS OF ~-S~LENOQIJINOLIN~ COMPARED WITH 
THE CONVENTIONAL METHOD 

Reaction parameter This method Conventional method’ 

Acidity of diazotization Mineral acids (HCl, HBr 
or HISO.) 0.25M 

HISO., 0*1&f 

Neutralization of diazonium Addition of solid sodium Addition of 5M sodium 
salt solution acetate hydroxide 

Acidity of diazonium salt pH 1.5-2.5 pH 7.0 
solution and KSeCN 
solution 

Order of addition Addition of KS&N to 
diazonium salt solution 

Addition of diazonium salt 
solution to KSeCN 
solution 

Temperature and time of 
the reaction 

30 min in an ice-bath and 
then 60 min at room 
temperature 

30 min in an ice-bath 

Yield of 8,8’-diquinolyldi- 
selenide from I-amino- 
quinoline 

40% 12% (Maximum) 

E$ect of acidity on the diazotization of &aminoquinoline. It was found that the 
diazotization proceeds in hydrochloric or hydrobromic acid as well as in sulphuric acid 
and that at least 5 equivalents of acid per equivalent of S-aminoquinoline are needed 
for smooth diazotization. 

Neutralization of diazonium salt of &aminoquinoZine. When 5M sodium hydroxide 
is used for neutralization to pH 1.5-2.5, higher pH values may be attained locally. In 
addition, heating by the exothermic reaction might accelerate decomposition of the 
diazonium salt. Use of more dilute sodium hydroxide solution makes the volume too 
large, and causes difficulty later. Addition of solid sodium acetate eliminates these 
disadvantages. 

Acidity of the diazonium salt solution and the potassium selenocyanate solution. 
Potassium selenocyanate decomposes in acid solution to yield colloidal red selenium. 
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The rate of decomposition as a function of pH is as follows: 

PH 
Decomposition time, 

min 

below 1 I.0 2.0 4.0 5.0 I,0 

instantly 2 5-6 5-6 10 no change 

The decomposition is accelerated by increase in temperature. 
Although the diazonium salt of S-aminoquinoline is stable in strongly acidic 

solution, it decomposes at higher pH. The yield of 8,8’-diquinolyldisulphide by reac- 
tion of the diazonium salt with thiourea was used to monitor the effect of pH on 
decomposition of the diazonium salt (the rate of reaction of the urea increases with 
pH, so an inverse relationship of yield to pH indicates faster decomposition as the pH 
is increased) : 

PH -0.4 1.0 2.0 4.0 5.0 7.0 

Yield, % 50 40 32 19 7 9 

The best compromise between decomposition of the diazonium salt and of po- 
tassium selenocyanate was to use a pH of 13-2.5. 

Order of addition of the diazonium salt and selenocyanate. If the neutralized 
diazonium salt solution is added to the selenocyanate solution,l the product becomes 
very tarry and difficult to remove. The reverse order of addition was found to give a 
readily filterable yellow-brown precipitate. 

Drying conditions. The effect of varying the drying conditions is shown in Table II. 

TABLE II.-WATER CONTENT AND COU)UR OF 8-SELENOQUINOLINE AND ITS SODIUM SALT 
WHEN THESE ARE DRIED UNDER VARIOUS CONDITIONS 

No. Substance Desiccant 

Drying condition 
Water 

Temp., Time, content, * 
Atmosphere “C hr % c010ur 

1 8-SQ? silica gel 
2 8-SQt silica gel 
3 8SQ t silica gel 

4 a-SQ t CaCl, 

5 8-SQ-Nat 

8-SQ-Na$ 
S-SQ-Na$ 
I-SQ-NaS 
8-SQ-Na$ 

silica gel 

silica gel 
silica gel 
silica gel 

no 

nitrogen 
nitrogen 
vacuum 

(0.1 pbar) 
nitrogen 

vacuum 
(0.1 pbar) 
(0.1 pbar) 
(0.1 pbar) 

25-40 mbar 
vacuum 

(0.1 ,ubar) 

20-25 24 
20-25 48 
20-25 24 

20-25 48 
____ 

24 20-25 6.7 yellow 

20-25 48 7.6 yellow 
20-25 7 days 7,2 yellow 
20-25 48 7.8 yellow 

120 l-6 0 orange 

8.2 
0 
0 

0 

red 
red-brown 
red-brown 

red-brown 

* Average value of at least 5 results. Range f0.5 %. One molecule of water of crystallization 
corresponds to 8.0% H,O for 8-SQ and 7.3 % for 8-SQ-Na. 

t 8-SQ : 8-selenoquinoline. 
$ 8-SQ-Na : sodium salt of 8-selenoquinoline. 

Experiments l-4 show that 8-selenoquinoline easily loses its water of crystallization. 
In contrast, the sodium salt exists as the monohydrate over a fairly wide range of 
drying conditions. The anhydrous salt is so hygroscopic that it must be kept in a 
desiccator containing phosphorus pentoxide. 
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Thermal stability of &selenoquinoline and its sodium salt 

S-Selenoquinoline, especially its monohydrate, is easily oxidized in air to 8,8’- 
diquinolyldiselenide. Therefore, its thermal stability was examined in nitrogen as well 
as in air. Thermogravimetry of 8-selenoquinoline monohydrate in air (curve A in 
Fig. 1) shows loss of the water at a temperature of 51” or lower, accompanied by a 
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FIG. I.-Thermogravimetric curves of I-selenoquinoline and 8,8’-diquinolyldiselenide 
in air. 

colour change to red-brown at 50-51”. These facts may support the hypothesis that 
the water is not adsorbed by 8-selenoquinoline but weakly bound to it as shown in 
structure I. Bankovskii, Chera and Ievin’sh6 proposed structure II for 8-mercapto- 
quinoline dihydrate. Considering the difference in the acid dissociation constants1 of 
-SH in 8-mercaptoquinoline and -SeH for 8-selenoquinoline (in other words, the 
difference of electronegativities for sulphur and selenium) the S * -H bond in II may 
be stronger than the Se- * *H bond in I. 
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Therefore, the temperature of dehydration for 8-mercaptoquinoline (58-59’) 
should be higher than that for 8-selenoquinoline (51’). In the case of 8-mercapto- 
quinoline, the second water molecule may be weakly connected via a hydrogen bond 
to the cyclically bound water molecule. 

The anhydride (curve A above 50” and curve Bin Fig. 1) changes to 8,8’-diquinolyl- 
diselenide by 140” (c$ curve C in Fig. 1). The oxidation of 8-selenoquinoline is also 
confirmed by the identity or the infrared spectra of the product from 8-selenoquinoline 
heated to 180-190” and of 8,8’-diquinolyldiselenide. The differential thermal analysis 
(DTA) and thermogravimetric curves of 8-selenoquinoline under nitrogen (curves A 
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and A’ in Fig. 2) are different from those of 8,8’-diquinolyldiselenide (curves C and C’). 
The peak at 204” on curve C corresponds to melting of 8,8’-diquinolyldiselenide and 
that at 360” to decomposition of the quinoline nucleus. 

8-Selenoquinoline is completely oxidized to 8,8’-diquinolyldiselenide after 3 hr in 
air. This oxidation is confirmed by the disappearance of the infrared absorption band 

Temperature, OC 

Fro. 2.-Differential thermal curves (A, B and C) and thermogravimetric curves (A’, 
B’ and C’) of the reagents in nitrogen gas. A and A’: 8-selenoquinoline; B and B’: 

8,8’-diquinolyldisulphide; C and C’: 8,8’-diquinolyldiselenide. 

at 2925 cm-l (N-H stretching vibration) and by the agreement with the infrared 
spectrum of 8,8’-diquinolyldiselenide. Anhydrous 8-selenoquinoline is stable for at 
least three weeks when stored under nitrogen in a vessel containing silica gel. 

Thermogravimetric curves for the sodium salt of 8-selenoquinoline in nitrogen 
and in air are shown in Fig. 3. The water is all lost between 78 and 106’ (curve A). 
The anhydride increases in weight by 10% over the temperature range 160-190’ if 
heated in air (curves A and B) but not if heated in nitrogen or carbon dioxide (curve C). 
A similar phenomenon occurs with the sodium salt of 8-mercaptoquinoline,’ and not 
for 8-selenoquinoline or 8,8’-diquinolyldiselenide. It is assumed that the sodium salt 
of 8-selenoquinoline is oxidized by air. Oxidation according to the reaction below gives 
a theoretical weight increase of 10.4 % (experimental value, 10.0 %). 
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se=0 
I 
se=0 

+ 2Na,O 

The DTA curves for the sodium salts of S-selenoquinoline monohydrate and 8- 
mercaptoquinoline dihydrate are shown in Fig. 4; for both there is a large endother- 
mic peak at about 120”, which corresponds to loss of the water. The rest of the de- 
composition is rather complex. The bond strength between the water and the organic 

c’ 

560 
5 t 

A-----Sodium SoIt of 8-selenoquinoline 
11n air) 

40 

t 

E-Sodium sdt of 8-selenoquinoline 
(in air) 

20 C-.-. Sodium salt of 8-relenoquinoline 
(in nitrogen gas) 

.ir& \ 
‘A 

orhydride 
---a -._ 

anhydride 

FIG. 3.-Thermogravimetric curves of the sodium salt of 8-selenoquinolie in air and 
nitrogen. 

molecule is presumably almost the same for both compounds. The O-H stretching 
vibration in the infrared spectra for both compounds exists at almost the same position, 
3277 cm-l for the 8-selenoquinoline salt and 3200-3300 cm-l for that of %mercapto- 
quinoline, the first being relatively sharp and the other broad (Fig. 5). These facts 
suggest that the structures may be III and IV respectively. 

III 

That the dehydration temperature of the sodium salts is higher than that of the 
Sseleno- or 8-mercaptoquinoline may be attributed to the bond between the sodium 
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/ I / 

200 300 400 500 

Temperature, T 

FIG. 4.-Differential thermal curves (A and B) and thermogravimetric curves (A’ and B’) 
of the reagents in nitrogen gas. A and A’: sodium salt of I-selenoquinoline; B and 

B’: sodium salt of 8-mercaptoquinoline. 

Wave number cm-i 
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I 
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FIG. 5.-Infrared spectra of sodium salt of the reagents in the region of 4000-2000 cm-l. 
A: I-selenoquinoline monohydrate; A’: its anhydride; B: 8-mercaptoquinoline 

dihydrate; C: 8-hydroxyquinoline hydrate. 
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atom and the oxygen atom of water being stronger than that between the oxygen 
atom and the selenium or the sulphur atom. Furthermore, the similar dehydration 
temperatures for the sodium salts suggest that one water molecule exists between the 
sodium atom and the nitrogen atom of the quinoline nucleus in both. The second 
water molecule of the dihydrate, being bound to the cyclically bound water molecule 
by a hydrogen bond, will broaden the O-H stretching vibration band. 

The temperature of incipient decomposition of the sodium salt of S-selenoquinoline 
is lower than that for %mercaptoquinoline salt; the S-Na bond may be stronger 
than the Se-Na bond. 

The anhydrous sodium salt of %selenoquinoline is so hygroscopic that it abstracts 
water from silica gel in a desiccator. It is stable if kept in a nitrogen atmosphere over 
phosphorus pentoxide in a desiccator, but over P,05 in a vacuum it changes gradually 
into a red-brown compound. The sodium salt monohydrate is the best storage form, 
being stable for at least 24 months in a nitrogen atmosphere in a desiccator contain- 
ing silica gel. 

Zusannnenfasstmg-Die Synthese von I-Selenochinolin und seines 
Natriumsalzes wurde durch Optimierung jeder Stufe verbessert. Die 
Stabilitlt der Reagentien an Luft und Stickstoff wurde geprtift und 
mit der Trocknungsmethode in Zusammenhand gebracht. Sowohl 8- 
Selenochinolin als such sein Natriumsalz kiimren als Monohydrat 
existieren. Es wurde gefunden, dab das Natriumsalz von I-Seleno- 
chinolin-Monohydrat die beste Wageform des Rcagens darstellt und 
dab es unter Stickstoff in einem Silicagel enthaltenden GefaD stabilisi- 
ert werden karm. 

R&rm&-On a ameliore la synthbse de la 8-selenoquinoltine et de son 
se1 de sodium en optimalisant chaque operation. On a examine la 
stabilite des reactifs a l’air et sous azote et on l’a rattachQ 21 lamethode 
de s&chage. La 8-selenoquinoleine et son se1 de sodium peuvent exister 
a l’etat de monohydrate. On a trouve que le monohydrate du se1 de 
sodium de la 8-selenoquinoleine est la meilleure forme du reactif pour 
la pes& et qu’il peut &tre conserve de man&e stable sous azote dans un 
recipient contenant du gel de silice. 
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Sunnnary-A two-step flow-wulometry method has been developed 
for rapid determination of elements (plutonium, iron, etc) which exist 
in various oxidation states in solution, and applied to the determina- 
tion of plutonium in 0.5M sulphuric acid medium. The first-step 
wlumn electrode uotential is fixed at between to.10 and to.35 V VS. 
Ag-A&l, and all’plutonium ions are reduced to Pu(III). The second- 
step c&mn electrode potential is tixed at $0.75 V-vs..Ag-AgCl. and 
RumI) which flows from the first wlumn electrode is oxidized to 
Pu(IV). The quantity of plutonium is determined from the number of 
coulombs used in the oxidation. It is possible to eliminate interference 
by diverse ions by electroanalysis at the first column electrode. About 
a IO-~1 sample is necessary and the electrolysis for determination is 
finished in 1 min. 

IT IS WELL KNOWN that plutonium has several oxidation states such as PuO,U-, PuO,+, 
Pu4+ and Pus+ in aqueous solution (Pt.@ and Pus+ are more stable than the others), 
and it is difficult to convert them into a single oxidation state by simple chemical 
procedures. Since plutonium is strongly poisonous, care must be taken in its handling 
(e.g. glove-box operation) and complex procedures are not practical in plutonium 
analyses. 

In this work, the flow-coulometric method1 has been applied to the determination 
of plutonium, and a two-step flow-coulometry method has been developed. Micro- 
amounts of plutonium can be determined precisely by this simple procedure. 
Plutonium solution (5-50 ~1) is passed through the first-step column electrode, which 
is controlled at a proper potential in order to convert all plutonium into Pus+ ions. 
The Pus+ ions are passed through the second-step column electrode immediately; 
here, the working electrode potential is controlled so as to complete the electrode 
reaction : 

Pu(II1) - e = Pu(IV). 

The amount of plutonium is then obtained from the integration of the electrolytic 
current (number of coulombs) at the second-step column electrode: 

Pu (mole) = & 
s 

co 
idt 

0 

where i denotes the oxidation current (A) at time t (set). 
only one minute is required for the whole procedure, 
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The procedure is rapid, and 
including sample injection, 
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valency control at the first-step column electrode and the recording of an electrolytic 
current at the second-step column electrode. Furthermore, diverse ions which 
interfere with the determination of plutonium are eliminated at the first-step column 
electrode by reduction or oxidation. 

In the determination of plutonium by electrochemical methods such as potentiom- 
etry,2 coulometry,3 polarography4 and amperometry,5 the oxidation states must be 
controlled just before the determination. In general, this behaviour of plutonium is a 
serious source of error in the micro-determination of plutonium. Two-step flow- 
coulometry, however, will easily be applicable to automatic determination of pluto- 
nium in remotely-controlled processes. 

EXPERIMENTAL 

Reagents 

Plutonium. Plutonium metal from Nuclear Materials and Equipment Corporation, U.S.A. 
(isotopic composition; zsOPu 91.3, B40Pu 7.81, 2a1Pu 0.85, araPu O-04 atom %) was dissolved in 0.5M 
sulphuric acid after electro-refining and weighing. Plutonium in this solution was expected to be 
present as a mixture of PI?+, Pu’+ and a small amount of PuOla+. 

Uranium. Uranium oxide (U,O,; Johnson Matthey Co., Ltd.) was dissolved in 6M nitric acid 
and the solution evaporated nearly to dryness. Then the residue was dissolved with small amounts of 
0.5M sulphuric acid and evaporated almost to dryness. This procedure was repeated three times. 
The tinal sulphate solution was prepared by dissolving the residue in 0.5M sulphuric acid solution. 
Uranium in this solution was expected to be present as UOa2+. 

All other reagents used were of extra-pure grade. 

Apparatus 

The electrolytic cell for two-step flow-coulometry is shown in Fig. 1 and is essentially the same as 
that described previously6 except that two column electrodes are used, the distance between them being 
minimized, and the dispersion of a sample within the carrier solution being kept as small as possible. 
The glassy carbon counter electrode lasts longer than the silver one used in the previous work.’ 
The glassy carbon counter electrodes, however, are not practical in the potential range where electrol- 
ysis of the counter electrode solution (saturated potassium chloride solution) takes place markedly. 
Saturated potassium chloride solution is more suitable for the counter electrode solution than is 0+5&f 
sulphuric acid because the solubility of chlorine generated by anodic reaction in saturated potassium 
chloride solution is greater than that of oxygen generated by anodic reaction in 0.5M sulphuric acid. 

The glassy carbon working electrode is pretreated as already described. The reference electrode 
is a saturated KCl-AgCl/Ag electrode (SSE). 

Recommended procedure for the determination of plutonium 

Pure nitrogen gas is passed through the supporting electrolyte (0*5M sulphuric acid) and plutonium 
sample solution. The supporting electrolyte is passed through the flow-coulometric column electrode 
at a flow-rate of 5 f 0.5 ml/min, regulated by varying the height of the solution reservoir. The 
working potential of the first-column electrode (E,) is adjusted to +0.35 V us. SSE and that of the 
second-column electrode (E,) to +O-75 V vs. SSE. Then 10-50 ,ul of plutonium solution are injected 
into the supporting electrolyte stream. Plutonium is reduced to Pu(II1) at E1 and Pu(II1) is oxidized 
to Pu(IV) at E,. The current-time curve for oxidation at EB is recorded. The amount of plutonium 
is determined by integrating the current-time curve and converting the quantity of electricity into 
weight or concentration. 

A blank correction is not needed for the determination of more than 1 rg of plutonium. The total 
time required for the determination of plutonium (sample injection to recording of current-time 
curve) is 10-40 set, depending on the plutonium concentration. 

RESULTS AND DISCUSSION 

Preliminary studies using the Fe(II)/Fe(III) couple 

Preliminary studies were made with the Fe(II)/Fe(III) couple as a simple system 
which has only two oxidation states in aqueous solution. The oxidation-reduction 
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FIG. l.-Electrolytic cell. 
(1) Teflon (2) Glass cylinder 
(3) Glassy carbon lead 
(4) Glassy carbon grains (working electrode) 
(5) Saturated KC1 solution 
(6) Glassy carbon cylinder (counter electrode) 
(7) Porcelain cylinder (8) Ag-AgCl reference electrode 
(9) Sample inlet (10) Supporting electrolyte inlet 

(11) Supporting electrolyte outlet 
m Silicone rubber. 

potential of this couple is near that of the Pu(III)/Pu(IV) couple; the formal oxidation- 
reduction potentials of Fe(II)/Fe(III) and Pu(III)/Pu(IV) are +0*47 and +0*54 V vs. 
SSE, respectively, in 0.5M sulphuric acid at 25”. 

The voltage z)s. quantity of electricity curves (E-Q curves), for the Fe(II)/Fe(III) 
system in 0.5M sulphuric acid, are shown in Fig. 2. Ten ,LA of 0.02M Fe(II1) in 0.5M 
sulphuric acid were injected into the carrier solution, i.e., the supporting electrolyte 
of 0.5M sulphuric acid, with the potential at the first-step column electrode (EJ not 
applied (open circuit). Curve 1 in Fig. 2 shows the reduction reaction from Fe(II1) to 
Fe(II), on changing the working electrode potential at the second-step column 
electrode (Ed from +0*70 to 0.00 V vs. SSE. 

Fe(II1) + e + Fe(I1) (Curve 1) 

Similarly, curve 2 shows the E-Q curve for the oxidation reaction: 

Fe(I1) - e --+ Fe(II1) (Curve 2) 

Curve 3 shows the E-Q curve for a mixed sample of 0.0094M Fe(II1) and 0.0106M 
Fe(I1) in 0+5M sulphuric acid solution. 

From these three curves it is found that if El is +O.lO V us. SSE, Fe(II1) ions in the 
sample solution are all reduced to Fe(U), and the quantity of electricity used in this 
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FIG. 2.-Coulomb-potential curves of iron. 
Sample: (1) 2 x lo-’ mole Fes+, (2) 2 x IO-’ mole Fe*+, (3) 0.94 x lo--’ mole Fe8+. 

1.06 x lo-’ mole Fea+. 
Electrolyte: 0*5&f HaSO,. 
Flow-rate: 5 ml/min. 

reaction is proportional to the amount of Fe(II1) ions in the solution, and if El is 
controlled to +0*65 V us. SSE, Fe(I1) ions in the sample solution are all oxidized to 
Fe(III), and the quantity of electricity for this reaction is proportional to the amount 
of Fe(I1) ions in the solutions. 

With the two column electrodes, El is controlled to +O*lO V vs. SSE and E, to 
$0.65 V vs. SSE. The quantity of electricity used in the second step shows the total 
amount of iron in the sample solution. The reaction is then Fe(II) - e + Fe(II1). 
Similarly, when El is controlled to $-O-65 and Es to +O*lO V vs. SSE, the electrolytic 
current at the second-step column electrode shows the total amount of iron at the 
sample solution but the reaction is Fe(II1) + e + Fe(I1). Since both of these 
reactions correspond to one-electron transfers, the absolute values of these two 
quantities of electricity are O-0193 C for the 0.200 ,u mole of iron taken. 

Figures 3a and 3b show typical coulometry records. The electrolysis begins at the 
first-step column electrode 3 set after sample injection, and after 6 set it occurs at the 
second-step column electrode (the arrow shows the time of sample injection). About 
50 set are required to complete the electrolysis. Figure 3a shows the case where 10 ,uI 
of 0.02M Fe(II1) are reduced at the first-step column electrode (curve 1) and that in 
which the Fe(I1) reduced is oxidized to Fe(II1) again at the second-step column 
electrode (curve 2). The quantities of electricity for these two electrochemical reac- 
tions are similar, and are equal to the theoretical value of O-0193 C. Figure 3b shows 
10 ,ul of sample solution, 0.0106M Fe(II1) and 0*0094M Fe(II), reduced at the first- 
step electrode (El = $-O-IO V vs. SSE, curve 3) and then oxidized at the second-step 
electrode (E, = +0.65 V vs. SSE, curve 5). Curve 4 corresponds to the oxidation of 



Determination of plutoniUm 661 

FIQ. 3a.-Current-time curve recorded with 10 ~1 of 2.0 x lo-‘M Fe(II1). 
Electrolyte: O-5M HSO,. 
Flow-rate: 5 ml/min. 

---- 

Osec 

FIQ. 3b.-Current-time curve recorded with 10 ~1 of 14% x lo-all4 Fe(III) + @94 x 
10ePM Fe@.). 

Electrolyte: 0.5M HSO,. 
Flow-rate: 5 ml/min. 
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pu’-’ 2e :pu6’- 0.5 / Fe:'-e tFe3+ -“:3, _-j_“, 

ZH, 0, - 2e=O, t 21 

FIG. 4.-Typical coulomb-potential curves of various metal ions at glassy carbon 
grain column electrode. 

Sample: WB mole, +$.lO ~1 of air-saturated 0.5M H&30,. 
Electrolyte: 0.5M HISOd. 

(Broken lines show oxidation or reduction precedes that of samples.) 

the solution at the first-step electrode (El = +0*65 V vs. SSE). The sum of the 
integrated values of curves 3 and 4 is equal to that of curve 5. 

E-Q curves of various ions 

The E-Q curves for the Cu(II)/C u, U(VI)/U(IV), @X&l-, Ce(IV)/Ce(III), 
Cr(VI)/Cr(III), Ni(II)/Ni, $O,/H,O, and &O,/OH- reactions are shown in Fig. 4. Ten 
,A of 10-3M solutions of various metal ions, chloride ion and hydrogen peroxide and 
10 ~1 of air-saturated 0.5M sulphuric acid, were injected into the carrier solution 
(0.5% sulphuric acid), with Er not applied (open circuit) and E-Q curves were obtained 
by changing E,. The broken lines show estimated E-Q curves because the reduction 
or oxidation reaction of the elements is preceded by that of the solvent. The oxidation 
states of iron and plutonium samples were adjusted previously by controlled potential 
electrolysis. 

The E-Q curve of Cu(II)/Cu in 0.5M sulphuric acid is about O-4 V more negative 
than that of the Fe(III)/Fe(II) couple, as shown in Fig. 4. Therefore copper ions do 
not interfere with the determinations of iron mentioned above. If El is controlled to 
+0*65 V vs. SSE and E, to -0.25 V as. SSE, the total amount of iron plus copper ions 
can be obtained. The difference of these two results (at E, = +O-10 V and E, = 
-0.25 V) gives the amount of copper ions. The amounts of iron and copper ions 
could be determined without mutual interference. 

Coulometry of plutonium 

Figure 4 shows that the cathodic and anodic reactions of the Pu(III)/Pu(IV) 
couple are both about O-1 V more positive than those for the Fe(II)/Fe(III) couple. 
The E-Q curves for plutonium are shown in Fig. 5. Ten ,ul of 4.18 x 10-3M plu- 
tonium [Pu(III) and Pu(IV) present] solution were used as the sample. Curve 1 shows 
the reduction reaction of Pu(IV) to Pu(II1) on varying E, from +0*80 to -0.20 V vs. 
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‘LO-8-Bp 40 E 

FIG. 5.-Coulomb-potential curves of plutonium. 
Sample: 4.18 x 10-8mole Pu. 
Electrolyte: 0*5M H,SO,. 

(1) Pu(IV) + e = Pu(II1). 
(2) Pu(II1) - e = Pu(IV). 
(3) Mixture of Pu(II1) and Pu(IV). 

(The solution was left for five months after dissolution of the plutonium metal.) 

SSE. pU(IV) was produced at the first-step column electrode when potential El was 
controlled to $0.75 V as. SSE. 

Pu(IV) + e + Pu(II1) (Curve 1) 

Similarly, curve 2 shows the oxidation of Pu(II1) to Pu(IV). 

Pu(II1) - e + Pu(IV) (Curve 2) 

Pu(II1) was produced at the first-step column electrode, the potential of which was 
controlled to +O*lO V vs. SSE. Curve 3 shows the oxidation and reduction reactions 
for the mixed solution of Pu(II1) and Pu(IV) ( a solution which had been left for five 
months after dissolution of the plutonium metal in 0*5M sulphuric acid) when ,!Z1 is not 
applied (open circuit). It is found from curve 3 that the ratio of Pu(IV) to Pu(II1) in 
this solution is nearly 3: 1. In this connection, it is confirmed by comparing curve 3 
with curve 2 in Fig. 5, that the presence of Pu(V1) is negligibly small in 0.5M sulphuric 
acid. The sum of the quantity of electricity (QJ for reduction at +0.35 V and 
oxidation at +0.75 V, in curve 3, is nearly equal to the quantity of electricity (Q,) at 
+0.75 V in curve 2. If Pu(V1) is present, Q3 should be larger than Q, because, at 
+0*35 V, Pu(V1) should be reduced to Pu(II1) and hence a three-electron change 
should be involved. After controlled potential electrolysis at +0*75 V at a glassy 
carbon working electrode, the quantity of electricity used at +0*35 V is nearly equal 
to Q,. Therefore, it is considered that the oxidation state of plutonium is Pu(IV) after 

6 
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TABLE I.-DETERMINATION OF PLUTONIUM 

Pu taken mmole taken Coulombs, calculated Coulombs, found Pu found, % 

1.03 mg/rnl 215 2.08 x 1O-a 2.04 x IO-% 98.1 
50 /A 2.07 99.5 

2.06 99.0 
2.01 96.7 
2.04 98.1 

515 &ml 108 1.04 x 10-a l-05 x 10-8 100.9 
50 #l61 1.03 PP.0 

1.03 99.0 
1.04 99.6 
1.05 100.9 

51.5 &ml 
50 /bl 

10.3 pg/ml 
50 /A 

10.8 

2.2 

1.04 x 10-a 1.07 x lo-’ 102.8 
1.04 PP.6 
1.05 100.9 
I.03 98.9 
1.05 100.9 

2.08 x 1O-4 2.20 x lo-’ 105.9 
2.07 99.6 
2.02 97.1 
2.15 103.5 
2.05 98.5 

5.0 &ml 0.42 4.02 x lo+ 3.97 x 10-b 98.7 
20 /Ll 3.94 98.0 

4.07 101-l 
3.93 97.8 
3.92 97.5 

Potentials; first column +0*35 V 0s. SSE, second column $-O-75 V us. SSE. 
Electrolyte; 0*5M HISOI. 
Flow-rate; 5 ml/min. 

electrolysis at +O-75 V. The reason why Pu(V1) generated by the disproportionation 
reaction of Pu(IV) disappears is not clear, but it can be considered that the reduction 
of Pu(V1) by hydrogen peroxide’ or a-ray direct reductions and the enhanced complex- 
forming power of Pu(IV) with sulphate make Pu(V1) unstable. Hydrogen peroxide is 
generated by radiolysis of water’ or reduction of dissolved oxygen by Pu(III).~ 

The results of the determination of plutonium by a method based on the informa- 
tion presented in Fig. 5 are summarized in Table I. It is seen that O-1 ,ug (O-42 p mole) 
and above of plutonium can be determined within f3 %. This error may be due to an 
error in sampling and to the current integration procedure. 

Elimination of interference by other ions in the determination of plutonium 

From Fig. 4, when reducible substances co-exist in a potential range higher than 
$0.75 V vs. SSE, it is seen that plutonium can be determined by the second-step 
column electrode if El = +0*75 and E2 = +O-35 V vs. SSE. Similarly, when 
oxidizable substances co-exist in a potential range lower than $-O-35 V LX SSE, 
plutonium can be determined by the second-step column electrode if El = +O-35 and 
E, = +O-75 V vs. SSE. The results of determination of diverse ions alone, and of 
plutonium in co-existence with these ions, are summarized in Table II, which shows 
that plutonium can be determined without interference by these elements. 
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TABLE II.-EFFKT OF DIVERSE IONS ON DETERMINATION OF PLUTONIUM 

Element taken, 
p mole 

Electrode potential 
(V 0s. SSE) 

first second 
Apparent Pu found 

(p mole) % 

Ce 642 +0.75 WOO 4.4 
3.2 
3.2 

Cr 1600 $0.75 0.00 --o 

cu 400 +0*75 0.00 2.6 
2.0 
2.6 

+0.75 0.00 --o 
OMI +0*75 -0 

Ni 800 +0*75 0.00 -0 
000 +0.75 --o 

U 398 -t@75 0.00 -0 
0.00 +0*75 -0 

Cl 800 +0.75 0.00 4 

Pu 41.8 -+@75 $0.10 41.2 101.2 
64.2 40.7 99.9 

160 41.9 102.7 
40.1 
80.0 
39.8 
80.0 

Electrolyte; 0*5M HISOd. 
Flow-rate; 5 ml/rain. 

Coulometric determination of plutonium in the presence of iron 

As seen in Fig. 4, the oxidation-reduction potential of the Pu(III)/Pu(IV) couple 
is similar to that of the Fe(II)/Fe(III) couple, and it is difficult to determine plutonium 
in the presence of iron by ordinary electrolysis. 

The E-Q curves of plutonium (curves 1, 1’) and iron (curves 2, 2’) are shown in 
Fig. 6. Curves 1 and 2 show the reduction reactions of Pu(IV) and Fe(III), respec- 
tively, at E1 = $0.75 V vs. SSE and varying E,. Curves 1’ and 2’ show the oxidation 
reactions of Pu(II1) and Fe(II), respectively, at E1 = +O*lO V vs. SSE and varying E,. 
The determination of plutonium in the presence of iron was attempted by varying E, 
with EI controlled at +0*75 V vs. SSE. The results are shown in Table III. The error 
in determination is minimum at Es = $-O-45 V vs. SSE. For E, = +O-45 V and 
E1 = +O-75 V vs. SSE, the effect of iron on the determination of plutonium is shown in 
Table IV. Plutonium in the presence of 6 % of its weight of iron can be determined 
with an error of f3%. 

D@erential determination of plutonium and uranium by coulometry 

The determination of plutonium and uranium in mixtures is often important, 
especially when mixed oxides or carbides of plutonium and uranium are used as 
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- 0 
(V vs. SSE) 

no. 6.-Coulomb-potential curves of plutonium and iron. 
Sample: Pu 4.18 X lo-’ mole, Fe 4.00 x 1O-8 mole. 
Electrolyte: 05M H,SO&. 
Flow-rate: 5 ml/min. 

TABLE III.-EPFWX OF IRON ON THE DETERMINATION OF PLUTONIUM AT DIFFERRNT REDUCTION 

POTENTIALS 

Second-column potential, V US. SSE 

+0500 +0.475 +0.450 +0.425 

mC 1.27 1.89 2-20 2.24 
found 1.39 1.81 2.21 2.31 

2.41 1.97 2.23 2.30 

Theoretical 2.04 mC 

First-column potential; +0.75 V us. SSE. 
Electrolyte; 0.5M H,SO,. 
Flow-rate; 5 ml/min. 
Sample; 21.1 p mole Pu, 20.0~ mole Fe. 

nuclear fuels. After preliminary studies with plutonium and uranium as described 

above, a determination procedure for mixed plutonium and uranium oxides has been 

established. The procedure is as follows. 

Determination of the Pu/(Pu + UJ ratio. The mixed oxide sample (100 mg) is dissolved in 5 ml 
of 10M nitric acid plus 3 drops of 1M hydrofluoric acid in 10M nitric acid. The nitrate solution is 
evaporated to near dryness. To the residue are added 10 ml of 0.5M sulphuric acid, and the solution 
is evaporated almost to dryness, and the procedure is repeated three times. The final sample solution 
is prepared by dissolving the residue in 25 ml of 0.5M sulphuric acid, and deaerated by passage of pure 
nitrogen gas. Ten ~1 of this solution are taken, and plutonium and uranium determined by two-step 
flow-coulometry as follows. 

Determination of plutonium. Plutonium in the solution is reduced to Pu(II1) and uranium is 
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TABLEIV.-DETERMINATIONOFPLUTONIUMINTHEPRESENCE 
OF IRON 

Fe taken, 
p mole mC found 

Pu found 
(%) 

20.0 2.20 107.9 
2.23 109.5 
2.21 108.3 

10.0 2.14 104.9 
2.09 102.5 
2.17 106.4 

5.00 2.08 102.0 
2.06 101-o 
2.11 103.5 

First-column potential; +0*75 V us. SSE. 
Second-column potential; +0.45 V vs. SSE. 
Electrolyte; 0*5M HISOd. 
Flow-rate; 5 ml/mm. 
Sample; 21.1 p mole Pu (2.04 mC). 

TABLEV.-DETERMINATION OF Pu/(Pu + U) RATIO 

Sample Pu found, 
nominal ratio, % mg 

U found, 

W 
Pu/(Pu + u), 

% 

25 21.8 65.5 25.0 
30.4 90.7 25.1 
22-l 66.2 25-l 

30 33.3 82.2 28.8 
32.8 84.0 28.1 
32.8 80.1 29.0 

33 24.3 49.8 32.8 
23-O 47.0 32.9 

oxidized to U(V1) at the first-step column electrode (E, = to.10 V). Pu(II1) is then oxidized to 
Pu(IV) at the second-step column electrode (E, = +O-75 V). The amount of plutonium is deter- 
mined from the quantity of electricity used at E,. Uranium does not interfere in the determination 
of plutonium, as U(VI) is not oxidized at E,. 

Defermination of uranium. Uranium in the solution is oxidized to U(V1) and plutonium is reduced 
to Pu(II1) at El = $0.10 V. U(W) is then reduced to U(IV) at Es = -0.60 V. The amount of 
uranium is determined from the quantity of electricity used at E *. Plutonium does not interfere with 
the determination of uranium as Pu(II1) is not reduced at E,. 

In this procedure, +O*lO V is used for E1 but a range from $0.35 to +O-10 V us. SSE is permissible 
for E,. 

The quantity of electricity used at the second-step column electrode is calculated in terms of weight, 
and the Pu/(Pu + U) ratio is determined. The results of the determination by this procedure are 
summarized in Table V. 

Determinations are reproducible to within &3 Y0 and blank corrections are not needed for more 
than 1 pg of plutonium and more than 10 rg of uranium. The sampling by micro-syringe (10 pl) is 
done with a reproducibility of f0.1 ~1 and the current-time curve is integrated with a reproducibility 
of f 1% for more than 500 mm*. 

CONCLUSION 

Two-step flow-coulometry is effective for determination of not only plutonium 
but also other ionic species which have various oxidation states and are not stable in 
solution. The method is also applicable to metal ions giving metal as reduction 
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product, e.g., copper. Therefore the method is useful in the differential analysis of 
mixed samples containing couples with oxidation-reduction potentials close to each 
other. The size of sample required is small and the method is easily used in remote- 
control operations. It is expected that successive determination of several elements 
can be achieved by increasing the number of steps (Le., columns) used. 

Acknowledgement-The authors wish to thank Mr. T. Honda of Japan Atomic Energy Research 
Institute for his suggestions and the supply of glassy carbon, and Dr. H. Onishi for his helpful advice. 
The samples of mixed oxides were prepared at the Plutonium Fuel Laboratory in the Japan 
Atomic Energy Research Institute. 

Zusammenfassung-Ein zweistufiges durchflu&oulometrisches Ver- 
fahren wurde entwickelt, das zur schnellen Bestimmung von 
Elementen (Plutonium, Eisen usw.) dient, die in Lijsung in verschiedenen 
Oxidationsstufen vorliegen. Das Verfahren wurde aif die Bestimmung 
von Plutonium in OSM Schwefels&re aneewandt. Das Elektroden- 
potential in der Slule der ersten Stufe wird>wischen +O*lO und +0.3.5 
v gegen Ag-AgCl festgelegt; hier werden alle Plutoniumionen zu 
Pu(II1) reduziert. Das Elektrodennotential in der SIule der zweiten 
Stufe wird bei +0.75 V gegen Ag-AgCl fixiert; hier wird das Pu(III), 
das von der Elektrode der ersten Siiule kommt, zu Pu(IV) oxidiert. Die 
Plutoniummenge wird aus der bei der Oxidation verbrauchten Anzahl 
Coulomb bestimmt. Starungen durch verschiedene Ionen kiinnen 
durch Elektroanalyse an der Elektrode der ersten S&de beseitigt 
werden. Man braucht eine Probe von etwa 10 ~1; die Elektrolyse fiir 
eine Bestimmung ist in 1 min beendet. 

R&urn&-On a &labor& une m&hode de coulom&rie par 6coulement B 
deux temps pour le dosage rapide d’tl6ments (plutonium, fer, etc.) qui 
existent a divers stades d’oxydation en solution, et on l’a appliquk au 
dosage du plutonium en milieu acide sulfurique 0,5&f. Le potentiel 
d’&ctrode de colonne du premier temps est fix8 entre +O,lO et 
+0,35 V par rapport a Ag-AgCI, et tous les ions plutonium sont 
reduits & l’&at Pu(II1). Le potentiel d’&lectrode de colonne du second 
temps est fix6 ;i +0,75 V par rapport & Ag-AgCl, et le Pu(II1) qui 
s%coule de la premiere &&rode de colonne est oxyd6 en Pu(lV). La 
quantitk de plutonium est d&erminde a partir du nombre de coulombs 
consommb dans l’oxydation. I1 est possible d’bliminer l’interfbrence de 
divers ions par Clectroanalyse li la premihre Electrode de colonne. La 
prise d’essai n&essaire est d’environ 10 ~1 et 1’Clectroanalyse pour le 
dosage est termin& en 1 mn. 
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Sunnnary-A two-step flow-wulometry method has been developed 
for rapid determination of elements (plutonium, iron, etc) which exist 
in various oxidation states in solution, and applied to the determina- 
tion of plutonium in 0.5M sulphuric acid medium. The first-step 
wlumn electrode uotential is fixed at between to.10 and to.35 V VS. 
Ag-A&l, and all’plutonium ions are reduced to Pu(III). The second- 
step c&mn electrode potential is tixed at $0.75 V-vs..Ag-AgCl. and 
RumI) which flows from the first wlumn electrode is oxidized to 
Pu(IV). The quantity of plutonium is determined from the number of 
coulombs used in the oxidation. It is possible to eliminate interference 
by diverse ions by electroanalysis at the first column electrode. About 
a IO-~1 sample is necessary and the electrolysis for determination is 
finished in 1 min. 

IT IS WELL KNOWN that plutonium has several oxidation states such as PuO,U-, PuO,+, 
Pu4+ and Pus+ in aqueous solution (Pt.@ and Pus+ are more stable than the others), 
and it is difficult to convert them into a single oxidation state by simple chemical 
procedures. Since plutonium is strongly poisonous, care must be taken in its handling 
(e.g. glove-box operation) and complex procedures are not practical in plutonium 
analyses. 

In this work, the flow-coulometric method1 has been applied to the determination 
of plutonium, and a two-step flow-coulometry method has been developed. Micro- 
amounts of plutonium can be determined precisely by this simple procedure. 
Plutonium solution (5-50 ~1) is passed through the first-step column electrode, which 
is controlled at a proper potential in order to convert all plutonium into Pus+ ions. 
The Pus+ ions are passed through the second-step column electrode immediately; 
here, the working electrode potential is controlled so as to complete the electrode 
reaction : 

Pu(II1) - e = Pu(IV). 

The amount of plutonium is then obtained from the integration of the electrolytic 
current (number of coulombs) at the second-step column electrode: 

Pu (mole) = & 
s 

co 
idt 

0 

where i denotes the oxidation current (A) at time t (set). 
only one minute is required for the whole procedure, 

657 

The procedure is rapid, and 
including sample injection, 



658 SORIN KIHARA, TADASHI YAMAMOTO, KENJI MOTOJIMA and TAITIRO FUJINAGA 

valency control at the first-step column electrode and the recording of an electrolytic 
current at the second-step column electrode. Furthermore, diverse ions which 
interfere with the determination of plutonium are eliminated at the first-step column 
electrode by reduction or oxidation. 

In the determination of plutonium by electrochemical methods such as potentiom- 
etry,2 coulometry,3 polarography4 and amperometry,5 the oxidation states must be 
controlled just before the determination. In general, this behaviour of plutonium is a 
serious source of error in the micro-determination of plutonium. Two-step flow- 
coulometry, however, will easily be applicable to automatic determination of pluto- 
nium in remotely-controlled processes. 

EXPERIMENTAL 

Reagents 

Plutonium. Plutonium metal from Nuclear Materials and Equipment Corporation, U.S.A. 
(isotopic composition; zsOPu 91.3, B40Pu 7.81, 2a1Pu 0.85, araPu O-04 atom %) was dissolved in 0.5M 
sulphuric acid after electro-refining and weighing. Plutonium in this solution was expected to be 
present as a mixture of PI?+, Pu’+ and a small amount of PuOla+. 

Uranium. Uranium oxide (U,O,; Johnson Matthey Co., Ltd.) was dissolved in 6M nitric acid 
and the solution evaporated nearly to dryness. Then the residue was dissolved with small amounts of 
0.5M sulphuric acid and evaporated almost to dryness. This procedure was repeated three times. 
The tinal sulphate solution was prepared by dissolving the residue in 0.5M sulphuric acid solution. 
Uranium in this solution was expected to be present as UOa2+. 

All other reagents used were of extra-pure grade. 

Apparatus 

The electrolytic cell for two-step flow-coulometry is shown in Fig. 1 and is essentially the same as 
that described previously6 except that two column electrodes are used, the distance between them being 
minimized, and the dispersion of a sample within the carrier solution being kept as small as possible. 
The glassy carbon counter electrode lasts longer than the silver one used in the previous work.’ 
The glassy carbon counter electrodes, however, are not practical in the potential range where electrol- 
ysis of the counter electrode solution (saturated potassium chloride solution) takes place markedly. 
Saturated potassium chloride solution is more suitable for the counter electrode solution than is 0+5&f 
sulphuric acid because the solubility of chlorine generated by anodic reaction in saturated potassium 
chloride solution is greater than that of oxygen generated by anodic reaction in 0.5M sulphuric acid. 

The glassy carbon working electrode is pretreated as already described. The reference electrode 
is a saturated KCl-AgCl/Ag electrode (SSE). 

Recommended procedure for the determination of plutonium 

Pure nitrogen gas is passed through the supporting electrolyte (0*5M sulphuric acid) and plutonium 
sample solution. The supporting electrolyte is passed through the flow-coulometric column electrode 
at a flow-rate of 5 f 0.5 ml/min, regulated by varying the height of the solution reservoir. The 
working potential of the first-column electrode (E,) is adjusted to +0.35 V us. SSE and that of the 
second-column electrode (E,) to +O-75 V vs. SSE. Then 10-50 ,ul of plutonium solution are injected 
into the supporting electrolyte stream. Plutonium is reduced to Pu(II1) at E1 and Pu(II1) is oxidized 
to Pu(IV) at E,. The current-time curve for oxidation at EB is recorded. The amount of plutonium 
is determined by integrating the current-time curve and converting the quantity of electricity into 
weight or concentration. 

A blank correction is not needed for the determination of more than 1 rg of plutonium. The total 
time required for the determination of plutonium (sample injection to recording of current-time 
curve) is 10-40 set, depending on the plutonium concentration. 

RESULTS AND DISCUSSION 

Preliminary studies using the Fe(II)/Fe(III) couple 

Preliminary studies were made with the Fe(II)/Fe(III) couple as a simple system 
which has only two oxidation states in aqueous solution. The oxidation-reduction 
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FIG. l.-Electrolytic cell. 
(1) Teflon (2) Glass cylinder 
(3) Glassy carbon lead 
(4) Glassy carbon grains (working electrode) 
(5) Saturated KC1 solution 
(6) Glassy carbon cylinder (counter electrode) 
(7) Porcelain cylinder (8) Ag-AgCl reference electrode 
(9) Sample inlet (10) Supporting electrolyte inlet 

(11) Supporting electrolyte outlet 
m Silicone rubber. 

potential of this couple is near that of the Pu(III)/Pu(IV) couple; the formal oxidation- 
reduction potentials of Fe(II)/Fe(III) and Pu(III)/Pu(IV) are +0*47 and +0*54 V vs. 
SSE, respectively, in 0.5M sulphuric acid at 25”. 

The voltage z)s. quantity of electricity curves (E-Q curves), for the Fe(II)/Fe(III) 
system in 0.5M sulphuric acid, are shown in Fig. 2. Ten ,LA of 0.02M Fe(II1) in 0.5M 
sulphuric acid were injected into the carrier solution, i.e., the supporting electrolyte 
of 0.5M sulphuric acid, with the potential at the first-step column electrode (EJ not 
applied (open circuit). Curve 1 in Fig. 2 shows the reduction reaction from Fe(II1) to 
Fe(II), on changing the working electrode potential at the second-step column 
electrode (Ed from +0*70 to 0.00 V vs. SSE. 

Fe(II1) + e + Fe(I1) (Curve 1) 

Similarly, curve 2 shows the E-Q curve for the oxidation reaction: 

Fe(I1) - e --+ Fe(II1) (Curve 2) 

Curve 3 shows the E-Q curve for a mixed sample of 0.0094M Fe(II1) and 0.0106M 
Fe(I1) in 0+5M sulphuric acid solution. 

From these three curves it is found that if El is +O.lO V us. SSE, Fe(II1) ions in the 
sample solution are all reduced to Fe(U), and the quantity of electricity used in this 
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FIG. 2.-Coulomb-potential curves of iron. 
Sample: (1) 2 x lo-’ mole Fes+, (2) 2 x IO-’ mole Fe*+, (3) 0.94 x lo--’ mole Fe8+. 

1.06 x lo-’ mole Fea+. 
Electrolyte: 0*5&f HaSO,. 
Flow-rate: 5 ml/min. 

reaction is proportional to the amount of Fe(II1) ions in the solution, and if El is 
controlled to +0*65 V us. SSE, Fe(I1) ions in the sample solution are all oxidized to 
Fe(III), and the quantity of electricity for this reaction is proportional to the amount 
of Fe(I1) ions in the solutions. 

With the two column electrodes, El is controlled to +O*lO V vs. SSE and E, to 
$0.65 V vs. SSE. The quantity of electricity used in the second step shows the total 
amount of iron in the sample solution. The reaction is then Fe(II) - e + Fe(II1). 
Similarly, when El is controlled to $-O-65 and Es to +O*lO V vs. SSE, the electrolytic 
current at the second-step column electrode shows the total amount of iron at the 
sample solution but the reaction is Fe(II1) + e + Fe(I1). Since both of these 
reactions correspond to one-electron transfers, the absolute values of these two 
quantities of electricity are O-0193 C for the 0.200 ,u mole of iron taken. 

Figures 3a and 3b show typical coulometry records. The electrolysis begins at the 
first-step column electrode 3 set after sample injection, and after 6 set it occurs at the 
second-step column electrode (the arrow shows the time of sample injection). About 
50 set are required to complete the electrolysis. Figure 3a shows the case where 10 ,uI 
of 0.02M Fe(II1) are reduced at the first-step column electrode (curve 1) and that in 
which the Fe(I1) reduced is oxidized to Fe(II1) again at the second-step column 
electrode (curve 2). The quantities of electricity for these two electrochemical reac- 
tions are similar, and are equal to the theoretical value of O-0193 C. Figure 3b shows 
10 ,ul of sample solution, 0.0106M Fe(II1) and 0*0094M Fe(II), reduced at the first- 
step electrode (El = $-O-IO V vs. SSE, curve 3) and then oxidized at the second-step 
electrode (E, = +0.65 V vs. SSE, curve 5). Curve 4 corresponds to the oxidation of 
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FIQ. 3a.-Current-time curve recorded with 10 ~1 of 2.0 x lo-‘M Fe(II1). 
Electrolyte: O-5M HSO,. 
Flow-rate: 5 ml/min. 

---- 

Osec 

FIQ. 3b.-Current-time curve recorded with 10 ~1 of 14% x lo-all4 Fe(III) + @94 x 
10ePM Fe@.). 

Electrolyte: 0.5M HSO,. 
Flow-rate: 5 ml/min. 
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pu’-’ 2e :pu6’- 0.5 / Fe:'-e tFe3+ -“:3, _-j_“, 

ZH, 0, - 2e=O, t 21 

FIG. 4.-Typical coulomb-potential curves of various metal ions at glassy carbon 
grain column electrode. 

Sample: WB mole, +$.lO ~1 of air-saturated 0.5M H&30,. 
Electrolyte: 0.5M HISOd. 

(Broken lines show oxidation or reduction precedes that of samples.) 

the solution at the first-step electrode (El = +0*65 V vs. SSE). The sum of the 
integrated values of curves 3 and 4 is equal to that of curve 5. 

E-Q curves of various ions 

The E-Q curves for the Cu(II)/C u, U(VI)/U(IV), @X&l-, Ce(IV)/Ce(III), 
Cr(VI)/Cr(III), Ni(II)/Ni, $O,/H,O, and &O,/OH- reactions are shown in Fig. 4. Ten 
,A of 10-3M solutions of various metal ions, chloride ion and hydrogen peroxide and 
10 ~1 of air-saturated 0.5M sulphuric acid, were injected into the carrier solution 
(0.5% sulphuric acid), with Er not applied (open circuit) and E-Q curves were obtained 
by changing E,. The broken lines show estimated E-Q curves because the reduction 
or oxidation reaction of the elements is preceded by that of the solvent. The oxidation 
states of iron and plutonium samples were adjusted previously by controlled potential 
electrolysis. 

The E-Q curve of Cu(II)/Cu in 0.5M sulphuric acid is about O-4 V more negative 
than that of the Fe(III)/Fe(II) couple, as shown in Fig. 4. Therefore copper ions do 
not interfere with the determinations of iron mentioned above. If El is controlled to 
+0*65 V vs. SSE and E, to -0.25 V as. SSE, the total amount of iron plus copper ions 
can be obtained. The difference of these two results (at E, = +O-10 V and E, = 
-0.25 V) gives the amount of copper ions. The amounts of iron and copper ions 
could be determined without mutual interference. 

Coulometry of plutonium 

Figure 4 shows that the cathodic and anodic reactions of the Pu(III)/Pu(IV) 
couple are both about O-1 V more positive than those for the Fe(II)/Fe(III) couple. 
The E-Q curves for plutonium are shown in Fig. 5. Ten ,ul of 4.18 x 10-3M plu- 
tonium [Pu(III) and Pu(IV) present] solution were used as the sample. Curve 1 shows 
the reduction reaction of Pu(IV) to Pu(II1) on varying E, from +0*80 to -0.20 V vs. 



Determination of plutonium 663 

‘LO-8-Bp 40 E 

FIG. 5.-Coulomb-potential curves of plutonium. 
Sample: 4.18 x 10-8mole Pu. 
Electrolyte: 0*5M H,SO,. 

(1) Pu(IV) + e = Pu(II1). 
(2) Pu(II1) - e = Pu(IV). 
(3) Mixture of Pu(II1) and Pu(IV). 

(The solution was left for five months after dissolution of the plutonium metal.) 

SSE. pU(IV) was produced at the first-step column electrode when potential El was 
controlled to $0.75 V as. SSE. 

Pu(IV) + e + Pu(II1) (Curve 1) 

Similarly, curve 2 shows the oxidation of Pu(II1) to Pu(IV). 

Pu(II1) - e + Pu(IV) (Curve 2) 

Pu(II1) was produced at the first-step column electrode, the potential of which was 
controlled to +O*lO V vs. SSE. Curve 3 shows the oxidation and reduction reactions 
for the mixed solution of Pu(II1) and Pu(IV) ( a solution which had been left for five 
months after dissolution of the plutonium metal in 0*5M sulphuric acid) when ,!Z1 is not 
applied (open circuit). It is found from curve 3 that the ratio of Pu(IV) to Pu(II1) in 
this solution is nearly 3: 1. In this connection, it is confirmed by comparing curve 3 
with curve 2 in Fig. 5, that the presence of Pu(V1) is negligibly small in 0.5M sulphuric 
acid. The sum of the quantity of electricity (QJ for reduction at +0.35 V and 
oxidation at +0.75 V, in curve 3, is nearly equal to the quantity of electricity (Q,) at 
+0.75 V in curve 2. If Pu(V1) is present, Q3 should be larger than Q, because, at 
+0*35 V, Pu(V1) should be reduced to Pu(II1) and hence a three-electron change 
should be involved. After controlled potential electrolysis at +0*75 V at a glassy 
carbon working electrode, the quantity of electricity used at +0*35 V is nearly equal 
to Q,. Therefore, it is considered that the oxidation state of plutonium is Pu(IV) after 

6 
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TABLE I.-DETERMINATION OF PLUTONIUM 

Pu taken mmole taken Coulombs, calculated Coulombs, found Pu found, % 

1.03 mg/rnl 215 2.08 x 1O-a 2.04 x IO-% 98.1 
50 /A 2.07 99.5 

2.06 99.0 
2.01 96.7 
2.04 98.1 

515 &ml 108 1.04 x 10-a l-05 x 10-8 100.9 
50 #l61 1.03 PP.0 

1.03 99.0 
1.04 99.6 
1.05 100.9 

51.5 &ml 
50 /bl 

10.3 pg/ml 
50 /A 

10.8 

2.2 

1.04 x 10-a 1.07 x lo-’ 102.8 
1.04 PP.6 
1.05 100.9 
I.03 98.9 
1.05 100.9 

2.08 x 1O-4 2.20 x lo-’ 105.9 
2.07 99.6 
2.02 97.1 
2.15 103.5 
2.05 98.5 

5.0 &ml 0.42 4.02 x lo+ 3.97 x 10-b 98.7 
20 /Ll 3.94 98.0 

4.07 101-l 
3.93 97.8 
3.92 97.5 

Potentials; first column +0*35 V 0s. SSE, second column $-O-75 V us. SSE. 
Electrolyte; 0*5M HISOI. 
Flow-rate; 5 ml/min. 

electrolysis at +O-75 V. The reason why Pu(V1) generated by the disproportionation 
reaction of Pu(IV) disappears is not clear, but it can be considered that the reduction 
of Pu(V1) by hydrogen peroxide’ or a-ray direct reductions and the enhanced complex- 
forming power of Pu(IV) with sulphate make Pu(V1) unstable. Hydrogen peroxide is 
generated by radiolysis of water’ or reduction of dissolved oxygen by Pu(III).~ 

The results of the determination of plutonium by a method based on the informa- 
tion presented in Fig. 5 are summarized in Table I. It is seen that O-1 ,ug (O-42 p mole) 
and above of plutonium can be determined within f3 %. This error may be due to an 
error in sampling and to the current integration procedure. 

Elimination of interference by other ions in the determination of plutonium 

From Fig. 4, when reducible substances co-exist in a potential range higher than 
$0.75 V vs. SSE, it is seen that plutonium can be determined by the second-step 
column electrode if El = +0*75 and E2 = +O-35 V vs. SSE. Similarly, when 
oxidizable substances co-exist in a potential range lower than $-O-35 V LX SSE, 
plutonium can be determined by the second-step column electrode if El = +O-35 and 
E, = +O-75 V vs. SSE. The results of determination of diverse ions alone, and of 
plutonium in co-existence with these ions, are summarized in Table II, which shows 
that plutonium can be determined without interference by these elements. 
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TABLE II.-EFFKT OF DIVERSE IONS ON DETERMINATION OF PLUTONIUM 

Element taken, 
p mole 

Electrode potential 
(V 0s. SSE) 

first second 
Apparent Pu found 

(p mole) % 

Ce 642 +0.75 WOO 4.4 
3.2 
3.2 

Cr 1600 $0.75 0.00 --o 

cu 400 +0*75 0.00 2.6 
2.0 
2.6 

+0.75 0.00 --o 
OMI +0*75 -0 

Ni 800 +0*75 0.00 -0 
000 +0.75 --o 

U 398 -t@75 0.00 -0 
0.00 +0*75 -0 

Cl 800 +0.75 0.00 4 

Pu 41.8 -+@75 $0.10 41.2 101.2 
64.2 40.7 99.9 

160 41.9 102.7 
40.1 
80.0 
39.8 
80.0 

Electrolyte; 0*5M HISOd. 
Flow-rate; 5 ml/rain. 

Coulometric determination of plutonium in the presence of iron 

As seen in Fig. 4, the oxidation-reduction potential of the Pu(III)/Pu(IV) couple 
is similar to that of the Fe(II)/Fe(III) couple, and it is difficult to determine plutonium 
in the presence of iron by ordinary electrolysis. 

The E-Q curves of plutonium (curves 1, 1’) and iron (curves 2, 2’) are shown in 
Fig. 6. Curves 1 and 2 show the reduction reactions of Pu(IV) and Fe(III), respec- 
tively, at E1 = $0.75 V vs. SSE and varying E,. Curves 1’ and 2’ show the oxidation 
reactions of Pu(II1) and Fe(II), respectively, at E1 = +O*lO V vs. SSE and varying E,. 
The determination of plutonium in the presence of iron was attempted by varying E, 
with EI controlled at +0*75 V vs. SSE. The results are shown in Table III. The error 
in determination is minimum at Es = $-O-45 V vs. SSE. For E, = +O-45 V and 
E1 = +O-75 V vs. SSE, the effect of iron on the determination of plutonium is shown in 
Table IV. Plutonium in the presence of 6 % of its weight of iron can be determined 
with an error of f3%. 

D@erential determination of plutonium and uranium by coulometry 

The determination of plutonium and uranium in mixtures is often important, 
especially when mixed oxides or carbides of plutonium and uranium are used as 
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- 0 
(V vs. SSE) 

no. 6.-Coulomb-potential curves of plutonium and iron. 
Sample: Pu 4.18 X lo-’ mole, Fe 4.00 x 1O-8 mole. 
Electrolyte: 05M H,SO&. 
Flow-rate: 5 ml/min. 

TABLE III.-EPFWX OF IRON ON THE DETERMINATION OF PLUTONIUM AT DIFFERRNT REDUCTION 

POTENTIALS 

Second-column potential, V US. SSE 

+0500 +0.475 +0.450 +0.425 

mC 1.27 1.89 2-20 2.24 
found 1.39 1.81 2.21 2.31 

2.41 1.97 2.23 2.30 

Theoretical 2.04 mC 

First-column potential; +0.75 V us. SSE. 
Electrolyte; 0.5M H,SO,. 
Flow-rate; 5 ml/min. 
Sample; 21.1 p mole Pu, 20.0~ mole Fe. 

nuclear fuels. After preliminary studies with plutonium and uranium as described 

above, a determination procedure for mixed plutonium and uranium oxides has been 

established. The procedure is as follows. 

Determination of the Pu/(Pu + UJ ratio. The mixed oxide sample (100 mg) is dissolved in 5 ml 
of 10M nitric acid plus 3 drops of 1M hydrofluoric acid in 10M nitric acid. The nitrate solution is 
evaporated to near dryness. To the residue are added 10 ml of 0.5M sulphuric acid, and the solution 
is evaporated almost to dryness, and the procedure is repeated three times. The final sample solution 
is prepared by dissolving the residue in 25 ml of 0.5M sulphuric acid, and deaerated by passage of pure 
nitrogen gas. Ten ~1 of this solution are taken, and plutonium and uranium determined by two-step 
flow-coulometry as follows. 

Determination of plutonium. Plutonium in the solution is reduced to Pu(II1) and uranium is 
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TABLEIV.-DETERMINATIONOFPLUTONIUMINTHEPRESENCE 
OF IRON 

Fe taken, 
p mole mC found 

Pu found 
(%) 

20.0 2.20 107.9 
2.23 109.5 
2.21 108.3 

10.0 2.14 104.9 
2.09 102.5 
2.17 106.4 

5.00 2.08 102.0 
2.06 101-o 
2.11 103.5 

First-column potential; +0*75 V us. SSE. 
Second-column potential; +0.45 V vs. SSE. 
Electrolyte; 0*5M HISOd. 
Flow-rate; 5 ml/mm. 
Sample; 21.1 p mole Pu (2.04 mC). 

TABLEV.-DETERMINATION OF Pu/(Pu + U) RATIO 

Sample Pu found, 
nominal ratio, % mg 

U found, 

W 
Pu/(Pu + u), 

% 

25 21.8 65.5 25.0 
30.4 90.7 25.1 
22-l 66.2 25-l 

30 33.3 82.2 28.8 
32.8 84.0 28.1 
32.8 80.1 29.0 

33 24.3 49.8 32.8 
23-O 47.0 32.9 

oxidized to U(V1) at the first-step column electrode (E, = to.10 V). Pu(II1) is then oxidized to 
Pu(IV) at the second-step column electrode (E, = +O-75 V). The amount of plutonium is deter- 
mined from the quantity of electricity used at E,. Uranium does not interfere in the determination 
of plutonium, as U(VI) is not oxidized at E,. 

Defermination of uranium. Uranium in the solution is oxidized to U(V1) and plutonium is reduced 
to Pu(II1) at El = $0.10 V. U(W) is then reduced to U(IV) at Es = -0.60 V. The amount of 
uranium is determined from the quantity of electricity used at E *. Plutonium does not interfere with 
the determination of uranium as Pu(II1) is not reduced at E,. 

In this procedure, +O*lO V is used for E1 but a range from $0.35 to +O-10 V us. SSE is permissible 
for E,. 

The quantity of electricity used at the second-step column electrode is calculated in terms of weight, 
and the Pu/(Pu + U) ratio is determined. The results of the determination by this procedure are 
summarized in Table V. 

Determinations are reproducible to within &3 Y0 and blank corrections are not needed for more 
than 1 pg of plutonium and more than 10 rg of uranium. The sampling by micro-syringe (10 pl) is 
done with a reproducibility of f0.1 ~1 and the current-time curve is integrated with a reproducibility 
of f 1% for more than 500 mm*. 

CONCLUSION 

Two-step flow-coulometry is effective for determination of not only plutonium 
but also other ionic species which have various oxidation states and are not stable in 
solution. The method is also applicable to metal ions giving metal as reduction 
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product, e.g., copper. Therefore the method is useful in the differential analysis of 
mixed samples containing couples with oxidation-reduction potentials close to each 
other. The size of sample required is small and the method is easily used in remote- 
control operations. It is expected that successive determination of several elements 
can be achieved by increasing the number of steps (Le., columns) used. 

Acknowledgement-The authors wish to thank Mr. T. Honda of Japan Atomic Energy Research 
Institute for his suggestions and the supply of glassy carbon, and Dr. H. Onishi for his helpful advice. 
The samples of mixed oxides were prepared at the Plutonium Fuel Laboratory in the Japan 
Atomic Energy Research Institute. 

Zusammenfassung-Ein zweistufiges durchflu&oulometrisches Ver- 
fahren wurde entwickelt, das zur schnellen Bestimmung von 
Elementen (Plutonium, Eisen usw.) dient, die in Lijsung in verschiedenen 
Oxidationsstufen vorliegen. Das Verfahren wurde aif die Bestimmung 
von Plutonium in OSM Schwefels&re aneewandt. Das Elektroden- 
potential in der Slule der ersten Stufe wird>wischen +O*lO und +0.3.5 
v gegen Ag-AgCl festgelegt; hier werden alle Plutoniumionen zu 
Pu(II1) reduziert. Das Elektrodennotential in der SIule der zweiten 
Stufe wird bei +0.75 V gegen Ag-AgCl fixiert; hier wird das Pu(III), 
das von der Elektrode der ersten Siiule kommt, zu Pu(IV) oxidiert. Die 
Plutoniummenge wird aus der bei der Oxidation verbrauchten Anzahl 
Coulomb bestimmt. Starungen durch verschiedene Ionen kiinnen 
durch Elektroanalyse an der Elektrode der ersten S&de beseitigt 
werden. Man braucht eine Probe von etwa 10 ~1; die Elektrolyse fiir 
eine Bestimmung ist in 1 min beendet. 

R&urn&-On a &labor& une m&hode de coulom&rie par 6coulement B 
deux temps pour le dosage rapide d’tl6ments (plutonium, fer, etc.) qui 
existent a divers stades d’oxydation en solution, et on l’a appliquk au 
dosage du plutonium en milieu acide sulfurique 0,5&f. Le potentiel 
d’&ctrode de colonne du premier temps est fix8 entre +O,lO et 
+0,35 V par rapport a Ag-AgCI, et tous les ions plutonium sont 
reduits & l’&at Pu(II1). Le potentiel d’&lectrode de colonne du second 
temps est fix6 ;i +0,75 V par rapport & Ag-AgCl, et le Pu(II1) qui 
s%coule de la premiere &&rode de colonne est oxyd6 en Pu(lV). La 
quantitk de plutonium est d&erminde a partir du nombre de coulombs 
consommb dans l’oxydation. I1 est possible d’bliminer l’interfbrence de 
divers ions par Clectroanalyse li la premihre Electrode de colonne. La 
prise d’essai n&essaire est d’environ 10 ~1 et 1’Clectroanalyse pour le 
dosage est termin& en 1 mn. 
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Summary-The authors have developed rapid methods for the 
determination of the main components of fertilizers, namely phosphate, 
potassium and nitrogen fixed in various forms. In the absence of 
magnesium ions phosphate is precipitated with magnesia mixture; 
in the presence of magnesium ions ammonium phosphomolybdate is 
preciphated and the excess of molybdate is reacted with hydrogen 
neroxide. Potassium is determined bv urecinitation with silico- 
kuoride. For nitrogen fixed as ammonium Halts’the ammonium ions 
are condensed in a basic solution with formalin to hexamethylene- 
tetramine; for nitrogen fixed as carbamide the latter is decomposed 
with sodium nitrite; for nitrogen fixed as nitrate the latter is reduced 
with titanium(III). In each case the temperature change of the test 
solution is measured. Practically all essential components of fertilizers 
may be determined by direct-reading thermometry; with this method 
and special apparatus the time of analysis is reduced to at most about 
15 min for any determination. 

IN DIRECT thermometric analysis a reagent is added to the test solution which reacts 
selectively with the component in question, and a substantial heat of reaction accom- 
panies the reaction. The temperature variation of the test-solution due to the addition 
of the reagent is measured, after the reaction is completed. If the reagent is added in 
excess to the test-solution and the heat-capacity of the system is constant, the tempera- 
ture variation of the test solution is directly proportional to the concentration of the 
component in question.1*2*s Therefore the concentration of that component can be 
determined from a single measured value: the temperature change in the sample 
solution. The results are evaluated either from calibration curves or by direct reading 
in percentage if the apparatus is built and calibrated for direct-reading thermometric 
analysis.’ 

The concentration of the dissolved substances may be determined by this method 
in general within a period of 4-10 min. This method may therefore be used to 
advantage in the analysis of substances which can be rapidly brought into solution, 
since if preparation of the test solution is lengthy there cannot be a substantial 
reduction of the total time of analysis, however rapid the determination itself. In 
the case of fertilizers the test solutions for the determination of the various components 
are easily and rapidly prepared and that is why the thermometric method may be 
used to advantage in the rapid analysis of fertilizers. The test solution does not 
permit any substantial reduction of the total time of analysis, however rapid the 
determination itself. In the case of fertilizers the test solutions for the determination 
of the various components are easily and rapidly prepared and that is why the thermo- 
metric method may be used to advantage in the rapid analysis of fertilizers. 
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EXPERIMENTAL 

Equipment and working procedure 

In this work we use the same equipment and working procedure described in connection with the 
analysis of plating baths.%.* 

Determination of water-soluble P,O, content 

Principle. Phosphate is precipitated with magnesia mixture as the compound magnesium ammon- 
ium phosphate; the temperature change due to the heat of precipitation is measured. 

Reafents. Hydrochloric acid, sp. gr. 1.12. Ammonium chloride, solid. Potassium oxalate 
solutio& 30%. Ammonia solution, sp. 8;. 0.91. Magnesia mixture. Dissolve 1000 g of MgC14*6H,0 
in 3500 ml of water and add 1000 e of ammonium chloride and 200 ml of ammonia. 

Procedure. Pulverize the sampli in a porcelain mortar; weigh 10 g of the prepared sample into a 
400~ml Stohmann flask, add 400 ml of distilled water and shake vigorously for 30 min on a shaker. 
Fill up to the mark and mix; filter the solution, discarding the first 20-30 ml of the filtrate, transfer 
by pipette 100 ml of the filtrate into a 400-ml beaker, add 3 ml of hydrochloric acid, 10 g of ammonium 
chloride and 5 ml of potassium oxalate solution, neutralize with ammonia, add 5 ml excess of ammonia 
and dilute to 200 ml with distilled water. Adjust the temperature of this test solution to 1” below 
the temperature of the measuring cell, place the solution in the measuring cell, add 15 ml of magnesia 
mixture as reagent and complete the analysis according to the general working procedure. Evaluate 
the results with the aid of a calibration curve prepared by use of samples of known PaO, content. 

If the analysis is carried out in a system without heat of dilution or with compensation of the 
heat of dilution by a suitable arrangement of the measuring device, the PIOl content can be read 
directly in percentage on the sensing instrument fitted with a suitable shunt. 

The method may be used to determine a water-soluble Pa06 content of 3-40x with an error of 
A03 % P,Os. One determination takes 10-12 mm after preparation of the test solution. 

The method may also be used for the determination of the P,Ob content of dicalcium phosphate. 
In this case, however, the sample is dissolved in 100 ml of 0.4M hydrochloric acid (for a l-g sample) 
and 10 ml of potassium oxalate solution are added to it. The procedure is then the same. 

Magnesium in the sample interferes, and in that case an indirect method is used. 

Indirect rapid determination ofthe Pz06 content 

Principle. Phosphate is precipitated with an exactly measured amount of ammonium molybdate 
solution as ammonium phosphomolybdate; the excess of molybdate is reacted with hydrogen 
peroxide and the temperature change measured. It is not necessary to filter off the precipitate since 
the molybdic acid bound in the ammonium phosphomolybdate does not react with hydrogen per- 
oxide.s 

Reagents. Nitric acid, sp. gr. 1.2. Hydrogen peroxide, 30%. Ammonium molybdate solution. 
Dissolve 1000 g of ammonium nitrate in 1000 ml of water and heat to 80”. Heat 3000 ml of nitric 
acid (sp.gr. 1.2) to 80”, pour the ammonium nitrate solution into the nitric acid, and add a solution 
of 220 g of ammonium molybdate in 1500 ml water which has also been heated previously to 80”. 
After mixing allow to cool slowly; after two days filter off any precipitate and use the filtrate for 
analysis. 

Procedure. Prepare an aqueous solution of the fertilizer as for the P,O& determination, transfer 
10 ml by pipette into a 500-ml beaker, add 40 ml of nitric acid and heat to boiling. To the hot solution 
add from a burette or pipette an exactly measured 50 ml of molybdate solution. Heat the solution 
to 80” and stir vigorously at this temperature for 3 min. Cool the solution, transfer it to a 200-ml 
volumetric flask and dilute to the mark with distilled water. Adjust the initial temperature of the 
solution to 0.5” below the temperature of the measuring cell, place the solution in the measuring cell, 
add 5 ml of hydrogen peroxide as reagent and measure the temperature change. Evaluate the results 
with a calibration curve. 

The method may be used to determine a PaOs content of l-20%; for higher P,O, content the 
sample weight should be reduced. 

The method may be used not only for the determination of the water-soluble P,O, content but 
also for determining the phosphate content of crude ores used in the production of fertilizers; in 
this case the phosphate should be brought into solution previously by a treatment with sulphuric or 
nitric acid. 

Determination of the potassium content 

It is most convenient to precipitate the potassium as the hexafluorosilicate.* 
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Reagents. Hydrochloric acid, (1 + 1). Hydrofluoric acid, 40 %. Precipitating agent. Weigh 100 g 
of finely powdered silica gel or voluminous precipitated silicic acid into a 2000-ml plastic flask. 
Slurry with 200 ml of distilled water and add 50 ml of hydrochloric acid (1 + 1). Cool the flask with 
cold water, add 650 ml of hydrofluoric acid in small portions and leave the mixture until the silica is 
dissolved. 

Procedure. Weigh 20 g of finely powdered fertilizer into a 250-ml volumetric flask, add 200 ml 
of distilled water and shake the flask vigorously. After 10-15 min, when the potassium salts are 
dissolved, dilute to volume with distilled water. Mix, filter through a fluted filter, discard the first 
10-20 ml of filtrate, transfer 50 ml of filtrate by pipette into a 200~ml polyethylene beaker, add 30 ml 
of hydrochloric acid and 2 ml of hydrofluoric acid, transfer to a plastic volumetric flask or measuring 
cylinder and dilute to 200 ml with distilled water. Adjust the initial temperature of the solution to 
0.5” below the ambient temperature, place the solution in the measuring cell, add 15 ml of pre- 
cipitating agent from a platinum or plastic immersion pipette and finish the analysis according to the 
general working procedure. Evaluate the results with a calibration curve prepared with fertilizers of 
known potassium oxide content. Direct reading is also possible, as for water-soluble P,Oll. 

The method may be used to determine a KS0 content of 240%, on a 20-g sample, with an error 
of ~tO.3 % K*O. One determination takes 20-25 min. 

Determination of nitrogenfixed as carbamide 

Principle. When carbamide reacts in an acid solution with sodium nitrite it is decomposed with 
a substantial heat of reaction. 

Reagents. Hydrochloric acid, sp.gr. l-12. Potassium nitrite solution. Saturate a 20% potassium 
nitrite solution with ammonium sulphate, remove the undissolved ammonium sulphate by filtering 
and use the filtrate as reagent. 

Procedure. Prepare the test solution as described for P,O,. Take 50 ml of filtrate by pipette, add 
30 ml of hydrochloric acid, filter into a 200-ml volumetric flask and dilute to the mark. Adjust the 
initial temperature of this test solution to 0.5” below the temperature of the measuring cell. Place 
the solution in the measuring cell, add 15 ml of potassium nitrite reagent and complete the analysis 
according to the general working procedure. The reaction does not occur instantaneously, but is 
completed within about 3 min after addition of the reagent. Evaluate the results with a calibration 
curve prepared with fertilizer samples of known carbamide content or with model solutions. 

A carbamide nitrogen content of l-20% can be determined in 15 min with an error of *to*1 % NI. 
When the nitrite reagent is added to the test solution nitrous gases are formed. Therefore the 

measuring cell should be placed in a fume cupboard. 

Determination of nitrogen fixed as ammonium salts 

Principle. Ammonium ions are condensed with formalin in basic solution to hexa-methylene- 
tetramind, with a substantial heat of reaction. 

Reapents. Sodium hvdroxide solution, 10%. Formalin solution, 20%. 
Prozedure. Prepare <he stock sample solution as before. Transfer 50ml by pipette into a 200-ml 

volumetic flask and dilute to the mark with distilled water. Adjust the temperature of this test 
solution to 0.5” below that of the measuring dell, place the solution in the measuring cell, let the 
temperature differences equalize, add lOm1 of sodium hydroxide solution, wait for 1 min, then 
compensate the measuring bridge to adjust the galvanometer pointer to zero. Add 10 ml of formalin 
solution as reagent and measure the temperature change. Evaluate the results as usual. 

The method may be used to determine l-20% nitrogen fixed as ammonium salts, in l&l5 min, 
with an error of f0.2 % N,. 

Determination of nitrogenjixed as nitrate 

Principle. Nitrate is reduced in acid solution with a mixture of titanium trichloride and stannous 
chloride and the temperature change is measured. 

ReaPents. Hvdrochloric acid. SD.m. l-12. Reducine mixture. Mix 75 ml of 30 % titanium trichlor- 
ide so&ion with 25 ml of 50% stan’nous chloride sol;tion. 

,- 

Procedure. Transfer 50 ml of the stock sample solution by a pipette into a 200-m] volumetric 
flask, add 10 g of carbamide and 100 ml of hydrochloric acid and dilute to volume with distilled 
water. Adjust the temperature of this test solution to O-5” below the temperature of the measuring 
cell, place the solution in the measuring cell, add 15 ml of the reducing mixture and complete the 
analysis according to the general working procedure. 

A l-30% nitrate nitrogen content can be determined in 15 min with an error of 0.2% Na. 
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RESULTS 

Typical results are shown in Tables I and II. 
on over 100 comparison analyses. 

SIPOS 

The errors quoted above are based 

TABLE I.-PpOs AND KIO CONTENT 

P,OI found, % 
Sample 

Gravimetric Direct method Indirect method 

: 10.45 8.40 10.4 8-l 10.1 8.2 

: 12.80 16.80 13.0 17.0 17.1 12.9 

21.30 21.1 21.0 
10.70 10.8 10.7 

KIO found, % 

Gravimetric Thermometric 

8.15 8.3 
10.20 10-l 
12.36 12.1 
17.96 18.2 
30.48 30.6 
10.15 10.2 

TABLE II.-NITROGEN CONTEZNT 

Nitrogen found, % 
Sample As carbamide As ammonium salts As nitrate 

Volumetric Thermometric Volumetric Thermometric Volumetric Thermometric 

1 
3 
4 
6 
7 
8 

1: 

::. 

7.69 7.5 
9.76 9.9 

5.88 6.15 6.3 
6.25 

8.10 8.3 3.22 3.1 
6.36 6.5 
6.73 6.9 

7.16 7.2, 
8.18 8.0 

4.75 4.8 
4.72 4.5 

Zusannnenfassung-Die Autoren haben Schnellmethoden zur Be- 
sthnmung der Hauptbestandteile von Diingemitteln entwickelt: 
Phosphat, Kalium und in verschiedenen Formen fixierter Stick- 
stoff. In Abwesenheit von Magnesium wird Phosphat mit Magnesia- 
mixtur geflllt; in Gegenwart von Magnesiumionen wird Ammonium- 
phosphomolybdat gefallt und das tlberschtlssige Molybdat mit 
Wasserstoffperoxid zur Reaktion bebracht. Kalium wird durch 
Flllung mit Silicofluorid bestimmt. Bei in Form von Ammonium- 
salzen fixiertem Stickstoff werden die Ammoniumionen in basischem 
Medium mit Formalin zu Hexamethylentetramin kondensiert; bei 
als Carbamid tixiertem Stickstoff wird dieses mit Natriumnitrit zersetzt; 
als Nitrat fixierter Stickstoff wird mit Titan(II1) reduziert. In jedem 
Fall wird die Temperaturlnderung der Probelijsung gemessen. 
Praktisch alle wesentlichen Bestandteile von Diingemitteln k&men 
durch Thermometrie mit Direktablesung bestimmt werden; mit 
dieser Methode und einer speziellen Ausrtistung wird die Analysen- 
zeit filr eine beliebige Bestimmung auf hiichstens etwa 15 min verkiirzt. 

R&wm6-Lea auteurs ont elabore des methodes rapides pour le 
dosage des principaux composants d’agents fertilisants, ii savoir le 
phosphate, le potassium et l’azote fixes sous diverses formes. En 
l’absence d’ions magnesium, on precipite le phosphate par la mixture 
magnesium; en la presence d’ions magnesium, on pr6cipite le phos- 
phomolybdate d’ammonium et l’on fait regir l’ex& de molybdate avec 
l’eau oxygenee. On dose le potassium par precipitation au fluosilicate. 
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Pour l’azote fix& a l’etat de sels d’ammonium, les ions ammonium 
sont condenses dans une solution basique avec le formaldehyde, 
dormant l’hexam6thylene tetramine; pour l’azote fix& a l’etat de 
carbamide, ce dernier est decompose par le nitrite de sodium; pour 
l’azote fixe a T&at de nitrate, ce dernier est reduit par le titane(II1). 
Dans chaque cas, on mesure la variation de temperature de la solution- 
essai. Pratiquement, tous les composants essentiels d’agents fertili- 
sants peuvent etre determines par thermomttrie a lecture directe; avec 
cette mtthode et l’appareil special. le temps d’analyse est reduit a 
environ 15 mn au plus pour n’importe quelle determination. 
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Summary-The authors have developed rapid methods for the 
determination of the main components of fertilizers, namely phosphate, 
potassium and nitrogen fixed in various forms. In the absence of 
magnesium ions phosphate is precipitated with magnesia mixture; 
in the presence of magnesium ions ammonium phosphomolybdate is 
preciphated and the excess of molybdate is reacted with hydrogen 
neroxide. Potassium is determined bv urecinitation with silico- 
kuoride. For nitrogen fixed as ammonium Halts’the ammonium ions 
are condensed in a basic solution with formalin to hexamethylene- 
tetramine; for nitrogen fixed as carbamide the latter is decomposed 
with sodium nitrite; for nitrogen fixed as nitrate the latter is reduced 
with titanium(III). In each case the temperature change of the test 
solution is measured. Practically all essential components of fertilizers 
may be determined by direct-reading thermometry; with this method 
and special apparatus the time of analysis is reduced to at most about 
15 min for any determination. 

IN DIRECT thermometric analysis a reagent is added to the test solution which reacts 
selectively with the component in question, and a substantial heat of reaction accom- 
panies the reaction. The temperature variation of the test-solution due to the addition 
of the reagent is measured, after the reaction is completed. If the reagent is added in 
excess to the test-solution and the heat-capacity of the system is constant, the tempera- 
ture variation of the test solution is directly proportional to the concentration of the 
component in question.1*2*s Therefore the concentration of that component can be 
determined from a single measured value: the temperature change in the sample 
solution. The results are evaluated either from calibration curves or by direct reading 
in percentage if the apparatus is built and calibrated for direct-reading thermometric 
analysis.’ 

The concentration of the dissolved substances may be determined by this method 
in general within a period of 4-10 min. This method may therefore be used to 
advantage in the analysis of substances which can be rapidly brought into solution, 
since if preparation of the test solution is lengthy there cannot be a substantial 
reduction of the total time of analysis, however rapid the determination itself. In 
the case of fertilizers the test solutions for the determination of the various components 
are easily and rapidly prepared and that is why the thermometric method may be 
used to advantage in the rapid analysis of fertilizers. The test solution does not 
permit any substantial reduction of the total time of analysis, however rapid the 
determination itself. In the case of fertilizers the test solutions for the determination 
of the various components are easily and rapidly prepared and that is why the thermo- 
metric method may be used to advantage in the rapid analysis of fertilizers. 
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EXPERIMENTAL 

Equipment and working procedure 

In this work we use the same equipment and working procedure described in connection with the 
analysis of plating baths.%.* 

Determination of water-soluble P,O, content 

Principle. Phosphate is precipitated with magnesia mixture as the compound magnesium ammon- 
ium phosphate; the temperature change due to the heat of precipitation is measured. 

Reafents. Hydrochloric acid, sp. gr. 1.12. Ammonium chloride, solid. Potassium oxalate 
solutio& 30%. Ammonia solution, sp. 8;. 0.91. Magnesia mixture. Dissolve 1000 g of MgC14*6H,0 
in 3500 ml of water and add 1000 e of ammonium chloride and 200 ml of ammonia. 

Procedure. Pulverize the sampli in a porcelain mortar; weigh 10 g of the prepared sample into a 
400~ml Stohmann flask, add 400 ml of distilled water and shake vigorously for 30 min on a shaker. 
Fill up to the mark and mix; filter the solution, discarding the first 20-30 ml of the filtrate, transfer 
by pipette 100 ml of the filtrate into a 400-ml beaker, add 3 ml of hydrochloric acid, 10 g of ammonium 
chloride and 5 ml of potassium oxalate solution, neutralize with ammonia, add 5 ml excess of ammonia 
and dilute to 200 ml with distilled water. Adjust the temperature of this test solution to 1” below 
the temperature of the measuring cell, place the solution in the measuring cell, add 15 ml of magnesia 
mixture as reagent and complete the analysis according to the general working procedure. Evaluate 
the results with the aid of a calibration curve prepared by use of samples of known PaO, content. 

If the analysis is carried out in a system without heat of dilution or with compensation of the 
heat of dilution by a suitable arrangement of the measuring device, the PIOl content can be read 
directly in percentage on the sensing instrument fitted with a suitable shunt. 

The method may be used to determine a water-soluble Pa06 content of 3-40x with an error of 
A03 % P,Os. One determination takes 10-12 mm after preparation of the test solution. 

The method may also be used for the determination of the P,Ob content of dicalcium phosphate. 
In this case, however, the sample is dissolved in 100 ml of 0.4M hydrochloric acid (for a l-g sample) 
and 10 ml of potassium oxalate solution are added to it. The procedure is then the same. 

Magnesium in the sample interferes, and in that case an indirect method is used. 

Indirect rapid determination ofthe Pz06 content 

Principle. Phosphate is precipitated with an exactly measured amount of ammonium molybdate 
solution as ammonium phosphomolybdate; the excess of molybdate is reacted with hydrogen 
peroxide and the temperature change measured. It is not necessary to filter off the precipitate since 
the molybdic acid bound in the ammonium phosphomolybdate does not react with hydrogen per- 
oxide.s 

Reagents. Nitric acid, sp. gr. 1.2. Hydrogen peroxide, 30%. Ammonium molybdate solution. 
Dissolve 1000 g of ammonium nitrate in 1000 ml of water and heat to 80”. Heat 3000 ml of nitric 
acid (sp.gr. 1.2) to 80”, pour the ammonium nitrate solution into the nitric acid, and add a solution 
of 220 g of ammonium molybdate in 1500 ml water which has also been heated previously to 80”. 
After mixing allow to cool slowly; after two days filter off any precipitate and use the filtrate for 
analysis. 

Procedure. Prepare an aqueous solution of the fertilizer as for the P,O& determination, transfer 
10 ml by pipette into a 500-ml beaker, add 40 ml of nitric acid and heat to boiling. To the hot solution 
add from a burette or pipette an exactly measured 50 ml of molybdate solution. Heat the solution 
to 80” and stir vigorously at this temperature for 3 min. Cool the solution, transfer it to a 200-ml 
volumetric flask and dilute to the mark with distilled water. Adjust the initial temperature of the 
solution to 0.5” below the temperature of the measuring cell, place the solution in the measuring cell, 
add 5 ml of hydrogen peroxide as reagent and measure the temperature change. Evaluate the results 
with a calibration curve. 

The method may be used to determine a PaOs content of l-20%; for higher P,O, content the 
sample weight should be reduced. 

The method may be used not only for the determination of the water-soluble P,O, content but 
also for determining the phosphate content of crude ores used in the production of fertilizers; in 
this case the phosphate should be brought into solution previously by a treatment with sulphuric or 
nitric acid. 

Determination of the potassium content 

It is most convenient to precipitate the potassium as the hexafluorosilicate.* 
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Reagents. Hydrochloric acid, (1 + 1). Hydrofluoric acid, 40 %. Precipitating agent. Weigh 100 g 
of finely powdered silica gel or voluminous precipitated silicic acid into a 2000-ml plastic flask. 
Slurry with 200 ml of distilled water and add 50 ml of hydrochloric acid (1 + 1). Cool the flask with 
cold water, add 650 ml of hydrofluoric acid in small portions and leave the mixture until the silica is 
dissolved. 

Procedure. Weigh 20 g of finely powdered fertilizer into a 250-ml volumetric flask, add 200 ml 
of distilled water and shake the flask vigorously. After 10-15 min, when the potassium salts are 
dissolved, dilute to volume with distilled water. Mix, filter through a fluted filter, discard the first 
10-20 ml of filtrate, transfer 50 ml of filtrate by pipette into a 200~ml polyethylene beaker, add 30 ml 
of hydrochloric acid and 2 ml of hydrofluoric acid, transfer to a plastic volumetric flask or measuring 
cylinder and dilute to 200 ml with distilled water. Adjust the initial temperature of the solution to 
0.5” below the ambient temperature, place the solution in the measuring cell, add 15 ml of pre- 
cipitating agent from a platinum or plastic immersion pipette and finish the analysis according to the 
general working procedure. Evaluate the results with a calibration curve prepared with fertilizers of 
known potassium oxide content. Direct reading is also possible, as for water-soluble P,Oll. 

The method may be used to determine a KS0 content of 240%, on a 20-g sample, with an error 
of ~tO.3 % K*O. One determination takes 20-25 min. 

Determination of nitrogenfixed as carbamide 

Principle. When carbamide reacts in an acid solution with sodium nitrite it is decomposed with 
a substantial heat of reaction. 

Reagents. Hydrochloric acid, sp.gr. l-12. Potassium nitrite solution. Saturate a 20% potassium 
nitrite solution with ammonium sulphate, remove the undissolved ammonium sulphate by filtering 
and use the filtrate as reagent. 

Procedure. Prepare the test solution as described for P,O,. Take 50 ml of filtrate by pipette, add 
30 ml of hydrochloric acid, filter into a 200-ml volumetric flask and dilute to the mark. Adjust the 
initial temperature of this test solution to 0.5” below the temperature of the measuring cell. Place 
the solution in the measuring cell, add 15 ml of potassium nitrite reagent and complete the analysis 
according to the general working procedure. The reaction does not occur instantaneously, but is 
completed within about 3 min after addition of the reagent. Evaluate the results with a calibration 
curve prepared with fertilizer samples of known carbamide content or with model solutions. 

A carbamide nitrogen content of l-20% can be determined in 15 min with an error of *to*1 % NI. 
When the nitrite reagent is added to the test solution nitrous gases are formed. Therefore the 

measuring cell should be placed in a fume cupboard. 

Determination of nitrogen fixed as ammonium salts 

Principle. Ammonium ions are condensed with formalin in basic solution to hexa-methylene- 
tetramind, with a substantial heat of reaction. 

Reapents. Sodium hvdroxide solution, 10%. Formalin solution, 20%. 
Prozedure. Prepare <he stock sample solution as before. Transfer 50ml by pipette into a 200-ml 

volumetic flask and dilute to the mark with distilled water. Adjust the temperature of this test 
solution to 0.5” below that of the measuring dell, place the solution in the measuring cell, let the 
temperature differences equalize, add lOm1 of sodium hydroxide solution, wait for 1 min, then 
compensate the measuring bridge to adjust the galvanometer pointer to zero. Add 10 ml of formalin 
solution as reagent and measure the temperature change. Evaluate the results as usual. 

The method may be used to determine l-20% nitrogen fixed as ammonium salts, in l&l5 min, 
with an error of f0.2 % N,. 

Determination of nitrogenjixed as nitrate 

Principle. Nitrate is reduced in acid solution with a mixture of titanium trichloride and stannous 
chloride and the temperature change is measured. 

ReaPents. Hvdrochloric acid. SD.m. l-12. Reducine mixture. Mix 75 ml of 30 % titanium trichlor- 
ide so&ion with 25 ml of 50% stan’nous chloride sol;tion. 

,- 

Procedure. Transfer 50 ml of the stock sample solution by a pipette into a 200-m] volumetric 
flask, add 10 g of carbamide and 100 ml of hydrochloric acid and dilute to volume with distilled 
water. Adjust the temperature of this test solution to O-5” below the temperature of the measuring 
cell, place the solution in the measuring cell, add 15 ml of the reducing mixture and complete the 
analysis according to the general working procedure. 

A l-30% nitrate nitrogen content can be determined in 15 min with an error of 0.2% Na. 
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RESULTS 

Typical results are shown in Tables I and II. 
on over 100 comparison analyses. 

SIPOS 

The errors quoted above are based 

TABLE I.-PpOs AND KIO CONTENT 

P,OI found, % 
Sample 

Gravimetric Direct method Indirect method 

: 10.45 8.40 10.4 8-l 10.1 8.2 

: 12.80 16.80 13.0 17.0 17.1 12.9 

21.30 21.1 21.0 
10.70 10.8 10.7 

KIO found, % 

Gravimetric Thermometric 

8.15 8.3 
10.20 10-l 
12.36 12.1 
17.96 18.2 
30.48 30.6 
10.15 10.2 

TABLE II.-NITROGEN CONTEZNT 

Nitrogen found, % 
Sample As carbamide As ammonium salts As nitrate 

Volumetric Thermometric Volumetric Thermometric Volumetric Thermometric 

1 
3 
4 
6 
7 
8 

1: 

::. 

7.69 7.5 
9.76 9.9 

5.88 6.15 6.3 
6.25 

8.10 8.3 3.22 3.1 
6.36 6.5 
6.73 6.9 

7.16 7.2, 
8.18 8.0 

4.75 4.8 
4.72 4.5 

Zusannnenfassung-Die Autoren haben Schnellmethoden zur Be- 
sthnmung der Hauptbestandteile von Diingemitteln entwickelt: 
Phosphat, Kalium und in verschiedenen Formen fixierter Stick- 
stoff. In Abwesenheit von Magnesium wird Phosphat mit Magnesia- 
mixtur geflllt; in Gegenwart von Magnesiumionen wird Ammonium- 
phosphomolybdat gefallt und das tlberschtlssige Molybdat mit 
Wasserstoffperoxid zur Reaktion bebracht. Kalium wird durch 
Flllung mit Silicofluorid bestimmt. Bei in Form von Ammonium- 
salzen fixiertem Stickstoff werden die Ammoniumionen in basischem 
Medium mit Formalin zu Hexamethylentetramin kondensiert; bei 
als Carbamid tixiertem Stickstoff wird dieses mit Natriumnitrit zersetzt; 
als Nitrat fixierter Stickstoff wird mit Titan(II1) reduziert. In jedem 
Fall wird die Temperaturlnderung der Probelijsung gemessen. 
Praktisch alle wesentlichen Bestandteile von Diingemitteln k&men 
durch Thermometrie mit Direktablesung bestimmt werden; mit 
dieser Methode und einer speziellen Ausrtistung wird die Analysen- 
zeit filr eine beliebige Bestimmung auf hiichstens etwa 15 min verkiirzt. 

R&wm6-Lea auteurs ont elabore des methodes rapides pour le 
dosage des principaux composants d’agents fertilisants, ii savoir le 
phosphate, le potassium et l’azote fixes sous diverses formes. En 
l’absence d’ions magnesium, on precipite le phosphate par la mixture 
magnesium; en la presence d’ions magnesium, on pr6cipite le phos- 
phomolybdate d’ammonium et l’on fait regir l’ex& de molybdate avec 
l’eau oxygenee. On dose le potassium par precipitation au fluosilicate. 
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Pour l’azote fix& a l’etat de sels d’ammonium, les ions ammonium 
sont condenses dans une solution basique avec le formaldehyde, 
dormant l’hexam6thylene tetramine; pour l’azote fix& a l’etat de 
carbamide, ce dernier est decompose par le nitrite de sodium; pour 
l’azote fixe a T&at de nitrate, ce dernier est reduit par le titane(II1). 
Dans chaque cas, on mesure la variation de temperature de la solution- 
essai. Pratiquement, tous les composants essentiels d’agents fertili- 
sants peuvent etre determines par thermomttrie a lecture directe; avec 
cette mtthode et l’appareil special. le temps d’analyse est reduit a 
environ 15 mn au plus pour n’importe quelle determination. 
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Summary-The activation of the homogeneous catalytic reactions 
used in analysis is discussed. The use of activators in catalytic methods 
permits increase in their sensitivity by 2-4 orders of magnitude and 
improvement in their selectivity as well. Many different mechanisms 
of activation are discussed and used as illustrations of the principles 
for choice of an appropriate activator. 

THE MAM ADVANTAGES that catalytic analysis offers to the analyst are a very high 
sensitivity and a relative simplicity of the methods used, there being no need for any 
special apparatus or technique. In many cases, however, the sensitivity of the catalytic 
methods is too far from maximal and even from the average level in catalytic analysis. 

Most catalytic methods of analysis used so far have a sensitivity of the order of 
10-7-10-s g/ml. In many cases the sensitivity is even 10-10-10-12 g/ml, while for 
cadmium and lead, for example, it is about low6 g/ml. 

In some other cases, e.g., in reactions catalysed by alkaline earth elements, the 
catalytic activity shown by the metal ions is very low. This is the reason why catalytic 
analysis plays a very restricted role in their analytical chemistry and it seems that 
this situation will remain unchanged unless some new possibilities appear for enhance- 
ment of their catalytic activity. 

Hence, in spite of the fact that on the whole catalytic analysis has a high average 
sensitivity, further increase in sensitivity is still a serious and real problem. 

The rate of the so-called indicator reaction 

x+ Y+P (1) 

in the presence of the catalyst M”+ is given by 

dP 
Rate = dt = ~[a”[ Y]*[h’i”+]c + k[fls’[ Y]“’ (2) 

where K is the rate constant of the catalytic reaction (“the catalytic constant”), k is 

the rate constant of the uncatalysed reaction, and p, q, r, p’ and q’ are coefficients 
determined by the reaction equation. 

If the reaction scarcely proceeds in the absence of M”+, equation (2) reduces to 

Rate = K[X~“[ Y]“[M”+] (3) 

The possibilities for increase in the reaction sensitivity follow from equations (2) 

and (3). 
The lowest concentration of M”+ which can be determined by the use of reaction 

(1) depends on the lowest amount of the product P that can be estimated for a given 

t Part I: Talanta, 1970,17,499. 
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interval of time. The sensitivity of the catalytic method is therefore closely related 
to the method used for monitoring the reaction kinetics. The application of more 
sensitive methods for determination of the “indicator” substance P increases the 
sensitivity of the catalytic meth0d.l 

Thus the determination of S2- based on the iodine-azide reaction was first realized 
with a sensitivity of the order of lug/ml, a volumetric technique being used for deter- 
mination of the reaction product nitrogen. 2 The application of a calorimetric method 
for monitoring the reaction kinetics increased the sensitivity to 1O-2 pg/rnl,s and by 
the use of amperometric techniques the determination of sulphide in concentrations 
as low as IO-l3 pg/ml became possible.4 

When calorimetric methods are used to follow the reaction kinetics, which is the 
most frequent case in catalytic analysis, the molar absorptivity of the indicator 
substance is of prime importance for the sensitivity of the procedure. In this connec- 
tion the use of quinoidal products or of some dyes as indicator substances might be 
recommended for highly sensitive catalytic reactions (see Part I). 

Another way to increase the catalytic constant and thus the reaction sensitivity, 
is to carry out the reaction at elevated temperatures. This possibility, however, 
cannot be used when the uncatalysed reaction also proceeds at a considerable rate 
at higher temperatures. In such case the rate of the catalytic reaction only is deter- 
mined as a difference between two large values and the error of the determination 
becomes too large. There are not many examples of analytical catalytic reactions 
with low values of the uncatalysed reaction rate and for that reason procedures 
carried out at temperatures higher than 20-30” are not too common in catalytic 
ana1ysis.l 

The possibility that at present seems the most promising for further increase in 
the catalytic constant and therefore of the sensitivity of catalytic methods is the 
application of activators. 

A review of the literature for the last 6-8 years shows that the most sensitive 
catalytic methods proposed in this period are connected with the development of the 
theory and practice of activation of homogeneous catalytic reactions. 

By definition, an activator for a homogeneous catalytic reaction is “a substance 
which does not catalyse this reaction but strongly increases its rate in the presence of 
certain catalysts.” s 

The mechanism of the activator’s action in the process may differ considerably 
depending on the role of the catalyst in the reaction, the character of the catalyst- 
activator interaction and the stage of the reaction directly affected by the presence 
of the activator. Taking into account these factors, activators can be classified into 
three groups : 

(a) activators that affect the catalyst-substrate interaction 
(b) activators that participate in the regeneration of the catalyst 
(c) activators which act in an indirect way in the catalytic process. 

Each will be discussed in turn. 

The activator afects the catalyst-substrate interaction 

When the catalyst participates in the process through a direct interaction with 
the substrate (see Part I) the first stage of the catalytic reaction is usually the formation 



Catalytic reactions-II 677 

of an intermediate complex M-S.? In this complex further transformations with the 
substrate take place, having as a final result the formation of the reaction products. 
In some cases such intermediate complexes have been identified by direct physical 
methods (EPR, spectral methods), but in many others their formation is assumed 
on the grounds of kinetic data only (see Part I). 

The influence of the activator on this stage of the reaction might affect the forma- 
tion of the complex M-S and/or its subsequent reactions. In both cases, however, 
complex formation between the catalyst and the activator is a necessary condition 
for the activation of the catalytic reaction. In the complex M-A the activator might 
influence in different ways the reactivity of M towards the reaction substrate. 

Thus if the activator in M-A can form hydrogen bonds with the substrate it might 
orient the catalyst and the substrate in a suitable position for the formation of the 
intermediate M-S. In such cases the activator must possess not only groups capable 
of keeping together the catalyst and the substrate but also an appropriate structure 
making possible the interaction of the bound reagents. It is considered, for example, 
that the activation effect of glycerol in oxidation reactions catalysed by vanadium(V) 
is of that type.6 Ethylene glycol shows no effect on the reaction because there is no 
group in its molecule, co-ordinated to vanadium(V), capable for hydrogen bonding 
with the substrate, as is the case with the third hydroxyl group of glycerol. 

Another example of that type of activation is the catalytic oxidation of aromatic 
compounds in the presence of Cu(II), activated by hydroxyl ions. According to 
Yatsimirskii’ the activation effect is due to the covalent M-OH bond, leading to a 
more diffuse character of the catalyst’s &_,r orbital and, therefore, to a greater 
overlap between this orbital and the corresponding filled rr-orbitals of the substrate. 
At the same time the hydroxyl groups in Cu(OH),- and CU(OH),~- can form hydrogen 
bonds with the aromatic substrate (usually an arylamine or phenol) and thus also 
can favour the catalyst-substrate complex formation. 

Another reason for the activator’s action in this stage of the process might be the 
increased polarization in the complex M-S when the activator is also included in 
the co-ordination sphere of the catalyst. 

The catalytic activity of metal ions in hydrolytic and decarboxylation reactions 
is due to the polarization effect of the metal ion on the substrate molecule (see Part I). 

For example, the decarboxylation of oxaloacetic acid proceeds in the presence of 
metal ion catalysts according to the scheme: 

O=~-$-W-CLo_ _ co, + O=J-y=CH% 

- CH&OCOOH + Cu”+ 

(4) 

The metal ion catalyst weakens the bond HOOC-CH, as a result of the polariza- 
tion. For this reason the catalytic effect is not a specific one and it might be expected 
that any increase of the effective charge of the catalyst should result in a higher 
catalytic activity. 

t Here and later in the text M stands for the catalyst, S for the reaction substrate and A for the 
activator. 
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We have tried to increase the effective charge on the metal ion in this reaction and, 
therefore, its catalytic activity, by the use of suitable ligands as activators.8 Two types 
of ligands were used for the purpose. 

An activator with a lower basicity than the other species in the co-ordination 
sphere of the catalyst (the substrate and/or the solvent) will cause an increased effective 
charge on the metal ion. On the other hand, complex formation with such a ligand 
will take place only if its concentration is much higher than that of the substrate and 
any other ligands with a higher basicity present in the system. 

We were able to demonstrate such an activation on the reaction of catalytic 
decarboxylation of oxalacetic acid in the presence of Cu2+ as a catalyst.8 The catalytic 
reaction was carried out in the presence of relatively large amounts of organic oxygen 
containing solvents, soluble in water, such as ethanol, glycerol, butyric acid and 
dioxan. In these conditions water is partly displaced by the activator from the 
co-ordination sphere of Cu2+ and ternary complexes of the type catalyst-substrate- 
activator are formed as intermediates in the course of the catalytic reaction. 
The existence of copper(I1) complexes with the activator in the reaction conditions 
was confirmed by the use of electronic and EPR spectra.9 

The other type of ligands used to increase the effective charge of the metal ion 
catalyst were complexing agents, capable of forming (M + L) r-bonds with the 
catalyst. The formation of such bonds with the activator lowers the electron density on 
the metal ion catalyst and therefore might be expected to increase its effective charge. 

Pyridine, having unoccupied r* orbitals is a good rr-acceptor and it was founds 
that in its presence the rate constant of the model catalytic reaction can be increased 
by a factor of nearly 8. An analogous effect was found by Rund and PlanelO with 
l,lO-phenanthroline and tripyridyl in the decarboxylation of dimethyl oxaloacetate 
catalysed by Mn2+ and Ni2f. 

Some steric factors can also be taken into account for a further increase in the 
activation effect. A good example of this type is the use of 2-methylpyridine as 
activator in copper(catalysed decarboxylation of oxaloacetic acid.s This activator 
not only increases the effective charge on the metal ion catalyst, but also favours the 
formation of catalyst-substrate complexes when substrate is being substituted for 
water and/or the activator in the catalyst co-ordination sphere. 

The methyl group in the activator molecule causes steric hindrance in the plane of 
the square-planar catalyst complexes and thus lowers the energy barrier for the 
formation of the transition trigonal bipyramidal state. For that reason 2-methyl- 
pyridine shows a much higher activation effect than pyridine-it increases the rate 
constant of the model catalytic reaction by a factor of more than 26. 

These investigations served as a basis for the use of decarboxylation reactions in 
catalytic analysis. Here the catalytic determination of metal ions with a filled outer 
electron shell must be mentioned first. 

The ions of this type usually do not catalyse redox processes and their catalytic 
activity in hydrolytic and decarboxylation reactions is too low to be of any analytical 
interest. On the basis of the theoretical considerations above, it was possible to 
increase the catalytic activity of some of these ions sufficiently and to develop catalytic 
analytical methods for their determination. Thus in plant materials it was possible to 
determine catalytically total amounts as low as 5 lug of zinc,llO*5 ,ug of aluminium,12 
and 50 lug of magnesium.13 
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The activator might also increase the rate of a catalytic reaction through another 
mechanism-affecting the rate of complex formation between the substrate and the 
catalyst. 

This is, for example, the case with the activating effect of %hydroxyquinoline and 
its derivatives on the oxidation of arylamines by halates, catalysed by vanadium(V).l* 
It was shown that in this reaction the activators strongly increase the rate of complex 
formation between the catalyst and the substrate-the first, rate-limiting step of the 
overall catalytic reaction. It is supposed that the reason for such action is the frans- 
effect they have on the co-ordination sphere of vanadium(V), in the xy-plane. 

According to Chatt and OrgeP it might be expected that the stronger the electron- 
acceptor abilities of the ligand, the higher its truns-effect and hence its activation 
action. We have studied this correlation experimentally, varying the substituents 
in the activator molecule. Thus the presence of two electron-withdrawing groups 
(-SO,H and -1) in the molecule of 8-hydroxyquinoline strongly increases its electron- 
acceptor properties and the activation effect connected with them. The rate constant 
of the model catalytic reaction increases about 36 times when 5-sulpho-7-iodo-8- 
hydroxyquinoline is substituted for 8-hydroxyquinoline, as activator. The results 
of these investigations were used for development of a very sensitive method for 
determination of vanadium in plant materials (sensitivity lo4 pg/ml).ls Analogous 
effects were obtained when other electron-acceptors (l,lO-phenanthroline, 2,2’- 
dipyridyl) were used as activat0rs.l’ 

Compounds with a system of conjugated n-bonds provide another possibility for 
activation of redox catalytic reactions. As was shown by Taubels such compounds 
can serve as a bridge between the reagents in electron-transfer reactions. The conjug- 
ated system provides a conductive path between the reagents, thus increasing the 
redox reaction rate. Such substances could be used, therefore, as activators for 
catalytic reactions where the rate-determining step is electron transfer in the catalyst- 
substrate interaction. The acceleration of vanadium(V)-catalysed redox reactions by 
phthalic acid could serve as an illustration of this type of activation.6 

It must be pointed out that in all cases of activation discussed above, the depend- 
ence of the reaction rate on the activator concentration shows a maximum. This 
is due to the fact that at high activator concentrations the co-ordination sphere of 
the catalyst is fully occupied by the activator and any complexation with the substrate 
is prevented. 

Nevertheless, in many cases such “blocking” of the co-ordination sphere does 
not result in a complete quenching of the catalytic activity. If the substitution process 

MA,+S + MA,S + A (5) 

proceeds with a measurable rate it will provide a certain concentration of catalyst- 
substrate complex and therefore some catalytic activity will be obtained. In such 
conditions the substitution of the activator by the substrate in the co-ordination 
sphere of the catalyst becomes the rate-limiting step of the overall catalytic reaction. 

The existence of a maximum in the curve of reaction rate us. activator concentra- 
tion is a characteristic feature for all types of activated reactions when the activator 
action is connected with the formation of ternary complexes of the type A-M-S. 

In some cases the activator’s influence on the catalytic reaction might be due to a 
shift in an equilibrium with the participation of the catalyst. This is, for instance, 

7 
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the case with the activation effect of chloride ions on the catalytic decomposition of 
hydrogen peroxide in the presence of Cu2+.lg 

According to Uri20 the activation is due to a shift, to the right, of the equilibrium 

Cu2+ + HOz- + Cu+ + HO; (6) 

The overall reaction rate is determined by the position of the equilibrium process, 
the reactivity of HOZ’ being high enough. Chloride ions, forming more stable com- 
plexes with Cu+ than with Cu2+ shift the equilibrium (6) to the right and hence acceler- 
ate the catalytic reaction. 

A similar fact was found in the catalytic oxidation of arylamines, catalysed by 
vanadium(V).21 Recently it was estimated that the highest catalytic activity amongst 
all ionic species of vanadium(V) is possessed by a form, stable in a very narrow pH- 
range, which is formed in the process of depolymerization of H2V1,,02s4- to V02+.22 
The presence of phosphates, which form complexes with vanadium, shifts the depoly- 
merization equilibrium and thus an activation of the catalytic reaction is observed.21 

An analogous fact was discovered by Kriss and Yatsimirskii who found that 
various phosphorus-containing ligands activate the vanadium(V)-catalysed oxidation 
of iodide by chlorates.2s 

The activator affects the regeneration of the catalyst 

Most of the catalysts for homogeneous redox reactions are ions of transition 
elements that can exist in several oxidation states, e.g., iron, manganese, vanadium, 
copper, silver. In many reactions of this type the catalyst participates in the process 
as a mediator for the redox interaction between the reagents, according to the follow- 
ing scheme 

Mcn+l)+ + S + Products + Mn+ (7) 

M”+ + Ox + Mtn+l)+ + Red (8) 

The catalyst acts by alternate oxidation-reduction steps, any of which can 
determine the overall reaction rate. Some reactions in which (7) is rate-limiting and 
which can be affected by activators were discussed in the previous paragraph. Here 
the cases where (8) determines the overall reaction rate, and therefore could be a 
means of activation, will be considered. 

The theory of Marcus24 can help to reveal the possibilities for activation of the 
metal ion-oxidant processes of type (8). According to the theory, for cases when in 
the transition state a small orbital overlap takes place between the reagentst the rate 
constant of a redox process is given by the equation 

where 2 is the collision number and AG* is the free energy of activation. This last 
parameter is a function of the standard free energy change of the process, of the 
charges of the reacting particles, and of terms that account for the solvation of the 

t It seems that for many cases of direct oxidation of metal ions by oxygen-containing anions 
this condition is fulfilled.z6 
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reagents and the reaction products. Hence, the rate of a catalytic reaction might be 
increased with activators able to affect these three factors in an appropriate way.26 

This possibility was demonstrated by the example of silver(I)-catalysed oxidation 
of sulphanilic acid by peroxydisulphate. 26 The investigations on the reaction mechan- 
ism have shown that the process proceeds in two stages, according to (7) and (8), 
the two oxidation states of the catalyst being Ag(I) and Ag(I1) respectively.27 The 
rate-determining step of the overall reaction is (8), i.e., the oxidation of Ag(1) to 

Ag(II). 
The application of the Marcus theory to this case has shown that if a neutral 

ligand capable of complexation with Ag(1) and Ag(I1) is added, an acceleration of the 
process Ag(1) - e + Ag(II) might be expected. The main contribution to such an 
effect comes from the lowering of the high oxidation potential of the couple Ag(II)/ 
Ag(I),t i.e., of the free energy change of the process, the role of the other two factors 
being relatively smaller. 

A complexant with nitrogen donors might be expected to cause such a lowering, 
i.e., to form more stable complexes with Ag 2+ than with Ag+ because of the higher 
charge of Ag2+ and of the considerable crystal field stabilization energy (CFSE) for 
Ag2+, while for Ag? CFSE = 0. Polydentate ligands are expected to exhibit a bigger 
effect, taking into account the difference between the structures of Ag2+ and Ag+ 
complexes.28*2n 

In complexes with nitrogen-containing ligands Ag(1) has a co-ordination number 
of 2 and a linear structure of the complexes due to the small difference in energy 
between the 4d and 5s orbitals, while a co-ordination number of 4 and a square- 
planar structure is characteristic for the analogous Ag(I1) complexes. The chelate 
effect can therefore also contribute to a further stabilization of the corresponding 
Ag(I1) complexes. This effect can be still bigger if the polydentate ligand is a strong 
electron acceptor and can participate in (M + L) r-bond formation. 

The validity of the theoretical considerations stated above is supported also by the 
data published in a series of experimental works by Yassinskene and co-workers, who 
proposed several analytical procedures for determination of silver with the use of 
nitrogen-containing ligands as activators.80*81 

The lowering of the oxidation potential can play an important role in reactions 
where the free-energy change in the reoxidation of the catalyst is high enough to 
represent the main barrier in the reaction path. 

Another mechanism of activation that can affect this stage of the catalytic reaction 
includes processes where the activator could serve as a matrix for an appropriate 
orientation of the reagents-the reduced form of the catalyst M”+ and the oxidant Ox. 

Such a role of the activator could be of importance in cases where several structures 
of the activated complex [M-+-Ox]* could be realized that differ in energy, and the 
thermodynamically preferred structure is not the most appropriate one for the oxida- 
tion process to proceed.’ 

Multidentate activators capable of complexation with M”+ and at the same 
time of forming hydrogen bonds with Ox, could facilitate the formation of the transi- 
tion state necessary for the oxidation of M *+ and thus increase the overall reaction 
rate. A necessary condition for such an effect is that the structure of the activator 
must correspond to the inter-atomic distances in the activated complex. 

t The standard oxidation potential of Ag’f/Ag+ is -2.0 V. 
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Examples of such activators are hydroxycarboxylic acids such as citric, tartaric, 
for vanadium(V)-catalysed oxidation reactions.s2*33 

Activation of this type is closely connected with the possibility of hydrogen- 
bonding between the activator and the oxidant. For that reason the activator is 
very sensitive to any change in its structure that can prevent the formation of such 
bonds. For example, esterification of the activator’s hydroxy groups leads to complete 
quenching of the activation.= 

The activator acts in an indirect way in the catalytic process 

This group includes activators that participate in parallel processes which can 
affect the rate of the main catalytic reaction. A typical example of this type of activa- 
tion is the effect shown by phenols on the catalytic oxidation of some arylamines.35 

The catalytic oxidation of arylamines proceeds usually by a one-electron mechan- 
ism with the formation of free amino-radicals 

Mcn+r)+ + ArNH2 + Mn+ + ArNH* + H+ (9) 

which react further to form the final reaction products-quinone-imine compounds 
(see Part I). 

In the presence of phenols an interaction takes place with the primarily formed 
imino-radicals36m37 

ArOH + ArNH* + ArO* + ArNH2 (10) 

followed by recombination of ArO* and ArNH* with the formation of quinone-imines : 

ArO* + ArNH. ---f quinone-imines (11) 

Reactions (10) and (11) proceed very rapidly and the rate of quinone-imine 
formation increases as a result. 

In some cases the product of the conjugated oxidation is identical with that of the 
non-activated reaction and then the term “activation” can be used for the observed 
increase of the reaction rate. However, as a rule, another quinone-imine compound 
is obtained in the presence of phenol. Because of the very small differences in the 
wavelengths of the absorption maxima of similar quinone-imines, the formation 
of a new reaction product in the presence of such “activators” is very often missed. 
In spite of the fact that the substrate is used up in the reaction at a higher rate, such 
cases could scarcely be considered as examples of activation, being in fact only an 
oxidative coupling. 

Thus the oxidation of p-phenetidine with chlorate, catalysed by vanadium(V), 
gives N+%ethoxyphenyl)quinone-imine as a main oxidation product. The reaction 
can be activated by the addition of phenol, the product of the oxidative coupling 
being the same quinone-imine. 38 This activated reaction was used in a sensitive 
catalytic determination of vanadium.ss 

In the presence of other phenols (such as hydroquinone, catechol, resorcinol, 
naphthols) the rate of formation of the coloured product strongly increases and the 
solution seems to keep its red colour unchanged. In fact, chromatographic separation 
on aluminium oxide, combined with infrared spectral investigations, has shown that 
different quinone-imines are formed, which absorb in a relatively narrow region of the 
visible spectrum (500-530 nm).3g 
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An analogous mechanism of activation was found*O for the action of hydroxy- 
and polycarboxylic acids in arylamine oxidations catalysed by vanadium(V)40 and 
chromium(VI).41 These reactions proceed through a one-electron mechanism, the 
first, rate-limiting step of the process being the oxidation of the substrate by the 
catalyst with the formation of arylimino-radicals : 

S + M(n+l,+ kl S* + M”+ (12) 

The radicals S* then react through recombination or further oxidation to the final 
reaction products (see Part I). 

Hydroxy- and polycarboxylic acids are also oxidized easily by the catalysts to 
radicals, which then react with the substrate: 

A + M(n+l,+ & A. + M”+ (13) 

A. + S kS A (or A’) + S* (14) 

An activation effect could be obtained if k2 + ks > k,. Usually the oxidation of 
polydentate carboxylic acids, such as citric, tartaric, oxalic, proceeds faster than that 
of the substrates because of the stronger tendency of the catalysts vanadium and 
chromium for complexation with oxygen than with nitrogen. 

The formation of the radicals A was estimated experimentally.40 The fact that 
they really react further with the substrate with the formation of the same reaction 
products was proved independently. 42 Radicals of type A were obtained by a photo- 
chemical decomposition of trisoxalate iron(II1) Fe(Ox)3s- and their interaction with 
arylamine substrate studied. It was found that the reaction products thus formed are 
the same as those obtained when oxalic acid is used as activator. 

The investigations on this type of activator served as a basis for development of 
highly sensitive analytical methods for determination of vanadium and chromium in 
different materials.41*43 

In some cases the carboxylic acids used as activators can affect simultaneously 
several stages of the catalytic reaction through a different mechanism. 

Thus the oxidation of p-phenetidine with halates, catalysed by vanadium(V), is 
activated by citric acid. The activator acts in two stages of the reaction : it accelerates 
the catalyst-substrate interaction through a radical mechanism40 [according to 
(13) and (14)] and at the same time increases the rate of regeneration of the catalyst, 
serving as a matrix for the V(N)-X0, interaction.42 

Oxalic acid is also used as an activator for the same reaction, but while a strong 
effect on the catalyst-substrate interaction is observed,40 at the same time it acts as an 
inhibitor for the regeneration of the catalyst. s2 The influence on the tist, rate-limiting, 
stage of the process results in the rates of both reaction stages becoming of the same 
order and hence the inhibition of the second stage is now of importance. For that 
reason the total effect of oxalic acid on the overall reaction rate is smaller than that of 
citric acid.” 

Another attempt at explanation of the difference in the effect of citric and oxalic 
acids on the rate-limiting stage and on the overall reaction rate was made by means of 
molecular orbital theory and the electronic spectra of the catalyst-activator complex.45 
Here the influence of the activator on the second reaction stage was not taken into 
account at all, the discussion including only the rate-determining step. It was shown 
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that the energy of the charge-transfer band of the complex Mtn+l)+-A could be used 
to predict qualitatively the possibility of activation and the order of the activating 
effect in cases where the activator is oxidized during the reaction, according to (13). 

Higher sensitivity is not the only advantage that could be realized by the use of 
activators in catalytic analysis. Another possibility seems much more attractive- 
selection of an activator for a given catalytic reaction, that would increase the 
catalytic activity of the ion to be determined and at the same time quench the activity 
of other catalysts that can interfere. In such a case an improvement in sensitivity and 
selectivity could be accomplished simultaneously. 

Such a possibility was first pointed out and experimentally realized in 1963 in a 
catalytic method for determination of vanadium in the presence of copper(I1) and 
iron(III), which also catalyse the indicator reaction.46 The addition of citric acid 
increases the sensitivity for vanadium(V) by about 15 times, the activity of both 
interfering ions being completely suppressed. 

The catalytic determination of silver offers another example. Thus 25 ,ug of 
silver can be determined catalytically by the sulphanilic acid oxidation, copper(I1) 
and iron(II1) interfering in amounts >0*6 ,ug and > 10 pg respectively.2s The use of 
2,2’-dipyridyl permits the determination of 5 x 1O-3 pg of silver (5000 times higher 
sensitivity) at the same time raising the levels at which copper(I1) and iron(II1) 
interfere to 10 and 100 ,ug respectively. 2* The presence of ethylenediamine increases 
the sensitivity for silver only 1000 times, but increases tolerance for copper(I1) to 
50 pg.29 

It must be pointed out that so far only a few examples of simultaneous improve- 
ment of sensitivity and selectivity of catalytic reactions are known. In our opinion, 
however, this offers one of the most promising lines of research on application of 
activators in catalytic analysis. 

The use of a combination of properly selected activators must also be mentioned 
as a prospective means of affecting a catalytic reaction. It was shown that sometimes 
the joint activating effect can be much higher than that of either activator alone.47 
Higher selectivity might also be expected, as shown by Kalinitchenko.48 This work 
and other papers by the same autho#B-sl are also interesting as examples of the use of 
activators in catalytic luminescence analysis. The simultaneous application of a 
system of activators is another promising field for research that could reveal new 
possibilities for further improvement of catalytic analytical methods. 

CONCLUSION 

The present paper does not pretend to cover all the data on activators and their 
application in catalytic analysis. Its aim is only to show the possibilities that the use 
of activators offers to the analyst, to discuss the mechanisms of their action and on 
that basis to show the way to select suitable activators for a given catalytic method. 
This, in our opinion, could help the further development and application of catalytic 
methods which are amongst the most sensitive modern analytical methods. 

Znaammenfassnag-Die Aktivierung der analytisch verwendeten 
homogenen katalytischen Reaktionen wird diskutiert. Die Verwendung 
von Aktivatoren bei katalytischen Methoden bringt einen Gewinn an 
Empfindlichkeit von 2-4 GriiBenordnungen und verbessert auherdem 
die Selektivitlt. Viele verschiedene Aktivierungsmechanismen werden 
diskutiert und als Beispiele fur die Gesichtspunkte angeftihrt, nach 
denen man einen geeigneten Aktivator auswlhlt. 
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R&sum&On discute de l’activation de reactions catalytiques homo- 
genes utilisees en analyse. L’emploi d’activeurs dans les methodes 
catalytiques permet d’accroltre leur sensibilite d’ordres de grandeur 
24 et d’amtliorer aussi bien leur sblectivite. On discute de nombreux 
mecanismes differents d’activation et les utilise comme illustration des 
principes pour le choix d’un activeur approprie. 
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Summary-The activation of the homogeneous catalytic reactions 
used in analysis is discussed. The use of activators in catalytic methods 
permits increase in their sensitivity by 2-4 orders of magnitude and 
improvement in their selectivity as well. Many different mechanisms 
of activation are discussed and used as illustrations of the principles 
for choice of an appropriate activator. 

THE MAM ADVANTAGES that catalytic analysis offers to the analyst are a very high 
sensitivity and a relative simplicity of the methods used, there being no need for any 
special apparatus or technique. In many cases, however, the sensitivity of the catalytic 
methods is too far from maximal and even from the average level in catalytic analysis. 

Most catalytic methods of analysis used so far have a sensitivity of the order of 
10-7-10-s g/ml. In many cases the sensitivity is even 10-10-10-12 g/ml, while for 
cadmium and lead, for example, it is about low6 g/ml. 

In some other cases, e.g., in reactions catalysed by alkaline earth elements, the 
catalytic activity shown by the metal ions is very low. This is the reason why catalytic 
analysis plays a very restricted role in their analytical chemistry and it seems that 
this situation will remain unchanged unless some new possibilities appear for enhance- 
ment of their catalytic activity. 

Hence, in spite of the fact that on the whole catalytic analysis has a high average 
sensitivity, further increase in sensitivity is still a serious and real problem. 

The rate of the so-called indicator reaction 

x+ Y+P (1) 

in the presence of the catalyst M”+ is given by 

dP 
Rate = dt = ~[a”[ Y]*[h’i”+]c + k[fls’[ Y]“’ (2) 

where K is the rate constant of the catalytic reaction (“the catalytic constant”), k is 

the rate constant of the uncatalysed reaction, and p, q, r, p’ and q’ are coefficients 
determined by the reaction equation. 

If the reaction scarcely proceeds in the absence of M”+, equation (2) reduces to 

Rate = K[X~“[ Y]“[M”+] (3) 

The possibilities for increase in the reaction sensitivity follow from equations (2) 

and (3). 
The lowest concentration of M”+ which can be determined by the use of reaction 

(1) depends on the lowest amount of the product P that can be estimated for a given 

t Part I: Talanta, 1970,17,499. 
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interval of time. The sensitivity of the catalytic method is therefore closely related 
to the method used for monitoring the reaction kinetics. The application of more 
sensitive methods for determination of the “indicator” substance P increases the 
sensitivity of the catalytic meth0d.l 

Thus the determination of S2- based on the iodine-azide reaction was first realized 
with a sensitivity of the order of lug/ml, a volumetric technique being used for deter- 
mination of the reaction product nitrogen. 2 The application of a calorimetric method 
for monitoring the reaction kinetics increased the sensitivity to 1O-2 pg/rnl,s and by 
the use of amperometric techniques the determination of sulphide in concentrations 
as low as IO-l3 pg/ml became possible.4 

When calorimetric methods are used to follow the reaction kinetics, which is the 
most frequent case in catalytic analysis, the molar absorptivity of the indicator 
substance is of prime importance for the sensitivity of the procedure. In this connec- 
tion the use of quinoidal products or of some dyes as indicator substances might be 
recommended for highly sensitive catalytic reactions (see Part I). 

Another way to increase the catalytic constant and thus the reaction sensitivity, 
is to carry out the reaction at elevated temperatures. This possibility, however, 
cannot be used when the uncatalysed reaction also proceeds at a considerable rate 
at higher temperatures. In such case the rate of the catalytic reaction only is deter- 
mined as a difference between two large values and the error of the determination 
becomes too large. There are not many examples of analytical catalytic reactions 
with low values of the uncatalysed reaction rate and for that reason procedures 
carried out at temperatures higher than 20-30” are not too common in catalytic 
ana1ysis.l 

The possibility that at present seems the most promising for further increase in 
the catalytic constant and therefore of the sensitivity of catalytic methods is the 
application of activators. 

A review of the literature for the last 6-8 years shows that the most sensitive 
catalytic methods proposed in this period are connected with the development of the 
theory and practice of activation of homogeneous catalytic reactions. 

By definition, an activator for a homogeneous catalytic reaction is “a substance 
which does not catalyse this reaction but strongly increases its rate in the presence of 
certain catalysts.” s 

The mechanism of the activator’s action in the process may differ considerably 
depending on the role of the catalyst in the reaction, the character of the catalyst- 
activator interaction and the stage of the reaction directly affected by the presence 
of the activator. Taking into account these factors, activators can be classified into 
three groups : 

(a) activators that affect the catalyst-substrate interaction 
(b) activators that participate in the regeneration of the catalyst 
(c) activators which act in an indirect way in the catalytic process. 

Each will be discussed in turn. 

The activator afects the catalyst-substrate interaction 

When the catalyst participates in the process through a direct interaction with 
the substrate (see Part I) the first stage of the catalytic reaction is usually the formation 



Catalytic reactions-II 677 

of an intermediate complex M-S.? In this complex further transformations with the 
substrate take place, having as a final result the formation of the reaction products. 
In some cases such intermediate complexes have been identified by direct physical 
methods (EPR, spectral methods), but in many others their formation is assumed 
on the grounds of kinetic data only (see Part I). 

The influence of the activator on this stage of the reaction might affect the forma- 
tion of the complex M-S and/or its subsequent reactions. In both cases, however, 
complex formation between the catalyst and the activator is a necessary condition 
for the activation of the catalytic reaction. In the complex M-A the activator might 
influence in different ways the reactivity of M towards the reaction substrate. 

Thus if the activator in M-A can form hydrogen bonds with the substrate it might 
orient the catalyst and the substrate in a suitable position for the formation of the 
intermediate M-S. In such cases the activator must possess not only groups capable 
of keeping together the catalyst and the substrate but also an appropriate structure 
making possible the interaction of the bound reagents. It is considered, for example, 
that the activation effect of glycerol in oxidation reactions catalysed by vanadium(V) 
is of that type.6 Ethylene glycol shows no effect on the reaction because there is no 
group in its molecule, co-ordinated to vanadium(V), capable for hydrogen bonding 
with the substrate, as is the case with the third hydroxyl group of glycerol. 

Another example of that type of activation is the catalytic oxidation of aromatic 
compounds in the presence of Cu(II), activated by hydroxyl ions. According to 
Yatsimirskii’ the activation effect is due to the covalent M-OH bond, leading to a 
more diffuse character of the catalyst’s &_,r orbital and, therefore, to a greater 
overlap between this orbital and the corresponding filled rr-orbitals of the substrate. 
At the same time the hydroxyl groups in Cu(OH),- and CU(OH),~- can form hydrogen 
bonds with the aromatic substrate (usually an arylamine or phenol) and thus also 
can favour the catalyst-substrate complex formation. 

Another reason for the activator’s action in this stage of the process might be the 
increased polarization in the complex M-S when the activator is also included in 
the co-ordination sphere of the catalyst. 

The catalytic activity of metal ions in hydrolytic and decarboxylation reactions 
is due to the polarization effect of the metal ion on the substrate molecule (see Part I). 

For example, the decarboxylation of oxaloacetic acid proceeds in the presence of 
metal ion catalysts according to the scheme: 

O=~-$-W-CLo_ _ co, + O=J-y=CH% 

- CH&OCOOH + Cu”+ 

(4) 

The metal ion catalyst weakens the bond HOOC-CH, as a result of the polariza- 
tion. For this reason the catalytic effect is not a specific one and it might be expected 
that any increase of the effective charge of the catalyst should result in a higher 
catalytic activity. 

t Here and later in the text M stands for the catalyst, S for the reaction substrate and A for the 
activator. 
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We have tried to increase the effective charge on the metal ion in this reaction and, 
therefore, its catalytic activity, by the use of suitable ligands as activators.8 Two types 
of ligands were used for the purpose. 

An activator with a lower basicity than the other species in the co-ordination 
sphere of the catalyst (the substrate and/or the solvent) will cause an increased effective 
charge on the metal ion. On the other hand, complex formation with such a ligand 
will take place only if its concentration is much higher than that of the substrate and 
any other ligands with a higher basicity present in the system. 

We were able to demonstrate such an activation on the reaction of catalytic 
decarboxylation of oxalacetic acid in the presence of Cu2+ as a catalyst.8 The catalytic 
reaction was carried out in the presence of relatively large amounts of organic oxygen 
containing solvents, soluble in water, such as ethanol, glycerol, butyric acid and 
dioxan. In these conditions water is partly displaced by the activator from the 
co-ordination sphere of Cu2+ and ternary complexes of the type catalyst-substrate- 
activator are formed as intermediates in the course of the catalytic reaction. 
The existence of copper(I1) complexes with the activator in the reaction conditions 
was confirmed by the use of electronic and EPR spectra.9 

The other type of ligands used to increase the effective charge of the metal ion 
catalyst were complexing agents, capable of forming (M + L) r-bonds with the 
catalyst. The formation of such bonds with the activator lowers the electron density on 
the metal ion catalyst and therefore might be expected to increase its effective charge. 

Pyridine, having unoccupied r* orbitals is a good rr-acceptor and it was founds 
that in its presence the rate constant of the model catalytic reaction can be increased 
by a factor of nearly 8. An analogous effect was found by Rund and PlanelO with 
l,lO-phenanthroline and tripyridyl in the decarboxylation of dimethyl oxaloacetate 
catalysed by Mn2+ and Ni2f. 

Some steric factors can also be taken into account for a further increase in the 
activation effect. A good example of this type is the use of 2-methylpyridine as 
activator in copper(catalysed decarboxylation of oxaloacetic acid.s This activator 
not only increases the effective charge on the metal ion catalyst, but also favours the 
formation of catalyst-substrate complexes when substrate is being substituted for 
water and/or the activator in the catalyst co-ordination sphere. 

The methyl group in the activator molecule causes steric hindrance in the plane of 
the square-planar catalyst complexes and thus lowers the energy barrier for the 
formation of the transition trigonal bipyramidal state. For that reason 2-methyl- 
pyridine shows a much higher activation effect than pyridine-it increases the rate 
constant of the model catalytic reaction by a factor of more than 26. 

These investigations served as a basis for the use of decarboxylation reactions in 
catalytic analysis. Here the catalytic determination of metal ions with a filled outer 
electron shell must be mentioned first. 

The ions of this type usually do not catalyse redox processes and their catalytic 
activity in hydrolytic and decarboxylation reactions is too low to be of any analytical 
interest. On the basis of the theoretical considerations above, it was possible to 
increase the catalytic activity of some of these ions sufficiently and to develop catalytic 
analytical methods for their determination. Thus in plant materials it was possible to 
determine catalytically total amounts as low as 5 lug of zinc,llO*5 ,ug of aluminium,12 
and 50 lug of magnesium.13 
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The activator might also increase the rate of a catalytic reaction through another 
mechanism-affecting the rate of complex formation between the substrate and the 
catalyst. 

This is, for example, the case with the activating effect of %hydroxyquinoline and 
its derivatives on the oxidation of arylamines by halates, catalysed by vanadium(V).l* 
It was shown that in this reaction the activators strongly increase the rate of complex 
formation between the catalyst and the substrate-the first, rate-limiting step of the 
overall catalytic reaction. It is supposed that the reason for such action is the frans- 
effect they have on the co-ordination sphere of vanadium(V), in the xy-plane. 

According to Chatt and OrgeP it might be expected that the stronger the electron- 
acceptor abilities of the ligand, the higher its truns-effect and hence its activation 
action. We have studied this correlation experimentally, varying the substituents 
in the activator molecule. Thus the presence of two electron-withdrawing groups 
(-SO,H and -1) in the molecule of 8-hydroxyquinoline strongly increases its electron- 
acceptor properties and the activation effect connected with them. The rate constant 
of the model catalytic reaction increases about 36 times when 5-sulpho-7-iodo-8- 
hydroxyquinoline is substituted for 8-hydroxyquinoline, as activator. The results 
of these investigations were used for development of a very sensitive method for 
determination of vanadium in plant materials (sensitivity lo4 pg/ml).ls Analogous 
effects were obtained when other electron-acceptors (l,lO-phenanthroline, 2,2’- 
dipyridyl) were used as activat0rs.l’ 

Compounds with a system of conjugated n-bonds provide another possibility for 
activation of redox catalytic reactions. As was shown by Taubels such compounds 
can serve as a bridge between the reagents in electron-transfer reactions. The conjug- 
ated system provides a conductive path between the reagents, thus increasing the 
redox reaction rate. Such substances could be used, therefore, as activators for 
catalytic reactions where the rate-determining step is electron transfer in the catalyst- 
substrate interaction. The acceleration of vanadium(V)-catalysed redox reactions by 
phthalic acid could serve as an illustration of this type of activation.6 

It must be pointed out that in all cases of activation discussed above, the depend- 
ence of the reaction rate on the activator concentration shows a maximum. This 
is due to the fact that at high activator concentrations the co-ordination sphere of 
the catalyst is fully occupied by the activator and any complexation with the substrate 
is prevented. 

Nevertheless, in many cases such “blocking” of the co-ordination sphere does 
not result in a complete quenching of the catalytic activity. If the substitution process 

MA,+S + MA,S + A (5) 

proceeds with a measurable rate it will provide a certain concentration of catalyst- 
substrate complex and therefore some catalytic activity will be obtained. In such 
conditions the substitution of the activator by the substrate in the co-ordination 
sphere of the catalyst becomes the rate-limiting step of the overall catalytic reaction. 

The existence of a maximum in the curve of reaction rate us. activator concentra- 
tion is a characteristic feature for all types of activated reactions when the activator 
action is connected with the formation of ternary complexes of the type A-M-S. 

In some cases the activator’s influence on the catalytic reaction might be due to a 
shift in an equilibrium with the participation of the catalyst. This is, for instance, 

7 
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the case with the activation effect of chloride ions on the catalytic decomposition of 
hydrogen peroxide in the presence of Cu2+.lg 

According to Uri20 the activation is due to a shift, to the right, of the equilibrium 

Cu2+ + HOz- + Cu+ + HO; (6) 

The overall reaction rate is determined by the position of the equilibrium process, 
the reactivity of HOZ’ being high enough. Chloride ions, forming more stable com- 
plexes with Cu+ than with Cu2+ shift the equilibrium (6) to the right and hence acceler- 
ate the catalytic reaction. 

A similar fact was found in the catalytic oxidation of arylamines, catalysed by 
vanadium(V).21 Recently it was estimated that the highest catalytic activity amongst 
all ionic species of vanadium(V) is possessed by a form, stable in a very narrow pH- 
range, which is formed in the process of depolymerization of H2V1,,02s4- to V02+.22 
The presence of phosphates, which form complexes with vanadium, shifts the depoly- 
merization equilibrium and thus an activation of the catalytic reaction is observed.21 

An analogous fact was discovered by Kriss and Yatsimirskii who found that 
various phosphorus-containing ligands activate the vanadium(V)-catalysed oxidation 
of iodide by chlorates.2s 

The activator affects the regeneration of the catalyst 

Most of the catalysts for homogeneous redox reactions are ions of transition 
elements that can exist in several oxidation states, e.g., iron, manganese, vanadium, 
copper, silver. In many reactions of this type the catalyst participates in the process 
as a mediator for the redox interaction between the reagents, according to the follow- 
ing scheme 

Mcn+l)+ + S + Products + Mn+ (7) 

M”+ + Ox + Mtn+l)+ + Red (8) 

The catalyst acts by alternate oxidation-reduction steps, any of which can 
determine the overall reaction rate. Some reactions in which (7) is rate-limiting and 
which can be affected by activators were discussed in the previous paragraph. Here 
the cases where (8) determines the overall reaction rate, and therefore could be a 
means of activation, will be considered. 

The theory of Marcus24 can help to reveal the possibilities for activation of the 
metal ion-oxidant processes of type (8). According to the theory, for cases when in 
the transition state a small orbital overlap takes place between the reagentst the rate 
constant of a redox process is given by the equation 

where 2 is the collision number and AG* is the free energy of activation. This last 
parameter is a function of the standard free energy change of the process, of the 
charges of the reacting particles, and of terms that account for the solvation of the 

t It seems that for many cases of direct oxidation of metal ions by oxygen-containing anions 
this condition is fulfilled.z6 
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reagents and the reaction products. Hence, the rate of a catalytic reaction might be 
increased with activators able to affect these three factors in an appropriate way.26 

This possibility was demonstrated by the example of silver(I)-catalysed oxidation 
of sulphanilic acid by peroxydisulphate. 26 The investigations on the reaction mechan- 
ism have shown that the process proceeds in two stages, according to (7) and (8), 
the two oxidation states of the catalyst being Ag(I) and Ag(I1) respectively.27 The 
rate-determining step of the overall reaction is (8), i.e., the oxidation of Ag(1) to 

Ag(II). 
The application of the Marcus theory to this case has shown that if a neutral 

ligand capable of complexation with Ag(1) and Ag(I1) is added, an acceleration of the 
process Ag(1) - e + Ag(II) might be expected. The main contribution to such an 
effect comes from the lowering of the high oxidation potential of the couple Ag(II)/ 
Ag(I),t i.e., of the free energy change of the process, the role of the other two factors 
being relatively smaller. 

A complexant with nitrogen donors might be expected to cause such a lowering, 
i.e., to form more stable complexes with Ag 2+ than with Ag+ because of the higher 
charge of Ag2+ and of the considerable crystal field stabilization energy (CFSE) for 
Ag2+, while for Ag? CFSE = 0. Polydentate ligands are expected to exhibit a bigger 
effect, taking into account the difference between the structures of Ag2+ and Ag+ 
complexes.28*2n 

In complexes with nitrogen-containing ligands Ag(1) has a co-ordination number 
of 2 and a linear structure of the complexes due to the small difference in energy 
between the 4d and 5s orbitals, while a co-ordination number of 4 and a square- 
planar structure is characteristic for the analogous Ag(I1) complexes. The chelate 
effect can therefore also contribute to a further stabilization of the corresponding 
Ag(I1) complexes. This effect can be still bigger if the polydentate ligand is a strong 
electron acceptor and can participate in (M + L) r-bond formation. 

The validity of the theoretical considerations stated above is supported also by the 
data published in a series of experimental works by Yassinskene and co-workers, who 
proposed several analytical procedures for determination of silver with the use of 
nitrogen-containing ligands as activators.80*81 

The lowering of the oxidation potential can play an important role in reactions 
where the free-energy change in the reoxidation of the catalyst is high enough to 
represent the main barrier in the reaction path. 

Another mechanism of activation that can affect this stage of the catalytic reaction 
includes processes where the activator could serve as a matrix for an appropriate 
orientation of the reagents-the reduced form of the catalyst M”+ and the oxidant Ox. 

Such a role of the activator could be of importance in cases where several structures 
of the activated complex [M-+-Ox]* could be realized that differ in energy, and the 
thermodynamically preferred structure is not the most appropriate one for the oxida- 
tion process to proceed.’ 

Multidentate activators capable of complexation with M”+ and at the same 
time of forming hydrogen bonds with Ox, could facilitate the formation of the transi- 
tion state necessary for the oxidation of M *+ and thus increase the overall reaction 
rate. A necessary condition for such an effect is that the structure of the activator 
must correspond to the inter-atomic distances in the activated complex. 

t The standard oxidation potential of Ag’f/Ag+ is -2.0 V. 
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Examples of such activators are hydroxycarboxylic acids such as citric, tartaric, 
for vanadium(V)-catalysed oxidation reactions.s2*33 

Activation of this type is closely connected with the possibility of hydrogen- 
bonding between the activator and the oxidant. For that reason the activator is 
very sensitive to any change in its structure that can prevent the formation of such 
bonds. For example, esterification of the activator’s hydroxy groups leads to complete 
quenching of the activation.= 

The activator acts in an indirect way in the catalytic process 

This group includes activators that participate in parallel processes which can 
affect the rate of the main catalytic reaction. A typical example of this type of activa- 
tion is the effect shown by phenols on the catalytic oxidation of some arylamines.35 

The catalytic oxidation of arylamines proceeds usually by a one-electron mechan- 
ism with the formation of free amino-radicals 

Mcn+r)+ + ArNH2 + Mn+ + ArNH* + H+ (9) 

which react further to form the final reaction products-quinone-imine compounds 
(see Part I). 

In the presence of phenols an interaction takes place with the primarily formed 
imino-radicals36m37 

ArOH + ArNH* + ArO* + ArNH2 (10) 

followed by recombination of ArO* and ArNH* with the formation of quinone-imines : 

ArO* + ArNH. ---f quinone-imines (11) 

Reactions (10) and (11) proceed very rapidly and the rate of quinone-imine 
formation increases as a result. 

In some cases the product of the conjugated oxidation is identical with that of the 
non-activated reaction and then the term “activation” can be used for the observed 
increase of the reaction rate. However, as a rule, another quinone-imine compound 
is obtained in the presence of phenol. Because of the very small differences in the 
wavelengths of the absorption maxima of similar quinone-imines, the formation 
of a new reaction product in the presence of such “activators” is very often missed. 
In spite of the fact that the substrate is used up in the reaction at a higher rate, such 
cases could scarcely be considered as examples of activation, being in fact only an 
oxidative coupling. 

Thus the oxidation of p-phenetidine with chlorate, catalysed by vanadium(V), 
gives N+%ethoxyphenyl)quinone-imine as a main oxidation product. The reaction 
can be activated by the addition of phenol, the product of the oxidative coupling 
being the same quinone-imine. 38 This activated reaction was used in a sensitive 
catalytic determination of vanadium.ss 

In the presence of other phenols (such as hydroquinone, catechol, resorcinol, 
naphthols) the rate of formation of the coloured product strongly increases and the 
solution seems to keep its red colour unchanged. In fact, chromatographic separation 
on aluminium oxide, combined with infrared spectral investigations, has shown that 
different quinone-imines are formed, which absorb in a relatively narrow region of the 
visible spectrum (500-530 nm).3g 
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An analogous mechanism of activation was found*O for the action of hydroxy- 
and polycarboxylic acids in arylamine oxidations catalysed by vanadium(V)40 and 
chromium(VI).41 These reactions proceed through a one-electron mechanism, the 
first, rate-limiting step of the process being the oxidation of the substrate by the 
catalyst with the formation of arylimino-radicals : 

S + M(n+l,+ kl S* + M”+ (12) 

The radicals S* then react through recombination or further oxidation to the final 
reaction products (see Part I). 

Hydroxy- and polycarboxylic acids are also oxidized easily by the catalysts to 
radicals, which then react with the substrate: 

A + M(n+l,+ & A. + M”+ (13) 

A. + S kS A (or A’) + S* (14) 

An activation effect could be obtained if k2 + ks > k,. Usually the oxidation of 
polydentate carboxylic acids, such as citric, tartaric, oxalic, proceeds faster than that 
of the substrates because of the stronger tendency of the catalysts vanadium and 
chromium for complexation with oxygen than with nitrogen. 

The formation of the radicals A was estimated experimentally.40 The fact that 
they really react further with the substrate with the formation of the same reaction 
products was proved independently. 42 Radicals of type A were obtained by a photo- 
chemical decomposition of trisoxalate iron(II1) Fe(Ox)3s- and their interaction with 
arylamine substrate studied. It was found that the reaction products thus formed are 
the same as those obtained when oxalic acid is used as activator. 

The investigations on this type of activator served as a basis for development of 
highly sensitive analytical methods for determination of vanadium and chromium in 
different materials.41*43 

In some cases the carboxylic acids used as activators can affect simultaneously 
several stages of the catalytic reaction through a different mechanism. 

Thus the oxidation of p-phenetidine with halates, catalysed by vanadium(V), is 
activated by citric acid. The activator acts in two stages of the reaction : it accelerates 
the catalyst-substrate interaction through a radical mechanism40 [according to 
(13) and (14)] and at the same time increases the rate of regeneration of the catalyst, 
serving as a matrix for the V(N)-X0, interaction.42 

Oxalic acid is also used as an activator for the same reaction, but while a strong 
effect on the catalyst-substrate interaction is observed,40 at the same time it acts as an 
inhibitor for the regeneration of the catalyst. s2 The influence on the tist, rate-limiting, 
stage of the process results in the rates of both reaction stages becoming of the same 
order and hence the inhibition of the second stage is now of importance. For that 
reason the total effect of oxalic acid on the overall reaction rate is smaller than that of 
citric acid.” 

Another attempt at explanation of the difference in the effect of citric and oxalic 
acids on the rate-limiting stage and on the overall reaction rate was made by means of 
molecular orbital theory and the electronic spectra of the catalyst-activator complex.45 
Here the influence of the activator on the second reaction stage was not taken into 
account at all, the discussion including only the rate-determining step. It was shown 
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that the energy of the charge-transfer band of the complex Mtn+l)+-A could be used 
to predict qualitatively the possibility of activation and the order of the activating 
effect in cases where the activator is oxidized during the reaction, according to (13). 

Higher sensitivity is not the only advantage that could be realized by the use of 
activators in catalytic analysis. Another possibility seems much more attractive- 
selection of an activator for a given catalytic reaction, that would increase the 
catalytic activity of the ion to be determined and at the same time quench the activity 
of other catalysts that can interfere. In such a case an improvement in sensitivity and 
selectivity could be accomplished simultaneously. 

Such a possibility was first pointed out and experimentally realized in 1963 in a 
catalytic method for determination of vanadium in the presence of copper(I1) and 
iron(III), which also catalyse the indicator reaction.46 The addition of citric acid 
increases the sensitivity for vanadium(V) by about 15 times, the activity of both 
interfering ions being completely suppressed. 

The catalytic determination of silver offers another example. Thus 25 ,ug of 
silver can be determined catalytically by the sulphanilic acid oxidation, copper(I1) 
and iron(II1) interfering in amounts >0*6 ,ug and > 10 pg respectively.2s The use of 
2,2’-dipyridyl permits the determination of 5 x 1O-3 pg of silver (5000 times higher 
sensitivity) at the same time raising the levels at which copper(I1) and iron(II1) 
interfere to 10 and 100 ,ug respectively. 2* The presence of ethylenediamine increases 
the sensitivity for silver only 1000 times, but increases tolerance for copper(I1) to 
50 pg.29 

It must be pointed out that so far only a few examples of simultaneous improve- 
ment of sensitivity and selectivity of catalytic reactions are known. In our opinion, 
however, this offers one of the most promising lines of research on application of 
activators in catalytic analysis. 

The use of a combination of properly selected activators must also be mentioned 
as a prospective means of affecting a catalytic reaction. It was shown that sometimes 
the joint activating effect can be much higher than that of either activator alone.47 
Higher selectivity might also be expected, as shown by Kalinitchenko.48 This work 
and other papers by the same autho#B-sl are also interesting as examples of the use of 
activators in catalytic luminescence analysis. The simultaneous application of a 
system of activators is another promising field for research that could reveal new 
possibilities for further improvement of catalytic analytical methods. 

CONCLUSION 

The present paper does not pretend to cover all the data on activators and their 
application in catalytic analysis. Its aim is only to show the possibilities that the use 
of activators offers to the analyst, to discuss the mechanisms of their action and on 
that basis to show the way to select suitable activators for a given catalytic method. 
This, in our opinion, could help the further development and application of catalytic 
methods which are amongst the most sensitive modern analytical methods. 

Znaammenfassnag-Die Aktivierung der analytisch verwendeten 
homogenen katalytischen Reaktionen wird diskutiert. Die Verwendung 
von Aktivatoren bei katalytischen Methoden bringt einen Gewinn an 
Empfindlichkeit von 2-4 GriiBenordnungen und verbessert auherdem 
die Selektivitlt. Viele verschiedene Aktivierungsmechanismen werden 
diskutiert und als Beispiele fur die Gesichtspunkte angeftihrt, nach 
denen man einen geeigneten Aktivator auswlhlt. 
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R&sum&On discute de l’activation de reactions catalytiques homo- 
genes utilisees en analyse. L’emploi d’activeurs dans les methodes 
catalytiques permet d’accroltre leur sensibilite d’ordres de grandeur 
24 et d’amtliorer aussi bien leur sblectivite. On discute de nombreux 
mecanismes differents d’activation et les utilise comme illustration des 
principes pour le choix d’un activeur approprie. 
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SHORT COMMUNICATIONS 

iV-Acetylacetone-anthranilic acid as a gravimetric reagent 

for copper@) 

(Received 25 June 1971. Accepted 18 November 1971) 

METAL CHELATES of the Schiff bases have been recently reviewed by Holm et al.’ Several metal 
chelates of the Schiff bases are solids and have therefore found application in gravimetry. No 
systematic study seems to have been made of the Schiff base A’-acetylacetone-anthranilicacid (H,AA). 
It is a diprotic tridentate ligand containing a carboxylic group, an enolic hydroxyl group and a donor 
nitrogen atom, which forms solid metal chelates with Fe(H), Co(H), Ni, Cu(II), Zn, Cd and UOI(II).’ 
The copper(I1) chelate is insoluble in water, and can thus form the basis of a quantitative separation 
procedure. 

Reagents 
EXPERIMENTAL 

N-Acetylacetone-anthranilic acid. The reagent was prepared by adding anthranilic acid (2.6 g) 
to freshly distilled acetylacetone (2.0 ml) and stirring thoroughly. Piperidine (2 or 3 drops) was used 
as a condensing agent. The mixture was refluxed on a water-bath for nearly an hour, till a transparent 
yellow solution was obtained. It was allowed to cool and then methanol was added and the solution 
was left overnight in a refrigerator for crystallization. Fine shining yellow crystals of the Schiff base 
were obtained which were separated, recrystallized from methanol and preserved in a vacuum 
desiccator. Yield 2.0 g. Found: C, 65.6%; H, 58%; N, 6.3%; talc. for CiIHlsNOs: C, 6575%, 
H, 5 93%; N, 6.36%. 

Procedure 

Gravimetric determination of copper(U). A 10% solution of the reagent was prepared in aqueous 
ethanol. Copper sulphate, 24.97 g, was dissolved in a litre of distilled water to give a copper(H) 
solution which was then standardized iodometrically. 

An aliquot of the copper(H) solution was placed in a 250~ml Pyrex beaker and its pH was adjusted 
to between 3.9 and 4.6 with acetic acid-sodium acetate buffer. To this solution the reagent was 
added gradually with constant stirring till no further formation of the dark green precipitate took 
place. The contents of the flask were heated to 100” for 20 mm, cooled and filtered (sintered glass 
crucible). The precipitate was wahed with warm aqueous alcohol till it was free from the reagent 
as well as sulphate. It was dried at 100”. Analyses gave: found, Cu, 22.6 %; N, 4.0 %; talc. for 
Cu(C,,H,,NO,), Cu, 2264%; N, 4.99%. It has been found that nitrate, cobalt(R) and nickel(II) 
do not interfere in the estimation of copper(I1) in the pH range 3094.6. 

The analysis of this chelate showed the metal-ligand ratio to be 1: 1 and water to be absent. 
The molecular weight of the chelate in dioxan was found by ebulliometry to be 551 rt 15. 

RESULTS AND DISCUSSION 

The results of the gravimetric estimation of copper(H) by the procedure given earlier are sum- 
marized in Table I. 

TABLE I.-RESULTS OF GRA VIMLTRIC ESTIMATION OF COPPER(u) 

Copper. mg 
Weight of 

chelate, mg Found Taken Error, % 

261.21 59.02 59.12 0.2 
231.82 52.39 52.51 0.2 
192.72 43.56 43.65 0.2 
155.89 35.23 35.31 0.2 
145-62 32.93 32.98 0.2 

687 
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The copper(H) chelate exists as an unsolvated dimer, which is evident from its molecular weight. 
Infrared spectroscopy shows the absence of the characteristic frequencies of the --OH group in 
free or chelated form. Elemental analysis of the chelate reveals 1:l metal-ligand ratio and also 
suggests the absence of water molecules. The magnetic moment was found to be 1.88 B.M. at 298 K. 
The electronic absorption spectra in dioxan and pyridine consist of two bands with peaks at 24000 
and 14200 cm-l, the first being the stronger. The band at 14200 cm-r may be due to the electronic 
transition 2E + 2T, of the copper(H). 
band. 

The other band at 24600 cm-’ is an intraligand charge-transfer 
These results suggest a non-planar dimeric tetrahedral structure (I) for the copper(I1) chelate. 

In this structure the four co-ordination positions of the cupric ions are fully satisfied and these ions 
are situated at the opposite ends of an eight-membered ring so that direct copper-copper bonding 
does not take place. Consequently superexchange is prevented and the chelate would exhibit a 
normal magnetic moment. Thus structure (‘I) explains satisfactorily all the experimental data. This 
structure is in agreement with that of the copper(I1) complex of N-salicylidene-anthranilic acid 
investigated by Kubo et aLP 

Acknowledgement-The authors are thankful to Prof. R. C. Kapoor, Head of Chemistry Department 
for providing necessary laboratory facilities. 
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University of Jodhpur R. K. GUPTA 
Jodhpur India s. L. PANUI 

Summary-N-Acetylacetone-anthranihc acid has been employed as a 
reagent for the gravimetric determination of copper(H). The solid 
copper(I1) chelate formed possesses 1 :l metal-ligand stoichiometry 
and is found to exist as an unsolvated dimer. The complex has a 
magnetic moment of l-88 B.M. at 298 K. A non-planar dimeric 
structure is suggested to explain the observed facts. 

Zusammenfassnng-N-Acetylaceton-anthranilsaure wurde als Reagens 
zur gravimetrischen Bestimmung von Kupfer(I1) benutzt. Das gebild- 
ete feste Kupfer(II)-chelat besitzt die Stochiometrie 1: l(Metall:Ligand) 
und liegt als unsolvatisiertes Dimeres vor. Der Komplex besitzt bei 
298°K ein magnetisches Moment von 1,88 B.M. Zur Erklarung der 
Beobachtungen wird eine nichtebene Struktur des Dimeren vorgesch- 
lagen. 

Rt!sum&Gn a utilise l’acide N-acCtyla&tone-anthranilique comme 
reactif pour le dosage gravimetrique du cuivre(I1). Le chelate de 
cuivre(I1) solide forme a une stoechiometrie metal-ligand 1: 1 et l’on 
a trouve qu’il existe comme din&e non solvate. L; complexe a un 
moment magnetique de 1,88 B.M. a 298°K. On suggere une structure 
dimere non plane pour expliquer les faits observes. 

REFERENCES 
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Analysis of metals by solid-liquid separation after liquid-liquid extraction 
Spectrophotometric determination of palladinm@[) by extraction 

of palladium dimethylglyoximate with melted naphthalene 

(Received 9 August 1971. Accepted 15 November 1971) 

RECENTLY many new reagents have been employed for the solvent extraction and spectrophotometric 
determination of small amounts of metal ions. We have been studying a new method “analysis by 
solid-liquid separation after liquid-liquid extraction,” and this method has been successfully applied 
for the spectrophotometric determination of micro amounts of copper,l** zinc,* magnesium* and 
nickel5 by using a molten organic compound with appropriate melting point as the organic phase, 
e.g., naphthalene (m.p. 80-l”), diphenyl (m.p. 705”) and a suitable organic reagent e.g., 8 hydroxy- 
quinoline or dimethyl glyoxime. Generally, the stable water-insoluble complexes are rapidly and 
quantitatively extracted into molten naphthalene, and micro amounts of metals can thus be deter- 
mined with the same degree of accuracy as by chloroform extraction. The separation and drying of 
the naphthalene mixture after extraction takes longer than the comparable step in a simple chloro- 
form extraction, but it is convenient for the determination of zinc, magnesium, cadmium, beryllium, 
etc, because the complexes of these metals are difhcult to dissolve in chloroform or benzene. It is 
a characteristic of this method that the equilibrium distribution in the two phases is attained rapidly 
and the complexes are dissolved merely by contact with molten naphthalene. 

In the present work, the extraction of palladium(I1) with dlmethylglyoxime into molten naphthalene 
is reported. 

EXPERIMENTAL 

Reagents 

Standardpalladium solution, 5 x lo-‘M. Prepared by dissolving 04433 g of palladium chloride 
in 10 ml of concentrated hydrochloric acid and diluting to 500 ml with water. 
solutions were prepared as required by diluting the standard solution. 

More dilute palladium 

Dimethy&‘yoxime solution, 0.5 % in ethanol. 
Buffer solution. Appropriate mixtures of 1 M acetic acid and 1 M sodium acetate or, 0.5M disodium 

hydrogen phosphate and 0.5M potassium dihydrogen phosphate or 1 M ammonia and 1 M ammonium 
chloride. 

Alkali metal salt solutions. 
100 ml. 

Prepared by dissolving 1.000 g of each salt in water and diluting to 

Solutions of metal safts. Made to contain 0.100 g of each salt per 100 ml of solution. 
Naphthalene, chloroform and all other reagents were of analytical-reagent grade, and were used 

without further purification. 
The water used was redistilled demineralized water. 

Procedure 

To 30 ml of the sample solution containing l-9 ml of 5 x lo-‘M palladium chloride, in a 50 or 
100~ml tightly stoppered Erlenmeyer flask, add 2 ml of acetic acid-sodium acetate buffer solution 
and 1 ml of 0.5 % dimethylglyoxime solution, and adjust the pH to about 4. Mix the solution well, 
and warm it on a water-bath at around 60”. Add 2.0 g of naphthalene and warm the mixture in the 
water-bath at 90” to melt the naphthalene layer completely. Shake it vigorously till the naphthalene 
layer solidifies. Once more melt and shake the mixture till the naphthalene layer solidifies, forming 
many very fine crystals, and allow to cool to room temperature. Again warm and melt the fine 
crystals slowly, and let them grow to give a coarser crystalline deposit. Cool to room temperature, 
collect the solidified denosit on a filter naner. wash with water, and blot the surplus water with a 
dry filter paper. Spread the crystals on’ a-filter paper and allow to dry. Then dissolve them with 
chloroform bv vieorous shakine and dilute to 10 ml. Drv the solution bv addition of about 2 e of 
anhydrous sod& sulphate, trinsfer a portion into a l&nm cell and measure its absorban; at 
370 nm against a reagent blank prepared similarly. Calculate the amount of palladium from the 
calibration curve. 
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Absorption spectra 
RESULTS AND DISCUSSION 

The absorption spectra of dimethylglyoxime and palladium dimethylglyoximate in naphthalene- 
chloroform solution, measured against water, are shown in Fig. 1. Consideration of this led to 
370 nm being adopted as the optimum wavelength. 

330 350 370 390 410 430 

Wavelength, nm 

FIG. 1 .-Absorption spectra of dimethylglyoxime and palladium dimethylglyoximate in 
naphthalene-chloroform. 

Palladium: 266 pg; naphthalene: 2.0 g; pH: 4.0; O-5 % dimethylglyoxime: 1-O ml; 
Reference: water; 0 dimethylglyoxime; @ palladium dimethylglyoximate. 

E$ect of pH 

The relationship between the absorbance and the pH of the aqueous solution after extraction was 
studied, and the results obtained are shown in Fig. 2. 
is suitable for quantitative extraction of palladium. 

From these it is clear that the pH range 1.1-7.8 

Effect of reagent concentration 

The effect of dimethylglyoxime concentration on the absorbance was studied by varying the 
amount of dimethylglyoxime in solutions containing 266 ,og of palladium at pH 4. The absorbance is 
maximal if 1.0 ml of 0.5 % dimethylglyoxime solution is used, but varies by less than 1% over the 
range 05-3.0 ml. 

Effect of amount of naphthalene 

The amounts of naphthalene were varied from 05 to 2.8 g and the extraction was carried out by 
the recommended procedure. Only a slight increase in the absorbance was caused by increasing 
amounts of naphthalene. Large amounts of naphthalene made the experimental operations dithcult 
owing to the sublimation of naphthalene, which was followed by the volatilization of chloroform. 
The volume of chloroform required to dissolve 1 g of naphthalene was 2 ml. Therefore, 2.0 g of 
naphthalene were used for further study. 

Effect of concentration of buffer solution and shaking time 

Sample solutions containing 266 ,cg of palladium, 1.0 ml of 0.5 % dimethylglyoxime solution and 
various amounts of the acetate buffer solution in a total volume of about 33 ml were prepared 
according to the recommended procedure, and extracted with 2.0 g of naphthalene. The absorbance 
of the mixture of palladium complex and naphthalene in the chloroform solution was measured at 
370 nm against the reagent blank. The amounts of the acetate buffer solution (pH 4) were varied 
from 0.5 to 4.5 ml at intervals of 0.5 ml. A negative error of 2 % was found when 4.5 ml of the buffer 
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FIG. 2.-Effect of pH on absorbance. 
Palladium: 266 rg; naphthalene: 2.0 g; wavelength: 370 nm; 0.5 % dimethyl- 
glyoxime: 1.0 ml; Reference: water; @ dimethylglyoxime; @ palladium dimethyl- 

glyoximate. 

solution were added. The extraction of the palladium complex into molten naphthalene was very fad 
owing to the high temperature; a constant degree of extraction was obtained when the vigorous 
shaking operation was repeated twice. Then the mixture of palladium complex and naphthalene 
had to be dissolved in chloroform by vigorous shaking because the solubility of the palladium complex 
in chloroform is rather low. The colour of the palladium complex in naphthalene-chloroform 
solution was quite stable for a long time. 

Calibration curve 

With the optimum conditions described above, the calibration curve for palladium determination 
was established at the wavelength of 370 nm against the reagent blank. It was linear over the range 
of 30-530 pg of palladium(I1) in 10 ml of chloroform. The molar absorptivity was calculated to be 
1.72 x 10’ l.mole.-lmm-l, and the sensitivity 0.0626 ,ug of palladium per cm8 for an absorbance of 
0.001. 

Sample solutions containing 266 pg of palladium, prepared by the recommended procedure, gave 
a mean absorbance of 0.425, with a standard deviation of 0.0027. 

Effect of diverse ions 

Various ions (100 mg of alkali metal salts or 1 mg of other salts) were added individually to 
solutions containing 266 pg of palladium, and their effects on the absorbance examined. The test 
solution was extracted with 2.0 g of naphthalene at a temperature above 81”. The following alkali 
metal salts and metal salts did not interfere: KSCN, Na,C,O,, KI&PO,, Na,HPO,, Na8C05, 
NazSOs, NaF, KCl, KBr, KI, sodium tartrate, sodium citrate, EDTA, MgC18*6HB0, CaCla.2HI0, 
Sr(NO&,, BaCl,, CdC1,2fH,O, Na,WO,.2H,O, CuSOI.5H,0, ZnCl,, Co(NO&6H,O, Pb(NO,),, 
potassium alum, Mohr’s salt. Nickel and iron(II1) interfered seriously. Nickel did not interfere in 
the pH region 1.5-2.5. The interference of iron(II1) was masked by addition of 10 ml of 1% EDTA 
or by reduction to iron(I1) with 5 ml of 5 % hydroxylamine sulphate solution. 

TAITIRO FUJINAGA 
Faculty of Science, Kyoto University 
Sakyo-ku, Kyoto-shi MASATADA SATAKE 

TATSUO YONEKIJBO 
Faculty of Engineering, Fukui University 
Fukui-shi, Japan 

Summary-A method of liquid-liquid extraction of palladium di- 
methvlglvoximate with molten nanhthalene followed bv solid-liauid 

I :a 

separation is successfully applied tb palladium. The complex between 
palladium and dimethylglyoxime is easily extracted into molten 
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naphthalene. After extraction, the very fine solidified naphthalene 
crystals are dissolved in chloroform, and the absorbance of the resultant 
solution is measured at 370 nm against a reagent blank. Beer’s law 
is obeyed for 30-370 ,ug of palladium in 10 ml of chloroform, and the 
molar absorptivity is calculated to be 1.72 x 1041.mole.-1mm-1. 
Various alkali metal salts and metal ions do not interfere. The inter- 
ference of nickel(H) is overcome by the extraction at pH 2, and that 
of iron by masking with EDTA or by reduction to iron(H). The 
method is rapid and accurate. 

Zusanunenfassung-Zur Bestimmung von Palladium wird Palladium- 
dimethylglyoximat mit geschmolzen<m Naphthalin extrahiert und dann 
Festkorner und Flilssiekeit getrennt. Der Komolex aus Palladium und 
Dimethylglyoxim wirdv 1eichYt in geschmolzenes’Naphthalin extrahiert. 
Nach der Extraktion werden die sehr feinen Kristalle von wieder fest 
gewordenem Nanhthalin in Chloroform eel&t und die Extinktion der 
Losung bei 37Ohm gegen eine ReagenGBlindprobe gemessen. Das 
Beersche Gesetz silt bei 30-370 ue Palladium in 10 ml Chloroform. der 
molare Extinktio>skoeffizient v&d zu 1,72 - lo* 1 mol-lmm-X berech- 
net. Eine Reihe von Alkalimetallsalzen und Metallionen stiiren nicht. 
Die Stijrung durch Nickel(I1) wird beseitigt, wenn bei pH 2 extrahiert 
wird, die durch Eisen(III) durch Maskierung mit EDTA oder durch 
Reduktion zu Eisen(I1). Die Methode ist schnell und genau. 

R&un6-On a applioue avec SW& au palladium une mtthode 
d’extraction 1iquidk:liquide du dimethylglyoximate de palladium avec 
du naohtalene fondu. suivie d’une senaration solide-liauide. Le com- 
plexe intre le palladium et la dimtth$glyoxime est aisdment extrait en 
naphtalene fondu. Apres extraction, les cristaux trb i%rs de naphta- 
l&e solid&5 sont dissous en chloroforme, et l’on mesure l’absorption 
de la solution r6sultante B 370 nm par rapport a un temoin des reactifs. 
La loi de Beer est suivie pour 30-370 pg de palladium dans 10 ml de 
chloroforme, et l’on a calcule que le coefficient d’absorption moleculaire 
est de 1,72 x 10’ mm-1 lmole-r. Divers sels al&ins et ions metalliques 
ne gi5nent pas. On evite l’interference du nickel(I1) par l’extraction 
a pH 2, et celle du fer(II1) en le dissimulant par I’EDTA ou par reduction 
en fer(I1). La methode est rapide et precise. 
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DCtemhation gravim&ique de I’iode 
sous forme de Nt(IC&)* 

(Recu le 28 avrill971. Accept& Ie 28 novembre 1971) 

ON CONNA~T deux methodes de determination gravimetrique de l’iode. Elles sont bas6es sur sa 
precipitation sous forme d’Ag1’ et d’iodure de palladium(E).* Une methode gravimetrique de 
determination de l’iode sous forme d’un autre compose, utilisant un agent organique, n’a pas et6 
propos6e jusqu’ici. C’est une telle methode que nous preconisons dam le present memoire. L’iode 
y est determine et pese sous forme de dichloriodure de nitron. 

* L’abreviation Nt designe le cation de la base (nitron). 
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in 10 ml of concentrated hydrochloric acid and diluting to 500 ml with water. 
solutions were prepared as required by diluting the standard solution. 

More dilute palladium 

Dimethy&‘yoxime solution, 0.5 % in ethanol. 
Buffer solution. Appropriate mixtures of 1 M acetic acid and 1 M sodium acetate or, 0.5M disodium 

hydrogen phosphate and 0.5M potassium dihydrogen phosphate or 1 M ammonia and 1 M ammonium 
chloride. 

Alkali metal salt solutions. 
100 ml. 

Prepared by dissolving 1.000 g of each salt in water and diluting to 

Solutions of metal safts. Made to contain 0.100 g of each salt per 100 ml of solution. 
Naphthalene, chloroform and all other reagents were of analytical-reagent grade, and were used 

without further purification. 
The water used was redistilled demineralized water. 

Procedure 

To 30 ml of the sample solution containing l-9 ml of 5 x lo-‘M palladium chloride, in a 50 or 
100~ml tightly stoppered Erlenmeyer flask, add 2 ml of acetic acid-sodium acetate buffer solution 
and 1 ml of 0.5 % dimethylglyoxime solution, and adjust the pH to about 4. Mix the solution well, 
and warm it on a water-bath at around 60”. Add 2.0 g of naphthalene and warm the mixture in the 
water-bath at 90” to melt the naphthalene layer completely. Shake it vigorously till the naphthalene 
layer solidifies. Once more melt and shake the mixture till the naphthalene layer solidifies, forming 
many very fine crystals, and allow to cool to room temperature. Again warm and melt the fine 
crystals slowly, and let them grow to give a coarser crystalline deposit. Cool to room temperature, 
collect the solidified denosit on a filter naner. wash with water, and blot the surplus water with a 
dry filter paper. Spread the crystals on’ a-filter paper and allow to dry. Then dissolve them with 
chloroform bv vieorous shakine and dilute to 10 ml. Drv the solution bv addition of about 2 e of 
anhydrous sod& sulphate, trinsfer a portion into a l&nm cell and measure its absorban; at 
370 nm against a reagent blank prepared similarly. Calculate the amount of palladium from the 
calibration curve. 
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Absorption spectra 
RESULTS AND DISCUSSION 

The absorption spectra of dimethylglyoxime and palladium dimethylglyoximate in naphthalene- 
chloroform solution, measured against water, are shown in Fig. 1. Consideration of this led to 
370 nm being adopted as the optimum wavelength. 

330 350 370 390 410 430 

Wavelength, nm 

FIG. 1 .-Absorption spectra of dimethylglyoxime and palladium dimethylglyoximate in 
naphthalene-chloroform. 

Palladium: 266 pg; naphthalene: 2.0 g; pH: 4.0; O-5 % dimethylglyoxime: 1-O ml; 
Reference: water; 0 dimethylglyoxime; @ palladium dimethylglyoximate. 

E$ect of pH 

The relationship between the absorbance and the pH of the aqueous solution after extraction was 
studied, and the results obtained are shown in Fig. 2. 
is suitable for quantitative extraction of palladium. 

From these it is clear that the pH range 1.1-7.8 

Effect of reagent concentration 

The effect of dimethylglyoxime concentration on the absorbance was studied by varying the 
amount of dimethylglyoxime in solutions containing 266 ,og of palladium at pH 4. The absorbance is 
maximal if 1.0 ml of 0.5 % dimethylglyoxime solution is used, but varies by less than 1% over the 
range 05-3.0 ml. 

Effect of amount of naphthalene 

The amounts of naphthalene were varied from 05 to 2.8 g and the extraction was carried out by 
the recommended procedure. Only a slight increase in the absorbance was caused by increasing 
amounts of naphthalene. Large amounts of naphthalene made the experimental operations dithcult 
owing to the sublimation of naphthalene, which was followed by the volatilization of chloroform. 
The volume of chloroform required to dissolve 1 g of naphthalene was 2 ml. Therefore, 2.0 g of 
naphthalene were used for further study. 

Effect of concentration of buffer solution and shaking time 

Sample solutions containing 266 ,cg of palladium, 1.0 ml of 0.5 % dimethylglyoxime solution and 
various amounts of the acetate buffer solution in a total volume of about 33 ml were prepared 
according to the recommended procedure, and extracted with 2.0 g of naphthalene. The absorbance 
of the mixture of palladium complex and naphthalene in the chloroform solution was measured at 
370 nm against the reagent blank. The amounts of the acetate buffer solution (pH 4) were varied 
from 0.5 to 4.5 ml at intervals of 0.5 ml. A negative error of 2 % was found when 4.5 ml of the buffer 
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FIG. 2.-Effect of pH on absorbance. 
Palladium: 266 rg; naphthalene: 2.0 g; wavelength: 370 nm; 0.5 % dimethyl- 
glyoxime: 1.0 ml; Reference: water; @ dimethylglyoxime; @ palladium dimethyl- 

glyoximate. 

solution were added. The extraction of the palladium complex into molten naphthalene was very fad 
owing to the high temperature; a constant degree of extraction was obtained when the vigorous 
shaking operation was repeated twice. Then the mixture of palladium complex and naphthalene 
had to be dissolved in chloroform by vigorous shaking because the solubility of the palladium complex 
in chloroform is rather low. The colour of the palladium complex in naphthalene-chloroform 
solution was quite stable for a long time. 

Calibration curve 

With the optimum conditions described above, the calibration curve for palladium determination 
was established at the wavelength of 370 nm against the reagent blank. It was linear over the range 
of 30-530 pg of palladium(I1) in 10 ml of chloroform. The molar absorptivity was calculated to be 
1.72 x 10’ l.mole.-lmm-l, and the sensitivity 0.0626 ,ug of palladium per cm8 for an absorbance of 
0.001. 

Sample solutions containing 266 pg of palladium, prepared by the recommended procedure, gave 
a mean absorbance of 0.425, with a standard deviation of 0.0027. 

Effect of diverse ions 

Various ions (100 mg of alkali metal salts or 1 mg of other salts) were added individually to 
solutions containing 266 pg of palladium, and their effects on the absorbance examined. The test 
solution was extracted with 2.0 g of naphthalene at a temperature above 81”. The following alkali 
metal salts and metal salts did not interfere: KSCN, Na,C,O,, KI&PO,, Na,HPO,, Na8C05, 
NazSOs, NaF, KCl, KBr, KI, sodium tartrate, sodium citrate, EDTA, MgC18*6HB0, CaCla.2HI0, 
Sr(NO&,, BaCl,, CdC1,2fH,O, Na,WO,.2H,O, CuSOI.5H,0, ZnCl,, Co(NO&6H,O, Pb(NO,),, 
potassium alum, Mohr’s salt. Nickel and iron(II1) interfered seriously. Nickel did not interfere in 
the pH region 1.5-2.5. The interference of iron(II1) was masked by addition of 10 ml of 1% EDTA 
or by reduction to iron(I1) with 5 ml of 5 % hydroxylamine sulphate solution. 

TAITIRO FUJINAGA 
Faculty of Science, Kyoto University 
Sakyo-ku, Kyoto-shi MASATADA SATAKE 

TATSUO YONEKIJBO 
Faculty of Engineering, Fukui University 
Fukui-shi, Japan 

Summary-A method of liquid-liquid extraction of palladium di- 
methvlglvoximate with molten nanhthalene followed bv solid-liauid 

I :a 

separation is successfully applied tb palladium. The complex between 
palladium and dimethylglyoxime is easily extracted into molten 
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naphthalene. After extraction, the very fine solidified naphthalene 
crystals are dissolved in chloroform, and the absorbance of the resultant 
solution is measured at 370 nm against a reagent blank. Beer’s law 
is obeyed for 30-370 ,ug of palladium in 10 ml of chloroform, and the 
molar absorptivity is calculated to be 1.72 x 1041.mole.-1mm-1. 
Various alkali metal salts and metal ions do not interfere. The inter- 
ference of nickel(H) is overcome by the extraction at pH 2, and that 
of iron by masking with EDTA or by reduction to iron(H). The 
method is rapid and accurate. 

Zusanunenfassung-Zur Bestimmung von Palladium wird Palladium- 
dimethylglyoximat mit geschmolzen<m Naphthalin extrahiert und dann 
Festkorner und Flilssiekeit getrennt. Der Komolex aus Palladium und 
Dimethylglyoxim wirdv 1eichYt in geschmolzenes’Naphthalin extrahiert. 
Nach der Extraktion werden die sehr feinen Kristalle von wieder fest 
gewordenem Nanhthalin in Chloroform eel&t und die Extinktion der 
Losung bei 37Ohm gegen eine ReagenGBlindprobe gemessen. Das 
Beersche Gesetz silt bei 30-370 ue Palladium in 10 ml Chloroform. der 
molare Extinktio>skoeffizient v&d zu 1,72 - lo* 1 mol-lmm-X berech- 
net. Eine Reihe von Alkalimetallsalzen und Metallionen stiiren nicht. 
Die Stijrung durch Nickel(I1) wird beseitigt, wenn bei pH 2 extrahiert 
wird, die durch Eisen(III) durch Maskierung mit EDTA oder durch 
Reduktion zu Eisen(I1). Die Methode ist schnell und genau. 

R&un6-On a applioue avec SW& au palladium une mtthode 
d’extraction 1iquidk:liquide du dimethylglyoximate de palladium avec 
du naohtalene fondu. suivie d’une senaration solide-liauide. Le com- 
plexe intre le palladium et la dimtth$glyoxime est aisdment extrait en 
naphtalene fondu. Apres extraction, les cristaux trb i%rs de naphta- 
l&e solid&5 sont dissous en chloroforme, et l’on mesure l’absorption 
de la solution r6sultante B 370 nm par rapport a un temoin des reactifs. 
La loi de Beer est suivie pour 30-370 pg de palladium dans 10 ml de 
chloroforme, et l’on a calcule que le coefficient d’absorption moleculaire 
est de 1,72 x 10’ mm-1 lmole-r. Divers sels al&ins et ions metalliques 
ne gi5nent pas. On evite l’interference du nickel(I1) par l’extraction 
a pH 2, et celle du fer(II1) en le dissimulant par I’EDTA ou par reduction 
en fer(I1). La methode est rapide et precise. 
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DCtemhation gravim&ique de I’iode 
sous forme de Nt(IC&)* 

(Recu le 28 avrill971. Accept& Ie 28 novembre 1971) 

ON CONNA~T deux methodes de determination gravimetrique de l’iode. Elles sont bas6es sur sa 
precipitation sous forme d’Ag1’ et d’iodure de palladium(E).* Une methode gravimetrique de 
determination de l’iode sous forme d’un autre compose, utilisant un agent organique, n’a pas et6 
propos6e jusqu’ici. C’est une telle methode que nous preconisons dam le present memoire. L’iode 
y est determine et pese sous forme de dichloriodure de nitron. 

* L’abreviation Nt designe le cation de la base (nitron). 
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Des essais’ portant sur le syst&rne eau-acide chlorhydrique-iode-chlore, ant montre que 10rs 
de son oxydation au moyen du &lore en milieu chlorhydrique satur6 de &lore, l’iode se transforme 
quantitativement en complex (ICl,)-. On sait que les anions de m&me type (ICl,)- et (AuClJ- 
rkagissant avec certaines bases organique, four&sent des composes peu solubles et que les methodes 
de determination quantitative de la nicotine4 et de l’or6 sont basks sur ces proprietk Ayant en vue 
ces faits, nous nous sommes proposes pour but d’elaborer une nouvelle methode gravim&ique de 
determination de l’iode. ou seraient mises a profit les propriett6s du compose que forme le complexe 
(IClJ- avec le nitron. 

PARTIE EXPERIMENTALE 

Si l’on additionne une solution contenant le complexe (ICl,) dune solution de sulphate de nitron, 
on obtient un prkcipite faiblement colore en jaune qui, apms agitation, acquiert une forme nettement 
cristalline. 

Le compose s’obtient en milieu chlorhydrique fortement sature (d’acide chlorhydrique) offre 
une solubilite extfimement faible. 

La &action entre le nitron et le complexe (ICI& se deroule probablement selon l’kquation 
suivante: 

CH,N-C,H, 
I: :I 

CBH~-N++C-N--C~H~ + H+ + (m2)- ----a 
N 

CH , ,,.;.:‘I.-CIHS 

C,H,-N+ _ +C-NH-C,H,(lCl,)- 
N 

La basicite elevQ du nitron provoque la production de protons et l’association du nitron et du 
complexe iodochlorure. Ce mkanisme se trouve corkme par les spectres IR du compose obtenu 
et du nitron. Le spectre du compose, contrairement a celui du nitron, presente un pit de liaison 
N-H nettement visible. 

On a pro&de a lknalyse du compose pour en determiner les teneurs en C, H, N. et la somme 
de l’iode et du &lore. Les r&hats figurent dans le tableau No. I. On y inclu aussi les rkultats 
theoriques, calcul6s selon les formules: Nt(IC&), Nt(IC1,). Les donnkes du tableau attestent que 
le compose obtenu est Nt(IClJ. 

TABLEAU I.-DONN~S WR LA CONSTITCJTION DU cohwosh 

C% H% N% cl+I% 

Theorie pour Nt(IClJ 47,06 3,34 10,98 38,82 
Trouve 47,4 335 10.2 38,6 
Thkorie pour Nt(IC1,) 43,08 2,95 9.66 46,38 

Nt(ICl& fond sans se dkcomposer a 160°C. 11 se dissout au mieux darts l’ac&one, moins bien 
dans l’alcool ethylique (0,74 %), le dichlorethane (0,40 %), le chloroforme (0,06 “/,) et p&her (0,04y$ 
11 est insoluble dans les solvants non-polaires: benzene, t&rachloromethane. Dam l’eau le compose 
acquiert une coloration orang6e qui, en fin d’opkation, vire au noire. Sa solubilite a et6 determinke 
en HCl B 5 %, oti il ne manifeste pas de modikation. 

A la temperature de 20°C en HCl a 5 %, la solubilite est de 6,3 x 10mbM en HCI B 5 % et en 
presence de sulfate de nitron que nous avons base notre nouvelle methode gravimetrique de de- 
termination de l’iode. 

Analyse 

Dam un ballon Kjeldahl de 50 ml on introduit environ 20 ml de solution d’ions iodiques contenant 
de 5 a 40 mg diode. On ajoute 20 ml de HCI concentre, sature en Cl,, agite, et, aussitat, on fait 
barboter de l’air durant 5 minutes a travers cette solution. On transvase le melange dam une fiole 
et le dilue a 100 ml, puis on ajoute lentement, et en agitant toujours, 25 ml de solution de sulfate de 
nitron a 1%. On obtient d’abord un prkipite jaune a peine perceptible qui, apres agitation energique, 
acquiert peu 11 peu une coloration jaune et une structure cristalline trks nette. On laisse reposer 
pendant une heure, puis on tiltre sur un filtre de verre GI ou G,. 
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Le contenu de la fiole est verse sur le liltre, puis la fiole est rink par de l’acide chlorhydrique a 
4% contenant un peu de sulfate de nitron oti, mieux encore, par le filtrat lui-m&me. Le prkipit6 
est ensuite lave a deux oh trois reprises par un peu d’acide chlorhydrique a 4%, s&he pendant 1 hr 
a lOO”-105” et pese. 

Pour illustrer la precision de la methode, nous avons Btabli le tableau No. II, qui rend compte 
des resultats relatifs aux quantites de 4,5 a 40 mg. 

Le coefficient de variation pour 15 a 40 mg dans 10 determinations, evalue pour une skeet6 
statistique de 95% est respectivement de f1,70 et +0,75 %. 

TABLEAU II.-DETERMINATION DE L’IODE AVEC NITRON 

Erreur Erreur Erreur 
Preleve, Trouvt, relat., Preleve, Trouve, relat., Preleve, Trouve, relat., 

mg V % “?g mg % m!? mg % 

435 
495 
495 
495 

- 
- 

4,34 -3,5 15,o 
4,34 -3,5 15,0 
4,39 -2,2 15,o 
4,34 -3,5 15,0 
- - 15,o 
- - 15,0 
- - 15,0 
- - 15,0 
- - 15,o 
- - 15,o 

15706 -to,4 
14990 -0,4 
14978 -1,5 
I5,Os t-o.5 
1590, +0,4 
I5,0, +0,5 
14.88 -0,8 
1590, -to,3 
15,0, -to,5 
1498, -1,3 

40,o 
40,o 
40,o 
40,o 
4090 
40,o 
4.090 
4030 

::o” 

3% -0,4 
3Vo -0,5 
39,80 -0,5 
4090, -0,2 
39991 -0,l 
39.94 -0,2 
4032, +0,6 
4&O, *o,o 
39.85 -0,l 
39,8, -0,5 

Erreur relat. moyenne -3,2 % -031% --t&2% 

Les ions bromate ne &rent pas la determination. Si leur quantite est de l’ordre de celle de 
l’iode, il n’est pas indispensable de changer de mode op6ratoire. En l’occurence, lors du barbotage, 
le brome obtenu est 6lin-M en m6me temps que l’excedent de chlore, ce qui modifie pas les conditions 
du travail ulterieur. Si la teneur en Br est Blevee, par example si le rapport Br/I = 5-10 et m8me 
davantage, la technique doit Btre moditik. en debut doperation. Dans le ballon de Kjeldahl on doit 
introduire d’abord de l’acide chlorhydrique concentre et saturd en chlore, puis remplir le ballon de 
chlore et, alors settlement ajouter a l’aide d’une pipette la solution a analyser. Par la suite, la de- 
termination se dboule selon le schCma d&it plus haut. Dans ces conditions la presence du Br n’a 
pas d’effet sur les resultats. Ainsi. dans deux determinations de 40 mg d’1, en presence de la meme 
quantite de Br, on a detect& 40,lO et 40,15 mg d’iode. 

La m&hode preconisde a et& confrontee avec la m6thode la plus &ire, pratiqu6e le plus souvent 
la determination gravimetrique de l’iode, sous forme d’Ag1. Les resultats de 10 essais de determina- 
tion de 15 et de 40 mg d’iode, effectues avec precipitation par l’argent, figurement dam le tableau 
No. III. La confrontation des donnkes des tableaux II et III, met en evidence d’une facon categorique 
la meilleure precision de la nouvelle methode. Elle presente encore les avantages suivants. 

1. Elle se deroule en presence de Cl et de Br. 
2. Elle exclu l’erreur due a l’oxydation de I- en I,. 
3. La decomposition d’Ag1, sous l’effet de la lumiere n’entraine pas d’erreurs. 
4. Contrairement au prkcipite d’Ag1, celui de Nt(IC1,) ne retient pas de solvant ni d’autres 

substances contenues dans la solution. 

TABLEAU III.-DETERMINATION DE L’IODE AVEC L’ARGENT 

PrClev6, Trouvd, 
w “?s 

15,0 15,1, 
15,0 I5,lll 
15,o 1537, 
15,o 15-41 
15,o 15.4, 
15,o 15,411 

Erreur 
relat., 

% 

+1,1 
+1,1 
+4,7 
+2,8 
$392 
+3,0 

Preleve, Trouve, 
V mg 

40,O 4096 
40.0 40,7 
40.0 40,2 
40,O 39.9 

Erreur 
relat., 

% 

t-1,5 
+1,8 
+0,5 
-0.3 

Erreur relative moyenne +2,6 % +0,9% 
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5. En raison du poids mol&ulaire 6lev6 et de la faible solubilit6 de Nt(ICl3, la m&hode permet 
de d&term&r des quantit& d’iode 2-3 fois plus petites. 

6. Pour la meme raison, le facteur de transformation du poids du prkipit6 en iode est aussi 
deux fois plus petit. 

7. On utilise le sulfate et non pas l’ac&ate de nitron, car le nitron, comme reactif, contient 
beauwup d’impurit6s qui, au wurs de sa dissolution dans l’acide acbtique, restent dam la solution 
et emp&chent la determination. Au wntraire, le sulphate pe.ut &re facilement obtenu du nitr0n.O 

N. GANTCHEV 

V. KANAZIRSKA 
D. ATI-IANASSOVA 

Chaire de chimie analytique 
Ecole Normale Superieure 
7 rue “ V. Markov”, Plovdiv, Bulgarie 

R&urn-n a obtenu le composd dichloriodure de nitron- 
Nt(ICl&-et l’on a etudie les propriktb. En se basant sur les 
r&&a& obtenus, on a elabore &e m6thode gravimktrique de 
dttermination de l’iode sous forme de Nt(IC1,). Elle permet de 
determiner par voie gravimttrique de 4 & ‘40 ig d’iod’e, l’erreur 
&ant moindre que lors de determination de l’iode sous forme d’Ag1. 
Les ions bromate et chlorate ne ggnent pas la d&termination. 

Summary-Nitron dichloroiodide-Nt(ICl+has been prepared and 
studied, and a gravimetric determination of iodine as Nt(ICl)* has 
been based on the result. For 4-40 mg of iodine the error is less than 
that of the determination as AgI. Bromate and chlorate do not 
interfere. 

Zusanunenfassung-Nitrondichlorojodid-Nt(JCl&wurde hergestellt 
und untersucht ; auf den Ergebnissen wurde eine gravimetrische Bestim- 
mung von Jod als Nt(JC1,) aufgebaut. Fiir 4-40 mg Jod ist der Fehler 
kleiner als bei der Bestimmung als AgJ. Bromat und Chlorat stiiren 
nicht. 
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Trennung anorganischer Phosphate an Auionenaustauscher-Fertigplatten 

(Eingegangen am 19. Juli 1971. Angenommen am 18. Oktober 1971) 

DIE ANALYTISCHE Chemie der Phosphate gewinnt auf Grund der vielfgltigen Formen und des hkufigen 
Auftretens dieser Verbindungen in Natur- und Syntheseprodukten zunehmend an Bedeutung. 
Bisherige papierchromatographische’** und diinnschichtchromatographische Trennungen (an 
Celluloseschichten)* zeigen zwar gute Ergebnisse, sind aber nur schwer reproduzierbar. Im Geeensatz 
dazu liefert die Gradieitenelutioi an A%onenaustauscher-Slulen4sS 
dieses Verfahren sehr zeitaufwendig. 

seh; gute Ergebnisse, jedvoch ist 
Urn die Vorteile der Diinnschichtchromatographie mit 

denen des Ionenaustausches zu verbinden, wendeten wir die Ionenaustauscher-Diinnschicht- 
chromatographie an.O*’ Wir verwendeten selbst gefertigte Anionenaustauscher-Fertigplatten (200 x 
200 mm) vom Tvn Dowex 2-X8. die sowohl in der Chlorid-, als such in der A&at-Form vorlapen. 
Zum Veigleich &den such einige “Ionex 25” Anionenausiauscher-Fertigplatten des gleichen fyps 
der Firma Macherey-Nagel (D&en, BRD) in der AC&at-Form herangezogen. 
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naphthalene. After extraction, the very fine solidified naphthalene 
crystals are dissolved in chloroform, and the absorbance of the resultant 
solution is measured at 370 nm against a reagent blank. Beer’s law 
is obeyed for 30-370 ,ug of palladium in 10 ml of chloroform, and the 
molar absorptivity is calculated to be 1.72 x 1041.mole.-1mm-1. 
Various alkali metal salts and metal ions do not interfere. The inter- 
ference of nickel(H) is overcome by the extraction at pH 2, and that 
of iron by masking with EDTA or by reduction to iron(H). The 
method is rapid and accurate. 

Zusanunenfassung-Zur Bestimmung von Palladium wird Palladium- 
dimethylglyoximat mit geschmolzen<m Naphthalin extrahiert und dann 
Festkorner und Flilssiekeit getrennt. Der Komolex aus Palladium und 
Dimethylglyoxim wirdv 1eichYt in geschmolzenes’Naphthalin extrahiert. 
Nach der Extraktion werden die sehr feinen Kristalle von wieder fest 
gewordenem Nanhthalin in Chloroform eel&t und die Extinktion der 
Losung bei 37Ohm gegen eine ReagenGBlindprobe gemessen. Das 
Beersche Gesetz silt bei 30-370 ue Palladium in 10 ml Chloroform. der 
molare Extinktio>skoeffizient v&d zu 1,72 - lo* 1 mol-lmm-X berech- 
net. Eine Reihe von Alkalimetallsalzen und Metallionen stiiren nicht. 
Die Stijrung durch Nickel(I1) wird beseitigt, wenn bei pH 2 extrahiert 
wird, die durch Eisen(III) durch Maskierung mit EDTA oder durch 
Reduktion zu Eisen(I1). Die Methode ist schnell und genau. 

R&un6-On a applioue avec SW& au palladium une mtthode 
d’extraction 1iquidk:liquide du dimethylglyoximate de palladium avec 
du naohtalene fondu. suivie d’une senaration solide-liauide. Le com- 
plexe intre le palladium et la dimtth$glyoxime est aisdment extrait en 
naphtalene fondu. Apres extraction, les cristaux trb i%rs de naphta- 
l&e solid&5 sont dissous en chloroforme, et l’on mesure l’absorption 
de la solution r6sultante B 370 nm par rapport a un temoin des reactifs. 
La loi de Beer est suivie pour 30-370 pg de palladium dans 10 ml de 
chloroforme, et l’on a calcule que le coefficient d’absorption moleculaire 
est de 1,72 x 10’ mm-1 lmole-r. Divers sels al&ins et ions metalliques 
ne gi5nent pas. On evite l’interference du nickel(I1) par l’extraction 
a pH 2, et celle du fer(II1) en le dissimulant par I’EDTA ou par reduction 
en fer(I1). La methode est rapide et precise. 
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DCtemhation gravim&ique de I’iode 
sous forme de Nt(IC&)* 

(Recu le 28 avrill971. Accept& Ie 28 novembre 1971) 

ON CONNA~T deux methodes de determination gravimetrique de l’iode. Elles sont bas6es sur sa 
precipitation sous forme d’Ag1’ et d’iodure de palladium(E).* Une methode gravimetrique de 
determination de l’iode sous forme d’un autre compose, utilisant un agent organique, n’a pas et6 
propos6e jusqu’ici. C’est une telle methode que nous preconisons dam le present memoire. L’iode 
y est determine et pese sous forme de dichloriodure de nitron. 

* L’abreviation Nt designe le cation de la base (nitron). 
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Des essais’ portant sur le syst&rne eau-acide chlorhydrique-iode-chlore, ant montre que 10rs 
de son oxydation au moyen du &lore en milieu chlorhydrique satur6 de &lore, l’iode se transforme 
quantitativement en complex (ICl,)-. On sait que les anions de m&me type (ICl,)- et (AuClJ- 
rkagissant avec certaines bases organique, four&sent des composes peu solubles et que les methodes 
de determination quantitative de la nicotine4 et de l’or6 sont basks sur ces proprietk Ayant en vue 
ces faits, nous nous sommes proposes pour but d’elaborer une nouvelle methode gravim&ique de 
determination de l’iode. ou seraient mises a profit les propriett6s du compose que forme le complexe 
(IClJ- avec le nitron. 

PARTIE EXPERIMENTALE 

Si l’on additionne une solution contenant le complexe (ICl,) dune solution de sulphate de nitron, 
on obtient un prkcipite faiblement colore en jaune qui, apms agitation, acquiert une forme nettement 
cristalline. 

Le compose s’obtient en milieu chlorhydrique fortement sature (d’acide chlorhydrique) offre 
une solubilite extfimement faible. 

La &action entre le nitron et le complexe (ICI& se deroule probablement selon l’kquation 
suivante: 

CH,N-C,H, 
I: :I 

CBH~-N++C-N--C~H~ + H+ + (m2)- ----a 
N 

CH , ,,.;.:‘I.-CIHS 

C,H,-N+ _ +C-NH-C,H,(lCl,)- 
N 

La basicite elevQ du nitron provoque la production de protons et l’association du nitron et du 
complexe iodochlorure. Ce mkanisme se trouve corkme par les spectres IR du compose obtenu 
et du nitron. Le spectre du compose, contrairement a celui du nitron, presente un pit de liaison 
N-H nettement visible. 

On a pro&de a lknalyse du compose pour en determiner les teneurs en C, H, N. et la somme 
de l’iode et du &lore. Les r&hats figurent dans le tableau No. I. On y inclu aussi les rkultats 
theoriques, calcul6s selon les formules: Nt(IC&), Nt(IC1,). Les donnkes du tableau attestent que 
le compose obtenu est Nt(IClJ. 

TABLEAU I.-DONN~S WR LA CONSTITCJTION DU cohwosh 

C% H% N% cl+I% 

Theorie pour Nt(IClJ 47,06 3,34 10,98 38,82 
Trouve 47,4 335 10.2 38,6 
Thkorie pour Nt(IC1,) 43,08 2,95 9.66 46,38 

Nt(ICl& fond sans se dkcomposer a 160°C. 11 se dissout au mieux darts l’ac&one, moins bien 
dans l’alcool ethylique (0,74 %), le dichlorethane (0,40 %), le chloroforme (0,06 “/,) et p&her (0,04y$ 
11 est insoluble dans les solvants non-polaires: benzene, t&rachloromethane. Dam l’eau le compose 
acquiert une coloration orang6e qui, en fin d’opkation, vire au noire. Sa solubilite a et6 determinke 
en HCl B 5 %, oti il ne manifeste pas de modikation. 

A la temperature de 20°C en HCl a 5 %, la solubilite est de 6,3 x 10mbM en HCI B 5 % et en 
presence de sulfate de nitron que nous avons base notre nouvelle methode gravimetrique de de- 
termination de l’iode. 

Analyse 

Dam un ballon Kjeldahl de 50 ml on introduit environ 20 ml de solution d’ions iodiques contenant 
de 5 a 40 mg diode. On ajoute 20 ml de HCI concentre, sature en Cl,, agite, et, aussitat, on fait 
barboter de l’air durant 5 minutes a travers cette solution. On transvase le melange dam une fiole 
et le dilue a 100 ml, puis on ajoute lentement, et en agitant toujours, 25 ml de solution de sulfate de 
nitron a 1%. On obtient d’abord un prkipite jaune a peine perceptible qui, apres agitation energique, 
acquiert peu 11 peu une coloration jaune et une structure cristalline trks nette. On laisse reposer 
pendant une heure, puis on tiltre sur un filtre de verre GI ou G,. 
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Le contenu de la fiole est verse sur le liltre, puis la fiole est rink par de l’acide chlorhydrique a 
4% contenant un peu de sulfate de nitron oti, mieux encore, par le filtrat lui-m&me. Le prkipit6 
est ensuite lave a deux oh trois reprises par un peu d’acide chlorhydrique a 4%, s&he pendant 1 hr 
a lOO”-105” et pese. 

Pour illustrer la precision de la methode, nous avons Btabli le tableau No. II, qui rend compte 
des resultats relatifs aux quantites de 4,5 a 40 mg. 

Le coefficient de variation pour 15 a 40 mg dans 10 determinations, evalue pour une skeet6 
statistique de 95% est respectivement de f1,70 et +0,75 %. 

TABLEAU II.-DETERMINATION DE L’IODE AVEC NITRON 

Erreur Erreur Erreur 
Preleve, Trouvt, relat., Preleve, Trouve, relat., Preleve, Trouve, relat., 

mg V % “?g mg % m!? mg % 

435 
495 
495 
495 

- 
- 

4,34 -3,5 15,o 
4,34 -3,5 15,0 
4,39 -2,2 15,o 
4,34 -3,5 15,0 
- - 15,o 
- - 15,0 
- - 15,0 
- - 15,0 
- - 15,o 
- - 15,o 

15706 -to,4 
14990 -0,4 
14978 -1,5 
I5,Os t-o.5 
1590, +0,4 
I5,0, +0,5 
14.88 -0,8 
1590, -to,3 
15,0, -to,5 
1498, -1,3 

40,o 
40,o 
40,o 
40,o 
4090 
40,o 
4.090 
4030 

::o” 

3% -0,4 
3Vo -0,5 
39,80 -0,5 
4090, -0,2 
39991 -0,l 
39.94 -0,2 
4032, +0,6 
4&O, *o,o 
39.85 -0,l 
39,8, -0,5 

Erreur relat. moyenne -3,2 % -031% --t&2% 

Les ions bromate ne &rent pas la determination. Si leur quantite est de l’ordre de celle de 
l’iode, il n’est pas indispensable de changer de mode op6ratoire. En l’occurence, lors du barbotage, 
le brome obtenu est 6lin-M en m6me temps que l’excedent de chlore, ce qui modifie pas les conditions 
du travail ulterieur. Si la teneur en Br est Blevee, par example si le rapport Br/I = 5-10 et m8me 
davantage, la technique doit Btre moditik. en debut doperation. Dans le ballon de Kjeldahl on doit 
introduire d’abord de l’acide chlorhydrique concentre et saturd en chlore, puis remplir le ballon de 
chlore et, alors settlement ajouter a l’aide d’une pipette la solution a analyser. Par la suite, la de- 
termination se dboule selon le schCma d&it plus haut. Dans ces conditions la presence du Br n’a 
pas d’effet sur les resultats. Ainsi. dans deux determinations de 40 mg d’1, en presence de la meme 
quantite de Br, on a detect& 40,lO et 40,15 mg d’iode. 

La m&hode preconisde a et& confrontee avec la m6thode la plus &ire, pratiqu6e le plus souvent 
la determination gravimetrique de l’iode, sous forme d’Ag1. Les resultats de 10 essais de determina- 
tion de 15 et de 40 mg d’iode, effectues avec precipitation par l’argent, figurement dam le tableau 
No. III. La confrontation des donnkes des tableaux II et III, met en evidence d’une facon categorique 
la meilleure precision de la nouvelle methode. Elle presente encore les avantages suivants. 

1. Elle se deroule en presence de Cl et de Br. 
2. Elle exclu l’erreur due a l’oxydation de I- en I,. 
3. La decomposition d’Ag1, sous l’effet de la lumiere n’entraine pas d’erreurs. 
4. Contrairement au prkcipite d’Ag1, celui de Nt(IC1,) ne retient pas de solvant ni d’autres 

substances contenues dans la solution. 

TABLEAU III.-DETERMINATION DE L’IODE AVEC L’ARGENT 

PrClev6, Trouvd, 
w “?s 

15,0 15,1, 
15,0 I5,lll 
15,o 1537, 
15,o 15-41 
15,o 15.4, 
15,o 15,411 

Erreur 
relat., 

% 

+1,1 
+1,1 
+4,7 
+2,8 
$392 
+3,0 

Preleve, Trouve, 
V mg 

40,O 4096 
40.0 40,7 
40.0 40,2 
40,O 39.9 

Erreur 
relat., 

% 

t-1,5 
+1,8 
+0,5 
-0.3 

Erreur relative moyenne +2,6 % +0,9% 
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5. En raison du poids mol&ulaire 6lev6 et de la faible solubilit6 de Nt(ICl3, la m&hode permet 
de d&term&r des quantit& d’iode 2-3 fois plus petites. 

6. Pour la meme raison, le facteur de transformation du poids du prkipit6 en iode est aussi 
deux fois plus petit. 

7. On utilise le sulfate et non pas l’ac&ate de nitron, car le nitron, comme reactif, contient 
beauwup d’impurit6s qui, au wurs de sa dissolution dans l’acide acbtique, restent dam la solution 
et emp&chent la determination. Au wntraire, le sulphate pe.ut &re facilement obtenu du nitr0n.O 

N. GANTCHEV 

V. KANAZIRSKA 
D. ATI-IANASSOVA 

Chaire de chimie analytique 
Ecole Normale Superieure 
7 rue “ V. Markov”, Plovdiv, Bulgarie 

R&urn-n a obtenu le composd dichloriodure de nitron- 
Nt(ICl&-et l’on a etudie les propriktb. En se basant sur les 
r&&a& obtenus, on a elabore &e m6thode gravimktrique de 
dttermination de l’iode sous forme de Nt(IC1,). Elle permet de 
determiner par voie gravimttrique de 4 & ‘40 ig d’iod’e, l’erreur 
&ant moindre que lors de determination de l’iode sous forme d’Ag1. 
Les ions bromate et chlorate ne ggnent pas la d&termination. 

Summary-Nitron dichloroiodide-Nt(ICl+has been prepared and 
studied, and a gravimetric determination of iodine as Nt(ICl)* has 
been based on the result. For 4-40 mg of iodine the error is less than 
that of the determination as AgI. Bromate and chlorate do not 
interfere. 

Zusanunenfassung-Nitrondichlorojodid-Nt(JCl&wurde hergestellt 
und untersucht ; auf den Ergebnissen wurde eine gravimetrische Bestim- 
mung von Jod als Nt(JC1,) aufgebaut. Fiir 4-40 mg Jod ist der Fehler 
kleiner als bei der Bestimmung als AgJ. Bromat und Chlorat stiiren 
nicht. 
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Trennung anorganischer Phosphate an Auionenaustauscher-Fertigplatten 

(Eingegangen am 19. Juli 1971. Angenommen am 18. Oktober 1971) 

DIE ANALYTISCHE Chemie der Phosphate gewinnt auf Grund der vielfgltigen Formen und des hkufigen 
Auftretens dieser Verbindungen in Natur- und Syntheseprodukten zunehmend an Bedeutung. 
Bisherige papierchromatographische’** und diinnschichtchromatographische Trennungen (an 
Celluloseschichten)* zeigen zwar gute Ergebnisse, sind aber nur schwer reproduzierbar. Im Geeensatz 
dazu liefert die Gradieitenelutioi an A%onenaustauscher-Slulen4sS 
dieses Verfahren sehr zeitaufwendig. 

seh; gute Ergebnisse, jedvoch ist 
Urn die Vorteile der Diinnschichtchromatographie mit 

denen des Ionenaustausches zu verbinden, wendeten wir die Ionenaustauscher-Diinnschicht- 
chromatographie an.O*’ Wir verwendeten selbst gefertigte Anionenaustauscher-Fertigplatten (200 x 
200 mm) vom Tvn Dowex 2-X8. die sowohl in der Chlorid-, als such in der A&at-Form vorlapen. 
Zum Veigleich &den such einige “Ionex 25” Anionenausiauscher-Fertigplatten des gleichen fyps 
der Firma Macherey-Nagel (D&en, BRD) in der AC&at-Form herangezogen. 
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EXPERIMENTELLER TEIL 

PufferZ6sung: pH = 5,0. Die Liisung enthllt pro Liter 20 ml Pyridin und 13,4 ml Eisessig. 
Zur Trennung der Oligophosphate werden zu dieser Stamm-Pufferlbsung noch 0,25 Mol Natrium 
chlorid zugesetzt. 

Bedlngungen. Es wurden ungefiihr 1 rg P von jeder Phosphor(v)-Verbindung auf die Platte 
aufgetragen. Zur Trennung der Oligophosphate Lquilibrierten wir die Schicht mit 1M Salzsiure 
durch durchlaufende Chromatographie mit Papierzunge. Nach einem kurzen Zwischentrocknen 
wuschen wir die Platten mit ionenfreiem Wasser saurefrei. Zur Trermung der Amidophosphate 
erfolgte die Aquilibrierung nach der gleichen Methode jedoch ohne Nachwaschen mit 0,OlM 
Essigsaure. Die Trennung der Oligophosphate geschah bei Zimmertemperatur, die der Amidophos- 
phate bei etwa 5” im Ktihlschrank. Bei beiden wurde die aufsteigende Technik angewendet. Die 
Laufzeit betrug in beiden Fallen ungefahr 70 Minuten. 

Spriihreagenrien 

(a) 1M Perchlorslure, in Wasser-Aceton 1: 1. Zur Hydrolyse von Di- und Triphosphat zu 
Mononhosnhat wird diese Losune zweimal auf die warme Platte 60” aufaesnrtiht. Nach dem zweiten 
Besprihen’wird die Platte langslam bei 50” getrocknet. Bei den AmGophosphaten ertlbrigt sich 
dieser AufschluB. 

(b) (NH&Mo,O~~*~H~O(~ g) wird in einer Mischung aus 35 ml halbkonzentrierter Salpeter- 
saure und 65 ml Wasser aufgeliist. Mit dieser Losung wird die noch warme Platte befeuchtet. 

(c) SnCla-2Hr,0(0,5 g) wlrd in 100 ml 0,5M Sal&ure gel&t. Die Liisung wird auf die noch 
feuchte Platte aesmtiht. Die Phosnhate treten als blaue bis blau-ertlne Flecke hervor. 

Mono-, Dz und Triphosphat’werden an einer Fertigplatte :n der Chlorid-Form einwandfrei 
getrennt. Wie nicht anders zu erwarten, befindet sich das Triphosphat auf Grund seiner groI3en 
Ladung nur kurz oberhalb des Startpunktes. Diphosphat und Monophosphat wandern wegen der 
abnehmenden Ladungszahl entsprechend weiter. 

Zur Trennung voi Phosphorsluretriamid, PO(NH& Diamidophosphat, NaPO,(NH,),, Mono- 
amidophosphat, Na*PO,(NH,) und Monophosphat, NalHPO,, empfiehlt sich die Anwendung 
eines schwacheren Gegenions am Anionenaustauscher. Da erfahrungsgemLB die Amidophosphate 
auf den Chromatogrammen vor dem Monophosphat liegen, wtirden sie auf einer Anionenaustauscher- 
Fertigplatte in der Chlorid-Form nur kurz unterhalb der Front liegen und sich gegenseitig storen. 
Urn eine Zersetzung der Amidophosphate so weit wie mijglich zu verhindern, wurde die Entwicklung 
bei der angegebenen niedrigen Temperatur durchgeftihrt. 

Die von uns vorgeschlagen Methode besitzt neben dem geringen Zeitaufwand und der grouen 
Reproduzierbarkeit der Ergebnisse noch folgende Vorteile: die Trennung der Oligophosphate und 
der Amidophosphate kann im Prinzip mit nur einer Stamm-Pufferliisung vorgenommen werden. 
Bei der Trennune der Olieonhosnhate stiiren die Amidonhosnhate nicht, da sie vor dem Mono- 
phosphat liegen. “Im umgeuke’hrten Fall verbleiben die Oligoph&phate amstart. Ein Vergleich mit 
den Ionenaustauscher-Fertigplatten “Ionex 25” ergab, da13 keine bedeutenden Unterschiede in den 
Trennungen auftreten. 

Anmerkung-An dieser Stelle miichte einer der Verfasser, H. K., Herrn Dr. T. Devenyi fur die Uber- 
lassung der Anionenaustauscher Fertigplatten und ftir seine anregenden Diskussionen herzlich 
danken. 
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S. FERENCZI 

Zusammenfassung-Es wird ein Verfahren zur Trennung von Mono- 
phosphat, Diphosphat und Triphosphat bzw. Phosphors&rretriamid, 
PO(NHl)s, Diamidophosphat, NaPO%(NH& Monoamidophosphat, 
Na,PO,NH, und Monophosphat an Anionenaustauscher-Fertigplatten 
des Typs Dowex 2-X8 beschrieben. Das Verfahren verbindet die Vorteile 
der Dtirmschichtchromatographie mit denen des Ionenaustausches. 
Durch die Auswahl geeigneter Gegenionen am Harz (Chlorid bzw. 
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Acetat) ist im Prinzip nur eine Stamm-Pufferliisung zur Trennung 
erforderlich. Bei der Chromatographie tritt keine Stiirung beider 
Verbindungsklassen auf. 

Summary-A procedure is described for the separation of mono-, di- 
and triphosphate, and of monophosphate and mono, di- and triamido- 
phosphate on ready-made thin-layer plates of anion-exchange resin 
Dowex 2-X8. The procedure couples the advantages of thin-layer 
chromatography with those of ion-exchange techniques. By suitable 
choice of anion for the resin (i.e. chloride or acetate) only one stock 
buffer solution is needed for the separation. The two classes of com- 
pounds do not interfere with each other during the separations. 

R&m&Gn decrit une technique pour la separation de mono-, di- et 
triphosphate, et de monophosphate et mono-, di- et triamidophosphate 
sur des plaques de couche mince de &sine Cchangeuse d’anions Dowex 
2-X8 toutes p&es. La methode r&nit les avantages de la chromato- 
graphie sur couche mince avec ceux des techniques d’echange d’ions. 
Par un choix convenable de l’anion pour la &sine (c’est-ii-dire 
chlorure ou acetate), une seule solution tampon de reserve est 
necessaire pour la separation. Les deux classes de composes 
n’interferent pas l’une avec l’autre durant les separations. 
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5. En raison du poids mol&ulaire 6lev6 et de la faible solubilit6 de Nt(ICl3, la m&hode permet 
de d&term&r des quantit& d’iode 2-3 fois plus petites. 

6. Pour la meme raison, le facteur de transformation du poids du prkipit6 en iode est aussi 
deux fois plus petit. 

7. On utilise le sulfate et non pas l’ac&ate de nitron, car le nitron, comme reactif, contient 
beauwup d’impurit6s qui, au wurs de sa dissolution dans l’acide acbtique, restent dam la solution 
et emp&chent la determination. Au wntraire, le sulphate pe.ut &re facilement obtenu du nitr0n.O 

N. GANTCHEV 

V. KANAZIRSKA 
D. ATI-IANASSOVA 

Chaire de chimie analytique 
Ecole Normale Superieure 
7 rue “ V. Markov”, Plovdiv, Bulgarie 

R&urn-n a obtenu le composd dichloriodure de nitron- 
Nt(ICl&-et l’on a etudie les propriktb. En se basant sur les 
r&&a& obtenus, on a elabore &e m6thode gravimktrique de 
dttermination de l’iode sous forme de Nt(IC1,). Elle permet de 
determiner par voie gravimttrique de 4 & ‘40 ig d’iod’e, l’erreur 
&ant moindre que lors de determination de l’iode sous forme d’Ag1. 
Les ions bromate et chlorate ne ggnent pas la d&termination. 

Summary-Nitron dichloroiodide-Nt(ICl+has been prepared and 
studied, and a gravimetric determination of iodine as Nt(ICl)* has 
been based on the result. For 4-40 mg of iodine the error is less than 
that of the determination as AgI. Bromate and chlorate do not 
interfere. 

Zusanunenfassung-Nitrondichlorojodid-Nt(JCl&wurde hergestellt 
und untersucht ; auf den Ergebnissen wurde eine gravimetrische Bestim- 
mung von Jod als Nt(JC1,) aufgebaut. Fiir 4-40 mg Jod ist der Fehler 
kleiner als bei der Bestimmung als AgJ. Bromat und Chlorat stiiren 
nicht. 
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Trennung anorganischer Phosphate an Auionenaustauscher-Fertigplatten 

(Eingegangen am 19. Juli 1971. Angenommen am 18. Oktober 1971) 

DIE ANALYTISCHE Chemie der Phosphate gewinnt auf Grund der vielfgltigen Formen und des hkufigen 
Auftretens dieser Verbindungen in Natur- und Syntheseprodukten zunehmend an Bedeutung. 
Bisherige papierchromatographische’** und diinnschichtchromatographische Trennungen (an 
Celluloseschichten)* zeigen zwar gute Ergebnisse, sind aber nur schwer reproduzierbar. Im Geeensatz 
dazu liefert die Gradieitenelutioi an A%onenaustauscher-Slulen4sS 
dieses Verfahren sehr zeitaufwendig. 

seh; gute Ergebnisse, jedvoch ist 
Urn die Vorteile der Diinnschichtchromatographie mit 

denen des Ionenaustausches zu verbinden, wendeten wir die Ionenaustauscher-Diinnschicht- 
chromatographie an.O*’ Wir verwendeten selbst gefertigte Anionenaustauscher-Fertigplatten (200 x 
200 mm) vom Tvn Dowex 2-X8. die sowohl in der Chlorid-, als such in der A&at-Form vorlapen. 
Zum Veigleich &den such einige “Ionex 25” Anionenausiauscher-Fertigplatten des gleichen fyps 
der Firma Macherey-Nagel (D&en, BRD) in der AC&at-Form herangezogen. 

8 
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EXPERIMENTELLER TEIL 

PufferZ6sung: pH = 5,0. Die Liisung enthllt pro Liter 20 ml Pyridin und 13,4 ml Eisessig. 
Zur Trennung der Oligophosphate werden zu dieser Stamm-Pufferlbsung noch 0,25 Mol Natrium 
chlorid zugesetzt. 

Bedlngungen. Es wurden ungefiihr 1 rg P von jeder Phosphor(v)-Verbindung auf die Platte 
aufgetragen. Zur Trennung der Oligophosphate Lquilibrierten wir die Schicht mit 1M Salzsiure 
durch durchlaufende Chromatographie mit Papierzunge. Nach einem kurzen Zwischentrocknen 
wuschen wir die Platten mit ionenfreiem Wasser saurefrei. Zur Trermung der Amidophosphate 
erfolgte die Aquilibrierung nach der gleichen Methode jedoch ohne Nachwaschen mit 0,OlM 
Essigsaure. Die Trennung der Oligophosphate geschah bei Zimmertemperatur, die der Amidophos- 
phate bei etwa 5” im Ktihlschrank. Bei beiden wurde die aufsteigende Technik angewendet. Die 
Laufzeit betrug in beiden Fallen ungefahr 70 Minuten. 

Spriihreagenrien 

(a) 1M Perchlorslure, in Wasser-Aceton 1: 1. Zur Hydrolyse von Di- und Triphosphat zu 
Mononhosnhat wird diese Losune zweimal auf die warme Platte 60” aufaesnrtiht. Nach dem zweiten 
Besprihen’wird die Platte langslam bei 50” getrocknet. Bei den AmGophosphaten ertlbrigt sich 
dieser AufschluB. 

(b) (NH&Mo,O~~*~H~O(~ g) wird in einer Mischung aus 35 ml halbkonzentrierter Salpeter- 
saure und 65 ml Wasser aufgeliist. Mit dieser Losung wird die noch warme Platte befeuchtet. 

(c) SnCla-2Hr,0(0,5 g) wlrd in 100 ml 0,5M Sal&ure gel&t. Die Liisung wird auf die noch 
feuchte Platte aesmtiht. Die Phosnhate treten als blaue bis blau-ertlne Flecke hervor. 

Mono-, Dz und Triphosphat’werden an einer Fertigplatte :n der Chlorid-Form einwandfrei 
getrennt. Wie nicht anders zu erwarten, befindet sich das Triphosphat auf Grund seiner groI3en 
Ladung nur kurz oberhalb des Startpunktes. Diphosphat und Monophosphat wandern wegen der 
abnehmenden Ladungszahl entsprechend weiter. 

Zur Trennung voi Phosphorsluretriamid, PO(NH& Diamidophosphat, NaPO,(NH,),, Mono- 
amidophosphat, Na*PO,(NH,) und Monophosphat, NalHPO,, empfiehlt sich die Anwendung 
eines schwacheren Gegenions am Anionenaustauscher. Da erfahrungsgemLB die Amidophosphate 
auf den Chromatogrammen vor dem Monophosphat liegen, wtirden sie auf einer Anionenaustauscher- 
Fertigplatte in der Chlorid-Form nur kurz unterhalb der Front liegen und sich gegenseitig storen. 
Urn eine Zersetzung der Amidophosphate so weit wie mijglich zu verhindern, wurde die Entwicklung 
bei der angegebenen niedrigen Temperatur durchgeftihrt. 

Die von uns vorgeschlagen Methode besitzt neben dem geringen Zeitaufwand und der grouen 
Reproduzierbarkeit der Ergebnisse noch folgende Vorteile: die Trennung der Oligophosphate und 
der Amidophosphate kann im Prinzip mit nur einer Stamm-Pufferliisung vorgenommen werden. 
Bei der Trennune der Olieonhosnhate stiiren die Amidonhosnhate nicht, da sie vor dem Mono- 
phosphat liegen. “Im umgeuke’hrten Fall verbleiben die Oligoph&phate amstart. Ein Vergleich mit 
den Ionenaustauscher-Fertigplatten “Ionex 25” ergab, da13 keine bedeutenden Unterschiede in den 
Trennungen auftreten. 

Anmerkung-An dieser Stelle miichte einer der Verfasser, H. K., Herrn Dr. T. Devenyi fur die Uber- 
lassung der Anionenaustauscher Fertigplatten und ftir seine anregenden Diskussionen herzlich 
danken. 
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Zusammenfassung-Es wird ein Verfahren zur Trennung von Mono- 
phosphat, Diphosphat und Triphosphat bzw. Phosphors&rretriamid, 
PO(NHl)s, Diamidophosphat, NaPO%(NH& Monoamidophosphat, 
Na,PO,NH, und Monophosphat an Anionenaustauscher-Fertigplatten 
des Typs Dowex 2-X8 beschrieben. Das Verfahren verbindet die Vorteile 
der Dtirmschichtchromatographie mit denen des Ionenaustausches. 
Durch die Auswahl geeigneter Gegenionen am Harz (Chlorid bzw. 
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Acetat) ist im Prinzip nur eine Stamm-Pufferliisung zur Trennung 
erforderlich. Bei der Chromatographie tritt keine Stiirung beider 
Verbindungsklassen auf. 

Summary-A procedure is described for the separation of mono-, di- 
and triphosphate, and of monophosphate and mono, di- and triamido- 
phosphate on ready-made thin-layer plates of anion-exchange resin 
Dowex 2-X8. The procedure couples the advantages of thin-layer 
chromatography with those of ion-exchange techniques. By suitable 
choice of anion for the resin (i.e. chloride or acetate) only one stock 
buffer solution is needed for the separation. The two classes of com- 
pounds do not interfere with each other during the separations. 

R&m&Gn decrit une technique pour la separation de mono-, di- et 
triphosphate, et de monophosphate et mono-, di- et triamidophosphate 
sur des plaques de couche mince de &sine Cchangeuse d’anions Dowex 
2-X8 toutes p&es. La methode r&nit les avantages de la chromato- 
graphie sur couche mince avec ceux des techniques d’echange d’ions. 
Par un choix convenable de l’anion pour la &sine (c’est-ii-dire 
chlorure ou acetate), une seule solution tampon de reserve est 
necessaire pour la separation. Les deux classes de composes 
n’interferent pas l’une avec l’autre durant les separations. 
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ANALYTICAL DATA 

Potentiometric determination of stepwise stability constants of zirconium 
and thorium chelates formed with aspartic and glutamic acids 

(Received 29 September 1971. Accepted 18 October 1971) 

ASPARTIC and glutamic acids are known to form chelate complexes with various metal ions,‘-’ in 
which they act as bidentate or tridentate ligands. In previous communicationsa~@ from this laboratory 
we reported stepwise stability constants of aspartate and glutamate chelates of H&II), Be(II), Al(III), 
Pd(II), Pt(IV), Au(II1) and Bi(II1). Their formation was studied potentiometrically by Calvin- 
Bjerrum’s pH titration technique10 as modified by Irving and Rossotti.ll This paper gives the results 
of a similar study with zirconium(N) and thorium(IV) ions. 

RESULTS AND DISCUSSION 

The protonation constants are log Kr B 948, log KaH 3.75 for aspartic acid, and log KrH 9.45 and 
og &rt 4.23 for glutamic acid.8a* 

The formation curves (ii us. pL) for the aspartate and glutamate chelates show that for Zr(IV) ri 
approaches a value of 3, whereas for Th(IV) ii approaches a maximum value of 4 (pH range 3-9). 

Analysis of the formation curves for the Zr(IV) chelates shows that K,, Ko, KS are well apart, 
with KJK, - 1Os KS/KS ratio - 10s. The stability constants were computed by interpolation at 
half-ii values” and also by successive approximation method. 

For Th(IV) chelates, however, KJK, - 1Oo.8 K,/K, - lo4 and K,/K, - 10°*8, so the formation 
curves can be divided into two separate regions, and each treated separately.ls In the range ii = O-2 
approximate constants were obtained by interpolation at half-ii values. and then refined by successive 
approximation. The results are further confirmed by the correction term method. In the second 
range (ii = 2-4) also, K8 and K4 were computed by the half-i and the correction term methods. 
The constants were further refined by successive approximation. 

TABLE I.-STABILITY CONSTANTS OF ZIRCONIUM(IV) BND THORIUM~V) CHELATES WITH ASPARTIC 

AND GLUTAMIC ACIDS. 

(Temp. 25”C, p = O.lM NaClOJ 

Aspartic acid Glutamic acid 
Metal 

ion Method log Kr log & log G log & log 4 log KS log K8 log /3, 

Zr(IV) Half ii method 9.70 6.85 3.50 20.05 9.60 640 3.32 19.32 

approximation 
method 9.70 6.85 3.50 20.05 960 640 3.32 19.32 

log Kl log K, log KS log Ka log fib log 4 log KS log KS log K, log /I& 
Th(IV) Interpolation 

at half I? 
values 9.38 8.55 4.70 3.87 - 9.25 8.50 4.27 3.60 - 

Correction 
term method 9.10 8.78 4.56 4.07 26.51 9.09 8.52 4.20 3.73 25.54 

approximation 
method 9.23 8.57 4.55 3.87 26.22 9.11 8.52 4.18 3.62 25.43 

ChemicalLaboratories M. K. SIN~H 
University of Alhzhabad M. N. SRNASTAVA' 
Allahabad (India) 

* Postal address: 266, Mumfordganj Near Distillery, Allahabad, India. 
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:: 
3. 
4. 
5. 
6. 
7. 

:: 
10. 
11. 
12. 

Sununa~-The metal chelates of Zr(IV) and Th(IV) with aspartic 
and glutamic acids have been studied potentiometrically. Stepwise 
stability constants in O-lit4 sodium perchlorate at 25” are reported as: 
aspartate chelates-log KI 9.70, log KB 685, and log KS 3.50 for Zr, 
and log KI 9.23, log KB 8.57, log KS 4.55 and log K4 3.87 for Th; 
glutamate chelates-log KI 9.60, log Ka 6.40 and log KS 3.32 for Zr 
and log KI 9.11, log Kp 8.52, log K8 4.18 and log K4 3.62 for Th. 

Zusanunenfassung-Die Metallchelate von Zr(IV) und Th(IV) mit 
Asparaginsaure und Glutaminslure wurden potentiometrisch unter- 
sucht. Die Bildunaskonstanten der einzelnen Stufen in O.lMNatrium- 
perchlorat bei 29” werden mitgeteilt: Asparagin&re-Chelate- 
log Kl 9,70, log Ks 6,85, log KS 3,50 fur Zr und log KI 9,23, log K, 
8,57, log K, 4,55, log K4 3,87 fiir Th; GlutaminsPure-Chelate- 
log Kr 960, log Ka 640, log Ka 3,32 fur Zr und log KI 9,11, log Kz 
8,52, log KS 4,18, log K4 3,62 ftir Th. 

Resumt%Les chelates metalliques de Zr(IV) et Th(IV) avec les acides 
aspartique et glutamique ont et& &dies potentiometriquement. Les 
constantes de stabilite par palier en perchlorate de sodium 0,l MA 25” 
sont: chelates aspartiques-log KI 9,70; log KB 6,85; et log KI, 3,50 
pour Zr et log KI 9,23; log K, 8,57, log K, 4,55 et log K( 3,87 pour 
Th; chelates glutamiques-log KI 9,60, log K, 6,40 et log K, 3,32 
pour Zr et log KI 9,ll; log K, 8,52; log KII 4,18 et log Ka 3,62 pour 
Th. 
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Thermodynamic dissociation constants of IV-phenylbenzohydroxamic 
acids and benzohydroxamic acid 

(Received 23 June 1971. Accepted 17 November 1971) 

THE pK VALUES of benzohydroxamic acid and substituted phenylbenzohydroxamic acids have been 
determined in 10-50x v/v dioxan-water media at 25” and 30”. The van Uitert and Haas relation1 
was used to obtain the hydrogen ion concentration from the values read on the pa-meter: 

-log [H+] = pH + log i&O - log $ 
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Potentiometric determination of stepwise stability constants of zirconium 
and thorium chelates formed with aspartic and glutamic acids 

(Received 29 September 1971. Accepted 18 October 1971) 

ASPARTIC and glutamic acids are known to form chelate complexes with various metal ions,‘-’ in 
which they act as bidentate or tridentate ligands. In previous communicationsa~@ from this laboratory 
we reported stepwise stability constants of aspartate and glutamate chelates of H&II), Be(II), Al(III), 
Pd(II), Pt(IV), Au(II1) and Bi(II1). Their formation was studied potentiometrically by Calvin- 
Bjerrum’s pH titration technique10 as modified by Irving and Rossotti.ll This paper gives the results 
of a similar study with zirconium(N) and thorium(IV) ions. 

RESULTS AND DISCUSSION 

The protonation constants are log Kr B 948, log KaH 3.75 for aspartic acid, and log KrH 9.45 and 
og &rt 4.23 for glutamic acid.8a* 

The formation curves (ii us. pL) for the aspartate and glutamate chelates show that for Zr(IV) ri 
approaches a value of 3, whereas for Th(IV) ii approaches a maximum value of 4 (pH range 3-9). 

Analysis of the formation curves for the Zr(IV) chelates shows that K,, Ko, KS are well apart, 
with KJK, - 1Os KS/KS ratio - 10s. The stability constants were computed by interpolation at 
half-ii values” and also by successive approximation method. 

For Th(IV) chelates, however, KJK, - 1Oo.8 K,/K, - lo4 and K,/K, - 10°*8, so the formation 
curves can be divided into two separate regions, and each treated separately.ls In the range ii = O-2 
approximate constants were obtained by interpolation at half-ii values. and then refined by successive 
approximation. The results are further confirmed by the correction term method. In the second 
range (ii = 2-4) also, K8 and K4 were computed by the half-i and the correction term methods. 
The constants were further refined by successive approximation. 

TABLE I.-STABILITY CONSTANTS OF ZIRCONIUM(IV) BND THORIUM~V) CHELATES WITH ASPARTIC 

AND GLUTAMIC ACIDS. 

(Temp. 25”C, p = O.lM NaClOJ 

Aspartic acid Glutamic acid 
Metal 

ion Method log Kr log & log G log & log 4 log KS log K8 log /3, 

Zr(IV) Half ii method 9.70 6.85 3.50 20.05 9.60 640 3.32 19.32 

approximation 
method 9.70 6.85 3.50 20.05 960 640 3.32 19.32 

log Kl log K, log KS log Ka log fib log 4 log KS log KS log K, log /I& 
Th(IV) Interpolation 

at half I? 
values 9.38 8.55 4.70 3.87 - 9.25 8.50 4.27 3.60 - 

Correction 
term method 9.10 8.78 4.56 4.07 26.51 9.09 8.52 4.20 3.73 25.54 

approximation 
method 9.23 8.57 4.55 3.87 26.22 9.11 8.52 4.18 3.62 25.43 
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Sununa~-The metal chelates of Zr(IV) and Th(IV) with aspartic 
and glutamic acids have been studied potentiometrically. Stepwise 
stability constants in O-lit4 sodium perchlorate at 25” are reported as: 
aspartate chelates-log KI 9.70, log KB 685, and log KS 3.50 for Zr, 
and log KI 9.23, log KB 8.57, log KS 4.55 and log K4 3.87 for Th; 
glutamate chelates-log KI 9.60, log Ka 6.40 and log KS 3.32 for Zr 
and log KI 9.11, log Kp 8.52, log K8 4.18 and log K4 3.62 for Th. 

Zusanunenfassung-Die Metallchelate von Zr(IV) und Th(IV) mit 
Asparaginsaure und Glutaminslure wurden potentiometrisch unter- 
sucht. Die Bildunaskonstanten der einzelnen Stufen in O.lMNatrium- 
perchlorat bei 29” werden mitgeteilt: Asparagin&re-Chelate- 
log Kl 9,70, log Ks 6,85, log KS 3,50 fur Zr und log KI 9,23, log K, 
8,57, log K, 4,55, log K4 3,87 fiir Th; GlutaminsPure-Chelate- 
log Kr 960, log Ka 640, log Ka 3,32 fur Zr und log KI 9,11, log Kz 
8,52, log KS 4,18, log K4 3,62 ftir Th. 

Resumt%Les chelates metalliques de Zr(IV) et Th(IV) avec les acides 
aspartique et glutamique ont et& &dies potentiometriquement. Les 
constantes de stabilite par palier en perchlorate de sodium 0,l MA 25” 
sont: chelates aspartiques-log KI 9,70; log KB 6,85; et log KI, 3,50 
pour Zr et log KI 9,23; log K, 8,57, log K, 4,55 et log K( 3,87 pour 
Th; chelates glutamiques-log KI 9,60, log K, 6,40 et log K, 3,32 
pour Zr et log KI 9,ll; log K, 8,52; log KII 4,18 et log Ka 3,62 pour 
Th. 
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Thermodynamic dissociation constants of IV-phenylbenzohydroxamic 
acids and benzohydroxamic acid 

(Received 23 June 1971. Accepted 17 November 1971) 

THE pK VALUES of benzohydroxamic acid and substituted phenylbenzohydroxamic acids have been 
determined in 10-50x v/v dioxan-water media at 25” and 30”. The van Uitert and Haas relation1 
was used to obtain the hydrogen ion concentration from the values read on the pa-meter: 

-log [H+] = pH + log i&O - log $ 
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The mean activity coefficients were. obtained from Hamed and Owen* and U$, was measured 
experimentally. It was assumed that the mean activity coefficients were the same on both the molal 
and molar scales. For aqueous organic media the dissociation constant K is given by 

[HAI 1 
pK=pH+lOg~~‘flOg[~l+lOg~ 

Hydrolysis of the salt in aqueous medium was taken into considerationa aiu the equation 

[HA] + [OH-] 1 
PK,BQI = -log [H+l + 1% iA-l _ IOH-l + 2 1% E 

and for mixed aqueous-organic media by 

pK=pH+logLQ’+l 
[HAI + [OHI 

‘g [A-] _ [OH-] + log -!- Yf 

The standard free energy change was calculated in the usual way from pK, and the standard enthalpy 
change was obtained by integration of the van? Hoff equation at two temperatures. The results are 
approximate because the heats of ionization vary with temperature, but for the small temperature 
interval used (10”) AH” may be considered constant .I 
from AG” and AH”. 

The standard entropy change was obtained 

EXPERIMENTAL 

All the chemicals used were of general or analytical-reagent grade unless otherwise stated. 
Benzohydroxamic acid was prepared by the method of Hauser and Renfrow6 and the other hydrox- 
amic acids by the method of Priyadarshini and Tandon .6 The purity of the acids was established by 
m.p., elemental analysis and ultraviolet and infrared spectroscopy. Dioxan was purified according 
to Weissberger.’ Carbonate-free potassium hydroxide solution was prepared by Vogel’s electrolytic 
method* and standardized against potassium hydrogen phthalate and diluted to 0.1M with the 
solvent medium. The glass-distilled water used was tested for carbonate by Kolthoff’s method.* 
The Radiometer pa-meter pHM-4c was calibrated (i-O-01 pH unit) with aqueous standard buffer.lO 

The tritation procedure was essentiallv that recommended bv Albert and Serieant.” Generallv. 
O.OlM hydroxamic acid was titrated without addition of inert salts (unadjusted ionic strength). To 
find the effect of dilution, a few titrations were performed on 0.0084.012M hydroxamic acid. In 
the titration vessel (controlled to 10-l”) 05 mmole of hydroxamic acid in 47.5 ml of solvent was 
titrated with 05-ml increments of alkali, after being deaerated by passage of nitrogen (presaturated 
with solvent) for 15 min, the highest steady pH value being noted after each increment. 

RESULTS 

Titration of perchloric acid in the presence and absence of the hydroxamic acids showed that the 
protonation of these acids is very low, as found by others. la-l1 The pK values in various media are 
shown in Table I. The average error in pK is generally 0.02 but does not exceed 0.03. The pK values 
were plotted against n, the mole fraction of dioxan, and the empirical relationships derived are shown 
in Table II. The thermodynamic functions are summarized in Table III. 

DISCUSSION 

The acidity of the hydroxamic acids may be attributed essentially to the -OH group, and the 
basic character of the nitrogen atom is suppressed as it is in amides. Hydroxamic acids are very 
weak, though several times stronger than phenol. The suppression of acidic character may be 
attributed to intramolecular hydrogen-bonding, as shown by infrared studies.14-1a 

Effect of the medium 

A solvent of low dielectric constant increases the electrostatic forces between the ions and facilitates 
formation of molecular species, and should increase pK, as borne out for hydroxamic acids by Tables 
I and II. Gurney” and others 18~1* have pointed out that the standard free energy change of proton 
transfer may be considered in two parts-electrostatic and non-electrostatic (AG,i” and AGzon). 
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TABLE I.-THER~~~DYNA~~IC pK OF BENZOHYDROXA~~IC ACID AND ORTHO-SUBS~UTED N-PHENYL- 

BBNZOHYDROXAMIC ACIDS AT 25°C AND 35°C INDIOXAN-WATER MEDIA 

X 

CHsO 

CH,t 

Ht 

F 

Cl 

Br 

I 

NO% 

Dielectric 
constant 

Bcnzohydrox- 
amic acids 

10 20 

Dioxan, % v/v 

30 40 45 50 

8.84 
(8.78)* 

(g) 

‘;‘;;) 

(8.43) 
8.43 

(8.31) 
8.45 

(8*?) 
$ 

: 

9.24 

8.85 

(8.76) 
8.92 

(8.78) 

68.5 60.5 
9.17 9.45 

(9.02) (9.29) 

9.81 
(9.70) 
9.61 

(;‘g) 

(;‘;;) 

(9.32) 
9.35 

(9.23) 
9.36 

(;%;) 

(Z) 
&29) 

51-s 
9.79 

(9.64) 

10.36 
(10.27) 
10.18 

(10.12) 
10.30 

(10.20) 
lOGO 
(9.89) 
9.93 

(;‘;f 

(9.84) 
lO@O 
(9.90) 
10.01 
(9.95) 

10.70 
(10.66) 

(10%) 
IO.63 

11.09 
(11.03) 
10.90 

(10.82) 
11.04 

- 
10.34 

w$) 

(10:14) 
IO.30 

(10.20) 
10.35 

(10.25) 
10.37 

(10.29) 

10.67 
(10.56) 
10.66 

10.80 
(10.69) 

42.5 37.5 33.0 
10.14 10.41 10.69 

(10.03) (10.26) (10.57) 

* Values in parenthesis are at 35”. 
t Values by Shukla.‘* 
$ Hydroxamic acid insoluble. 
8 pK = 8.91 at 25” and 8.79 at 35” in aqueous medium. 

TABLE II.-EMPIRICAL RELATIONSHIP BETWEEN pK AND MOLEFRACTION (n) 

OF DIOXAN 

25°C 35°C 

Ortho-substituent pK=mn+C r pK=mn+C r 

X m c m C 

CH,O 
CHI 
H 
F 
Cl 
Br 
I 
NOs 

Benzohydroxamic 
acid 

14.90 8.52 
14.09 844* 
14.95 8.46* 
14.75 8.18 
14.65 8.12 
14.80 8.12 
14.85 8.17 
15.35 8.11 
10.10 8.92 

0.998 

oG9 
0.998 
0.999 
0.975 
1 GO0 
1.006 
0.999 

14.90 8.45 1.001 
14.60 8.28 0.998 
14.95 8.36* 0.999 
14.75 8.09 l+KW 
14.65 8.01 0.999 
14.85 8.01 0.998 
14.85 8.07 I a020 
15.35 8.03 0.999 
10.10 8.79 0.999 

* Calculated from Shukla’s results.12 
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TABLE III.-FREEENERGY,EN~ALPYAND ENTROPY CHANGES FORIONIZATION OF HYDROXAMICACIDS 

Substituent 

X 0 10 

Dioxan, % v/v 

20 30 40 45 50 

OCH, AGo 

(AH’2.9) -AS” 

CH, AG” 

(AH” 6.7) -AS” 

H* AGo 

(AH’ 4.2) -AS” 

F AG” 

(AH’ 2.8) -As” 

cl AG” 

(AH” 4.6) -As” 

Br AGO 

(AH’4.6) -AS” 

Z AG” 

(AH’ 4.2) -AS” 

NO* AG” 

(AH” 3.4) -AS 

Benzohydroxamic 
acid AC” 

(AH” 5.5) -As” 

(11.62) 
(11.91) 
(29.1) 
(29.1) 
(11.52) 
(11.68) 
(16.1) 
(16.1) 
11.42 
11.69 
24.2 
24.3 

(11.16) 
(1140) 
(24.7) 
(24.7) 
(11.08) 
i11.29j 
(21.6) 
(21.6) 
(11.08) 
(11.29) 
(21.6) 
(21.6) 
(11.14) 
(11.38) 
(23.2) 
(23.3) 
(11.06) 
(11.32) 
(25.8) 
(25.8) 

(12.15) 
12.40 
22.4 
22.5 

12.60 
12.38 
30.6 
30.6 

- 

12.10 
- 

17.4 
12.08 
12.32 
26.4 
26.3 
11.61 
11.89 
26.2 
26.2 
11.50 
11.72 
23.0 
23.0 
11.53 
11.75 
23.1 
23.1 

Insol. 
InSOl. 

12.61 
12.72 
23.6 
23.5 

12.61 13.39 14.14 
12.99 13.68 14.48 
32.4 35.0 37.6 
32.6 34.9 37.4 
12.45. 13.11+ 13.89’ 
12.78 13.32 14.27 
19.2* 21.4. 24.0* 
19.6 21.4 24.5 
1260 13.32 14.00 
12.87 13*58 14.38 
28.1 30.6 32.8 
28.1 30.4 33.0 
12.17 12.85 13.65 
12.46 13.14 13.95 
28.1 30.4 33.1 
28.1 30.3 33.0 
12.07 12.76 13.55 
12.39 13.01 13.83 
25.0 27.3 29.9 
25.2 27.2 29.9 
12.09 12.77 13.59 
12.35 13.05 13.88 
25.0 27.3 30.0 
25.0 27.3 30.0 
12.17 12.84 1364 
12.41 13.11 13.96 
26.7 28.9 31.6 
26.6 28.9 31.6 
12.10 12.81 13.66 
12.38 13.10 14.03 
29.3 31.6 34.5 
29.2 31.6 34.6 

1460 
15.03 
39.1 
39.2 

- 

14.67 
- 

25.7 
- 
- 
- 

1472 
14.46 
34.6 
34.6 
14.03 
14.30 
31.5 
31.4 
14.05 
14.38 
31.6 
31.6 
14.12 
14.45 
33.2 
33.2 
14.15 
14.51 
36.2 
36.1 

15.13 
15.55 
40.9 
40.9 
14.87* 
15.26 
27.3 * 
27.7 
15.06 
15.67 
36.4 
36.5 
14.65 
15.03 
36.4 
36.5 
14.55 
14.89 
33.3 
33.3 
14.54 
14.92 
33.2 
33.4 
14.67 
14.98 
35.0 
34.9 
14.73 
15.07 
38.1 
38.0 

12.89 13.36 13.83 14.20 14.58 
13.10 13.59 14.14 14.46 14.90 
24.9 26.5 28.0 29.3 30.6 
24.8 26.3 28.1 29.2 30.6 

AG” and AH” in kcal/mole; As” in cal/mole/K; first value at 25”C, second at 35°C. 
Values in brackets were obtained by extrapolation. 
* From Shukla.‘P 

The electrostatic contribution is often estimated from the Born equationa 

where r+ and r_ are the radii of the ions and for dilute solutions D is taken as the dielectric constant 
of the solvent.als*a Hence 

Conventionally, pK is plotted vs. l/D, with Act,, 
linear relationships have been reported,a3-ze 

assumed independent of the solvent. Nearly 
especially for water-rich media, but so hasnon-linearity.*? 

The plots for the hydroxamic acids are distinctly curved and evidently non-electrostatic factors exert 
a considerable influence on the dissociation. 
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TABLE IV.-THERMODYNAMIC IONIZATION CONSTANTS 
IN AQUEOUS MEDIUM AT 25°C 

X PK 
Benzoic acid+ Hydroxamic acids 

H 4.20 8.46 
CHaO 4.09 8.52 
CH, 3.91 8.44 
F 3.27 8.18 
Cl 2.94 8.12 
Br 2.85 8.12 
I 2.86 8.17 
HO, 2.17 8.11 

The change in pK with mole fraction of dioxan is considerable for all the hydroxamic acids, the 
difference being >2 for water media containing 0 and 50% dioxan. 

Thermodynamic functions 

The pK values were determined with a precision between 0.02 and 0.03, and hence the error in 
AG” is estimated to be between 0.03 and 0.04 kcal/mole. The method used to compute AH” is 
subject to large error because the enthalpy change is small and pK was not determined at a series of 
temperatures, which would have allowed use of a more precise method.es In our case, an error of 0.01 
in ApK causes an error of 0.42 kcal/mole in AH”, and the magnitude of error in ApK depends on 
the cancellation or addition of errors in the individual pK values determined at the two temperatures. 
However, the positive value of AH” found for all solvent media and acids studies here indicates that 
the ionization process at temperatures up to 25” is endothermic. Further, the change in AH” with 
change in medium is relatively small and within experimental error. For this reason the plots of pK 
us. n give practically the same slopes at both temperatures (except for N-phenyl-o-methylbeno- 
hydroxamic acid, for which the results were obtained by others). 

It is therefore justifiable to assume that AH” is independent of solvent composition over the range 
studied. On this basis fresh AH” values were computed from 42 times the difference in the intercepts 
on the pK axis for the pK/n plots, and it is these values that are given in Table III. The AS” values 
were also assumed to be independent of solvent composition. 

If an acid ionizes in two media, the free energy change for the transfer reaction from one medium 
to the other is given by 2.303RT ApK. For example, with benzohydroxamic acid, AG” is 12.15 and 
1458 kcal/mole for water and 50% aqueous dioxan respectively, and AG” changes by 2.43 kcal/mole 
in the transfer reaction 

and this is essentially due to a change of -8.2 cal.mole-X . K-l in AS”. 

Substituent eflects 

In the benzoic acid series, regardless of electronic type, nearly all the substituents are acid- 
strengthening in the ortho-position *@ 
are in the meta- or paru-positions, 

but may be either acid-weakening or strengthening when they 
depending on their character. In the ortho-substituted phenyl- 

benzohydroxamic acids the acid-strengthening effect is also observed in all cases except methoxy 
substitution, but it is less than for the corresponding carboxylic acids (Table IV). Like the parent 
benzoic acid, these o-substituted hydroxamic acids do not obey the Hammett equation.aO 

Department of Chemistry 
Govt. Science College 
Raipur (M.P.), India 

Y. K. AORAWAL* 
S. G. TAND~N 
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Summary-Thermodynamic association constants of benzohydroxamic 
acid and several ortho-substituted N-phenylbenzohydroxamic acids 
have been determined by pH titration in aqueous dioxan media at 25” 
and 35”. Empirical pH corrections for mixed aqueous media have been 
applied. The pK, values do not vary linearly with the reciprocal of 
dielectric constant of the medium, but a plot of pKa as. the mole 
fraction of dioxan is linear at a given temperature. Values of AC”. 
AH” and AS” are tabulated. 

Zusannnenf~-Die thermodynamischen Assoziationskonstanten 
von Benzhvdroxams&rre und mehremn ortho-substituierten N- 
Phenylbenzhydroxamsluren wurden durch pa-Titration in warigen 
Dioxanmedien bei 25” und 35” ermittelt. Emnirische Korrekturen fiir 
gemischte wtirige Medien wurden aagebiacht. Die pKa Werte 
Hndem sich nicht linear mit der reziproken Dielektrizitltskonstante 
des Mediums, aber pKs gegen den Molenbruch von Dioxan auf- 
getragen ergibt bei einer gegebenen Temperatur eine Gerade. Die 
Werte von AC”, AH” und A.s” sind tabelliert. 

R&nnn&On a determine les constantes d’association thermodynamique 
del’acidebenzhydroxamiqueetdeplusieursacidesN-ph~nylbenzhydrox- 
amiques ortho-substitub par titrage pH en milieux dioxane aqueux a 
25” et 35”. On a applique des corrections empiriques de pH pour les 
milieux aqueux mixtes. Les valeurs de pK* ne varient pas 
lineairement avec l’inverse de la constante di&ctrique du milieu, 
mais une wurbe du pKa en fonction de la fraction molaire de dioxane 
est lineaire B une temp&ature don&e. On indique dans une table 
les valeurs de AC”, AH” et AS”. 
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Bebaviour of the thiodipropionic complex of In(IIQ and U(VI) at the DME 

in aqueous and aqueous methanolic solutions 

(Received 21 October 1971. Accepted 14 December 1971) 

THE COMPLEXATION of thiodipropionic acid (TDPA) with indium(II1) and uranium(V1) has been 
studied by the methods used earlier .X.2 Polarographic waves were recorded with a manual polarograph 
at 30 f 0.1” using an H-cell with a saturated calomel electrode as reference electrode. The DME had 
the characteristics m = 2.74 mg/sec, t = 3.20 sec. 

Experiments were performed with 0.25mM indium or uranium and 0.025-0.3OM TDPA at an 
ionic strength of 1 .M (potassium chloride) for In and in 0.01 M hydrochloric acid/O.1 M potassium 
chloride for uranium (to obtain diffusion-controlled. reversible one-electron reduction of UNI) at 
the DME). 

. I 

The results were interpreted by means of the Deford and HumeS and the Irving’ methods. 

RESULTS AND DISCUSSION 

Indium-TDPA 

The reduction of indium-TDPA complex at the DME gives a well-defined diffusion controlled 
reversible 3-electron wave in aqueous and in aqueous methanol solutions. The half-wave potential 
increases slightly at pH values from 1.5 to 3, then more sharply till the pH reaches 5.0, above which pre- 
cipitation takes place. 

The presence of lo%, 30% and 50% methanol yields a well-defined wave with E,,, = -0.600, 
-0.614 and -0.614 V vs. SCE respectively, E 111 is -0.6025 V for indium(II1) in aqueous solution. 
This rules out complexation between the metal ions and methanol. A negative shift in Ells on addition 
of increasing amounts of TDPA indicates complex formation. 

The overall stability constants are summarized in Table I. Increasing the methanol concentration 
considerably increases the stability constants. 

TABLE I.STABILFTY CONSTANTS FOR In(III)-TDPA SY~EM 

Methanol cont. 
of the media 

% B1 BI B* BI 

0 20 80 2.4 x IO’ 2.6 x 109 

:: 44 31 2.1 80 x 10* 2.6 4.3 x x 10” lo* 2.8 3.4 x x 1oJ 105 
50 120 3.0 x IO’ 12.0 x IO* 17.8 x 10” 
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:: 
3. 
4. 
5. 
6. 
7. 

:: 
10. 
11. 
12. 

Sununa~-The metal chelates of Zr(IV) and Th(IV) with aspartic 
and glutamic acids have been studied potentiometrically. Stepwise 
stability constants in O-lit4 sodium perchlorate at 25” are reported as: 
aspartate chelates-log KI 9.70, log KB 685, and log KS 3.50 for Zr, 
and log KI 9.23, log KB 8.57, log KS 4.55 and log K4 3.87 for Th; 
glutamate chelates-log KI 9.60, log Ka 6.40 and log KS 3.32 for Zr 
and log KI 9.11, log Kp 8.52, log K8 4.18 and log K4 3.62 for Th. 

Zusanunenfassung-Die Metallchelate von Zr(IV) und Th(IV) mit 
Asparaginsaure und Glutaminslure wurden potentiometrisch unter- 
sucht. Die Bildunaskonstanten der einzelnen Stufen in O.lMNatrium- 
perchlorat bei 29” werden mitgeteilt: Asparagin&re-Chelate- 
log Kl 9,70, log Ks 6,85, log KS 3,50 fur Zr und log KI 9,23, log K, 
8,57, log K, 4,55, log K4 3,87 fiir Th; GlutaminsPure-Chelate- 
log Kr 960, log Ka 640, log Ka 3,32 fur Zr und log KI 9,11, log Kz 
8,52, log KS 4,18, log K4 3,62 ftir Th. 

Resumt%Les chelates metalliques de Zr(IV) et Th(IV) avec les acides 
aspartique et glutamique ont et& &dies potentiometriquement. Les 
constantes de stabilite par palier en perchlorate de sodium 0,l MA 25” 
sont: chelates aspartiques-log KI 9,70; log KB 6,85; et log KI, 3,50 
pour Zr et log KI 9,23; log K, 8,57, log K, 4,55 et log K( 3,87 pour 
Th; chelates glutamiques-log KI 9,60, log K, 6,40 et log K, 3,32 
pour Zr et log KI 9,ll; log K, 8,52; log KII 4,18 et log Ka 3,62 pour 
Th. 
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Thermodynamic dissociation constants of IV-phenylbenzohydroxamic 
acids and benzohydroxamic acid 

(Received 23 June 1971. Accepted 17 November 1971) 

THE pK VALUES of benzohydroxamic acid and substituted phenylbenzohydroxamic acids have been 
determined in 10-50x v/v dioxan-water media at 25” and 30”. The van Uitert and Haas relation1 
was used to obtain the hydrogen ion concentration from the values read on the pa-meter: 

-log [H+] = pH + log i&O - log $ 
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The mean activity coefficients were. obtained from Hamed and Owen* and U$, was measured 
experimentally. It was assumed that the mean activity coefficients were the same on both the molal 
and molar scales. For aqueous organic media the dissociation constant K is given by 

[HAI 1 
pK=pH+lOg~~‘flOg[~l+lOg~ 

Hydrolysis of the salt in aqueous medium was taken into considerationa aiu the equation 

[HA] + [OH-] 1 
PK,BQI = -log [H+l + 1% iA-l _ IOH-l + 2 1% E 

and for mixed aqueous-organic media by 

pK=pH+logLQ’+l 
[HAI + [OHI 

‘g [A-] _ [OH-] + log -!- Yf 

The standard free energy change was calculated in the usual way from pK, and the standard enthalpy 
change was obtained by integration of the van? Hoff equation at two temperatures. The results are 
approximate because the heats of ionization vary with temperature, but for the small temperature 
interval used (10”) AH” may be considered constant .I 
from AG” and AH”. 

The standard entropy change was obtained 

EXPERIMENTAL 

All the chemicals used were of general or analytical-reagent grade unless otherwise stated. 
Benzohydroxamic acid was prepared by the method of Hauser and Renfrow6 and the other hydrox- 
amic acids by the method of Priyadarshini and Tandon .6 The purity of the acids was established by 
m.p., elemental analysis and ultraviolet and infrared spectroscopy. Dioxan was purified according 
to Weissberger.’ Carbonate-free potassium hydroxide solution was prepared by Vogel’s electrolytic 
method* and standardized against potassium hydrogen phthalate and diluted to 0.1M with the 
solvent medium. The glass-distilled water used was tested for carbonate by Kolthoff’s method.* 
The Radiometer pa-meter pHM-4c was calibrated (i-O-01 pH unit) with aqueous standard buffer.lO 

The tritation procedure was essentiallv that recommended bv Albert and Serieant.” Generallv. 
O.OlM hydroxamic acid was titrated without addition of inert salts (unadjusted ionic strength). To 
find the effect of dilution, a few titrations were performed on 0.0084.012M hydroxamic acid. In 
the titration vessel (controlled to 10-l”) 05 mmole of hydroxamic acid in 47.5 ml of solvent was 
titrated with 05-ml increments of alkali, after being deaerated by passage of nitrogen (presaturated 
with solvent) for 15 min, the highest steady pH value being noted after each increment. 

RESULTS 

Titration of perchloric acid in the presence and absence of the hydroxamic acids showed that the 
protonation of these acids is very low, as found by others. la-l1 The pK values in various media are 
shown in Table I. The average error in pK is generally 0.02 but does not exceed 0.03. The pK values 
were plotted against n, the mole fraction of dioxan, and the empirical relationships derived are shown 
in Table II. The thermodynamic functions are summarized in Table III. 

DISCUSSION 

The acidity of the hydroxamic acids may be attributed essentially to the -OH group, and the 
basic character of the nitrogen atom is suppressed as it is in amides. Hydroxamic acids are very 
weak, though several times stronger than phenol. The suppression of acidic character may be 
attributed to intramolecular hydrogen-bonding, as shown by infrared studies.14-1a 

Effect of the medium 

A solvent of low dielectric constant increases the electrostatic forces between the ions and facilitates 
formation of molecular species, and should increase pK, as borne out for hydroxamic acids by Tables 
I and II. Gurney” and others 18~1* have pointed out that the standard free energy change of proton 
transfer may be considered in two parts-electrostatic and non-electrostatic (AG,i” and AGzon). 
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TABLE I.-THER~~~DYNA~~IC pK OF BENZOHYDROXA~~IC ACID AND ORTHO-SUBS~UTED N-PHENYL- 

BBNZOHYDROXAMIC ACIDS AT 25°C AND 35°C INDIOXAN-WATER MEDIA 

X 

CHsO 

CH,t 

Ht 

F 

Cl 

Br 

I 

NO% 

Dielectric 
constant 

Bcnzohydrox- 
amic acids 

10 20 

Dioxan, % v/v 

30 40 45 50 

8.84 
(8.78)* 

(g) 

‘;‘;;) 

(8.43) 
8.43 

(8.31) 
8.45 

(8*?) 
$ 

: 

9.24 

8.85 

(8.76) 
8.92 

(8.78) 

68.5 60.5 
9.17 9.45 

(9.02) (9.29) 

9.81 
(9.70) 
9.61 

(;‘g) 

(;‘;;) 

(9.32) 
9.35 

(9.23) 
9.36 

(;%;) 

(Z) 
&29) 

51-s 
9.79 

(9.64) 

10.36 
(10.27) 
10.18 

(10.12) 
10.30 

(10.20) 
lOGO 
(9.89) 
9.93 

(;‘;f 

(9.84) 
lO@O 
(9.90) 
10.01 
(9.95) 

10.70 
(10.66) 

(10%) 
IO.63 

11.09 
(11.03) 
10.90 

(10.82) 
11.04 

- 
10.34 

w$) 

(10:14) 
IO.30 

(10.20) 
10.35 

(10.25) 
10.37 

(10.29) 

10.67 
(10.56) 
10.66 

10.80 
(10.69) 

42.5 37.5 33.0 
10.14 10.41 10.69 

(10.03) (10.26) (10.57) 

* Values in parenthesis are at 35”. 
t Values by Shukla.‘* 
$ Hydroxamic acid insoluble. 
8 pK = 8.91 at 25” and 8.79 at 35” in aqueous medium. 

TABLE II.-EMPIRICAL RELATIONSHIP BETWEEN pK AND MOLEFRACTION (n) 

OF DIOXAN 

25°C 35°C 

Ortho-substituent pK=mn+C r pK=mn+C r 

X m c m C 

CH,O 
CHI 
H 
F 
Cl 
Br 
I 
NOs 

Benzohydroxamic 
acid 

14.90 8.52 
14.09 844* 
14.95 8.46* 
14.75 8.18 
14.65 8.12 
14.80 8.12 
14.85 8.17 
15.35 8.11 
10.10 8.92 

0.998 

oG9 
0.998 
0.999 
0.975 
1 GO0 
1.006 
0.999 

14.90 8.45 1.001 
14.60 8.28 0.998 
14.95 8.36* 0.999 
14.75 8.09 l+KW 
14.65 8.01 0.999 
14.85 8.01 0.998 
14.85 8.07 I a020 
15.35 8.03 0.999 
10.10 8.79 0.999 

* Calculated from Shukla’s results.12 
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TABLE III.-FREEENERGY,EN~ALPYAND ENTROPY CHANGES FORIONIZATION OF HYDROXAMICACIDS 

Substituent 

X 0 10 

Dioxan, % v/v 

20 30 40 45 50 

OCH, AGo 

(AH’2.9) -AS” 

CH, AG” 

(AH” 6.7) -AS” 

H* AGo 

(AH’ 4.2) -AS” 

F AG” 

(AH’ 2.8) -As” 

cl AG” 

(AH” 4.6) -As” 

Br AGO 

(AH’4.6) -AS” 

Z AG” 

(AH’ 4.2) -AS” 

NO* AG” 

(AH” 3.4) -AS 

Benzohydroxamic 
acid AC” 

(AH” 5.5) -As” 

(11.62) 
(11.91) 
(29.1) 
(29.1) 
(11.52) 
(11.68) 
(16.1) 
(16.1) 
11.42 
11.69 
24.2 
24.3 

(11.16) 
(1140) 
(24.7) 
(24.7) 
(11.08) 
i11.29j 
(21.6) 
(21.6) 
(11.08) 
(11.29) 
(21.6) 
(21.6) 
(11.14) 
(11.38) 
(23.2) 
(23.3) 
(11.06) 
(11.32) 
(25.8) 
(25.8) 

(12.15) 
12.40 
22.4 
22.5 

12.60 
12.38 
30.6 
30.6 

- 

12.10 
- 

17.4 
12.08 
12.32 
26.4 
26.3 
11.61 
11.89 
26.2 
26.2 
11.50 
11.72 
23.0 
23.0 
11.53 
11.75 
23.1 
23.1 

Insol. 
InSOl. 

12.61 
12.72 
23.6 
23.5 

12.61 13.39 14.14 
12.99 13.68 14.48 
32.4 35.0 37.6 
32.6 34.9 37.4 
12.45. 13.11+ 13.89’ 
12.78 13.32 14.27 
19.2* 21.4. 24.0* 
19.6 21.4 24.5 
1260 13.32 14.00 
12.87 13*58 14.38 
28.1 30.6 32.8 
28.1 30.4 33.0 
12.17 12.85 13.65 
12.46 13.14 13.95 
28.1 30.4 33.1 
28.1 30.3 33.0 
12.07 12.76 13.55 
12.39 13.01 13.83 
25.0 27.3 29.9 
25.2 27.2 29.9 
12.09 12.77 13.59 
12.35 13.05 13.88 
25.0 27.3 30.0 
25.0 27.3 30.0 
12.17 12.84 1364 
12.41 13.11 13.96 
26.7 28.9 31.6 
26.6 28.9 31.6 
12.10 12.81 13.66 
12.38 13.10 14.03 
29.3 31.6 34.5 
29.2 31.6 34.6 

1460 
15.03 
39.1 
39.2 

- 

14.67 
- 

25.7 
- 
- 
- 

1472 
14.46 
34.6 
34.6 
14.03 
14.30 
31.5 
31.4 
14.05 
14.38 
31.6 
31.6 
14.12 
14.45 
33.2 
33.2 
14.15 
14.51 
36.2 
36.1 

15.13 
15.55 
40.9 
40.9 
14.87* 
15.26 
27.3 * 
27.7 
15.06 
15.67 
36.4 
36.5 
14.65 
15.03 
36.4 
36.5 
14.55 
14.89 
33.3 
33.3 
14.54 
14.92 
33.2 
33.4 
14.67 
14.98 
35.0 
34.9 
14.73 
15.07 
38.1 
38.0 

12.89 13.36 13.83 14.20 14.58 
13.10 13.59 14.14 14.46 14.90 
24.9 26.5 28.0 29.3 30.6 
24.8 26.3 28.1 29.2 30.6 

AG” and AH” in kcal/mole; As” in cal/mole/K; first value at 25”C, second at 35°C. 
Values in brackets were obtained by extrapolation. 
* From Shukla.‘P 

The electrostatic contribution is often estimated from the Born equationa 

where r+ and r_ are the radii of the ions and for dilute solutions D is taken as the dielectric constant 
of the solvent.als*a Hence 

Conventionally, pK is plotted vs. l/D, with Act,, 
linear relationships have been reported,a3-ze 

assumed independent of the solvent. Nearly 
especially for water-rich media, but so hasnon-linearity.*? 

The plots for the hydroxamic acids are distinctly curved and evidently non-electrostatic factors exert 
a considerable influence on the dissociation. 
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TABLE IV.-THERMODYNAMIC IONIZATION CONSTANTS 
IN AQUEOUS MEDIUM AT 25°C 

X PK 
Benzoic acid+ Hydroxamic acids 

H 4.20 8.46 
CHaO 4.09 8.52 
CH, 3.91 8.44 
F 3.27 8.18 
Cl 2.94 8.12 
Br 2.85 8.12 
I 2.86 8.17 
HO, 2.17 8.11 

The change in pK with mole fraction of dioxan is considerable for all the hydroxamic acids, the 
difference being >2 for water media containing 0 and 50% dioxan. 

Thermodynamic functions 

The pK values were determined with a precision between 0.02 and 0.03, and hence the error in 
AG” is estimated to be between 0.03 and 0.04 kcal/mole. The method used to compute AH” is 
subject to large error because the enthalpy change is small and pK was not determined at a series of 
temperatures, which would have allowed use of a more precise method.es In our case, an error of 0.01 
in ApK causes an error of 0.42 kcal/mole in AH”, and the magnitude of error in ApK depends on 
the cancellation or addition of errors in the individual pK values determined at the two temperatures. 
However, the positive value of AH” found for all solvent media and acids studies here indicates that 
the ionization process at temperatures up to 25” is endothermic. Further, the change in AH” with 
change in medium is relatively small and within experimental error. For this reason the plots of pK 
us. n give practically the same slopes at both temperatures (except for N-phenyl-o-methylbeno- 
hydroxamic acid, for which the results were obtained by others). 

It is therefore justifiable to assume that AH” is independent of solvent composition over the range 
studied. On this basis fresh AH” values were computed from 42 times the difference in the intercepts 
on the pK axis for the pK/n plots, and it is these values that are given in Table III. The AS” values 
were also assumed to be independent of solvent composition. 

If an acid ionizes in two media, the free energy change for the transfer reaction from one medium 
to the other is given by 2.303RT ApK. For example, with benzohydroxamic acid, AG” is 12.15 and 
1458 kcal/mole for water and 50% aqueous dioxan respectively, and AG” changes by 2.43 kcal/mole 
in the transfer reaction 

and this is essentially due to a change of -8.2 cal.mole-X . K-l in AS”. 

Substituent eflects 

In the benzoic acid series, regardless of electronic type, nearly all the substituents are acid- 
strengthening in the ortho-position *@ 
are in the meta- or paru-positions, 

but may be either acid-weakening or strengthening when they 
depending on their character. In the ortho-substituted phenyl- 

benzohydroxamic acids the acid-strengthening effect is also observed in all cases except methoxy 
substitution, but it is less than for the corresponding carboxylic acids (Table IV). Like the parent 
benzoic acid, these o-substituted hydroxamic acids do not obey the Hammett equation.aO 

Department of Chemistry 
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Summary-Thermodynamic association constants of benzohydroxamic 
acid and several ortho-substituted N-phenylbenzohydroxamic acids 
have been determined by pH titration in aqueous dioxan media at 25” 
and 35”. Empirical pH corrections for mixed aqueous media have been 
applied. The pK, values do not vary linearly with the reciprocal of 
dielectric constant of the medium, but a plot of pKa as. the mole 
fraction of dioxan is linear at a given temperature. Values of AC”. 
AH” and AS” are tabulated. 

Zusannnenf~-Die thermodynamischen Assoziationskonstanten 
von Benzhvdroxams&rre und mehremn ortho-substituierten N- 
Phenylbenzhydroxamsluren wurden durch pa-Titration in warigen 
Dioxanmedien bei 25” und 35” ermittelt. Emnirische Korrekturen fiir 
gemischte wtirige Medien wurden aagebiacht. Die pKa Werte 
Hndem sich nicht linear mit der reziproken Dielektrizitltskonstante 
des Mediums, aber pKs gegen den Molenbruch von Dioxan auf- 
getragen ergibt bei einer gegebenen Temperatur eine Gerade. Die 
Werte von AC”, AH” und A.s” sind tabelliert. 

R&nnn&On a determine les constantes d’association thermodynamique 
del’acidebenzhydroxamiqueetdeplusieursacidesN-ph~nylbenzhydrox- 
amiques ortho-substitub par titrage pH en milieux dioxane aqueux a 
25” et 35”. On a applique des corrections empiriques de pH pour les 
milieux aqueux mixtes. Les valeurs de pK* ne varient pas 
lineairement avec l’inverse de la constante di&ctrique du milieu, 
mais une wurbe du pKa en fonction de la fraction molaire de dioxane 
est lineaire B une temp&ature don&e. On indique dans une table 
les valeurs de AC”, AH” et AS”. 
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in aqueous and aqueous methanolic solutions 

(Received 21 October 1971. Accepted 14 December 1971) 

THE COMPLEXATION of thiodipropionic acid (TDPA) with indium(II1) and uranium(V1) has been 
studied by the methods used earlier .X.2 Polarographic waves were recorded with a manual polarograph 
at 30 f 0.1” using an H-cell with a saturated calomel electrode as reference electrode. The DME had 
the characteristics m = 2.74 mg/sec, t = 3.20 sec. 

Experiments were performed with 0.25mM indium or uranium and 0.025-0.3OM TDPA at an 
ionic strength of 1 .M (potassium chloride) for In and in 0.01 M hydrochloric acid/O.1 M potassium 
chloride for uranium (to obtain diffusion-controlled. reversible one-electron reduction of UNI) at 
the DME). 

. I 

The results were interpreted by means of the Deford and HumeS and the Irving’ methods. 

RESULTS AND DISCUSSION 

Indium-TDPA 

The reduction of indium-TDPA complex at the DME gives a well-defined diffusion controlled 
reversible 3-electron wave in aqueous and in aqueous methanol solutions. The half-wave potential 
increases slightly at pH values from 1.5 to 3, then more sharply till the pH reaches 5.0, above which pre- 
cipitation takes place. 

The presence of lo%, 30% and 50% methanol yields a well-defined wave with E,,, = -0.600, 
-0.614 and -0.614 V vs. SCE respectively, E 111 is -0.6025 V for indium(II1) in aqueous solution. 
This rules out complexation between the metal ions and methanol. A negative shift in Ells on addition 
of increasing amounts of TDPA indicates complex formation. 

The overall stability constants are summarized in Table I. Increasing the methanol concentration 
considerably increases the stability constants. 

TABLE I.STABILFTY CONSTANTS FOR In(III)-TDPA SY~EM 

Methanol cont. 
of the media 

% B1 BI B* BI 

0 20 80 2.4 x IO’ 2.6 x 109 

:: 44 31 2.1 80 x 10* 2.6 4.3 x x 10” lo* 2.8 3.4 x x 1oJ 105 
50 120 3.0 x IO’ 12.0 x IO* 17.8 x 10” 
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Uranyl-TDPA System 

Uranyl ion in TDPA gives a diffusion-controlled reversible one-electron reduction at the DME in 
aqueous and 30 % methanol media. 

A negative shift in Ella coupled with a decrease in diffusion current with increasing concentration 
of TDPA indicates complexation. The values for /J1, /$ and /& are 3.3,1.2 and 8.5 in aqueous media; 
in 30% methanolic media the corresponding values are 5.5,1.2 and 34. Again addition of methanol 
increases the stability. 
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Summary-The complexation of In(II1) and U(VI) with thiodiprop- 
ionic acid has been investigated polarographically in water and water- 
methanol solutions at 30 f O-1”. All the chelates belong to polaro- 
graphically reversible systems. With indium(III), complexes with metal 
to ligand ratios of 1: 1, 1: 2, 1: 3 and 1:4 are found at pH 4.8. Uran- 
ium(V1) is found to form three successive complexes with metal to ligand 
ratios of 1: 1, 1: 2 and 1: 3 in 0.1 M HCI. with 0.1 M KC1 as supporting 
electrolyte. 

Zusanunenfassung-Die Komplexbildtmg von In(III) und U(V1) mit 
Thiodipropionsaure wurde polarographisch in Wasser und Wasser- 
Methanol bei 30 f 0,l” untersucht. Alle Chelate gehiiren zu polaro- 
graphisch reversiblen Systemen. Mit Indium(II1) werden bei pH 4,8 
Komplexe mit den Metal1 :Ligand-Verhlltnissen 1: I,1 : 2,1: 3 und 1:4 
gefunden. Uran(vI) bildet in 0,Ol M HCl mit 0,l M KC1 als Leit- 
elektrolyt nacheinander drei Komplexe mit den Metal1 : Ligand- 
Verhlltnissen 1: 1, 1: 2 und 1: 3. 

Resume-Cm a 6tudi6 polarographiquement la complexation de In(III) 
et U(V1) aver l’acide thiodipropionique en solution dans l’eau et 
l’eaumtthanol il 30 f 0,l”. Tous les chelates appartiennent a des 
systemes reversibles polarographiquement. Avec I’indium(III), on 
trouve des complexes avec des rapports metal : ligand de 1: 1, 1: 2, 1: 3 
et I:4 a pH 4,8. On trouve que l’uranium(VI) forme trois complexes 
successifs avec des rapports metal: ligand de 1: 1, 1: 2 et 1: 3 en HCI 
0,Ol M avec KC1 0,l M comme electrolyte support. 
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Uranyl-TDPA System 

Uranyl ion in TDPA gives a diffusion-controlled reversible one-electron reduction at the DME in 
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A negative shift in Ella coupled with a decrease in diffusion current with increasing concentration 
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and aromatic mono- and dicarboxylic acids and phenols. The characteristic linear dependence 
of AHNP us. DKPJ was broadlv used in comnarine the relative acidities of different ~OUDS of acids 
and in formulating criteria for iheir resolution. ATthough it is possible to obtain so%e e’stimates of 
relative PK. values from these generalizations, unfortunately no information on the absolute PK. of 
any of the acids can be derived. Subsequently, Elving and co-workers? noticed that nitric acid 
(pKa8Q = -1.3) falls on the same smooth curve obtained on plotting the polarographic half-wave 
potentials (.!&,J of hydrogen ion reduction in pyridine solutions of several monocarboxylic acids 
(using tetraethylammonium perchlorate as the supporting electrolyte) as a function of their pK.‘q 
values. If it is assumed that acids of the same charge type maintain the same relative relationship 
in both water and pyridine, 10.09 and 9.56 are obtained as the estimated PK., values for acetic and 
benzoic acid on the basis of the known value (4.06)3 of the pKB of nitric acid in pyridine. These 
estimates do indeed seem to agree with the earlier notion pe6 that the carboxylic acids, in general, are 
extremely weakly dissociated in pyridine. The purpose of the present work was to determine the 
overall dissociation constant of acetic and benzoic acid in pyridine by conventional methods. Our 
preliminary attempts,O in this connection, involving the use of the Pt/H, electrode in solutions of 
relatively large concentrations of the organic acid in the presence of nitric acid are considered un- 
satisfactory, In this investigation we chose to use “buffer” solutions composed of tetrabutylammon- 
ium salts and the acids in question. The work consisted of differential vapour pressure (DVP) studies 
of solutions of the acids and the salts, and of the acid/salt mixtures, as well as measurement of 
hydrogen ion activities of the latter (with a glass electrode). 

Although the DVP measurements on tetrabutylammonium acetate and benzoate are considered 
helpful in providing independent estimates of the dissociation constants of these electrolytes, their 
precision is relatively low; furthermore, the temperature (37”) at which they had to be made prevents 
direct correlation of the results with those generally obtained at 25”. Because of these limitations, 
it was considered expedient to use the conductometric values of the salt dissociation constants ob- 
tained at 25” in the final calculations. The dissociation constant of tetrabutylanunonium acetate 
in pyridine is already available’; however, since no such estimate for tetrabutylammonium benzoate 
has yet been reported, additional studies on this system have also been undertaken. 

The experimental techniques and treatment of data are essentially the same as those described 
in our earlier work.3.BJ’Jo A Beckman glass electrode ( #39099E-3) was used against an Hg/HgCl,,.), 
LiCl,,) reference; the electrode was calibrated with solutions of nitric acid in pyridine, of known 
H+-activity. For the DVP results, the Marshall-Grunwald equation 11 was used to evaluate the ionic 
activity coefficients. 

RESULTS AND DISCUSSION 

Differential vapour pressure measurements at 37” showed that solutions of the two acids closely 
resemble solutions of the standard monomer 1,3-diphenylguanidine in their behaviour, indicating 
that these two acids exist primarily as monomers in pyridine. On the other hand, the salts tetrabutyl- 
ammonium acetate and benzoate are evidently slightly dissociated; the average dissociation con- 
stants are calculated3 to be 2.04 x lo-* and 1.99 x lo-’ respectively. The tetrabutylammonium 
acetate value is close to that (1.7 x IO-‘) reported’ from conductance measurements at 25”. 

Tetrabutyl- Tetrabutyl- 

Acetic ammonium AT Benzoic ammonium AT 
acid, M acetate, M Obsd. * Ca1cd.t acid, M benzoate, M Obsd.* Ca1cd.t 

0.0320 0.0458 17.4, 17.4 0.02625 
0.0513 0.0183 14.6, 14.9 0.0292 
0.0534 0.0153 14.2, 14.7 O@lOl 
00257 0.0549 17.gG 18.2 0.0336 

* Average of 4 or 5 readings 
t Sum of individual values for the acid and the salt. 

0.01835 10.2, 10.2 
0.0197 10.1, 11.5 
0.0162, 11.9, 13.0 
0.0150 10.6, J1.2 

The results for acid-salt mixtures are presented in Table I. The additivity of the individual AT 
values suggests that the acid molecules are extremely weakly dissociated and exist virtually as mono- 
mers. It also indicates the absence of any other interaction(s) that would cause change in the overall 
molarity. 

From the conductance measurements at 25” on tetrabutylammonium benzoate, presented as a plot 
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FIG!~.-Differential vapour pressure measurements at 37°C. A-1,3_diphenylguanidine 
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ammomum benzoate. Average lines shown in the figure. 
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FIG. 2.-Conductance measurements on tetrabutylammonium benzoate at 25”. 
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of log A, vs. -log C, a value of 2.00 x IO-* was obtained for the dissociation constant of this salt (Fig. 
2). (The close agreement with the DVP value at 37” suggests that the dissociation constant is practi- 
cally independent of temperature.) The limiting conductance is found to be 44.6 ohm-‘.cm-r.equiv-*. 
Since the 1” of (n-C,H&N+ is 24.0,’ the limiting conductance of benzoate ion is calculated to be 
20.6-a value comparable to the limiting conductance of FB(C,H,),- in this solvent (24.0)‘. 

TABLEII.-RESULTSOPGLASSELECTRODEMEASUREMENTSONACID-SALT MIXTURES 

Tetrabutyl- Tetrabutyl- pKa of 
Acetic ammonium PK. of Benzoic ammonium Benzoic 

acid, M acetate, M a=+ x IO0 acetic acid* acid, M benzoate, M aIf+ x lo* acid* 

0.1172 0.00149 7586 10.49 0.1051 1.772 9.95 
0.1622 0.00138 22.39 10.18 0.1089 1.922 9.93 
0.2343 0.00119 39.81 10.12 0.1216 2.152 9.93 
0.3515 0.000896 1549 9.77 0.1536 OQO218 3.709 9.80 

Av. lO.l& 0.1640 4.185 9.77 
0.2316 8.433 9.62 
0.2441 9440 9.59 

Av. 9.8, 

* Calculated from K. = aa+ dKxx C&CH~ where Kxx = an+a,_/[MX]; Cn, and Car= are 
the analytical concentrations of HX and MX. 

The results of experiments with the glass electrode are presented in Table II. Calculations yield 
10.1 and 9.8 for the average values of pK, for acetic and benzoic acid, respectively, as compared to the 
values 4.73 and 4.20 in water, indicating that both acids are indeed very weakly dissociated in pyridine. 
Also it is interesting to note that the two acids do maintain almost the same relative pK& relation- 
ship’ (ApK,, = O-3 in pyridine us. 0.53 in water) in pyridine and water. 
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Summa~--The pKs’s of acetic acid and benzoic acid in pyridine as 
solvent are found to be 10.1 and 9.8, respectively, at 25”. These results 
are based on measurements of hydrogen ion activities in mixtures of 
the acids and their tetrabutyiammonium salts. Supplementary studies 
of differential vapour pressure characteristics of solutions of the acids 
and the acid-salt mixtures, and conductance of tetrabutylammonium 
benzoate solutions are also incorporated. 

Zusammenfassung-Die pK,-Werte von Eissigsaure und Benzoeslure in 
Pyridin als Lijsungsmittei betragen bei 25” 10,l bzw. 9,8. Diese Ergeb- 
nisse sttitzen sich auf Messungen von Wasserstoffionenaktivitlten in 
Gemischen der Siiuren mit ihren Tetrabutylammoniumsaizen. Dar- 
iiber hinaus werden die Differential-Dampfdruckeigenschaften von 
Liisungen der Sauren und der Saure-Saiz-Gemische sowie die Leit- 
fahigkeit von Tetrabutylammoniumbenzoat-Losungen mitgeteiit. 

RBsum&Gn a trouve que les valeurs des pK, de l’acide a&ique et 
de l’acide benzoique en pyridine sont respectivement de 10,l et 9,8 a 
25”. Ces resultats sont bases sur des mesures d’activites d’ion 
hydrogene dans des melanges des acides et de leurs sels de tetra- 
butyiammonium. On a aussi incorpore des etudes compl6mentaires 
de caracteristiques de pression de vapeur differentielle de solutions des 
acides et des melanges acide-sei, et de conductance de solutions de 
benzoate de tetrabutyiammonium. 

* Address ail correspondence to this author c/o School of Chemistry, University of Minnesota, 
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Hydroxamic acids (Table I). Synthesized by the method of Priyadarshini and Tandon.’ recrystal- 
lized from a mixture of benzene and petroleum ether, and dried in vacuum over phosphorus pentoxide. 
Purity was confirmed by elemental analyses, m.p., and spectroscopy. 

Procedure. As described earlier.4 

RESULTS 

The results were calculated as in previous work,’ and are given in Table II. The chelates of Mn(II), 
Ni, and Zn with m-TBHA and p-TBHA were so insoluble that they separated out immediately on 
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R,-N-OH 
General formula 1 

R%-C=O 

Hydroxamic acid 
Trivial 
name R1 RI 
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N-o-Tolylbenzo- o-TBHA o-CHiC,H,- C,H, 
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N-m-Tolylbenzo- m-TBHA m-CHdCIHI- C,H, (‘:: 

N-p-Tolylbenzo- p-TBHA p-CH,C,H,- CeHI-- 
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Uranyl-TDPA System 

Uranyl ion in TDPA gives a diffusion-controlled reversible one-electron reduction at the DME in 
aqueous and 30 % methanol media. 

A negative shift in Ella coupled with a decrease in diffusion current with increasing concentration 
of TDPA indicates complexation. The values for /J1, /$ and /& are 3.3,1.2 and 8.5 in aqueous media; 
in 30% methanolic media the corresponding values are 5.5,1.2 and 34. Again addition of methanol 
increases the stability. 
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Summary-The complexation of In(II1) and U(VI) with thiodiprop- 
ionic acid has been investigated polarographically in water and water- 
methanol solutions at 30 f O-1”. All the chelates belong to polaro- 
graphically reversible systems. With indium(III), complexes with metal 
to ligand ratios of 1: 1, 1: 2, 1: 3 and 1:4 are found at pH 4.8. Uran- 
ium(V1) is found to form three successive complexes with metal to ligand 
ratios of 1: 1, 1: 2 and 1: 3 in 0.1 M HCI. with 0.1 M KC1 as supporting 
electrolyte. 

Zusanunenfassung-Die Komplexbildtmg von In(III) und U(V1) mit 
Thiodipropionsaure wurde polarographisch in Wasser und Wasser- 
Methanol bei 30 f 0,l” untersucht. Alle Chelate gehiiren zu polaro- 
graphisch reversiblen Systemen. Mit Indium(II1) werden bei pH 4,8 
Komplexe mit den Metal1 :Ligand-Verhlltnissen 1: I,1 : 2,1: 3 und 1:4 
gefunden. Uran(vI) bildet in 0,Ol M HCl mit 0,l M KC1 als Leit- 
elektrolyt nacheinander drei Komplexe mit den Metal1 : Ligand- 
Verhlltnissen 1: 1, 1: 2 und 1: 3. 

Resume-Cm a 6tudi6 polarographiquement la complexation de In(III) 
et U(V1) aver l’acide thiodipropionique en solution dans l’eau et 
l’eaumtthanol il 30 f 0,l”. Tous les chelates appartiennent a des 
systemes reversibles polarographiquement. Avec I’indium(III), on 
trouve des complexes avec des rapports metal : ligand de 1: 1, 1: 2, 1: 3 
et I:4 a pH 4,8. On trouve que l’uranium(VI) forme trois complexes 
successifs avec des rapports metal: ligand de 1: 1, 1: 2 et 1: 3 en HCI 
0,Ol M avec KC1 0,l M comme electrolyte support. 
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Determination of PK. of acetic and benzoic acids in pyridiie 

(Received 23 June 1971. Accepted 2 October 1971) 

FROM AN ANALYSIS of half-neutralization potentials (HNP) in pyridine referred to that of benzoic 
acid, Streuli and Mired were able to classify a number of organic acids, including certain aliphatic 
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and aromatic mono- and dicarboxylic acids and phenols. The characteristic linear dependence 
of AHNP us. DKPJ was broadlv used in comnarine the relative acidities of different ~OUDS of acids 
and in formulating criteria for iheir resolution. ATthough it is possible to obtain so%e e’stimates of 
relative PK. values from these generalizations, unfortunately no information on the absolute PK. of 
any of the acids can be derived. Subsequently, Elving and co-workers? noticed that nitric acid 
(pKa8Q = -1.3) falls on the same smooth curve obtained on plotting the polarographic half-wave 
potentials (.!&,J of hydrogen ion reduction in pyridine solutions of several monocarboxylic acids 
(using tetraethylammonium perchlorate as the supporting electrolyte) as a function of their pK.‘q 
values. If it is assumed that acids of the same charge type maintain the same relative relationship 
in both water and pyridine, 10.09 and 9.56 are obtained as the estimated PK., values for acetic and 
benzoic acid on the basis of the known value (4.06)3 of the pKB of nitric acid in pyridine. These 
estimates do indeed seem to agree with the earlier notion pe6 that the carboxylic acids, in general, are 
extremely weakly dissociated in pyridine. The purpose of the present work was to determine the 
overall dissociation constant of acetic and benzoic acid in pyridine by conventional methods. Our 
preliminary attempts,O in this connection, involving the use of the Pt/H, electrode in solutions of 
relatively large concentrations of the organic acid in the presence of nitric acid are considered un- 
satisfactory, In this investigation we chose to use “buffer” solutions composed of tetrabutylammon- 
ium salts and the acids in question. The work consisted of differential vapour pressure (DVP) studies 
of solutions of the acids and the salts, and of the acid/salt mixtures, as well as measurement of 
hydrogen ion activities of the latter (with a glass electrode). 

Although the DVP measurements on tetrabutylammonium acetate and benzoate are considered 
helpful in providing independent estimates of the dissociation constants of these electrolytes, their 
precision is relatively low; furthermore, the temperature (37”) at which they had to be made prevents 
direct correlation of the results with those generally obtained at 25”. Because of these limitations, 
it was considered expedient to use the conductometric values of the salt dissociation constants ob- 
tained at 25” in the final calculations. The dissociation constant of tetrabutylanunonium acetate 
in pyridine is already available’; however, since no such estimate for tetrabutylammonium benzoate 
has yet been reported, additional studies on this system have also been undertaken. 

The experimental techniques and treatment of data are essentially the same as those described 
in our earlier work.3.BJ’Jo A Beckman glass electrode ( #39099E-3) was used against an Hg/HgCl,,.), 
LiCl,,) reference; the electrode was calibrated with solutions of nitric acid in pyridine, of known 
H+-activity. For the DVP results, the Marshall-Grunwald equation 11 was used to evaluate the ionic 
activity coefficients. 

RESULTS AND DISCUSSION 

Differential vapour pressure measurements at 37” showed that solutions of the two acids closely 
resemble solutions of the standard monomer 1,3-diphenylguanidine in their behaviour, indicating 
that these two acids exist primarily as monomers in pyridine. On the other hand, the salts tetrabutyl- 
ammonium acetate and benzoate are evidently slightly dissociated; the average dissociation con- 
stants are calculated3 to be 2.04 x lo-* and 1.99 x lo-’ respectively. The tetrabutylammonium 
acetate value is close to that (1.7 x IO-‘) reported’ from conductance measurements at 25”. 

Tetrabutyl- Tetrabutyl- 

Acetic ammonium AT Benzoic ammonium AT 
acid, M acetate, M Obsd. * Ca1cd.t acid, M benzoate, M Obsd.* Ca1cd.t 

0.0320 0.0458 17.4, 17.4 0.02625 
0.0513 0.0183 14.6, 14.9 0.0292 
0.0534 0.0153 14.2, 14.7 O@lOl 
00257 0.0549 17.gG 18.2 0.0336 

* Average of 4 or 5 readings 
t Sum of individual values for the acid and the salt. 

0.01835 10.2, 10.2 
0.0197 10.1, 11.5 
0.0162, 11.9, 13.0 
0.0150 10.6, J1.2 

The results for acid-salt mixtures are presented in Table I. The additivity of the individual AT 
values suggests that the acid molecules are extremely weakly dissociated and exist virtually as mono- 
mers. It also indicates the absence of any other interaction(s) that would cause change in the overall 
molarity. 

From the conductance measurements at 25” on tetrabutylammonium benzoate, presented as a plot 
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FIG!~.-Differential vapour pressure measurements at 37°C. A-1,3_diphenylguanidine 

O-Acetic acid W-Benzoic acid O-Tetrabutylammonium acetate O-Tetrabutyl- 
ammomum benzoate. Average lines shown in the figure. 

I.5 

1.3 

FIG. 2.-Conductance measurements on tetrabutylammonium benzoate at 25”. 



710 Analytical data 

of log A, vs. -log C, a value of 2.00 x IO-* was obtained for the dissociation constant of this salt (Fig. 
2). (The close agreement with the DVP value at 37” suggests that the dissociation constant is practi- 
cally independent of temperature.) The limiting conductance is found to be 44.6 ohm-‘.cm-r.equiv-*. 
Since the 1” of (n-C,H&N+ is 24.0,’ the limiting conductance of benzoate ion is calculated to be 
20.6-a value comparable to the limiting conductance of FB(C,H,),- in this solvent (24.0)‘. 

TABLEII.-RESULTSOPGLASSELECTRODEMEASUREMENTSONACID-SALT MIXTURES 

Tetrabutyl- Tetrabutyl- pKa of 
Acetic ammonium PK. of Benzoic ammonium Benzoic 

acid, M acetate, M a=+ x IO0 acetic acid* acid, M benzoate, M aIf+ x lo* acid* 

0.1172 0.00149 7586 10.49 0.1051 1.772 9.95 
0.1622 0.00138 22.39 10.18 0.1089 1.922 9.93 
0.2343 0.00119 39.81 10.12 0.1216 2.152 9.93 
0.3515 0.000896 1549 9.77 0.1536 OQO218 3.709 9.80 

Av. lO.l& 0.1640 4.185 9.77 
0.2316 8.433 9.62 
0.2441 9440 9.59 

Av. 9.8, 

* Calculated from K. = aa+ dKxx C&CH~ where Kxx = an+a,_/[MX]; Cn, and Car= are 
the analytical concentrations of HX and MX. 

The results of experiments with the glass electrode are presented in Table II. Calculations yield 
10.1 and 9.8 for the average values of pK, for acetic and benzoic acid, respectively, as compared to the 
values 4.73 and 4.20 in water, indicating that both acids are indeed very weakly dissociated in pyridine. 
Also it is interesting to note that the two acids do maintain almost the same relative pK& relation- 
ship’ (ApK,, = O-3 in pyridine us. 0.53 in water) in pyridine and water. 
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Summa~--The pKs’s of acetic acid and benzoic acid in pyridine as 
solvent are found to be 10.1 and 9.8, respectively, at 25”. These results 
are based on measurements of hydrogen ion activities in mixtures of 
the acids and their tetrabutyiammonium salts. Supplementary studies 
of differential vapour pressure characteristics of solutions of the acids 
and the acid-salt mixtures, and conductance of tetrabutylammonium 
benzoate solutions are also incorporated. 

Zusammenfassung-Die pK,-Werte von Eissigsaure und Benzoeslure in 
Pyridin als Lijsungsmittei betragen bei 25” 10,l bzw. 9,8. Diese Ergeb- 
nisse sttitzen sich auf Messungen von Wasserstoffionenaktivitlten in 
Gemischen der Siiuren mit ihren Tetrabutylammoniumsaizen. Dar- 
iiber hinaus werden die Differential-Dampfdruckeigenschaften von 
Liisungen der Sauren und der Saure-Saiz-Gemische sowie die Leit- 
fahigkeit von Tetrabutylammoniumbenzoat-Losungen mitgeteiit. 

RBsum&Gn a trouve que les valeurs des pK, de l’acide a&ique et 
de l’acide benzoique en pyridine sont respectivement de 10,l et 9,8 a 
25”. Ces resultats sont bases sur des mesures d’activites d’ion 
hydrogene dans des melanges des acides et de leurs sels de tetra- 
butyiammonium. On a aussi incorpore des etudes compl6mentaires 
de caracteristiques de pression de vapeur differentielle de solutions des 
acides et des melanges acide-sei, et de conductance de solutions de 
benzoate de tetrabutyiammonium. 

* Address ail correspondence to this author c/o School of Chemistry, University of Minnesota, 
Minneapolis, Minn. 55455., U.S.A. 
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Stabiity constants of complexes of N-arylhydroxamic acids with some 
bivalent metal ions 

(Received 13 August 1971. Accepted 17 November 1971) 

THIS COMMUNICATION gives the results of the determination of the stability constants of the Mn(II), 
Ni, Zn and Cu(II) chelates of five closely related N-arylhydroxamic acids by pH titrati0n.l 

EXPERIMENTAL 

Hydroxamic acids (Table I). Synthesized by the method of Priyadarshini and Tandon.’ recrystal- 
lized from a mixture of benzene and petroleum ether, and dried in vacuum over phosphorus pentoxide. 
Purity was confirmed by elemental analyses, m.p., and spectroscopy. 

Procedure. As described earlier.4 

RESULTS 

The results were calculated as in previous work,’ and are given in Table II. The chelates of Mn(II), 
Ni, and Zn with m-TBHA and p-TBHA were so insoluble that they separated out immediately on 

TABLE I.-DETAILS OF HYDROXAMIC ACIDS 

R,-N-OH 
General formula 1 

R%-C=O 

Hydroxamic acid 
Trivial 
name R1 RI 

Melting 

N-Phenylbenzo- PBHA C,H,- C,He- 121 

N-o-Tolylbenzo- o-TBHA o-CHiC,H,- C,H, 
(ll2;; 

N-m-Tolylbenzo- m-TBHA m-CHdCIHI- C,H, (‘:: 

N-p-Tolylbenzo- p-TBHA p-CH,C,H,- CeHI-- 
‘147: 

N-Phenyl-n-butyro- P(n)BHA CeH,-- CH,-(CH3,- 
(ll$ 

(81)’ 

* Reported values in brackets. 

9 
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Trivial 
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TABLE II.-THERMODYNAMIC METAL-LIGAND STABILITY CONSTANTS AT 25°C 

Complexing 
Ligands 

Constant 
ion determined PBHA o-TBHA m-TBHA pTBHA P(n)BHA 

Hf PK. 
log K, 

Ctl’+ log K, 
log (K&) 
log Kz 

ZnP+ log K, 
log (&I%) 
log K, 

Nis+ log & 
log (&I&) 
log Kl 

Mne+ log KS 
log (&I&) 

Ins. = Insoluble. 

11-04 11.12 11.12 11.13 11.45 
10.36 10.51 IO-52 10.66 1064 

8.78 

7.51* 

8.85 

8.19 
6.63* 6.71 
O-88 

1.58 

1.48 
7.00* 

l-66 

7.64 
591* 6.06 
1.09 1.58 
6.02* 6.39 
515* 5.62 
0.87 0.77 

7.72 
Ins. 

8.86 

Ins. 

8,79 

6.39 

8.87 

1.33 
7.61 

Ins. 

1.66 

Ins. 

1.87 

5.69 

1.77 

1.92 
6.23 

Ills. Ins. 4.53 
1.70 

* Calculated by Bjerrum-Calvin graphical method. 
[Metal] O@OlM; [Ligand] O.OlM; [KOH] O*lM. 
Medium 50% (v/v) dioxan-water. 

mixing the reagents or after addition of alkali. Attempts to determine their constants by decreasing 
the concentration of the metal ions to 5 x lo-“A4 did not succeed. In the acid range, Mn, Ni, and 
Zn complexes of PBHA gave maximum ii values of 0.9. For such low values of ii, Goldberg’s 
methods of calculation could not be applied and so the Bjerrum and Calvin graphical method was 
used. From the ii values it appeared that precipitation started before formation of the 1:2 complex 
was complete. The stability constants were reproducible to 0.05 log units in replicate determinations, 
and variation of starting concentration of metal and ligand gave results varying by &to*10 log units 
or less. 

DISCUSSION 

There was no evidence of metal ion hydrolysis, polynuclear complexes, protonated complexes, 
or influence of nitrate, chloride, perchlorate and alkali metal cations. 

The Irving-Williams order of stabilities” was found to hold for all the systems with Kl > KS. 
The values of log X,/K* are consistently high for all copper complexes with a single exception. The 
A log K value of 1.6-l -7 suggests that in these systems the electrostatic effect6 has to be considered 
as well as the statistical effect (which gives log K = 0.6). 

Values of log K for copper are considerably higher than for the other metals and the values for 
Zn are greater than those for Ni. The higher value for the copper chelate may be due to a square 
planar structure. The order Zn > Ni has been observed earlier6 and attributed to steric hindrance 
preventing the formation of a square planar Ni complex. Also the hydrolysis constant of Zn is 
greater than that of Ni, indicating greater affinity of Zn*+ for hydroxide ions; the NOH group of 
the hydroxamic acid resembles the OH group. These factors seem to account for the order Zn > Ni. 

Since all the metal ions are bivalent and of much the same size, the electrostatic contribution to 
the metal-ligand bond in the first complexes formed with the same ligand is assumed to be very 
nearly the same. The log Kl values for the P(n)BHA, PBHA and o-TBHA complexes were a linear 
function of the overall ionization potentials of Mn(II), Zn(II) and Ni(I1) but the points for the 
Cu(I1) complexes were always above the line, confirming the higher stability of the copper complexes. 
The values of log K,/Kz imply that there is little or no steric hindrance to the addition of the second 
chelate group. A plot of the stability constants for Cu(II) vs. the ligand protonation constants is 
linear, the equation being log K = O-73 PK. -t constant. According to Jones and co-workers,7 
ligands with orbitals which can interact with suitable orbitals of the metal ion, give slopes greater 
than unity in such plots if the central ion has ncacceptor properties. They have further stated that 
Cu(I1) and Ni(I1) act as T-donors. The Cu(II) ion therefore seems to be acting as a r-donor. 

The complexes of P(n)BHA with Zn, Ni and Mn(I1) are less stable than the corresponding 
o-TBHA complexes, though P(n)BHA is more basic than o-TBHA. In contrast, the Cu(I1) complexes 
follow the order of pKs. Different geometries of the Cu and Zn. Ni and Mn complexes may be 
responsible for this unexpected behaviour in the stability order. 
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Snnnna~--Thermodynamic stability constants of complexes of Mn(II), 
Ni(II), Zn(II) and Cu(I1) with five closely related N-arylhydroxamic 
acids have been determined at 25 f 0.1” in 50% v/v aqueous dioxan 
medium. The stabilities of the complexes mostly follow the order 
of the basicity of the ligands and the electron affinities of the metal 
ions as measured by their second ionization potential. 

Zusannnenfassnng-Die thermodynamischen Stabilitatskonstanten der 
Komplexe von Mn(II), Ni(II), Zn(I1) und Cu(I1) mit fiinf nahe ver- 
wandte N-Arylhydroxamsluren wurden bei 25 f O,l’ in 5O%(v/v) 
w%@rn Dioxan gemessen. Die StabilitHt der Komplexe schlieCt 
sich meistens an die Basizitatsreihenfolge der Liganden und an die 
Elektronenafhnit~ten der Metallionen an, wie sie sich im zweiten Ionis- 
ierungspotential zeigen. 

R&nnt%Gn a determine les constantes de stabilite thermodynamique 
de complexes de Mn(II), Ni(II), Zn(I1) et Cu(I1) avec cinq acides 
N-arvlhvdroxamioues etroitement annarent& a 25 f 0.1” en milieu 
dioxin& aqueux ‘50% v/v. Les siabilites des compiexes suivent 
essentiellement l’ordre de basicit des ligands et les alIinit&s Bectroniques 
des ions metalliques telles qu’elles sont mesur6es par leur second 
potentiel d’ionisation. 
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Stabiity constants of complexes of N-arylhydroxamic acids with some 
bivalent metal ions 

(Received 13 August 1971. Accepted 17 November 1971) 

THIS COMMUNICATION gives the results of the determination of the stability constants of the Mn(II), 
Ni, Zn and Cu(II) chelates of five closely related N-arylhydroxamic acids by pH titrati0n.l 

EXPERIMENTAL 

Hydroxamic acids (Table I). Synthesized by the method of Priyadarshini and Tandon.’ recrystal- 
lized from a mixture of benzene and petroleum ether, and dried in vacuum over phosphorus pentoxide. 
Purity was confirmed by elemental analyses, m.p., and spectroscopy. 

Procedure. As described earlier.4 

RESULTS 

The results were calculated as in previous work,’ and are given in Table II. The chelates of Mn(II), 
Ni, and Zn with m-TBHA and p-TBHA were so insoluble that they separated out immediately on 

TABLE I.-DETAILS OF HYDROXAMIC ACIDS 

R,-N-OH 
General formula 1 

R%-C=O 

Hydroxamic acid 
Trivial 
name R1 RI 

Melting 

N-Phenylbenzo- PBHA C,H,- C,He- 121 

N-o-Tolylbenzo- o-TBHA o-CHiC,H,- C,H, 
(ll2;; 

N-m-Tolylbenzo- m-TBHA m-CHdCIHI- C,H, (‘:: 

N-p-Tolylbenzo- p-TBHA p-CH,C,H,- CeHI-- 
‘147: 

N-Phenyl-n-butyro- P(n)BHA CeH,-- CH,-(CH3,- 
(ll$ 

(81)’ 

* Reported values in brackets. 
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TABLE II.-THERMODYNAMIC METAL-LIGAND STABILITY CONSTANTS AT 25°C 

Complexing 
Ligands 

Constant 
ion determined PBHA o-TBHA m-TBHA pTBHA P(n)BHA 

Hf PK. 
log K, 

Ctl’+ log K, 
log (K&) 
log Kz 

ZnP+ log K, 
log (&I%) 
log K, 

Nis+ log & 
log (&I&) 
log Kl 

Mne+ log KS 
log (&I&) 

Ins. = Insoluble. 

11-04 11.12 11.12 11.13 11.45 
10.36 10.51 IO-52 10.66 1064 

8.78 

7.51* 

8.85 

8.19 
6.63* 6.71 
O-88 

1.58 

1.48 
7.00* 

l-66 

7.64 
591* 6.06 
1.09 1.58 
6.02* 6.39 
515* 5.62 
0.87 0.77 

7.72 
Ins. 

8.86 

Ins. 

8,79 

6.39 

8.87 

1.33 
7.61 

Ins. 

1.66 

Ins. 

1.87 

5.69 

1.77 

1.92 
6.23 

Ills. Ins. 4.53 
1.70 

* Calculated by Bjerrum-Calvin graphical method. 
[Metal] O@OlM; [Ligand] O.OlM; [KOH] O*lM. 
Medium 50% (v/v) dioxan-water. 

mixing the reagents or after addition of alkali. Attempts to determine their constants by decreasing 
the concentration of the metal ions to 5 x lo-“A4 did not succeed. In the acid range, Mn, Ni, and 
Zn complexes of PBHA gave maximum ii values of 0.9. For such low values of ii, Goldberg’s 
methods of calculation could not be applied and so the Bjerrum and Calvin graphical method was 
used. From the ii values it appeared that precipitation started before formation of the 1:2 complex 
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and variation of starting concentration of metal and ligand gave results varying by &to*10 log units 
or less. 

DISCUSSION 

There was no evidence of metal ion hydrolysis, polynuclear complexes, protonated complexes, 
or influence of nitrate, chloride, perchlorate and alkali metal cations. 

The Irving-Williams order of stabilities” was found to hold for all the systems with Kl > KS. 
The values of log X,/K* are consistently high for all copper complexes with a single exception. The 
A log K value of 1.6-l -7 suggests that in these systems the electrostatic effect6 has to be considered 
as well as the statistical effect (which gives log K = 0.6). 

Values of log K for copper are considerably higher than for the other metals and the values for 
Zn are greater than those for Ni. The higher value for the copper chelate may be due to a square 
planar structure. The order Zn > Ni has been observed earlier6 and attributed to steric hindrance 
preventing the formation of a square planar Ni complex. Also the hydrolysis constant of Zn is 
greater than that of Ni, indicating greater affinity of Zn*+ for hydroxide ions; the NOH group of 
the hydroxamic acid resembles the OH group. These factors seem to account for the order Zn > Ni. 

Since all the metal ions are bivalent and of much the same size, the electrostatic contribution to 
the metal-ligand bond in the first complexes formed with the same ligand is assumed to be very 
nearly the same. The log Kl values for the P(n)BHA, PBHA and o-TBHA complexes were a linear 
function of the overall ionization potentials of Mn(II), Zn(II) and Ni(I1) but the points for the 
Cu(I1) complexes were always above the line, confirming the higher stability of the copper complexes. 
The values of log K,/Kz imply that there is little or no steric hindrance to the addition of the second 
chelate group. A plot of the stability constants for Cu(II) vs. the ligand protonation constants is 
linear, the equation being log K = O-73 PK. -t constant. According to Jones and co-workers,7 
ligands with orbitals which can interact with suitable orbitals of the metal ion, give slopes greater 
than unity in such plots if the central ion has ncacceptor properties. They have further stated that 
Cu(I1) and Ni(I1) act as T-donors. The Cu(II) ion therefore seems to be acting as a r-donor. 

The complexes of P(n)BHA with Zn, Ni and Mn(I1) are less stable than the corresponding 
o-TBHA complexes, though P(n)BHA is more basic than o-TBHA. In contrast, the Cu(I1) complexes 
follow the order of pKs. Different geometries of the Cu and Zn. Ni and Mn complexes may be 
responsible for this unexpected behaviour in the stability order. 
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LETTERS TO THE EDITOR 

Salicylaldehyde and p-resorcylaldehyde as indicators for DCTA titration of iron 

SIR, 
Re-sorcylic acids have been used as indicators for the direct EDTA titration of ferric ions.’ 

Salicylaldehyde and l%resorcylaldehyde have now been found suitable as indicators for the direct 
titration of iron(II1) with DCTA. There is a sharp colour change from purple to deep yellow at the 
end-point. The optimum pH is 1+2*0, and 2 drops of 1 oA indicator solution give satisfactory results 
even in titration of 1 ml of 00X%f ferric nitrate with 0OOlM DCTA. At pH 1.0, for 1.4 mg of iron, 
the following amounts of other ions could be tolerated: 140 mg of Na+, K+, NHI+, Cl-, Br-, ClO,-, 
NOa-, and Sod*-; 14mg of Ag+, Pb s+, Al’+, Ni*+ and Cos+; 28 mg of Mg’+, Ca*+, ST*+, Ba*+, 
Be%+ and Pda+* 7 mg of UO,*+, Zn8+ and Cd*+; 1.4 mg of Cu’+. Mn*+, Zr’+, Th4+ and anions 
forming stable Complexes with iron(III), such as phosphates, vanadates, molybdates and tungstates, 
interfered at all levels. The process has been satisfactorily applied to the determination of ferric ions 
in ternary mixtures, iron ore and a drug. The suggested indicators are superior to Chrome Azurol 
SB with which aluminium interferes and thiocvanates which can be used onlv under restricted condi- 
tions. With sulphosalicylic acid and tiron: &ults are high by up to 4%. ’ 

Chemistry Department 
Gujarat University 
Ahmedabad-9 
Zndia 
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Potentiometric titration of sodium pentacyanonitrosylf~te(I.II) 

Sodium pentacyanonitrosylferrate(III) (sodium nitroprusside) is often used to detect acetaldehyde, 
hydrogen, sulphur and aliphatic amines in organic analysis as well as in end-point indication of 
mercurimetric titrations.’ It is usually analysed argentometrically by the Mohr method.* We have 
investigated the possibility of potentiometric titration of sodium pentacyanonitrosylferrate(III) with 
mercury(H) or silver. 

A Radelkis precision pH-meter type OP-205 (input resistance >lGG) was used. Indicator 
electrodes were silicone-rubber based halide-selective electrodes (OP-Cl-711, OFBr-711, OP-I-711, 
OP-S-71 l), platinum needles (15 nuna surface area) and silver. The reference was a 0.1 M calomel 
electrode. An agar-agar potassium nitrate salt bridge was used. 

Mercuric nitrate solution, O.OSM, was made by warming 10.03 g of mercury of analytical purity 
with 50 ml of nitric acid (1 + 1) in a 500-ml flask on a water-bath until the appearance of nitrous 
fumes, setting the flask aside until the mercury had completely dissolved, then warming it on the 
water-bath until the nitrous fumes were completely expelled, and finally cooling and diluting to 
1 litre. 

In the procedure about 1.5 g of the material to be investigated is dissolved in water and diluted 
accurately to 100 ml. A lo-ml aliquot is diluted with 90 ml of water in a 150-m] beaker and titrated 
(magnetic stirring) with 0.05M mercuric nitrate or O*lM silver nitrate. 
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TABLE I.-REPRODUCIBILITY OF THE POTENTIOMETRIC DETERMINATION OF SODIUM MTROPRUSSIDE 

Cathod- Cathod- 
ically ically 

polarized polarized 
Electrode Pt Ag Ag OP-Cl-711 OP-Br-711 OP-I-711 OP-s-711 

Average Hg(II) 
error, ok titrant 0.17 0.27 - 0.28 0.24 0.23 0.25 

Ag 
titrant - 0.23 0.19 0.24 0.22 0.22 0.20 

From the potentiometric titration curves obtained in our experiments it can be stated that 
cathodically polarized platinum electrodes, silver electrodes and silicone-rubber based halide- 
selective membrane electrodess can all be used as indicator electrodes for the mercurimetric titration, 
but the platinum electrode gives the best potential jump and the best precision (Table I). The 
cathodically polarized silver electrode is best for the argentometric titration. However, the differ- 
ences in precision are so small that any of the electrodes tried would be suitable. 
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the following amounts of other ions could be tolerated: 140 mg of Na+, K+, NHI+, Cl-, Br-, ClO,-, 
NOa-, and Sod*-; 14mg of Ag+, Pb s+, Al’+, Ni*+ and Cos+; 28 mg of Mg’+, Ca*+, ST*+, Ba*+, 
Be%+ and Pda+* 7 mg of UO,*+, Zn8+ and Cd*+; 1.4 mg of Cu’+. Mn*+, Zr’+, Th4+ and anions 
forming stable Complexes with iron(III), such as phosphates, vanadates, molybdates and tungstates, 
interfered at all levels. The process has been satisfactorily applied to the determination of ferric ions 
in ternary mixtures, iron ore and a drug. The suggested indicators are superior to Chrome Azurol 
SB with which aluminium interferes and thiocvanates which can be used onlv under restricted condi- 
tions. With sulphosalicylic acid and tiron: &ults are high by up to 4%. ’ 
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Potentiometric titration of sodium pentacyanonitrosylf~te(I.II) 

Sodium pentacyanonitrosylferrate(III) (sodium nitroprusside) is often used to detect acetaldehyde, 
hydrogen, sulphur and aliphatic amines in organic analysis as well as in end-point indication of 
mercurimetric titrations.’ It is usually analysed argentometrically by the Mohr method.* We have 
investigated the possibility of potentiometric titration of sodium pentacyanonitrosylferrate(III) with 
mercury(H) or silver. 

A Radelkis precision pH-meter type OP-205 (input resistance >lGG) was used. Indicator 
electrodes were silicone-rubber based halide-selective electrodes (OP-Cl-711, OFBr-711, OP-I-711, 
OP-S-71 l), platinum needles (15 nuna surface area) and silver. The reference was a 0.1 M calomel 
electrode. An agar-agar potassium nitrate salt bridge was used. 

Mercuric nitrate solution, O.OSM, was made by warming 10.03 g of mercury of analytical purity 
with 50 ml of nitric acid (1 + 1) in a 500-ml flask on a water-bath until the appearance of nitrous 
fumes, setting the flask aside until the mercury had completely dissolved, then warming it on the 
water-bath until the nitrous fumes were completely expelled, and finally cooling and diluting to 
1 litre. 

In the procedure about 1.5 g of the material to be investigated is dissolved in water and diluted 
accurately to 100 ml. A lo-ml aliquot is diluted with 90 ml of water in a 150-m] beaker and titrated 
(magnetic stirring) with 0.05M mercuric nitrate or O*lM silver nitrate. 
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TABLE I.-REPRODUCIBILITY OF THE POTENTIOMETRIC DETERMINATION OF SODIUM MTROPRUSSIDE 

Cathod- Cathod- 
ically ically 

polarized polarized 
Electrode Pt Ag Ag OP-Cl-711 OP-Br-711 OP-I-711 OP-s-711 

Average Hg(II) 
error, ok titrant 0.17 0.27 - 0.28 0.24 0.23 0.25 

Ag 
titrant - 0.23 0.19 0.24 0.22 0.22 0.20 

From the potentiometric titration curves obtained in our experiments it can be stated that 
cathodically polarized platinum electrodes, silver electrodes and silicone-rubber based halide- 
selective membrane electrodess can all be used as indicator electrodes for the mercurimetric titration, 
but the platinum electrode gives the best potential jump and the best precision (Table I). The 
cathodically polarized silver electrode is best for the argentometric titration. However, the differ- 
ences in precision are so small that any of the electrodes tried would be suitable. 
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TALANTA REVIEW* 

REACTION RATE METHODS IN ANALYSIS 

HARRY B. MARK, JR. 
Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221, U.S.A. 

(Received 22 June 1971. Accepted 30 October 1971) 

Summary-A review is given of the principles and application of 
catalytic and reaction rate methods of analysis. 

As INSTRUMENTATION technology, measurement techniques, electronic circuitry, 
and analytical procedures have advanced in recent years to a very high degree of 
development, the accuracy and precision necessary to make dynamic reaction systems 
applicable to both routine and special analytical problems have become available. 
Thus, there has been considerable research by a fairly large number of analytical 
chemists on the development of instrumentation, methods, and applications of 
kinetic (dynamic) based analyses for both new and old analytical problems. In fact, 
some analytical chemists, the author included, have been heard to say that these 
advances in instrumentation and electronic circuitry have “opened up a completely 
new area of research in analytical chemistry.” Such a statement is not really accurate, 
of course, as kinetic based methods of analysis have been used for many years by 
clinical chemists for enzyme assay and other biological and medical tests. It would be 
more correct to say that analytical chemists have recently realized the tremendous 
potential in the application of kinetic methods and are now opening up new areas and 
applications for these methods. Also they are actively engaged in improving the 
sensitivity as well as the accuracy and precision of such methods. This realization of 
the potential of kinetics in analysis came about when it was recognized that kinetic 
based procedures have several inherent properties which can be used advantageously 
in analysis. 

First, analytical chemists have long realized that in a real analytical problem, the 
species to be determined is rarely found unaccompanied by one or more substances 
that are closely related chemically and/or physically, and generally separation tech- 
niques must be used, which are often laborious and lead to considerable error in the 
analysis. There are also cases, such as the analysis of the ratio of different functional 
groups in the same polymer molecules, where non-destructive separation is impossible. 
Thus, it is clear that the analysis should (or must) be performed without prior separa- 
tion. 

Methods for in situ analysis of a mixture of species having similar properties can 
be classified as either thermodynamic (equilibrium) or kinetic (dynamic) depending 
on the method used to eliminate or reduce the interference of the other components 
of the mixture. A thermodynamic masking involves the alteration of the equilibrium 
conditions of the solution in such a way as to render all reactions, except the one(s) 
of analytical interest, thermodynamically unfavoured. The kinetic approach involves 

* For reprints of this Review, see Publisher’s announcement near the end of the issue. 
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utilizing differences in the reaction rates (or adjusting them if necessary) to isolate the 
reactions(s) of analytical interest. The thermodynamic differences in reactions of 
closely related compounds, such as homologues or isomers, with a common reagent 
are often much too small to be used for analysis of mixtures. However, the kinetic 
differences are usually quite large and permit either individual or simultaneous in situ 
analysis of the components of the mixture. This arises from the fact that the free 
energy of activation and hence the rate constant for any reaction is very dependent on 
the effect of structure of the reactants on formation of the activated complex, etc. 
Thus, reactions of closely related species which differ slightly in structure will often 
have essentially the same net change in free energy for the overall reaction but will 
reach equilibrium at widely varying rates. Also, changes in temperature, solvent 
characteristics, activity changes, etc., have much larger effects on the relative rate 
constants of similar species than they do on the relative values of the equilibrium 
constants. 

Secondly, a large number of inorganic and organic reactions can now be used in 
analysis. Many chemical reactions are not sufficiently uniform in behaviour to be 
used in equilibrium-based methods as they attain equilibrium slowly, have side- 
reactions, or are not sufficiently quantitative (the formation constants are too small) 
to be applicable. However, the same reactions can be used easily under initial 
reaction-rate conditions (explained below in the text). Also catalytic kinetic methods 
are considerably more sensitive than equilibrium methods, and kinetic-based enzy- 
matic reactions are often extremely selective for a particular substrate. 

On the other hand, kinetic techniques have one obvious and serious disadvantage. 
Any dynamic measurement includes time as an experimental variable, which is not 
the case in equilibrium measurement. It is probably this consideration that has made 
analytical chemists in the past somewhat afraid of using kinetics as an analytical tool. 
However, recent developments in instrumentation, especially in computer-based data 
analysis, signal-averaging and automation have overcome this fear of lower measure- 
ment accuracy. 

As a result of this increase in interest, several books have been recently published 
on various aspects of the subject. 1-5 Mark, Rechnitz and Greinkel published a 
comprehensive text on kinetic analytical techniques and mechanistic studies related 
to analysis problems, YatsimirskiF has given an extensive compilation and discussion 
of the application of catalytic reactions in trace analysis, and Guilbault,3 Bergmeyer, 
and Ruyssen and Vandenriesche5 have written texts covering the area of enzymatic 
reactions in analysis. There have also been monograph chapters by Blaedel and Hicks,s 
Mark, Papa and Reilley,’ Janata ,3 Pardues and Crouchlo on various aspects of 
kinetic analysis. The last two are especially significant as they deal with the principles 
and advances in instrumentation designed specifically for kinetic analysis, There 
have also been the extensive review articles by Rechnitz,ll-I3 Guilbault,lP1’ Berg- 
meyer,l* Devlin”’ and RothzO on various aspects of kinetic analysis in chemistry and 
clinical chemistry. 

Because the early literature on reaction rate techniques applied to chemical 
analysis is very well reviewed in the publications cited, this review will generally 
cover only the literature contributions of the past 2-5 years, though particularly 
important earlier work will be cited. 

The topics reviewed individually are recent advances in methods of kinetic analysis, 
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new procedures and approaches to chemical analysis, and reports of kinetic studies of 
systems which are of specific interest and/or application to analysis. (The huge 
literature concerned with fundamental kinetic studies of reaction kinetics and mecha- 
nisms will not be reviewed.) 

MATHEMATICAL BASIS OF KINETIC METHODS OF ANALYSES 

A very large number of methods for the calculation of the initial concentration(s) 
of the species of interest from reaction rate data have been developed over the past 
few years. These methods involve, in general, simple mathematical manipulation 
and rearrangement of the usual differential or integral forms of the classical reaction 
rate equations. With few exceptions most have been reported within the past 5-10 
years. They can be classified in two main categories: methods for a single species 
and methods for the simultaneous in situ analysis of mixtures. Within each category, 
the methods can be subdivided according to the kinetic order of the reactions: 
pseudo zero-order or initial rate methods, first-order and pseudo first-order methods, 
and second-order techniques. The principles, mathematical treatments, applicability 
and limitations of these methods have been discussed in some of the works already 
cited.1*6~7*s*10 Recent papers are reviewed below. 

Methods for determination of a single species 

Pseudo zero-order methods. This approach is the most commonly used in routine 
and special applications, partly owing to the simplicity of the calculations and the 
fact that essentially all catalytic methods, both chemical and enzymatic, use pseudo 
zero-order conditions during the rate measurement. The principle of the initial-rate 
methods is simple as they are based on taking measurements only during the initial 
l-3% or so of total reaction. Under these conditions the amount of reactant con- 
sumed and product formed is negligible (i.e., the concentration of the reactants does not 
change appreciably during the period of the rate measurement) and hence the rate 
curve is essentially linear, its slope being proportional to the concentration of the 
reactant being determined. 1*6*7*s~10 There are other advantages besides simplicity of 
calculation. First , the reverse reaction can be ignored, and secondly, complications 
such as side-reactions are minimal. Three initial-rate methods are described in the 
literature. The direct approach is the derivative slope method where the rate of the 
reaction is measured by electronic derivative circuitry.s*10*21*22 Margerum and 
co-workersB-26 have described a stopped-flow derivative method for determination of 
a single species. This technique uses repetitive slope measurement during each run, 
and signal-averaging by a built-in computer to improve the analytical results. In the 
second approach, essentially a two-point method called the fixed-time method,1,g*7*s*10 
the change in concentration of product (output signal) is measured over a fixed 
time-interval, giving (AC/At) which is, of course, the slope of the rate curve. The 
third approach is also a two-point method, the variable-time method.1*s*7*sJ0 In 
this method the time interval, At, required for the output signal to vary between two 
fixed values (AC) is measured. These three initial reaction rate methods have been 
used for both catalysed and uncatalysed reactions.1*8*s The concentrations of the 
catalyst (including enzymes) as well as of catalyst activators and inhibitors have been 
determined.1*3~s*17 
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First-order and pseudo first-order methods. Crouch has discussed the principles 
and parameters of importance for a non-linear response variable-time procedure for 
first-order and pseudo first-order reactions. lo Mark, Rechnitz and Greinkel have also 
discussed the criteria for neglecting the contributions of either faster or slower-reacting 
components in the kinetic determination of a single species in a mixture. Janata and 
Mark25a have suggested analogue simulation techniques for the analysis of such rate 
curves. 

Second-order methods. Very little work has been reported on the analytical 
applications of second-order conditions for determination of a single species. Weich- 
selbaum et aL21 have described derivative methods in which the maximum rate ob- 
served during an autocatalysed reaction run under second-order conditions was applic- 
able for the determination of ammonia and blood-urea nitrogen. Janata and Mark2’* 
have also discussed analogue simulation of second-order rate curves for determination 
of initial concentrations. 

Methods for the simultaneous in situ analysis of mixtures 

The development of methods for the in situ simultaneous determination of closely 
related components of mixtures has received considerable attention. As discussed in 
the instrumentation section, the tremendous advances in the accuracy and precision 
of rate measurements makes these methods practical. 

Pseudo zero-order methods. Mark has reported an initial reaction rate method 
for the simultaneous assay of two alcohols, using enzyme-catalysed reactions.26 
Guilbault and co-workers17,27*28 have reported a very effective method for the in situ 
analysis of multicomponent mixtures of a large variety of different and closely related 
substrates by taking advantage of enzyme catalysis selectivity. 

First-order andpseudo$rst-order methods. Though each of the methods developed 
for reactions of this type is applicable to true first-order reactions, all the applications 
reported, with the exception of radionuclide decay reactions, are to second-order 
reactions run under pseudo first-order conditions (where either the reactants or the 
reagents are in very large excess and, hence, do not change appreciably in concentra- 
tion during the course of the reaction). l A graphical method (called the logarithmic 
extrapolation method) based on the extrapolation of a typical first-order log response 
us. time plot of the total rate curve has been described for binary mixtures where the 
reagent is in large excess with respect to the total concentration of the unknown in 
the mixture.l Lee and Kolthoff have described a mathematical single-point method 
based on a single measurement made at a fixed time during the reaction, for the same 
pseudo first-order conditions. 29 Garmon and Reilley have described a very simple and 
successful method of proportional equations based on the principle of constant 
fractional life.l*7*3O This method is applicable to both simple and complex first-order 
reaction sequences. Margerum and co-workers 23-zs*31 have described a continuous 
measurement approach to the method of proportional equations which is more 
accurate than the finite point approach of Garmon and Reilley’*” and have extended 
the method successfully to three-component mixtures. Roberts and Regan32 have 
devised a mathematical single-point rate measurement procedure and Greinke and 
Mark33 have devised a method of proportional equations for the reaction condition 
which is pseudo first-order with respect to the reagent concentration ([reagent] << 
[mixture]). 
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Second-order methods. Siggia and HarmaSP have devised a second-order graphical 
(logarithmic) extrapolation procedure for the complete analysis of binary mixtures, 
the reagent and reactant concentrations being of the same order of magnitude. 
Reilley and Papa developed a second-order linear extrapolation method for the special 
case where [mixture] = [reagent]. 35 For both of these second-order systems Reilley 
and Papas and Papa, Mark and ReilleysS have developed mathematical single-point 
and double-point methods which eliminate the need for a graphical plot. Lee and 
KolthoffW have developed a different mathematical single-point method for the 
special case [mixture] = [reagent]. Schmalz and Geisele1374 have reported a 
graphical differential method and graphical integral method for second-order reac- 
tions. They have presented several different modifications of each method. 

Applicability and limitations of the various methods for the anabsis of mixtures. As 
can be seen above, many different methods have been reported in recent years. 
These methods not only employ different reaction order conditions, but also use 
different mathematical and/or graphical methods of data manipulation and display 
and some make certain experimental and mathematical assumptions. The choice of 
the best method and conditions for a specific problem is not intuitively obvious,l 
and considerable work on this problem has recently been reported. Ingle and Crouch 
have examined the relative merits and limitations of the fixed-time and variable-time 
methods of data treatment for catalytic and pseudo first-order reaction procedures.41 
They have shown that the fixed-time method is preferable for first- or pseudo first- 
order reactions and substrate determinations in catalytic reactions. However, their 
error analysis shows that the variable-time approach is best for enzyme and catalyst 
determinations and also for non-linear response-rate curves. Reilley and Papas6 and 
Papa, Mark and ReilleySB have discussed the optimum conditions for the second-order 
linear and graphical extrapolation methods. Mark, Greinke and co-workers1*88*42*43 
have developed a very detailed error analysis for all the first-order and pseudo first- 
order methods discussed above. They have shown that for binary mixtures the choice 
of the best method for a particular mixture and of the optimum analysis conditions 
and experimental parameters of the chosen method was strongly dependent on the 
ratio of the rate constants as well as on the ratio of the initial concentrations of the 
species of interest in the mixture. They also gave a set of rules of thumb1s4* for use 
as rapid guide lines for the choice of method and optimum conditions. There have 
also been a few experimental comparisons of the results obtained by using some of 
the pseudo fust-order methods,1*4P46 which are in general agreement with the theo- 
retical predictions of the error analysis treatments. Siggia and Hanna4’ and Greinke 
and Mark4s have also discussed the relative influence of synergistic effects on the 
accuracy of the various first-order and pseudo first-order methods. Such effects can 
often be ignored in graphical extrapolation methods, but can lead to huge errors 
in any of the non-graphical methods. Greinke and MarkU point out that when 
a non-graphical method is used it is absolutely necessary to have a very complete under- 
standing of all the chemistry of the reactions employed. 

Recently there has been a very important series of papers by Margerum and co- 
workers on the parameters affecting the accuracy of the simultaneous analysis of 
mixtures by pseudo first-order reaction methods. 25-26*31 Their conclusions are that 
their approach to the problem is the superior method in several examples of the use of 
reaction rate methods for analysis. In the early development of differential reaction 
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rate methods for the simultaneous in situ analysis of mixtures of closely related 
substances, the chemical reactions used were not suitable for continuous automatic 
measurement of the entire rate response curves,l*’ and calculations were generally 
done by hand. Hence, the emphasis at that time in the development of the reaction 
rate methods was on minimizing the number of experimental points taken and on 
predetermining the optimum times, etc., for taking the readings.l*’ However, in 
recent years the advances in electronic circuitry and computer technology have had a 
tremendous influence on the design of instrumentation for kinetic analysis. These 
instrumental advances have also had a strong influence on the principles and ap- 
proaches to differential rate methods. Margerum and co-workers23-25*31 (and also 
Weichselbaum and co-workers 21*4s) have shown conclusively that the use of built-in 
computation systems allows continuous analysis of the entire reaction rate curve. The 
results are thus immediately processed with both ensemble averaging and smoothing 
routines. Experimental results and detailed error analysis have shown that this 
approach to data acquisition, reduction and display leads to a much greater accuracy 
and precision of the analytical results. 23--25s31 In fact, good results can be obtained for 
fast reaction differential rate analyses where the usual finite or minimal data point 
methods fail completely .23s31 Obviously, this approach will be that used in most 
future developments in kinetic-based methods of analysis. 

INSTRUMENTATION 

As mentioned above, the major reason for the considerable increase in practical 
applications of kinetic-based methods is the tremendous advance that has been made 
in quantitative chemical instrumentation and electronics in the past few years, 
especially the efforts of instrument manufacturers and certain research groups to 
design instruments which apply these technological advances to meet the special 
features and demands of kinetic measurements on dynamic systems. Perhaps the most 
important of these advances is a consequence of the fantastic developments in both 
analogue and digital computer technology, as a result of which low-cost linear and 
digital integrated circuits have been made readily available to people interested in 
designing chemical instrumentation for ultrasensitive measurement. To quote a 
statement in a recent publication by Crouch, lo the availability of integrated circuits 
“is revolutionizing instrumentation in science.” 

The instrumental advances can be classified in three separate but overlapping 
categories. First there are the improvements in the accuracy and precision of the 
reaction monitoring system electronics such as the excitation and transducer response 
circuits which create and measure the signal which is proportional to some time- 
dependent parameter in the chemical reaction (e.g., improved stabilization of 
spectrophotometer light sources and increases in the sensitivity of photoelectric 
transducer circuitry). Secondly, the availability of low-cost computing elements has 
made it possible to build into the instruments either limited or elaborate self-con- 
tained computing capability. The extent and elaboration of the computation capabil- 
ity is, of course, reflected in the price of the instrument. These built-in computers 
can vary from a simple device to convert an initial-rate slope into a digital display of 
the concentration of the species to be determined, to a full-scale computing device 
which not only handles data reduction but also controls the operation and timing of 
the sequential operations in the experiment. In the extreme case, the computing 
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device operates in a feed-back mode and can sample and analyse results during the 
course of an experiment and then alter the experimental control parameters in such 
a way as to optimize the sensitivity and/or selectivity of the determination. The third 
area of advance is in automation design. This includes advances in the mechanical 
design and accuracy of sampling units, reagent addition and mixing procedures, etc, 
as well as the application of computing devices to start, control and time the automa- 
ted procedures and devices (which illustrates the overlap of the three categories). 

In the area of new developments in instrumentation of kinetic methods of analysis, 
there have been two excellent monograph chapters published recently which discuss 
the basic principles and applications of analoguedigital circuitry employed in con- 
siderable detail data reduction and automation design.g*10 The chapter by CrouchlO 
is especially comprehensive and clear in its discussion of computer-based kinetic 
method instrumentation. 

Reaction monitoring 

System electronic circuitry. The first problem in improving the accuracy and 
precision of kinetiobased analytical results is improving the quantitative nature of 
the total reaction monitoring system (spectrophotometric, potentiostatic, conducto- 
metric, etc.) and modifying it specifically for time-dependent measurements in follow- 
ing reaction rates. It is convenient to discuss the advances according to the type of 
measurement system. 

Spectrophotometric systems. One of the major problems in adapting spectro- 
photometric instrumentation to kinetic measurement is that of light-source variation. 
This problem is inherent in any spectrophotometric system and even though this 
technique is relatively simple and generally applicable, it has caused kineticists in the 
past to shy away from spectrophotometric systems for accurate measurement, because 
such light-fluctuations are often of the same or similar time period as the reaction 
being followed.21*49 Most commercial spectrophotometers which are designed for 
time-independent spectral measurements minimize such light-source variations by the 
use of double-beam optical systems which partially cancel fluctuations by periodic 
comparison of reference and sample beam intensities. Such double-beam systems 
have not generally been considered suitable for spectrophotometric instruments 
specifically designed for reaction rate measurement. Such systems seriously limit the 
response-time of the instrument, tend to introduce significant noise, and also add to 
the cost and complexity of the instrument,10*21*4g so most designs for kinetics instru- 
mentation employ a single-beam (non-wavelength-scanning) system and concentrate 
on lamp stabilization. 

Weichselbaum and co-workers 21*49 have described a simple stabilization system 
which regulates the lamp voltage. This circuit compensates for variations in the lamp 
filament resistance and is thus more efficient than the more common techniques 
which regulate only the applied voltage or the applied current. Further stabilization 
is achieved by having a thermal convection baffle in the lamp housing. This source 
system was reported to give a drift of less than 0.003 absorbance units per hour. 

As the stabilization method of Weichselbaum et a1.21.49 controls the lamp electrical 
input and does not directly control the actual lamp output intensity, an uncertainty is 
introduced into the measurement. Loach and Loyd,SO and Pardue and co-workers51*62 
have reported several different circuits which use an optical feed-back system for 
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lamp stabilization. The lamp output beam is split and one beam is monitored by 
means of a photomultiplier tube, the signal from which is fed back to the lamp power 
supply as an error signal which modifies the power supply voltage to maintain a 
constant intensity output. Fluctuation of less than 0.03 % transmission per hour has 
been attained.sO 

The elimination of detector noise and drift is also a critical problem in the applica- 
tion of a spectrophotometric system to kinetic analysis, especially if the derivative of 
the rate curve is being determined by a built-in computation module or unit21*4B as 
discussed in a later section. Weichselbaum and co-workers21*4B discussed the relative 
signal-to-noise ratios for photodiode tubes and photomultiplier tubes in some detail. 
They found that when both types of phototransducer are operated at the same anode 
current, the photodiode tube has a higher signal-to-noise ratio than the photomulti- 
plier. They concluded that the photodiode tube was thus more applicable in non- 
wavelength-scanning spectrometers designed for kinetic measurement, where light 
source intensity is not a limiting factor. Crouch and co-workers10*53 have pointed 
out correctly that this evaluation of comparative applicability from signal-to-noise 
ratios at constant anode current is not valid for all spectrophotometric uses. They 
demonstrated that for systems where the light level is low and/or cannot be controlled, 
a photomultiplier gives better results. Weichselbaum and co-workersa*4a have also 
reported that vacuum phototubes have more favourable signal-to-noise ratios than 
similar gas-filled tubes. A recent paper by Franklin, Horlick and MalmstadtU 
discusses the optimum criteria for stability of the power supply to the detector. 

Recently, fluorimetric methods for kinetic analysis of a variety of materials, 
mainly of a biological nature, have also been developed.10*G*S6 This technique, 
although less general in application, has inherent advantages over normal absorbance 
spectrophotometry in that it is considerably more sensitive for certain high-efficiency 
fluorescent systems, and in dilute solution the fluorescence intensity is directly 
proportional to chemical concentration, which reduces signal processing (lineariza- 
tion) significantly. Though so far no papers have been published specifically describing 
special electronic circuit design and modification of standard fluorimeters for kinetic 
measurement, it can be stated that similar criteria and/or requirements for detector 
noise and drift and excitation light-source reproducibility are the same as discussed 
above for spectrophotometric measurements. 

Electrometric systems. Because of the simplicity and ease of making highly 
accurate current or voltage measurements (made possible by analogue operational 
amplifier circuitrys7) considerable work has recently been done on adaptation of 
potentiometric, constant-current coulometric, and amperometric monitoring of 
reaction rates for analytical determinations. Some of the early work on potentio- 
metric measurement used a concentration cell technique.68 Rechnitzand co-workers5@-s4 
have described the applications of various ion-selective electrodes in potentio- 
metric measurement of reaction rates and kinetic analysis. They have also reported 
the application of a fast-response, high input-impedance, differential amplifier circuit 
for kinetic measurement, using two different ion-selective electrodes as the potentio- 
metric cell.5a Janata and Mark have suggested the application of constant-current 
coulometric techniques for simultaneous differential reaction rate analysis.258 
Pardue has described the application of a polarized rotating platinum electrode 
system using amperometric detection for kinetic-based determinations.@ 
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Conductometric instrumentation based on operational amplifier circuitry has also 
been described for use in kinetic methods of analysis.-9 Recently a bipolar-pulse 
modification of conductometric measurement has been described by Johnson and 
Enke.70 This technique seems to be very promising for rate measurement because of 
its great sensitivity to small changes in conductance. 

Reaction temperature control apparatus. As essentially all chemical reaction rates 
are very strongly dependent on temperature, considerable effort has been made to 
design simple but highly reliable thermostatic reaction cells and convenient but 
accurate temperature control systems (generally water-baths). A very comprehensive 
discussion of the design and construction of temperature control systems has been 
given by Van Swaay.71*72 

Pardue and s1 Rodriguez designed a spectrophotometer cell which was sealed 
into a Lucite outer jacket which allowed water from a thermostatic bath to be in 
direct contact with the spectrophotometer cell walls. This permitted rapid temperature 
equilibration of the reactant solutions mixed by stirring in the cell. Weichselbaum 
and co-workers21*4s described a spectrophotometer cell which had a separate mixing 
chamber above the cell itself. Both compartments were thermostatically controlled 
and the mixing chamber was fitted with an effective magnetic induction stirrer. Very 
rapid temperature equilibration on mixing of reagents was reported. Feil et a1.73 
have reported a rapid temperature equilibration cell specifically designed for use with 
the Beckman DU spectrophotometer. Excellent temperature regulation (~0~005” at 
25”) was attained. 

Weichselbaum, Smith and Mark74 described a proportional dual thermistor 
bridge temperature-control system using analogue-digital control circuitry. With use 
of the jacketed cell described above, 21*4s better than fO*Ol” regulation in the cell 
was attained at various temperatures. The system was designed so that four different 
controlled temperatures (15”, 25”, 30”, and 37”) could be attained automatically in a 
few minutes by simply pushing a selector switch. 

Data reduction and display systems 

In the application of kinetic methods to routine analysis the detector signal 
response being used to follow the course of the chemical reaction must be converted 
into some convenient form, ideally directly into the concentration of the species being 
determined. Consequently a large volume of research on this has been reported. 
Systems described vary from the very simple to virtually a built-in digital computer 
unit. 

Computation systems for initial reaction rate methods. Most practical reaction 
rate based procedures (enzymatic and other clinical assay methods in particular) 
measure only the initial l-3 % of the overall reaction rate curve, primarily because the 
mechanism and hence the kinetics are well-behaved in the early stages and the initial 
rate is essentially constant (pseudo zero-order) with time over this period and is 
directly proportional to the concentration of the species to be determined. (Detailed 
discussions of the theory and principles of initial reaction rate methods can be found 
in references 1, 6 and 9.) 

The simplest initial reaction rate calculation involves the measurement of the 
extent of the reaction at a fixed time after initiation of the reaction.1*6*D This value is 
effectively equal to the slope of the linear initial rate curve. It is a popular method 
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because it is conveniently used with flowing streams. Cordos, Crouch and Malmstadt 
described one of the first computation circuits for the fixed-time method.‘& It consisted 
of an analogue integration and subtraction network controlled with respect to timing 
and sequence by a digital logic circuit. This approach yields a very favourable 
signal-to-noise ratio in the output. Hicks and co-workers76-7s have also described a 
similar analogue integration technique but developed a hardware interface system to 
free their time-shared computer system for control of other automation operations. 
A completely digital computation system for the fixed-time method has been proposed 
by Ingle and Crouch7n which is similar to the analogue operations but employs digital 
integration. Ingle and Crouch 7n state that the digital method of computation has 
advantages over the analogue method because there are no drifts and circuit non- 
Iinearities, no mechanical and/or analogue switches are necessary, and shorter inte- 
gration times (faster rates measured) can be employed. 

Another commonly used initial reaction rate method is the variable-time (or 
fixed-concentration) technique1*6*n*10 in which the time required for the reaction to 
proceed to a preselected fraction of completion (again, Iess than 3 %) is the measured 
parameter, which is inversely proportional to the initial reaction rate and concentra- 
tion of the species being determined. The computation is somewhat more complex 
than in the fixed-time method. The first completely automated variable-time compu- 
tation system was based on analogue logic and was developed by Pardue and co- 
workers.80*81 Stehl, Margerum and Latterell 82 designed a similar but improved 
analogue system which eliminated all but one mechanical switch from the circuit. 
James and Pardue recently reported an analogue variable-time system utilizing 
tunnel diodes and electronic silicon-controlled diode switches which totally eliminated 
mechanical switches.83 This circuit significantly reduced the measurement time 
intervals that could be determined. Croucha reported the circuit design of a hybrid 
analogue-digital computation circuit for variable-time systems which eliminated the 
temperature-sensitive logarithmic analogue operations of the James and Pardue 
circuit.83 As analogue systems tend to have significant drift, especially in the integra- 
tion operation, Pardue, Parker and Willisa designed a completely digital computation 
unit for the variable-time approach. This unit virtually eliminated drift as a source of 
error in the computation operation and also included a system for noise-averaging, 
which had not been done in any previous variable-time system. 

Some designers have felt that it is more accurate and less susceptible to random 
error to make a continuous measurement of the total initial-rate curve.21*ss--25*4n As 
the slope of the initial-rate curve is the parameter that is directly proportional to the 
concentration of the species of interest, these groups have used analogue (continuous) 
derivative operations on the initial-rate curves. Weichselbaum and co-workers21*4n 
designed a spectrophotometer unit which employed a direct analogue differentiation 
circuit with filter capacitors to reduce the noise enhancement inherent in direct 
differentiation of a signal. They also avoided the limited accuracy of analogue log- 
arithmic circuits by using the rate of change of transmittance and the instantaneous 
value of the transmittance to obtain the derivative of the absorbance (A) with respect 
to time [d(-log T)/dt = (-log e)[(l/Z”)(dT/dt] = dA/dt]. Pardue et al. have 
developed several different systems for the derivative computation technique.86-88 
Instead of direct analogue differentiation, they employed an indirect method for 
obtaining the slope of the rate curve. Both a servo system8s*87 and an operational 
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amplifier systems8 were used to compare the slope of the initial rate curve with a ramp 
generated by an operational amplifier integrator. Recently Malmstadt and Crouchsg 
critically discussed circuits using manual, mechanical-servo and operational-amplifier 
slope-matching systems for derivative measurement. In most of these computation 
units recorders were used to present the response read-out, usually as concentrations. 
However, Weichselbaum and co-workers21*4Q and Crouch and MalmstadtBo have 
shown that the use of digital read-out systems considerably improves the accuracy 
and precision of rate determinations. Crouch has also discussed the relative merits 
of direct differentiation and the fixed-time and variable-time methods.lO 

Computation by analogue simulation. Mark, Papa and Reilley’ and Janata and 
Mark25a have suggested the uses of an analogue simulation approach to the determina- 
tion of the initial concentration of a reactant. In this approach, the entire reaction 
rate response curve is simulated with an analogue computer. The initial input voltages 
to the computer are the electrical analogue of the initial concentrations in the chemical 
reaction. When the simulated curve exactly matches the experimental reaction rate 
response curve, the initial unknown concentrations are evaluated from the analogue 
voltages which yielded the match of the curves. It should be pointed out here that the 
success of this simulation method rests on an exact knowledge of the reaction mech- 
anisms and rate constants of the reaction being followed. 

Computation circuits for simultaneous analysis of mixtures. In recent years con- 
siderable research in kinetic methods has been devoted to the simultaneous in situ 
analysis of mixtures. l*’ As the data reduction of the rate response curves in these 
differential rate methods is quite complex, built-in computer systems are necessary 
in order to make these methods practical for routine analytical procedures. Pinkel 
and Mark,B1 Toren and Davis,B2 and Toren and Gnuse,B3 have reported automatic 
analogue computer circuits for the solution of the simultaneous equations of the 
method of proportional equations .l Mark, Papa and Reilley,’ and Janata and Mark2s8 
have suggested analogue simulation for solving for initial concentrations in differential 
rate methods. 

Automatic sample handling systems. In spite of the fact that automation of the 
entire sample handling procedure is an obvious means of eliminating much of the 
experimental error in sampling, reagent addition, mixing, and timing, and has received 
considerable attention by the manufacturers of clinical rate-based instrumentation, 
very little research in this area has been published directly related to kinetic methods 
of analysis. The most popular automated sampling and mixing systems are based on 
continuous flow. Various applications and the principles of continuous flow tech- 
niques have been discussed in great detail by Blaedel and Hicks,6 Pardue,B Schwartz 
and Bodansky,g4 in Technicon Instrument Company literatures6 and in the recent 
reviews by Rechnitz. 14*15 The most recent research publications on automated tech- 
niques have generally utilized discrete discontinuous sampling systems, however.10 
Automated injection and refill pipets have been designed by Malmstadt and co- 
workers.9s*B7 Javier, Crouch and Malmstadt have published the design of a completely 
automated stopped-flow instrument for kinetic analysis,B8 and Deming and Pardue 
have recently published the design of a computer-controlled electromechanical 
system for automated reagent addition.BB Mueller and BurkelOO have reported a 
real-time computer control system for a reagent-addition unit which would be applic- 
able to kinetic based measurement instrumentation. Fasce and Rejlol have recently 
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reported an automatic enzyme assay system. Further automated systems which are 
incorporated in tot&y computer-controlled kinetic analysis instrumentation are 
also mentioned in the following section. As indicated above, the advertisements and 
operation manuals of the clinical instrument companies are an excellent source of 
information on recent advances in automation techniques and hardware. The reader 
is recommended to contact the sales representatives of the following instrument 
companies in this regard: Analytical Instrument Division of American Optical 
Corporation, Richmond, California; Bausch and Lomb Corporation Analytical 
Systems Division, Rochester, New York; Technicon Company, Incorporated, 
Tarrytown, New York; Beckman Instrument Corporation, Fullerton, California, 
and Sherwood Medical Industries, Incorporated, St. Louis, Missouri. A radically 
new and very effective automated system (ACA) for clinical screening tests has been 
developed by the Instrument Products Division, E. I. DuPont Company, Wilmington, 
Delaware. This system employs a separate plastic pack in which each individual test, 
including the spectrophotometric measurement, is carried out. A computer built into 
the instrument controls the entire operation. 

Sorokin, Gromov, and Chernysku “lo2 have described an automated thermochemi- 
cal apparatus for studying kinetic processes. 

Applications of on-line computer systems to kinetic methods of analysis 

As the expense of high-speed small digital computer systems goes down, the 
applications of these small computers as built-in (on-line) units in chemical instru- 
mentation for data reduction, system control, data acquisition, and experimental 
optimization and design in “real time” have increased sharply. As discussed in an 
earlier section, the computer was originally used in kinetic methods for on-line fast 
data acquisition and data reduction to give final display as the concentration of the 
species in the sample being analysed. The computer was also used in some control 
applications. However, such limited applications do not efficiently use the full 
capabilities of the small on-line computer. Recently several research groups have been 
investigating and developing the small on-line computer for total control and opera- 
tion of the instrumentation in kinetic methods of analysis. Systems have been de- 
scribed in which the computer not only handles the data acquisition and sample- 
manipulation, but actively takes part in all parts of the experiment by immediate 
examination of the data in real time and then makes various decisions which optimize 
the experimental parameters and variables during the actual experiment.lO It is felt 
that this is the most important single improvement in kinetic-based analysis, which 
will greatly expand the routine and specialized applications of the technique. 

James and Parduelm described an on-line computer system which utilized software 
to provide the calculations for either fixed-time or variable-time measurements. The 
signal-time profile is stored in the memory of the computer and the time scale is 
optimized on the basis of a preliminary rate measurement. This preliminary rate 
measurement is also used to optimize the time constant of the digital filter system. 
The basic block diagram of the programme for this system is shown in Fig. 1. 

Hicks and co-workers7”‘* used a hybrid analogue-digital approach to on-line 
computer control. They employed a hardware interface to compute the reaction rate 
outside the computer, as discussed in an earlier part of this section. The computer 
was free to monitor and control the electromechanical equipment for the sampling, 
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FIG. 1 .-Flow diagram of a computer programme for an on-line computerized reaction- 
rate instrument.1o8 Reprinted by permission of the American Chemical Society. 

reagent addition, etc, for automatic scale selection, calibration, for timing and 
sequence application, and for output display. A block diagram of this computer 
system is shown in Fig. 2. Eggert, Hicks and Davis ‘s have also discussed use of this 
hybrid system in experimental control operations. 

Recently Willis et al. as have described the design and characteristics of an on-line 
computer-controlled stopped-flow system for kinetic analysis. The main feature of 
this system is its ability to carry out repetitive runs on the same sample and/or do 
multiple slope measurements on a single reaction for signal-averaging purposes. 
Such ensemble-averaging results in a very high precision. The programme also 
provides for display of a variety of kinetic and concentration parameters. Janata 
and Mark havGw recently published an extensive discussion of the applications of 
analogue computer simulation to a wide variety of kinetic, mechanistic and analytical 
problems. 

An excellent discussion of the principles, objectives and general design philosophy 
of computer-controlled instrumentation for study and characterization of chemical 
reactions has recently been published by Deming and Pardue. This paper is certainly 
very important for any researcher interested in computer-based instrument design as 
it points out clearly the objectives in future design of kinetic analysis instrumentation. 
In this instrument, routine procedures as well as the decision-making procedures in 
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FIG. 2.-Block diagram of a hybrid (interactive) computer system for kinetic analysis.76 
Reprinted by permission of the American Chemical Society. 

data interpretation and experimental design have been automated. In this paper, 
Deming and Pardue presented two very picturesque block diagrams which point 
out very dramatically the differences in fundamental operational concepts between 
the procedures conventionally used for the instrumental characterization of a chemi- 
cal reaction and what these authors conceive as the general future trend of automated 
reaction characterization.gg These diagrams are reproduced here as Fig. 3 and 4. 
This paper also gives the details of the design of such an automated and computerized 
instrument and the results of test applications are very impressive. There is another 

Inltlatlon 

FIG. 3.-Operating procedures in conventional characterization of a chemical re- 
action.90 Reprinted by permission of the American Chemical Society. 
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FIG. 4.-Procedures proposed for on-line computerized automated characterization 
of a chemical reaction .o* Reprinted by permission of the American Chemical Society. 

recent paper on the design and operation of a totally automated chemical instrument 
system that should be mentioned here, although it does not involve kinetic analysis 
methods. Perone, Jones and Gutknecht lo5 have reported an electroanalytical system 
which also uses an on-line computer to analyse and interpret the results obtained 
during a repetitive electrochemical experiment and then control the various experimen- 
tal parameters of the experiment to optimize the sensitivity and resolution of the 
response and the analytical results. Perone loa has also recently published a detailed 
monograph chapter on the subject of real-time computer applications and optimiza- 
tion of experiments. 

BIOLOGICAL AND CLINICAL APPLICATIONS (ENZYME METHODS) 

Certainly the greatest amount of both use and research in the field of kinetic-based 
methods of analysis is in the general area of clinical analysis and other biological 
applications. Most of this work is oriented towards enzyme assay and the use of 
enzymes as specific reagents for a variety of different types or classes of reactants, 
such as the substrate in the enzyme-catalysed conversion reaction, inhibitors, acti- 
vators, erc. As the enzyme is a biological catalyst which acts to lower the activation 
barrier and hence accelerate the rate of certain specific reactions, without being 
consumed in the overall conversion reaction and generally without changing the net 
free energy difference (equilibrium constant) between reactants and products, it is 
not only logical, but also for the most part necessary, to employ kinetic methods in the 
complex systems of chemical and biological analysis. As mentioned in the introduc- 
tion, these types of analysis are of great importance in medical diagnosis and hence 
so is fundamental research on these analytical techniques, to broaden the scope of 
application and improve the speed, accuracy and precision of the methods. 

Guilbault has recently written a very comprehensive and well-documented book 
on enzyme methods of analysis. s He has also written extensive reviews of recent 
publications in this field. 14-17 Other recent books by Purdy,lo7 Udenfriend,lOB and 

2 
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Ruyssen and Vandenriesche lo9 have extensive discussions of kinetic-based clinical 
techniques, procedures, and methods. Also, there have been several monograph 
chapters on the various aspects of the subject by Blaedel and Hicks,6 Guilbault,ll” 
Phillips and Elevitchlll and Pardue.g There have also been other review articles by 
Bergmeyer,l* Devlin,lg Roth,20 Danev112 and Zuman.l13 It should also be pointed 
out that the literature of the various enzyme nanufacturers and supply houses as well 
as that of the various clinical instrumentation manufacturers is a wealth of information 
on methods and procedures of analysis. The literature will be reviewed here first 
according to the analytical species being determined and second according to the 
method used. As the literature is extensive, this review will attempt to cover only 
reports which represent significant improvements in procedures or inovations and new 
applications reported in the past few years. 

Determination of enzymes 

Since the enzyme is a biological catalyst and in most of the enzymatic catalysis 
reactions is not consumed, the rates of the reactions of the substrate (reactant) are 
strongly influenced by even small amounts of enzyme present. Thus the rates of 
enzyme-catalysed reactions are very sensitive to low enzyme concentration. A wide 
variety of experimental and instrumental procedures and techniques has been employ- 
ed in enzyme assay. 

Spectrophotometric andfluorimetric methods. The instrumental improvements in 
optical kinetic-based systems have already been discussed in the instrumentation 
section above. Much of this instrumentation was developed with enzymatic problems 
in mind. 

Using fluorimetric rate-measurements, Guilbault et al. have studied the effects of 
various fluorogenic esters on the determination of cholinesterase.l14 They reported 
that N-methylindoxyl esters were the optimum substrates in terms of both sensitivity 
and reagent stability. Guilbault and Zimmerman lls have also reported a technique 
for the determination of cholinesterase directly on a solid surface. Similarly, Guil- 
bault and Heyn lls tested several fluorogenic substrates for the determination of 
cellulase and suggest resorufin butyrate as the best substrate for a rapid initial-rate 
determination. Guilbault and co-workers 11’ have developed a considerably more 
accurate and rapid analysis for hyaluronidase by taking advantage of the high fluores- 
cence efficiency of indigo white. The optimum analytical conditions and fluorogenic 
substrates for a variety of lipase enzymes have been reported by Guilbault and Sada+* 
and Guilbault and Hieserman. 119 A comparative study of the use of umbelliferone as a 
fluorogenic substrate for acid and alkaline phosphatase with other commonly used 
substrates, showed that this substrate increased the sensitivity of the assay by 2-4 
orders of magnitude. 120 The applicability of a variety of naphthol derivatives as 
substrates for the phosphatase enzymes has also been reported.121-123 A systematic 
study of several new fluorometric substrates for sulphatase has been made and the 
fluorimetric method described appears to be superior to the usual calorimetric 
methods.l1° Fluorometric initial reaction rate methods for amino-acid oxidase,124 
peroxidase,l% glucose oxidase,125s12s xanthine oxidase125 and galactose oxidase126 
have been reported. Guilbault and Kramer127*128 have described a simple, rapid 
fluorometric method for the enzymes dehydrogenase, glucosed-phosphate dehydro- 
genase, 1 ,u-glycerophosphate dehydrogenase and glycerol dehydrogenase. Also, an 
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automated procedure for dehydrogenase has been reported which uses the reaction 
with the substrate resazurin to form the intensely fluorescent res0rufin.l’ 

A variety of spectrophotometric initial-rate methods for enzyme assay have also 
been described recently. Most of the methods cited below represent only minor 
modifications of the established procedures. However, the results reported have been 
used to show how the accuracy and precision of such determinations can be signific- 
antly improved by using modern instrument designs, lo Weichselbaum and co-workers 
have reported a very reproducible method for the determination of lactic dehydro- 
genase.21*74 These authors= and Pardue, Parker and Willisss also investigated kinetic 
methods for alkaline phosphatase. Pardue, Frings and Delaneyso have reported 
results for the determination of glucose oxidase and galactose oxidase by a variable- 
time method. James and Pardue have also studied the analytical results for the 
determination of alkaline phosphatase by a variable-time procedure12g and on-line 
computer system.rOa Toren et ~1.~~ have reported computer-based rate methods for 
acetic dehydrogenase and alkaline phosphatase. 

Electroanalytical methods. The application of electroanalytical techniques to 
enzyme assay by rate-based methods was introduced less than ten years ago.17*lo7 
As these techniques are very simple and capable of a high degree of accuracy, electro- 
analytical methods are quite promising. One of the first methods described was a 
AE/At rate method introduced by Guilbault, Kramer and Cannon.la” This technique 
has been employed in the determination of cholinesterase,130 glucose oxidase,‘31 
xanthine oxidase132 and peroxide catalase.l= Potentiometric58*134.136 and ampero- 

65*138*1s7 metric techniques have been reported for glucose oxidase and for galactose 
oxidase.138 Purdy 13Q has reported amperometric and coulometric methods for urinase 
and urease. Katzlm has also described a potentiometric method for the determination 
of urease, using a cation-sensitive electrode system as the detector. Guilbault, 
Smith and Montalvo141 have also reported the use of an NH4+-selective glass electrode 
for the determination of deaminase. There have also been polarographic techniques 
reported for the determination of cholinesterase, 14**lU 3-hydroxyanthranilic oxida&” 
and catalase.l& Curti has reported a potentiometric method using a silver-thiol 
electrode method for cholinesterase. Lipner and co-workers147 have reported the use 
of an oxygen galvanic cell system for the analysis of a variety of oxygen-consuming 
enzymes, and Malmstadt and Piepmeier designed a pH-stat system for a variety of 
enzyme rate determinations.L48 

Determination of substrates 

By far the greatest volume of recent research effort in enzymatic methods of 
analysis has been in the development of determinations of various substrates of 
enzyme-catalysed systems. A large variety of both organic and inorganic substrates 
has been studied. As Guilbault3*14-16~1s and Bergmeyer14s have presented extensive 
compilations of enzymatic methods for substrate analysis, only recent applications 
will be given here. 

Spectrophotometric and jluorometric methods. Several enzymatic methods have 
recently been reported for the analysis of carbohydrate substrates. Spectrophoto- 
metric methods for glucose,75*80~8s using modifications of the usual glucose oxidase 
catalysised technique, and galactose so by using galactose oxidase have been described 
by several research groups. Guilbault and co-workers have developed a very useful 
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technique for the fluorimetric analysis of various sugar mixtures.27e28 They reported 
the successful determination of lactose, maltose, fructose and glycogen mixtures by 
first reacting each sugar in separate aliquots with the specific enzyme which converts 
it into glucose, and using an initial-rate fluorimetric method which follows the forma- 
tion of resorufin in a coupled reaction to determine the glucose produced. The analysis 
of several other carbohydrate mixtures, glucose and sorbitol mixtures, and methanol, 
sorbitol, and xylose mixtures have also been reported.27*2s Guilbault, Sadar and 
McQueen 150 have used a similar procedure for the fluorimetric determination of a 
great variety of organic acids, both for single components of a mixture or for the 
simultaneous analyses of several acid components of a mixture. 

Weichselbaum et aL21 have reported a spectrophotometric maximum rate method 
for the determination of ammonia and blood urea nitrogen in biological systems. 
Faway and Dahl, 151 Mondzac, Ehrlich and Seegmiller,ls2 Reichelt, Kuamme and 
Iveit,l= and Kirsten, Gerz and Kirsten 154 have also described initial rate spectro- 
photometric methods for ammonia in various biological media. Roch-Rame1155 and 
Rubin and Knott15s have reported fluorimetric methods for the determination of 
ammonia. 

Schulz, Passonneau and Lowry 15’ have described a fluorometric method, and 
Faway, Roth and Fawayla a spectrophotometric method for inorganic phosphate. 
Two unique rate methods employing the enzyme catalyst immobilizedl’ in a solid 
matrix have been reported (considerable research is now being carried out on methods 
of immobilizing enzyme systems without loss of their catalytic activity.)3,17,5g Hicks 
and UpdikelGo have used lactate dehydrogenase immobilized in a gel for the assay of 
glucose and lactic acid. They have also coupled an immobilized glucose oxidase 
system with an electrochemical sensor for the determination of glucose in blood.161 

Determination of activators 

In many enzymatic catalysed reactions a substance called an activator is required 
before the enzyme itself becomes an active catalyst. 3*17 As the initial reaction rates of 
such enzymatic systems are proportional to the concentration of the activator (until 
all the catalyst is activated) rate measurement can be employed to determine the 
concentration of activator species in the same manner that is used for direct enzyme 
assay as discussed in another section of this review. Although this application has 
been shown to have considerable potentia13*6*17 and can under special conditions 
determine very small amounts [down to lo-r5 mole (162)], very little research on the 
analytical applications has been published recently. Only the method for the deter- 
mination of Mn2f and Mg2+ which are activators for isocitric dehydrogenase reaction9 
and the determination of Ca2f and Zn2f activators for alkaline phosphatase163 have 
been reported in the last few years. 

Determination of inhibitors 

There are many substances, called inhibitors, which cause a decrease in the rate of 
an enzyme-catalysed reaction. 3*6~17 In general, the decrease in the initial rate of an 
enzymatic reaction is directly proportional to the inhibitor concentration until total 
inhibition is reached (reaction rate reaches zero). Numerous examples have been 
reported recently of the determination of most common inorganic anions and cations. 
Guilbault has compiled a very complete list of the procedures for Ag+, AFf, Be2+, 
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Bi3f, Ces+, Cd”, Cos+, Cu2+, Fe2+, Hg2+, Ins+, Mn2+, Ni2+, Pb2+, Zn2+, 
CN-, Cr,O,s-, F- and Ss-.3 Very recently, Townshend and Vaughan have reported 
the determination of Hg2+ and Ag+ (inhibitors of alcohol dehydrogenase)lU and 
Be2+ and Zn2+ (inhibitors of alkaline phosphatase). 165 With growing concern for the 
effect of pesticides on the environment and the ecology, there has been considerable 
research on the application of the selective inhibition of enzyme activity by these 
substances. Kitz166 has recently published an extensive review of the inhibition 
effects on cholinesterase activity, as used for the determination of various organo- 
phosphorus compounds. More recentlyseveralmethods have been reported for a large 
variety of organophosphorus insecticides, etc. 167-174 Methods have been reported 
for a variety of chlorinated insecticides and herbicides,171*172*175*176 and carbamate 
insecticides 171~172~186-100 

There is a wide variety of factors such as choice of enzyme source and type, 
substrate, and other reaction conditions, which have considerable effect on the sen- 
sitivity and/or selectivity of a reaction for a particular pesticide inhibitor. There have 
been a large number of studies in this aspect.lso-173.1ss,1*g,1D1~1D2 

CHEMICAL APPLICATIONS OF RATE METHODS 

Comprehensive compilations of the various general chemical applications of 
kinetic determinations reported before 1969 have been given in two recent books1*2 
and a series of review papers. 11-13*16*1ss Druzhininls4 has reviewed the kinetic-based 
methods for organic substances, in air-pollution studies. Heills has reviewed kinetic 
methods applied to water analysis. Thus, this review will list only methods reported 
during the last two years, except in cases of special importance. These recent publica- 
tions are listed below in two groups, first the methods for determination of a single 
species, and second the methods for determination of two or more species by differ- 
ential reaction rate methods. 

Determination of a sin&e component 

Inorganic species. The majority of chemical applications of reaction rate methods 
of analysis have used catalysed reactions and have, in general, employed initial 
reaction rate procedures. Yatsimirskii has described in detail the techniques and 
application of catalysed reactions in a recent book.2 

Klockow, Ludwig and Giraudo lss have reported the use of a zirconium catalysed 
reaction between perborate and iodide which can be used for the determination of 
fluoride. The fluoride acts as an inhibitor in the parts per milliard (ppM) range. 
Bruton has devised an ion-selective electrode rate method for the determination of 
both fluoride and chloride.lE7 Thompson and Svehla ls8 have used the perborate/iodide 
system for the same type of catalytic determination of iron and molybdenum, and 
Weisz, Klockow and Ludwig Is9 have developed a new electrometric monitoring 
system for the determination of molybdenum. Cabello-Tomas and Westrw have 
described a “kineto-chromic” method for trace fluoride determination. Worthington 
and Pardue have reported a catalytic reaction procedure for the determination of 
trace ruthenium, using the Ce4+ and Ass+ oxidation-reduction reaction.lsl Janjic, 
Milovanovic and Celap lQ2 described a method for the ultramicro determination of 
manganese by its catalytic action on the oxidation of alizarin by hydrogen peroxide. 
Analytical applications of the iodine and osmium catalysed reaction between Ce4+ 
and As3f have been discussed by Rodriguez and Pardue.i” James and Pardue 
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have shown that built-in computer instrumentation is capable of determining levels 
of 10-g-lO-llM osmium, using this reaction system.lo3 Kreingol’d and co-workersrg4 
have described a kinetic method for Crs+ based on the catalysis of oxidation of the 
herbicide Methurin by potassium bromate. Dolmanova ef al.lg5 also reported a 
method for CrS+ based on the catalytic oxidation of o-dianisidine with hydrogen 
peroxide. The concentrations of Cu2+ solutions have been determined by measuring 
the effect on the oxidation of furfuraldehyde. 196 Ruthenium has been determined by 
Ottaway, Fuller and Allan$’ using the catalysis of the periodate oxidation of the 
tris[l ,lO-phenanthroline-iron( complex. Trace determination methods for Agf, 
Hg2f and I- have been reported by Bognar and Sarosi,lgs based on the catalytic 
Ag+-I- and Hg2+-I- titrations and the IO,--AsO, s- Landolt-type indicating system. 
Lazarev and Lazareva1gg*200 have devised two different kinetic methods for V5+. 
They made use of the catalytic action of Vr’+ on the bromate/5-amino-N-phenyl- 
anthranilic acid system1gs or the bromatelprimary aromatic amine system.200 Yatsi- 
mirskii and Kalininaml have also devised a trace vanadium method (0~01-100 ppM) 
based on the catalytic effect on the iodide oxidation by bromate. Hems, Kirkbright 
and Westm2 have employed the catalytic effect of SO,% on the zirconium/Methyl- 
thymol Blue reaction, for the determination of sulphate ion. A stopped-flow method 
for the kinetic determination of Fe3+ reacting with thiocyanate ion% and Sr2+ by a 
DCTA ligand-exchange reaction have been reported recently.31 

A method for the determination of trace Cu2+ by means of the catalytic effect on 
the oxidation of amidol by hydrogen peroxide has been reported by Kreingol’d 
et a1.203 Trace methods for the determination of Mn2+ by the catalytic effect on the 
oxidation of Indigo Carmine has been developed by Slychev and Tiginyanu.204 
The Mn2f catalysis of the oxidation of p-phenetidine by potassium perchlorate has 
also been employed in a trace analysis method.= A kinetic method for Mn2+ has 
been reported 205 which follows the complexation reaction rate with a sodium carmin- 
ate-ethylenediamine system, using an integral variant technique. The catalytic 
effect of iridium on the oxidation of diphenylamines by cerium(IV) has been used in an 
analytical application by Tikhonova and Yatsimirskii.207 Yatsimirskii et al. have 
also reported a kinetic method for the determination of iridium, which has been 
applied to paper chromatographic separation of noble metals.20s A kinetic method 
for the determination of cobalt in vitamin B12 uses the catalysis of oxidation of the 
dye Bordeaux S by hydrogen peroxide. 200 Another catalytic method for Co2+ has 
been reported by Costache and Popa 210 which uses the Bromopyrogallol Red oxidation 
by peroxide. Filippou, Zyatkovskii and Yatsimirskii have employed the catalysis 
of the p-phenetidinelbromate reaction by Oss+ for trace analysis.211 Segeda212 has 
used the Ti3+ reaction with hydroxylamine as the basis of a rate method. Bilidiene, 
Cepelionyte and Jesinskiene213 have reported a trace Cra+ method based on the cataly- 
sis of the Methyl Orange oxidation by hydrogen peroxide. Trace Ag+ has been 
determined by means of the catalytic effect on the oxidation of azo dyes by K2S205.214 
A novel technique for the determination of either Rh3f or Pd2+ by catalysis of the 
reduction of AgBr to Ag in a photographic emulsion by metol-hydroquinone devel- 
oper has been reported by Pilipenko, Markova and Kaplan.215 

Several reaction-rate modifications of the classic molybdenum blue method for 
the determination of inorganic phosphate have been reported.7g*84*98*21e.217 These 
techniques employ either fixed-time or variable-time initial reaction rate measurement. 
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Similar methods employing the measurement of the initial rates of formation of 
heteropolymolybdate have been devised by Hargis for the determination of bismuth.218 

Toropova and co-workers 219 have used an electroanalytical method of measuring 
the catalytic hydrogen wave of the cobalt-5-sulpho-%mercaptoquinolinate complex 
to determine trace amounts of Sbs+. Lukaweiwicz and Fitzgeralda20 have devised a 
fast photokinetic method for the determination of Fe3+. 

Organic species. Gilbert 221 has reported a pulse polarographic method which uses 
the Coat catalytic hydrogen wave for determining trace amounts of cystine. Rodzie- 
wicz et al.222 have proposed a kinetic method for the determination of various phenolic 
compounds. A very sensitive method for the estimation of RNA by the Cu2+ catalysed 
orcinol reduction reaction has been reported. 223 Tutt and Schwartz224 have devised a 
spectrophotometric assay of Ampicillin (a-aminobenzyl penicillin) involving a maxi- 
mum rate method. The catalytic polarographic prewave of Ni*+ organic diamine 
systems has been proposed as a means of measuring the pKvalues of certain sparingly 
soluble organic amines. 225 A kinetic method for the determination of the stability 
constants of various metal complexes has been reported by Cohen and Connors.2M 
Pillai, Lakshmenon, and Saryanarayana227 have described a “redoxokinetic” 
titration method for organic acids. Szepesi and Gorog have reported a method for 
the determination of organic amines, which follows the rate of the acetylation or 
formylation reactions.2as 

Simultaneous analysis of mixtures 

Inorganic systems. Margerum et al. 31 have reported a differential reaction rate 
method for the analysis of binary and ternary mixtures of lanthanides, transition 
metals, group II and group III metals, as DCTA complexes reacted with Hf and/or 
an exchanging metal ion. Pausch and Margerum 23 have also reported the use of a 
stopped-flow spectrophotometric method for the simultaneous analysis of binary 
mixtures of Mg2+, Ca2+, Sr2+ and Baa+, using the exchange reactions of Pb2+ with 
alkaline earth metals complexes. Willis et al. 24 have improved this method by employ- 
ing computer control and data reduction. Rodriguez and Pardue22B have used the 
iodide and osmium catalysis of the Ce4+-As3+ reaction for the simultaneous deter- 
mination of I- and Ose+. Ingle and Crouch have reported a simultaneous differential 
rate procedure for silicate and phosphate in mixtures.230 

Organic systems. Lohman and Mulligan have analysed mixtures of ethanolamides 
by a differential saponification rate method. 231 A kinetic method for the analysis of 
mixtures of glycols, using the cleavage reaction with lead(IV) has been reported by 
Benson and Fletcher.2s2 Binary ketone mixtures have been determined by Toren and 
Gnusew by taking advantage of the differences in the reaction rates with hydroxy- 
amine hydrochloride. Greinke and Mar+? have used the same reagent in the deter- 
mination of various carbonyl mixtures. Zaia, Peruzzo and Plazzogna have reported 
a differential reaction rate method for mixtures of various hexa-alkyl-ditin com- 
pounds.2s3 Shresta and Das have reported a second-order graphical extrapolation 
method for the simultaneous analysis of various organic amine mixtures.254 

FUNDAMENTAL KINETIC STUDIES RELATED TO ANALYTICAL 
PROBLEMS 

There have been numerous papers in the recent literature concerned with basic 
or fundamental kinetic studies on chemical systems which are either directly or 
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indirectly related to analytical methods and procedures. Some of the basic work is 
intended to develop new methods and reactions for kinetic-based analytical tech- 
niques and some is intended to determine the mechanism of reactions involved in the 
more common equilibrium (or thermodynamic) methods. Once the details of such 
reaction mechanisms are known, it is possible to systematically improve a method. 
Recent papers in these two catagories are listed below. It should be pointed out that 
there is a huge volume of literature devoted to both inorganic and organic chemistry 
which involves the measurement of kinetic characteristics. It has been pointed out 
previously that this literature is a wealth of potentially analytically useful systems.l~r 
While this review will not attempt to list the publications in this area of research, 
the reader should be aware of its existence when faced with devising an analytical 
procedure for a new problem. There are a number of recent reviews of kinetic 
studies of the reactions of both organic*“a54 and inorganic species.255261 

Perhaps one of the major advances in sensors for rapid and selective in situ 
analysis has been the breakthrough in the theory and design of ion-selective electrodes. 
These have already been employed in a huge number of equilibrium (potentiometric) 
analytical methods. Recently Rechnitz and co-workers have also demonstrated that 
ion-selective electrodes are applicable as sensors in kinetic measurements.60~61*83~*4* 
262--289 They have studied metal complex reactions,63*s4,2s2~265*266 instrumentation 
considerations,s1*267 fast reaction applicationszss and biological systems.g0 Friedman, 
Palaty and Nakashima 270 have used ion-selective glass electrodes in the study of 
alkali metal ion-exchange processes. Honaker and Freiser2’l and McClellan and 
Freiser272 have shown that solvent extraction methods can be employed, under 
certain conditions, to study the kinetics of fast chelation reactions. Subbaraman, 
Cordes and Freiser273 have also studied the affect of auxiliary complexing agents on 
the rate of Zna+ and Ni2+ extraction with diphenythiocarbazone. McClellan and 
Menis19 have studied the kinetics and the mechanism of Fe2+ extraction with /?- 
isopropyltropolone. Although there have been no direct applications taking advant- 
age of the differential kinetics of extraction processes reported in the recent literature, 
it is obvious that there is a potential for future development. Hans has published a 
theoretical paper on electrolyte extraction kinetics.275 

As the various organic and inorganic forms of phosphate are now recognized 
as a very large pollution hazard with respect to the ecological balance in natural 
water systems, the problem of trace determination of phosphates has received con- 
siderable attention in the recent literature. The standard calorimetric and/or spectro- 
photometric method for inorganic phosphate is the reaction with molybdate to form 
the 1Zmolybdophosphoric heteropoly acid species. There have been kinetic mecha- 
nism studies of these reactions by Javier, Crouch and Malmstadt.276 In similar kinetic 
studies which have analytical significance, Hargis and co-workers have studied the 
reactions for the formation of silicon and bismuth heteropolymolybdates.21**277-279 
Solkovikov and Prinachek have reported the study of the mechanism and kinetics of 
the reaction of APf with hafnium-molybdenum heteropoly acids.2*0 Also in the area 
of environmental problems, Weber and co-workers have reported on studies of the 
rates of adsorption of organic pollutants,m4 pesticides,%’ and alkylbenzenesulphon- 
ates2*2sm3 on various activated carbons. These studies have potential for the improve- 
ment of activated carbon through a better understanding of the adsorption mechanism, 
and also for the determination and separation of various pesticides and pollutants.285 
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It is important to point out here that another group *6.287 has reported a kinetic-based 
pollution treatment system based on the misinterpretation of the results of Weber and 
Morri~.~**~ 

In the past few years there have been a number of kinetic analytical methods 
reported that employ @and-exchange reactions of metal ion complexes. These 
initial efforts in this area indicate that these types of metal ion complex reaction 
have considerable promise for broad analytical application, as discussed in a previous 
section of this review. Because of this potential certain recent papers describing 
fundamental kinetic and mechanism studies of metal ion complex systems are listed 
here. Funashashi and Tanaka 213~~0 have studied the ligand-exchange reactions of 
various Coa+, CuU- and Ni2+ complexes with 4-(2-pyridylazo)resorcinol. Frost and 
Hart have studied the ligand transfer kinetics of reactions of Eu3+-(2,2,6,6_terpyridine) 
complexes with Tb 3+.2s1 The kinetics and mechanism of other ligand transfer reactions 
have also been reported. 2s2 Ligand-exchange reactions of cobalt complexes have 
been reported.2g3 Carr and Reilley 2s4 have reported a study on the kinetics of the 
ligand-exchange reaction of ethylenediaminetetra-acetate ion with ethylenediamine- 
tetra-acetatonickel(I1). Pausch and Margerum,31 and Willis et aI.% have studied the 
ligand-exchange kinetics of strontium complexes of trans-DCTA and hydrogen ion, 
using Pb2+ as a scavenger. 

Recently there have been several reports on kinetic studies using thermogravi- 
metric methods. Sharp and Wentworth,2Q5 Carroll and Manche,29B and Wentworth 
and Sharp207 have had an exchange of correspondence on this subject. Taylor and 
Watson2s8 have reported a method of determining relative reaction rates by a differ- 
ential thermal analysis method. Cerceo 2sQ has used an evaporation-rate method to 
determine the degree of “cure” of polymeric materials. Dorko and co-workers have 
developed a differential scanning calorimetric method for studying the kinetics of 
solid state reactions.300 The application of scanning calorimetry to thermal kinetic 
studies has been reported by Rogers and Smith. 301 Thermogravimetric studies of 
decomposition reaction rates have been reported by Savins02 and reviewed by Sestak30s 
and by Skvara and Satava.30P 

Hammer and Craig 305 have studied the kinetics of the /?-chloroamine reaction 
and Joris, Aspila and Chakrabarti 308 have reported the results of the decomposition 
reactions of monoalkyldithiocarbamates. Sand and Huber have developed a differ- 
ential constant-current potentiometric method for application to kinetic-based 
analysis.307 Franke130B has devised a nuclear magnetic resonance technique for follow- 
ing the rates of ion-exchange reactions. 

Froede and co-workers3m have reported the development of a rapid-sampling 
system for use in studying intermediate-speed reactions. A rapid method for the 
determination of first-order reaction rate constants has been described by Vialea 
and Roy and Al-Jallo $11 have reported a spectrophotometric study of the kinetics 
of saponification reactions of alkyl ester compounds. Patton and Lange+ have 
reported an interesting reaction kinetic method for the detection of void zones in 
gas chromatographic columns. Rodriguez and Parduem have made an extensive 
study of the iodine-catalysed reaction between Ce4+ and Ass+ in sulphuric acid. 
Other studies of the kinetics of catalysed reactions of potential analytical interest 
have also been reported. The catalytic effect of Cu2+ and Fe3+ ions on the reaction 
of Pu3+ with chlorine in chloride solutions has been reported by Mazumdar et al.313 



740 HARRY 3. MARK, JR. 

314 Habig, Pardue and Worthington have found that the catalysis of the reaction 
between Ce4+ and Ass+ by 0s7+ is first-order with respect to OS?+ over a wide concen- 
tration range. With another osmium-catalysed system, Domka and Marcinieca16 
have shown that 0~0, catalyses the d~ompositio~ of hydrogen peroxide and the 
oxidation of Indigo Carmine with peroxide. Yoshiro and co-worker9 have reported 
on the Cu+-catalysed oxidation of Mow solutions. The activity of Ag+ as a catalyst 
in the oxidation of Tlf by Ce*+ has been studied by Zeltmann.317 Bhat and Khan3r8 
have studied the catalytic effects of F- and Cl- on the oxidation reactions of various 
metal ions. 

In other kinetic studies of analytical interest, Burkhart and Newtonsrs studied the 
redox kinetics of V2+ and Np4+ reactions, Flechon and Chavaneam studied the reduc- 
tion of silver salts by EDTA, and Matyakha and co-workers821 have reported kinetic 
studies of reduction of Ce4+ oxalate complexes by hydrogen peroxide. In other redox 
reaction studies, Krishna and Singh s2a have reported results on the oxidation of I- by 
ferricyanide in acid media, Davies and co-workers323 have reported on the Mn2+-H,02 
reaction, and Goldberg and Obukhova 3ap have studied Mn” reduction by caproic 
acid. Everett and Skoog have made a kinetic study of the As3+ and Ce4+ redox 
reaction.325 

Tockstein and Tocksteinova z86 have developed a unique oxidation-reduc~on 
titration which they called a kinetic titration. They employed the measurement of the 
rate of change of potential with time, using a zero faradaic current condition as titrant 
is continuously added. They report that they were able to determine two substances 
with exactly the same formal potentials provided the reaction rate constants were 
different by about two orders of magnitude. Sinfelt has reviewed the applied applica- 
tions of reaction kinetics and catalytic reactions ,327 Samandi and Jaky have studied 
the mechanism of the oxidation of various organic carboxylic acids with permangan- 
ate.3as Masood, Shastri and Krishna s*@ have studied the effects of the nature and 
concentration of electrolytes on the kinetics of the alkaline fading of phenolphthalein. 
Smiths30 has recently published a second edition of the book, Chemical Engineering 
Kinetics~ which contains extensive information on applied uses of reaction kinetics 
and other information of potential analytical interest. 

!Zusammenfassun8---Es wird eine ‘Ubersicht iiber Prmzipien und 
Anwendung katalytischer und kinetischer ~alysenmethoden gegeben. 

R&sum&-On presente une revue des principes et applications des 
m&odes d’analyse par catalyse et vi&se de reaction. 
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Summary-A review is given of the principles and application of 
catalytic and reaction rate methods of analysis. 

As INSTRUMENTATION technology, measurement techniques, electronic circuitry, 
and analytical procedures have advanced in recent years to a very high degree of 
development, the accuracy and precision necessary to make dynamic reaction systems 
applicable to both routine and special analytical problems have become available. 
Thus, there has been considerable research by a fairly large number of analytical 
chemists on the development of instrumentation, methods, and applications of 
kinetic (dynamic) based analyses for both new and old analytical problems. In fact, 
some analytical chemists, the author included, have been heard to say that these 
advances in instrumentation and electronic circuitry have “opened up a completely 
new area of research in analytical chemistry.” Such a statement is not really accurate, 
of course, as kinetic based methods of analysis have been used for many years by 
clinical chemists for enzyme assay and other biological and medical tests. It would be 
more correct to say that analytical chemists have recently realized the tremendous 
potential in the application of kinetic methods and are now opening up new areas and 
applications for these methods. Also they are actively engaged in improving the 
sensitivity as well as the accuracy and precision of such methods. This realization of 
the potential of kinetics in analysis came about when it was recognized that kinetic 
based procedures have several inherent properties which can be used advantageously 
in analysis. 

First, analytical chemists have long realized that in a real analytical problem, the 
species to be determined is rarely found unaccompanied by one or more substances 
that are closely related chemically and/or physically, and generally separation tech- 
niques must be used, which are often laborious and lead to considerable error in the 
analysis. There are also cases, such as the analysis of the ratio of different functional 
groups in the same polymer molecules, where non-destructive separation is impossible. 
Thus, it is clear that the analysis should (or must) be performed without prior separa- 
tion. 

Methods for in situ analysis of a mixture of species having similar properties can 
be classified as either thermodynamic (equilibrium) or kinetic (dynamic) depending 
on the method used to eliminate or reduce the interference of the other components 
of the mixture. A thermodynamic masking involves the alteration of the equilibrium 
conditions of the solution in such a way as to render all reactions, except the one(s) 
of analytical interest, thermodynamically unfavoured. The kinetic approach involves 

* For reprints of this Review, see Publisher’s announcement near the end of the issue. 
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utilizing differences in the reaction rates (or adjusting them if necessary) to isolate the 
reactions(s) of analytical interest. The thermodynamic differences in reactions of 
closely related compounds, such as homologues or isomers, with a common reagent 
are often much too small to be used for analysis of mixtures. However, the kinetic 
differences are usually quite large and permit either individual or simultaneous in situ 
analysis of the components of the mixture. This arises from the fact that the free 
energy of activation and hence the rate constant for any reaction is very dependent on 
the effect of structure of the reactants on formation of the activated complex, etc. 
Thus, reactions of closely related species which differ slightly in structure will often 
have essentially the same net change in free energy for the overall reaction but will 
reach equilibrium at widely varying rates. Also, changes in temperature, solvent 
characteristics, activity changes, etc., have much larger effects on the relative rate 
constants of similar species than they do on the relative values of the equilibrium 
constants. 

Secondly, a large number of inorganic and organic reactions can now be used in 
analysis. Many chemical reactions are not sufficiently uniform in behaviour to be 
used in equilibrium-based methods as they attain equilibrium slowly, have side- 
reactions, or are not sufficiently quantitative (the formation constants are too small) 
to be applicable. However, the same reactions can be used easily under initial 
reaction-rate conditions (explained below in the text). Also catalytic kinetic methods 
are considerably more sensitive than equilibrium methods, and kinetic-based enzy- 
matic reactions are often extremely selective for a particular substrate. 

On the other hand, kinetic techniques have one obvious and serious disadvantage. 
Any dynamic measurement includes time as an experimental variable, which is not 
the case in equilibrium measurement. It is probably this consideration that has made 
analytical chemists in the past somewhat afraid of using kinetics as an analytical tool. 
However, recent developments in instrumentation, especially in computer-based data 
analysis, signal-averaging and automation have overcome this fear of lower measure- 
ment accuracy. 

As a result of this increase in interest, several books have been recently published 
on various aspects of the subject. 1-5 Mark, Rechnitz and Greinkel published a 
comprehensive text on kinetic analytical techniques and mechanistic studies related 
to analysis problems, YatsimirskiF has given an extensive compilation and discussion 
of the application of catalytic reactions in trace analysis, and Guilbault,3 Bergmeyer, 
and Ruyssen and Vandenriesche5 have written texts covering the area of enzymatic 
reactions in analysis. There have also been monograph chapters by Blaedel and Hicks,s 
Mark, Papa and Reilley,’ Janata ,3 Pardues and Crouchlo on various aspects of 
kinetic analysis. The last two are especially significant as they deal with the principles 
and advances in instrumentation designed specifically for kinetic analysis, There 
have also been the extensive review articles by Rechnitz,ll-I3 Guilbault,lP1’ Berg- 
meyer,l* Devlin”’ and RothzO on various aspects of kinetic analysis in chemistry and 
clinical chemistry. 

Because the early literature on reaction rate techniques applied to chemical 
analysis is very well reviewed in the publications cited, this review will generally 
cover only the literature contributions of the past 2-5 years, though particularly 
important earlier work will be cited. 

The topics reviewed individually are recent advances in methods of kinetic analysis, 
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new procedures and approaches to chemical analysis, and reports of kinetic studies of 
systems which are of specific interest and/or application to analysis. (The huge 
literature concerned with fundamental kinetic studies of reaction kinetics and mecha- 
nisms will not be reviewed.) 

MATHEMATICAL BASIS OF KINETIC METHODS OF ANALYSES 

A very large number of methods for the calculation of the initial concentration(s) 
of the species of interest from reaction rate data have been developed over the past 
few years. These methods involve, in general, simple mathematical manipulation 
and rearrangement of the usual differential or integral forms of the classical reaction 
rate equations. With few exceptions most have been reported within the past 5-10 
years. They can be classified in two main categories: methods for a single species 
and methods for the simultaneous in situ analysis of mixtures. Within each category, 
the methods can be subdivided according to the kinetic order of the reactions: 
pseudo zero-order or initial rate methods, first-order and pseudo first-order methods, 
and second-order techniques. The principles, mathematical treatments, applicability 
and limitations of these methods have been discussed in some of the works already 
cited.1*6~7*s*10 Recent papers are reviewed below. 

Methods for determination of a single species 

Pseudo zero-order methods. This approach is the most commonly used in routine 
and special applications, partly owing to the simplicity of the calculations and the 
fact that essentially all catalytic methods, both chemical and enzymatic, use pseudo 
zero-order conditions during the rate measurement. The principle of the initial-rate 
methods is simple as they are based on taking measurements only during the initial 
l-3% or so of total reaction. Under these conditions the amount of reactant con- 
sumed and product formed is negligible (i.e., the concentration of the reactants does not 
change appreciably during the period of the rate measurement) and hence the rate 
curve is essentially linear, its slope being proportional to the concentration of the 
reactant being determined. 1*6*7*s~10 There are other advantages besides simplicity of 
calculation. First , the reverse reaction can be ignored, and secondly, complications 
such as side-reactions are minimal. Three initial-rate methods are described in the 
literature. The direct approach is the derivative slope method where the rate of the 
reaction is measured by electronic derivative circuitry.s*10*21*22 Margerum and 
co-workersB-26 have described a stopped-flow derivative method for determination of 
a single species. This technique uses repetitive slope measurement during each run, 
and signal-averaging by a built-in computer to improve the analytical results. In the 
second approach, essentially a two-point method called the fixed-time method,1,g*7*s*10 
the change in concentration of product (output signal) is measured over a fixed 
time-interval, giving (AC/At) which is, of course, the slope of the rate curve. The 
third approach is also a two-point method, the variable-time method.1*s*7*sJ0 In 
this method the time interval, At, required for the output signal to vary between two 
fixed values (AC) is measured. These three initial reaction rate methods have been 
used for both catalysed and uncatalysed reactions.1*8*s The concentrations of the 
catalyst (including enzymes) as well as of catalyst activators and inhibitors have been 
determined.1*3~s*17 
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First-order and pseudo first-order methods. Crouch has discussed the principles 
and parameters of importance for a non-linear response variable-time procedure for 
first-order and pseudo first-order reactions. lo Mark, Rechnitz and Greinkel have also 
discussed the criteria for neglecting the contributions of either faster or slower-reacting 
components in the kinetic determination of a single species in a mixture. Janata and 
Mark25a have suggested analogue simulation techniques for the analysis of such rate 
curves. 

Second-order methods. Very little work has been reported on the analytical 
applications of second-order conditions for determination of a single species. Weich- 
selbaum et aL21 have described derivative methods in which the maximum rate ob- 
served during an autocatalysed reaction run under second-order conditions was applic- 
able for the determination of ammonia and blood-urea nitrogen. Janata and Mark2’* 
have also discussed analogue simulation of second-order rate curves for determination 
of initial concentrations. 

Methods for the simultaneous in situ analysis of mixtures 

The development of methods for the in situ simultaneous determination of closely 
related components of mixtures has received considerable attention. As discussed in 
the instrumentation section, the tremendous advances in the accuracy and precision 
of rate measurements makes these methods practical. 

Pseudo zero-order methods. Mark has reported an initial reaction rate method 
for the simultaneous assay of two alcohols, using enzyme-catalysed reactions.26 
Guilbault and co-workers17,27*28 have reported a very effective method for the in situ 
analysis of multicomponent mixtures of a large variety of different and closely related 
substrates by taking advantage of enzyme catalysis selectivity. 

First-order andpseudo$rst-order methods. Though each of the methods developed 
for reactions of this type is applicable to true first-order reactions, all the applications 
reported, with the exception of radionuclide decay reactions, are to second-order 
reactions run under pseudo first-order conditions (where either the reactants or the 
reagents are in very large excess and, hence, do not change appreciably in concentra- 
tion during the course of the reaction). l A graphical method (called the logarithmic 
extrapolation method) based on the extrapolation of a typical first-order log response 
us. time plot of the total rate curve has been described for binary mixtures where the 
reagent is in large excess with respect to the total concentration of the unknown in 
the mixture.l Lee and Kolthoff have described a mathematical single-point method 
based on a single measurement made at a fixed time during the reaction, for the same 
pseudo first-order conditions. 29 Garmon and Reilley have described a very simple and 
successful method of proportional equations based on the principle of constant 
fractional life.l*7*3O This method is applicable to both simple and complex first-order 
reaction sequences. Margerum and co-workers 23-zs*31 have described a continuous 
measurement approach to the method of proportional equations which is more 
accurate than the finite point approach of Garmon and Reilley’*” and have extended 
the method successfully to three-component mixtures. Roberts and Regan32 have 
devised a mathematical single-point rate measurement procedure and Greinke and 
Mark33 have devised a method of proportional equations for the reaction condition 
which is pseudo first-order with respect to the reagent concentration ([reagent] << 
[mixture]). 
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Second-order methods. Siggia and HarmaSP have devised a second-order graphical 
(logarithmic) extrapolation procedure for the complete analysis of binary mixtures, 
the reagent and reactant concentrations being of the same order of magnitude. 
Reilley and Papa developed a second-order linear extrapolation method for the special 
case where [mixture] = [reagent]. 35 For both of these second-order systems Reilley 
and Papas and Papa, Mark and ReilleysS have developed mathematical single-point 
and double-point methods which eliminate the need for a graphical plot. Lee and 
KolthoffW have developed a different mathematical single-point method for the 
special case [mixture] = [reagent]. Schmalz and Geisele1374 have reported a 
graphical differential method and graphical integral method for second-order reac- 
tions. They have presented several different modifications of each method. 

Applicability and limitations of the various methods for the anabsis of mixtures. As 
can be seen above, many different methods have been reported in recent years. 
These methods not only employ different reaction order conditions, but also use 
different mathematical and/or graphical methods of data manipulation and display 
and some make certain experimental and mathematical assumptions. The choice of 
the best method and conditions for a specific problem is not intuitively obvious,l 
and considerable work on this problem has recently been reported. Ingle and Crouch 
have examined the relative merits and limitations of the fixed-time and variable-time 
methods of data treatment for catalytic and pseudo first-order reaction procedures.41 
They have shown that the fixed-time method is preferable for first- or pseudo first- 
order reactions and substrate determinations in catalytic reactions. However, their 
error analysis shows that the variable-time approach is best for enzyme and catalyst 
determinations and also for non-linear response-rate curves. Reilley and Papas6 and 
Papa, Mark and ReilleySB have discussed the optimum conditions for the second-order 
linear and graphical extrapolation methods. Mark, Greinke and co-workers1*88*42*43 
have developed a very detailed error analysis for all the first-order and pseudo first- 
order methods discussed above. They have shown that for binary mixtures the choice 
of the best method for a particular mixture and of the optimum analysis conditions 
and experimental parameters of the chosen method was strongly dependent on the 
ratio of the rate constants as well as on the ratio of the initial concentrations of the 
species of interest in the mixture. They also gave a set of rules of thumb1s4* for use 
as rapid guide lines for the choice of method and optimum conditions. There have 
also been a few experimental comparisons of the results obtained by using some of 
the pseudo fust-order methods,1*4P46 which are in general agreement with the theo- 
retical predictions of the error analysis treatments. Siggia and Hanna4’ and Greinke 
and Mark4s have also discussed the relative influence of synergistic effects on the 
accuracy of the various first-order and pseudo first-order methods. Such effects can 
often be ignored in graphical extrapolation methods, but can lead to huge errors 
in any of the non-graphical methods. Greinke and MarkU point out that when 
a non-graphical method is used it is absolutely necessary to have a very complete under- 
standing of all the chemistry of the reactions employed. 

Recently there has been a very important series of papers by Margerum and co- 
workers on the parameters affecting the accuracy of the simultaneous analysis of 
mixtures by pseudo first-order reaction methods. 25-26*31 Their conclusions are that 
their approach to the problem is the superior method in several examples of the use of 
reaction rate methods for analysis. In the early development of differential reaction 
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rate methods for the simultaneous in situ analysis of mixtures of closely related 
substances, the chemical reactions used were not suitable for continuous automatic 
measurement of the entire rate response curves,l*’ and calculations were generally 
done by hand. Hence, the emphasis at that time in the development of the reaction 
rate methods was on minimizing the number of experimental points taken and on 
predetermining the optimum times, etc., for taking the readings.l*’ However, in 
recent years the advances in electronic circuitry and computer technology have had a 
tremendous influence on the design of instrumentation for kinetic analysis. These 
instrumental advances have also had a strong influence on the principles and ap- 
proaches to differential rate methods. Margerum and co-workers23-25*31 (and also 
Weichselbaum and co-workers 21*4s) have shown conclusively that the use of built-in 
computation systems allows continuous analysis of the entire reaction rate curve. The 
results are thus immediately processed with both ensemble averaging and smoothing 
routines. Experimental results and detailed error analysis have shown that this 
approach to data acquisition, reduction and display leads to a much greater accuracy 
and precision of the analytical results. 23--25s31 In fact, good results can be obtained for 
fast reaction differential rate analyses where the usual finite or minimal data point 
methods fail completely .23s31 Obviously, this approach will be that used in most 
future developments in kinetic-based methods of analysis. 

INSTRUMENTATION 

As mentioned above, the major reason for the considerable increase in practical 
applications of kinetic-based methods is the tremendous advance that has been made 
in quantitative chemical instrumentation and electronics in the past few years, 
especially the efforts of instrument manufacturers and certain research groups to 
design instruments which apply these technological advances to meet the special 
features and demands of kinetic measurements on dynamic systems. Perhaps the most 
important of these advances is a consequence of the fantastic developments in both 
analogue and digital computer technology, as a result of which low-cost linear and 
digital integrated circuits have been made readily available to people interested in 
designing chemical instrumentation for ultrasensitive measurement. To quote a 
statement in a recent publication by Crouch, lo the availability of integrated circuits 
“is revolutionizing instrumentation in science.” 

The instrumental advances can be classified in three separate but overlapping 
categories. First there are the improvements in the accuracy and precision of the 
reaction monitoring system electronics such as the excitation and transducer response 
circuits which create and measure the signal which is proportional to some time- 
dependent parameter in the chemical reaction (e.g., improved stabilization of 
spectrophotometer light sources and increases in the sensitivity of photoelectric 
transducer circuitry). Secondly, the availability of low-cost computing elements has 
made it possible to build into the instruments either limited or elaborate self-con- 
tained computing capability. The extent and elaboration of the computation capabil- 
ity is, of course, reflected in the price of the instrument. These built-in computers 
can vary from a simple device to convert an initial-rate slope into a digital display of 
the concentration of the species to be determined, to a full-scale computing device 
which not only handles data reduction but also controls the operation and timing of 
the sequential operations in the experiment. In the extreme case, the computing 
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device operates in a feed-back mode and can sample and analyse results during the 
course of an experiment and then alter the experimental control parameters in such 
a way as to optimize the sensitivity and/or selectivity of the determination. The third 
area of advance is in automation design. This includes advances in the mechanical 
design and accuracy of sampling units, reagent addition and mixing procedures, etc, 
as well as the application of computing devices to start, control and time the automa- 
ted procedures and devices (which illustrates the overlap of the three categories). 

In the area of new developments in instrumentation of kinetic methods of analysis, 
there have been two excellent monograph chapters published recently which discuss 
the basic principles and applications of analoguedigital circuitry employed in con- 
siderable detail data reduction and automation design.g*10 The chapter by CrouchlO 
is especially comprehensive and clear in its discussion of computer-based kinetic 
method instrumentation. 

Reaction monitoring 

System electronic circuitry. The first problem in improving the accuracy and 
precision of kinetiobased analytical results is improving the quantitative nature of 
the total reaction monitoring system (spectrophotometric, potentiostatic, conducto- 
metric, etc.) and modifying it specifically for time-dependent measurements in follow- 
ing reaction rates. It is convenient to discuss the advances according to the type of 
measurement system. 

Spectrophotometric systems. One of the major problems in adapting spectro- 
photometric instrumentation to kinetic measurement is that of light-source variation. 
This problem is inherent in any spectrophotometric system and even though this 
technique is relatively simple and generally applicable, it has caused kineticists in the 
past to shy away from spectrophotometric systems for accurate measurement, because 
such light-fluctuations are often of the same or similar time period as the reaction 
being followed.21*49 Most commercial spectrophotometers which are designed for 
time-independent spectral measurements minimize such light-source variations by the 
use of double-beam optical systems which partially cancel fluctuations by periodic 
comparison of reference and sample beam intensities. Such double-beam systems 
have not generally been considered suitable for spectrophotometric instruments 
specifically designed for reaction rate measurement. Such systems seriously limit the 
response-time of the instrument, tend to introduce significant noise, and also add to 
the cost and complexity of the instrument,10*21*4g so most designs for kinetics instru- 
mentation employ a single-beam (non-wavelength-scanning) system and concentrate 
on lamp stabilization. 

Weichselbaum and co-workers 21*49 have described a simple stabilization system 
which regulates the lamp voltage. This circuit compensates for variations in the lamp 
filament resistance and is thus more efficient than the more common techniques 
which regulate only the applied voltage or the applied current. Further stabilization 
is achieved by having a thermal convection baffle in the lamp housing. This source 
system was reported to give a drift of less than 0.003 absorbance units per hour. 

As the stabilization method of Weichselbaum et a1.21.49 controls the lamp electrical 
input and does not directly control the actual lamp output intensity, an uncertainty is 
introduced into the measurement. Loach and Loyd,SO and Pardue and co-workers51*62 
have reported several different circuits which use an optical feed-back system for 
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lamp stabilization. The lamp output beam is split and one beam is monitored by 
means of a photomultiplier tube, the signal from which is fed back to the lamp power 
supply as an error signal which modifies the power supply voltage to maintain a 
constant intensity output. Fluctuation of less than 0.03 % transmission per hour has 
been attained.sO 

The elimination of detector noise and drift is also a critical problem in the applica- 
tion of a spectrophotometric system to kinetic analysis, especially if the derivative of 
the rate curve is being determined by a built-in computation module or unit21*4B as 
discussed in a later section. Weichselbaum and co-workers21*4B discussed the relative 
signal-to-noise ratios for photodiode tubes and photomultiplier tubes in some detail. 
They found that when both types of phototransducer are operated at the same anode 
current, the photodiode tube has a higher signal-to-noise ratio than the photomulti- 
plier. They concluded that the photodiode tube was thus more applicable in non- 
wavelength-scanning spectrometers designed for kinetic measurement, where light 
source intensity is not a limiting factor. Crouch and co-workers10*53 have pointed 
out correctly that this evaluation of comparative applicability from signal-to-noise 
ratios at constant anode current is not valid for all spectrophotometric uses. They 
demonstrated that for systems where the light level is low and/or cannot be controlled, 
a photomultiplier gives better results. Weichselbaum and co-workersa*4a have also 
reported that vacuum phototubes have more favourable signal-to-noise ratios than 
similar gas-filled tubes. A recent paper by Franklin, Horlick and MalmstadtU 
discusses the optimum criteria for stability of the power supply to the detector. 

Recently, fluorimetric methods for kinetic analysis of a variety of materials, 
mainly of a biological nature, have also been developed.10*G*S6 This technique, 
although less general in application, has inherent advantages over normal absorbance 
spectrophotometry in that it is considerably more sensitive for certain high-efficiency 
fluorescent systems, and in dilute solution the fluorescence intensity is directly 
proportional to chemical concentration, which reduces signal processing (lineariza- 
tion) significantly. Though so far no papers have been published specifically describing 
special electronic circuit design and modification of standard fluorimeters for kinetic 
measurement, it can be stated that similar criteria and/or requirements for detector 
noise and drift and excitation light-source reproducibility are the same as discussed 
above for spectrophotometric measurements. 

Electrometric systems. Because of the simplicity and ease of making highly 
accurate current or voltage measurements (made possible by analogue operational 
amplifier circuitrys7) considerable work has recently been done on adaptation of 
potentiometric, constant-current coulometric, and amperometric monitoring of 
reaction rates for analytical determinations. Some of the early work on potentio- 
metric measurement used a concentration cell technique.68 Rechnitzand co-workers5@-s4 
have described the applications of various ion-selective electrodes in potentio- 
metric measurement of reaction rates and kinetic analysis. They have also reported 
the application of a fast-response, high input-impedance, differential amplifier circuit 
for kinetic measurement, using two different ion-selective electrodes as the potentio- 
metric cell.5a Janata and Mark have suggested the application of constant-current 
coulometric techniques for simultaneous differential reaction rate analysis.258 
Pardue has described the application of a polarized rotating platinum electrode 
system using amperometric detection for kinetic-based determinations.@ 
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Conductometric instrumentation based on operational amplifier circuitry has also 
been described for use in kinetic methods of analysis.-9 Recently a bipolar-pulse 
modification of conductometric measurement has been described by Johnson and 
Enke.70 This technique seems to be very promising for rate measurement because of 
its great sensitivity to small changes in conductance. 

Reaction temperature control apparatus. As essentially all chemical reaction rates 
are very strongly dependent on temperature, considerable effort has been made to 
design simple but highly reliable thermostatic reaction cells and convenient but 
accurate temperature control systems (generally water-baths). A very comprehensive 
discussion of the design and construction of temperature control systems has been 
given by Van Swaay.71*72 

Pardue and s1 Rodriguez designed a spectrophotometer cell which was sealed 
into a Lucite outer jacket which allowed water from a thermostatic bath to be in 
direct contact with the spectrophotometer cell walls. This permitted rapid temperature 
equilibration of the reactant solutions mixed by stirring in the cell. Weichselbaum 
and co-workers21*4s described a spectrophotometer cell which had a separate mixing 
chamber above the cell itself. Both compartments were thermostatically controlled 
and the mixing chamber was fitted with an effective magnetic induction stirrer. Very 
rapid temperature equilibration on mixing of reagents was reported. Feil et a1.73 
have reported a rapid temperature equilibration cell specifically designed for use with 
the Beckman DU spectrophotometer. Excellent temperature regulation (~0~005” at 
25”) was attained. 

Weichselbaum, Smith and Mark74 described a proportional dual thermistor 
bridge temperature-control system using analogue-digital control circuitry. With use 
of the jacketed cell described above, 21*4s better than fO*Ol” regulation in the cell 
was attained at various temperatures. The system was designed so that four different 
controlled temperatures (15”, 25”, 30”, and 37”) could be attained automatically in a 
few minutes by simply pushing a selector switch. 

Data reduction and display systems 

In the application of kinetic methods to routine analysis the detector signal 
response being used to follow the course of the chemical reaction must be converted 
into some convenient form, ideally directly into the concentration of the species being 
determined. Consequently a large volume of research on this has been reported. 
Systems described vary from the very simple to virtually a built-in digital computer 
unit. 

Computation systems for initial reaction rate methods. Most practical reaction 
rate based procedures (enzymatic and other clinical assay methods in particular) 
measure only the initial l-3 % of the overall reaction rate curve, primarily because the 
mechanism and hence the kinetics are well-behaved in the early stages and the initial 
rate is essentially constant (pseudo zero-order) with time over this period and is 
directly proportional to the concentration of the species to be determined. (Detailed 
discussions of the theory and principles of initial reaction rate methods can be found 
in references 1, 6 and 9.) 

The simplest initial reaction rate calculation involves the measurement of the 
extent of the reaction at a fixed time after initiation of the reaction.1*6*D This value is 
effectively equal to the slope of the linear initial rate curve. It is a popular method 
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because it is conveniently used with flowing streams. Cordos, Crouch and Malmstadt 
described one of the first computation circuits for the fixed-time method.‘& It consisted 
of an analogue integration and subtraction network controlled with respect to timing 
and sequence by a digital logic circuit. This approach yields a very favourable 
signal-to-noise ratio in the output. Hicks and co-workers76-7s have also described a 
similar analogue integration technique but developed a hardware interface system to 
free their time-shared computer system for control of other automation operations. 
A completely digital computation system for the fixed-time method has been proposed 
by Ingle and Crouch7n which is similar to the analogue operations but employs digital 
integration. Ingle and Crouch 7n state that the digital method of computation has 
advantages over the analogue method because there are no drifts and circuit non- 
Iinearities, no mechanical and/or analogue switches are necessary, and shorter inte- 
gration times (faster rates measured) can be employed. 

Another commonly used initial reaction rate method is the variable-time (or 
fixed-concentration) technique1*6*n*10 in which the time required for the reaction to 
proceed to a preselected fraction of completion (again, Iess than 3 %) is the measured 
parameter, which is inversely proportional to the initial reaction rate and concentra- 
tion of the species being determined. The computation is somewhat more complex 
than in the fixed-time method. The first completely automated variable-time compu- 
tation system was based on analogue logic and was developed by Pardue and co- 
workers.80*81 Stehl, Margerum and Latterell 82 designed a similar but improved 
analogue system which eliminated all but one mechanical switch from the circuit. 
James and Pardue recently reported an analogue variable-time system utilizing 
tunnel diodes and electronic silicon-controlled diode switches which totally eliminated 
mechanical switches.83 This circuit significantly reduced the measurement time 
intervals that could be determined. Croucha reported the circuit design of a hybrid 
analogue-digital computation circuit for variable-time systems which eliminated the 
temperature-sensitive logarithmic analogue operations of the James and Pardue 
circuit.83 As analogue systems tend to have significant drift, especially in the integra- 
tion operation, Pardue, Parker and Willisa designed a completely digital computation 
unit for the variable-time approach. This unit virtually eliminated drift as a source of 
error in the computation operation and also included a system for noise-averaging, 
which had not been done in any previous variable-time system. 

Some designers have felt that it is more accurate and less susceptible to random 
error to make a continuous measurement of the total initial-rate curve.21*ss--25*4n As 
the slope of the initial-rate curve is the parameter that is directly proportional to the 
concentration of the species of interest, these groups have used analogue (continuous) 
derivative operations on the initial-rate curves. Weichselbaum and co-workers21*4n 
designed a spectrophotometer unit which employed a direct analogue differentiation 
circuit with filter capacitors to reduce the noise enhancement inherent in direct 
differentiation of a signal. They also avoided the limited accuracy of analogue log- 
arithmic circuits by using the rate of change of transmittance and the instantaneous 
value of the transmittance to obtain the derivative of the absorbance (A) with respect 
to time [d(-log T)/dt = (-log e)[(l/Z”)(dT/dt] = dA/dt]. Pardue et al. have 
developed several different systems for the derivative computation technique.86-88 
Instead of direct analogue differentiation, they employed an indirect method for 
obtaining the slope of the rate curve. Both a servo system8s*87 and an operational 



Reaction rate methods in analysis 127 

amplifier systems8 were used to compare the slope of the initial rate curve with a ramp 
generated by an operational amplifier integrator. Recently Malmstadt and Crouchsg 
critically discussed circuits using manual, mechanical-servo and operational-amplifier 
slope-matching systems for derivative measurement. In most of these computation 
units recorders were used to present the response read-out, usually as concentrations. 
However, Weichselbaum and co-workers21*4Q and Crouch and MalmstadtBo have 
shown that the use of digital read-out systems considerably improves the accuracy 
and precision of rate determinations. Crouch has also discussed the relative merits 
of direct differentiation and the fixed-time and variable-time methods.lO 

Computation by analogue simulation. Mark, Papa and Reilley’ and Janata and 
Mark25a have suggested the uses of an analogue simulation approach to the determina- 
tion of the initial concentration of a reactant. In this approach, the entire reaction 
rate response curve is simulated with an analogue computer. The initial input voltages 
to the computer are the electrical analogue of the initial concentrations in the chemical 
reaction. When the simulated curve exactly matches the experimental reaction rate 
response curve, the initial unknown concentrations are evaluated from the analogue 
voltages which yielded the match of the curves. It should be pointed out here that the 
success of this simulation method rests on an exact knowledge of the reaction mech- 
anisms and rate constants of the reaction being followed. 

Computation circuits for simultaneous analysis of mixtures. In recent years con- 
siderable research in kinetic methods has been devoted to the simultaneous in situ 
analysis of mixtures. l*’ As the data reduction of the rate response curves in these 
differential rate methods is quite complex, built-in computer systems are necessary 
in order to make these methods practical for routine analytical procedures. Pinkel 
and Mark,B1 Toren and Davis,B2 and Toren and Gnuse,B3 have reported automatic 
analogue computer circuits for the solution of the simultaneous equations of the 
method of proportional equations .l Mark, Papa and Reilley,’ and Janata and Mark2s8 
have suggested analogue simulation for solving for initial concentrations in differential 
rate methods. 

Automatic sample handling systems. In spite of the fact that automation of the 
entire sample handling procedure is an obvious means of eliminating much of the 
experimental error in sampling, reagent addition, mixing, and timing, and has received 
considerable attention by the manufacturers of clinical rate-based instrumentation, 
very little research in this area has been published directly related to kinetic methods 
of analysis. The most popular automated sampling and mixing systems are based on 
continuous flow. Various applications and the principles of continuous flow tech- 
niques have been discussed in great detail by Blaedel and Hicks,6 Pardue,B Schwartz 
and Bodansky,g4 in Technicon Instrument Company literatures6 and in the recent 
reviews by Rechnitz. 14*15 The most recent research publications on automated tech- 
niques have generally utilized discrete discontinuous sampling systems, however.10 
Automated injection and refill pipets have been designed by Malmstadt and co- 
workers.9s*B7 Javier, Crouch and Malmstadt have published the design of a completely 
automated stopped-flow instrument for kinetic analysis,B8 and Deming and Pardue 
have recently published the design of a computer-controlled electromechanical 
system for automated reagent addition.BB Mueller and BurkelOO have reported a 
real-time computer control system for a reagent-addition unit which would be applic- 
able to kinetic based measurement instrumentation. Fasce and Rejlol have recently 
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reported an automatic enzyme assay system. Further automated systems which are 
incorporated in tot&y computer-controlled kinetic analysis instrumentation are 
also mentioned in the following section. As indicated above, the advertisements and 
operation manuals of the clinical instrument companies are an excellent source of 
information on recent advances in automation techniques and hardware. The reader 
is recommended to contact the sales representatives of the following instrument 
companies in this regard: Analytical Instrument Division of American Optical 
Corporation, Richmond, California; Bausch and Lomb Corporation Analytical 
Systems Division, Rochester, New York; Technicon Company, Incorporated, 
Tarrytown, New York; Beckman Instrument Corporation, Fullerton, California, 
and Sherwood Medical Industries, Incorporated, St. Louis, Missouri. A radically 
new and very effective automated system (ACA) for clinical screening tests has been 
developed by the Instrument Products Division, E. I. DuPont Company, Wilmington, 
Delaware. This system employs a separate plastic pack in which each individual test, 
including the spectrophotometric measurement, is carried out. A computer built into 
the instrument controls the entire operation. 

Sorokin, Gromov, and Chernysku “lo2 have described an automated thermochemi- 
cal apparatus for studying kinetic processes. 

Applications of on-line computer systems to kinetic methods of analysis 

As the expense of high-speed small digital computer systems goes down, the 
applications of these small computers as built-in (on-line) units in chemical instru- 
mentation for data reduction, system control, data acquisition, and experimental 
optimization and design in “real time” have increased sharply. As discussed in an 
earlier section, the computer was originally used in kinetic methods for on-line fast 
data acquisition and data reduction to give final display as the concentration of the 
species in the sample being analysed. The computer was also used in some control 
applications. However, such limited applications do not efficiently use the full 
capabilities of the small on-line computer. Recently several research groups have been 
investigating and developing the small on-line computer for total control and opera- 
tion of the instrumentation in kinetic methods of analysis. Systems have been de- 
scribed in which the computer not only handles the data acquisition and sample- 
manipulation, but actively takes part in all parts of the experiment by immediate 
examination of the data in real time and then makes various decisions which optimize 
the experimental parameters and variables during the actual experiment.lO It is felt 
that this is the most important single improvement in kinetic-based analysis, which 
will greatly expand the routine and specialized applications of the technique. 

James and Parduelm described an on-line computer system which utilized software 
to provide the calculations for either fixed-time or variable-time measurements. The 
signal-time profile is stored in the memory of the computer and the time scale is 
optimized on the basis of a preliminary rate measurement. This preliminary rate 
measurement is also used to optimize the time constant of the digital filter system. 
The basic block diagram of the programme for this system is shown in Fig. 1. 

Hicks and co-workers7”‘* used a hybrid analogue-digital approach to on-line 
computer control. They employed a hardware interface to compute the reaction rate 
outside the computer, as discussed in an earlier part of this section. The computer 
was free to monitor and control the electromechanical equipment for the sampling, 
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FIG. 1 .-Flow diagram of a computer programme for an on-line computerized reaction- 
rate instrument.1o8 Reprinted by permission of the American Chemical Society. 

reagent addition, etc, for automatic scale selection, calibration, for timing and 
sequence application, and for output display. A block diagram of this computer 
system is shown in Fig. 2. Eggert, Hicks and Davis ‘s have also discussed use of this 
hybrid system in experimental control operations. 

Recently Willis et al. as have described the design and characteristics of an on-line 
computer-controlled stopped-flow system for kinetic analysis. The main feature of 
this system is its ability to carry out repetitive runs on the same sample and/or do 
multiple slope measurements on a single reaction for signal-averaging purposes. 
Such ensemble-averaging results in a very high precision. The programme also 
provides for display of a variety of kinetic and concentration parameters. Janata 
and Mark havGw recently published an extensive discussion of the applications of 
analogue computer simulation to a wide variety of kinetic, mechanistic and analytical 
problems. 

An excellent discussion of the principles, objectives and general design philosophy 
of computer-controlled instrumentation for study and characterization of chemical 
reactions has recently been published by Deming and Pardue. This paper is certainly 
very important for any researcher interested in computer-based instrument design as 
it points out clearly the objectives in future design of kinetic analysis instrumentation. 
In this instrument, routine procedures as well as the decision-making procedures in 
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FIG. 2.-Block diagram of a hybrid (interactive) computer system for kinetic analysis.76 
Reprinted by permission of the American Chemical Society. 

data interpretation and experimental design have been automated. In this paper, 
Deming and Pardue presented two very picturesque block diagrams which point 
out very dramatically the differences in fundamental operational concepts between 
the procedures conventionally used for the instrumental characterization of a chemi- 
cal reaction and what these authors conceive as the general future trend of automated 
reaction characterization.gg These diagrams are reproduced here as Fig. 3 and 4. 
This paper also gives the details of the design of such an automated and computerized 
instrument and the results of test applications are very impressive. There is another 

Inltlatlon 

FIG. 3.-Operating procedures in conventional characterization of a chemical re- 
action.90 Reprinted by permission of the American Chemical Society. 
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FIG. 4.-Procedures proposed for on-line computerized automated characterization 
of a chemical reaction .o* Reprinted by permission of the American Chemical Society. 

recent paper on the design and operation of a totally automated chemical instrument 
system that should be mentioned here, although it does not involve kinetic analysis 
methods. Perone, Jones and Gutknecht lo5 have reported an electroanalytical system 
which also uses an on-line computer to analyse and interpret the results obtained 
during a repetitive electrochemical experiment and then control the various experimen- 
tal parameters of the experiment to optimize the sensitivity and resolution of the 
response and the analytical results. Perone loa has also recently published a detailed 
monograph chapter on the subject of real-time computer applications and optimiza- 
tion of experiments. 

BIOLOGICAL AND CLINICAL APPLICATIONS (ENZYME METHODS) 

Certainly the greatest amount of both use and research in the field of kinetic-based 
methods of analysis is in the general area of clinical analysis and other biological 
applications. Most of this work is oriented towards enzyme assay and the use of 
enzymes as specific reagents for a variety of different types or classes of reactants, 
such as the substrate in the enzyme-catalysed conversion reaction, inhibitors, acti- 
vators, erc. As the enzyme is a biological catalyst which acts to lower the activation 
barrier and hence accelerate the rate of certain specific reactions, without being 
consumed in the overall conversion reaction and generally without changing the net 
free energy difference (equilibrium constant) between reactants and products, it is 
not only logical, but also for the most part necessary, to employ kinetic methods in the 
complex systems of chemical and biological analysis. As mentioned in the introduc- 
tion, these types of analysis are of great importance in medical diagnosis and hence 
so is fundamental research on these analytical techniques, to broaden the scope of 
application and improve the speed, accuracy and precision of the methods. 

Guilbault has recently written a very comprehensive and well-documented book 
on enzyme methods of analysis. s He has also written extensive reviews of recent 
publications in this field. 14-17 Other recent books by Purdy,lo7 Udenfriend,lOB and 

2 
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Ruyssen and Vandenriesche lo9 have extensive discussions of kinetic-based clinical 
techniques, procedures, and methods. Also, there have been several monograph 
chapters on the various aspects of the subject by Blaedel and Hicks,6 Guilbault,ll” 
Phillips and Elevitchlll and Pardue.g There have also been other review articles by 
Bergmeyer,l* Devlin,lg Roth,20 Danev112 and Zuman.l13 It should also be pointed 
out that the literature of the various enzyme nanufacturers and supply houses as well 
as that of the various clinical instrumentation manufacturers is a wealth of information 
on methods and procedures of analysis. The literature will be reviewed here first 
according to the analytical species being determined and second according to the 
method used. As the literature is extensive, this review will attempt to cover only 
reports which represent significant improvements in procedures or inovations and new 
applications reported in the past few years. 

Determination of enzymes 

Since the enzyme is a biological catalyst and in most of the enzymatic catalysis 
reactions is not consumed, the rates of the reactions of the substrate (reactant) are 
strongly influenced by even small amounts of enzyme present. Thus the rates of 
enzyme-catalysed reactions are very sensitive to low enzyme concentration. A wide 
variety of experimental and instrumental procedures and techniques has been employ- 
ed in enzyme assay. 

Spectrophotometric andfluorimetric methods. The instrumental improvements in 
optical kinetic-based systems have already been discussed in the instrumentation 
section above. Much of this instrumentation was developed with enzymatic problems 
in mind. 

Using fluorimetric rate-measurements, Guilbault et al. have studied the effects of 
various fluorogenic esters on the determination of cholinesterase.l14 They reported 
that N-methylindoxyl esters were the optimum substrates in terms of both sensitivity 
and reagent stability. Guilbault and Zimmerman lls have also reported a technique 
for the determination of cholinesterase directly on a solid surface. Similarly, Guil- 
bault and Heyn lls tested several fluorogenic substrates for the determination of 
cellulase and suggest resorufin butyrate as the best substrate for a rapid initial-rate 
determination. Guilbault and co-workers 11’ have developed a considerably more 
accurate and rapid analysis for hyaluronidase by taking advantage of the high fluores- 
cence efficiency of indigo white. The optimum analytical conditions and fluorogenic 
substrates for a variety of lipase enzymes have been reported by Guilbault and Sada+* 
and Guilbault and Hieserman. 119 A comparative study of the use of umbelliferone as a 
fluorogenic substrate for acid and alkaline phosphatase with other commonly used 
substrates, showed that this substrate increased the sensitivity of the assay by 2-4 
orders of magnitude. 120 The applicability of a variety of naphthol derivatives as 
substrates for the phosphatase enzymes has also been reported.121-123 A systematic 
study of several new fluorometric substrates for sulphatase has been made and the 
fluorimetric method described appears to be superior to the usual calorimetric 
methods.l1° Fluorometric initial reaction rate methods for amino-acid oxidase,124 
peroxidase,l% glucose oxidase,125s12s xanthine oxidase125 and galactose oxidase126 
have been reported. Guilbault and Kramer127*128 have described a simple, rapid 
fluorometric method for the enzymes dehydrogenase, glucosed-phosphate dehydro- 
genase, 1 ,u-glycerophosphate dehydrogenase and glycerol dehydrogenase. Also, an 
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automated procedure for dehydrogenase has been reported which uses the reaction 
with the substrate resazurin to form the intensely fluorescent res0rufin.l’ 

A variety of spectrophotometric initial-rate methods for enzyme assay have also 
been described recently. Most of the methods cited below represent only minor 
modifications of the established procedures. However, the results reported have been 
used to show how the accuracy and precision of such determinations can be signific- 
antly improved by using modern instrument designs, lo Weichselbaum and co-workers 
have reported a very reproducible method for the determination of lactic dehydro- 
genase.21*74 These authors= and Pardue, Parker and Willisss also investigated kinetic 
methods for alkaline phosphatase. Pardue, Frings and Delaneyso have reported 
results for the determination of glucose oxidase and galactose oxidase by a variable- 
time method. James and Pardue have also studied the analytical results for the 
determination of alkaline phosphatase by a variable-time procedure12g and on-line 
computer system.rOa Toren et ~1.~~ have reported computer-based rate methods for 
acetic dehydrogenase and alkaline phosphatase. 

Electroanalytical methods. The application of electroanalytical techniques to 
enzyme assay by rate-based methods was introduced less than ten years ago.17*lo7 
As these techniques are very simple and capable of a high degree of accuracy, electro- 
analytical methods are quite promising. One of the first methods described was a 
AE/At rate method introduced by Guilbault, Kramer and Cannon.la” This technique 
has been employed in the determination of cholinesterase,130 glucose oxidase,‘31 
xanthine oxidase132 and peroxide catalase.l= Potentiometric58*134.136 and ampero- 

65*138*1s7 metric techniques have been reported for glucose oxidase and for galactose 
oxidase.138 Purdy 13Q has reported amperometric and coulometric methods for urinase 
and urease. Katzlm has also described a potentiometric method for the determination 
of urease, using a cation-sensitive electrode system as the detector. Guilbault, 
Smith and Montalvo141 have also reported the use of an NH4+-selective glass electrode 
for the determination of deaminase. There have also been polarographic techniques 
reported for the determination of cholinesterase, 14**lU 3-hydroxyanthranilic oxida&” 
and catalase.l& Curti has reported a potentiometric method using a silver-thiol 
electrode method for cholinesterase. Lipner and co-workers147 have reported the use 
of an oxygen galvanic cell system for the analysis of a variety of oxygen-consuming 
enzymes, and Malmstadt and Piepmeier designed a pH-stat system for a variety of 
enzyme rate determinations.L48 

Determination of substrates 

By far the greatest volume of recent research effort in enzymatic methods of 
analysis has been in the development of determinations of various substrates of 
enzyme-catalysed systems. A large variety of both organic and inorganic substrates 
has been studied. As Guilbault3*14-16~1s and Bergmeyer14s have presented extensive 
compilations of enzymatic methods for substrate analysis, only recent applications 
will be given here. 

Spectrophotometric and jluorometric methods. Several enzymatic methods have 
recently been reported for the analysis of carbohydrate substrates. Spectrophoto- 
metric methods for glucose,75*80~8s using modifications of the usual glucose oxidase 
catalysised technique, and galactose so by using galactose oxidase have been described 
by several research groups. Guilbault and co-workers have developed a very useful 
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technique for the fluorimetric analysis of various sugar mixtures.27e28 They reported 
the successful determination of lactose, maltose, fructose and glycogen mixtures by 
first reacting each sugar in separate aliquots with the specific enzyme which converts 
it into glucose, and using an initial-rate fluorimetric method which follows the forma- 
tion of resorufin in a coupled reaction to determine the glucose produced. The analysis 
of several other carbohydrate mixtures, glucose and sorbitol mixtures, and methanol, 
sorbitol, and xylose mixtures have also been reported.27*2s Guilbault, Sadar and 
McQueen 150 have used a similar procedure for the fluorimetric determination of a 
great variety of organic acids, both for single components of a mixture or for the 
simultaneous analyses of several acid components of a mixture. 

Weichselbaum et aL21 have reported a spectrophotometric maximum rate method 
for the determination of ammonia and blood urea nitrogen in biological systems. 
Faway and Dahl, 151 Mondzac, Ehrlich and Seegmiller,ls2 Reichelt, Kuamme and 
Iveit,l= and Kirsten, Gerz and Kirsten 154 have also described initial rate spectro- 
photometric methods for ammonia in various biological media. Roch-Rame1155 and 
Rubin and Knott15s have reported fluorimetric methods for the determination of 
ammonia. 

Schulz, Passonneau and Lowry 15’ have described a fluorometric method, and 
Faway, Roth and Fawayla a spectrophotometric method for inorganic phosphate. 
Two unique rate methods employing the enzyme catalyst immobilizedl’ in a solid 
matrix have been reported (considerable research is now being carried out on methods 
of immobilizing enzyme systems without loss of their catalytic activity.)3,17,5g Hicks 
and UpdikelGo have used lactate dehydrogenase immobilized in a gel for the assay of 
glucose and lactic acid. They have also coupled an immobilized glucose oxidase 
system with an electrochemical sensor for the determination of glucose in blood.161 

Determination of activators 

In many enzymatic catalysed reactions a substance called an activator is required 
before the enzyme itself becomes an active catalyst. 3*17 As the initial reaction rates of 
such enzymatic systems are proportional to the concentration of the activator (until 
all the catalyst is activated) rate measurement can be employed to determine the 
concentration of activator species in the same manner that is used for direct enzyme 
assay as discussed in another section of this review. Although this application has 
been shown to have considerable potentia13*6*17 and can under special conditions 
determine very small amounts [down to lo-r5 mole (162)], very little research on the 
analytical applications has been published recently. Only the method for the deter- 
mination of Mn2f and Mg2+ which are activators for isocitric dehydrogenase reaction9 
and the determination of Ca2f and Zn2f activators for alkaline phosphatase163 have 
been reported in the last few years. 

Determination of inhibitors 

There are many substances, called inhibitors, which cause a decrease in the rate of 
an enzyme-catalysed reaction. 3*6~17 In general, the decrease in the initial rate of an 
enzymatic reaction is directly proportional to the inhibitor concentration until total 
inhibition is reached (reaction rate reaches zero). Numerous examples have been 
reported recently of the determination of most common inorganic anions and cations. 
Guilbault has compiled a very complete list of the procedures for Ag+, AFf, Be2+, 
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Bi3f, Ces+, Cd”, Cos+, Cu2+, Fe2+, Hg2+, Ins+, Mn2+, Ni2+, Pb2+, Zn2+, 
CN-, Cr,O,s-, F- and Ss-.3 Very recently, Townshend and Vaughan have reported 
the determination of Hg2+ and Ag+ (inhibitors of alcohol dehydrogenase)lU and 
Be2+ and Zn2+ (inhibitors of alkaline phosphatase). 165 With growing concern for the 
effect of pesticides on the environment and the ecology, there has been considerable 
research on the application of the selective inhibition of enzyme activity by these 
substances. Kitz166 has recently published an extensive review of the inhibition 
effects on cholinesterase activity, as used for the determination of various organo- 
phosphorus compounds. More recentlyseveralmethods have been reported for a large 
variety of organophosphorus insecticides, etc. 167-174 Methods have been reported 
for a variety of chlorinated insecticides and herbicides,171*172*175*176 and carbamate 
insecticides 171~172~186-100 

There is a wide variety of factors such as choice of enzyme source and type, 
substrate, and other reaction conditions, which have considerable effect on the sen- 
sitivity and/or selectivity of a reaction for a particular pesticide inhibitor. There have 
been a large number of studies in this aspect.lso-173.1ss,1*g,1D1~1D2 

CHEMICAL APPLICATIONS OF RATE METHODS 

Comprehensive compilations of the various general chemical applications of 
kinetic determinations reported before 1969 have been given in two recent books1*2 
and a series of review papers. 11-13*16*1ss Druzhininls4 has reviewed the kinetic-based 
methods for organic substances, in air-pollution studies. Heills has reviewed kinetic 
methods applied to water analysis. Thus, this review will list only methods reported 
during the last two years, except in cases of special importance. These recent publica- 
tions are listed below in two groups, first the methods for determination of a single 
species, and second the methods for determination of two or more species by differ- 
ential reaction rate methods. 

Determination of a sin&e component 

Inorganic species. The majority of chemical applications of reaction rate methods 
of analysis have used catalysed reactions and have, in general, employed initial 
reaction rate procedures. Yatsimirskii has described in detail the techniques and 
application of catalysed reactions in a recent book.2 

Klockow, Ludwig and Giraudo lss have reported the use of a zirconium catalysed 
reaction between perborate and iodide which can be used for the determination of 
fluoride. The fluoride acts as an inhibitor in the parts per milliard (ppM) range. 
Bruton has devised an ion-selective electrode rate method for the determination of 
both fluoride and chloride.lE7 Thompson and Svehla ls8 have used the perborate/iodide 
system for the same type of catalytic determination of iron and molybdenum, and 
Weisz, Klockow and Ludwig Is9 have developed a new electrometric monitoring 
system for the determination of molybdenum. Cabello-Tomas and Westrw have 
described a “kineto-chromic” method for trace fluoride determination. Worthington 
and Pardue have reported a catalytic reaction procedure for the determination of 
trace ruthenium, using the Ce4+ and Ass+ oxidation-reduction reaction.lsl Janjic, 
Milovanovic and Celap lQ2 described a method for the ultramicro determination of 
manganese by its catalytic action on the oxidation of alizarin by hydrogen peroxide. 
Analytical applications of the iodine and osmium catalysed reaction between Ce4+ 
and As3f have been discussed by Rodriguez and Pardue.i” James and Pardue 
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have shown that built-in computer instrumentation is capable of determining levels 
of 10-g-lO-llM osmium, using this reaction system.lo3 Kreingol’d and co-workersrg4 
have described a kinetic method for Crs+ based on the catalysis of oxidation of the 
herbicide Methurin by potassium bromate. Dolmanova ef al.lg5 also reported a 
method for CrS+ based on the catalytic oxidation of o-dianisidine with hydrogen 
peroxide. The concentrations of Cu2+ solutions have been determined by measuring 
the effect on the oxidation of furfuraldehyde. 196 Ruthenium has been determined by 
Ottaway, Fuller and Allan$’ using the catalysis of the periodate oxidation of the 
tris[l ,lO-phenanthroline-iron( complex. Trace determination methods for Agf, 
Hg2f and I- have been reported by Bognar and Sarosi,lgs based on the catalytic 
Ag+-I- and Hg2+-I- titrations and the IO,--AsO, s- Landolt-type indicating system. 
Lazarev and Lazareva1gg*200 have devised two different kinetic methods for V5+. 
They made use of the catalytic action of Vr’+ on the bromate/5-amino-N-phenyl- 
anthranilic acid system1gs or the bromatelprimary aromatic amine system.200 Yatsi- 
mirskii and Kalininaml have also devised a trace vanadium method (0~01-100 ppM) 
based on the catalytic effect on the iodide oxidation by bromate. Hems, Kirkbright 
and Westm2 have employed the catalytic effect of SO,% on the zirconium/Methyl- 
thymol Blue reaction, for the determination of sulphate ion. A stopped-flow method 
for the kinetic determination of Fe3+ reacting with thiocyanate ion% and Sr2+ by a 
DCTA ligand-exchange reaction have been reported recently.31 

A method for the determination of trace Cu2+ by means of the catalytic effect on 
the oxidation of amidol by hydrogen peroxide has been reported by Kreingol’d 
et a1.203 Trace methods for the determination of Mn2+ by the catalytic effect on the 
oxidation of Indigo Carmine has been developed by Slychev and Tiginyanu.204 
The Mn2f catalysis of the oxidation of p-phenetidine by potassium perchlorate has 
also been employed in a trace analysis method.= A kinetic method for Mn2+ has 
been reported 205 which follows the complexation reaction rate with a sodium carmin- 
ate-ethylenediamine system, using an integral variant technique. The catalytic 
effect of iridium on the oxidation of diphenylamines by cerium(IV) has been used in an 
analytical application by Tikhonova and Yatsimirskii.207 Yatsimirskii et al. have 
also reported a kinetic method for the determination of iridium, which has been 
applied to paper chromatographic separation of noble metals.20s A kinetic method 
for the determination of cobalt in vitamin B12 uses the catalysis of oxidation of the 
dye Bordeaux S by hydrogen peroxide. 200 Another catalytic method for Co2+ has 
been reported by Costache and Popa 210 which uses the Bromopyrogallol Red oxidation 
by peroxide. Filippou, Zyatkovskii and Yatsimirskii have employed the catalysis 
of the p-phenetidinelbromate reaction by Oss+ for trace analysis.211 Segeda212 has 
used the Ti3+ reaction with hydroxylamine as the basis of a rate method. Bilidiene, 
Cepelionyte and Jesinskiene213 have reported a trace Cra+ method based on the cataly- 
sis of the Methyl Orange oxidation by hydrogen peroxide. Trace Ag+ has been 
determined by means of the catalytic effect on the oxidation of azo dyes by K2S205.214 
A novel technique for the determination of either Rh3f or Pd2+ by catalysis of the 
reduction of AgBr to Ag in a photographic emulsion by metol-hydroquinone devel- 
oper has been reported by Pilipenko, Markova and Kaplan.215 

Several reaction-rate modifications of the classic molybdenum blue method for 
the determination of inorganic phosphate have been reported.7g*84*98*21e.217 These 
techniques employ either fixed-time or variable-time initial reaction rate measurement. 
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Similar methods employing the measurement of the initial rates of formation of 
heteropolymolybdate have been devised by Hargis for the determination of bismuth.218 

Toropova and co-workers 219 have used an electroanalytical method of measuring 
the catalytic hydrogen wave of the cobalt-5-sulpho-%mercaptoquinolinate complex 
to determine trace amounts of Sbs+. Lukaweiwicz and Fitzgeralda20 have devised a 
fast photokinetic method for the determination of Fe3+. 

Organic species. Gilbert 221 has reported a pulse polarographic method which uses 
the Coat catalytic hydrogen wave for determining trace amounts of cystine. Rodzie- 
wicz et al.222 have proposed a kinetic method for the determination of various phenolic 
compounds. A very sensitive method for the estimation of RNA by the Cu2+ catalysed 
orcinol reduction reaction has been reported. 223 Tutt and Schwartz224 have devised a 
spectrophotometric assay of Ampicillin (a-aminobenzyl penicillin) involving a maxi- 
mum rate method. The catalytic polarographic prewave of Ni*+ organic diamine 
systems has been proposed as a means of measuring the pKvalues of certain sparingly 
soluble organic amines. 225 A kinetic method for the determination of the stability 
constants of various metal complexes has been reported by Cohen and Connors.2M 
Pillai, Lakshmenon, and Saryanarayana227 have described a “redoxokinetic” 
titration method for organic acids. Szepesi and Gorog have reported a method for 
the determination of organic amines, which follows the rate of the acetylation or 
formylation reactions.2as 

Simultaneous analysis of mixtures 

Inorganic systems. Margerum et al. 31 have reported a differential reaction rate 
method for the analysis of binary and ternary mixtures of lanthanides, transition 
metals, group II and group III metals, as DCTA complexes reacted with Hf and/or 
an exchanging metal ion. Pausch and Margerum 23 have also reported the use of a 
stopped-flow spectrophotometric method for the simultaneous analysis of binary 
mixtures of Mg2+, Ca2+, Sr2+ and Baa+, using the exchange reactions of Pb2+ with 
alkaline earth metals complexes. Willis et al. 24 have improved this method by employ- 
ing computer control and data reduction. Rodriguez and Pardue22B have used the 
iodide and osmium catalysis of the Ce4+-As3+ reaction for the simultaneous deter- 
mination of I- and Ose+. Ingle and Crouch have reported a simultaneous differential 
rate procedure for silicate and phosphate in mixtures.230 

Organic systems. Lohman and Mulligan have analysed mixtures of ethanolamides 
by a differential saponification rate method. 231 A kinetic method for the analysis of 
mixtures of glycols, using the cleavage reaction with lead(IV) has been reported by 
Benson and Fletcher.2s2 Binary ketone mixtures have been determined by Toren and 
Gnusew by taking advantage of the differences in the reaction rates with hydroxy- 
amine hydrochloride. Greinke and Mar+? have used the same reagent in the deter- 
mination of various carbonyl mixtures. Zaia, Peruzzo and Plazzogna have reported 
a differential reaction rate method for mixtures of various hexa-alkyl-ditin com- 
pounds.2s3 Shresta and Das have reported a second-order graphical extrapolation 
method for the simultaneous analysis of various organic amine mixtures.254 

FUNDAMENTAL KINETIC STUDIES RELATED TO ANALYTICAL 
PROBLEMS 

There have been numerous papers in the recent literature concerned with basic 
or fundamental kinetic studies on chemical systems which are either directly or 
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indirectly related to analytical methods and procedures. Some of the basic work is 
intended to develop new methods and reactions for kinetic-based analytical tech- 
niques and some is intended to determine the mechanism of reactions involved in the 
more common equilibrium (or thermodynamic) methods. Once the details of such 
reaction mechanisms are known, it is possible to systematically improve a method. 
Recent papers in these two catagories are listed below. It should be pointed out that 
there is a huge volume of literature devoted to both inorganic and organic chemistry 
which involves the measurement of kinetic characteristics. It has been pointed out 
previously that this literature is a wealth of potentially analytically useful systems.l~r 
While this review will not attempt to list the publications in this area of research, 
the reader should be aware of its existence when faced with devising an analytical 
procedure for a new problem. There are a number of recent reviews of kinetic 
studies of the reactions of both organic*“a54 and inorganic species.255261 

Perhaps one of the major advances in sensors for rapid and selective in situ 
analysis has been the breakthrough in the theory and design of ion-selective electrodes. 
These have already been employed in a huge number of equilibrium (potentiometric) 
analytical methods. Recently Rechnitz and co-workers have also demonstrated that 
ion-selective electrodes are applicable as sensors in kinetic measurements.60~61*83~*4* 
262--289 They have studied metal complex reactions,63*s4,2s2~265*266 instrumentation 
considerations,s1*267 fast reaction applicationszss and biological systems.g0 Friedman, 
Palaty and Nakashima 270 have used ion-selective glass electrodes in the study of 
alkali metal ion-exchange processes. Honaker and Freiser2’l and McClellan and 
Freiser272 have shown that solvent extraction methods can be employed, under 
certain conditions, to study the kinetics of fast chelation reactions. Subbaraman, 
Cordes and Freiser273 have also studied the affect of auxiliary complexing agents on 
the rate of Zna+ and Ni2+ extraction with diphenythiocarbazone. McClellan and 
Menis19 have studied the kinetics and the mechanism of Fe2+ extraction with /?- 
isopropyltropolone. Although there have been no direct applications taking advant- 
age of the differential kinetics of extraction processes reported in the recent literature, 
it is obvious that there is a potential for future development. Hans has published a 
theoretical paper on electrolyte extraction kinetics.275 

As the various organic and inorganic forms of phosphate are now recognized 
as a very large pollution hazard with respect to the ecological balance in natural 
water systems, the problem of trace determination of phosphates has received con- 
siderable attention in the recent literature. The standard calorimetric and/or spectro- 
photometric method for inorganic phosphate is the reaction with molybdate to form 
the 1Zmolybdophosphoric heteropoly acid species. There have been kinetic mecha- 
nism studies of these reactions by Javier, Crouch and Malmstadt.276 In similar kinetic 
studies which have analytical significance, Hargis and co-workers have studied the 
reactions for the formation of silicon and bismuth heteropolymolybdates.21**277-279 
Solkovikov and Prinachek have reported the study of the mechanism and kinetics of 
the reaction of APf with hafnium-molybdenum heteropoly acids.2*0 Also in the area 
of environmental problems, Weber and co-workers have reported on studies of the 
rates of adsorption of organic pollutants,m4 pesticides,%’ and alkylbenzenesulphon- 
ates2*2sm3 on various activated carbons. These studies have potential for the improve- 
ment of activated carbon through a better understanding of the adsorption mechanism, 
and also for the determination and separation of various pesticides and pollutants.285 
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It is important to point out here that another group *6.287 has reported a kinetic-based 
pollution treatment system based on the misinterpretation of the results of Weber and 
Morri~.~**~ 

In the past few years there have been a number of kinetic analytical methods 
reported that employ @and-exchange reactions of metal ion complexes. These 
initial efforts in this area indicate that these types of metal ion complex reaction 
have considerable promise for broad analytical application, as discussed in a previous 
section of this review. Because of this potential certain recent papers describing 
fundamental kinetic and mechanism studies of metal ion complex systems are listed 
here. Funashashi and Tanaka 213~~0 have studied the ligand-exchange reactions of 
various Coa+, CuU- and Ni2+ complexes with 4-(2-pyridylazo)resorcinol. Frost and 
Hart have studied the ligand transfer kinetics of reactions of Eu3+-(2,2,6,6_terpyridine) 
complexes with Tb 3+.2s1 The kinetics and mechanism of other ligand transfer reactions 
have also been reported. 2s2 Ligand-exchange reactions of cobalt complexes have 
been reported.2g3 Carr and Reilley 2s4 have reported a study on the kinetics of the 
ligand-exchange reaction of ethylenediaminetetra-acetate ion with ethylenediamine- 
tetra-acetatonickel(I1). Pausch and Margerum,31 and Willis et aI.% have studied the 
ligand-exchange kinetics of strontium complexes of trans-DCTA and hydrogen ion, 
using Pb2+ as a scavenger. 

Recently there have been several reports on kinetic studies using thermogravi- 
metric methods. Sharp and Wentworth,2Q5 Carroll and Manche,29B and Wentworth 
and Sharp207 have had an exchange of correspondence on this subject. Taylor and 
Watson2s8 have reported a method of determining relative reaction rates by a differ- 
ential thermal analysis method. Cerceo 2sQ has used an evaporation-rate method to 
determine the degree of “cure” of polymeric materials. Dorko and co-workers have 
developed a differential scanning calorimetric method for studying the kinetics of 
solid state reactions.300 The application of scanning calorimetry to thermal kinetic 
studies has been reported by Rogers and Smith. 301 Thermogravimetric studies of 
decomposition reaction rates have been reported by Savins02 and reviewed by Sestak30s 
and by Skvara and Satava.30P 

Hammer and Craig 305 have studied the kinetics of the /?-chloroamine reaction 
and Joris, Aspila and Chakrabarti 308 have reported the results of the decomposition 
reactions of monoalkyldithiocarbamates. Sand and Huber have developed a differ- 
ential constant-current potentiometric method for application to kinetic-based 
analysis.307 Franke130B has devised a nuclear magnetic resonance technique for follow- 
ing the rates of ion-exchange reactions. 

Froede and co-workers3m have reported the development of a rapid-sampling 
system for use in studying intermediate-speed reactions. A rapid method for the 
determination of first-order reaction rate constants has been described by Vialea 
and Roy and Al-Jallo $11 have reported a spectrophotometric study of the kinetics 
of saponification reactions of alkyl ester compounds. Patton and Lange+ have 
reported an interesting reaction kinetic method for the detection of void zones in 
gas chromatographic columns. Rodriguez and Parduem have made an extensive 
study of the iodine-catalysed reaction between Ce4+ and Ass+ in sulphuric acid. 
Other studies of the kinetics of catalysed reactions of potential analytical interest 
have also been reported. The catalytic effect of Cu2+ and Fe3+ ions on the reaction 
of Pu3+ with chlorine in chloride solutions has been reported by Mazumdar et al.313 
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314 Habig, Pardue and Worthington have found that the catalysis of the reaction 
between Ce4+ and Ass+ by 0s7+ is first-order with respect to OS?+ over a wide concen- 
tration range. With another osmium-catalysed system, Domka and Marcinieca16 
have shown that 0~0, catalyses the d~ompositio~ of hydrogen peroxide and the 
oxidation of Indigo Carmine with peroxide. Yoshiro and co-worker9 have reported 
on the Cu+-catalysed oxidation of Mow solutions. The activity of Ag+ as a catalyst 
in the oxidation of Tlf by Ce*+ has been studied by Zeltmann.317 Bhat and Khan3r8 
have studied the catalytic effects of F- and Cl- on the oxidation reactions of various 
metal ions. 

In other kinetic studies of analytical interest, Burkhart and Newtonsrs studied the 
redox kinetics of V2+ and Np4+ reactions, Flechon and Chavaneam studied the reduc- 
tion of silver salts by EDTA, and Matyakha and co-workers821 have reported kinetic 
studies of reduction of Ce4+ oxalate complexes by hydrogen peroxide. In other redox 
reaction studies, Krishna and Singh s2a have reported results on the oxidation of I- by 
ferricyanide in acid media, Davies and co-workers323 have reported on the Mn2+-H,02 
reaction, and Goldberg and Obukhova 3ap have studied Mn” reduction by caproic 
acid. Everett and Skoog have made a kinetic study of the As3+ and Ce4+ redox 
reaction.325 

Tockstein and Tocksteinova z86 have developed a unique oxidation-reduc~on 
titration which they called a kinetic titration. They employed the measurement of the 
rate of change of potential with time, using a zero faradaic current condition as titrant 
is continuously added. They report that they were able to determine two substances 
with exactly the same formal potentials provided the reaction rate constants were 
different by about two orders of magnitude. Sinfelt has reviewed the applied applica- 
tions of reaction kinetics and catalytic reactions ,327 Samandi and Jaky have studied 
the mechanism of the oxidation of various organic carboxylic acids with permangan- 
ate.3as Masood, Shastri and Krishna s*@ have studied the effects of the nature and 
concentration of electrolytes on the kinetics of the alkaline fading of phenolphthalein. 
Smiths30 has recently published a second edition of the book, Chemical Engineering 
Kinetics~ which contains extensive information on applied uses of reaction kinetics 
and other information of potential analytical interest. 

!Zusammenfassun8---Es wird eine ‘Ubersicht iiber Prmzipien und 
Anwendung katalytischer und kinetischer ~alysenmethoden gegeben. 

R&sum&-On presente une revue des principes et applications des 
m&odes d’analyse par catalyse et vi&se de reaction. 
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Summary-Requirements are laid down for the development of 
titrimetric methods and for writing up the work for publication. The 
general principles of various types of titration reaction are discussed, 
and special attention is paid to the parameters which influence 
chemical reactions. 

ALTHOUGH about 200 years have elapsed since the publication of the first papers 
dealing with titrimetric analysis,l the technique is still as widely used as ever, especially 
since the development of physicochemical methods of measurement, which permit 
not only objective detection of the end-point of a titration but also monitoring of the 
course of the reaction and hence a better understanding of its chemistry. Better 
understanding in turn leads to improvements in speed, precision, accuracy, sensitivity 
and/or selectivity of the procedures. In spite of all this, however, many methods are 
published which leave much to be desired both in their usefulness and in validation of 
the conditions used. It may be argued that that is the fault of the editors and referees 
concerned, but it is not really part of their duties to give private tuition in research 
methods. This paper has therefore been added to those already published on how to 
develop and write up methods,2*3 with the intention of fulfilling the need for such 
instruction. 

GENERAL REQUIREMENTS OF A TITRIMETRIC METHOD 

In general, as with other analytical methods, titrimetric procedures should be 
accurate and precise, simple to use, work under a wide range of conditions, fulfil a 
definite need and have practical applications (otherwise they are merely academic 
exercises and of little value) and should be rapid (if they are slow they offer no 
advantage over gravimetric methods). Some of these criteria are worth further 
comment. By “accurate and precise” we mean that the results should be correct and 
reproducible within the limits set by the random errors in measurement, and in the 
research work on a new method it is imperative that the errors be kept as small as 
possible. If it is known that a method is capable of giving results correct to within 
1 part per thousand (1 ppt) then if a larger error is acceptable for some particular 
application, the method can be used with confidence even if less care is taken. On the 
other hand, if the best that can be done with a method gives an error of lx, applica- 
tion of that method is limited to those situations in which a larger error than this can 
be tolerated. All too often there seems to be a failure to realise that in titrimetry the 
need to standardize the titrant introduces an additional source of error, since any 
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mistake made in determining the titre will cause a bias in all the results obtained with 
the titrant. Consider, for example, the standardization of ceric sulphate with arseni- 
ous oxide, with osmium tetroxide as catalyst and ferroin as indicator. To give a 
reasonable titration volume of O.lM ceric sulphate (i.e., about 30 ml, which can be 
measured with a reading error of about 0.03 ml or less if care is taken), a weight of 
about 150 mg of arsenious oxide is required. Suppose this is weighed on a normal 
fourth-place balance with a standard deviation of 0.05 mg at the weight loading used, 
and that the balance weights have not been calibrated. The random error in weighing 
by difference will be about 0.15 mg (95 % confidence limits) and in addition there 
may be a biased error from the unknown errors in the weights. The manufacturer’s 
tolerance on weights up to 500 mg is O-05 mg, and since there must be an exchange of 
at least two fractional weights it would be possible for this bias to amount to at least 
O-1 mg. If this reinforces the random error, we have already an error of nearly 2 ppt 
in the weight of primary standard taken, plus an expected reading error of 1 ppt. 
In addition there is the end-point error arising from the fact that we do not know how 
much of the last increment added was actually required to reach the end-point and 
how much was excess. “Splitting” drops is tedious, and this error can be minimized 
by assuming that the end-point was reached on addition of half the last drop. The 
error is then only half the drop-size. If a varying amount of indicator is added to 
replicate samples, there will be a variation in the amount of titrant needed to oxidize 
the indicator, and if the indicator is too concentrated or too large an amount is added 
(or both!) another biased error can occur. Obviously care and thought are needed to 
measure the titre to within 1 ppt, and if the standardization is not done accurately, the 
results of use of the titrant will not be as meaningful as they should be. How often we 
see in a paper the statement that a solution was standardized by some method or 
other, usually described only by a reference, and no information is given as to the 
precision of the results obtained. Similar remarks apply to calibration of apparatus, 
for which the results are scarcely ever given. 

By “simple to use” and “work under a wide range of conditions” we mean that there 
should be as few procedural steps as possible, since each can lead to a mistake being 
made, and that tolerances on such factors as pH range, ionic strength, amounts of 
particular compounds permitted to be present, should be as wide as possible, so that 
undue care need not be taken over adjustment of conditions. A procedure that 
requires very close control of pH is not nearly as satisfactory to use as one 
that operates over a pH range of several units. 

By “rapid” we mean that reaction should proceed more rapidly than titrant can be 
added to the system, or at least very nearly so. A procedure in which a wait of several 
minutes is necessary between additions of titrant is going to be a very irksome one to 
use, and not at all suitable for routine analysis. Many potentiometric systems suffer 
from this drawback, when the electrode system used takes some time to reach a 
stable potential as the titration proceeds. Sometimes, of course, a slow reaction 
can be combined with a back-titration that is rapid, by adding an excess of reactant, 
leaving it for a sufficient time, and then titrating the excess. Again, an interfering 
reaction may be made to occur so slowly that it does not affect the main reaction, or 
the kinetics may already be sufficiently different for no interference to occur. 

By “fulfilling a need and having practical application” we mean that a reaction 
that is suitable only for analysis of a pure solution of the substance to be determined 
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is of such limited usefulness as to be practically worthless unless it is so very much 
better than any other available method that it is necessarily the method of choice 
for standardizing solutions of that substance. This was stated very clearly over 30 
years ago by Lundell in his paper “Analysis of Things as They Are”,4 a paper that 
should be compulsory reading for all analytical chemists. The literature is full of 
“new and improved” methods that are in fact poorer in performance than the ones 
they seek to replace, and that are often based on standardizations performed bymeans 
of methods that they criticize and claim to supplant. Many methods have been 
published for the titrimetric determination of iron, but very few of them are better 
than the earliest methods of all-oxidation of iron(I1) with dichromates or per- 
manganate.g 

Unless the method being developed promises to fulfill these criteria, it seems 
scarcely worth while pursuing it. If it does show promise, however, there must be a 
proper investigation of the conditions under which it should be used, and a proper as- 
sessment of its scope of application and of its reliability. The remainder of this paper 
will deal with these aspects. Each type of reaction will be dealt with separately, as will 
standardization and end-point detection. 

BASIC CONDITIONS OF TITRIMETRIC DETERMINATIONS 

Only those reactions which proceed in stoichiometric ratio in a chosen solvent, 
without side-reactions and consecutive reactions, can serve as a basis for titrimetric 
determinations. The end-point of the reaction must be detectable by chemical or 
physical means. 

Special demands are made of the substance used as titrant. It must be of well 
defined composition, easily soluble in the chosen solvent so that solutions covering a 
wide range of concentration can be prepared, and its solutions should either be stable 
or easily standardized. Some titrants whiuh are unstable because of reactions with the 
solvent or the atmosphere, or because of volatility or light-sensitivity, can still be 
used if the active species is generated in situ electrolytically. It is desirable that the 
substance should be readily available. 

Although a detailed study of the kinetics is not essential for development of a 
titrimetric method, it stands to reason that a method that is kinetically slow is not a 
very useful one, especially for routine work. However, slow reactions may be used in 
indirect methods if the back-titration reaction is fast. On the other hand, a competing 
reaction may be suppressed by proper adjustment of the conditions if its rate of 
reaction is much slower than that of the main reaction. Similarly it is not essential 
that the mechanism of the reaction be known, though again, knowledge of it may be 
useful in certain circumstances. The stoichiometry can be expressed in terms of 
equivalents or of the ratio of molar concentrations, which should be a ratio between 
small integers. It is worth stating at this point that in titrimetry it is essential to retain 
both the mole-concept and the concept of normality. Each has its own special field 
of application, together with an enormous overlap of applicability, where either can 
be used. For example, in dealing with polymers and many biochemical systems, it 
is not known (or cannot be known) what the molecular weight is, although it is 
perfectly easy to determine the number of equivalentsof some reactive group in a given 
weight of sample. In contrast, normality is meaningless in complexation reactions. 
For the rest, the objection to the use of equivalents, viz. that a different equivalent 



750 A. BERKA, J. SEVE~K and R. A. CHALMERS 

weight must be used for different reactions of the same substance, is just as much 
an objection to the use of moles, because the equation must be written down in both 
cases, and the onlyreal difference is in the point at which the stoichiometriccoefficients 
are introduced into the calculation. If the equivalent is defined as that weight of 
material which will react with one mole of hydrogen ions or of electrons or with one 
equivalent of any other substance, both conventions are referred unambiguously to 
the mole concept, and there should be no difficulty in understanding and applying 
both. 

Assumptions about stoichiometry are best verified by using equimolar solutions of 
the titrant and titrand and seeing whether the volumes needed to complete the reaction 
are in some simple whole-number ratio. If they are not, then either the reaction is 
non-quantitative for kinetic or thermodynamic reasons, or the main reaction is 
accompanied by side-reactions or consecutive reactions. Because these latter reactions 
can proceed at a considerably lower velocity than the main reaction, it is convenient to 
add an excess of titrant and to determine the amount unreacted after a sufficient time, 
to verify that there is no consecutive reaction. The stoichiometry can also be checked 
by quantitative determination of the reaction products. In direct titrations (see 
below), a titration error can be falsely attributed to non-quantitative reaction if the 
stoichiometry is not checked. It is often difficult, however, to decide whether non- 
quantitative results are due to the kinetics or the thermodynamics.’ 

Precipitation reactions 

The main criterion is the value of the solubility product for the substance being 
precipitated. If CM is the initial concentration of the metal to be precipitated by the 
titrant, then for 1 ppt error (which we will take as the working error to be aimed at) 
the final concentration must be 10e3 CM, and for a precipitate ML the apparent solu- 
bility product must be 10es C& The apparent solubility product is related to the 
thermodynamic solubility product by the equations governing the amount of L that 
may be protonated at the pH of titration and hence unavailable for precipitation, and 
the amount of M that may be masked by hydrolysis or complexation by other anions 
present. As pointed out elsewhere ,8 it is easier to use the inverse of the solubility 
product, which may be called the insolubility constant and treated as a stability 
constant for the precipitate. Ringbom’s a-coefficient method@ are then easily 
applied for calculation of the minimum pH etc permissible, as illustrated in Fig. 1, 
which should be self-explanatory. Similar diagrams can be prepared to take into 
account masking agents. 

Once the permissible pH range has been calculated from the known values of 
stability constants, it should be checked experimentally-stability constants are often 
determined under highly specialized conditions, and the values obtained may be some 
orders of magnitude different from those for the conditions of the titration. If the 
constants are not known, they must either be determined or the pH range etc 
determined empirically. 

Errors are most likely to arise from co-precipitation, especially from occlusion, 
because digestion and other means of reducing co-precipitation are not possible in this 
case. A typical example is the occlusion of AgCl in the determination of iodide by 
argentometric titration. lo Normally there should be an exchange reaction between 
AgCl and I- to give AgI and Cl-, but if the AgCl is occluded within AgI particles the 
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preclpltatlon 
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PH 

FIG. I.-Precipitation titration of lo-*M metal ion M with l&and H*L, to form ML, 
where M forms soluble hydroxo-complexes. Kl and KS for HIL are 10’ and lo6 
respectively, Ksp for ML is 1O-‘o (i.e., Kins = lOlo). Ka and K4 for M(OH),- and 
M(OH)**- are 10’ and lOa respectively. K&e% = conditional constant for at least 

99.9 % precipitation at the end-point. 

exchange cannot take place, and there is an overconsumption of silver nitrate. The 
error can be eliminated by adding some ammonium carbonate to make diammino- 
silver(I) the effective titrant, in which case AgCl cannot precipitate. The effect of all 
other ions likely to be present in practical applications must therefore be checked 
experimentally. Precipitation reactions may sometimes be made more selective by 
judicious use of pH control, auxiliary masking agents, etc, but in general the utility 
of this type of reaction is severely limited by the lack of selectivity. 

Further problems arise in the detection of the end-point. If a coloured precipitate 
is produced at the end of the main reaction, as in the Mohr method for halides, 
conditions must be carefully adjusted so that the overconsumption of titrant in 
production of a visible amount of coloured product is just compensated for by the 
underconsumption of titrant caused by the fact that the coloured product begins to be 
formed before the main reaction is entirely complete .ll The situation may be further 
aggravated by the presence of ions (such as NH,+) which are normally thought of as 
harmless.12*13 Adsorption indicators are usually fairly good, but often experience is 
required to recognize the end-point. Amperometric titration is often used, but the 
errors are seldom less than 1 ‘A, which is not surprising in view of the l-2’% error 
usually associated with polarographic methods. If say 10 points are used to construct 
the titration graph and there is an error of 2 % associated with each, the overall error 

in assessing the end-point is likely to be about 2/a 74 or about 0.6 %. In addition, 
it is customary to use small volumes of fairly concentrated titrant (in order to avoid 
excessive dilution and the need to apply a dilution correction) and the reading errors 
will be rather large. Potentiometric detection of the end-point is likely to prove the 
most satisfactory, provided that the electrodes reach potential equilibrium rapidly- 
otherwise the method will be too slow to be useful except for special or occasional use. 
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Conductimetric methods are satisfactory if the conductance can be measured suffi- 
ciently precisely (for reasons similar to those discussed for amperometric titrations) 
and the results are properly interpreted. 

Redox reactions 

The primary requirements are a means of converting the determinand into 
essentially the completely oxidized or reduced form, and a titrant capable of completely 
reducing or oxidizing the product. Obviously an excess of an auxiliary oxidant or 
reductant will be required in the first step, and this excess must be easily destroyed 
without the determinand being affected. The formal potentials for the titrant and 
determinand couples must be sufficiently far apart for the reaction to be at least 
99.9% complete at the end-point; that means a difference of at least 0.36 V for two 
one-electron reactants, but only 0.09 V for a pair of two-electron reactants. 

It is important to remember that the products may depend on whether a one- 
electron couple is matched with a one- or a two-electron couple. Hydrazine is 
oxidized to nitrogen by a two-electron oxidant, but to a mixture of ammonia and 
nitrogen by a one-electron reagent. 

Examination of the Nernst equation shows that the redox potentials may be 
profoundly affected by changes in acidity, by complexation, and by precipitation or 
formation of undissociated compounds. 

Efict of acidity. The most noticeable effect is on the potentials of couples involv- 
ing oxy-anions that are oxidized or reduced. Typical examples are the fact that 
manganate is unstable in acid solution because of disproportionation, but stable in 
extremely alkaline solutions, and the fact that the interference of vanadium(IV) in the 
oxidimetric determination of iron(I1) can be eliminated by making the solution 5M in 
sulphuric acid, and so raising the potential of the V(V)/V(IV) couple to a value 
comparable to that of the usual oxidants. Another effect is preferential protonation 
of one half of a couple, as for example the ferrocyanide/ferricyanide couple, or the 
effect of acidity on the potential of ferroin. 

A further effect of changes of acidity may be on the kinetics of the reaction. As 
has recently been shown,14 potassium chlorate can be used successfully as an oxidative 
titrant if the acidity is made high enough, though even then a catalyst is sometimes 
desirable as well. 

Effect of complexation. It is well known that the potential of the iron couple can be 
shifted in either direction by use of complexing agents, the potential being increased 
if the iron(I1) complex is more stable than the iron(II1) complex (as with l,lO’- 
phenanthroline) and lowered if the order of stabilities is reversed (as with phosphate, 
fluoride, EDTA). 

E$ect of precipitation etc. The potential of the silver couple is decreased by 
introduction of an anion that forms an insoluble silver salt, the decrease being the 
greater the more insoluble the compound. Similarly, formation of an undissociated 
species such as mercuric chloride or cyanide will remove the ions of one form of the 
couple and hence shift the potential. 

Importance of the Nernst equation. The Nemst equation not only permits calcula- 
tion of the equilibrium constant (and hence the feasibility of the reaction) from the 
potentials of the couples involved, but also permits us to calculate the form of the 
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potentiometric titration curve and so choose suitable indicators and decide whether 
other species may interfere or not by being co-titrated. It also reminds us that we 
cannot have an absoluteI’ pure oxidant or reductant solution if the solvent is capable 
of redox action. It is for this reason that certain species are unstable in aqueous 
medium, even if protected from aerial oxidation. It further reveals that lack of thought 
has led to an incorrect ascription of chemical properties to certain oxidants. Many 
textbooks state that dichromate and ceric sulphate can be used for titrations in hydro- 
chloric acid medium but permanganate can not. This statement is only partly true: 
permanganate can certainly be used, e.g., for titration of antimony(III), in chloride 
medium. It is only unsuitable for use when the oxidation of chloride is induced by 
another reaction in the system, such as the oxidation of iron(I1). The reason for this 
is that the kinetics of chloride oxidation are so slow at moderate acidities that the 
end-point can be detected without interference from the slow side-reaction. Un- 
fortunately, however, many chemists read more into the statement than is there, and 
assume that dichromate and ceric sulphate are incapable of oxidizing chloride-an 
assumption that is completely false, as a practical test will readily verify. 

Importance of kinetics. From what has just been said about permanganate it will 
be realized that the reaction kinetics may play a decisive part and override the 
thermodynamics. A good example is the determination of total iron in silicate rock 
by removal of silica by the Berzelius method, fusion of the metal oxides with pyro- 
sulphate, dissolution in hydrochloric acid, reduction with the silver reductor, and 
titration with ceric sulphate, with ferroin as indicator.ls Two difficulties arise: there 
is a variable blank, and the end-point “returns”, that is, there is a sharp colour change 
followed by slow return of the reduced form of the indicator, and this behaviour is 
repeated on further addition of small increments of titrant. Both effects are kinetic in 
origin. The first arises from reduction of aerial oxygen to hydrogen peroxide in the 
silver reductor. The peroxide should be further reduced to water, but because the 
first reduction step is much faster than the second there is a build-up of peroxide, a 
steady state being reached because of the diffusion controlled supply of further oxygen 
from the air. The peroxide then reacts with iron(I1) in the initiation and termination 
steps of the Haber-Weissls mechanism for catalytic decomposition of peroxide: 

Fez+ + H,02 + Fea+ + OH- + *OH (initiation) 
Fe2+ + *OH + F8+ + OH- (termination) 
H,O, + -OH -+ HO,. + H,O 

HO,. + H,O, -+ H,O + 0, + *OH 
propagation 

The chain propagation steps are unlikely to have a chance to occur, since the iron is 
greatly in excess of the peroxide. Similar effects occur with amalgams when they are 
used in the presence of air. l7 The returning end-point arises because the decom- 
position reaction takes place in a platinum crucible and some platinum is extracted 
as Pt(IV) in the fusion process. According to the thermodynamics the Pt(IV) should 
be reduced to the metal on the silver reductor, but if the reduction is slow and occurs 
in two stages, uia Pt(II), and if the residence time in the reductor column is too short 
(short column and/or fast flow-rate) some Pt(I1) passes into the effluent and is oxidized 
(slowly, of course) after the preferential oxidation of the iron is complete. Fortunately 
the kinetics are so slow that the first sharp end-point corresponds exactly to the iron 
titration.15 
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Induced reactions. The Haber-Weiss mechanism just quoted is an example of an 
induced catalytic reaction. When such reactions can occur, they constitute a hidden 
source of error, which may be extremely large. In the oxidation of tin(I1) with 
dichromate, for example, induced aerial oxidation accounts for oxidation of no less 
than 98% of the tin.ls On the other hand, induced coupled reactions, in which a 
definite stoichiometry exists between the inductor and the acceptor systems, may be 
used quantitatively. 

End-point detection. Indicators and potentiometry are the means usually chosen 
for end-point detection. Naturally the indicator potential must be matched to the 
equivalence point potential of the system, either by choice of indicator or by shift of a 
potential (e.g., addition of phosphoric acid when diphenylamine is used as indicator 
for iron(I1) oxidation). Potentiometry is satisfactory subject to the usual proviso 
about the speed of electrode equilibration. Spectrophotometric titration is possible if 
one component of the titration system has suitable absorption characteristics differing 
from those of the others, but if the end-point section of the curve is too rounded, 
dilution corrections may be necessary and are rather tedious to apply. 

Complexation and acid-base reactions 

The basis of these reactions is formation of a highly stable (i.e., little dissociated) 
species such as a metal complex or water. The main criterion for successful application 
to titrimetry is therefore the apparent equilibrium constant for the reaction under the 
conditions used. In complexation reactions, if the initial metal ion concentration 
is CM then for the error to be 1 ppt or less, the concentration of free metal at the end- 
point must be < 10” CM, and this must also be the total concentration of uncomplexed 
titrant in the titration solution. It follows that the minimum value for the apparent 
stability constant of the complex is CM/1O-6 CM2 or 106/Cnr. It is therefore advisable 
to use fairly concentrated solutions for titration of metals that form only weak 
complexes. The Ringborn conditional constant method can again be used to predict 
the minimum pH required for complete titration. It is not always recognized, however, 
that it is really the indicator reaction which sets the lower boundary of the permissible 
pH range. In the case of a weak metal-indicator complex it would be possible to find 
a pH at which the metal-titrant complex could be formed quantitatively while the 
metal-indicator complex was formed scarcely or not at all. The upper boundary of 
the pH range is set either by the hydrolysis characteristics of the metal ion or by the 
nature of the indicator. Almost all metallochromic indicators are also acid-base 
indicators, the colours of their metal complexes being essentially those of the species 
obtained on removal of one proton (sometimes more) from the indicator. For a 
colour change to occur at the end-point, from the colour of the metal-indicator 
complex to that of the free indicator, the pH must be below that at which the indicator 
would be deprotonated anyway. The whole system is illustrated in Fig. 2. 

It is possible to achieve selectivity of complexation by pH control if the metal ions 
present form complexes with the titrant, with sufficiently different stability constants 
(Fig. 2). For ions giving complexes with similar stabilities, auxiliary masking agents 
are used to achieve selectivity. When the pH is adjusted it is important to remember 
that the buffer system must not contain ions that can act as competing ligands.lg It 
is also important to remember that the buffer must have sufficient capacity to absorb 
the protons released during the complexation reaction. 
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FIG. 2.-Complexation titration of lO-PM metal ion M with l&and HL to form ML, 
with indicator HI. Km = 1016; &I = lOlo; KHI = 10’; HL is EDTA. Gg.so/. = 
conditional constant for at least 99.9 % completion of complexation at the end-point. 

Acid-base reactions can be treated as a special case of complexation, in the simpler 
cases there being competition between two anions to form an undissociated species 
with protons. The decisive factor is the equilibrium constant for the reaction 

HA+OH-$A-+H,O 

F&A4 N-1 Kw 
Keq = [HA][OH-] = K,, 

where 

& = [H,O]/ [H+] [OH-] ; Ku* = [HA]/ [H+] [A-] 

If the initial concentration of acid is C n4, then for 99.9% neutralization the final 
concentration is lo3 Cna, and since at equilibrium [HA] = [OH-], it follows that 
Keq must be greater than 106/C u* for quantitative titration ([A-] will be approximately 
equal to CnA at equivalence). If we approximate a little and use “mixed” stability 
constants, we can call the activity of water unity and take K, as 1014. In that case 
KHA must be less than K, - CHa/106, i.e., less than 108 C HA, for quantitative titration. 

If the acid is weaker than this, either a larger error must be accepted or the 
conditions must be changed to make the acid appear to be stronger. One way of 
doing this is to introduce a metal ion that will form a complex with A-, thus releasing 
protons from HA; care must be taken, however, to choose a metal ion that will not 
itself interfere by a hydrolysis reaction. The more common method is to change the 
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value of Keq by changing the solvent system. The use of and choice of non-aqueous 
solvents have been adequately discussed in various monographs20-22 and need not 
be dwelt on here. 

End-point detection. The most common methods for end-point detection are by 
means of indicators, potentiometry, spectrophotometry, conductimetry and ther- 
mometry or enthalpimetry. 

In complexation reactions the indicator must of necessity form with the determi- 
nand ion a complex that is less stable than the complex formed by the determinand and 
titrant. If the two complexes are of comparable stability there will be an end-point 
error that is a function of the amount of indicator added. An example is the use of 
Xylenol Orange for titration of lead with EDTA. It is also essential that the indicator 
should not be “blocked” by the presence of other metal ions that form with it com- 
plexes more stable than the determinand-indicator complex. Adequate buffering is 
also necessary to prevent appearance of a false end-point by virtue of decomposition 
of the indicator complex by reaction with the protons released as the main reaction 
proceeds. It is also most important that the transition interval should be as sharp as 
possible. If an appreciable volume of titrant is required to traverse the end-point 
colour change, and two elements are being determined in the same sample by titration 
of the sum followed by masking of one and titration of the complexant released, there 
will be an error if the “sum” titration end-point is taken as appearance of the free 
indicator colour but the back-titration end-point is the colour of metal-indicator 
complex. It is essential to use the same end-point colour in both cases. The general 
theory of these indicators has been well covered by Ringbom.s The theory of acid- 
base indicators is well known, and it need only be stressed that the pK value of the 
indicator must match the pH at the equivalence point, and that adequate precautions 
must be taken to avoid interference by carbon dioxide in the atmosphere. 

Potentiometry has already been discussed, and fortunately the glass electrode has a 
very rapid response and equilibration, so is ideal for potentiometric acid-base titration. 
The limitations of conductimetry (and amperometry) have been dealt with above 
and will apply here also. Spectrophotometry has been dealt with in a monograph,23 
and the theory of spectrophotometric complexation titrations adequately covered.24*25 
Thermometric and enthalpimetric methods are relatively new, but are really useful 
only if relatively large errors (1% or more) are acceptable. Perusal of some of the 
literature on these methods shows that when comparisons are made between ther- 
mometric and classical indicator methods, the errors reported for the latter are very 
often greatly in excess of the values that are obtainable by careful work. 

Interferences. In complexation reactions, interfering ions may be dealt with by 
pH control or selective masking, as pointed out above. A subtle form of interference 
may arise, however, from the use of masking agents. It sometimes happens that a 
masking agent added to sequester an interfering element can act as a bridging ligand 
to form a mixed-metal binuclear complex with the determinand ion. If this complex 
happens to be inert (i.e., kinetically stabilized) then the determinand ion will not react 
with the titrant. Such is the case with aluminium in the presence of uranyl ions and 
citrate.26 Similar cases are those of copper in the presence of chromium and citrate,27 
and copper in presence of aluminium and tartrate. 

In acid-base reactions, the interferences are those caused by the presence of other 
acids or bases besides the determinand. If the strengths of the various species differ 
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sufficiently it may be possible to titrate them consecutively, provided means of detect- 
ing the end-points are available. If the strengths are comparable, selective complexa- 
tion or a change of solvent may give sufficient differentiation. 

GENERAL FACTORS INFLUENCING TITRIMETRIC METHODS 

Ionic strength and variations in concentration 

The ionic strength can affect both the velocity and the quantitativeness ofa chemical 
reaction, the effect being largely a function of the charges on the reacting species.29*so 
In a titration there must inevitably be a change in ionic strength in the course of the 
reaction, but fortunately most analytical procedures require the use of concentrations 
at which activity coefficients change relatively little with variation in ionic strength,al 
so it is unlikely that the ionic strength will be a serious factor. If it is, the effect can 
usually be “swamped” by addition of a large and constant amount of an indifferent 
electrolyte. 

Changes in the concentration of the reactants cause a change in the reaction veloc- 
ity. This is seen in the decrease in the reaction velocity near the equivalence point, a 
feature of practical utility (the entering stream of titrant reacts immediately in the 
early part of a titration, but disperses sluggishly near the end-point, so that at the 
point of entry the indicator has changed colour). It is therefore convenient to keep 
the reactant concentrations fairly constant during the preliminary investigations. 
Later the concentrations can be varied, especially with a view to finding the lowest 
concentrations that can be used satisfactorily. 

Temperature 

A change in temperature influences the reaction velocity and the equilibrium 
constant, and sometimes even the stoichiometry. Sometimes a higher temperature 
is used deliberately to make a slow reaction more practicable, and sometimes a very 
low temperature is used to make an interfering reaction so slow that its effect is 
nullified (so-called “kinetic masking”). 

Ideally, room temperature should be the optimum, but it is necessary to investigate 
the effect of changing the temperature because “room” temperature may vary from a 
few degrees in winter in Scotland to 30” or more in summer in India. High tempera- 
tures are undesirable because they may cause unfavourable effects such as decrease 
in stability of reactants, thermal decomposition, reaction with solvent, increasing 
probability of side-reactions occurring. If higher temperatures are unavoidable, a 
“safe” range must be found in which these undesirable effects do not occur. 

Catalysis 

Catalysts are sometimes added to change the reaction velocity or the mechanism 
of reaction, especially in redox systems. Catalysts are associated with particular 
reactions, and there is no general theory for prediction of which catalyst will prove 
convenient. Catalysts are usually found by trial and error, with the initial choice 
based on experience. Sometimes autocatalysis occurs, in which a reaction product 
itself catalyses the reaction. Induced reactions are sometimes used, but as pointed 
out above, unwanted ones can be a source of error. 
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Stability of reagents 

It sometimes happens that though a titrant may be stable in aqueous solution 
when it is being stored, it may become less stable under the conditions used for the 
titration, especially if these are particularly drastic in terms of acidity or alkalinity. 
The effect is most likely to be observed in an indirect procedure, in which an excess of 
reagent must be added and the mixture left for some time for the reaction to reach 
completion, followed by back-titration of the excess. In such cases it is necessary to 
check the stability of the reagent by running a number of blank determinations with 
different amounts of reagent present. 

Indicator solutions may not be stable on storage, especially in the case of complexo- 
metric indicators. Xylenol Orange, for example, oxidizes slowly in aqueous solution, 
and the oxidation product will give a coloured complex only with copper(I1). The 
storage life of all reagents should be checked and appropriate recommendations made 
for their preparation. 

End-point sharpness 

The accuracy of a titration will be partly determined by the volume of titrant 
required to traverse the end-point, and on how accurately the end-point can be 
located within that volume. As discussed in specialist texts and articles,32 the equiva- 
lence point may not exactly correspond to the end-point, and a correction may be 
necessary. The correction may be calculated or empirical. The “sharpness index” or 
“relative precision”33 may be used as a means of indicating the size of the end-point 
error. It is essential that some numerical value be given for the sharpness. If indicators 
are used, the volume of titrant needed to give the complete colour change must be 
determined and reported, and if possible the colours should be described in terms of 
the C.I.E. indices.34 

Other infruences 

Electromagnetic radiation, usually in the form of visible or ultraviolet light, can 
not only affect the stability of the reactants but may also participate in the reaction or 
accelerate or introduce side-reactions. It is therefore sometimes necessary to perform 
titrations under special lighting conditions, and in indirect determinations it is 
often necessary to keep the reaction mixture in the dark during the reaction period 
before the back-titration. 

Ultrasonic waves have occasionally been used to affect the course of a reaction. 
Pressure changes, though often used in technology, are not used in titrations, because 
of the experimental complications introduced. 

RESULTS AND APPLICATIONS 

Once the method has been worked out, it is necessary to validate it by standardiza- 
tion, and by application to standard samples containing the species of interest. The 
standardization is customarily done by preparing a standard solution of known 
concentration and titrating equal portions of it. In our opinion this is not a sound 
practice. First, all measurements are made by volume, and as discussed by Conway,as 
it is then necessary to calibrate all apparatus used, so that the personal error may be 
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assessed. Secondly, once the first titration has been done, the tendency is to add 
rapidly almost the required volume of titrant to the second sample and only the last 
few drops are added slowly. The result is a variable drainage error, if a normal 
gravity-feed burette is used. 3s Furthermore, if fractions of a division are estimated 
in reading the burette, there is an unconscious urge to make the readings agree as 
closely as possible. It is much more reliable to make up the standard solution by 
weight and to take different weight fractions of it. Each titration must then be done 
more or less individually without reference to the others (unless the operator is unable 
to resist doing mental arithmetic), and the error in the amount of sample taken will be 
virtually eliminated. If a sufficiently wide range of sample weights is taken, a plot of 
“taken” against “found” will reveal any bias in the results, and the existence of any 
“blank” correction. Repetition of the procedure in the presence of the other elements 
expected to occur in any applications will reveal the extent of any interference by these 
species. The concentration ratios used must be realistic.3 

Finally, the method must be applied to standard samples of the materials for which 
it is suitable, and the results compared statistically with those obtained by the best 
previously existing methods. It is essential to have enough replicate determinations 
to make the statistics meaningful, and the Snedecor F-test or “Student’s” i should be 
applied as a criterion of significant improvement.36 

PUBLICATION OF RESULTS 

If the work has been successful, then in the preparation of a paper for publication 
it is necessary to report on all the features dealt with above. In particular, attention 
must be paid to the following points. 
1. Stability of reagents, and special precautions to be taken in their preparation and 

storage. 
2. Standardization of reagents and calibration of apparatus, with details given of the 

errors actually obtained. 
3. Proof of the stoichiometry, and establishment of the tolerance ranges3’ for con- 

centrations of reactants, interferents, and other species necessarily present. 
4. The speed of the reaction, especially with regard to end-point detection and to the 

standing time in the case of indirect determinations. 
5. The nature of the end-point detection, with specification of sharpness of any 

colour changes, details of indicator corrections or other end-point corrections. 
In cases of “dead-stop” methods etc, the response time of the indicating system 
should be expressed in terms of amount of titrant added, if the titrant is being added 
automatically or generated electrolytically. In coulometric work the current 
efficiency must be determined, and the timing error should be established and 
reported. 

6. In description of the procedure, all tolerances on amounts of reagents should be 
clearly stated, and any special precautions stated.37 

7. There must be adequate validation of results, supported by statistical analysis. 
8. Applications of the method must be proposed and at least some of them validated 

experimentally. There must be a proper comparison with existing methods. 
9. If possible, the method should be tested by someone who has not used it before, 

and those results quoted as well. 
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R&ume-On a Btabli les conditions necessaires pour le developpement 
de mtthodes titrimktriques et pour la redaction du travail pour 
publication. On discute des principes gen6raux de divers types de 
reaction de titrage, et l’on p&e particulierement attention aux 
parametres qui influent sur les reactions chimiques. 

Zusanunenfassaag-Die Anforderungen an die Ausarbeitung titri- 
metrischer Methoden und an zu publizierende Manuskripte mit 
solchen Themen werden aufgeftihrt. Die allgemeinen Grundlagen fur 
verschiedene Typen von Titrationsreaktionen werden eriirtert und 
dabei besonderes Gewicht auf die Parameter gelegt, die chemische 
Reaktionen beeinflussen. 
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Summary-Requirements are laid down for the development of 
titrimetric methods and for writing up the work for publication. The 
general principles of various types of titration reaction are discussed, 
and special attention is paid to the parameters which influence 
chemical reactions. 

ALTHOUGH about 200 years have elapsed since the publication of the first papers 
dealing with titrimetric analysis,l the technique is still as widely used as ever, especially 
since the development of physicochemical methods of measurement, which permit 
not only objective detection of the end-point of a titration but also monitoring of the 
course of the reaction and hence a better understanding of its chemistry. Better 
understanding in turn leads to improvements in speed, precision, accuracy, sensitivity 
and/or selectivity of the procedures. In spite of all this, however, many methods are 
published which leave much to be desired both in their usefulness and in validation of 
the conditions used. It may be argued that that is the fault of the editors and referees 
concerned, but it is not really part of their duties to give private tuition in research 
methods. This paper has therefore been added to those already published on how to 
develop and write up methods,2*3 with the intention of fulfilling the need for such 
instruction. 

GENERAL REQUIREMENTS OF A TITRIMETRIC METHOD 

In general, as with other analytical methods, titrimetric procedures should be 
accurate and precise, simple to use, work under a wide range of conditions, fulfil a 
definite need and have practical applications (otherwise they are merely academic 
exercises and of little value) and should be rapid (if they are slow they offer no 
advantage over gravimetric methods). Some of these criteria are worth further 
comment. By “accurate and precise” we mean that the results should be correct and 
reproducible within the limits set by the random errors in measurement, and in the 
research work on a new method it is imperative that the errors be kept as small as 
possible. If it is known that a method is capable of giving results correct to within 
1 part per thousand (1 ppt) then if a larger error is acceptable for some particular 
application, the method can be used with confidence even if less care is taken. On the 
other hand, if the best that can be done with a method gives an error of lx, applica- 
tion of that method is limited to those situations in which a larger error than this can 
be tolerated. All too often there seems to be a failure to realise that in titrimetry the 
need to standardize the titrant introduces an additional source of error, since any 
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mistake made in determining the titre will cause a bias in all the results obtained with 
the titrant. Consider, for example, the standardization of ceric sulphate with arseni- 
ous oxide, with osmium tetroxide as catalyst and ferroin as indicator. To give a 
reasonable titration volume of O.lM ceric sulphate (i.e., about 30 ml, which can be 
measured with a reading error of about 0.03 ml or less if care is taken), a weight of 
about 150 mg of arsenious oxide is required. Suppose this is weighed on a normal 
fourth-place balance with a standard deviation of 0.05 mg at the weight loading used, 
and that the balance weights have not been calibrated. The random error in weighing 
by difference will be about 0.15 mg (95 % confidence limits) and in addition there 
may be a biased error from the unknown errors in the weights. The manufacturer’s 
tolerance on weights up to 500 mg is O-05 mg, and since there must be an exchange of 
at least two fractional weights it would be possible for this bias to amount to at least 
O-1 mg. If this reinforces the random error, we have already an error of nearly 2 ppt 
in the weight of primary standard taken, plus an expected reading error of 1 ppt. 
In addition there is the end-point error arising from the fact that we do not know how 
much of the last increment added was actually required to reach the end-point and 
how much was excess. “Splitting” drops is tedious, and this error can be minimized 
by assuming that the end-point was reached on addition of half the last drop. The 
error is then only half the drop-size. If a varying amount of indicator is added to 
replicate samples, there will be a variation in the amount of titrant needed to oxidize 
the indicator, and if the indicator is too concentrated or too large an amount is added 
(or both!) another biased error can occur. Obviously care and thought are needed to 
measure the titre to within 1 ppt, and if the standardization is not done accurately, the 
results of use of the titrant will not be as meaningful as they should be. How often we 
see in a paper the statement that a solution was standardized by some method or 
other, usually described only by a reference, and no information is given as to the 
precision of the results obtained. Similar remarks apply to calibration of apparatus, 
for which the results are scarcely ever given. 

By “simple to use” and “work under a wide range of conditions” we mean that there 
should be as few procedural steps as possible, since each can lead to a mistake being 
made, and that tolerances on such factors as pH range, ionic strength, amounts of 
particular compounds permitted to be present, should be as wide as possible, so that 
undue care need not be taken over adjustment of conditions. A procedure that 
requires very close control of pH is not nearly as satisfactory to use as one 
that operates over a pH range of several units. 

By “rapid” we mean that reaction should proceed more rapidly than titrant can be 
added to the system, or at least very nearly so. A procedure in which a wait of several 
minutes is necessary between additions of titrant is going to be a very irksome one to 
use, and not at all suitable for routine analysis. Many potentiometric systems suffer 
from this drawback, when the electrode system used takes some time to reach a 
stable potential as the titration proceeds. Sometimes, of course, a slow reaction 
can be combined with a back-titration that is rapid, by adding an excess of reactant, 
leaving it for a sufficient time, and then titrating the excess. Again, an interfering 
reaction may be made to occur so slowly that it does not affect the main reaction, or 
the kinetics may already be sufficiently different for no interference to occur. 

By “fulfilling a need and having practical application” we mean that a reaction 
that is suitable only for analysis of a pure solution of the substance to be determined 
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is of such limited usefulness as to be practically worthless unless it is so very much 
better than any other available method that it is necessarily the method of choice 
for standardizing solutions of that substance. This was stated very clearly over 30 
years ago by Lundell in his paper “Analysis of Things as They Are”,4 a paper that 
should be compulsory reading for all analytical chemists. The literature is full of 
“new and improved” methods that are in fact poorer in performance than the ones 
they seek to replace, and that are often based on standardizations performed bymeans 
of methods that they criticize and claim to supplant. Many methods have been 
published for the titrimetric determination of iron, but very few of them are better 
than the earliest methods of all-oxidation of iron(I1) with dichromates or per- 
manganate.g 

Unless the method being developed promises to fulfill these criteria, it seems 
scarcely worth while pursuing it. If it does show promise, however, there must be a 
proper investigation of the conditions under which it should be used, and a proper as- 
sessment of its scope of application and of its reliability. The remainder of this paper 
will deal with these aspects. Each type of reaction will be dealt with separately, as will 
standardization and end-point detection. 

BASIC CONDITIONS OF TITRIMETRIC DETERMINATIONS 

Only those reactions which proceed in stoichiometric ratio in a chosen solvent, 
without side-reactions and consecutive reactions, can serve as a basis for titrimetric 
determinations. The end-point of the reaction must be detectable by chemical or 
physical means. 

Special demands are made of the substance used as titrant. It must be of well 
defined composition, easily soluble in the chosen solvent so that solutions covering a 
wide range of concentration can be prepared, and its solutions should either be stable 
or easily standardized. Some titrants whiuh are unstable because of reactions with the 
solvent or the atmosphere, or because of volatility or light-sensitivity, can still be 
used if the active species is generated in situ electrolytically. It is desirable that the 
substance should be readily available. 

Although a detailed study of the kinetics is not essential for development of a 
titrimetric method, it stands to reason that a method that is kinetically slow is not a 
very useful one, especially for routine work. However, slow reactions may be used in 
indirect methods if the back-titration reaction is fast. On the other hand, a competing 
reaction may be suppressed by proper adjustment of the conditions if its rate of 
reaction is much slower than that of the main reaction. Similarly it is not essential 
that the mechanism of the reaction be known, though again, knowledge of it may be 
useful in certain circumstances. The stoichiometry can be expressed in terms of 
equivalents or of the ratio of molar concentrations, which should be a ratio between 
small integers. It is worth stating at this point that in titrimetry it is essential to retain 
both the mole-concept and the concept of normality. Each has its own special field 
of application, together with an enormous overlap of applicability, where either can 
be used. For example, in dealing with polymers and many biochemical systems, it 
is not known (or cannot be known) what the molecular weight is, although it is 
perfectly easy to determine the number of equivalentsof some reactive group in a given 
weight of sample. In contrast, normality is meaningless in complexation reactions. 
For the rest, the objection to the use of equivalents, viz. that a different equivalent 
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weight must be used for different reactions of the same substance, is just as much 
an objection to the use of moles, because the equation must be written down in both 
cases, and the onlyreal difference is in the point at which the stoichiometriccoefficients 
are introduced into the calculation. If the equivalent is defined as that weight of 
material which will react with one mole of hydrogen ions or of electrons or with one 
equivalent of any other substance, both conventions are referred unambiguously to 
the mole concept, and there should be no difficulty in understanding and applying 
both. 

Assumptions about stoichiometry are best verified by using equimolar solutions of 
the titrant and titrand and seeing whether the volumes needed to complete the reaction 
are in some simple whole-number ratio. If they are not, then either the reaction is 
non-quantitative for kinetic or thermodynamic reasons, or the main reaction is 
accompanied by side-reactions or consecutive reactions. Because these latter reactions 
can proceed at a considerably lower velocity than the main reaction, it is convenient to 
add an excess of titrant and to determine the amount unreacted after a sufficient time, 
to verify that there is no consecutive reaction. The stoichiometry can also be checked 
by quantitative determination of the reaction products. In direct titrations (see 
below), a titration error can be falsely attributed to non-quantitative reaction if the 
stoichiometry is not checked. It is often difficult, however, to decide whether non- 
quantitative results are due to the kinetics or the thermodynamics.’ 

Precipitation reactions 

The main criterion is the value of the solubility product for the substance being 
precipitated. If CM is the initial concentration of the metal to be precipitated by the 
titrant, then for 1 ppt error (which we will take as the working error to be aimed at) 
the final concentration must be 10e3 CM, and for a precipitate ML the apparent solu- 
bility product must be 10es C& The apparent solubility product is related to the 
thermodynamic solubility product by the equations governing the amount of L that 
may be protonated at the pH of titration and hence unavailable for precipitation, and 
the amount of M that may be masked by hydrolysis or complexation by other anions 
present. As pointed out elsewhere ,8 it is easier to use the inverse of the solubility 
product, which may be called the insolubility constant and treated as a stability 
constant for the precipitate. Ringbom’s a-coefficient method@ are then easily 
applied for calculation of the minimum pH etc permissible, as illustrated in Fig. 1, 
which should be self-explanatory. Similar diagrams can be prepared to take into 
account masking agents. 

Once the permissible pH range has been calculated from the known values of 
stability constants, it should be checked experimentally-stability constants are often 
determined under highly specialized conditions, and the values obtained may be some 
orders of magnitude different from those for the conditions of the titration. If the 
constants are not known, they must either be determined or the pH range etc 
determined empirically. 

Errors are most likely to arise from co-precipitation, especially from occlusion, 
because digestion and other means of reducing co-precipitation are not possible in this 
case. A typical example is the occlusion of AgCl in the determination of iodide by 
argentometric titration. lo Normally there should be an exchange reaction between 
AgCl and I- to give AgI and Cl-, but if the AgCl is occluded within AgI particles the 
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FIG. I.-Precipitation titration of lo-*M metal ion M with l&and H*L, to form ML, 
where M forms soluble hydroxo-complexes. Kl and KS for HIL are 10’ and lo6 
respectively, Ksp for ML is 1O-‘o (i.e., Kins = lOlo). Ka and K4 for M(OH),- and 
M(OH)**- are 10’ and lOa respectively. K&e% = conditional constant for at least 

99.9 % precipitation at the end-point. 

exchange cannot take place, and there is an overconsumption of silver nitrate. The 
error can be eliminated by adding some ammonium carbonate to make diammino- 
silver(I) the effective titrant, in which case AgCl cannot precipitate. The effect of all 
other ions likely to be present in practical applications must therefore be checked 
experimentally. Precipitation reactions may sometimes be made more selective by 
judicious use of pH control, auxiliary masking agents, etc, but in general the utility 
of this type of reaction is severely limited by the lack of selectivity. 

Further problems arise in the detection of the end-point. If a coloured precipitate 
is produced at the end of the main reaction, as in the Mohr method for halides, 
conditions must be carefully adjusted so that the overconsumption of titrant in 
production of a visible amount of coloured product is just compensated for by the 
underconsumption of titrant caused by the fact that the coloured product begins to be 
formed before the main reaction is entirely complete .ll The situation may be further 
aggravated by the presence of ions (such as NH,+) which are normally thought of as 
harmless.12*13 Adsorption indicators are usually fairly good, but often experience is 
required to recognize the end-point. Amperometric titration is often used, but the 
errors are seldom less than 1 ‘A, which is not surprising in view of the l-2’% error 
usually associated with polarographic methods. If say 10 points are used to construct 
the titration graph and there is an error of 2 % associated with each, the overall error 

in assessing the end-point is likely to be about 2/a 74 or about 0.6 %. In addition, 
it is customary to use small volumes of fairly concentrated titrant (in order to avoid 
excessive dilution and the need to apply a dilution correction) and the reading errors 
will be rather large. Potentiometric detection of the end-point is likely to prove the 
most satisfactory, provided that the electrodes reach potential equilibrium rapidly- 
otherwise the method will be too slow to be useful except for special or occasional use. 
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Conductimetric methods are satisfactory if the conductance can be measured suffi- 
ciently precisely (for reasons similar to those discussed for amperometric titrations) 
and the results are properly interpreted. 

Redox reactions 

The primary requirements are a means of converting the determinand into 
essentially the completely oxidized or reduced form, and a titrant capable of completely 
reducing or oxidizing the product. Obviously an excess of an auxiliary oxidant or 
reductant will be required in the first step, and this excess must be easily destroyed 
without the determinand being affected. The formal potentials for the titrant and 
determinand couples must be sufficiently far apart for the reaction to be at least 
99.9% complete at the end-point; that means a difference of at least 0.36 V for two 
one-electron reactants, but only 0.09 V for a pair of two-electron reactants. 

It is important to remember that the products may depend on whether a one- 
electron couple is matched with a one- or a two-electron couple. Hydrazine is 
oxidized to nitrogen by a two-electron oxidant, but to a mixture of ammonia and 
nitrogen by a one-electron reagent. 

Examination of the Nernst equation shows that the redox potentials may be 
profoundly affected by changes in acidity, by complexation, and by precipitation or 
formation of undissociated compounds. 

Efict of acidity. The most noticeable effect is on the potentials of couples involv- 
ing oxy-anions that are oxidized or reduced. Typical examples are the fact that 
manganate is unstable in acid solution because of disproportionation, but stable in 
extremely alkaline solutions, and the fact that the interference of vanadium(IV) in the 
oxidimetric determination of iron(I1) can be eliminated by making the solution 5M in 
sulphuric acid, and so raising the potential of the V(V)/V(IV) couple to a value 
comparable to that of the usual oxidants. Another effect is preferential protonation 
of one half of a couple, as for example the ferrocyanide/ferricyanide couple, or the 
effect of acidity on the potential of ferroin. 

A further effect of changes of acidity may be on the kinetics of the reaction. As 
has recently been shown,14 potassium chlorate can be used successfully as an oxidative 
titrant if the acidity is made high enough, though even then a catalyst is sometimes 
desirable as well. 

Effect of complexation. It is well known that the potential of the iron couple can be 
shifted in either direction by use of complexing agents, the potential being increased 
if the iron(I1) complex is more stable than the iron(II1) complex (as with l,lO’- 
phenanthroline) and lowered if the order of stabilities is reversed (as with phosphate, 
fluoride, EDTA). 

E$ect of precipitation etc. The potential of the silver couple is decreased by 
introduction of an anion that forms an insoluble silver salt, the decrease being the 
greater the more insoluble the compound. Similarly, formation of an undissociated 
species such as mercuric chloride or cyanide will remove the ions of one form of the 
couple and hence shift the potential. 

Importance of the Nernst equation. The Nemst equation not only permits calcula- 
tion of the equilibrium constant (and hence the feasibility of the reaction) from the 
potentials of the couples involved, but also permits us to calculate the form of the 
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potentiometric titration curve and so choose suitable indicators and decide whether 
other species may interfere or not by being co-titrated. It also reminds us that we 
cannot have an absoluteI’ pure oxidant or reductant solution if the solvent is capable 
of redox action. It is for this reason that certain species are unstable in aqueous 
medium, even if protected from aerial oxidation. It further reveals that lack of thought 
has led to an incorrect ascription of chemical properties to certain oxidants. Many 
textbooks state that dichromate and ceric sulphate can be used for titrations in hydro- 
chloric acid medium but permanganate can not. This statement is only partly true: 
permanganate can certainly be used, e.g., for titration of antimony(III), in chloride 
medium. It is only unsuitable for use when the oxidation of chloride is induced by 
another reaction in the system, such as the oxidation of iron(I1). The reason for this 
is that the kinetics of chloride oxidation are so slow at moderate acidities that the 
end-point can be detected without interference from the slow side-reaction. Un- 
fortunately, however, many chemists read more into the statement than is there, and 
assume that dichromate and ceric sulphate are incapable of oxidizing chloride-an 
assumption that is completely false, as a practical test will readily verify. 

Importance of kinetics. From what has just been said about permanganate it will 
be realized that the reaction kinetics may play a decisive part and override the 
thermodynamics. A good example is the determination of total iron in silicate rock 
by removal of silica by the Berzelius method, fusion of the metal oxides with pyro- 
sulphate, dissolution in hydrochloric acid, reduction with the silver reductor, and 
titration with ceric sulphate, with ferroin as indicator.ls Two difficulties arise: there 
is a variable blank, and the end-point “returns”, that is, there is a sharp colour change 
followed by slow return of the reduced form of the indicator, and this behaviour is 
repeated on further addition of small increments of titrant. Both effects are kinetic in 
origin. The first arises from reduction of aerial oxygen to hydrogen peroxide in the 
silver reductor. The peroxide should be further reduced to water, but because the 
first reduction step is much faster than the second there is a build-up of peroxide, a 
steady state being reached because of the diffusion controlled supply of further oxygen 
from the air. The peroxide then reacts with iron(I1) in the initiation and termination 
steps of the Haber-Weissls mechanism for catalytic decomposition of peroxide: 

Fez+ + H,02 + Fea+ + OH- + *OH (initiation) 
Fe2+ + *OH + F8+ + OH- (termination) 
H,O, + -OH -+ HO,. + H,O 

HO,. + H,O, -+ H,O + 0, + *OH 
propagation 

The chain propagation steps are unlikely to have a chance to occur, since the iron is 
greatly in excess of the peroxide. Similar effects occur with amalgams when they are 
used in the presence of air. l7 The returning end-point arises because the decom- 
position reaction takes place in a platinum crucible and some platinum is extracted 
as Pt(IV) in the fusion process. According to the thermodynamics the Pt(IV) should 
be reduced to the metal on the silver reductor, but if the reduction is slow and occurs 
in two stages, uia Pt(II), and if the residence time in the reductor column is too short 
(short column and/or fast flow-rate) some Pt(I1) passes into the effluent and is oxidized 
(slowly, of course) after the preferential oxidation of the iron is complete. Fortunately 
the kinetics are so slow that the first sharp end-point corresponds exactly to the iron 
titration.15 
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Induced reactions. The Haber-Weiss mechanism just quoted is an example of an 
induced catalytic reaction. When such reactions can occur, they constitute a hidden 
source of error, which may be extremely large. In the oxidation of tin(I1) with 
dichromate, for example, induced aerial oxidation accounts for oxidation of no less 
than 98% of the tin.ls On the other hand, induced coupled reactions, in which a 
definite stoichiometry exists between the inductor and the acceptor systems, may be 
used quantitatively. 

End-point detection. Indicators and potentiometry are the means usually chosen 
for end-point detection. Naturally the indicator potential must be matched to the 
equivalence point potential of the system, either by choice of indicator or by shift of a 
potential (e.g., addition of phosphoric acid when diphenylamine is used as indicator 
for iron(I1) oxidation). Potentiometry is satisfactory subject to the usual proviso 
about the speed of electrode equilibration. Spectrophotometric titration is possible if 
one component of the titration system has suitable absorption characteristics differing 
from those of the others, but if the end-point section of the curve is too rounded, 
dilution corrections may be necessary and are rather tedious to apply. 

Complexation and acid-base reactions 

The basis of these reactions is formation of a highly stable (i.e., little dissociated) 
species such as a metal complex or water. The main criterion for successful application 
to titrimetry is therefore the apparent equilibrium constant for the reaction under the 
conditions used. In complexation reactions, if the initial metal ion concentration 
is CM then for the error to be 1 ppt or less, the concentration of free metal at the end- 
point must be < 10” CM, and this must also be the total concentration of uncomplexed 
titrant in the titration solution. It follows that the minimum value for the apparent 
stability constant of the complex is CM/1O-6 CM2 or 106/Cnr. It is therefore advisable 
to use fairly concentrated solutions for titration of metals that form only weak 
complexes. The Ringborn conditional constant method can again be used to predict 
the minimum pH required for complete titration. It is not always recognized, however, 
that it is really the indicator reaction which sets the lower boundary of the permissible 
pH range. In the case of a weak metal-indicator complex it would be possible to find 
a pH at which the metal-titrant complex could be formed quantitatively while the 
metal-indicator complex was formed scarcely or not at all. The upper boundary of 
the pH range is set either by the hydrolysis characteristics of the metal ion or by the 
nature of the indicator. Almost all metallochromic indicators are also acid-base 
indicators, the colours of their metal complexes being essentially those of the species 
obtained on removal of one proton (sometimes more) from the indicator. For a 
colour change to occur at the end-point, from the colour of the metal-indicator 
complex to that of the free indicator, the pH must be below that at which the indicator 
would be deprotonated anyway. The whole system is illustrated in Fig. 2. 

It is possible to achieve selectivity of complexation by pH control if the metal ions 
present form complexes with the titrant, with sufficiently different stability constants 
(Fig. 2). For ions giving complexes with similar stabilities, auxiliary masking agents 
are used to achieve selectivity. When the pH is adjusted it is important to remember 
that the buffer system must not contain ions that can act as competing ligands.lg It 
is also important to remember that the buffer must have sufficient capacity to absorb 
the protons released during the complexation reaction. 
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FIG. 2.-Complexation titration of lO-PM metal ion M with l&and HL to form ML, 
with indicator HI. Km = 1016; &I = lOlo; KHI = 10’; HL is EDTA. Gg.so/. = 
conditional constant for at least 99.9 % completion of complexation at the end-point. 

Acid-base reactions can be treated as a special case of complexation, in the simpler 
cases there being competition between two anions to form an undissociated species 
with protons. The decisive factor is the equilibrium constant for the reaction 

HA+OH-$A-+H,O 

F&A4 N-1 Kw 
Keq = [HA][OH-] = K,, 

where 

& = [H,O]/ [H+] [OH-] ; Ku* = [HA]/ [H+] [A-] 

If the initial concentration of acid is C n4, then for 99.9% neutralization the final 
concentration is lo3 Cna, and since at equilibrium [HA] = [OH-], it follows that 
Keq must be greater than 106/C u* for quantitative titration ([A-] will be approximately 
equal to CnA at equivalence). If we approximate a little and use “mixed” stability 
constants, we can call the activity of water unity and take K, as 1014. In that case 
KHA must be less than K, - CHa/106, i.e., less than 108 C HA, for quantitative titration. 

If the acid is weaker than this, either a larger error must be accepted or the 
conditions must be changed to make the acid appear to be stronger. One way of 
doing this is to introduce a metal ion that will form a complex with A-, thus releasing 
protons from HA; care must be taken, however, to choose a metal ion that will not 
itself interfere by a hydrolysis reaction. The more common method is to change the 
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value of Keq by changing the solvent system. The use of and choice of non-aqueous 
solvents have been adequately discussed in various monographs20-22 and need not 
be dwelt on here. 

End-point detection. The most common methods for end-point detection are by 
means of indicators, potentiometry, spectrophotometry, conductimetry and ther- 
mometry or enthalpimetry. 

In complexation reactions the indicator must of necessity form with the determi- 
nand ion a complex that is less stable than the complex formed by the determinand and 
titrant. If the two complexes are of comparable stability there will be an end-point 
error that is a function of the amount of indicator added. An example is the use of 
Xylenol Orange for titration of lead with EDTA. It is also essential that the indicator 
should not be “blocked” by the presence of other metal ions that form with it com- 
plexes more stable than the determinand-indicator complex. Adequate buffering is 
also necessary to prevent appearance of a false end-point by virtue of decomposition 
of the indicator complex by reaction with the protons released as the main reaction 
proceeds. It is also most important that the transition interval should be as sharp as 
possible. If an appreciable volume of titrant is required to traverse the end-point 
colour change, and two elements are being determined in the same sample by titration 
of the sum followed by masking of one and titration of the complexant released, there 
will be an error if the “sum” titration end-point is taken as appearance of the free 
indicator colour but the back-titration end-point is the colour of metal-indicator 
complex. It is essential to use the same end-point colour in both cases. The general 
theory of these indicators has been well covered by Ringbom.s The theory of acid- 
base indicators is well known, and it need only be stressed that the pK value of the 
indicator must match the pH at the equivalence point, and that adequate precautions 
must be taken to avoid interference by carbon dioxide in the atmosphere. 

Potentiometry has already been discussed, and fortunately the glass electrode has a 
very rapid response and equilibration, so is ideal for potentiometric acid-base titration. 
The limitations of conductimetry (and amperometry) have been dealt with above 
and will apply here also. Spectrophotometry has been dealt with in a monograph,23 
and the theory of spectrophotometric complexation titrations adequately covered.24*25 
Thermometric and enthalpimetric methods are relatively new, but are really useful 
only if relatively large errors (1% or more) are acceptable. Perusal of some of the 
literature on these methods shows that when comparisons are made between ther- 
mometric and classical indicator methods, the errors reported for the latter are very 
often greatly in excess of the values that are obtainable by careful work. 

Interferences. In complexation reactions, interfering ions may be dealt with by 
pH control or selective masking, as pointed out above. A subtle form of interference 
may arise, however, from the use of masking agents. It sometimes happens that a 
masking agent added to sequester an interfering element can act as a bridging ligand 
to form a mixed-metal binuclear complex with the determinand ion. If this complex 
happens to be inert (i.e., kinetically stabilized) then the determinand ion will not react 
with the titrant. Such is the case with aluminium in the presence of uranyl ions and 
citrate.26 Similar cases are those of copper in the presence of chromium and citrate,27 
and copper in presence of aluminium and tartrate. 

In acid-base reactions, the interferences are those caused by the presence of other 
acids or bases besides the determinand. If the strengths of the various species differ 
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sufficiently it may be possible to titrate them consecutively, provided means of detect- 
ing the end-points are available. If the strengths are comparable, selective complexa- 
tion or a change of solvent may give sufficient differentiation. 

GENERAL FACTORS INFLUENCING TITRIMETRIC METHODS 

Ionic strength and variations in concentration 

The ionic strength can affect both the velocity and the quantitativeness ofa chemical 
reaction, the effect being largely a function of the charges on the reacting species.29*so 
In a titration there must inevitably be a change in ionic strength in the course of the 
reaction, but fortunately most analytical procedures require the use of concentrations 
at which activity coefficients change relatively little with variation in ionic strength,al 
so it is unlikely that the ionic strength will be a serious factor. If it is, the effect can 
usually be “swamped” by addition of a large and constant amount of an indifferent 
electrolyte. 

Changes in the concentration of the reactants cause a change in the reaction veloc- 
ity. This is seen in the decrease in the reaction velocity near the equivalence point, a 
feature of practical utility (the entering stream of titrant reacts immediately in the 
early part of a titration, but disperses sluggishly near the end-point, so that at the 
point of entry the indicator has changed colour). It is therefore convenient to keep 
the reactant concentrations fairly constant during the preliminary investigations. 
Later the concentrations can be varied, especially with a view to finding the lowest 
concentrations that can be used satisfactorily. 

Temperature 

A change in temperature influences the reaction velocity and the equilibrium 
constant, and sometimes even the stoichiometry. Sometimes a higher temperature 
is used deliberately to make a slow reaction more practicable, and sometimes a very 
low temperature is used to make an interfering reaction so slow that its effect is 
nullified (so-called “kinetic masking”). 

Ideally, room temperature should be the optimum, but it is necessary to investigate 
the effect of changing the temperature because “room” temperature may vary from a 
few degrees in winter in Scotland to 30” or more in summer in India. High tempera- 
tures are undesirable because they may cause unfavourable effects such as decrease 
in stability of reactants, thermal decomposition, reaction with solvent, increasing 
probability of side-reactions occurring. If higher temperatures are unavoidable, a 
“safe” range must be found in which these undesirable effects do not occur. 

Catalysis 

Catalysts are sometimes added to change the reaction velocity or the mechanism 
of reaction, especially in redox systems. Catalysts are associated with particular 
reactions, and there is no general theory for prediction of which catalyst will prove 
convenient. Catalysts are usually found by trial and error, with the initial choice 
based on experience. Sometimes autocatalysis occurs, in which a reaction product 
itself catalyses the reaction. Induced reactions are sometimes used, but as pointed 
out above, unwanted ones can be a source of error. 
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Stability of reagents 

It sometimes happens that though a titrant may be stable in aqueous solution 
when it is being stored, it may become less stable under the conditions used for the 
titration, especially if these are particularly drastic in terms of acidity or alkalinity. 
The effect is most likely to be observed in an indirect procedure, in which an excess of 
reagent must be added and the mixture left for some time for the reaction to reach 
completion, followed by back-titration of the excess. In such cases it is necessary to 
check the stability of the reagent by running a number of blank determinations with 
different amounts of reagent present. 

Indicator solutions may not be stable on storage, especially in the case of complexo- 
metric indicators. Xylenol Orange, for example, oxidizes slowly in aqueous solution, 
and the oxidation product will give a coloured complex only with copper(I1). The 
storage life of all reagents should be checked and appropriate recommendations made 
for their preparation. 

End-point sharpness 

The accuracy of a titration will be partly determined by the volume of titrant 
required to traverse the end-point, and on how accurately the end-point can be 
located within that volume. As discussed in specialist texts and articles,32 the equiva- 
lence point may not exactly correspond to the end-point, and a correction may be 
necessary. The correction may be calculated or empirical. The “sharpness index” or 
“relative precision”33 may be used as a means of indicating the size of the end-point 
error. It is essential that some numerical value be given for the sharpness. If indicators 
are used, the volume of titrant needed to give the complete colour change must be 
determined and reported, and if possible the colours should be described in terms of 
the C.I.E. indices.34 

Other infruences 

Electromagnetic radiation, usually in the form of visible or ultraviolet light, can 
not only affect the stability of the reactants but may also participate in the reaction or 
accelerate or introduce side-reactions. It is therefore sometimes necessary to perform 
titrations under special lighting conditions, and in indirect determinations it is 
often necessary to keep the reaction mixture in the dark during the reaction period 
before the back-titration. 

Ultrasonic waves have occasionally been used to affect the course of a reaction. 
Pressure changes, though often used in technology, are not used in titrations, because 
of the experimental complications introduced. 

RESULTS AND APPLICATIONS 

Once the method has been worked out, it is necessary to validate it by standardiza- 
tion, and by application to standard samples containing the species of interest. The 
standardization is customarily done by preparing a standard solution of known 
concentration and titrating equal portions of it. In our opinion this is not a sound 
practice. First, all measurements are made by volume, and as discussed by Conway,as 
it is then necessary to calibrate all apparatus used, so that the personal error may be 
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assessed. Secondly, once the first titration has been done, the tendency is to add 
rapidly almost the required volume of titrant to the second sample and only the last 
few drops are added slowly. The result is a variable drainage error, if a normal 
gravity-feed burette is used. 3s Furthermore, if fractions of a division are estimated 
in reading the burette, there is an unconscious urge to make the readings agree as 
closely as possible. It is much more reliable to make up the standard solution by 
weight and to take different weight fractions of it. Each titration must then be done 
more or less individually without reference to the others (unless the operator is unable 
to resist doing mental arithmetic), and the error in the amount of sample taken will be 
virtually eliminated. If a sufficiently wide range of sample weights is taken, a plot of 
“taken” against “found” will reveal any bias in the results, and the existence of any 
“blank” correction. Repetition of the procedure in the presence of the other elements 
expected to occur in any applications will reveal the extent of any interference by these 
species. The concentration ratios used must be realistic.3 

Finally, the method must be applied to standard samples of the materials for which 
it is suitable, and the results compared statistically with those obtained by the best 
previously existing methods. It is essential to have enough replicate determinations 
to make the statistics meaningful, and the Snedecor F-test or “Student’s” i should be 
applied as a criterion of significant improvement.36 

PUBLICATION OF RESULTS 

If the work has been successful, then in the preparation of a paper for publication 
it is necessary to report on all the features dealt with above. In particular, attention 
must be paid to the following points. 
1. Stability of reagents, and special precautions to be taken in their preparation and 

storage. 
2. Standardization of reagents and calibration of apparatus, with details given of the 

errors actually obtained. 
3. Proof of the stoichiometry, and establishment of the tolerance ranges3’ for con- 

centrations of reactants, interferents, and other species necessarily present. 
4. The speed of the reaction, especially with regard to end-point detection and to the 

standing time in the case of indirect determinations. 
5. The nature of the end-point detection, with specification of sharpness of any 

colour changes, details of indicator corrections or other end-point corrections. 
In cases of “dead-stop” methods etc, the response time of the indicating system 
should be expressed in terms of amount of titrant added, if the titrant is being added 
automatically or generated electrolytically. In coulometric work the current 
efficiency must be determined, and the timing error should be established and 
reported. 

6. In description of the procedure, all tolerances on amounts of reagents should be 
clearly stated, and any special precautions stated.37 

7. There must be adequate validation of results, supported by statistical analysis. 
8. Applications of the method must be proposed and at least some of them validated 

experimentally. There must be a proper comparison with existing methods. 
9. If possible, the method should be tested by someone who has not used it before, 

and those results quoted as well. 
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R&ume-On a Btabli les conditions necessaires pour le developpement 
de mtthodes titrimktriques et pour la redaction du travail pour 
publication. On discute des principes gen6raux de divers types de 
reaction de titrage, et l’on p&e particulierement attention aux 
parametres qui influent sur les reactions chimiques. 

Zusanunenfassaag-Die Anforderungen an die Ausarbeitung titri- 
metrischer Methoden und an zu publizierende Manuskripte mit 
solchen Themen werden aufgeftihrt. Die allgemeinen Grundlagen fur 
verschiedene Typen von Titrationsreaktionen werden eriirtert und 
dabei besonderes Gewicht auf die Parameter gelegt, die chemische 
Reaktionen beeinflussen. 
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Summary-The process of electrolytic accumulation of halide ions as 
Hg,X, at the hanging mercury drop electrode is considered 
theoretically. The efficiency of this process is explained by considering 
various chemical reactions of mercury ions with halogens, and the 
adsorption of Hg8XI. The agreement of these considerations with 
experimental results obtained by other authors is found to be 
satisfactory. 

ANODIC-STRIPPING VOLTAMMETRY has gained wide application’ as a sensitive method 
for determination of trace metal ion impurities. The anodic stripping is preceded 
by electrolytic accumulation in the hanging mercury drop electrode (HMDE), of 
the metal to be determined. This method may also be applied with considerable 
success to the determination of anions 2*8 by the formation (in the accumulation step) 
of sparingly soluble salts of the anions with mercurous ions. However, some aspects 
of the anion determination are not yet clear. For instance the complex character of 
the dependence of electrolytic accumulation on potential, and the relatively low 
sensitivity in comparison to metal ion determination, have not been fully explained. 
These problems will be discussed in the present paper. 

The anomalous dependence of the efficiency of accumulation on potential, 
observed in the determination of halide ions, has been explained2 in terms of 
crystallization of mercurous halide at some distance from the electrode if electrolytic 
accumulation was achieved at very positive potentials. These microcrystals should 
not be adsorbed at the solution-mercury interface. The occurrence of such 
crystallization in very dilute solutions (10 d-104M) does not seem very probable. 
The anomalous effects may also be explained by taking into account the formation 
of complexes of the anions with mercury ions, and later diffusion of the complexes 
away from the surface of the electrode. Kemula and Taraszewska4 have attempted 
to explain the sensitivity limits of the determination of halides, based on precipitate 
complex equilibria, but satisfactory results were obtained only for chloride. 

THEORETICAL 

During electrolytic accumulation of halide ions on the mercury electrode the 
following reactions take place : 

2Hg + 2X- + Hg2X2 + 2e (1) 

2Hg + Hg22+ + 2e (2) 

Hg+nX-+ HgXE-” + 2e (3) 
wheren=0,1,2,3 ,... 

Hg2X2 is adsorbed on the electrode, the other products of reactions (2) and (3) 
diffuse away. Since the activity of the halide ions increases with distance from the 
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electrode the following interactions may occur 

HgX;-” + X- =$ Hgx+“l (4) 

Hg22+ + 2X- + Hg,X, (5) 

Hg$+ + Hg”+ + Hg(aq) (6) 
We have to assume that the products of these reactions are in a state of molecular 
distribution. This assumption is indisputable in respect to the products of (4) and (6), 
and should also be fulfilled in respect to reaction (5) since the concentrations of the 
reactants are low. Also, if [HgS2+] < [X-l the role of reaction (5) should be small. 

The equations describing the concentrations of various species existing in the 
solution may be obtained from Fick’s second law of diffusion with the addition 
of kinetic terms. By taking the sum of these equations we obtain 

a&*(x, t) 
at 

= D %z*(x, t) 
a2 (7) 

where D is the diffusion coefficient (equal for all species), and Cx*(x, t), the analytical 
concentration of halide, is given by 

cX*k 6 = cX(x, t) + 2cHgBX,(x1 t) + 5 nCHgX,(x, t) (8) 
n=l 

By consideration of mass balance we obtain 

(9) 

where ~H~,x, denotes the surface concentration of the accumulated species. Using 
the solutions to equation (7) we may write (a) for a plane electrode in quiet solutions 

dGa,x, _ 1 W2 
- - - - [CXO - c,* (x = O)] 

dt 2 (?rt)1/2 

and (b) for accumulation with uniform mixing of the solution 

drHg,x, _ 1 D 
- -~s[cxo-cx*(x=o)] 

dt 

(10) 

(11) 

where Cxo and Cx* (x = 0) denote the analytical concentrations of X- in the bulk 
of the solution and at the surface of the electrode respectively, and 6 is the thickness 
of the diffusion layer. 

The function q = [Cxo - Cx* (x = O)]/Cxo (the coefficient of efficiency of 
electrolytic accumulationj is also introduced. This function may be calculated 
on the assumption that all processes occurring at the surface of the electrode are 
reversible. Then the concentrations of all species at the electrode surface may be 
calculated from the following equilibria 

[Hg2+] = exp FT (E - E”) (12) 

[Hg2+] = K[Hg22+] (13) 

P%iT [x-l2 = K,ofW (14) 

[Hgx+] = /3n [Hg2+] [X-l” (15) 

D%2&1b - 0 (16) 
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where E” is the standard potential of the Hg%w/Hg couple, K& the solubility product 
of Hg,X,, p, the stability constants of the halide complexes, and [Hg,X,], the bulk 
concentration of Hg,X,. 

From these arguments we obtain 

fp = 1 - & (m exp [-F(zF “1 

In these equations f(0) denotes the activity of Hg,X, on the surface of the electrode, 
as a function of the degree of coverage 0 (0 = I’ll?,). Alternatively, f(0) may be 
formulated in terms of the dependence of the equilibrium adsorption l?nBIX, on 

Fk_&l~ where 
[H&&lb = A* ~fk?+l [X-l2 

If for 8 < 1 we assume that the Langmuir isotherm is obeyed, then 

(18) 

[Hg,X,h = Ge 
and 

Wt$+l[x-I2 = p 
2 
*,f”_ e> 

From (14) and (20) we obtain 
l 

f(e) = ge 
~~~(1 - e) 

(19 

P-9 

(21) 

where /? is the equilibrium adsorption constant and K,, = b2*KBo. When [Hg,X,] 
reaches the Ka2 value, crystallization begins, 0 > 1 and multilayers form on the 
surface of the electrode. 

Then 

[Hg2s][x-]2 = 5 = K,, 
2 

and 
.fce, = I 

It is not useful to apply equation (21) together with (17) in these considerations, 
because the value of B2* is not known. Furthermore, additional experiments should 
be carried out to find whether the Langmuir adsorption is obeyed. The potential 
dependence of the adsorption constant should also be determined. It will not be 
possible then, to cJculate precisely the efficiency of the electrolytic accumulation; 
however, some other interesting parameters of the accumulation process may be 
predicted. The value of f(f3) may be determined only by experimentation; its 
determination will be difficult, however, even if it is possible. 

Since in systems with halide concentrations lower then 10”‘M only the complexes 
HgX and HgX, are present, equation (17) may be simplified to 
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where 

If f(8) and the constants in (22) are assumed to be independent of the potential 
then Em,, determines the potential of the maximum efficiency of electrolytic 
accumulation. In Fig. 1 the dependence of y on E for Cl-, Br and I- is given, 
calculated with the use of equation (22), assuming~(~) = 1 and Cxo = 1O-sM. 

002 

E. V 

FIG. l.-The dqKndence of the coefficient of efficiency of electrolytic accumulation 
OII the accumulation potential, calculated according to equation (22) for Cl- (curve 1), 

Br- (2), and I- (3). 
The following values were used in the calculation: 

f(o) = I, C,* = IO-‘&f, log K = -1~94~; 
log PI = 6.74, log @* = 13.22, log Keo = -16.88 for Cl- 6; 
log PI = 9.02, log PI = 17.30, log K,, = -21.28 for Br- 6; 
log PI = 12.87, fog PI = 23.79, log KS0 = -27.46 for I-.’ 
Potentials are given with respect to the Hg~Hg~SO~~l~ H,SO, electrode. 

An important relationship, from the analytical point of view, between time of 
electrolytic accumulation and I’HgpX8 may be formulated on the basis of equations 
(lo), (11) and (22). It is scarcely possible to give a strict time dependence if the 
function f(0) is not precisely defined; however, the asymptotic solutions may be 
obtained for times that are short or long in comparison to the time needed to obtain 
fuIl coverage of the eIectrode by a monolayer. 

1. Short accumulation times. 
When t-0 then ~-CO, f(O)+0 and 931. 
If the accumulation is carried out in quiet solutions then 

(23) 

(24) 

and for stirred solutions, 

r =gs=s 
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2. Long accumulation times. 
Two cases may be distinguished, in dependence on Cx”. 
When 

CxO > J%(E) 
where 

ME) = 2 (P&K, + m cash [“‘” ,,“ax’I) 
and t+az~, then f(8) = 1, v = const. 
For solutions not stirred during electrolytic accumulation we have 

For stirred solutions 

r DCxo 
*g*x* = c, + yj- qJt 

where C, and C, are constants equal to or larger then 0. 
Equations (25) and (26) are valid as long as the transport of ions from the bulk 

of the solution is slower then the rate of the transport through the layer covering 
the electrode surface. 

In the second case 

CxO < J%(E) 

and the coefficient of efficiency of electrolytic accumulation will assume positive 
values only forf(0) < 1. This means that 8 cannot be larger then I&,,,,, which itself 
is independent of the mode of electrolytic accumulation. The function f(0,,3 
may be defined from equation (22). 

When t+ oo, then q-+0 and 

where 

L,(E) = $ coshe 
F(E - Em,,) 

e 
RT 1 

(27) 

(28) 

In Fig. 2a the dependence off(Omax) on E, calculated with the use of equation (27), 
is given for 1OdM Cl-, Br, I-. In Fig. 3 the dependence of I’Hg,X, on t is shown for 
various concentration ranges and electrolytic accumulation with uniform stirring of 
the solution. 

Comparison of theory with experiment 

The experimental dependence of peak current (i,) of accumulated Hg,X, on 
the deposition potential, found by Kemula, Kublik and Taraszewska* in their 
chronovoltammetric determination of halide ions with the use of the HMDE is 
given in Fig. 2b. A similar dependence was found by Perchard, Buvet and Molina.8 
The equations (22) and (27) explain these experiments semi-quantitatively. A 
strict quantitative correlation between 9 or f(O,,,) and iP calls for experimental 
determination of f(0) and i,(O). One may suppose that for low coverages both 
dependences are linear; this may, however, be confirmed only by experiment. 
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FIG. 2.-(a) The dependence of f(0,,,) on the accumulation potential, calculated 
according to equation (27) for Cl- (curve l), Br-(2) and I-(3). 

The values of equilibrium constants were taken from the literature+*) and CxO was 
assumed to be 1O-BM. The potential is given with respect to the Hg/Hg&O,/lM 
HpSOl electrode 

(b) Experimental dependence of peak current on the accumulation potential’*’ for 
determination of 10-5M Cl- (curve l), 10-BMBr-(2); 10-6MI-(3). In experiments with 
the HMDE, O.OlN HaSOp served as background electrolyte, and the accumulation time 

was 120 sec. 
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Fro 3.-Dependence of rHgpxg on t, obtained with use of equations (24), (26) and (27). 
Curve 1 for Cx” < L,(E), curve 2 for Cx” > L,(E) and curve 3 for Cx” > L,(E). 

A satisfactory agreement was found between the theoretical and experimental 
potentials for maximum efficiency of the electrolytic accumulation (Table I). 
Experimental values of E,,, were taken from figures given in both the cited papers. 

The small differences in Em,, may be due to different concentrations of background 
electrolytes and their influence on the adsorption equilibrium constant. The specific 
adsorption of SOa2- and C104- ions and their interaction with Hg,X, in the adsorbed 
state may also be responsible for these differences. 

TABLE I.-EXPERIMENTAL AND THEORETICAL POTENTIAL Em,, 

E msx Em,, experimental, mV 
Ion theoretical, m V Ref. 2* Ref. 3t 

Cl- -37 -45 -87 
Br- -105 -127 -82 
I- -222 -258 -232 

* Composition of the solutions: Cl- 10-6M; Br- lO-+M; 
I- 10-BM; all in O.OlN H,SO, 

t Composition of the solutions: Cl- 5 x lO+M; Br- 
5 x 10-SM; I- 5 x 10-KM; all in O~lMHCIOI. 

The theoretical dependence of I’Hg,X, on I may be compared with experiments 
carried out to establish the dependence of i, on the time of electrolytic accumulation. 
The assumption that the peak current is linearly dependent on PHgeX, has to be made. 
Such a linear dependence was found by Perchard et al3 in their study of deposition 
of chlorides from 5 x 10e5M solution. This dependence corresponds to curve 3 in 
Fig. 3. The magnitude of the measured peak currents indicates multilayer coverage. 

The same authors, in their determination of Cl-, Br- and I- at concentrations 
not exceeding 10w5M found a linear i,-t relationship only for short accumulation 
times. With longer times the peak current was independent of the time of deposition, 
as is illustrated by curve 1 in Fig. 3. In this case the peak current shows that the 
electrode coverage at its maximum is a monolayer. Such a dependence was found 
also by Kemula, Kublik and Taraszewska.* 
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The limiting experimental value of concentration, 10-5M, agrees with the 
theoretical value of Lr(E,,,) which is 7-3 x 10-1, l-3 x 10” and 4.4 x 10-8M 
for Cl-, Br and I- respectively. 

The considerations presented do not give a complete and precise picture of the 
process of electrolytic accumulation of halogen ions at mercury electrodes, since 
they are limited to dealing with the transport phenomena. The full knowledge of 
this process, especially at low coverages, calls for the determination of the mode of 
adsorption. We intend to study this problem in the near future. 

The arguments given refer to halide ions, but similar reasoning may be applied 
to other systems. 

Zusammeafassuag-Die elektrolytische Anreicherung von Halo- 
genidionen als HgpXI am hiingenden Quecksilbertropfen wird theor- 
etisch eriirtert. Zur Erkliirung werden verschiedene chemische 
Reaktionen von Quecksilberionen mit Halo enen in Betracht gezogen 
sowie die Adsorption von HglXP. Die d bereinstimmung mit den 
Versuchsergebnissen anderer Autoren ist zufriedenstellend. 

R&sum&On considere theoriquement le processus d’accumulation 
electrolytique d’ions halogenures a Petat Hg,X, sur l’&ctrode a goutte 
de mercure pendante. L’efllcacite de ce processus est expliquee en 
considerant diverses reactions chimiques d’ions mercure avec les 
halogenes, et l’adsorption de Hg,&. On a trouvt satisfaisant l’accord 
de ces considerations avec les r&sultats experimentaux obtenus par 
d’autres auteurs. 
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Summary-The process of electrolytic accumulation of halide ions as 
Hg,X, at the hanging mercury drop electrode is considered 
theoretically. The efficiency of this process is explained by considering 
various chemical reactions of mercury ions with halogens, and the 
adsorption of Hg8XI. The agreement of these considerations with 
experimental results obtained by other authors is found to be 
satisfactory. 

ANODIC-STRIPPING VOLTAMMETRY has gained wide application’ as a sensitive method 
for determination of trace metal ion impurities. The anodic stripping is preceded 
by electrolytic accumulation in the hanging mercury drop electrode (HMDE), of 
the metal to be determined. This method may also be applied with considerable 
success to the determination of anions 2*8 by the formation (in the accumulation step) 
of sparingly soluble salts of the anions with mercurous ions. However, some aspects 
of the anion determination are not yet clear. For instance the complex character of 
the dependence of electrolytic accumulation on potential, and the relatively low 
sensitivity in comparison to metal ion determination, have not been fully explained. 
These problems will be discussed in the present paper. 

The anomalous dependence of the efficiency of accumulation on potential, 
observed in the determination of halide ions, has been explained2 in terms of 
crystallization of mercurous halide at some distance from the electrode if electrolytic 
accumulation was achieved at very positive potentials. These microcrystals should 
not be adsorbed at the solution-mercury interface. The occurrence of such 
crystallization in very dilute solutions (10 d-104M) does not seem very probable. 
The anomalous effects may also be explained by taking into account the formation 
of complexes of the anions with mercury ions, and later diffusion of the complexes 
away from the surface of the electrode. Kemula and Taraszewska4 have attempted 
to explain the sensitivity limits of the determination of halides, based on precipitate 
complex equilibria, but satisfactory results were obtained only for chloride. 

THEORETICAL 

During electrolytic accumulation of halide ions on the mercury electrode the 
following reactions take place : 

2Hg + 2X- + Hg2X2 + 2e (1) 

2Hg + Hg22+ + 2e (2) 

Hg+nX-+ HgXE-” + 2e (3) 
wheren=0,1,2,3 ,... 

Hg2X2 is adsorbed on the electrode, the other products of reactions (2) and (3) 
diffuse away. Since the activity of the halide ions increases with distance from the 
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electrode the following interactions may occur 

HgX;-” + X- =$ Hgx+“l (4) 

Hg22+ + 2X- + Hg,X, (5) 

Hg$+ + Hg”+ + Hg(aq) (6) 
We have to assume that the products of these reactions are in a state of molecular 
distribution. This assumption is indisputable in respect to the products of (4) and (6), 
and should also be fulfilled in respect to reaction (5) since the concentrations of the 
reactants are low. Also, if [HgS2+] < [X-l the role of reaction (5) should be small. 

The equations describing the concentrations of various species existing in the 
solution may be obtained from Fick’s second law of diffusion with the addition 
of kinetic terms. By taking the sum of these equations we obtain 

a&*(x, t) 
at 

= D %z*(x, t) 
a2 (7) 

where D is the diffusion coefficient (equal for all species), and Cx*(x, t), the analytical 
concentration of halide, is given by 

cX*k 6 = cX(x, t) + 2cHgBX,(x1 t) + 5 nCHgX,(x, t) (8) 
n=l 

By consideration of mass balance we obtain 

(9) 

where ~H~,x, denotes the surface concentration of the accumulated species. Using 
the solutions to equation (7) we may write (a) for a plane electrode in quiet solutions 

dGa,x, _ 1 W2 
- - - - [CXO - c,* (x = O)] 

dt 2 (?rt)1/2 

and (b) for accumulation with uniform mixing of the solution 

drHg,x, _ 1 D 
- -~s[cxo-cx*(x=o)] 

dt 

(10) 

(11) 

where Cxo and Cx* (x = 0) denote the analytical concentrations of X- in the bulk 
of the solution and at the surface of the electrode respectively, and 6 is the thickness 
of the diffusion layer. 

The function q = [Cxo - Cx* (x = O)]/Cxo (the coefficient of efficiency of 
electrolytic accumulationj is also introduced. This function may be calculated 
on the assumption that all processes occurring at the surface of the electrode are 
reversible. Then the concentrations of all species at the electrode surface may be 
calculated from the following equilibria 

[Hg2+] = exp FT (E - E”) (12) 

[Hg2+] = K[Hg22+] (13) 

P%iT [x-l2 = K,ofW (14) 

[Hgx+] = /3n [Hg2+] [X-l” (15) 

D%2&1b - 0 (16) 
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where E” is the standard potential of the Hg%w/Hg couple, K& the solubility product 
of Hg,X,, p, the stability constants of the halide complexes, and [Hg,X,], the bulk 
concentration of Hg,X,. 

From these arguments we obtain 

fp = 1 - & (m exp [-F(zF “1 

In these equations f(0) denotes the activity of Hg,X, on the surface of the electrode, 
as a function of the degree of coverage 0 (0 = I’ll?,). Alternatively, f(0) may be 
formulated in terms of the dependence of the equilibrium adsorption l?nBIX, on 

Fk_&l~ where 
[H&&lb = A* ~fk?+l [X-l2 

If for 8 < 1 we assume that the Langmuir isotherm is obeyed, then 

(18) 

[Hg,X,h = Ge 
and 

Wt$+l[x-I2 = p 
2 
*,f”_ e> 

From (14) and (20) we obtain 
l 

f(e) = ge 
~~~(1 - e) 

(19 

P-9 

(21) 

where /? is the equilibrium adsorption constant and K,, = b2*KBo. When [Hg,X,] 
reaches the Ka2 value, crystallization begins, 0 > 1 and multilayers form on the 
surface of the electrode. 

Then 

[Hg2s][x-]2 = 5 = K,, 
2 

and 
.fce, = I 

It is not useful to apply equation (21) together with (17) in these considerations, 
because the value of B2* is not known. Furthermore, additional experiments should 
be carried out to find whether the Langmuir adsorption is obeyed. The potential 
dependence of the adsorption constant should also be determined. It will not be 
possible then, to cJculate precisely the efficiency of the electrolytic accumulation; 
however, some other interesting parameters of the accumulation process may be 
predicted. The value of f(f3) may be determined only by experimentation; its 
determination will be difficult, however, even if it is possible. 

Since in systems with halide concentrations lower then 10”‘M only the complexes 
HgX and HgX, are present, equation (17) may be simplified to 
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where 

If f(8) and the constants in (22) are assumed to be independent of the potential 
then Em,, determines the potential of the maximum efficiency of electrolytic 
accumulation. In Fig. 1 the dependence of y on E for Cl-, Br and I- is given, 
calculated with the use of equation (22), assuming~(~) = 1 and Cxo = 1O-sM. 

002 

E. V 

FIG. l.-The dqKndence of the coefficient of efficiency of electrolytic accumulation 
OII the accumulation potential, calculated according to equation (22) for Cl- (curve 1), 

Br- (2), and I- (3). 
The following values were used in the calculation: 

f(o) = I, C,* = IO-‘&f, log K = -1~94~; 
log PI = 6.74, log @* = 13.22, log Keo = -16.88 for Cl- 6; 
log PI = 9.02, log PI = 17.30, log K,, = -21.28 for Br- 6; 
log PI = 12.87, fog PI = 23.79, log KS0 = -27.46 for I-.’ 
Potentials are given with respect to the Hg~Hg~SO~~l~ H,SO, electrode. 

An important relationship, from the analytical point of view, between time of 
electrolytic accumulation and I’HgpX8 may be formulated on the basis of equations 
(lo), (11) and (22). It is scarcely possible to give a strict time dependence if the 
function f(0) is not precisely defined; however, the asymptotic solutions may be 
obtained for times that are short or long in comparison to the time needed to obtain 
fuIl coverage of the eIectrode by a monolayer. 

1. Short accumulation times. 
When t-0 then ~-CO, f(O)+0 and 931. 
If the accumulation is carried out in quiet solutions then 

(23) 

(24) 

and for stirred solutions, 

r =gs=s 
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2. Long accumulation times. 
Two cases may be distinguished, in dependence on Cx”. 
When 

CxO > J%(E) 
where 

ME) = 2 (P&K, + m cash [“‘” ,,“ax’I) 
and t+az~, then f(8) = 1, v = const. 
For solutions not stirred during electrolytic accumulation we have 

For stirred solutions 

r DCxo 
*g*x* = c, + yj- qJt 

where C, and C, are constants equal to or larger then 0. 
Equations (25) and (26) are valid as long as the transport of ions from the bulk 

of the solution is slower then the rate of the transport through the layer covering 
the electrode surface. 

In the second case 

CxO < J%(E) 

and the coefficient of efficiency of electrolytic accumulation will assume positive 
values only forf(0) < 1. This means that 8 cannot be larger then I&,,,,, which itself 
is independent of the mode of electrolytic accumulation. The function f(0,,3 
may be defined from equation (22). 

When t+ oo, then q-+0 and 

where 

L,(E) = $ coshe 
F(E - Em,,) 

e 
RT 1 

(27) 

(28) 

In Fig. 2a the dependence off(Omax) on E, calculated with the use of equation (27), 
is given for 1OdM Cl-, Br, I-. In Fig. 3 the dependence of I’Hg,X, on t is shown for 
various concentration ranges and electrolytic accumulation with uniform stirring of 
the solution. 

Comparison of theory with experiment 

The experimental dependence of peak current (i,) of accumulated Hg,X, on 
the deposition potential, found by Kemula, Kublik and Taraszewska* in their 
chronovoltammetric determination of halide ions with the use of the HMDE is 
given in Fig. 2b. A similar dependence was found by Perchard, Buvet and Molina.8 
The equations (22) and (27) explain these experiments semi-quantitatively. A 
strict quantitative correlation between 9 or f(O,,,) and iP calls for experimental 
determination of f(0) and i,(O). One may suppose that for low coverages both 
dependences are linear; this may, however, be confirmed only by experiment. 
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FIG. 2.-(a) The dependence of f(0,,,) on the accumulation potential, calculated 
according to equation (27) for Cl- (curve l), Br-(2) and I-(3). 

The values of equilibrium constants were taken from the literature+*) and CxO was 
assumed to be 1O-BM. The potential is given with respect to the Hg/Hg&O,/lM 
HpSOl electrode 

(b) Experimental dependence of peak current on the accumulation potential’*’ for 
determination of 10-5M Cl- (curve l), 10-BMBr-(2); 10-6MI-(3). In experiments with 
the HMDE, O.OlN HaSOp served as background electrolyte, and the accumulation time 

was 120 sec. 
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Fro 3.-Dependence of rHgpxg on t, obtained with use of equations (24), (26) and (27). 
Curve 1 for Cx” < L,(E), curve 2 for Cx” > L,(E) and curve 3 for Cx” > L,(E). 

A satisfactory agreement was found between the theoretical and experimental 
potentials for maximum efficiency of the electrolytic accumulation (Table I). 
Experimental values of E,,, were taken from figures given in both the cited papers. 

The small differences in Em,, may be due to different concentrations of background 
electrolytes and their influence on the adsorption equilibrium constant. The specific 
adsorption of SOa2- and C104- ions and their interaction with Hg,X, in the adsorbed 
state may also be responsible for these differences. 

TABLE I.-EXPERIMENTAL AND THEORETICAL POTENTIAL Em,, 

E msx Em,, experimental, mV 
Ion theoretical, m V Ref. 2* Ref. 3t 

Cl- -37 -45 -87 
Br- -105 -127 -82 
I- -222 -258 -232 

* Composition of the solutions: Cl- 10-6M; Br- lO-+M; 
I- 10-BM; all in O.OlN H,SO, 

t Composition of the solutions: Cl- 5 x lO+M; Br- 
5 x 10-SM; I- 5 x 10-KM; all in O~lMHCIOI. 

The theoretical dependence of I’Hg,X, on I may be compared with experiments 
carried out to establish the dependence of i, on the time of electrolytic accumulation. 
The assumption that the peak current is linearly dependent on PHgeX, has to be made. 
Such a linear dependence was found by Perchard et al3 in their study of deposition 
of chlorides from 5 x 10e5M solution. This dependence corresponds to curve 3 in 
Fig. 3. The magnitude of the measured peak currents indicates multilayer coverage. 

The same authors, in their determination of Cl-, Br- and I- at concentrations 
not exceeding 10w5M found a linear i,-t relationship only for short accumulation 
times. With longer times the peak current was independent of the time of deposition, 
as is illustrated by curve 1 in Fig. 3. In this case the peak current shows that the 
electrode coverage at its maximum is a monolayer. Such a dependence was found 
also by Kemula, Kublik and Taraszewska.* 
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The limiting experimental value of concentration, 10-5M, agrees with the 
theoretical value of Lr(E,,,) which is 7-3 x 10-1, l-3 x 10” and 4.4 x 10-8M 
for Cl-, Br and I- respectively. 

The considerations presented do not give a complete and precise picture of the 
process of electrolytic accumulation of halogen ions at mercury electrodes, since 
they are limited to dealing with the transport phenomena. The full knowledge of 
this process, especially at low coverages, calls for the determination of the mode of 
adsorption. We intend to study this problem in the near future. 

The arguments given refer to halide ions, but similar reasoning may be applied 
to other systems. 

Zusammeafassuag-Die elektrolytische Anreicherung von Halo- 
genidionen als HgpXI am hiingenden Quecksilbertropfen wird theor- 
etisch eriirtert. Zur Erkliirung werden verschiedene chemische 
Reaktionen von Quecksilberionen mit Halo enen in Betracht gezogen 
sowie die Adsorption von HglXP. Die d bereinstimmung mit den 
Versuchsergebnissen anderer Autoren ist zufriedenstellend. 

R&sum&On considere theoriquement le processus d’accumulation 
electrolytique d’ions halogenures a Petat Hg,X, sur l’&ctrode a goutte 
de mercure pendante. L’efllcacite de ce processus est expliquee en 
considerant diverses reactions chimiques d’ions mercure avec les 
halogenes, et l’adsorption de Hg,&. On a trouvt satisfaisant l’accord 
de ces considerations avec les r&sultats experimentaux obtenus par 
d’autres auteurs. 
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Summary-Adenine and adenosine are polaro~aphically reducible 
from aqueous solution at pH 4.7 at the DME at the -&me J&,, and am 
also voltammetricallv oxidizable at the PGE. but at different potentials. 
adenosine at high& potentials. Competitive adsorptiog of both 
compounds at the PGE results in a decrease in the scanning voltam- 
metric oxidation peak of adenine in the presence of adenosine, reaching 
a constant value when the concentration of the latter is above 6 mkf. 
In mixtures, the sum of the two is obtained by polarography at the 
DME. Solid adenosine is then added to the solution and the adenine 
is determined by voltammetry at the PGE. 

THE POLAROGRAPHIC reduction of adenine (I) and its application to the determination 
of this compound have been described by Smith and Elving.r*x Adenosine (II) 
appears to be polarographically reduced by the same mechanism as is adenineP but as 
the half-wave potentials are very close, the analysis of mixtures of the two compounds 
is not possible. 

OH OH 

Adenine4 and adenosine6 can also be oxidized electrochemically at the pyrolytic 
graphite electrode (PGE). The mechanism4 and a brief examination of the analytical 
utility of the oxidation peak of adenine at the PGE have been reported.6 

In some recent work in this laboratory we found it necessary to be able to de- 
termine small quantities of adenine in the presence of fairly large amounts of adenosine, 
and also on occasion to be able to determine both adenine and adenosine in mixtures 
of the two compounds. 

Methods have been described for the determination of adenine and adenosine in 
mixtures. Johnstone and Briner’ and Cerletti and Siliprandis developed methods 
based on separation of adenine and adenosine by paper chromatography. However, 
these methods are very slow and were not applicable to the concentration levels of 
adenine and adenosine in which we were interested. 

769 
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As the ultraviolet absorption spectra of adenine and adenosine are very similar, 
their simultaneous spectrophotometric determination is difficult. In addition, it is 
impossible to determine adenine in the presence of very large amounts of adenosine 
(i.e., IOO-folds by ultraviolet sp~trophotomet~. 

This paper describes techniques whereby adenine and adenosine can be determined 
by utilizing the polarographic reduction waves of both compounds at the dropping 
mercury electrode (DME), and the voltammetric oxidation peak of adenine at the 
PGE. In order to devetop a satisfactory analytical method it was found necessary to 
investigate in some detail the adsorpion of adenine and adenosine at the PGE, and the 
effect of adenosine on the extent of adsorption of adenine. 

EXPERIMENTAL 

Chemicals 

Adenine and adenosine were obtained from Nutritional Biochernicals Corp. The acetate buffer 
pH 4.7 used throughout this work was prepared from reagent grade chemicals and had an ionic 
strength of 05. Water-~turated argon (Linde) was used for deaeration. 

Apparatus 

Polarograms (DME) were recorded on a Sargent Model XVI Polarograph at a scan-rate of 
3.3 mV/sec. Direct current voltannnoerams at the PGE were recorded with the annaratus described 
by Dryhurst et al.,@ . mcorporating a Hewlett-Packard Model 7001A X-Y recor& at a scan rate 
of 5 mV/sec. Alternating current voltammograms at the PGE were also obtained with the same 
operational amplifier instrument combined with a Princeton Applied Research Model 121 Lock-in 
Amplifier/Phase Detector. For a.c. voltammetry a d.c. ramp of 5 mV/sec and a sinusoidal signal 
of 100 Hz and 10mV peak-to-peak was used for all experiments. A three-compartment cell 
maintained at 25 & 0.1” was used for all experiments and contained a saturated calomel ref- 
erence electrode (SCE) and a platinum gauze counter-erectrode. All potentials are referred to the 
SCE at 25°C. 

The PGE’s were machined from small rods of pyrolytic graphite (Super-Temp Company, Santa 
Fe Springs, Calif,) to a diameter of 4 mm and length ca. 10 mm, and were sealed into lengths of 
4-mm bore glass tube with Hysol Epoxi-Patch (Hysol Corp., Glean, New York). The electrodes 
were ground flush with the end of the glass tube. 

A conventional dropping mercury electrode was used which had normal m and f values. 

Polarograpkic procedure 

Suitable solutions of adenine, adenosine or mixtures of the two compounds were prepared by 
diluting appropriate volumes of stock solutions of adenine and adenosine in acetate buther pH 4.7 
with the same buffer solution. Polarograms were run from -1.0 to -1.6 V. The polarogram of 
pure buffer solution was also recorded, and the limiting currents for the reduction waves were 
obtained by difference. 

Voltammetric procedure 

For d.c. voltammetry the PGE was resurfaced before each voltammogram was run, by polishing 
on a 600-grade silicon carbide paper mounted on a rotating metallographic polishing disc (Buehler 
Inc., Evanston, Ill.). The surface of the PGE was then washed for lo-15 set with a fine spray of 
water. The shaft of the electrode was dried thoroughly and any excess of water remaining on the 
electrode surface was removed by touching the surface very gently with a soft absorbent paper 
tissue. 

Test solutions were not deaerated. The PGE was inserted into the test solution and after 10 see 
at the initial potential (0.4 V for d.c. voltammetry) the voltage scan was started. At least three 
replicate voltannnograms were recorded for each test solution. Voltammograms on background 
solution were recorded in the same way. The adenine or adenosine peak current was obtained by 
arithmetically subtracting the observed background current at the peak potential from the test 
solution peak current. 

For a.c. voltammetry it was found that even for pure background solution supporting electrolyte 
the alternating base current was not very reproducible after each resurfacing of the PGE, no doubt 
because of variations in the surface roughness and hence in the electrode doubIe-layer capacity. 
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Accordingly, after resurfacing of the electrode, one set of results was obtained by immersing the 
electrode in supporting electrolyte, applying the initial potential (OWV) for 10 set and then 
commencing the scan. The final potential was normally 1.4 or I.5 V. The first voltammogram was 
not normally recorded since in general it did not agree with subsequent voltammograms. This is 
possibly due to the fact that the first trace reflects certain specific surface effects (e.g., surface oxide 
reduction) which are not observed on the subsequent traces. At the end of the scan the electrode 
was removed from the cell and the shaft carefully dried but the electrode surface itself was not 
touched. After 30 set the electrode was replaced in the cell and the background trace recorded 
at least three times. Under these conditions the background voltammograms always agreed very 
closely. The electrode was then removed and treated as just described, except that the background 
solution in the cell was replaced by the appropriate test solution. After 30 set the electrode was 
replaced and the sample trace was recorded at least twice. 

Polarogruphic calibration curves 

Calibration curves for the polarographic reduction of adenine and adenosine at the DME in an 
acetate buffer at pH 4.7 were prepared for concentrations of each compound ranging from C(Z. O-1 
to 1.5 mM. Both compounds give straight-line i, vs. C plots over this concentration range, adenosine 
giving slightly lower currents. 

Voltammetric calibration curve 

Concentrations of adenine ranging from ca. 0.1 to 1.5 mM in acetate buffer at pH 4.7 were 
made ea. 66.5 mM in adenosine by adding the appropriate amount of solid adenosine to each 
solution (i.e., for a 25-ml aliquot of an adenine solution 0 045-O 046 g of solid adenosine was added). 
Voltammetric traces were recorded between 0.4 and 1.25 V. Adenine gives a well-formed peak 
at 1.10-l-16 V (the peak potential shifts to more positive values with increasing concentration of 
adenine), and in the presence of 6-6.5 mM adenosine a linear relationship between the peak current 
il and adenine concentration was obtained. 

Determination of adenine and adenosine in mixtures 

For solutions containing mixtures of up to ca. l-5 mA4 adenine and ca. l-5 mA4 adenosine where 
both compounds are to be determined, the solution is adjusted to pH 4.7 and ionic strength of 
about 0.5 with an acetate buffer. An aliquot of the resulting solution is placed in a polarographic 
cell, thoroughly deaerated with argon and a polarogram at the DME recorded between -1.0 and 
-1.6 V. The current observed for this polarogram is proportional to the total concentration of 
adenine plus adenosine. 

A second aliquot is then taken and sufficient solid adenosine is weighed into the solution to 
increase its concentration to 6-6.5 n&f. After dissolution of the adenosine the solution is placed 
in a polarographic cell and a voltammogram is run at the stationary PGE between 0.4 and 1.25 V. 
The height of the peak observed at 1.10-1.16 V is proportional to the adenine concentration. 

Thus, the concentration of adenine in the mixture is determined from the height of the 
voltammetric oxidation peak of adenine in the presence of a large er.cess of adenosine. The current 
expected for the polarographic reduction of this amount of adenine is determined from the 
calibration curve for polarographic reduction of adenine. This current is subtracted from the total 
polarographic current observed for the adenine-adenosine mixture and hence the current due to 
adenosine is calculated. The concentration of adenosine is then readily obtained from the adenosine 
polarographic calibration curve. 

Polarography 
RESULTS AND DISCUSSION 

The pH-dependent half-wave potential for polarographic reduction of adenine at 
the DME is described by the equation,3 Eli2 = -0.975 - O-084 pH between pH 1-O 
and 6.5. The I?,,, for the single, well-formed polarographic wave of adenosine is also 
pH dependent. Between pH 0 and 4.5, El ,2 = - 1.040 - 0.070 pH and between pH 4.5 
and 6.0, Eli2 = -1,180 - O-041 PH.~ The waves for both compounds are relatively 
constant in height up to about pH 5, when they begin to decrease sharply with in- 

creasing pH and disappear by pH 6-7, since both compounds are only reducible in the 
protonated form (pK, of adenine 4.20, pK, adenosine 3.60). Comparison of the equa- 

tions for adenine and adenosine reveals that at all pH values where the polarographic 
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waves are observed both compounds have essentially identical Ells values, i.e., at 
pH 4.7 both compounds have an Ellz value of - I.37 V. 

Adenine and adenosine both gave limiting currents that were linearly proportional 
to concentration, and which were additive for mixtures. 

Voltammetry 

Over the normal pH range (O-14) adenine and adenosinegive a single pH-dependent 
voltammetric oxidation peak at the PGE. The adenine peak always occurs at more 
negative potentials than that of adenosine (Fig. 1). The shift of peak potential with pH 

PH 

FIG. l.-Variation of peak potential with pH for the voltammetric oxidation of 
adenine (I) and adenosine (II) at the PGE at the 0.25 mM concentration level. 

is described by the equation Ep = 1.338 - 0.063 pH for adenine and Ep = 1.778 - 
0.087 pH for adenosine at concentrations of cu. 0.25 mM. However, the peak poten- 
tials for both adenine and adenosine are concentration-dependent and shift to more 
positive values with increasing concentration. Over the approximate concentration 
range of 0.1-l mM this shift was about 80 mV for both compounds. At below pH 4-5 
in buffer solutions containing chloride ion the oxidation peaks of both adenine and 
adenosine are masked by the facile oxidation of chloride ion in the background 
electrolyte. 

Both compounds exhibit a rather non-linear relationship between peak current and 
concentration (Fig. 2), the non-linearity being more pronounced in the case of adenine. 

A preliminary examination of the determination of adenine in the presence of 
adenosine on the basis of the adenine peak current and a calibration curve of the type 
shown in Fig. 2-I revealed that the adenine concentrations so determined were always 
very low. Further investigation revealed that addition of adenosine to an adenine 
solution caused a pronounced decrease in the height of the adenine peak, reaching a 
constant value of about 55 % for a molar ratio of greater than 5 : 1. 
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FIG. 2.-Peak current versus concentration relation for the voltammetric oxidation of 
adenine (I) and adenosine (II) at the POE. 

The non-linear i, us. C curves for adenine and adenosine suggested that both 
compounds were adsorbed on the PGE. The fact that the presence of adenosine 
caused the peak current for adenine to decrease suggested that a competitive adsorp- 
tion of the two compounds occurred, and that adenosine was displacing part of the 
adenine from the electrode surface. 

In order to investigate further the adsorption of adenine a scan-rate study of the 
voltammetric oxidation peak of adenine was carried out. This could not be done for 
adenosine since its oxidation peak occurs so close to background discharge potentials 
that at scan-rates above ca. 20 mV/sec it gives only an inflection on the rise of the 
background current and accurate measurement of the peak current is impossible. 

Earlier studies4*10 and a.c. voltammetry (vide zY@z) of adenine had revealed that the 
electrochemical oxidation of adenine is an irreversible process. The theoretical 
equation for the peak current, ip (PA) for a linear diffusion-controlled irreversible peak 
voltammogram at a plane electrode is shown in equation (l).11*1s*r3 

(ip)irrev = 2.98 x IO6 n (anJ1/*AD”*VIW (1) 

where at is the number of electrons involved in the overall reaction, a the electron 
transfer coefficient, n, the number of electrons involved in the rate-controlling electron- 
transfer process, A the electrode area (cm2), D the diffusion coefficient of the electro- 
active species (cm2/sec), Vthe voltage scan-rate (V/set) and C the bulk concentration of 
the electroactive species (mM). According to this equation, i,/ACW2, the peak current 
function, should be a constant, and a plot of this function US. Y1i2 (or v) should be a 
straight line parallel to the Wz axis. In the case of adenine however the peak-current 
function shows a pronounced increase with increasing scan-rate (Fig. 3A), typical of an 
electrode process where the reactant is adsorbed at the electrode surface. In such a 
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FIG. 3.-Variation of the peak current function, i,/ACV’12, with the square root of the 
voltage scan-rate for (A) 0.1025 mM adenine, (B) 0.1025 m&Z adenine with 1.00 mM 
adenosine, (C) 0.1025 mM adenine with 2.77 mM adenosine and (D) 0.2228 mM 
adenine with 6.27 mM adenosine. Acetate buffer pH 4.7. PGE geometric area: 

12.5 mm*. 

case the amount of adsorbed material and hence of charge flow (at least in the case of a 
perfectly reproducible electrode surface) is constant, and the amount of material 
diffusing to the electrode surface is time dependent with the result that as the scan-rate 
increases, the contribution from diffusing material decreases with respect to the 
amount of adsorbed material reacting at the electrode surface, and the peak-current 
function increases.14 

On addition of adenosine to adenine in 10: 1 molar ratio the peak-current function 
decreased markedly (Fig. 3B) and the variation of the peak-current function became 
more in line with that expected for a diffusion-controlled reaction. Addition of a 30 : 1 
molar ratio of adenosine resulted in a further slight decrease in the peak-current 
function, particularly at higher scan-rates (Fig. 3CD), but the effect was very small at 
the lowest scan rates studied (5 mV/sec). It was not possible to study the peak current 
for adenine in the presence of large amounts of adenosine at scan-rates much above 
500 mV/sec because the peak potential for adenine shifts to more positive values with 
increasing scan-rate and the peak merges with the background discharge (from oxida- 
tion of the adenosine). 

Values of the diffusion coefficient as calculated from relevant polarographic data 
(1.87 x 10qm3 mm2/sec) and of CW, calculated according to 

Ep - Ep12 = O.O48/un, (2) 

were inserted into (1) to obtain theoretical peak currents of 1.55 and 2.32 ,uA . mm-2. 
mA4-l . mV-112. sec1J2 assuming a four- or a six-electron oxidation respectively. 
Coulometric evidence suggests that six electrons are involved per molecule of adenine, 
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but in the presence of a large amount of adenosine as is here the case, the experimental 
value of around unity for the peak current (Fig. 3) would be more in agreement with a 
four-electron reaction. It should be stressed that the an, value cannot be determined 
accurately since the adenine peak lies so close to the background discharge, and a close 
agreement between the theoretical and experimental values is not to be expected. 

Alternating current voltammetry 

A qualitative technique for observing the regions of potential where adsorption of 
organic molecules takes place at a dropping mercury electrode is a.c. polarography. 
In the potential regions where adsorption occurs, pronounced depressions of the 
alternating base current occur owing to a decrease of the double-layer capacity of the 
electrode l5 A few reports of a.c. techniques at solid or stationary electrodes have 
appearediezO but only that of Delahay and Trachtenberg21 at stationary mercury 
electrodes has dealt specifically with adsorption effects. Alternating current voltam- 
mograms of adenine and adenosine and mixtures of the two are presented in Fig. 4. 
It is clear from the voltammograms shown in Figs. 4A and 4B that both adenine and 
adenosine markedly depress the alternating base current over the whole potential 
range examined. Since the base current for both compounds is depressed at potentials 
more negative than the DC peak it is obvious that both adenine and adenosine are 
adsorbed at the PGE. Both compounds also exhibit a rather pronounced pit, or well 
potentials corresponding to the rising portion of the d.c. peak. The depression of the 
base current at potentials more positive than the d.c. peak appears to be more pronoun- 
ced than at more negative ones, indicating that one of the products of the oxidation 
of these compounds is quite strongly adsorbed at the PGE. The a.c. voltammetric 
results are clearly in agreement with the results of the scan-rate and sweep-rate studies 
on adenine, i.e., that adenine is adsorbed at the PGE. The absence of any faradaic a.c. 
peaks at potentials in the vicinity of the d.c. peaks for both adenine and adenosine 
confirms the irreversible nature of these electrode processes.4*5 

Figure 4C shows that making a 63mM solution of adenosine in acetate buffer at 
pH 4.7 ImM in adenine still causes an appreciable base current depression at 
potentials more negative and more positive than the adenine d.c. peak, especially 
at the more positive potentials. However this depression is not as pronounced as it is 
in the absence of adenosine and indeed for 2O:l or 30: 1 molar ratios of adenosine 
to adenine, it is not observed by a.c. techniques. 

The conclusion that can be drawn from the qualitative a.c., sweep-rate and 
concentration studies is that both adenine and adenosine and at least one of their 
oxidation products are adsorbed at the PGE. In the presence of large amounts of 
adenosine, adsorbed adenine is largely displaced from the electrode surface and the 
voltammetric oxidation of adenine becomes effectively diffusion-controlled. 

Development of analytical methods 

The DME studies on adenine, adenosine and mixtures of the two show that the 
polarographic limiting current is directly proportional to the sum of the concentrations 
of the two bases. In contrast, at the PGE adenine and adenosine are both adsorbed 
and as a result of competitive adsorption the peak current for adenine is dependent on 
the concentration of adenosine present, though at sufficiently large concentrations of 
adenosine, adenine is to a considerable extent displaced from the electrode surface 
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FIG. 4.-Alternating current voltammograms at the PGE in acetate buffer at pH 4.7 of 
A, 1 mIt4 adenine; B, 1 mA4 adenosine. Scans 1,2,3 are a.c. background traces, scans 
4 and 5 are a.c. traces in the presence of adenine or adenosine, scan 6 is a d.c. 
voltammogram. C: Scans 1, 2, 3 are of 6.27 mM adenosine in acetate buffer pH 4.7. 
scans 4 and 5 are 627 mM adenosine plus 1 mM adenine, scan 6 is a d.c. voltammogram. 

Scan rate: 5 mV/sec; alternating voltage 10 mV peak-to-peak, 100 Hz. PGE gee- 
metric area: 12.5 rmrP. 

and its oxidation becomes a diffusion-controlled process. For a quantitative determin- 
ation of adenine by voltammetric oxidation large concentration ratios should be used, 
with a maximum adenine concentration around 1mM (approaching its limit of 
solubility). 

Typical i, vs. C curves for adenine in the presence of approximately 3mM and 6mM 
adenosine are clearly linear but a slightly lower current is observed in the presence of 
the higher adenosine concentration. In view of the linearity of the latter ip us. C plot 
over a wide range of molar ratios from 8 to 156 it was felt that accurate determinations 
of adenine could be performed simply by adding sufficient solid adenosine to adenine- 
adenosine mixtures to ensure at least a 6-7 fold molar excess of it was present. 
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In order to test the methods developed, some mixtures of adenine and adenosine 
in acetate buffer at pH 4.7 were examined. The samples were first analysed polaro- 
graphically, then solid adenosine was added to the test solutions sufficient to make 
them ca. 6-7mM in adenosine. The concentration of adenine was then determined 
from the height of the resulting voltammetric oxidation peak of adenine at the PGE. 
Typical analytical results are presented in Table I. Once the calibration curves have 
been obtained a total analysis of the adenine and adenosine present in a sample can 
be completed in at most 15 min. 

TABLB I.-TYPICAL RESULTS FOR THE ELE~~R-CAL 
DEIERMINATION OF MIXTURE.3 OF ADENINE AND ADENOSINE. 

Taken, mM 

Adenine Adenosine 

0.098 1.12 
0.29 0.92 
0.49 0.73 
0.93 0.29 
0.37 0.24 

Found, mM 

Adenine Adenosine 

0.08 1.14 
0.30 0.85 
0.52 0.67 
0.90 0.29 
0.37 0.26 

CONCLUSION 

By a combination of polarography at the DME and voltammetry at the PGE a 
rapid and reasonably accurate analysis for adenine and adenosine in mixtures is 
possible. No previously reported method is capable of determining adenine in the 
pressure of such large amounts of adenosine. 

The studies reported in this paper have utilized an acetate buffer at pH 4.7 as the 
background electrolyte system. A very brief examination of the adenine-adenosine 
system at lower pH values in acetate buffers or with sulphuric acid-potassium sulphate 
supporting electrolyte systems revealed that similar results may be obtained. Above 
pH 6 the polarographic waves of adenine and adenosine become small and kinetically 
controlled, and utimately disappear at about pH 7, with the result that the polaro- 
graphic procedure for the determination of the total adenine plus adenosine can no 
longer be used. 

However, the voltammetric oxidation peaks of adenine and of adenosine at the 
PGE persist to a very high pH, and hence the adenine concentration could still be 
determined. If it were necessary to determine the adenosine and adenine concentration 
at above pH 6 it should be possible to determine the total base concentrations by 
ultraviolet absorption spectrophotometry and the adenine concentration from its 
voltammetric oxidation peak at the PGE in the presence of a large excess of adenosine. 

Acknowledgement-The author would like to express his thanks to the National Science Foundation 
for financial support of the work. 

Zasanunenfassuog-Adenin und Adenosin lassen sich aus w&Briger 
Lbsung bei pH 4.7 polarographisch an der Quecksilbertropfelektrode 
(DME) beim selben Halbstufenpotential reduzieren. An einer Elekt- 
rode aus Pyrolysegraphit (PGE) sind beide voltammetrisch oxidierbar, 
Adenosin jedoch bei hiiherem Potential. Die konkurrierende Adsorp- 
tion beider Verbindungen an der PGE fttt daxu, da0 der Adeninpeak 
beim Registrieren der vohammetrischen Oxidation in Gegenwart 
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von Adenosin kleiner wird und bei einer Adenosinkonzentration 
tiber 6 mM einen konstanten Wert erreicht. In Gemischen wird die 
Summe beider Verbindungen durch Polaroaranhie an der DME 
erhalten. Dann wird festes Adenosin zur Los&g gegeben und Adenin 
durch Voltammetrie an der PGE bestimmt. 

R&urn&-L’adenine et l’adenosine sont reductibles polarographique- 
ment en solution aqueuse a pH 4,7 a l’electrode ii goutte de mercure au 
mdme Ells, et sont Bgalement oxydables voltammetriquement a l’6lec 
trode de toile de platine, mais a des potentiels differents, l’adenosine 
aux potentiels plus eleves. L’adsorption competitive des deux composes 
sur l’electrode de toile de platine a pour consequence un abaissement 
dans le pit d’oxydation voltammetrique de l’adenine en la presence 
d’adenosine, atteignant une valeur constante lorsque la concentration 
de cette derniere est superieure a 6 mM. Dans les melanges, la somme 
des deux est obtenue- par polarographie a l’electrode-a goutte de 
mercure. On aioute alors de l’adenosine solide a la solution et l’on dose 
Pad&nine par <oltammCtrie a l’electrode de toile de platine. 
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Summary-Adenine and adenosine are polaro~aphically reducible 
from aqueous solution at pH 4.7 at the DME at the -&me J&,, and am 
also voltammetricallv oxidizable at the PGE. but at different potentials. 
adenosine at high& potentials. Competitive adsorptiog of both 
compounds at the PGE results in a decrease in the scanning voltam- 
metric oxidation peak of adenine in the presence of adenosine, reaching 
a constant value when the concentration of the latter is above 6 mkf. 
In mixtures, the sum of the two is obtained by polarography at the 
DME. Solid adenosine is then added to the solution and the adenine 
is determined by voltammetry at the PGE. 

THE POLAROGRAPHIC reduction of adenine (I) and its application to the determination 
of this compound have been described by Smith and Elving.r*x Adenosine (II) 
appears to be polarographically reduced by the same mechanism as is adenineP but as 
the half-wave potentials are very close, the analysis of mixtures of the two compounds 
is not possible. 

OH OH 

Adenine4 and adenosine6 can also be oxidized electrochemically at the pyrolytic 
graphite electrode (PGE). The mechanism4 and a brief examination of the analytical 
utility of the oxidation peak of adenine at the PGE have been reported.6 

In some recent work in this laboratory we found it necessary to be able to de- 
termine small quantities of adenine in the presence of fairly large amounts of adenosine, 
and also on occasion to be able to determine both adenine and adenosine in mixtures 
of the two compounds. 

Methods have been described for the determination of adenine and adenosine in 
mixtures. Johnstone and Briner’ and Cerletti and Siliprandis developed methods 
based on separation of adenine and adenosine by paper chromatography. However, 
these methods are very slow and were not applicable to the concentration levels of 
adenine and adenosine in which we were interested. 

769 
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As the ultraviolet absorption spectra of adenine and adenosine are very similar, 
their simultaneous spectrophotometric determination is difficult. In addition, it is 
impossible to determine adenine in the presence of very large amounts of adenosine 
(i.e., IOO-folds by ultraviolet sp~trophotomet~. 

This paper describes techniques whereby adenine and adenosine can be determined 
by utilizing the polarographic reduction waves of both compounds at the dropping 
mercury electrode (DME), and the voltammetric oxidation peak of adenine at the 
PGE. In order to devetop a satisfactory analytical method it was found necessary to 
investigate in some detail the adsorpion of adenine and adenosine at the PGE, and the 
effect of adenosine on the extent of adsorption of adenine. 

EXPERIMENTAL 

Chemicals 

Adenine and adenosine were obtained from Nutritional Biochernicals Corp. The acetate buffer 
pH 4.7 used throughout this work was prepared from reagent grade chemicals and had an ionic 
strength of 05. Water-~turated argon (Linde) was used for deaeration. 

Apparatus 

Polarograms (DME) were recorded on a Sargent Model XVI Polarograph at a scan-rate of 
3.3 mV/sec. Direct current voltannnoerams at the PGE were recorded with the annaratus described 
by Dryhurst et al.,@ . mcorporating a Hewlett-Packard Model 7001A X-Y recor& at a scan rate 
of 5 mV/sec. Alternating current voltammograms at the PGE were also obtained with the same 
operational amplifier instrument combined with a Princeton Applied Research Model 121 Lock-in 
Amplifier/Phase Detector. For a.c. voltammetry a d.c. ramp of 5 mV/sec and a sinusoidal signal 
of 100 Hz and 10mV peak-to-peak was used for all experiments. A three-compartment cell 
maintained at 25 & 0.1” was used for all experiments and contained a saturated calomel ref- 
erence electrode (SCE) and a platinum gauze counter-erectrode. All potentials are referred to the 
SCE at 25°C. 

The PGE’s were machined from small rods of pyrolytic graphite (Super-Temp Company, Santa 
Fe Springs, Calif,) to a diameter of 4 mm and length ca. 10 mm, and were sealed into lengths of 
4-mm bore glass tube with Hysol Epoxi-Patch (Hysol Corp., Glean, New York). The electrodes 
were ground flush with the end of the glass tube. 

A conventional dropping mercury electrode was used which had normal m and f values. 

Polarograpkic procedure 

Suitable solutions of adenine, adenosine or mixtures of the two compounds were prepared by 
diluting appropriate volumes of stock solutions of adenine and adenosine in acetate buther pH 4.7 
with the same buffer solution. Polarograms were run from -1.0 to -1.6 V. The polarogram of 
pure buffer solution was also recorded, and the limiting currents for the reduction waves were 
obtained by difference. 

Voltammetric procedure 

For d.c. voltammetry the PGE was resurfaced before each voltammogram was run, by polishing 
on a 600-grade silicon carbide paper mounted on a rotating metallographic polishing disc (Buehler 
Inc., Evanston, Ill.). The surface of the PGE was then washed for lo-15 set with a fine spray of 
water. The shaft of the electrode was dried thoroughly and any excess of water remaining on the 
electrode surface was removed by touching the surface very gently with a soft absorbent paper 
tissue. 

Test solutions were not deaerated. The PGE was inserted into the test solution and after 10 see 
at the initial potential (0.4 V for d.c. voltammetry) the voltage scan was started. At least three 
replicate voltannnograms were recorded for each test solution. Voltammograms on background 
solution were recorded in the same way. The adenine or adenosine peak current was obtained by 
arithmetically subtracting the observed background current at the peak potential from the test 
solution peak current. 

For a.c. voltammetry it was found that even for pure background solution supporting electrolyte 
the alternating base current was not very reproducible after each resurfacing of the PGE, no doubt 
because of variations in the surface roughness and hence in the electrode doubIe-layer capacity. 
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Accordingly, after resurfacing of the electrode, one set of results was obtained by immersing the 
electrode in supporting electrolyte, applying the initial potential (OWV) for 10 set and then 
commencing the scan. The final potential was normally 1.4 or I.5 V. The first voltammogram was 
not normally recorded since in general it did not agree with subsequent voltammograms. This is 
possibly due to the fact that the first trace reflects certain specific surface effects (e.g., surface oxide 
reduction) which are not observed on the subsequent traces. At the end of the scan the electrode 
was removed from the cell and the shaft carefully dried but the electrode surface itself was not 
touched. After 30 set the electrode was replaced in the cell and the background trace recorded 
at least three times. Under these conditions the background voltammograms always agreed very 
closely. The electrode was then removed and treated as just described, except that the background 
solution in the cell was replaced by the appropriate test solution. After 30 set the electrode was 
replaced and the sample trace was recorded at least twice. 

Polarogruphic calibration curves 

Calibration curves for the polarographic reduction of adenine and adenosine at the DME in an 
acetate buffer at pH 4.7 were prepared for concentrations of each compound ranging from C(Z. O-1 
to 1.5 mM. Both compounds give straight-line i, vs. C plots over this concentration range, adenosine 
giving slightly lower currents. 

Voltammetric calibration curve 

Concentrations of adenine ranging from ca. 0.1 to 1.5 mM in acetate buffer at pH 4.7 were 
made ea. 66.5 mM in adenosine by adding the appropriate amount of solid adenosine to each 
solution (i.e., for a 25-ml aliquot of an adenine solution 0 045-O 046 g of solid adenosine was added). 
Voltammetric traces were recorded between 0.4 and 1.25 V. Adenine gives a well-formed peak 
at 1.10-l-16 V (the peak potential shifts to more positive values with increasing concentration of 
adenine), and in the presence of 6-6.5 mM adenosine a linear relationship between the peak current 
il and adenine concentration was obtained. 

Determination of adenine and adenosine in mixtures 

For solutions containing mixtures of up to ca. l-5 mA4 adenine and ca. l-5 mA4 adenosine where 
both compounds are to be determined, the solution is adjusted to pH 4.7 and ionic strength of 
about 0.5 with an acetate buffer. An aliquot of the resulting solution is placed in a polarographic 
cell, thoroughly deaerated with argon and a polarogram at the DME recorded between -1.0 and 
-1.6 V. The current observed for this polarogram is proportional to the total concentration of 
adenine plus adenosine. 

A second aliquot is then taken and sufficient solid adenosine is weighed into the solution to 
increase its concentration to 6-6.5 n&f. After dissolution of the adenosine the solution is placed 
in a polarographic cell and a voltammogram is run at the stationary PGE between 0.4 and 1.25 V. 
The height of the peak observed at 1.10-1.16 V is proportional to the adenine concentration. 

Thus, the concentration of adenine in the mixture is determined from the height of the 
voltammetric oxidation peak of adenine in the presence of a large er.cess of adenosine. The current 
expected for the polarographic reduction of this amount of adenine is determined from the 
calibration curve for polarographic reduction of adenine. This current is subtracted from the total 
polarographic current observed for the adenine-adenosine mixture and hence the current due to 
adenosine is calculated. The concentration of adenosine is then readily obtained from the adenosine 
polarographic calibration curve. 

Polarography 
RESULTS AND DISCUSSION 

The pH-dependent half-wave potential for polarographic reduction of adenine at 
the DME is described by the equation,3 Eli2 = -0.975 - O-084 pH between pH 1-O 
and 6.5. The I?,,, for the single, well-formed polarographic wave of adenosine is also 
pH dependent. Between pH 0 and 4.5, El ,2 = - 1.040 - 0.070 pH and between pH 4.5 
and 6.0, Eli2 = -1,180 - O-041 PH.~ The waves for both compounds are relatively 
constant in height up to about pH 5, when they begin to decrease sharply with in- 

creasing pH and disappear by pH 6-7, since both compounds are only reducible in the 
protonated form (pK, of adenine 4.20, pK, adenosine 3.60). Comparison of the equa- 

tions for adenine and adenosine reveals that at all pH values where the polarographic 
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waves are observed both compounds have essentially identical Ells values, i.e., at 
pH 4.7 both compounds have an Ellz value of - I.37 V. 

Adenine and adenosine both gave limiting currents that were linearly proportional 
to concentration, and which were additive for mixtures. 

Voltammetry 

Over the normal pH range (O-14) adenine and adenosinegive a single pH-dependent 
voltammetric oxidation peak at the PGE. The adenine peak always occurs at more 
negative potentials than that of adenosine (Fig. 1). The shift of peak potential with pH 

PH 

FIG. l.-Variation of peak potential with pH for the voltammetric oxidation of 
adenine (I) and adenosine (II) at the PGE at the 0.25 mM concentration level. 

is described by the equation Ep = 1.338 - 0.063 pH for adenine and Ep = 1.778 - 
0.087 pH for adenosine at concentrations of cu. 0.25 mM. However, the peak poten- 
tials for both adenine and adenosine are concentration-dependent and shift to more 
positive values with increasing concentration. Over the approximate concentration 
range of 0.1-l mM this shift was about 80 mV for both compounds. At below pH 4-5 
in buffer solutions containing chloride ion the oxidation peaks of both adenine and 
adenosine are masked by the facile oxidation of chloride ion in the background 
electrolyte. 

Both compounds exhibit a rather non-linear relationship between peak current and 
concentration (Fig. 2), the non-linearity being more pronounced in the case of adenine. 

A preliminary examination of the determination of adenine in the presence of 
adenosine on the basis of the adenine peak current and a calibration curve of the type 
shown in Fig. 2-I revealed that the adenine concentrations so determined were always 
very low. Further investigation revealed that addition of adenosine to an adenine 
solution caused a pronounced decrease in the height of the adenine peak, reaching a 
constant value of about 55 % for a molar ratio of greater than 5 : 1. 
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FIG. 2.-Peak current versus concentration relation for the voltammetric oxidation of 
adenine (I) and adenosine (II) at the POE. 

The non-linear i, us. C curves for adenine and adenosine suggested that both 
compounds were adsorbed on the PGE. The fact that the presence of adenosine 
caused the peak current for adenine to decrease suggested that a competitive adsorp- 
tion of the two compounds occurred, and that adenosine was displacing part of the 
adenine from the electrode surface. 

In order to investigate further the adsorption of adenine a scan-rate study of the 
voltammetric oxidation peak of adenine was carried out. This could not be done for 
adenosine since its oxidation peak occurs so close to background discharge potentials 
that at scan-rates above ca. 20 mV/sec it gives only an inflection on the rise of the 
background current and accurate measurement of the peak current is impossible. 

Earlier studies4*10 and a.c. voltammetry (vide zY@z) of adenine had revealed that the 
electrochemical oxidation of adenine is an irreversible process. The theoretical 
equation for the peak current, ip (PA) for a linear diffusion-controlled irreversible peak 
voltammogram at a plane electrode is shown in equation (l).11*1s*r3 

(ip)irrev = 2.98 x IO6 n (anJ1/*AD”*VIW (1) 

where at is the number of electrons involved in the overall reaction, a the electron 
transfer coefficient, n, the number of electrons involved in the rate-controlling electron- 
transfer process, A the electrode area (cm2), D the diffusion coefficient of the electro- 
active species (cm2/sec), Vthe voltage scan-rate (V/set) and C the bulk concentration of 
the electroactive species (mM). According to this equation, i,/ACW2, the peak current 
function, should be a constant, and a plot of this function US. Y1i2 (or v) should be a 
straight line parallel to the Wz axis. In the case of adenine however the peak-current 
function shows a pronounced increase with increasing scan-rate (Fig. 3A), typical of an 
electrode process where the reactant is adsorbed at the electrode surface. In such a 
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FIG. 3.-Variation of the peak current function, i,/ACV’12, with the square root of the 
voltage scan-rate for (A) 0.1025 mM adenine, (B) 0.1025 m&Z adenine with 1.00 mM 
adenosine, (C) 0.1025 mM adenine with 2.77 mM adenosine and (D) 0.2228 mM 
adenine with 6.27 mM adenosine. Acetate buffer pH 4.7. PGE geometric area: 

12.5 mm*. 

case the amount of adsorbed material and hence of charge flow (at least in the case of a 
perfectly reproducible electrode surface) is constant, and the amount of material 
diffusing to the electrode surface is time dependent with the result that as the scan-rate 
increases, the contribution from diffusing material decreases with respect to the 
amount of adsorbed material reacting at the electrode surface, and the peak-current 
function increases.14 

On addition of adenosine to adenine in 10: 1 molar ratio the peak-current function 
decreased markedly (Fig. 3B) and the variation of the peak-current function became 
more in line with that expected for a diffusion-controlled reaction. Addition of a 30 : 1 
molar ratio of adenosine resulted in a further slight decrease in the peak-current 
function, particularly at higher scan-rates (Fig. 3CD), but the effect was very small at 
the lowest scan rates studied (5 mV/sec). It was not possible to study the peak current 
for adenine in the presence of large amounts of adenosine at scan-rates much above 
500 mV/sec because the peak potential for adenine shifts to more positive values with 
increasing scan-rate and the peak merges with the background discharge (from oxida- 
tion of the adenosine). 

Values of the diffusion coefficient as calculated from relevant polarographic data 
(1.87 x 10qm3 mm2/sec) and of CW, calculated according to 

Ep - Ep12 = O.O48/un, (2) 

were inserted into (1) to obtain theoretical peak currents of 1.55 and 2.32 ,uA . mm-2. 
mA4-l . mV-112. sec1J2 assuming a four- or a six-electron oxidation respectively. 
Coulometric evidence suggests that six electrons are involved per molecule of adenine, 
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but in the presence of a large amount of adenosine as is here the case, the experimental 
value of around unity for the peak current (Fig. 3) would be more in agreement with a 
four-electron reaction. It should be stressed that the an, value cannot be determined 
accurately since the adenine peak lies so close to the background discharge, and a close 
agreement between the theoretical and experimental values is not to be expected. 

Alternating current voltammetry 

A qualitative technique for observing the regions of potential where adsorption of 
organic molecules takes place at a dropping mercury electrode is a.c. polarography. 
In the potential regions where adsorption occurs, pronounced depressions of the 
alternating base current occur owing to a decrease of the double-layer capacity of the 
electrode l5 A few reports of a.c. techniques at solid or stationary electrodes have 
appearediezO but only that of Delahay and Trachtenberg21 at stationary mercury 
electrodes has dealt specifically with adsorption effects. Alternating current voltam- 
mograms of adenine and adenosine and mixtures of the two are presented in Fig. 4. 
It is clear from the voltammograms shown in Figs. 4A and 4B that both adenine and 
adenosine markedly depress the alternating base current over the whole potential 
range examined. Since the base current for both compounds is depressed at potentials 
more negative than the DC peak it is obvious that both adenine and adenosine are 
adsorbed at the PGE. Both compounds also exhibit a rather pronounced pit, or well 
potentials corresponding to the rising portion of the d.c. peak. The depression of the 
base current at potentials more positive than the d.c. peak appears to be more pronoun- 
ced than at more negative ones, indicating that one of the products of the oxidation 
of these compounds is quite strongly adsorbed at the PGE. The a.c. voltammetric 
results are clearly in agreement with the results of the scan-rate and sweep-rate studies 
on adenine, i.e., that adenine is adsorbed at the PGE. The absence of any faradaic a.c. 
peaks at potentials in the vicinity of the d.c. peaks for both adenine and adenosine 
confirms the irreversible nature of these electrode processes.4*5 

Figure 4C shows that making a 63mM solution of adenosine in acetate buffer at 
pH 4.7 ImM in adenine still causes an appreciable base current depression at 
potentials more negative and more positive than the adenine d.c. peak, especially 
at the more positive potentials. However this depression is not as pronounced as it is 
in the absence of adenosine and indeed for 2O:l or 30: 1 molar ratios of adenosine 
to adenine, it is not observed by a.c. techniques. 

The conclusion that can be drawn from the qualitative a.c., sweep-rate and 
concentration studies is that both adenine and adenosine and at least one of their 
oxidation products are adsorbed at the PGE. In the presence of large amounts of 
adenosine, adsorbed adenine is largely displaced from the electrode surface and the 
voltammetric oxidation of adenine becomes effectively diffusion-controlled. 

Development of analytical methods 

The DME studies on adenine, adenosine and mixtures of the two show that the 
polarographic limiting current is directly proportional to the sum of the concentrations 
of the two bases. In contrast, at the PGE adenine and adenosine are both adsorbed 
and as a result of competitive adsorption the peak current for adenine is dependent on 
the concentration of adenosine present, though at sufficiently large concentrations of 
adenosine, adenine is to a considerable extent displaced from the electrode surface 
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FIG. 4.-Alternating current voltammograms at the PGE in acetate buffer at pH 4.7 of 
A, 1 mIt4 adenine; B, 1 mA4 adenosine. Scans 1,2,3 are a.c. background traces, scans 
4 and 5 are a.c. traces in the presence of adenine or adenosine, scan 6 is a d.c. 
voltammogram. C: Scans 1, 2, 3 are of 6.27 mM adenosine in acetate buffer pH 4.7. 
scans 4 and 5 are 627 mM adenosine plus 1 mM adenine, scan 6 is a d.c. voltammogram. 

Scan rate: 5 mV/sec; alternating voltage 10 mV peak-to-peak, 100 Hz. PGE gee- 
metric area: 12.5 rmrP. 

and its oxidation becomes a diffusion-controlled process. For a quantitative determin- 
ation of adenine by voltammetric oxidation large concentration ratios should be used, 
with a maximum adenine concentration around 1mM (approaching its limit of 
solubility). 

Typical i, vs. C curves for adenine in the presence of approximately 3mM and 6mM 
adenosine are clearly linear but a slightly lower current is observed in the presence of 
the higher adenosine concentration. In view of the linearity of the latter ip us. C plot 
over a wide range of molar ratios from 8 to 156 it was felt that accurate determinations 
of adenine could be performed simply by adding sufficient solid adenosine to adenine- 
adenosine mixtures to ensure at least a 6-7 fold molar excess of it was present. 
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In order to test the methods developed, some mixtures of adenine and adenosine 
in acetate buffer at pH 4.7 were examined. The samples were first analysed polaro- 
graphically, then solid adenosine was added to the test solutions sufficient to make 
them ca. 6-7mM in adenosine. The concentration of adenine was then determined 
from the height of the resulting voltammetric oxidation peak of adenine at the PGE. 
Typical analytical results are presented in Table I. Once the calibration curves have 
been obtained a total analysis of the adenine and adenosine present in a sample can 
be completed in at most 15 min. 

TABLB I.-TYPICAL RESULTS FOR THE ELE~~R-CAL 
DEIERMINATION OF MIXTURE.3 OF ADENINE AND ADENOSINE. 

Taken, mM 

Adenine Adenosine 

0.098 1.12 
0.29 0.92 
0.49 0.73 
0.93 0.29 
0.37 0.24 

Found, mM 

Adenine Adenosine 

0.08 1.14 
0.30 0.85 
0.52 0.67 
0.90 0.29 
0.37 0.26 

CONCLUSION 

By a combination of polarography at the DME and voltammetry at the PGE a 
rapid and reasonably accurate analysis for adenine and adenosine in mixtures is 
possible. No previously reported method is capable of determining adenine in the 
pressure of such large amounts of adenosine. 

The studies reported in this paper have utilized an acetate buffer at pH 4.7 as the 
background electrolyte system. A very brief examination of the adenine-adenosine 
system at lower pH values in acetate buffers or with sulphuric acid-potassium sulphate 
supporting electrolyte systems revealed that similar results may be obtained. Above 
pH 6 the polarographic waves of adenine and adenosine become small and kinetically 
controlled, and utimately disappear at about pH 7, with the result that the polaro- 
graphic procedure for the determination of the total adenine plus adenosine can no 
longer be used. 

However, the voltammetric oxidation peaks of adenine and of adenosine at the 
PGE persist to a very high pH, and hence the adenine concentration could still be 
determined. If it were necessary to determine the adenosine and adenine concentration 
at above pH 6 it should be possible to determine the total base concentrations by 
ultraviolet absorption spectrophotometry and the adenine concentration from its 
voltammetric oxidation peak at the PGE in the presence of a large excess of adenosine. 

Acknowledgement-The author would like to express his thanks to the National Science Foundation 
for financial support of the work. 

Zasanunenfassuog-Adenin und Adenosin lassen sich aus w&Briger 
Lbsung bei pH 4.7 polarographisch an der Quecksilbertropfelektrode 
(DME) beim selben Halbstufenpotential reduzieren. An einer Elekt- 
rode aus Pyrolysegraphit (PGE) sind beide voltammetrisch oxidierbar, 
Adenosin jedoch bei hiiherem Potential. Die konkurrierende Adsorp- 
tion beider Verbindungen an der PGE fttt daxu, da0 der Adeninpeak 
beim Registrieren der vohammetrischen Oxidation in Gegenwart 
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von Adenosin kleiner wird und bei einer Adenosinkonzentration 
tiber 6 mM einen konstanten Wert erreicht. In Gemischen wird die 
Summe beider Verbindungen durch Polaroaranhie an der DME 
erhalten. Dann wird festes Adenosin zur Los&g gegeben und Adenin 
durch Voltammetrie an der PGE bestimmt. 

R&urn&-L’adenine et l’adenosine sont reductibles polarographique- 
ment en solution aqueuse a pH 4,7 a l’electrode ii goutte de mercure au 
mdme Ells, et sont Bgalement oxydables voltammetriquement a l’6lec 
trode de toile de platine, mais a des potentiels differents, l’adenosine 
aux potentiels plus eleves. L’adsorption competitive des deux composes 
sur l’electrode de toile de platine a pour consequence un abaissement 
dans le pit d’oxydation voltammetrique de l’adenine en la presence 
d’adenosine, atteignant une valeur constante lorsque la concentration 
de cette derniere est superieure a 6 mM. Dans les melanges, la somme 
des deux est obtenue- par polarographie a l’electrode-a goutte de 
mercure. On aioute alors de l’adenosine solide a la solution et l’on dose 
Pad&nine par <oltammCtrie a l’electrode de toile de platine. 
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Summary-A conventional technique has been developed for the 
simultaneous determination of oxygen and nitrogen in iron and steel 
by spark-source mass spectrography in the range of 2-400 ppm with a 
precision of 20%. The instrumental background can be reduced by 
cryosorption pumping and sample cooling. The adsorbed oxygen on 
the surface of the sample is easily eliminated by presparking to 
exhaust the surface concerned. A difference in matrix effect in oxygen 
determination was observed between iron and steel. 

IT IS WELL KNOWN that nitrogen and oxygen in metallic materials seriously affect the 
mechanical properties. These elements have been determined by vacuum fusion, inert 
gas fusion, isotope dilution, emission spectrometry and chemical methods. 

The use of spark-source mass spectrography for low-level impurity analysis of 
metals has several advantages over other methods, as has been already established.1*a 
The analysis for non-metallic impurities such as nitrogen and oxygen is, however, still 
difficult on account of the high instrumental background, and surface contamination 
of the sample. 

Vidal et ~1.~ tested three different methods for the elimination of adsorbed gases on 
the surface of iron samples and concluded that the oxygen adsorbed should be removed 
by eight hours’ baking at 150”, but they did not report any oxygen determinations. 

Harrington et aL4 discuss the simultaneous determination of carbon, nitrogen and 
oxygen in metals, with a reduction in the blank by use of a strong cryosorption pump 
in the source chamber. They concluded that baking the surface surrounding the 
sparking area did not reduce the intensities of these elements. 

Leipziger et aZ.6 reduced the blank levels for hydrogen, nitrogen and oxygen by 
baking, presparking, and the judicious choice of etching reagents, to determine levels 
of O-1 ppm in gold and platinum. From our experience these samples are not so active 
towards these elements. With iron samples these authors got only scattered oxygen 
values, at the lOO-ppm level. 

A cryosorption pump designed by us gave low instrumental background for nitro- 
gen, but not for oxygen. This effect may be due to contamination on the surface of the 
sample for sparking. 

The method reported here allows the simultaneous determination of nitrogen and 
oxygen in iron and steel, in the range of 2-400 ppm, with a precision of 20 %, using a 
cryosorption pump in the source chamber and presparking for the elimination of 
surface contamination of sample. 

Apparatus and emulsion 
EXPERIMENTAL 

A Mattach-Herzog type double-focusing mass spectrograph (Type JMS-OIBM, JEOLCO) was 
used. The chambers of the electrostatic and magnetic analysers were evacuated to a pressure of leas 

5 179 
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than 10-n mmHg. The objective slitwidth was 25 pm to resolve the close proximities of saFe4+ to 
rrN+ and YV+ to IsO+. 

Iiford Q2 photographic plates were used. The spectrum line intensity was recorded with a micro- 
photometer (Type JA-2310, Jarrell-Ash Co.). 

Quantitative calculation 

Although Owens6 proposed a rapid calibration method, a simplified method was applied. From 
the spectra of a series of standard samples in which the nitrogen and oxygen contents were already 
known by other methods, the arbitrary concentration of these elements was calculated with the con- 
ventional method on the assumption that their sensitivity and spectrum areas were unity. The 
ratios of relative sensitivity to spectrum area (S/A) for each elements were determined from the 
ratios of calculated values OS. standard analytical values. The analytical values of unknown samples 
were calculated from the arbitrary mass spectrographic content and the S/A value thus determined. 

Reference analysis 

The procedures of the other methods used for the standard samples are reported elsewhere. 
Oxygen, vacuumfuSion analysis. The conventional analysis at 1650” was used for the determination 

of oxygen in electrolytic iron and steel. Pure electrolytic iron (15 g) was used as bath metal. For 
the determination of oxygen in zone-melted iron, the oxygen contamination on the surface of samples 
was removed by electrolytic polishing and reduction with hydrogen on the surface before analysis.’ 

Nitrogen, isotope dilution analysis. Synthesized 16N-enriched silicon nitride was used as master 
alloy. A sample (10 g) was sealed into an degassed graphite capsule with a known quantity of the 
labelled silicon nitride and dropped into a crucible at 1650”. The extracted gas was circulated in the 
furnace to establish equilibrium. The content of nitrogen-15 was measured by mass spectrometer.*.’ 

Nitrogen, chemical analysis. The conventional Japanese Industrial Standard method (Kjeldahl 
method) was used. 

Reduction of instrumental background and sample preparation 

The largest difficulty in mass spectrographic determination of nitrogen and oxgyen in metals is 
the high instrumental background, and contamination of the sample surface. It was already known 
by us that it is possible to determine nitrogen as low as several ppm without any special treatment. 
For oxygen, however, these interferences are intrinsic. 

After several trials, presparking of sample electrodes was found to reduce substantially and mini- 
mize the effect of adsorbed oxygen on the surface of samples. 

A sample was machined into a pair of 15 x 1 x 1 mm electrodes, which were rinsed in dichloro- 
ethane and in ethanol with aid of an ultrasonic cleaner. After drying, the sample was set in the elec- 
trode holders in the source chamber, and baked for 30 min at 100-l 50” with an electric heater under 
a pressure of less than 1O-e mmHg. Then the top 2-mm portion of the electrodes was manipulated 
so as to be exhausted to about 0.1 mm depth, with sparking to clean the surface. 

In order to reduce the instrumental background, cryosorption pumping was used as the most 
convenient method.4B10 A pumping unit with a 150 x 35 x 1 mm copper support bound with 
activated charcoal was mounted between the accelerating slit and the earth slit in the source chamber. 
The unit was kept cool by copper cooling tubes of 12 mm bore which were connected to a liquid 
nitrogen reservoir. Sample holders were also kept cool by heat conduction through beryllia insulators 
in contact with other copper cooling tubes. 

Figure 1 shows the effects of cryosorption pumping and sample cooling to reduce the instrumental 
background effect in nitrogen and oxygen determination. The vertical axis in Fig. 1 shows the ratios 
of ion intensity of nitrogen or oxygen to that of iron. The sample used here was zone-melted iron 
which contained 6.0 ppm nitrogen and 3.5 ppm oxygen. Figure-l shows that not only cryosorption 
oumoine but also samole cooling can effectively reduce the oxygen background. It is assumed that 
‘the ekec’t of sample cooling is d&. to a cryosorptive effect rath&than to The sample itself. Nitrogen 
intensities were not changed; no special treatment is required for the determination of nitrogen at 
the ppm level. 

Sparking conditions 

The effect of sparking conditions on the intensities of spectrum lines of nitrogen, oxygen and iron 
was investigated. Figures 2-5 show the results. The sample used was electrolytic iron which con- 
tained 200ppm nitrogen and 300ppm oxygen. Exposure was 3 x lo-” coulomb. Each point in 
these figures shows the mean of three determinations. In Fig. 3, min, med, and max show the mini- 
mum, mean, and maximum gaps at which the sparks can be struck. As the spectrum intensities of 
both elements reduce when the gap becomes narrow, the gap was always kept wider than the medium 
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FIG 1 .-Effect of cryosorption pumping and sample cooling. 
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Fm. 3,--EfTect of electrode gap. 
Spark voltage 5 kV. 

Pulse duration 40 ~sec. 
Repetition freq~ncy 100 c/s. 

PULSE aU~Tla~ QJ SEC.) 

FIG. 4.--X%& of p&se d~tio~. 
Spark voltage 5 kV. 

Repetition Frequency 100 c{s. 
Electrode gap MED. 

position. Pulse duration, sparking voltage, and electrode gap have large influences on the intinsitiea 
of spectra. These factors, especially the electrode gap which cannot be controlled instrumentally, 
should be kept constant throughout the experiment. The adjustment of exposure time was acoom- 
pfished by change of the repetition frequency, which has the least effect on the line intensity. 

The fixed experimental conditions are shown in Table I. 

RESULTS 

A mlibratim curve of S/.4 for nitrogen and oxygen is shown in Fig. 6. The 
standard samples consisted of a series of carbon steeIs (C O-l-O-8 %) and a series of 

Cryosorption pumping and sample cooling 45 min 
~strumental parameters Objective s~~twidth 25 pm 

Accelerating voltage 25.0 kV 
Electrostatic voltage 2-5 kV 

Sparking conditions 
Magnet current 3.0 A (m/e 3-1 IO) 
Sparking voltage 5.0 kV (initial; final about 60 kV) 
Pulse duration 40 psec 

Exposure 
Developing conditions 

Repetition frequency 10,30,100,300, 1000 c/s. 
3 x 1O-13-3 x IO-* coulomb (9 stages) 
Developer XD-19, 200,4 min 
Stopping in running water, 30 see 
Fixing in Fuji fixer, 3 min 
Washing in ruling water, 5 min 
Drying in hot air, 3-5 min 
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FIG. 5.-Effect of repetition frequency. 
Spark voltage 5 kV. 

Pulse duration 40 ,~sec. 
Electrode gap MED. 

irons. The iron series consisted of four samples of electrolytic iron treated to avoid 
segmentation effects, and one sample of sintered iron manufactured by Sumitomo 
Tokushu Kinzoku Co. (Osaka, Japan), from pure iron and alumina powder as a 
standard sample for gas analysis in vacuum fusion, activation, and other methods. 

It is very interesting that there is a remarkable difference in the values of S/A for 
oxygen in Fig. 6: 4.60 for iron, and 2.35 for steel. It shows there is a difference in the 
relative sensitivities for oxygen in iron and steel, as the relative area of a spectrum of an 
element is always constant. On the other hand, in the case of nitrogen no difference 
can be observed between iron and steel. The relative intensity of the nitrogen 
spectrum is l-37. 

The necessity of using standard samples in spark-source mass spectrographic 
determination is often underestimated, and it is recommended for accurate determina- 
tion that the relative sensitivities of samples are measured by using a series of standards 
having similar composition to the samples. 

The effect of sample cooling was to give a slight reduction of S/A in the nitrogen 
analysis. The value of S/A without cooling was l-67, and with cooling it was l-37. 

Table II shows the results of simultaneous determination of nitrogen and oxygen 
for two types of iron and one type of steel, using values of S/A obtained from Fig. 6. 

The precision of the analytical values is about 20 % relative standard deviation, and 
the results were in good agreement with those obtained by other methods. This 
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FIG. 6.-Analytical curves. 

TABLE II.-ANALYTICAL RESULTS 

Relative 
Content, standard No. of 

Sample Element PP”1 deviation, % 
Values by 

tests other methods 

Zone-melted 0 3.9 f 0.6 15.4 3 3.5 
iron 

(v) 
N 6.5 & 1.6 24.6 3 6.0 (I) 

Electrolytic 320 f 39 12.2 5 
iron 

335 (v) 
20.1 f 2.5 12.1 5 210 

Carbon steel 0 133 f 30 22.8 
(Al-killed) N 68.2 + 14 20.2 

or), Vacuum fusion; (I), isotope dilution; (K), Kjeldahl. 

5 130 6 
5 72 (K) 

procedure can be applied to practical samples in the range of 2-400 ppm oxygen or 
nitrogen. Although the detection limits of this method have not been discussed, 
because of the lack of standard samples which contain less nitrogen and oxygen than 
those used in this experiment, it may be considered as 1 ppm from the results of other 
experiments in which the instrumental background was found to be less than 1 ppm 
when high-purity silicon electrodes were used. 

DISCUSSION 

It is commonly assumed that almost all elements have nearly equal sensitivities and 
that the sensitivity of an element is not influenced by the other elements present. It is, 

however, very interesting that a large difference in relative sensitivities was observed 
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for oxygen in iron and steel. This phenomenon has never been reported, and it will be 
discussed here briefly. 

As the sparking mechanism in the mass spectrographic analysis is very complex 
and might be a combination of several ionization mechanisms, it is still very hard to 
discuss the mechanism on the basis of the limited results obtained. More experimental 
data on the mechanism are needed, obtained by using time-resolving and other 
techniques. Possible reasons for the difference in sensitivity of oxygen are as follows. 
(1) Difference of the state of oxygen in iron and steel. Oxygen in iron exists in the form 
of Fe0 or dissolved oxygen, whereas in steel most oxygen exists as more stable 
oxides, e.g., Also,, SiO,. A difference in vaporization and dissociation energies 
between these oxides may bring about the difference of ionization efficiency of 
oxygen. (2) Other elements existing in steel may reduce the relative sensitivity of 
oxygen. Some elements which have low ionization potential may reduce the ionization 
yield of oxygen which has relatively high ionization potential, and the other elements 
may recombine with oxygen extracted from sample electrodes, and so reduce the yield. 
(3) Sample cooling may promote selective distillation and so reduce the ionization 
yield of oxygen. 

Of these reasons, (1) should be discarded, as the oxygen sensitivity of the sintered 
iron in which the oxygen exists as alumina, has the same value as that of the electrolytic 
iron; (3) is considered to be unlikely on present knowledge. The second reason is 
assumed to be most likely, because steel contains so many alloying elements. 

The dependence of the spectrum intensity on the electrode gap may be explained on 
the assumption that the local spark-breaking voltage is dependent on the length of gap. 
This is supported by the curves in Fig. 2; the higher the sparking voltage, the stronger 
the intensities of both elements. As a possible improvement for analytical precision, it 
is recommended that a voltage control element be built in the spark source circuit, thus 
achieving independence between the spark-breaking voltage and the electrode gap. 

The dependence of spectrum intensities on other conditions such as sparking 
voltage and pulse duration will also cause significant analytical errors. 

From these considerations, it can be said that the relative sensitivity of an element 
not only depends on the kind of element, but also on the experimental conditions, 
matrix elements, and other constituents. For an accurate mass spectrographic 
measurement, it is best to obtain the relative sensitivities by using a series of standards 
which have similar composition to the sample. 

Zusammenfassung-Ein schon bekanntes Verfahren wurde ftir die 
gleichzeitige Bestimmung von Sauerstoff und Stickstoff in Eisen und 
Stahl weiterentwickelt. Man verwendet ein Massenspektrometer 
mit Funkenquelle und kann damit im Bereich 2-400 ppm eine Genauig- 
keit von 20% erzielen. Der Untergrund des Instruments kann durch 
Kryosorptionspumpen und Ktlhhmg der Probe reduziert werden. 
Der an der Probenoberflache adsorbierte Sauerstoff kann leicht durch 
vorheriges Abfunken beseitigt werden; dadurch wird die betreffende 
Oberflslche gereinigt. Bei der Sauerstoffbestimmung wurde zwischen 
Eisen und Stahl ein Unterschied im Matrixeffekt gefunden. 

RQmn6--Gn a dlabord une technique ordinaire pour le dosage simul- 
tan6 de l’oxvgene et de l’azote dans le fer et l’acier oar SDeCtrOmaDhie de 
masse a sou&e d’etincelle, dans le domaine de i-406 ppm,“a& une 
precision de 20 %. On peut r&luire le fond instrumental par pompage 
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en cryosorption et refroidissement de l%chantillon. On elimine aise- 
ment l’oxygbne adsorb6 sur la surface de l’echantillon par jaillissement 
prealable d’etincelle pour epuiser la surface concern&e. On a observe 
une difference d’effet de matrice dans la determination de l’oxygene 
entre le fer et racier. 
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Summary-A conventional technique has been developed for the 
simultaneous determination of oxygen and nitrogen in iron and steel 
by spark-source mass spectrography in the range of 2-400 ppm with a 
precision of 20%. The instrumental background can be reduced by 
cryosorption pumping and sample cooling. The adsorbed oxygen on 
the surface of the sample is easily eliminated by presparking to 
exhaust the surface concerned. A difference in matrix effect in oxygen 
determination was observed between iron and steel. 

IT IS WELL KNOWN that nitrogen and oxygen in metallic materials seriously affect the 
mechanical properties. These elements have been determined by vacuum fusion, inert 
gas fusion, isotope dilution, emission spectrometry and chemical methods. 

The use of spark-source mass spectrography for low-level impurity analysis of 
metals has several advantages over other methods, as has been already established.1*a 
The analysis for non-metallic impurities such as nitrogen and oxygen is, however, still 
difficult on account of the high instrumental background, and surface contamination 
of the sample. 

Vidal et ~1.~ tested three different methods for the elimination of adsorbed gases on 
the surface of iron samples and concluded that the oxygen adsorbed should be removed 
by eight hours’ baking at 150”, but they did not report any oxygen determinations. 

Harrington et aL4 discuss the simultaneous determination of carbon, nitrogen and 
oxygen in metals, with a reduction in the blank by use of a strong cryosorption pump 
in the source chamber. They concluded that baking the surface surrounding the 
sparking area did not reduce the intensities of these elements. 

Leipziger et aZ.6 reduced the blank levels for hydrogen, nitrogen and oxygen by 
baking, presparking, and the judicious choice of etching reagents, to determine levels 
of O-1 ppm in gold and platinum. From our experience these samples are not so active 
towards these elements. With iron samples these authors got only scattered oxygen 
values, at the lOO-ppm level. 

A cryosorption pump designed by us gave low instrumental background for nitro- 
gen, but not for oxygen. This effect may be due to contamination on the surface of the 
sample for sparking. 

The method reported here allows the simultaneous determination of nitrogen and 
oxygen in iron and steel, in the range of 2-400 ppm, with a precision of 20 %, using a 
cryosorption pump in the source chamber and presparking for the elimination of 
surface contamination of sample. 

Apparatus and emulsion 
EXPERIMENTAL 

A Mattach-Herzog type double-focusing mass spectrograph (Type JMS-OIBM, JEOLCO) was 
used. The chambers of the electrostatic and magnetic analysers were evacuated to a pressure of leas 

5 179 



780 SHOHEI ODA, ZENJI OHASHI, KEIICHI FURUYA and Hrrosm KAMADA 

than 10-n mmHg. The objective slitwidth was 25 pm to resolve the close proximities of saFe4+ to 
rrN+ and YV+ to IsO+. 

Iiford Q2 photographic plates were used. The spectrum line intensity was recorded with a micro- 
photometer (Type JA-2310, Jarrell-Ash Co.). 

Quantitative calculation 

Although Owens6 proposed a rapid calibration method, a simplified method was applied. From 
the spectra of a series of standard samples in which the nitrogen and oxygen contents were already 
known by other methods, the arbitrary concentration of these elements was calculated with the con- 
ventional method on the assumption that their sensitivity and spectrum areas were unity. The 
ratios of relative sensitivity to spectrum area (S/A) for each elements were determined from the 
ratios of calculated values OS. standard analytical values. The analytical values of unknown samples 
were calculated from the arbitrary mass spectrographic content and the S/A value thus determined. 

Reference analysis 

The procedures of the other methods used for the standard samples are reported elsewhere. 
Oxygen, vacuumfuSion analysis. The conventional analysis at 1650” was used for the determination 

of oxygen in electrolytic iron and steel. Pure electrolytic iron (15 g) was used as bath metal. For 
the determination of oxygen in zone-melted iron, the oxygen contamination on the surface of samples 
was removed by electrolytic polishing and reduction with hydrogen on the surface before analysis.’ 

Nitrogen, isotope dilution analysis. Synthesized 16N-enriched silicon nitride was used as master 
alloy. A sample (10 g) was sealed into an degassed graphite capsule with a known quantity of the 
labelled silicon nitride and dropped into a crucible at 1650”. The extracted gas was circulated in the 
furnace to establish equilibrium. The content of nitrogen-15 was measured by mass spectrometer.*.’ 

Nitrogen, chemical analysis. The conventional Japanese Industrial Standard method (Kjeldahl 
method) was used. 

Reduction of instrumental background and sample preparation 

The largest difficulty in mass spectrographic determination of nitrogen and oxgyen in metals is 
the high instrumental background, and contamination of the sample surface. It was already known 
by us that it is possible to determine nitrogen as low as several ppm without any special treatment. 
For oxygen, however, these interferences are intrinsic. 

After several trials, presparking of sample electrodes was found to reduce substantially and mini- 
mize the effect of adsorbed oxygen on the surface of samples. 

A sample was machined into a pair of 15 x 1 x 1 mm electrodes, which were rinsed in dichloro- 
ethane and in ethanol with aid of an ultrasonic cleaner. After drying, the sample was set in the elec- 
trode holders in the source chamber, and baked for 30 min at 100-l 50” with an electric heater under 
a pressure of less than 1O-e mmHg. Then the top 2-mm portion of the electrodes was manipulated 
so as to be exhausted to about 0.1 mm depth, with sparking to clean the surface. 

In order to reduce the instrumental background, cryosorption pumping was used as the most 
convenient method.4B10 A pumping unit with a 150 x 35 x 1 mm copper support bound with 
activated charcoal was mounted between the accelerating slit and the earth slit in the source chamber. 
The unit was kept cool by copper cooling tubes of 12 mm bore which were connected to a liquid 
nitrogen reservoir. Sample holders were also kept cool by heat conduction through beryllia insulators 
in contact with other copper cooling tubes. 

Figure 1 shows the effects of cryosorption pumping and sample cooling to reduce the instrumental 
background effect in nitrogen and oxygen determination. The vertical axis in Fig. 1 shows the ratios 
of ion intensity of nitrogen or oxygen to that of iron. The sample used here was zone-melted iron 
which contained 6.0 ppm nitrogen and 3.5 ppm oxygen. Figure-l shows that not only cryosorption 
oumoine but also samole cooling can effectively reduce the oxygen background. It is assumed that 
‘the ekec’t of sample cooling is d&. to a cryosorptive effect rath&than to The sample itself. Nitrogen 
intensities were not changed; no special treatment is required for the determination of nitrogen at 
the ppm level. 

Sparking conditions 

The effect of sparking conditions on the intensities of spectrum lines of nitrogen, oxygen and iron 
was investigated. Figures 2-5 show the results. The sample used was electrolytic iron which con- 
tained 200ppm nitrogen and 300ppm oxygen. Exposure was 3 x lo-” coulomb. Each point in 
these figures shows the mean of three determinations. In Fig. 3, min, med, and max show the mini- 
mum, mean, and maximum gaps at which the sparks can be struck. As the spectrum intensities of 
both elements reduce when the gap becomes narrow, the gap was always kept wider than the medium 
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FIG 1 .-Effect of cryosorption pumping and sample cooling. 
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F'W. 2.-Effect of spark voltage. 
Pulse duration 40 ,UZC. 

Repetition frequency 100 c/s. 
Electrode gap MED. 
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Fm. 3,--EfTect of electrode gap. 
Spark voltage 5 kV. 

Pulse duration 40 ~sec. 
Repetition freq~ncy 100 c/s. 

PULSE aU~Tla~ QJ SEC.) 

FIG. 4.--X%& of p&se d~tio~. 
Spark voltage 5 kV. 

Repetition Frequency 100 c{s. 
Electrode gap MED. 

position. Pulse duration, sparking voltage, and electrode gap have large influences on the intinsitiea 
of spectra. These factors, especially the electrode gap which cannot be controlled instrumentally, 
should be kept constant throughout the experiment. The adjustment of exposure time was acoom- 
pfished by change of the repetition frequency, which has the least effect on the line intensity. 

The fixed experimental conditions are shown in Table I. 

RESULTS 

A mlibratim curve of S/.4 for nitrogen and oxygen is shown in Fig. 6. The 
standard samples consisted of a series of carbon steeIs (C O-l-O-8 %) and a series of 

Cryosorption pumping and sample cooling 45 min 
~strumental parameters Objective s~~twidth 25 pm 

Accelerating voltage 25.0 kV 
Electrostatic voltage 2-5 kV 

Sparking conditions 
Magnet current 3.0 A (m/e 3-1 IO) 
Sparking voltage 5.0 kV (initial; final about 60 kV) 
Pulse duration 40 psec 

Exposure 
Developing conditions 

Repetition frequency 10,30,100,300, 1000 c/s. 
3 x 1O-13-3 x IO-* coulomb (9 stages) 
Developer XD-19, 200,4 min 
Stopping in running water, 30 see 
Fixing in Fuji fixer, 3 min 
Washing in ruling water, 5 min 
Drying in hot air, 3-5 min 
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*_-- - -*--__ --*___--A 14r,+,58Fe+ 

REPETITION FREQUENCY (C/S) 

FIG. 5.-Effect of repetition frequency. 
Spark voltage 5 kV. 

Pulse duration 40 ,~sec. 
Electrode gap MED. 

irons. The iron series consisted of four samples of electrolytic iron treated to avoid 
segmentation effects, and one sample of sintered iron manufactured by Sumitomo 
Tokushu Kinzoku Co. (Osaka, Japan), from pure iron and alumina powder as a 
standard sample for gas analysis in vacuum fusion, activation, and other methods. 

It is very interesting that there is a remarkable difference in the values of S/A for 
oxygen in Fig. 6: 4.60 for iron, and 2.35 for steel. It shows there is a difference in the 
relative sensitivities for oxygen in iron and steel, as the relative area of a spectrum of an 
element is always constant. On the other hand, in the case of nitrogen no difference 
can be observed between iron and steel. The relative intensity of the nitrogen 
spectrum is l-37. 

The necessity of using standard samples in spark-source mass spectrographic 
determination is often underestimated, and it is recommended for accurate determina- 
tion that the relative sensitivities of samples are measured by using a series of standards 
having similar composition to the samples. 

The effect of sample cooling was to give a slight reduction of S/A in the nitrogen 
analysis. The value of S/A without cooling was l-67, and with cooling it was l-37. 

Table II shows the results of simultaneous determination of nitrogen and oxygen 
for two types of iron and one type of steel, using values of S/A obtained from Fig. 6. 

The precision of the analytical values is about 20 % relative standard deviation, and 
the results were in good agreement with those obtained by other methods. This 
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FIG. 6.-Analytical curves. 

TABLE II.-ANALYTICAL RESULTS 

Relative 
Content, standard No. of 

Sample Element PP”1 deviation, % 
Values by 

tests other methods 

Zone-melted 0 3.9 f 0.6 15.4 3 3.5 
iron 

(v) 
N 6.5 & 1.6 24.6 3 6.0 (I) 

Electrolytic 320 f 39 12.2 5 
iron 

335 (v) 
20.1 f 2.5 12.1 5 210 

Carbon steel 0 133 f 30 22.8 
(Al-killed) N 68.2 + 14 20.2 

or), Vacuum fusion; (I), isotope dilution; (K), Kjeldahl. 

5 130 6 
5 72 (K) 

procedure can be applied to practical samples in the range of 2-400 ppm oxygen or 
nitrogen. Although the detection limits of this method have not been discussed, 
because of the lack of standard samples which contain less nitrogen and oxygen than 
those used in this experiment, it may be considered as 1 ppm from the results of other 
experiments in which the instrumental background was found to be less than 1 ppm 
when high-purity silicon electrodes were used. 

DISCUSSION 

It is commonly assumed that almost all elements have nearly equal sensitivities and 
that the sensitivity of an element is not influenced by the other elements present. It is, 

however, very interesting that a large difference in relative sensitivities was observed 
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for oxygen in iron and steel. This phenomenon has never been reported, and it will be 
discussed here briefly. 

As the sparking mechanism in the mass spectrographic analysis is very complex 
and might be a combination of several ionization mechanisms, it is still very hard to 
discuss the mechanism on the basis of the limited results obtained. More experimental 
data on the mechanism are needed, obtained by using time-resolving and other 
techniques. Possible reasons for the difference in sensitivity of oxygen are as follows. 
(1) Difference of the state of oxygen in iron and steel. Oxygen in iron exists in the form 
of Fe0 or dissolved oxygen, whereas in steel most oxygen exists as more stable 
oxides, e.g., Also,, SiO,. A difference in vaporization and dissociation energies 
between these oxides may bring about the difference of ionization efficiency of 
oxygen. (2) Other elements existing in steel may reduce the relative sensitivity of 
oxygen. Some elements which have low ionization potential may reduce the ionization 
yield of oxygen which has relatively high ionization potential, and the other elements 
may recombine with oxygen extracted from sample electrodes, and so reduce the yield. 
(3) Sample cooling may promote selective distillation and so reduce the ionization 
yield of oxygen. 

Of these reasons, (1) should be discarded, as the oxygen sensitivity of the sintered 
iron in which the oxygen exists as alumina, has the same value as that of the electrolytic 
iron; (3) is considered to be unlikely on present knowledge. The second reason is 
assumed to be most likely, because steel contains so many alloying elements. 

The dependence of the spectrum intensity on the electrode gap may be explained on 
the assumption that the local spark-breaking voltage is dependent on the length of gap. 
This is supported by the curves in Fig. 2; the higher the sparking voltage, the stronger 
the intensities of both elements. As a possible improvement for analytical precision, it 
is recommended that a voltage control element be built in the spark source circuit, thus 
achieving independence between the spark-breaking voltage and the electrode gap. 

The dependence of spectrum intensities on other conditions such as sparking 
voltage and pulse duration will also cause significant analytical errors. 

From these considerations, it can be said that the relative sensitivity of an element 
not only depends on the kind of element, but also on the experimental conditions, 
matrix elements, and other constituents. For an accurate mass spectrographic 
measurement, it is best to obtain the relative sensitivities by using a series of standards 
which have similar composition to the sample. 

Zusammenfassung-Ein schon bekanntes Verfahren wurde ftir die 
gleichzeitige Bestimmung von Sauerstoff und Stickstoff in Eisen und 
Stahl weiterentwickelt. Man verwendet ein Massenspektrometer 
mit Funkenquelle und kann damit im Bereich 2-400 ppm eine Genauig- 
keit von 20% erzielen. Der Untergrund des Instruments kann durch 
Kryosorptionspumpen und Ktlhhmg der Probe reduziert werden. 
Der an der Probenoberflache adsorbierte Sauerstoff kann leicht durch 
vorheriges Abfunken beseitigt werden; dadurch wird die betreffende 
Oberflslche gereinigt. Bei der Sauerstoffbestimmung wurde zwischen 
Eisen und Stahl ein Unterschied im Matrixeffekt gefunden. 

RQmn6--Gn a dlabord une technique ordinaire pour le dosage simul- 
tan6 de l’oxvgene et de l’azote dans le fer et l’acier oar SDeCtrOmaDhie de 
masse a sou&e d’etincelle, dans le domaine de i-406 ppm,“a& une 
precision de 20 %. On peut r&luire le fond instrumental par pompage 
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en cryosorption et refroidissement de l%chantillon. On elimine aise- 
ment l’oxygbne adsorb6 sur la surface de l’echantillon par jaillissement 
prealable d’etincelle pour epuiser la surface concern&e. On a observe 
une difference d’effet de matrice dans la determination de l’oxygene 
entre le fer et racier. 
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SHORT COMMUNICATIONS 

Indirect method for the determination of aluminium by atomic-absorption 
spectrometry using an air-acetylene ffame 

(Received 9 November 1971. Accepted 13 December 1971) 

IT HAS BEEN reported that serious intereIement interferences are observed in the atomic-absorption 
dete~ination of iron under certain operating conditions using an air-acetylene ffame.*Vs When 
flame conditions are optimized for maximum iron absorbance to be obtained for solutions prepared 
in sulphate or nitrate media, cobalt, nickel and copper cause depressive interferences.* Maximum 
absorption by iron occurs in a slightly fuel-lean air-acetylene flame, but in the stoichiometric or 
fuel-rich Same the iron absorption falls sharply when a purely sulphate or nitrate medium is used. 
Under these conditions many metals cause enhan~~nt of the iron absorbauce,s and of these, 
titanium, aluminium, calcium and zirconium are notable for the very low concentrations at which 
they interfere. A similar interference pattern has also been observed for nickel, cobalt and chrom- 
iuma** and may be explained on the basis of overexcitation phenomena.8*6 

The enhancement effect has been used to provide a sensitive indirect method for the determination 
of titanium in the concentration range ~.~I-1Oppm .s This paper reports a simiir method for 
aluminium and includes a more detailed discussion of the choice of matrix eiement and the inter- 
ference effects in this type of procedure. Aluminium cannot normally be determined directly by 
using an air-acetylene flame’ as the monoxide A10 is not suliiciently dissociated in this flame,* but a 
working range of SO-500 ppm aluminium has recently been attained in a direct procedure in the pres- 
ence of ammonium fluoride.* Normally either a nitrous oxide-acetylene ffame or an oxy-acetylene 
flame must be used and a detection limit of about 1 ppm may be readily obtained.7@J1 Unfortun- 
ately, this is not sufficiently sensitive for many routine industrial applications and the method pro- 
posed here, which has a limit approximately two orders of magnitude lower than this, may be suitable 
in some cases. 

EXPERIMENTAL 

A Perkin-Elmer 290 Atomic Absorption Spectrometer and hollow-cathode lamps were used and 
operated at the manufacturer’s recommended settings. The standard 50-mm slot tubular burner 
head and the 50-mm slot high-temperature head were used for air-acetylene and nitrous oxide 
acetylene thunes respectively. Gas flow-rates were measured with Fischer and Porter &in. bore 
flowmeters and corrected to atmospheric pressure. The air flow-rate was maintained at 46 I./min 
(equivalent to a flowmeter reading of 14.0 at a feed pressure of 35 psig) and the acetylene flow-rate 
varied between 2.0 and 4.8 l./min (equivalent to a flowmeter reading of 13.7 at a feed pressure of 
8 psig). The optimum height of the optical beam above the burner for maximum enhancement was 
found to be 15 mm, and absorbance readings were recorded on a Honeywell Electronik 19 chart 
recorder. 

Stock solutions of all the metals in sulphate medium were prepared as described previouslv.a A 
lOOO-ppm aluminium solution was prepa& from 1 g of alumin&m powder dissolved in sulphuric 
acid and diluted to 1 litre so that the iinal concentration of suluhuric acid was 10A8M. Distilled water 
from an all-quartz stiIP* was used throughout. The purity otwater from other types of still was not 
adequate, presumably because of the effect of very small amounts of calcium on the phenomena to be 
described. Care must be taken to avoid the addition of chloride ions. 

RESULTS AND DISCUSSION 

The sharp drop in absorbance by iron (as sulphate or nitrate) which occurs in a fuel-rich air- 
acetylene flame has been described previously. v The enhancement effect of small amounts of 
aluminium on this depression of the iron signal in the fuel-rich flame is shown in Fig. 1. The enhance- 
ment for a 25ppm iron solution gives a linear relationship between 0+25 and 1.2 ppm of aluminium, 
The signal became more or less constant from 2 up to at least 500 ppm ~umini~. The shape and 
characteristics of this calibration curve and the enhancement effect itself are dependent on the geom- 
etry of the burner and optical systems and their orientation relative to one another. This would be 
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FIG. Z.-Absorption of 10 ppm chromium in suIphate medium as a function of acetylene 
flow-rate. Concentration of aluminium added: (A) none; (B) 0.5 ppm; (C) 2 ppm; 

(0) 20 ppm; (E) 100 ppm; (F) 500 ppm. 

expected to depend on the particular i~t~rn~nt used but with the PE 290 fitted with a standard 
air-acetylene burner the optimum conditions for maximum sensitivity are those given above. The 
working range for the determination of aluminium may be varied by using different concentrations 
of iron. Thus, for example, the most sensitive conditions with our apparatus required use of 10 ppm 
of iron when the working range was 0.01-0*09 ppm of aluminium. At higher concentrations of iron, 
higher levels of aIuminium may be detected but concentrations above 25 ppm wouid mean working 
in the range in which the direct atomi&-abso~tion dete~inatian of ai~ium is possible and the 
method would therefore not be particularly advantageous. 



Short communications 189 

log h13+l, [A13+l, ppm 

FIG. 3.-Effect of aluminium at a fuel-flow of 13.7 (meter reading) and?umer height 
of 15 mm, on (A) 10 ppm of iron; (B) 10 ppm of chromium; (C) 25 ppm of cobalt; 

(0) 25 ppm of nickel; all in sulphate medium. 

Aluminium gives a similar enhancement of the signals of cobalt, nickel and chromium and any of 
these may be used as the matrix element. The effect for chromium is shown in Fig. 2 and occurs 
only in the fuel-rich air-acetylene ilame. At high aluminium concentrations the chromium signal does 
not reach a constant level but begins to fall again (Fig. 2), the maximum in the calibration curve 
depending on the chromium concentration, being at 5 ppm of aluminium for 10 ppm of chromium. 
The effect of aluminium on the atomic-absorption signals of cobalt and nickel was very similar to 
that for iron, although the detection of aluminium was far less sensitive with nickel. The effects of 
increasing aluminium concentration are shown in Fig. 3 for all four elements, which suggests that 
iron is the most suitable matrix element. 

The operating conditions will varv from one instrument to another but thev may be summarized 
as follows. (i) Slightly fuel-rich a&acetylene flame such that yellow carbon~incandescence is just 
visible. (ii) Light-beam centred at 15-20 mm above the burner head. (iii1 Matrix element iron 
sulphate m 10-r, sulphuric acid at an iron concentration appropriate to the working range req&d~ 
(iv) Aluminium standards and samples prepared as sulphate and/or nitrate solutions. 

We have investigated some interference effects on this procedure and these are largely as expected 
from the known effects of the elements on the atomic-absorption signal of iron? Elements that behave 
in a similar manner to aluminium, e.g., calcium and titanium, interfere at an equivalent concentration 
to the ahuninium, whereas others that give an enhancement or depression of the iron signal at con- 
centrations equivalent to the iron concentration, e.g., nickel and chromium, interfere at a similar 
level. Thus, this method is only suitable for relatively pure aluminium solutions or for analyses in 
which a separation process is also included. It does, however, offer a substantial improvement in 
detection limit over that normally obtainable by direct atomic-absorption spectrometry, using either 
a nitrous oxid*acetylene or oxy-acetylene flame. 
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Summary-The enhancement of the atomic-absorption signals of iron, 
cobalt, nickel and chromium in a fuel-rich air-acetylene flame by small 
amounts of ahuninium makes possible the indirect determination of 
aluminimn in the concentration range O*Ol-10 ppm. The optimization 
of working conditions and the occurrence of interferences are reported. 
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Zusammenfassung-Die Verstarkung der Atomabsorptions-Signale von 
Eisen, Kobah, Nickel und Chrom in einer fetten Luft-Acetylen- 
Flamme durch kleine Mengen Aluminium ermiiglicht die indirekte 
Bestimmung von Aluminium im Konzentrationsbereich O,Ol-10 ppm. 
Es wird tiber die Op~ier~g der Ar~its~dingungen und das Auf- 
treten von Stiirungen berichtet. 

R&sum&--Le renforcement des signaux d’absorption atomique des fer, 
cobalt, nickel et chrome dans une flamme air-acetylene riche en 
combustible par de petites quantites ~alum~ium rend nossible le 
dosage indirect de i’alumini;m dans le domaine de concentration 
O,Ol-10 ppm. On decrit l’optimalisation des conditions de travail et 
la presence d’interferences. 
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~e~ipi~~on of barium chromate in the presence of strontium and lead 
by complexation followed by volatilization of ammonia 

(Received 9 November 1971. Accepted 14 December 1971) 

A NEW PROCEDURE has been developed to separate barium from equal molar concentrations of 
strontium and lead. The multivalent cations are complexed with MEDTA (l,Z-diaminopropane- 
tetra-acetic acid) or DCTA (1.2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid) at a pH of 10.3 or 
higher in ammoniacal solution. The addition of chromate does not bring about precipitation. The 
solution is then heated and agitated. Ammonia volatilizes from solution, causing a gradual increase in 
hydrogen ion concentration. Hydrogen ions compete for the chelating agent which results in a 
gradual increase in the free barium ion concentration. 
chromate from homogeneous solution. 

This causes a slow precipitation of barium 

Both the strontium and lead chelates are more stable than the barium chelate. Therefore, the 
concentration of free strontium ions and free lead ions remains low throughout the pr~ipitation of 
the barium chromate. Atomic-absorption measurements show that less than @05 % of the strontium 
and less than 0*06’% of the lead co-precipitate when MEDTA is used. About O-15 ‘A of the strontium 
and about 0.03 % of the lead co-precipitate when DCTA is used. 

Precipitation of barium chromate has been the classical method’ of separating barium fom 
strontium. The use of precipitation from homogeneous solutiona as well as complexations has 
improved the classical method. Complexation has also made a separation of barium from Iead 
possible, with chromate as the precipitant. 

Additional modifications based on these fundamental ideas have resulted in further improvements 
in the separation of barium from both strontium and lead. The method described co-precipitates only 
about a twelfth of the strontium co-precipitated by the earlier method,% and should be applicable to 
many other systems where cation release is required. 
acid by volatilization in a closed system. 

Lower pH values can be attained by addition of 
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SHORT COMMUNICATIONS 

Indirect method for the determination of aluminium by atomic-absorption 
spectrometry using an air-acetylene ffame 

(Received 9 November 1971. Accepted 13 December 1971) 

IT HAS BEEN reported that serious intereIement interferences are observed in the atomic-absorption 
dete~ination of iron under certain operating conditions using an air-acetylene ffame.*Vs When 
flame conditions are optimized for maximum iron absorbance to be obtained for solutions prepared 
in sulphate or nitrate media, cobalt, nickel and copper cause depressive interferences.* Maximum 
absorption by iron occurs in a slightly fuel-lean air-acetylene flame, but in the stoichiometric or 
fuel-rich Same the iron absorption falls sharply when a purely sulphate or nitrate medium is used. 
Under these conditions many metals cause enhan~~nt of the iron absorbauce,s and of these, 
titanium, aluminium, calcium and zirconium are notable for the very low concentrations at which 
they interfere. A similar interference pattern has also been observed for nickel, cobalt and chrom- 
iuma** and may be explained on the basis of overexcitation phenomena.8*6 

The enhancement effect has been used to provide a sensitive indirect method for the determination 
of titanium in the concentration range ~.~I-1Oppm .s This paper reports a simiir method for 
aluminium and includes a more detailed discussion of the choice of matrix eiement and the inter- 
ference effects in this type of procedure. Aluminium cannot normally be determined directly by 
using an air-acetylene flame’ as the monoxide A10 is not suliiciently dissociated in this flame,* but a 
working range of SO-500 ppm aluminium has recently been attained in a direct procedure in the pres- 
ence of ammonium fluoride.* Normally either a nitrous oxide-acetylene ffame or an oxy-acetylene 
flame must be used and a detection limit of about 1 ppm may be readily obtained.7@J1 Unfortun- 
ately, this is not sufficiently sensitive for many routine industrial applications and the method pro- 
posed here, which has a limit approximately two orders of magnitude lower than this, may be suitable 
in some cases. 

EXPERIMENTAL 

A Perkin-Elmer 290 Atomic Absorption Spectrometer and hollow-cathode lamps were used and 
operated at the manufacturer’s recommended settings. The standard 50-mm slot tubular burner 
head and the 50-mm slot high-temperature head were used for air-acetylene and nitrous oxide 
acetylene thunes respectively. Gas flow-rates were measured with Fischer and Porter &in. bore 
flowmeters and corrected to atmospheric pressure. The air flow-rate was maintained at 46 I./min 
(equivalent to a flowmeter reading of 14.0 at a feed pressure of 35 psig) and the acetylene flow-rate 
varied between 2.0 and 4.8 l./min (equivalent to a flowmeter reading of 13.7 at a feed pressure of 
8 psig). The optimum height of the optical beam above the burner for maximum enhancement was 
found to be 15 mm, and absorbance readings were recorded on a Honeywell Electronik 19 chart 
recorder. 

Stock solutions of all the metals in sulphate medium were prepared as described previouslv.a A 
lOOO-ppm aluminium solution was prepa& from 1 g of alumin&m powder dissolved in sulphuric 
acid and diluted to 1 litre so that the iinal concentration of suluhuric acid was 10A8M. Distilled water 
from an all-quartz stiIP* was used throughout. The purity otwater from other types of still was not 
adequate, presumably because of the effect of very small amounts of calcium on the phenomena to be 
described. Care must be taken to avoid the addition of chloride ions. 

RESULTS AND DISCUSSION 

The sharp drop in absorbance by iron (as sulphate or nitrate) which occurs in a fuel-rich air- 
acetylene flame has been described previously. v The enhancement effect of small amounts of 
aluminium on this depression of the iron signal in the fuel-rich flame is shown in Fig. 1. The enhance- 
ment for a 25ppm iron solution gives a linear relationship between 0+25 and 1.2 ppm of aluminium, 
The signal became more or less constant from 2 up to at least 500 ppm ~umini~. The shape and 
characteristics of this calibration curve and the enhancement effect itself are dependent on the geom- 
etry of the burner and optical systems and their orientation relative to one another. This would be 
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FIG. Z.-Absorption of 10 ppm chromium in suIphate medium as a function of acetylene 
flow-rate. Concentration of aluminium added: (A) none; (B) 0.5 ppm; (C) 2 ppm; 

(0) 20 ppm; (E) 100 ppm; (F) 500 ppm. 

expected to depend on the particular i~t~rn~nt used but with the PE 290 fitted with a standard 
air-acetylene burner the optimum conditions for maximum sensitivity are those given above. The 
working range for the determination of aluminium may be varied by using different concentrations 
of iron. Thus, for example, the most sensitive conditions with our apparatus required use of 10 ppm 
of iron when the working range was 0.01-0*09 ppm of aluminium. At higher concentrations of iron, 
higher levels of aIuminium may be detected but concentrations above 25 ppm wouid mean working 
in the range in which the direct atomi&-abso~tion dete~inatian of ai~ium is possible and the 
method would therefore not be particularly advantageous. 
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FIG. 3.-Effect of aluminium at a fuel-flow of 13.7 (meter reading) and?umer height 
of 15 mm, on (A) 10 ppm of iron; (B) 10 ppm of chromium; (C) 25 ppm of cobalt; 

(0) 25 ppm of nickel; all in sulphate medium. 

Aluminium gives a similar enhancement of the signals of cobalt, nickel and chromium and any of 
these may be used as the matrix element. The effect for chromium is shown in Fig. 2 and occurs 
only in the fuel-rich air-acetylene ilame. At high aluminium concentrations the chromium signal does 
not reach a constant level but begins to fall again (Fig. 2), the maximum in the calibration curve 
depending on the chromium concentration, being at 5 ppm of aluminium for 10 ppm of chromium. 
The effect of aluminium on the atomic-absorption signals of cobalt and nickel was very similar to 
that for iron, although the detection of aluminium was far less sensitive with nickel. The effects of 
increasing aluminium concentration are shown in Fig. 3 for all four elements, which suggests that 
iron is the most suitable matrix element. 

The operating conditions will varv from one instrument to another but thev may be summarized 
as follows. (i) Slightly fuel-rich a&acetylene flame such that yellow carbon~incandescence is just 
visible. (ii) Light-beam centred at 15-20 mm above the burner head. (iii1 Matrix element iron 
sulphate m 10-r, sulphuric acid at an iron concentration appropriate to the working range req&d~ 
(iv) Aluminium standards and samples prepared as sulphate and/or nitrate solutions. 

We have investigated some interference effects on this procedure and these are largely as expected 
from the known effects of the elements on the atomic-absorption signal of iron? Elements that behave 
in a similar manner to aluminium, e.g., calcium and titanium, interfere at an equivalent concentration 
to the ahuninium, whereas others that give an enhancement or depression of the iron signal at con- 
centrations equivalent to the iron concentration, e.g., nickel and chromium, interfere at a similar 
level. Thus, this method is only suitable for relatively pure aluminium solutions or for analyses in 
which a separation process is also included. It does, however, offer a substantial improvement in 
detection limit over that normally obtainable by direct atomic-absorption spectrometry, using either 
a nitrous oxid*acetylene or oxy-acetylene flame. 
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Summary-The enhancement of the atomic-absorption signals of iron, 
cobalt, nickel and chromium in a fuel-rich air-acetylene flame by small 
amounts of ahuninium makes possible the indirect determination of 
aluminimn in the concentration range O*Ol-10 ppm. The optimization 
of working conditions and the occurrence of interferences are reported. 
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Zusammenfassung-Die Verstarkung der Atomabsorptions-Signale von 
Eisen, Kobah, Nickel und Chrom in einer fetten Luft-Acetylen- 
Flamme durch kleine Mengen Aluminium ermiiglicht die indirekte 
Bestimmung von Aluminium im Konzentrationsbereich O,Ol-10 ppm. 
Es wird tiber die Op~ier~g der Ar~its~dingungen und das Auf- 
treten von Stiirungen berichtet. 

R&sum&--Le renforcement des signaux d’absorption atomique des fer, 
cobalt, nickel et chrome dans une flamme air-acetylene riche en 
combustible par de petites quantites ~alum~ium rend nossible le 
dosage indirect de i’alumini;m dans le domaine de concentration 
O,Ol-10 ppm. On decrit l’optimalisation des conditions de travail et 
la presence d’interferences. 
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~e~ipi~~on of barium chromate in the presence of strontium and lead 
by complexation followed by volatilization of ammonia 

(Received 9 November 1971. Accepted 14 December 1971) 

A NEW PROCEDURE has been developed to separate barium from equal molar concentrations of 
strontium and lead. The multivalent cations are complexed with MEDTA (l,Z-diaminopropane- 
tetra-acetic acid) or DCTA (1.2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid) at a pH of 10.3 or 
higher in ammoniacal solution. The addition of chromate does not bring about precipitation. The 
solution is then heated and agitated. Ammonia volatilizes from solution, causing a gradual increase in 
hydrogen ion concentration. Hydrogen ions compete for the chelating agent which results in a 
gradual increase in the free barium ion concentration. 
chromate from homogeneous solution. 

This causes a slow precipitation of barium 

Both the strontium and lead chelates are more stable than the barium chelate. Therefore, the 
concentration of free strontium ions and free lead ions remains low throughout the pr~ipitation of 
the barium chromate. Atomic-absorption measurements show that less than @05 % of the strontium 
and less than 0*06’% of the lead co-precipitate when MEDTA is used. About O-15 ‘A of the strontium 
and about 0.03 % of the lead co-precipitate when DCTA is used. 

Precipitation of barium chromate has been the classical method’ of separating barium fom 
strontium. The use of precipitation from homogeneous solutiona as well as complexations has 
improved the classical method. Complexation has also made a separation of barium from Iead 
possible, with chromate as the precipitant. 

Additional modifications based on these fundamental ideas have resulted in further improvements 
in the separation of barium from both strontium and lead. The method described co-precipitates only 
about a twelfth of the strontium co-precipitated by the earlier method,% and should be applicable to 
many other systems where cation release is required. 
acid by volatilization in a closed system. 

Lower pH values can be attained by addition of 
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EXPERIMENTAL 

Procedure 

Add a sample containing about 05 mmole of barium (about 70 mg) to a 400-ml beaker.* Add 
about 50 ml of demineralized water and an excess of chelating agent.7 Bring the pH of the solution to 
IO.3 or slightly higher by the addition of 3M ammonia. Add 50 ml of 0.02M potassium dichromate 
adjusted to pH 10.3 or higher.0 Dilute to about 125 ml. 

Place the beaker on an oscillating hot-plate. Maintain the temperature within the range 45-60”. 
Keep the volume of solution reasonably constant by occasional additions of demineralized water. 
Within about 6-8 hr the pH of the solution will fall to 6-7, usually to 6.7-6-8. Remove the beaker 
from the hot-plate, stir and let stand overnight. 

Filter off on a medium porosity crucible, wash with O.OOlM potassium dichromate adjusted to 
pH 7.0, finally rinse with a small portion of demineralized water, and dry the precipitate at 110-120” 
for 2 hr. 

RESULTS AND DISCUSSION 

Table I gives the results obtained for the pH range of 6.7-6-S for the final solution. In this range 
the ammonia is essentially removed from solution. The precipitation is also maximal in this pH 
range. The results show that more than 99.3 % of the barium is precipitated. 

TABLE I.-PRECIPITATION OF BARIUM CHROMATE 

Ba 
found, mg 

(gravimetric) 

Ba 
in filtrate, mg 

(atomic absorption) 

71.2 0.45 
71.8 o-54 
71.3 0.20 
71.4 0.35 
71.0 0.30 

Barium taken 71-7 mg (O-5 mmole) ; 1-O mmole 
of potassium dichromate and O-6 mmole of 
MEDTA added to each solution. Final pH 6*7- 
6.8. 

Additional investigation showed that precipitation was not nearly quantitative above pH 7.0 or 
below pH 5.5, but within this range precipitation was at least 99 % complete, being maximal over the 
pH range 6-0-6.8 (average 99.5-99.6x). Atomic-absorption measurements showed that up to 0.7 % 
of the barium appeared in the filtrate (average about 0.4 %). 

To study the effect of pH at values lower than 6.7, a method of homogeneously increasing the 
hydrogen ion concentration was needed. To do this with a minimum of disturbance to the solution, 
either acetic or hydrochloric acid was allowed to volatilize into the solution. A polyethylene bag 
was placed on an oscillating plate. The beaker containing both barium and chromate was placed 
inside this bag. A second beaker containing either acetic or hydrochloric acid was also placed inside 
the bag. The bag was then closed, and the oscillating cycle started. Acid volatilized into the barium 
solution, causing a slow increase in hydrogen ion concentration. Even though the acid could only 
enter at the surface of the solution, the agitation tended to distribute it throughout the solution. 

Table II gives the results obtained when strontium and lead are also present in the solution. 
These results show that less than 0.05 % of the strontium is co-precipitated when MEDTA is used as 
the chelating agent. With DCTA as chelating agent, the strontium co-precipitated is about 0.16%. 
Less than 0.06% of the lead is co-precipitated when MEDTA is used. When DCTA is used the 
amount of lead co-precipitated is about 0.03 % or less. 

* For easy removal of the precipitate, spray a thin film of silicone on a new, unscratched beaker. 
Dry the beaker at 125” for about 1 hr. 

t Enough chelating agent must be added to complex all the barium and all the cations in solution 
that form a more stable complex with the chelating agent than barium. An excess of about 20% is 
sufficient. MEDTA and DCTA give similar results. MEDTA is superior for strontium separation, 
DCTA for lead separation. 

$ If the pH of either solution is below 10.3, a precipitation from heterogeneous solution will occur 
on mixing. This destroys most of the advantages of the proposed method. 
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TABLEII.SEPARATION OF BARIUM CHROMATE FROM STRONTIUM AND LEAD 

Ba 
found, mg 

(gravimetric) 
Chelating 

agent 

Other Ba Sr or Pb 
ion in filtrate, mg in precipitate, mg 

present (atomic absorption) (atomic absorption) 

71.4 MEDTA 
71.4 MEDTA 
71.2 MEDTA 
71.5’ MEDTA 
72.1 MEDTA 
71.7 MEDTA 
71.4 MEDTA 
72.3 DCTA 
71.4 DCTA 
72.2 DCTA 

Sr 0.28 o-01 
Sr 0.28 0.01 
Sr 0.19 0.01 
Sr 040 0.02 
Sr 0.26 0.02 
Pb 0.03 0.06 
Pb 0.25 0.05 
Sr 0.04 0.07 
Pb 0.23 0.03 
Pb 0.22 0.00 

Barium taken 71.7 mg (0.5 mmole); 0.5 mmole of strontium or lead and 1.2 mmole of MEDTA or 
DCTA added to each solution. Final pH 6.7-6.8. 

l pH 7.2. 

The barium ion is released slowly and uniformly. Even though ammonia escapes only at the 
surface of the solution, the agitation used results in an essentially homogeneous solution of barium 
and chromate ions. 

The experimental results support the conclusions drawn from a calculation involving the formation 
constants and solubility products. MEDTA provides the better separation from strontium, 
DCTA is better for lead separation. 

This method has several distinct advantages over the earlier method.* Only about a twelfth as 
much strontium is co-precipitated. Furthermore, dropwise addition of a magnesium chloride solution 
from a burette is not required, so there is no magnesium contamination of the filtrate. 
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complete at pH 6.7-6.8, with less than 0.i % co-precipitation of lead or 
strontium. Lower pH values can be attained by volatilizing acetic or 
hydrochloric acid into the solution in a closed system. 
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de baryum dune solution homogene en la presence de plomb et de 
strontium. On ajoute MEDTA ou DCTA pour complexer les ions 
metalliques a pH > 10,3 (ajustb par l’ammoniaque). Par chauffage, 
I’ammoniaque se volatilise lentement et l’accroissement con&quent 
de l’aciditt libere l’ion metallique lib dans le chelate le moms stable 
(baryum). La precipitation estcomplete a 99,3-99,7 % a pH 6,7-6,8, 
avec moins de 0.1% de conrecidtation du nlomb ou du strontium. ._ 
On peut atteindre des vale&s de pH plus basses en volatilisant de 
l’acide adtique ou chlorhydrique dans la solution dans un systeme 
clos. 
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Catalysis of the arsenic(III)-potassium bromate reaction-I. 
Titrimetric determination of amenic(lII) in the 

presence of osmium tetroxide 

(Received 9 November 1971. Accepted 13 December 1971) 

MANY STUDIW of the titrimetric determination of arsenic(II1) and antimony(II1) with potassium 
bromate have been reported and these have been reviewed on several occasions.‘ss In the course of 
a careful investigationx of the limiting conditions under which the titration of arsenic(II1) with 
potassium bromate is stoichiometric, it was shown that positive errors are obtained at hydrochloric 
acid concentrations below 0*55M in the absence of added bromide and below 0*3M in the presence 
of O.lM bromide (see Fig. 1). The reaction becomes extremely slow in the absence of both chloride 
and bromide, and gross positive errors result in, for example, sulphuric acid solution. Chloride and 
bromide may be considered to act as catalysts in the system through the intermediate formation of 
halogens, e.g., for bromide, 

BrGs- + 5Br + 6H+ + 3Br, + 3H,O (I) 

As(II1) + Br, + As(V) + 2Br- (2) 

Chloride is less effective than bromide as a catalyst since its reaction with bromate is slower and this 
explains the limiting hydrochloric acid concentration being slightly higher in a bromide-free medium 
than in one that is O.lM in bromide. 

The possibility of using other species to catalyse the antimony(II1) or arsenic(II1) reactions with 
bromate seemed worth investigating with a view to extending the range of acid concentrations over 
which the titration is analytically feasible. This was successful only in the case of arsenic(II1). the 
reaction of which with bromate was found to be catalysed by osmic acid. Although osmic acid has 
been used to catalyse a number of reactions it does not seem to have been applied previously for this 
one. This paper therefore reports the application of this catalyst to the titrimetric determination of 
arsenic(III); subsequent papers will describe methods for the catalytic determination of chloride, 
bromide and osmium by the arsenic(III)-bromate reaction. 

Reqents 
EXPERIMENTAL 

A stock solution of osmium tetroxide was prepared by breaking a phial containing 1 g of osmium 
tetroxide under 40 ml of 0.5M sulphuric acid and diluting to approximately 400 ml. It was stan- 
dardized iodometrically.8 

Other solutions and reagents were prepared and standardized as described previously.p~4 Analytical- 
grade reagents were used wherever possible and glass-distilled water was used throughout. 
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Zusammenfassung-Die Verstarkung der Atomabsorptions-Signale von 
Eisen, Kobah, Nickel und Chrom in einer fetten Luft-Acetylen- 
Flamme durch kleine Mengen Aluminium ermiiglicht die indirekte 
Bestimmung von Aluminium im Konzentrationsbereich O,Ol-10 ppm. 
Es wird tiber die Op~ier~g der Ar~its~dingungen und das Auf- 
treten von Stiirungen berichtet. 

R&sum&--Le renforcement des signaux d’absorption atomique des fer, 
cobalt, nickel et chrome dans une flamme air-acetylene riche en 
combustible par de petites quantites ~alum~ium rend nossible le 
dosage indirect de i’alumini;m dans le domaine de concentration 
O,Ol-10 ppm. On decrit l’optimalisation des conditions de travail et 
la presence d’interferences. 
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~e~ipi~~on of barium chromate in the presence of strontium and lead 
by complexation followed by volatilization of ammonia 

(Received 9 November 1971. Accepted 14 December 1971) 

A NEW PROCEDURE has been developed to separate barium from equal molar concentrations of 
strontium and lead. The multivalent cations are complexed with MEDTA (l,Z-diaminopropane- 
tetra-acetic acid) or DCTA (1.2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid) at a pH of 10.3 or 
higher in ammoniacal solution. The addition of chromate does not bring about precipitation. The 
solution is then heated and agitated. Ammonia volatilizes from solution, causing a gradual increase in 
hydrogen ion concentration. Hydrogen ions compete for the chelating agent which results in a 
gradual increase in the free barium ion concentration. 
chromate from homogeneous solution. 

This causes a slow precipitation of barium 

Both the strontium and lead chelates are more stable than the barium chelate. Therefore, the 
concentration of free strontium ions and free lead ions remains low throughout the pr~ipitation of 
the barium chromate. Atomic-absorption measurements show that less than @05 % of the strontium 
and less than 0*06’% of the lead co-precipitate when MEDTA is used. About O-15 ‘A of the strontium 
and about 0.03 % of the lead co-precipitate when DCTA is used. 

Precipitation of barium chromate has been the classical method’ of separating barium fom 
strontium. The use of precipitation from homogeneous solutiona as well as complexations has 
improved the classical method. Complexation has also made a separation of barium from Iead 
possible, with chromate as the precipitant. 

Additional modifications based on these fundamental ideas have resulted in further improvements 
in the separation of barium from both strontium and lead. The method described co-precipitates only 
about a twelfth of the strontium co-precipitated by the earlier method,% and should be applicable to 
many other systems where cation release is required. 
acid by volatilization in a closed system. 

Lower pH values can be attained by addition of 
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EXPERIMENTAL 

Procedure 

Add a sample containing about 05 mmole of barium (about 70 mg) to a 400-ml beaker.* Add 
about 50 ml of demineralized water and an excess of chelating agent.7 Bring the pH of the solution to 
IO.3 or slightly higher by the addition of 3M ammonia. Add 50 ml of 0.02M potassium dichromate 
adjusted to pH 10.3 or higher.0 Dilute to about 125 ml. 

Place the beaker on an oscillating hot-plate. Maintain the temperature within the range 45-60”. 
Keep the volume of solution reasonably constant by occasional additions of demineralized water. 
Within about 6-8 hr the pH of the solution will fall to 6-7, usually to 6.7-6-8. Remove the beaker 
from the hot-plate, stir and let stand overnight. 

Filter off on a medium porosity crucible, wash with O.OOlM potassium dichromate adjusted to 
pH 7.0, finally rinse with a small portion of demineralized water, and dry the precipitate at 110-120” 
for 2 hr. 

RESULTS AND DISCUSSION 

Table I gives the results obtained for the pH range of 6.7-6-S for the final solution. In this range 
the ammonia is essentially removed from solution. The precipitation is also maximal in this pH 
range. The results show that more than 99.3 % of the barium is precipitated. 

TABLE I.-PRECIPITATION OF BARIUM CHROMATE 

Ba 
found, mg 

(gravimetric) 

Ba 
in filtrate, mg 

(atomic absorption) 

71.2 0.45 
71.8 o-54 
71.3 0.20 
71.4 0.35 
71.0 0.30 

Barium taken 71-7 mg (O-5 mmole) ; 1-O mmole 
of potassium dichromate and O-6 mmole of 
MEDTA added to each solution. Final pH 6*7- 
6.8. 

Additional investigation showed that precipitation was not nearly quantitative above pH 7.0 or 
below pH 5.5, but within this range precipitation was at least 99 % complete, being maximal over the 
pH range 6-0-6.8 (average 99.5-99.6x). Atomic-absorption measurements showed that up to 0.7 % 
of the barium appeared in the filtrate (average about 0.4 %). 

To study the effect of pH at values lower than 6.7, a method of homogeneously increasing the 
hydrogen ion concentration was needed. To do this with a minimum of disturbance to the solution, 
either acetic or hydrochloric acid was allowed to volatilize into the solution. A polyethylene bag 
was placed on an oscillating plate. The beaker containing both barium and chromate was placed 
inside this bag. A second beaker containing either acetic or hydrochloric acid was also placed inside 
the bag. The bag was then closed, and the oscillating cycle started. Acid volatilized into the barium 
solution, causing a slow increase in hydrogen ion concentration. Even though the acid could only 
enter at the surface of the solution, the agitation tended to distribute it throughout the solution. 

Table II gives the results obtained when strontium and lead are also present in the solution. 
These results show that less than 0.05 % of the strontium is co-precipitated when MEDTA is used as 
the chelating agent. With DCTA as chelating agent, the strontium co-precipitated is about 0.16%. 
Less than 0.06% of the lead is co-precipitated when MEDTA is used. When DCTA is used the 
amount of lead co-precipitated is about 0.03 % or less. 

* For easy removal of the precipitate, spray a thin film of silicone on a new, unscratched beaker. 
Dry the beaker at 125” for about 1 hr. 

t Enough chelating agent must be added to complex all the barium and all the cations in solution 
that form a more stable complex with the chelating agent than barium. An excess of about 20% is 
sufficient. MEDTA and DCTA give similar results. MEDTA is superior for strontium separation, 
DCTA for lead separation. 

$ If the pH of either solution is below 10.3, a precipitation from heterogeneous solution will occur 
on mixing. This destroys most of the advantages of the proposed method. 
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TABLEII.SEPARATION OF BARIUM CHROMATE FROM STRONTIUM AND LEAD 

Ba 
found, mg 

(gravimetric) 
Chelating 

agent 

Other Ba Sr or Pb 
ion in filtrate, mg in precipitate, mg 

present (atomic absorption) (atomic absorption) 

71.4 MEDTA 
71.4 MEDTA 
71.2 MEDTA 
71.5’ MEDTA 
72.1 MEDTA 
71.7 MEDTA 
71.4 MEDTA 
72.3 DCTA 
71.4 DCTA 
72.2 DCTA 

Sr 0.28 o-01 
Sr 0.28 0.01 
Sr 0.19 0.01 
Sr 040 0.02 
Sr 0.26 0.02 
Pb 0.03 0.06 
Pb 0.25 0.05 
Sr 0.04 0.07 
Pb 0.23 0.03 
Pb 0.22 0.00 

Barium taken 71.7 mg (0.5 mmole); 0.5 mmole of strontium or lead and 1.2 mmole of MEDTA or 
DCTA added to each solution. Final pH 6.7-6.8. 

l pH 7.2. 

The barium ion is released slowly and uniformly. Even though ammonia escapes only at the 
surface of the solution, the agitation used results in an essentially homogeneous solution of barium 
and chromate ions. 

The experimental results support the conclusions drawn from a calculation involving the formation 
constants and solubility products. MEDTA provides the better separation from strontium, 
DCTA is better for lead separation. 

This method has several distinct advantages over the earlier method.* Only about a twelfth as 
much strontium is co-precipitated. Furthermore, dropwise addition of a magnesium chloride solution 
from a burette is not required, so there is no magnesium contamination of the filtrate. 

Acknowledgement-The authors wish to thank Joseph B. Johnson for the preliminary work that 
indicated this separation would be successful. 
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Summary-Cation-release is used to precipitate barium chromate 
from homogeneous solution in the p&en& of lead and strontium. 
MEDTA or DCTA is added to complex the metal ions at pH > IO.3 
(adiusted with ammonia). On heating, the ammonia slowly volatilizes 
and the consequent increases in acidiry releases the metal ion bound in 
the least stable chelate (barium). Precipitation is about 99*3-99.7% 
complete at pH 6.7-6.8, with less than 0.i % co-precipitation of lead or 
strontium. Lower pH values can be attained by volatilizing acetic or 
hydrochloric acid into the solution in a closed system. 

Zusannnenfassnnrz-Zur Faillung von Bariumchromat aus homogener 
Losung in Gegenwart von Blerund Strontium wurde die Kati&en- 
Freisetzune verwendet. Zur komntexen Binduna der Metallionen wird 
bei pH >“10,3 (mit Ammoniak’ eingestellt) GEDTA oder DCTA 
zugegeben. Beim Erhitzen geht Ammoniak langsam fliichtig turd das 
Anwachsen der Aciditlt gibt das im am wenigsten stabilen Chelat 
gebundene Metal1 (Barium) frei. Die Flllung 1st bei pH 6,7-8.6. zu 
etwa 99.3-99.7 “% vollst5indie. Mitfiillune von Blei oder Strontiumfindet 
zu wemger ais &lo/~ statt. ‘&Jiedrigere [H-Werte kann man erreichen, 
wenn man in einem geschlossenen System Essigstiure oder Salzsaure in 
die Losung eindestillieren 1aBt. 
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R&nn~+Gn utilise la liberation de cations pour precipiter le chromate 
de baryum dune solution homogene en la presence de plomb et de 
strontium. On ajoute MEDTA ou DCTA pour complexer les ions 
metalliques a pH > 10,3 (ajustb par l’ammoniaque). Par chauffage, 
I’ammoniaque se volatilise lentement et l’accroissement con&quent 
de l’aciditt libere l’ion metallique lib dans le chelate le moms stable 
(baryum). La precipitation estcomplete a 99,3-99,7 % a pH 6,7-6,8, 
avec moins de 0.1% de conrecidtation du nlomb ou du strontium. ._ 
On peut atteindre des vale&s de pH plus basses en volatilisant de 
l’acide adtique ou chlorhydrique dans la solution dans un systeme 
clos. 

REFERENCES 
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Catalysis of the arsenic(III)-potassium bromate reaction-I. 
Titrimetric determination of amenic(lII) in the 

presence of osmium tetroxide 

(Received 9 November 1971. Accepted 13 December 1971) 

MANY STUDIW of the titrimetric determination of arsenic(II1) and antimony(II1) with potassium 
bromate have been reported and these have been reviewed on several occasions.‘ss In the course of 
a careful investigationx of the limiting conditions under which the titration of arsenic(II1) with 
potassium bromate is stoichiometric, it was shown that positive errors are obtained at hydrochloric 
acid concentrations below 0*55M in the absence of added bromide and below 0*3M in the presence 
of O.lM bromide (see Fig. 1). The reaction becomes extremely slow in the absence of both chloride 
and bromide, and gross positive errors result in, for example, sulphuric acid solution. Chloride and 
bromide may be considered to act as catalysts in the system through the intermediate formation of 
halogens, e.g., for bromide, 

BrGs- + 5Br + 6H+ + 3Br, + 3H,O (I) 

As(II1) + Br, + As(V) + 2Br- (2) 

Chloride is less effective than bromide as a catalyst since its reaction with bromate is slower and this 
explains the limiting hydrochloric acid concentration being slightly higher in a bromide-free medium 
than in one that is O.lM in bromide. 

The possibility of using other species to catalyse the antimony(II1) or arsenic(II1) reactions with 
bromate seemed worth investigating with a view to extending the range of acid concentrations over 
which the titration is analytically feasible. This was successful only in the case of arsenic(II1). the 
reaction of which with bromate was found to be catalysed by osmic acid. Although osmic acid has 
been used to catalyse a number of reactions it does not seem to have been applied previously for this 
one. This paper therefore reports the application of this catalyst to the titrimetric determination of 
arsenic(III); subsequent papers will describe methods for the catalytic determination of chloride, 
bromide and osmium by the arsenic(III)-bromate reaction. 

Reqents 
EXPERIMENTAL 

A stock solution of osmium tetroxide was prepared by breaking a phial containing 1 g of osmium 
tetroxide under 40 ml of 0.5M sulphuric acid and diluting to approximately 400 ml. It was stan- 
dardized iodometrically.8 

Other solutions and reagents were prepared and standardized as described previously.p~4 Analytical- 
grade reagents were used wherever possible and glass-distilled water was used throughout. 
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Procedures 

The visual titration procedure has been described previously. B Potentiometric titrations were 
performed in a 250-ml beaker, using a bright platinum wire (1 in., 22 swg) indicator electrode with a 
saturated calomel reference electrode. The ~uivalen~-point volume of titration solution was 
arranged to be as near 150 ml as possible and in titrations for which the end-point concentration of 
acid is quoted, the volume of the titration solution at the end-point was measured and the concentra- 
tion calculated for this volume. For titrations conducted in the absence of air, all reagents and titrand 
solution were deaerated with “White-spot” nitrogen for 15 min before titration and during titration 
nitrogen was passed over the surface of the titrand. 

RESULTS AND DISCUSSION 

A number of compounds were investigated as possible catalysts, amongst them being os- 
mium(VIII), ruthenium(III), rhenium(VII), gold(III), thallium(III), molybdenum(V1). tungsten(VI), 
vanadium~) and Odin. Some of these are weil known to catalyse other reactions involving 
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FIG. I.-Errors in the potentiometric titration of 25 ml of 0.05&f arsenic(II1) with 
0.01667Mpotassium bromate in various media. 

(A) Initial bromide concentration O.lM, hydrochloric acid.* 
(B) Initially bromide-free, hydrochloric acid.2 
(C) Two drops @OlM osmic acid, hydrochloric acid. 
(D) Two drops 001M osmic acid, sulphuric acid. 

arsenic(III), for example, ruthenium6 and osmiuma- catalyse the cerium(IV)-arsenic(III) reaction 
and vanadium and molybden~ are known 8*1o to catalyse a number of other bromate reactions. 
The only compound which was found to be effective in either of the reactions under investigation was 
osmium tetroxide which catalysed the arsenic(III)-bromate reaction. Reaction in the presence of 
osmium(VII1) is stoichiometric under a wide range of acid conditions and the error curves obtained 
in the presence of varying concentrations of sulphuric acid (curve d) and hydrochloric acid (curve c) 
are shown in Fig. 1 together with the error curves previously reporteda for titrations in hydrochloric 
acid media in the absence of osmium. Results on the straight line are accurate to within @Ol ml in 
a 2%ml titration and are in agreement with the dry weights of arsenious oxide and potassium 
bromate used to prepare the standard solutions. The amount of osmic acid stock solution added to 
each titration does not appear critical since the smallest drop is sufhcient to allow the reaction to 
proceed at a satisfactory rate. Since the indicator mechanism of all known bromatometric and 
bromometric indicators is by reaction with bromine,ll none is suitable for the titration in the presence 
of osmium(VIII), as bromine is not generated rapidly enough at the equivalence point at acid con- 
centrations below 0*1&f. It is possible to use such indicators at high acid concentrations, above l&f, 
when reaction of the first excess of bromate with the bromide generated by the reduction of bromate 
up to the equivalence point to form bromine, is fast. a To cover the whole range with one method 
of indi~tion, potentiometry was used, At lower acid concentrations, the electrode takes a consider- 
able time to attain a steady potential in the region of the equivalence point, but at O.lM acid and 
above the maximum time was 30 set, and the potential break is sutliciently large (400 mv) for even 
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continuous titration to be possible under these conditions. In acid concentrations below 005M, 
negative titration errors were obtained, which increased in size with a decrease in hydrogen ion 
concentration. That this was caused by a slow reaction seemed unlikely since in that case positive 
errors would have been expected. The errors were not related to the presence of bromide, 
generated from bromate, since addition of mercuric nitrate to complex the bromide was with- 
out effect on the error. However when the titrations were performed in a closed titration vessel under 
an inert atmosphere, the negative errors disappeared. This suggests that oxygen is involved in a 
secondary oxidation process which may be an induced reaction, similar to that found for anti- 
mony(III).’ Although the titration reaction of antimony(II1) with potassium bromate was not 
catalysed by osmium(VIII), the negative errors obtained at concentrations of hydrochloric acid 
between 0.3 and l*OM were found to be considerably increased in the presence of osmium(VII1). 
Thus the extent of induced air oxidation of antimony(II1) is apparently increased by osmium and a 
similar reaction may be the cause of the negative errors shown in Fig. 1 for the titration of arsenic(III) 
at low acid concentrations. This hypothesis is also supported by the fact that the negative error 
was found to increase with a decrease in the rate of titrati0n.l’ However this aspect has not been 
pursued. 

The use of osmic acid as a catalyst in the titration of arsenic(II1) thus offers the advantage of a 
wider acid concentration range than is available in the presence of chloride or bromide and also 
avoids the intermediate formation of halogens with the possibility of loss of titrant by volatilization. 
In addition it appears to offer the possibility of determining arsenic(II1) in the presence of anti- 
mony(II1) by selective catalysis of the arsenic(II1) reaction. We have attempted to realize this 
possibility, using both potentiometric and thermometric determination of the end-point. Fairly 
low acid concentration is required, i.e., O*lM, as otherwise the bromide produced from the reaction 
of arsenic(II1) with bromate, reacts with bromate after the end-point, producing bromine which 
initiates the oxidation of the antimony(II1). We have so far been unable to find suitable conditions 
for this selective determination of arsenic(III), as the arsenic(V) produced reacts at least partially 
with antimony(II1) under those conditions suitable for the selective catalysis. For the titration of 
arsenic(II1) alone, the recommended conditions are a solution of the arsenic(II1) sample in O-l&f 
acid (either sulphuric or hydrochloric) with one or two drops of 001M osmic acid catalyst added. 
The arsenic(II1) may then by titrated directly with potassium bromate potentiometrically. 
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Summary_-The range of acid concentration available for the titration 
of arsenic(II1) with bromate is considerably extended by the use of os- 
mium tetroxide as catalyst in preference to the use of hydrochloric acid 
or hydrochloric acid-potassium bromide media. The acidconcentration 
range over which reaction is stoichiometric has been established by 
potentiometric titration. 

Zusarnmenfassung-Der Bereich an Slurekonzentrationen ftir die 
Titration von Arsen(II1) mit Bromat IaBt sich durch die Verwendung 
von Osmiumtetroxid als Katalysator betrlchtlich ausdehnen. verglichen 
mit salzsauren oder salzsauren, Kalium-bromid enthaltenden Medien. 
Durch potentiometrische Titration wurde der Saurekonzentrations- 
bereich ermittelt. in dem die Reaktion stochiometrisch ablauft. 

ROum6-Gn &end considerablement le domaine de concentration 
d’acide convenable pour le dosage de l’arsenic(II1) par le bromate en 
utiiisant le tttroxyde d’osmium comme catalyseur de preference it 
des milieux acide chlorhydrique ou acide chlorhydrique-bromure de 
potassium. On a etabli le domaine de concentration d’acide dans 
lequel la reaction est stoechiometrique par titrage potentiometrique. 
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Rapid ~lor~e~ic determination of indoxyl acetate 

(Received 31 October 1971. Accepted 3 December 1971) 

AN ESTIMATION of cholinesterase activity can be made by following the colour or fluorescence changes 
produced in indoxyl acetate or other substrates. l*p When used to detect anticholinestem~ agents, 
the proper calorimetric response per unit quantity of indoxyl acetate is vital, and thus a rapid method 
to assess the quality of each batch of recrystallized indoxyl acetate is useful. A simple calorimetric 
method devised for this purpose is presented here. 

The determination of indoxyl(3-hydroxyindole) compounds has been widely studied as indoxyl 
compounds are formed by metabolic processes in the body, and certain intestinal and renal conditions 
are characterized by abnormally high concentrations of indoxyl and related compounds in the 
blood and/or urine of persons so afflicted. Several analytical method?’ are routinely employed 
for indoxyl determination in blood or urine. These methods were generally considered too complicated 
for our use. 

In the detection test reaction, a wetted mixture of indoxyl acetate and potassium ferricyanide 
reacts with acetycholinesterase to produce a blue coiour when no anticholinesterase agents are 
present. FeigP describes the similar reaction of indican, an indoxyl glucoside occurring in plants, 
with the enzyme emulsin. The reaction involves hydrolysis of the indican to indoxyl, which in 
turn is oxidized to indigo. As has been shown, @ indoxyl compounds in urinary extracts undergo 
similar colour changes when treated with alkali and a mild oxidizing agent. These reactions, 
summarized below for indoxyl acetate, are the basis of our rapid calorimetric method. 

lndoxyl acetate Indoxyl 

EXPERIMENTAL 

Indigo 

Reagents 

Zndoxyl acetate calibration solution. Dissolve 25 mg of recrystallized indoxyl acetate (m.p. 128” 
or above) in 50 ml of methanol. The solution should be freshly prepared and protected from light. 

Sodium hydroxide sohtion, O.lM in methanol. 

Procedure 

Prepare a solution to contain 25 mg of the indoxyl acetate to be tested, per 50 ml of methanol. 
Transfer 0.5 ml of this solution by Mohr pipette into a IO-ml volumetric flask, and dilute with water 
to appWximately 9 ml. Add (Mohr pipette) 0.3 ml of methanolic O.lM sodium hydroxide, mix, let 
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R&nn~+Gn utilise la liberation de cations pour precipiter le chromate 
de baryum dune solution homogene en la presence de plomb et de 
strontium. On ajoute MEDTA ou DCTA pour complexer les ions 
metalliques a pH > 10,3 (ajustb par l’ammoniaque). Par chauffage, 
I’ammoniaque se volatilise lentement et l’accroissement con&quent 
de l’aciditt libere l’ion metallique lib dans le chelate le moms stable 
(baryum). La precipitation estcomplete a 99,3-99,7 % a pH 6,7-6,8, 
avec moins de 0.1% de conrecidtation du nlomb ou du strontium. ._ 
On peut atteindre des vale&s de pH plus basses en volatilisant de 
l’acide adtique ou chlorhydrique dans la solution dans un systeme 
clos. 
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Catalysis of the arsenic(III)-potassium bromate reaction-I. 
Titrimetric determination of amenic(lII) in the 

presence of osmium tetroxide 

(Received 9 November 1971. Accepted 13 December 1971) 

MANY STUDIW of the titrimetric determination of arsenic(II1) and antimony(II1) with potassium 
bromate have been reported and these have been reviewed on several occasions.‘ss In the course of 
a careful investigationx of the limiting conditions under which the titration of arsenic(II1) with 
potassium bromate is stoichiometric, it was shown that positive errors are obtained at hydrochloric 
acid concentrations below 0*55M in the absence of added bromide and below 0*3M in the presence 
of O.lM bromide (see Fig. 1). The reaction becomes extremely slow in the absence of both chloride 
and bromide, and gross positive errors result in, for example, sulphuric acid solution. Chloride and 
bromide may be considered to act as catalysts in the system through the intermediate formation of 
halogens, e.g., for bromide, 

BrGs- + 5Br + 6H+ + 3Br, + 3H,O (I) 

As(II1) + Br, + As(V) + 2Br- (2) 

Chloride is less effective than bromide as a catalyst since its reaction with bromate is slower and this 
explains the limiting hydrochloric acid concentration being slightly higher in a bromide-free medium 
than in one that is O.lM in bromide. 

The possibility of using other species to catalyse the antimony(II1) or arsenic(II1) reactions with 
bromate seemed worth investigating with a view to extending the range of acid concentrations over 
which the titration is analytically feasible. This was successful only in the case of arsenic(II1). the 
reaction of which with bromate was found to be catalysed by osmic acid. Although osmic acid has 
been used to catalyse a number of reactions it does not seem to have been applied previously for this 
one. This paper therefore reports the application of this catalyst to the titrimetric determination of 
arsenic(III); subsequent papers will describe methods for the catalytic determination of chloride, 
bromide and osmium by the arsenic(III)-bromate reaction. 

Reqents 
EXPERIMENTAL 

A stock solution of osmium tetroxide was prepared by breaking a phial containing 1 g of osmium 
tetroxide under 40 ml of 0.5M sulphuric acid and diluting to approximately 400 ml. It was stan- 
dardized iodometrically.8 

Other solutions and reagents were prepared and standardized as described previously.p~4 Analytical- 
grade reagents were used wherever possible and glass-distilled water was used throughout. 
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Procedures 

The visual titration procedure has been described previously. B Potentiometric titrations were 
performed in a 250-ml beaker, using a bright platinum wire (1 in., 22 swg) indicator electrode with a 
saturated calomel reference electrode. The ~uivalen~-point volume of titration solution was 
arranged to be as near 150 ml as possible and in titrations for which the end-point concentration of 
acid is quoted, the volume of the titration solution at the end-point was measured and the concentra- 
tion calculated for this volume. For titrations conducted in the absence of air, all reagents and titrand 
solution were deaerated with “White-spot” nitrogen for 15 min before titration and during titration 
nitrogen was passed over the surface of the titrand. 

RESULTS AND DISCUSSION 

A number of compounds were investigated as possible catalysts, amongst them being os- 
mium(VIII), ruthenium(III), rhenium(VII), gold(III), thallium(III), molybdenum(V1). tungsten(VI), 
vanadium~) and Odin. Some of these are weil known to catalyse other reactions involving 
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FIG. I.-Errors in the potentiometric titration of 25 ml of 0.05&f arsenic(II1) with 
0.01667Mpotassium bromate in various media. 

(A) Initial bromide concentration O.lM, hydrochloric acid.* 
(B) Initially bromide-free, hydrochloric acid.2 
(C) Two drops @OlM osmic acid, hydrochloric acid. 
(D) Two drops 001M osmic acid, sulphuric acid. 

arsenic(III), for example, ruthenium6 and osmiuma- catalyse the cerium(IV)-arsenic(III) reaction 
and vanadium and molybden~ are known 8*1o to catalyse a number of other bromate reactions. 
The only compound which was found to be effective in either of the reactions under investigation was 
osmium tetroxide which catalysed the arsenic(III)-bromate reaction. Reaction in the presence of 
osmium(VII1) is stoichiometric under a wide range of acid conditions and the error curves obtained 
in the presence of varying concentrations of sulphuric acid (curve d) and hydrochloric acid (curve c) 
are shown in Fig. 1 together with the error curves previously reporteda for titrations in hydrochloric 
acid media in the absence of osmium. Results on the straight line are accurate to within @Ol ml in 
a 2%ml titration and are in agreement with the dry weights of arsenious oxide and potassium 
bromate used to prepare the standard solutions. The amount of osmic acid stock solution added to 
each titration does not appear critical since the smallest drop is sufhcient to allow the reaction to 
proceed at a satisfactory rate. Since the indicator mechanism of all known bromatometric and 
bromometric indicators is by reaction with bromine,ll none is suitable for the titration in the presence 
of osmium(VIII), as bromine is not generated rapidly enough at the equivalence point at acid con- 
centrations below 0*1&f. It is possible to use such indicators at high acid concentrations, above l&f, 
when reaction of the first excess of bromate with the bromide generated by the reduction of bromate 
up to the equivalence point to form bromine, is fast. a To cover the whole range with one method 
of indi~tion, potentiometry was used, At lower acid concentrations, the electrode takes a consider- 
able time to attain a steady potential in the region of the equivalence point, but at O.lM acid and 
above the maximum time was 30 set, and the potential break is sutliciently large (400 mv) for even 
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continuous titration to be possible under these conditions. In acid concentrations below 005M, 
negative titration errors were obtained, which increased in size with a decrease in hydrogen ion 
concentration. That this was caused by a slow reaction seemed unlikely since in that case positive 
errors would have been expected. The errors were not related to the presence of bromide, 
generated from bromate, since addition of mercuric nitrate to complex the bromide was with- 
out effect on the error. However when the titrations were performed in a closed titration vessel under 
an inert atmosphere, the negative errors disappeared. This suggests that oxygen is involved in a 
secondary oxidation process which may be an induced reaction, similar to that found for anti- 
mony(III).’ Although the titration reaction of antimony(II1) with potassium bromate was not 
catalysed by osmium(VIII), the negative errors obtained at concentrations of hydrochloric acid 
between 0.3 and l*OM were found to be considerably increased in the presence of osmium(VII1). 
Thus the extent of induced air oxidation of antimony(II1) is apparently increased by osmium and a 
similar reaction may be the cause of the negative errors shown in Fig. 1 for the titration of arsenic(III) 
at low acid concentrations. This hypothesis is also supported by the fact that the negative error 
was found to increase with a decrease in the rate of titrati0n.l’ However this aspect has not been 
pursued. 

The use of osmic acid as a catalyst in the titration of arsenic(II1) thus offers the advantage of a 
wider acid concentration range than is available in the presence of chloride or bromide and also 
avoids the intermediate formation of halogens with the possibility of loss of titrant by volatilization. 
In addition it appears to offer the possibility of determining arsenic(II1) in the presence of anti- 
mony(II1) by selective catalysis of the arsenic(II1) reaction. We have attempted to realize this 
possibility, using both potentiometric and thermometric determination of the end-point. Fairly 
low acid concentration is required, i.e., O*lM, as otherwise the bromide produced from the reaction 
of arsenic(II1) with bromate, reacts with bromate after the end-point, producing bromine which 
initiates the oxidation of the antimony(II1). We have so far been unable to find suitable conditions 
for this selective determination of arsenic(III), as the arsenic(V) produced reacts at least partially 
with antimony(II1) under those conditions suitable for the selective catalysis. For the titration of 
arsenic(II1) alone, the recommended conditions are a solution of the arsenic(II1) sample in O-l&f 
acid (either sulphuric or hydrochloric) with one or two drops of 001M osmic acid catalyst added. 
The arsenic(II1) may then by titrated directly with potassium bromate potentiometrically. 
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Summary_-The range of acid concentration available for the titration 
of arsenic(II1) with bromate is considerably extended by the use of os- 
mium tetroxide as catalyst in preference to the use of hydrochloric acid 
or hydrochloric acid-potassium bromide media. The acidconcentration 
range over which reaction is stoichiometric has been established by 
potentiometric titration. 

Zusarnmenfassung-Der Bereich an Slurekonzentrationen ftir die 
Titration von Arsen(II1) mit Bromat IaBt sich durch die Verwendung 
von Osmiumtetroxid als Katalysator betrlchtlich ausdehnen. verglichen 
mit salzsauren oder salzsauren, Kalium-bromid enthaltenden Medien. 
Durch potentiometrische Titration wurde der Saurekonzentrations- 
bereich ermittelt. in dem die Reaktion stochiometrisch ablauft. 

ROum6-Gn &end considerablement le domaine de concentration 
d’acide convenable pour le dosage de l’arsenic(II1) par le bromate en 
utiiisant le tttroxyde d’osmium comme catalyseur de preference it 
des milieux acide chlorhydrique ou acide chlorhydrique-bromure de 
potassium. On a etabli le domaine de concentration d’acide dans 
lequel la reaction est stoechiometrique par titrage potentiometrique. 
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Rapid ~lor~e~ic determination of indoxyl acetate 

(Received 31 October 1971. Accepted 3 December 1971) 

AN ESTIMATION of cholinesterase activity can be made by following the colour or fluorescence changes 
produced in indoxyl acetate or other substrates. l*p When used to detect anticholinestem~ agents, 
the proper calorimetric response per unit quantity of indoxyl acetate is vital, and thus a rapid method 
to assess the quality of each batch of recrystallized indoxyl acetate is useful. A simple calorimetric 
method devised for this purpose is presented here. 

The determination of indoxyl(3-hydroxyindole) compounds has been widely studied as indoxyl 
compounds are formed by metabolic processes in the body, and certain intestinal and renal conditions 
are characterized by abnormally high concentrations of indoxyl and related compounds in the 
blood and/or urine of persons so afflicted. Several analytical method?’ are routinely employed 
for indoxyl determination in blood or urine. These methods were generally considered too complicated 
for our use. 

In the detection test reaction, a wetted mixture of indoxyl acetate and potassium ferricyanide 
reacts with acetycholinesterase to produce a blue coiour when no anticholinesterase agents are 
present. FeigP describes the similar reaction of indican, an indoxyl glucoside occurring in plants, 
with the enzyme emulsin. The reaction involves hydrolysis of the indican to indoxyl, which in 
turn is oxidized to indigo. As has been shown, @ indoxyl compounds in urinary extracts undergo 
similar colour changes when treated with alkali and a mild oxidizing agent. These reactions, 
summarized below for indoxyl acetate, are the basis of our rapid calorimetric method. 

lndoxyl acetate Indoxyl 

EXPERIMENTAL 

Indigo 

Reagents 

Zndoxyl acetate calibration solution. Dissolve 25 mg of recrystallized indoxyl acetate (m.p. 128” 
or above) in 50 ml of methanol. The solution should be freshly prepared and protected from light. 

Sodium hydroxide sohtion, O.lM in methanol. 

Procedure 

Prepare a solution to contain 25 mg of the indoxyl acetate to be tested, per 50 ml of methanol. 
Transfer 0.5 ml of this solution by Mohr pipette into a IO-ml volumetric flask, and dilute with water 
to appWximately 9 ml. Add (Mohr pipette) 0.3 ml of methanolic O.lM sodium hydroxide, mix, let 
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the proper calorimetric response per unit quantity of indoxyl acetate is vital, and thus a rapid method 
to assess the quality of each batch of recrystallized indoxyl acetate is useful. A simple calorimetric 
method devised for this purpose is presented here. 

The determination of indoxyl(3-hydroxyindole) compounds has been widely studied as indoxyl 
compounds are formed by metabolic processes in the body, and certain intestinal and renal conditions 
are characterized by abnormally high concentrations of indoxyl and related compounds in the 
blood and/or urine of persons so afflicted. Several analytical method?’ are routinely employed 
for indoxyl determination in blood or urine. These methods were generally considered too complicated 
for our use. 

In the detection test reaction, a wetted mixture of indoxyl acetate and potassium ferricyanide 
reacts with acetycholinesterase to produce a blue coiour when no anticholinesterase agents are 
present. FeigP describes the similar reaction of indican, an indoxyl glucoside occurring in plants, 
with the enzyme emulsin. The reaction involves hydrolysis of the indican to indoxyl, which in 
turn is oxidized to indigo. As has been shown, @ indoxyl compounds in urinary extracts undergo 
similar colour changes when treated with alkali and a mild oxidizing agent. These reactions, 
summarized below for indoxyl acetate, are the basis of our rapid calorimetric method. 

lndoxyl acetate Indoxyl 

EXPERIMENTAL 

Indigo 

Reagents 

Zndoxyl acetate calibration solution. Dissolve 25 mg of recrystallized indoxyl acetate (m.p. 128” 
or above) in 50 ml of methanol. The solution should be freshly prepared and protected from light. 

Sodium hydroxide sohtion, O.lM in methanol. 

Procedure 

Prepare a solution to contain 25 mg of the indoxyl acetate to be tested, per 50 ml of methanol. 
Transfer 0.5 ml of this solution by Mohr pipette into a IO-ml volumetric flask, and dilute with water 
to appWximately 9 ml. Add (Mohr pipette) 0.3 ml of methanolic O.lM sodium hydroxide, mix, let 
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stand at room temperature for 4 min and dilute to the mark with water. Read the absorbance of 
the blue solution os. that of a reagent blank at 615 nm, in l-cm matched cells. Find the amount of 
indoxyl acetate by reference to a calibration curve, or from equation (1). The indoxyl acetate batch 
is considered acceptable if the O&ml sample taken contains 0.25 f 0.02 mg of indoxyl acetate. 

Cnfibrution curve. Develop and measure the colour of standard solutions containing 0.2-0.6 ml 
of indoxyl acetate calibration solution. 

RESULTS AND DISCUSSION 

This procedure was developed on the basis of the results obtained during preliminary 
experiments described below. The addition of sodium hydroxide and an oxidant solution (potassium 
ferricyanide and potassium ferrocyanide) to small quantities of indoxyl acetate solution, followed 
by dilution, produced green rather than blue solutions. The colour was slow in forming, not intense, 
and unstable owing to the slow formation of a coloured precipitate. On varying the ratio of reactants, 
it was found that more suitable colours resulted from using less oxidant solution. This agrees with 
the results of staining studies~iO) made with ferricyanide ions to locate indoxyl in situ in tissue. 
Elimination of the oxidant solution entirely resulted in blue reaction products, the oxidation 
apparently being accomplished by air. The visible absorption spectrum of the blue reaction product 
showed it had a broad absorption maximum in the range 600-625 nm. This range matches literature 
values” for the absorption maximum for indigo, of between 590 and 630 nm in various organic 
solvents. 

The problem of sensitivity remained, as the colours were too light to be useful for a dependable 
colorimetricmethod. In addition, the colour development appeared to be erratic and non-reproducible. 
Improved results were realized when the amount of O.lM sodium hydroxide added in a final reaction 
volume of 10 ml was limited to 0.3 ml. Other experimental variations, such as heating the test 
solution to 50”, using acetone or methanol as the diluent, or waiting for extended periods for full 
colour development, proved to be ineffective. Improved colour development, however, was later 
achieved by dilution of the methanolic indoxyl acetate solution with water to almost the desired 
volume before rather than after the addition of the 0.3 ml of sodium hydroxide solution. In this 
way intense and reproducible colours were fully developed after a 4-min development time at room 
temperature. 

A calibration curve was then established for various amounts of indoxyl acetate up to 0.5 mg. 
The colour system obeys Beer’s law in the range of 0.1-0.3 mg, and can be expressed by the 
relationship: 

Absorbance = 1.94 x mg of indoxyl acetate (1) 

The molar absorptivity at 615 nm, based on the molecular weight of indoxyl acetate, is 3720 
l.mole-l.cm-l. The blue colour was found to be due to a colloidally dispersed solid, which is in 
agreement with the known low water-solubility of indigo. The dour, however. is stable for over 
Ihr after formation. The reproducibility of ihe abso;bancc values for the coiour developed for 
0.25 mg of indoxyl acetate was 0.485 f 0.005 (standard deviation) based on 8 trials. The postulated 
reaction of indoxyl acetate to form indigo is probably neither complete nor the only one occurring, 
but under the defined experimental conditions the amount of indoxyl acetate converted into indigo 
is apparently constant and reproducible. Because of the known composition of the samples, no 
study of interferences or the applicability to the determination of other indoxyl-related compounds 
was made. Consequently this procedure is recommended solely for the analysis of solutions containing 
only indoxyl acetate, although other alkali-hydrolysable indoxyl esters could probably be. determined 
in a similar way. 
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THE OBJECT of this work was to investigate the effect of ion-source temperature on the analytical 
results for high-resolution mass-spectrometric procedures. Three parameters had major effects on 
both absolute and relative ion intensities. These were the repeller voltage, the scan-rate and, in the 
case of saturated molecules, the temperature of the ion source. The work described here is concerned 
essentially with temperature control of the ion source and its effects on the precision of pattern 
coefficients and pattern summations of saturated hydrocarbon molecules. 

The quantitative analysis of petroleum hydrocarbons is not widely practised at high resolution 
although there are many advantages in this approach. Basically, a high-resolution mass spectrometer 
is neither designed nor built for quantitative work. The main limitations are, of course, the effect 
of fast scanning (10 set/decade) and of double-focusing the ions, both of which introduce statistical 
errors in measuring accurately the intensities of ions at the collector. In low-resolution work such 
limitations are not analytically important at slow scan-speeds (-20 min/decade). 
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intensities of masses 127 and 226 in normal hexadecane be arbitrarily selected, along with other 
summations, to have certain values .I These values change with the source temperatur+the higher 
the temperature the greater the fragmentation arising from the instability of the parent ions of 
n-hexadecane. It is necessary to know the magnitude of the effects of temperature control on both 
cracking patterns and summations in order to carry out quantitative high-resolution analyses of 
petroleum distillates. 

EXPERIMENTAL 

A high-resolution mass spectrometer (A.E.I. Ltd. model MS 902) was used. The associated data 
system MSDS-20 (and later -3O), which included a DEC PDP 8i computer, automatically digitized all 
the ion intensities and calculated their atomic compositions. This data system was supplied with the 
mass spectrometer. All the results reported here were obtained with either static or dynamic resolving 
powers of 10,000 (-5 % valley definition). High-boiling perfluorokerosene was used as an internal 
calibrant for the mass scale in the latter mode of operation. 
from m/e = 617 to m/e = 60 was used in all dynamic runs. 

A standard precalibrated mass range 

Two different ion sources were used in the comparative studies. One was the conventional ion 
source with temperature not controlled; the second was a specially designed source the temperature 
of which was controlled (quoted as within 0.1’). Both sources and the temperature controller were 
supplied by A.E.I. Ltd. 

The temperature in the ion source was measured with a conventional thermocouple located near 
the ion box. However, this recorded value, which varied with and was relative to the ambient room 
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Rapid ~lor~e~ic determination of indoxyl acetate 

(Received 31 October 1971. Accepted 3 December 1971) 

AN ESTIMATION of cholinesterase activity can be made by following the colour or fluorescence changes 
produced in indoxyl acetate or other substrates. l*p When used to detect anticholinestem~ agents, 
the proper calorimetric response per unit quantity of indoxyl acetate is vital, and thus a rapid method 
to assess the quality of each batch of recrystallized indoxyl acetate is useful. A simple calorimetric 
method devised for this purpose is presented here. 

The determination of indoxyl(3-hydroxyindole) compounds has been widely studied as indoxyl 
compounds are formed by metabolic processes in the body, and certain intestinal and renal conditions 
are characterized by abnormally high concentrations of indoxyl and related compounds in the 
blood and/or urine of persons so afflicted. Several analytical method?’ are routinely employed 
for indoxyl determination in blood or urine. These methods were generally considered too complicated 
for our use. 

In the detection test reaction, a wetted mixture of indoxyl acetate and potassium ferricyanide 
reacts with acetycholinesterase to produce a blue coiour when no anticholinesterase agents are 
present. FeigP describes the similar reaction of indican, an indoxyl glucoside occurring in plants, 
with the enzyme emulsin. The reaction involves hydrolysis of the indican to indoxyl, which in 
turn is oxidized to indigo. As has been shown, @ indoxyl compounds in urinary extracts undergo 
similar colour changes when treated with alkali and a mild oxidizing agent. These reactions, 
summarized below for indoxyl acetate, are the basis of our rapid calorimetric method. 

lndoxyl acetate Indoxyl 

EXPERIMENTAL 

Indigo 

Reagents 

Zndoxyl acetate calibration solution. Dissolve 25 mg of recrystallized indoxyl acetate (m.p. 128” 
or above) in 50 ml of methanol. The solution should be freshly prepared and protected from light. 

Sodium hydroxide sohtion, O.lM in methanol. 

Procedure 

Prepare a solution to contain 25 mg of the indoxyl acetate to be tested, per 50 ml of methanol. 
Transfer 0.5 ml of this solution by Mohr pipette into a IO-ml volumetric flask, and dilute with water 
to appWximately 9 ml. Add (Mohr pipette) 0.3 ml of methanolic O.lM sodium hydroxide, mix, let 
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stand at room temperature for 4 min and dilute to the mark with water. Read the absorbance of 
the blue solution os. that of a reagent blank at 615 nm, in l-cm matched cells. Find the amount of 
indoxyl acetate by reference to a calibration curve, or from equation (1). The indoxyl acetate batch 
is considered acceptable if the O&ml sample taken contains 0.25 f 0.02 mg of indoxyl acetate. 

Cnfibrution curve. Develop and measure the colour of standard solutions containing 0.2-0.6 ml 
of indoxyl acetate calibration solution. 

RESULTS AND DISCUSSION 

This procedure was developed on the basis of the results obtained during preliminary 
experiments described below. The addition of sodium hydroxide and an oxidant solution (potassium 
ferricyanide and potassium ferrocyanide) to small quantities of indoxyl acetate solution, followed 
by dilution, produced green rather than blue solutions. The colour was slow in forming, not intense, 
and unstable owing to the slow formation of a coloured precipitate. On varying the ratio of reactants, 
it was found that more suitable colours resulted from using less oxidant solution. This agrees with 
the results of staining studies~iO) made with ferricyanide ions to locate indoxyl in situ in tissue. 
Elimination of the oxidant solution entirely resulted in blue reaction products, the oxidation 
apparently being accomplished by air. The visible absorption spectrum of the blue reaction product 
showed it had a broad absorption maximum in the range 600-625 nm. This range matches literature 
values” for the absorption maximum for indigo, of between 590 and 630 nm in various organic 
solvents. 

The problem of sensitivity remained, as the colours were too light to be useful for a dependable 
colorimetricmethod. In addition, the colour development appeared to be erratic and non-reproducible. 
Improved results were realized when the amount of O.lM sodium hydroxide added in a final reaction 
volume of 10 ml was limited to 0.3 ml. Other experimental variations, such as heating the test 
solution to 50”, using acetone or methanol as the diluent, or waiting for extended periods for full 
colour development, proved to be ineffective. Improved colour development, however, was later 
achieved by dilution of the methanolic indoxyl acetate solution with water to almost the desired 
volume before rather than after the addition of the 0.3 ml of sodium hydroxide solution. In this 
way intense and reproducible colours were fully developed after a 4-min development time at room 
temperature. 

A calibration curve was then established for various amounts of indoxyl acetate up to 0.5 mg. 
The colour system obeys Beer’s law in the range of 0.1-0.3 mg, and can be expressed by the 
relationship: 

Absorbance = 1.94 x mg of indoxyl acetate (1) 

The molar absorptivity at 615 nm, based on the molecular weight of indoxyl acetate, is 3720 
l.mole-l.cm-l. The blue colour was found to be due to a colloidally dispersed solid, which is in 
agreement with the known low water-solubility of indigo. The dour, however. is stable for over 
Ihr after formation. The reproducibility of ihe abso;bancc values for the coiour developed for 
0.25 mg of indoxyl acetate was 0.485 f 0.005 (standard deviation) based on 8 trials. The postulated 
reaction of indoxyl acetate to form indigo is probably neither complete nor the only one occurring, 
but under the defined experimental conditions the amount of indoxyl acetate converted into indigo 
is apparently constant and reproducible. Because of the known composition of the samples, no 
study of interferences or the applicability to the determination of other indoxyl-related compounds 
was made. Consequently this procedure is recommended solely for the analysis of solutions containing 
only indoxyl acetate, although other alkali-hydrolysable indoxyl esters could probably be. determined 
in a similar way. 

Acknowledgement-This work was done under Contract DAAA 15-68-C-0675. The authors thank 
the Defense Development and Engineering Laboratories of Edgewood Arsenal for permission to 
publish this work. 

Analytical Department R. J. NADALIN@ 
Westinghouse Research Laboratories T. D. KACZMAREK 
Pittsburgh, Pa. 15235, U.S.A. R. J. McRzavaa 

Summary-A rapid calorimetric method is presented for the 
determination of submilligram amounts of indoxyl acetate. The 
method depends upon the conversion of the indoxyl acetate into 
indigo, 

Zusammenfassung-Ein schnelles kolorimetrisches Verfahren zur 
Bestimmung von Indoxylacetat in Mengen unter einem Milligramm 
wird angegeben. Es beruht auf der Umwandlung des Indoxylacetats 
in Indigo. 



798 Short communications 

R&?um6-On presente une mdthode colorimttrique rapide pour le 
dosage de quantites a l’echelle du submilligramme d’acetate d’indoxyle. 
La methode repose sur la conversion de l’acbtate d’indoxyle en indigo. 

REFERENCES 

1. D. Kramer and R. Gamson, Anal. Chem., 1957,29,21A. 
2. G. Guilbault and D. Kramer, ibid., 1965, 37, 120. 
3. W. Fearon and J. Drum, Sci. Proc. RoyalSoc. (Dublin), 1951,25,299; Chem. Abstr., 1952,46, 

3107. 
4. A. Meiklejohn and F. Cohen, J. Lab Clin. Med., 1942 27, 949; Chem. Abstr., 1942, 36, 3207. 
5. A. Jolles, Arch. Pharm., 1928,266,40; Chem. Abstr., 1928,22, 1375. 
6. A. Mayer, Nature, 1958, 182, 1670. 
7. G. Curzon and J. Walsh, Clin. Chem Acta, 1962,7, 657. 
8. F. Fe@, Spot Tests in Organic Analysis, 5th Ed., pi 430. Elsevier, New York, 1956. 
9. E. Justin-Mueller. J. Pharm. Chim.. 1917. 15,249: Chem. Abstr.. 1917. 11. 2212. 

10. A. Ahlqvist, Act; Pathol. Microbio?. Stand., .1960; 57, 353; Cherk. Abitr.,‘l964, 60,4383. 
11. International Critical Tables, ed. E. Washburn, National Research Council, Vol. VII, p. 203. 

McGraw-Hill, New York, 1930. 

Talanta, 1972, Vol. 19, pp. 798 to 801. Persamon Press. Printed in Northern Ireland 

Precision of fragmentation patterns in high-resolution mass spectrometry 

(Received 12 October 1971. Accepted 19 November 1971) 

THE OBJECT of this work was to investigate the effect of ion-source temperature on the analytical 
results for high-resolution mass-spectrometric procedures. Three parameters had major effects on 
both absolute and relative ion intensities. These were the repeller voltage, the scan-rate and, in the 
case of saturated molecules, the temperature of the ion source. The work described here is concerned 
essentially with temperature control of the ion source and its effects on the precision of pattern 
coefficients and pattern summations of saturated hydrocarbon molecules. 

The quantitative analysis of petroleum hydrocarbons is not widely practised at high resolution 
although there are many advantages in this approach. Basically, a high-resolution mass spectrometer 
is neither designed nor built for quantitative work. The main limitations are, of course, the effect 
of fast scanning (10 set/decade) and of double-focusing the ions, both of which introduce statistical 
errors in measuring accurately the intensities of ions at the collector. In low-resolution work such 
limitations are not analytically important at slow scan-speeds (-20 min/decade). 

An important criterion for the analysis of petroleum saturates has been that the ratio of the 
intensities of masses 127 and 226 in normal hexadecane be arbitrarily selected, along with other 
summations, to have certain values .I These values change with the source temperatur+the higher 
the temperature the greater the fragmentation arising from the instability of the parent ions of 
n-hexadecane. It is necessary to know the magnitude of the effects of temperature control on both 
cracking patterns and summations in order to carry out quantitative high-resolution analyses of 
petroleum distillates. 

EXPERIMENTAL 

A high-resolution mass spectrometer (A.E.I. Ltd. model MS 902) was used. The associated data 
system MSDS-20 (and later -3O), which included a DEC PDP 8i computer, automatically digitized all 
the ion intensities and calculated their atomic compositions. This data system was supplied with the 
mass spectrometer. All the results reported here were obtained with either static or dynamic resolving 
powers of 10,000 (-5 % valley definition). High-boiling perfluorokerosene was used as an internal 
calibrant for the mass scale in the latter mode of operation. 
from m/e = 617 to m/e = 60 was used in all dynamic runs. 

A standard precalibrated mass range 

Two different ion sources were used in the comparative studies. One was the conventional ion 
source with temperature not controlled; the second was a specially designed source the temperature 
of which was controlled (quoted as within 0.1’). Both sources and the temperature controller were 
supplied by A.E.I. Ltd. 

The temperature in the ion source was measured with a conventional thermocouple located near 
the ion box. However, this recorded value, which varied with and was relative to the ambient room 
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THE OBJECT of this work was to investigate the effect of ion-source temperature on the analytical 
results for high-resolution mass-spectrometric procedures. Three parameters had major effects on 
both absolute and relative ion intensities. These were the repeller voltage, the scan-rate and, in the 
case of saturated molecules, the temperature of the ion source. The work described here is concerned 
essentially with temperature control of the ion source and its effects on the precision of pattern 
coefficients and pattern summations of saturated hydrocarbon molecules. 

The quantitative analysis of petroleum hydrocarbons is not widely practised at high resolution 
although there are many advantages in this approach. Basically, a high-resolution mass spectrometer 
is neither designed nor built for quantitative work. The main limitations are, of course, the effect 
of fast scanning (10 set/decade) and of double-focusing the ions, both of which introduce statistical 
errors in measuring accurately the intensities of ions at the collector. In low-resolution work such 
limitations are not analytically important at slow scan-speeds (-20 min/decade). 

An important criterion for the analysis of petroleum saturates has been that the ratio of the 
intensities of masses 127 and 226 in normal hexadecane be arbitrarily selected, along with other 
summations, to have certain values .I These values change with the source temperatur+the higher 
the temperature the greater the fragmentation arising from the instability of the parent ions of 
n-hexadecane. It is necessary to know the magnitude of the effects of temperature control on both 
cracking patterns and summations in order to carry out quantitative high-resolution analyses of 
petroleum distillates. 

EXPERIMENTAL 

A high-resolution mass spectrometer (A.E.I. Ltd. model MS 902) was used. The associated data 
system MSDS-20 (and later -3O), which included a DEC PDP 8i computer, automatically digitized all 
the ion intensities and calculated their atomic compositions. This data system was supplied with the 
mass spectrometer. All the results reported here were obtained with either static or dynamic resolving 
powers of 10,000 (-5 % valley definition). High-boiling perfluorokerosene was used as an internal 
calibrant for the mass scale in the latter mode of operation. 
from m/e = 617 to m/e = 60 was used in all dynamic runs. 

A standard precalibrated mass range 

Two different ion sources were used in the comparative studies. One was the conventional ion 
source with temperature not controlled; the second was a specially designed source the temperature 
of which was controlled (quoted as within 0.1’). Both sources and the temperature controller were 
supplied by A.E.I. Ltd. 

The temperature in the ion source was measured with a conventional thermocouple located near 
the ion box. However, this recorded value, which varied with and was relative to the ambient room 
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temperature, gave no indication of the degree of stability afforded by the controller, which worked on 
an absolute basis. All the temperatures recorded in the results are therefore only approximations 
of the ion-source temperature. 

The repeller voltage, which also affected the ion intensities, was adjusted to that value at which all 
peak intensities were maximized. This occurred at the first maximum of the ion repeller voltage/ion 
intensity curve.8 

RESULTS 
In order to isolate any effects of scan speed on the repeatability of cracking patterns, a set of 

data for normal hexadecane was obtained at a static resolving power of 10,000. A tirst set of data 
was recorded manually both for an uncontrolled source temperature and a controlled source tempera- 
ture. A sample of normal hexadecane was vaporized in the heated inlet system (3009 and the in- 
tensities at m/e = 226, the parent ion, and at m/e = 127, a major fragment ion, were recorded over a 
period of 6 hr. Standard deviations for the ratio of masses 127 and 226 were computed for the 
mean value of the ratio for the series. Nominal temperatures of the ion source were also recorded. 
The results are presented in Table I. The standard deviation for the mean is considerably reduced 
with control of the ion-source temperature. 

TABLE I.-PA~ERN s~.4iIm FOR n+rsx,4DscANs AT A STA~C RESOLVM~ 
POWER OF 100~ 

Nominal 
temperature 

“C 

Uncontrolled 
ion source temp., 

ratio 1271226 

Nominal 
temperature 

“C 

Controlled 
ion source temp. 

ratio 127/226 
- 

202 0.701 201 0.718 
205 0.682 201 0.733 
208 0.671 201 0.729 
210 0.617 201 0.719 
211 0.561 201 O-724 
225 0.574 201 0.721 
235 0.677 201 0.706 
255 0905 201 0.711 
216 o-757 201 0.691 
204 0.705 201 0.696 
204 0.739 205 O-684 
205 0.761 205 0.684 
205 0.781 205 0.693 
205 0.775 205 0.694 
205 0.793 205 0.683 
205 
205 
205 
205 

0.804 
0.822 
O-839 
0.821 

Mean O-7361 
Std. devn. 0.0914; 

214 
214 
214 
214 

0.686 
0.692 
0.693 
0.689 

Mean O-7024 
Std. devn. 0.0167; 

It is common practice to use summations of peak intensities in the analysis of petroleum, so 
Table II shows the stability of 2 71/TI for both ion sources. Inaccuracies in 2 71/TI will be ultimately 

reflected in any analytical results. 2 71 is the sum of the C,,H In+l series i.e., 71, 85, 99,113, and TI 

is the sum of all the ion intensities in the spectrum. The values of 2 71/TI were obtained under 
dynamic conditions at a scan speed of 4.6 mm/decade. 

The decrease in deviation is much smaller than under static conditions and the reduced deviation 
for the uncontrolled source is probably the result of compensating errors. Poorer ion statistics and 
peak clipping under dynamic conditions may partly compensate for random fluctuations of the ratio 
with temperature. 

We found that n-&H,, was not an ideal compound for monitoring source temperatures. We 
accumulated results (Table I) showing source-conditioning effects which introduced a bias into the 
results. To overcome this we made up a blend of parafbns (C,,-G,) with an isomer ratio, iso/normal, 
of 0.5. The ion-source temperature was set to give approximately the value of the ratios suggested for 
performing ASTM analyses.’ The calibration blend was run for statistical analysis and selected 

113 113 
values of 2 71/TI and 71/TI were chosen as criteria for routine operation. 

71 
2 71/TI was selected 
71 
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TABLE II.-SUMMED OXFFXCIENTS OBTAINED FOR 
n-&H,, AT A SCAN SPEED OF 4.6 ~/DECADE 

AND loo00 RESOLVING POWER 

Uncontrolled ion Controlled ion 
source. temp. source temp. 

171/TI 171/TI 

0.611 0.579 
0,605 0.605 
0.579 0.615 
0.587 0.594 
0.590 0.575 
0.603 0.594 
0.561 0.568 
0.566 0.583 
0.567 0.575 
0.587 0.578 

Std. devn. 0.018 Std. devn. 0.013 

TABLE III.-PA~RN STABILITY FOR THE 
CALIBRATION BLEND. REWLUTION 10000; 

SCAN RATE 4.6 MINIDECADE 

171/TI 71/TI 

0.573 0.318 
0.582 0.333 
0.573 0.308 
0,566 0.302 
0.576 0.309 
0.543 0.289 
0.561 0.297 
0.570 0.310 
0.557 0.308 
0.508 0.320 
0.514 0.283 
0.565 0.332 
0.578 0.309 
0.565 0.315 
0.570 0.314 
0.600 0.323 
0.610 0.350 
@620 0.360 

Analytical criterion Analytical criterion 
0.56 + 0.02 0,30 + 0.02 

to be 0.56 f 0.02 and 71/TI to be 0.30 j, 0.02. Table III shows typical results for the values of 
these ratios over a two-month period. The last three ratios in Table III were recorded a few days 
before the filament failed. The usual practice was to record the key ratios for the calibration blend 
and, if necessary, to adjust the source temperature to maintain the values within the stated limits. 
When this failed to re-establish the ratios suggested as criteria for analysis, the ion source was 
removed and cleaned. 

DISCUSSION 

The purpose of this work has been to establish the conditions for quantitative analyses at high 
resolution. The analysis of petroleum saturates requires constant source temperatures before 
meaningful analytical results are possible. The temperature stability of aromatic ions is relatively 
high in contrast to paratTinic ions. Since instability of paraffin ions is experimentally reflected as 
changes in fragmentation pattern, the overall ion stability will be related both to the ionic enthalpy 
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and to the value of the dissociation energy in the ion &-RI)+. The ion energies are directly related 
to the temperature of the ion source, all other factors, such as electron energy and repeller voltage 
being constant. Since it is common practice to establish calibration matrices by using summations 
of intensities of characteristic ions, 2 71/TI for parafbns for instance, it is vital that criteria be estab- 
lished so that calibration and subsequent analytical results are recorded under identical conditions 
A calibration blend is used to check analytical results. 

The effect of scan speed is also important. Scan speeds faster than 4.6min/decade at 10,000 
resolving power gave large deviations for characteristic aromatic as well as saturate summations. 
Under these conditions controlling the ion-source temperature to maintain precise patterns is useless, 
for only by increasing the number of ions collected (by larger sample sire, decreased resolution and 
slower scan speeds) may poor ion statistics be counteracted. 

Quantitative high-resolution mass spectrometry is still in its infancy and no satisfactory methods 
for analysing both saturates and aromatics together, by using genuine high-resolution matrices, 
have been published. We have found, in practice, that an adequate check on parafiin fragmentation 
may be maintained by running the calibration blend intermittently and recording the key intensity 
ratios. Small temperature variations are indicated by changes in the value of the ratios, which may 
be kept within the selected deviations by adjusting the source temperature. In this way it has been 
possible to develop methods for analysing both saturates and aromatics together and with repeatable 
and realistic saturate:aromatic ratios. 

Gulf Oil Canaab Ltd. W. F. BROWN 
R and D Department I. P. FrsHER 
2489 North Sheridan Way 
Sheridan Park, Ontario, Canada 

Summary-The effect of controlling the temperature of the ion source 
of a high-resolution mass spectrometer is to increase the contidence in 
mass spectral pattern coefficients of saturated molecules. Results are 
presented for both controlled and uncontrolled ion-source tempera- 
tures. Standard deviations have been calculated for selected summa- 
tions of ion intensities and criteria have been suggested for maintaining 
meaningful analytical results in the study of petroleum distillates. 

Zusanunenfassnn~-Die Wirkung einer Temperaturregelung an der 
Ionenquelle eines hochaufliisenden Massenspektrometers besteht in 
der Erhiihung der ZuverHssigkeit in den Parametern der Massenspek- 
tren gesiittigter Molektile. Ergebnisse ftir geregelte und nicht geregelte 
Temperaturen an der Ionenquelle werden mitgeteilt. Ftir ausgewlhlte 
Summierungen von Ionenintensitaten werden die Standardabweichun- 
gen berechnet und Kriterien vorgeschlagen, mit Hilfe derer sinnvolle 
analytische Ergebnisse bei der Untersuchung von Erdbldestillaten 
erhalten werden kiinnen. 

Remnu%L’effet du controle de la temperature de la source ionique 
d’un spectrombtre de masse a haute resolution est l’accroissement de 
la contiancc dans les coefficients des diagrammes des spectres de masse 
de molecules saturees. On pr&sente les resultats pour les temperatures 
de source ionique control&s et non control&s. On a calcule les 
&carts types pour des sommations choisies d’intensitbs d’ions et l’on 
suggere des criteres pour conserver les resultats analytiques significatifs 
dans I’ttude de distillats de p&role. 

REFERENCES 
1. ASTM D 2425, 1968. 
2. J. H. Reynon, Mass Spectrometry and its Applications to Organic Chemistry. p. 105. Elsevier, 

London, 1960. 

Talant& 1972. VOL 19, pp. 801 to 803. Pcammon F’ms. Printed in Northern Ireland 
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XYLENOL ORANGE has been recommended for the spectrophotometric determination of aluminium.~~ 
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R&?um6-On presente une mdthode colorimttrique rapide pour le 
dosage de quantites a l’echelle du submilligramme d’acetate d’indoxyle. 
La methode repose sur la conversion de l’acbtate d’indoxyle en indigo. 
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Precision of fragmentation patterns in high-resolution mass spectrometry 

(Received 12 October 1971. Accepted 19 November 1971) 

THE OBJECT of this work was to investigate the effect of ion-source temperature on the analytical 
results for high-resolution mass-spectrometric procedures. Three parameters had major effects on 
both absolute and relative ion intensities. These were the repeller voltage, the scan-rate and, in the 
case of saturated molecules, the temperature of the ion source. The work described here is concerned 
essentially with temperature control of the ion source and its effects on the precision of pattern 
coefficients and pattern summations of saturated hydrocarbon molecules. 

The quantitative analysis of petroleum hydrocarbons is not widely practised at high resolution 
although there are many advantages in this approach. Basically, a high-resolution mass spectrometer 
is neither designed nor built for quantitative work. The main limitations are, of course, the effect 
of fast scanning (10 set/decade) and of double-focusing the ions, both of which introduce statistical 
errors in measuring accurately the intensities of ions at the collector. In low-resolution work such 
limitations are not analytically important at slow scan-speeds (-20 min/decade). 

An important criterion for the analysis of petroleum saturates has been that the ratio of the 
intensities of masses 127 and 226 in normal hexadecane be arbitrarily selected, along with other 
summations, to have certain values .I These values change with the source temperatur+the higher 
the temperature the greater the fragmentation arising from the instability of the parent ions of 
n-hexadecane. It is necessary to know the magnitude of the effects of temperature control on both 
cracking patterns and summations in order to carry out quantitative high-resolution analyses of 
petroleum distillates. 

EXPERIMENTAL 

A high-resolution mass spectrometer (A.E.I. Ltd. model MS 902) was used. The associated data 
system MSDS-20 (and later -3O), which included a DEC PDP 8i computer, automatically digitized all 
the ion intensities and calculated their atomic compositions. This data system was supplied with the 
mass spectrometer. All the results reported here were obtained with either static or dynamic resolving 
powers of 10,000 (-5 % valley definition). High-boiling perfluorokerosene was used as an internal 
calibrant for the mass scale in the latter mode of operation. 
from m/e = 617 to m/e = 60 was used in all dynamic runs. 

A standard precalibrated mass range 

Two different ion sources were used in the comparative studies. One was the conventional ion 
source with temperature not controlled; the second was a specially designed source the temperature 
of which was controlled (quoted as within 0.1’). Both sources and the temperature controller were 
supplied by A.E.I. Ltd. 

The temperature in the ion source was measured with a conventional thermocouple located near 
the ion box. However, this recorded value, which varied with and was relative to the ambient room 
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temperature, gave no indication of the degree of stability afforded by the controller, which worked on 
an absolute basis. All the temperatures recorded in the results are therefore only approximations 
of the ion-source temperature. 

The repeller voltage, which also affected the ion intensities, was adjusted to that value at which all 
peak intensities were maximized. This occurred at the first maximum of the ion repeller voltage/ion 
intensity curve.8 

RESULTS 
In order to isolate any effects of scan speed on the repeatability of cracking patterns, a set of 

data for normal hexadecane was obtained at a static resolving power of 10,000. A tirst set of data 
was recorded manually both for an uncontrolled source temperature and a controlled source tempera- 
ture. A sample of normal hexadecane was vaporized in the heated inlet system (3009 and the in- 
tensities at m/e = 226, the parent ion, and at m/e = 127, a major fragment ion, were recorded over a 
period of 6 hr. Standard deviations for the ratio of masses 127 and 226 were computed for the 
mean value of the ratio for the series. Nominal temperatures of the ion source were also recorded. 
The results are presented in Table I. The standard deviation for the mean is considerably reduced 
with control of the ion-source temperature. 

TABLE I.-PA~ERN s~.4iIm FOR n+rsx,4DscANs AT A STA~C RESOLVM~ 
POWER OF 100~ 

Nominal 
temperature 

“C 

Uncontrolled 
ion source temp., 

ratio 1271226 

Nominal 
temperature 

“C 

Controlled 
ion source temp. 

ratio 127/226 
- 

202 0.701 201 0.718 
205 0.682 201 0.733 
208 0.671 201 0.729 
210 0.617 201 0.719 
211 0.561 201 O-724 
225 0.574 201 0.721 
235 0.677 201 0.706 
255 0905 201 0.711 
216 o-757 201 0.691 
204 0.705 201 0.696 
204 0.739 205 O-684 
205 0.761 205 0.684 
205 0.781 205 0.693 
205 0.775 205 0.694 
205 0.793 205 0.683 
205 
205 
205 
205 

0.804 
0.822 
O-839 
0.821 

Mean O-7361 
Std. devn. 0.0914; 

214 
214 
214 
214 

0.686 
0.692 
0.693 
0.689 

Mean O-7024 
Std. devn. 0.0167; 

It is common practice to use summations of peak intensities in the analysis of petroleum, so 
Table II shows the stability of 2 71/TI for both ion sources. Inaccuracies in 2 71/TI will be ultimately 

reflected in any analytical results. 2 71 is the sum of the C,,H In+l series i.e., 71, 85, 99,113, and TI 

is the sum of all the ion intensities in the spectrum. The values of 2 71/TI were obtained under 
dynamic conditions at a scan speed of 4.6 mm/decade. 

The decrease in deviation is much smaller than under static conditions and the reduced deviation 
for the uncontrolled source is probably the result of compensating errors. Poorer ion statistics and 
peak clipping under dynamic conditions may partly compensate for random fluctuations of the ratio 
with temperature. 

We found that n-&H,, was not an ideal compound for monitoring source temperatures. We 
accumulated results (Table I) showing source-conditioning effects which introduced a bias into the 
results. To overcome this we made up a blend of parafbns (C,,-G,) with an isomer ratio, iso/normal, 
of 0.5. The ion-source temperature was set to give approximately the value of the ratios suggested for 
performing ASTM analyses.’ The calibration blend was run for statistical analysis and selected 

113 113 
values of 2 71/TI and 71/TI were chosen as criteria for routine operation. 

71 
2 71/TI was selected 
71 



Short communications 

TABLE II.-SUMMED OXFFXCIENTS OBTAINED FOR 
n-&H,, AT A SCAN SPEED OF 4.6 ~/DECADE 

AND loo00 RESOLVING POWER 

Uncontrolled ion Controlled ion 
source. temp. source temp. 

171/TI 171/TI 

0.611 0.579 
0,605 0.605 
0.579 0.615 
0.587 0.594 
0.590 0.575 
0.603 0.594 
0.561 0.568 
0.566 0.583 
0.567 0.575 
0.587 0.578 

Std. devn. 0.018 Std. devn. 0.013 

TABLE III.-PA~RN STABILITY FOR THE 
CALIBRATION BLEND. REWLUTION 10000; 

SCAN RATE 4.6 MINIDECADE 

171/TI 71/TI 

0.573 0.318 
0.582 0.333 
0.573 0.308 
0,566 0.302 
0.576 0.309 
0.543 0.289 
0.561 0.297 
0.570 0.310 
0.557 0.308 
0.508 0.320 
0.514 0.283 
0.565 0.332 
0.578 0.309 
0.565 0.315 
0.570 0.314 
0.600 0.323 
0.610 0.350 
@620 0.360 

Analytical criterion Analytical criterion 
0.56 + 0.02 0,30 + 0.02 

to be 0.56 f 0.02 and 71/TI to be 0.30 j, 0.02. Table III shows typical results for the values of 
these ratios over a two-month period. The last three ratios in Table III were recorded a few days 
before the filament failed. The usual practice was to record the key ratios for the calibration blend 
and, if necessary, to adjust the source temperature to maintain the values within the stated limits. 
When this failed to re-establish the ratios suggested as criteria for analysis, the ion source was 
removed and cleaned. 

DISCUSSION 

The purpose of this work has been to establish the conditions for quantitative analyses at high 
resolution. The analysis of petroleum saturates requires constant source temperatures before 
meaningful analytical results are possible. The temperature stability of aromatic ions is relatively 
high in contrast to paratTinic ions. Since instability of paraffin ions is experimentally reflected as 
changes in fragmentation pattern, the overall ion stability will be related both to the ionic enthalpy 
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and to the value of the dissociation energy in the ion &-RI)+. The ion energies are directly related 
to the temperature of the ion source, all other factors, such as electron energy and repeller voltage 
being constant. Since it is common practice to establish calibration matrices by using summations 
of intensities of characteristic ions, 2 71/TI for parafbns for instance, it is vital that criteria be estab- 
lished so that calibration and subsequent analytical results are recorded under identical conditions 
A calibration blend is used to check analytical results. 

The effect of scan speed is also important. Scan speeds faster than 4.6min/decade at 10,000 
resolving power gave large deviations for characteristic aromatic as well as saturate summations. 
Under these conditions controlling the ion-source temperature to maintain precise patterns is useless, 
for only by increasing the number of ions collected (by larger sample sire, decreased resolution and 
slower scan speeds) may poor ion statistics be counteracted. 

Quantitative high-resolution mass spectrometry is still in its infancy and no satisfactory methods 
for analysing both saturates and aromatics together, by using genuine high-resolution matrices, 
have been published. We have found, in practice, that an adequate check on parafiin fragmentation 
may be maintained by running the calibration blend intermittently and recording the key intensity 
ratios. Small temperature variations are indicated by changes in the value of the ratios, which may 
be kept within the selected deviations by adjusting the source temperature. In this way it has been 
possible to develop methods for analysing both saturates and aromatics together and with repeatable 
and realistic saturate:aromatic ratios. 

Gulf Oil Canaab Ltd. W. F. BROWN 
R and D Department I. P. FrsHER 
2489 North Sheridan Way 
Sheridan Park, Ontario, Canada 

Summary-The effect of controlling the temperature of the ion source 
of a high-resolution mass spectrometer is to increase the contidence in 
mass spectral pattern coefficients of saturated molecules. Results are 
presented for both controlled and uncontrolled ion-source tempera- 
tures. Standard deviations have been calculated for selected summa- 
tions of ion intensities and criteria have been suggested for maintaining 
meaningful analytical results in the study of petroleum distillates. 

Zusanunenfassnn~-Die Wirkung einer Temperaturregelung an der 
Ionenquelle eines hochaufliisenden Massenspektrometers besteht in 
der Erhiihung der ZuverHssigkeit in den Parametern der Massenspek- 
tren gesiittigter Molektile. Ergebnisse ftir geregelte und nicht geregelte 
Temperaturen an der Ionenquelle werden mitgeteilt. Ftir ausgewlhlte 
Summierungen von Ionenintensitaten werden die Standardabweichun- 
gen berechnet und Kriterien vorgeschlagen, mit Hilfe derer sinnvolle 
analytische Ergebnisse bei der Untersuchung von Erdbldestillaten 
erhalten werden kiinnen. 

Remnu%L’effet du controle de la temperature de la source ionique 
d’un spectrombtre de masse a haute resolution est l’accroissement de 
la contiancc dans les coefficients des diagrammes des spectres de masse 
de molecules saturees. On pr&sente les resultats pour les temperatures 
de source ionique control&s et non control&s. On a calcule les 
&carts types pour des sommations choisies d’intensitbs d’ions et l’on 
suggere des criteres pour conserver les resultats analytiques significatifs 
dans I’ttude de distillats de p&role. 

REFERENCES 
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2. J. H. Reynon, Mass Spectrometry and its Applications to Organic Chemistry. p. 105. Elsevier, 
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Semi-automated determination of aluminium with Xylenol Orange 

(Received 29 September 1971. Accepted 15 December 1971) 

XYLENOL ORANGE has been recommended for the spectrophotometric determination of aluminium.~~ 
High sensitivity is reported. One disadvantage is the slow rate of reaction, which necessitates a 
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and to the value of the dissociation energy in the ion &-RI)+. The ion energies are directly related 
to the temperature of the ion source, all other factors, such as electron energy and repeller voltage 
being constant. Since it is common practice to establish calibration matrices by using summations 
of intensities of characteristic ions, 2 71/TI for parafbns for instance, it is vital that criteria be estab- 
lished so that calibration and subsequent analytical results are recorded under identical conditions 
A calibration blend is used to check analytical results. 

The effect of scan speed is also important. Scan speeds faster than 4.6min/decade at 10,000 
resolving power gave large deviations for characteristic aromatic as well as saturate summations. 
Under these conditions controlling the ion-source temperature to maintain precise patterns is useless, 
for only by increasing the number of ions collected (by larger sample sire, decreased resolution and 
slower scan speeds) may poor ion statistics be counteracted. 

Quantitative high-resolution mass spectrometry is still in its infancy and no satisfactory methods 
for analysing both saturates and aromatics together, by using genuine high-resolution matrices, 
have been published. We have found, in practice, that an adequate check on parafiin fragmentation 
may be maintained by running the calibration blend intermittently and recording the key intensity 
ratios. Small temperature variations are indicated by changes in the value of the ratios, which may 
be kept within the selected deviations by adjusting the source temperature. In this way it has been 
possible to develop methods for analysing both saturates and aromatics together and with repeatable 
and realistic saturate:aromatic ratios. 
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Summary-The effect of controlling the temperature of the ion source 
of a high-resolution mass spectrometer is to increase the contidence in 
mass spectral pattern coefficients of saturated molecules. Results are 
presented for both controlled and uncontrolled ion-source tempera- 
tures. Standard deviations have been calculated for selected summa- 
tions of ion intensities and criteria have been suggested for maintaining 
meaningful analytical results in the study of petroleum distillates. 

Zusanunenfassnn~-Die Wirkung einer Temperaturregelung an der 
Ionenquelle eines hochaufliisenden Massenspektrometers besteht in 
der Erhiihung der ZuverHssigkeit in den Parametern der Massenspek- 
tren gesiittigter Molektile. Ergebnisse ftir geregelte und nicht geregelte 
Temperaturen an der Ionenquelle werden mitgeteilt. Ftir ausgewlhlte 
Summierungen von Ionenintensitaten werden die Standardabweichun- 
gen berechnet und Kriterien vorgeschlagen, mit Hilfe derer sinnvolle 
analytische Ergebnisse bei der Untersuchung von Erdbldestillaten 
erhalten werden kiinnen. 

Remnu%L’effet du controle de la temperature de la source ionique 
d’un spectrombtre de masse a haute resolution est l’accroissement de 
la contiancc dans les coefficients des diagrammes des spectres de masse 
de molecules saturees. On pr&sente les resultats pour les temperatures 
de source ionique control&s et non control&s. On a calcule les 
&carts types pour des sommations choisies d’intensitbs d’ions et l’on 
suggere des criteres pour conserver les resultats analytiques significatifs 
dans I’ttude de distillats de p&role. 
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Semi-automated determination of aluminium with Xylenol Orange 

(Received 29 September 1971. Accepted 15 December 1971) 

XYLENOL ORANGE has been recommended for the spectrophotometric determination of aluminium.~~ 
High sensitivity is reported. One disadvantage is the slow rate of reaction, which necessitates a 
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heating step in the colour development. The reagent Is not specific, and many elements may cause 
interference5 In most cases the interference can be eliminated by pH control, masking or extraction. 

The reagent cannot be purchased in the pure state. Possible impurities include Cresol Red used 
in the synthesis, and another material related to Xylenol Orange and called Semi-Xylenol Orange.6 
This also forms complexes with many metals, which are indistinguishable from those of Xylenol 
Orange. 

This report outlines the modification of the photometric method to give a semi-automated pro- 
cedure using commercially available reagent in alcohol solution. 

Reagents 
EXPERIMENTAL 

Stock solutions of Xylenol Orange (1O-sM) were prepared by dissolving the sodium salt in the 
minimum volume of distilled water, converting into the free acid by eluting through Zeocarb 325 (H) 
resin and diluting with sufficient methylated spirit to give the required concentration. The solution was 
standardized by photometric titration with zinc solution at pH 5.7 (hexamine buffer). The absorbance 
of the standardized solution was measured and allowed subsequent direct standardization by ab- 
sorbance measurement. 

Potassium aluminium sulphate solutions were used as calibration standards. 

Eipdpment 

A Technicon sample changer and proportioning pump were used. Colour intensity was measured 
by a Watson Marlow AJC automatic calorimeter with green filter number 625 (transmission maxi- 
mum 25 ‘A at 531 nm). The linear output was recorded by a Heathkit servo recorder EUW 204, with 
250 mV fsd. 

Procedure 

Two arrangements were tested, using aluminium solution in 0.1 M acetate buffer at pH 3-S and in 
0-05M sulphuric acid respectively. Pumping rates are shown in Table I. 

TABLEI.-PUMPING RATE OF REAGENTS IN COLOUR 
DEVELOPh4ENT(i?d/ih) 

System a 
Sample 2.0 
Air O-8 
4M sodium acetate - 
Alcohol 1*69(s) 
Xylenol Orange 1.69(s) 

(s) “Solvaflex” tubes. 

System b 
2.0 
0.8 
0.1 

- 
1*69(s) 

System a. Reagents were mixed in a 20 x 80 x 2-5 mm coil, followed by alcohol dilution in a 
delay coil to increase the flow-rate in the cell. A water wash was used between samples, resulting in a 
small neak for the buffered solution which had zero aluminium concentration, owing to the slight 
colou; change in the Xylenol Orange on contacting the buffer. 

Svstem b. Samoles were buffered with sodium acetate in the first coil, and mixed with reagent in 
the second coil. A sulphuric acid wash between samples was used to avoid a colour change”in the 
solution stream caused by the high pH of the sodium acetate. 

RESULTS AND DISCUSSION 
The Semi-Xylenol Orange impurity can only be removed completely with difficulty, for example 

by column chromatography on cellulose or multistage solvent extraction. No practical difficulties 
due to its presence are reported by previous authors, but there are marked differences in composition 
between different samples of the reagent. In the present work, no attempt was made to purify the 
reagent. The preparation of the solutions however confirmed the reported observation6 that part of 
the Xylenol Orange is strongly adsorbed onto the cation resin, and there is an indication that the 
Semi-Xylenol Orange is partially removed by this process. Xylenol Orange in acid form has a single 
broad absorption peak, maximum 434 nm. The molar absorptivity at 434 nm, based on the stand- 
ardization with zinc solution, was 1.51 x lo* I.mole-l.cm-l. 

The two complexes formed on reaction with aluminium and reported by previous authors are 
confirmed. With excess of metal ion there is a red complex, maximum absorption 555 nm, molar 
absorptivity 3.16 x 10’ I.mole-l.cm-l. With excess of ‘reagent, a more orange complex forms, 
maximum absorbance about 510 nm. There is an isosbestic point at 536 nm. The molar absorp- 
tivity of the mixture at this wavelength is 1.91 x 10” I.mole-l.cm-4. Measurement at this wavelength 
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results in an indeterminate reagent blank error, but this is sufficiently small to allow linear calibration 
under the conditions reported. 

One application of the reaction is the determination of aluminium extracted from soil samples.a 
Interference from other complexing anions is removed in the destruction of organic matter with con- 
centrated sulphuric acid. The principal interference is from iron(III), which can be removed by 
preliminary extraction with cupferron from the diluted acid solution. This was found to be more 
satisfactory than the kinetic method previously reported. Titanium is also extracted if present, but 
can be stripped from the extract with ammonia solution if direct measurement of the iron cup- 
ferronate is also required. Copper and zinc form Xylenol Orange complexes of lower stabilitv and 
will only interfere if present in-very large excess. _ 

I - 

Xvlenol Oranee has been renorted to be decomnosed bv both ethanol and methanol.E In the 
present work, no vdecomposition’was observed over short peAods of time. Solutions were renewed if 
necessary after three weeks, during which time no alteration took place. After three months, notable 
fading of the solution had occurred, and this could be accelerated by the presence of oxidizing agents 
such as hydrogen peroxide or even iron(III). 

In aqueous solutions Xylenoi Orange reacts very slowly with aluminium at room temperature. 
Addition of the reagent in alcohol solution greatly increases the rate of reaction. For aluminium 
determination in the method under test, about equal volumes of reagent and sample were mixed. 
Under these conditions reaction is almost complete in 5 min. and over 70 % complete in less than 1 min. 
This is sufficiently far advanced to permit automated colour development. A change in the total 
alcohol concentration has only a slight effect on the rate. Addition of alcohol to the butrered solution 
gave an apparent pH in the reaction mixture of 5.4-5.5, measured at the calorimeter outlet. 

Each system gave a linear calibration (10 points plus zero) with ahuninium concentrations from 
1O-6 to 10-4it4(O-2~7yglml) presented at 70 samples per hour, using 1.5 x lo-*M Xylenol Orange. 
For aluminium concentrations of less than 1O-6M. the recorder scale was exnanded to Five 50 mV 
fsd and the same Xylenol Orange solution was used. More dilute Xylenol Grange so&ions gave 
slower reaction and less reproducible results. 

The repeatability of the complete process was tested with lo-*M aluminium. The relative stand- 
ard deviation on 63 results was 4.5 %. 

Conclusion 

Xylenol Orange in alcoholic solution reacts quickly with aluminium, and is recommended for the 
semi-automated determination of this metal in acid solution. 
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Summary-The photometric determination of aluminium by autom- 
ated colour development with Xylenol Orange is described. The 
reagent has been found to act faster if used in alcohol solution. 

Zusannnmeafassung-Die photometrische Bestimmung von Aluminium 
durch automatisierte Farbcntwickhmg mit Xylenolorange wird 
beschrieben. Es wurde gefunden, da0 das Reagens in alkoholischer 
Lijsung rascher wirkt. 

Rbum&Gn decrit le dosage photometrique de I’aluminium par 
revelation automatisee de la coloration avec I’Orange Xylenol. On a 
trouve que le reactif agit plus rapidement s’il est utilist en solution 
alcoolique. 
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and to the value of the dissociation energy in the ion &-RI)+. The ion energies are directly related 
to the temperature of the ion source, all other factors, such as electron energy and repeller voltage 
being constant. Since it is common practice to establish calibration matrices by using summations 
of intensities of characteristic ions, 2 71/TI for parafbns for instance, it is vital that criteria be estab- 
lished so that calibration and subsequent analytical results are recorded under identical conditions 
A calibration blend is used to check analytical results. 

The effect of scan speed is also important. Scan speeds faster than 4.6min/decade at 10,000 
resolving power gave large deviations for characteristic aromatic as well as saturate summations. 
Under these conditions controlling the ion-source temperature to maintain precise patterns is useless, 
for only by increasing the number of ions collected (by larger sample sire, decreased resolution and 
slower scan speeds) may poor ion statistics be counteracted. 

Quantitative high-resolution mass spectrometry is still in its infancy and no satisfactory methods 
for analysing both saturates and aromatics together, by using genuine high-resolution matrices, 
have been published. We have found, in practice, that an adequate check on parafiin fragmentation 
may be maintained by running the calibration blend intermittently and recording the key intensity 
ratios. Small temperature variations are indicated by changes in the value of the ratios, which may 
be kept within the selected deviations by adjusting the source temperature. In this way it has been 
possible to develop methods for analysing both saturates and aromatics together and with repeatable 
and realistic saturate:aromatic ratios. 
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Zusanunenfassnn~-Die Wirkung einer Temperaturregelung an der 
Ionenquelle eines hochaufliisenden Massenspektrometers besteht in 
der Erhiihung der ZuverHssigkeit in den Parametern der Massenspek- 
tren gesiittigter Molektile. Ergebnisse ftir geregelte und nicht geregelte 
Temperaturen an der Ionenquelle werden mitgeteilt. Ftir ausgewlhlte 
Summierungen von Ionenintensitaten werden die Standardabweichun- 
gen berechnet und Kriterien vorgeschlagen, mit Hilfe derer sinnvolle 
analytische Ergebnisse bei der Untersuchung von Erdbldestillaten 
erhalten werden kiinnen. 

Remnu%L’effet du controle de la temperature de la source ionique 
d’un spectrombtre de masse a haute resolution est l’accroissement de 
la contiancc dans les coefficients des diagrammes des spectres de masse 
de molecules saturees. On pr&sente les resultats pour les temperatures 
de source ionique control&s et non control&s. On a calcule les 
&carts types pour des sommations choisies d’intensitbs d’ions et l’on 
suggere des criteres pour conserver les resultats analytiques significatifs 
dans I’ttude de distillats de p&role. 

REFERENCES 
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Semi-automated determination of aluminium with Xylenol Orange 

(Received 29 September 1971. Accepted 15 December 1971) 

XYLENOL ORANGE has been recommended for the spectrophotometric determination of aluminium.~~ 
High sensitivity is reported. One disadvantage is the slow rate of reaction, which necessitates a 
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heating step in the colour development. The reagent Is not specific, and many elements may cause 
interference5 In most cases the interference can be eliminated by pH control, masking or extraction. 

The reagent cannot be purchased in the pure state. Possible impurities include Cresol Red used 
in the synthesis, and another material related to Xylenol Orange and called Semi-Xylenol Orange.6 
This also forms complexes with many metals, which are indistinguishable from those of Xylenol 
Orange. 

This report outlines the modification of the photometric method to give a semi-automated pro- 
cedure using commercially available reagent in alcohol solution. 

Reagents 
EXPERIMENTAL 

Stock solutions of Xylenol Orange (1O-sM) were prepared by dissolving the sodium salt in the 
minimum volume of distilled water, converting into the free acid by eluting through Zeocarb 325 (H) 
resin and diluting with sufficient methylated spirit to give the required concentration. The solution was 
standardized by photometric titration with zinc solution at pH 5.7 (hexamine buffer). The absorbance 
of the standardized solution was measured and allowed subsequent direct standardization by ab- 
sorbance measurement. 

Potassium aluminium sulphate solutions were used as calibration standards. 

Eipdpment 

A Technicon sample changer and proportioning pump were used. Colour intensity was measured 
by a Watson Marlow AJC automatic calorimeter with green filter number 625 (transmission maxi- 
mum 25 ‘A at 531 nm). The linear output was recorded by a Heathkit servo recorder EUW 204, with 
250 mV fsd. 

Procedure 

Two arrangements were tested, using aluminium solution in 0.1 M acetate buffer at pH 3-S and in 
0-05M sulphuric acid respectively. Pumping rates are shown in Table I. 

TABLEI.-PUMPING RATE OF REAGENTS IN COLOUR 
DEVELOPh4ENT(i?d/ih) 

System a 
Sample 2.0 
Air O-8 
4M sodium acetate - 
Alcohol 1*69(s) 
Xylenol Orange 1.69(s) 

(s) “Solvaflex” tubes. 

System b 
2.0 
0.8 
0.1 

- 
1*69(s) 

System a. Reagents were mixed in a 20 x 80 x 2-5 mm coil, followed by alcohol dilution in a 
delay coil to increase the flow-rate in the cell. A water wash was used between samples, resulting in a 
small neak for the buffered solution which had zero aluminium concentration, owing to the slight 
colou; change in the Xylenol Orange on contacting the buffer. 

Svstem b. Samoles were buffered with sodium acetate in the first coil, and mixed with reagent in 
the second coil. A sulphuric acid wash between samples was used to avoid a colour change”in the 
solution stream caused by the high pH of the sodium acetate. 

RESULTS AND DISCUSSION 
The Semi-Xylenol Orange impurity can only be removed completely with difficulty, for example 

by column chromatography on cellulose or multistage solvent extraction. No practical difficulties 
due to its presence are reported by previous authors, but there are marked differences in composition 
between different samples of the reagent. In the present work, no attempt was made to purify the 
reagent. The preparation of the solutions however confirmed the reported observation6 that part of 
the Xylenol Orange is strongly adsorbed onto the cation resin, and there is an indication that the 
Semi-Xylenol Orange is partially removed by this process. Xylenol Orange in acid form has a single 
broad absorption peak, maximum 434 nm. The molar absorptivity at 434 nm, based on the stand- 
ardization with zinc solution, was 1.51 x lo* I.mole-l.cm-l. 

The two complexes formed on reaction with aluminium and reported by previous authors are 
confirmed. With excess of metal ion there is a red complex, maximum absorption 555 nm, molar 
absorptivity 3.16 x 10’ I.mole-l.cm-l. With excess of ‘reagent, a more orange complex forms, 
maximum absorbance about 510 nm. There is an isosbestic point at 536 nm. The molar absorp- 
tivity of the mixture at this wavelength is 1.91 x 10” I.mole-l.cm-4. Measurement at this wavelength 
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results in an indeterminate reagent blank error, but this is sufficiently small to allow linear calibration 
under the conditions reported. 

One application of the reaction is the determination of aluminium extracted from soil samples.a 
Interference from other complexing anions is removed in the destruction of organic matter with con- 
centrated sulphuric acid. The principal interference is from iron(III), which can be removed by 
preliminary extraction with cupferron from the diluted acid solution. This was found to be more 
satisfactory than the kinetic method previously reported. Titanium is also extracted if present, but 
can be stripped from the extract with ammonia solution if direct measurement of the iron cup- 
ferronate is also required. Copper and zinc form Xylenol Orange complexes of lower stabilitv and 
will only interfere if present in-very large excess. _ 

I - 

Xvlenol Oranee has been renorted to be decomnosed bv both ethanol and methanol.E In the 
present work, no vdecomposition’was observed over short peAods of time. Solutions were renewed if 
necessary after three weeks, during which time no alteration took place. After three months, notable 
fading of the solution had occurred, and this could be accelerated by the presence of oxidizing agents 
such as hydrogen peroxide or even iron(III). 

In aqueous solutions Xylenoi Orange reacts very slowly with aluminium at room temperature. 
Addition of the reagent in alcohol solution greatly increases the rate of reaction. For aluminium 
determination in the method under test, about equal volumes of reagent and sample were mixed. 
Under these conditions reaction is almost complete in 5 min. and over 70 % complete in less than 1 min. 
This is sufficiently far advanced to permit automated colour development. A change in the total 
alcohol concentration has only a slight effect on the rate. Addition of alcohol to the butrered solution 
gave an apparent pH in the reaction mixture of 5.4-5.5, measured at the calorimeter outlet. 

Each system gave a linear calibration (10 points plus zero) with ahuninium concentrations from 
1O-6 to 10-4it4(O-2~7yglml) presented at 70 samples per hour, using 1.5 x lo-*M Xylenol Orange. 
For aluminium concentrations of less than 1O-6M. the recorder scale was exnanded to Five 50 mV 
fsd and the same Xylenol Orange solution was used. More dilute Xylenol Grange so&ions gave 
slower reaction and less reproducible results. 

The repeatability of the complete process was tested with lo-*M aluminium. The relative stand- 
ard deviation on 63 results was 4.5 %. 

Conclusion 

Xylenol Orange in alcoholic solution reacts quickly with aluminium, and is recommended for the 
semi-automated determination of this metal in acid solution. 

Acknowledgement-The authors thank Prof. W. G. Parker and Dr. G. B. Briscoe, University of Aston 
in Birmingham, for the loan of some equipment used in this work. 
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Summary-The photometric determination of aluminium by autom- 
ated colour development with Xylenol Orange is described. The 
reagent has been found to act faster if used in alcohol solution. 

Zusannnmeafassung-Die photometrische Bestimmung von Aluminium 
durch automatisierte Farbcntwickhmg mit Xylenolorange wird 
beschrieben. Es wurde gefunden, da0 das Reagens in alkoholischer 
Lijsung rascher wirkt. 

Rbum&Gn decrit le dosage photometrique de I’aluminium par 
revelation automatisee de la coloration avec I’Orange Xylenol. On a 
trouve que le reactif agit plus rapidement s’il est utilist en solution 
alcoolique. 
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Analysis by phase-titration of three-component systems containing two mutually 

immiscible or partially miscible components 

(Received 30 August 1971. Accepted 1 November 1971) 

THE PRxNCIPLJ3 of phase-titration8 has been used to determine the composition of a large number of 
binary solution8 of organic 1 liquids. - 6 SurP ha8 developed a phase titration procedure for the 
analysis of ternary mixture8 containing two mutually immiscible or partially miscible components. 
The method is useful for systems where chemical determination of any of the components is difllcult. 

In the present communication, another phase-titration method is described, which can be used to 
analyse one-phase ternary mixtures containing two mutually immiscible or partially miscible corn- 
ponents, without separate determination of any component. The method involves titrating a measured 
amount of the ternary mixture at constant temperature with one of the immiscible components until 
a second phase just appears. The refractive index (a physical property which can be quickly measured) 
of the resultant solution on the binodal curve is then measured, and the complete composition of 
the ternary mixture is calculated. 

THEORY 

A ternary phase-diagram for a system containing A, B and C where B and C are mutually im- 
miscible and A is miscible with both B and C in all proportions is shown in Fig. 1. Solutions repre- 
sented by a point on or below the binodal curve are heterogeneous and turbid. At constant 
temperature, the position of the binodal line is fixed for a given ternary mixture, and serves as a refer- 
ence line in the procedure described below. 

A set ofbinary solutions of A and B, richer in B and of known composition is prepared by weight 
and titrated with C until a permanent turbidity appears. The resultant ternary solution is then 
weighed to determine the weight of the titrant added. The turbid solution is clarified by adding a 
drop of two of A and the refractive index is measured. Two calibration curves are then drawn indi- 
cating (a) the weight of C required to produce turbidity in 1 g of the binary solution, and (b) the 
refractive index as a function of original binary composition. The procedure is repeated for binary 
solutions of A and C, richer in C, and another pair of calibration curves is drawn for B as the titrant. 

FIG. I.-Ternary miscibility diagram showing regions suitable for phase-titration 
analysis. 
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The dual set of calibrations is necessary because sometimes only one of the two titrants will give a 
satisfactory end-point (see below). 

To analyse a homogeneous mixture of A, B and C, two samples of known weight are titrated, one 
with B and the other with C to bring the composition on to the binodal curve.* The solution is 
weighed, clarified by adding a drop of A, and its refractive index measured. 

With C used as the titrant, a refractive index value corresponding to y% B signifies the ratio of 
A:B in the original ternary mixture to be (100 - y):~ (during titration with C, the ratio remains 
unchanged). From the calibration curve, the weight of C required to titrate 1 g of a binary mixture of 
A and B in the same ratio as in the sample is found (z g). This means that (1 + z) g of the turbid 
solution (obtained by titration with C) contains (100 - y)/lOO, y/l00 and z g of A, B and C respec- 
tively. If x g is the weight C required to titrate 1 g of the original ternary mixture to this point on 
the binodal curve, the composition of the sample is given by A = (100 - y)(l + x)/(1 + z)%; 
B = ~(1 + x)/(1 + z)%, and C = lOO(z - x)/(1 + z)%. The calculation is similar when B is 
used as the titrant. 

In some cases, the refractive index calibration plot show a maximum or minimum, so two com- 
position values can correspond to a single refractive index value. To find which one refers to the 
actual composition, a small amount of B or C is added, the solution is clarified with A, and the 
direction of shift of refractive index is observed. 

Ternary solutions with composition represented by a point anywhere in areas BKCL or BKCN 
will yield a turbidimetric end-point on titration with B and C respectively. If the composition of the 
ternary lies outside BKCNML, the area defined by the tangents and the binodal curve, it will not 
yield any turbidimetric end-point on titration with either B or C. In such cases, a sufficient and 
known weight of B or C is added to a known weight of the ternary, to bring its composition into one 
of the &ratable regions BKCL or BKCN.O 

The method is illustrated for the ternary system benzene, cyclohexane and nitromethane, the 
system used to illustrate the method described ear1ier.O 

EXPERIMENTAL 

The solvents were purified according to established procedures. a*1 Densities and refractive index 
values for the liquids used are recorded in Table I along with the literature values for comparison.* 
The experimental details of the titration and the apparatus have been described earlier.” 

Calibration curves were prepared, as outlined under Theory, for benzene-nitromethane mixtures 

TABLE l.-SOME PHYSICAL PROPERTIES OF SOLVENTS USED AT 30°C 

Density, g/ml 

Present Literature 
work valuer** 

Refractive index 

Present Literature 
work value’** 

Benzene O-8685 0.8685 14945 1.4948 

Cyclohexane 0.7694 07690 1.4205 l-4208* 

Nitromethane 1.1239 1.1245 1.3770 1.3771* 

l Values extrapolated to 30°C. 

titrated with cyclohexane, and for benzen-yclohexane mixtures titrated with nitromethane. The 
experimental values are given in Table II. 

To illustrate the method, over the entire one-phase region of the system, seven synthetic ternary 
mixtures were prepared and analysed. The results obtained are compared with the actual com- 
position values in Table III. 

Samples 1 and 2 gave turbidimetric end-points with nitromethane, 5 and 6 with cyclohexane, 
3 with both, and 4 and 7 with neither. Two sets of each of samples 4 and 7 were diluted with about 
the same weight of nitromethane or cyclohexane (uide ref. 7) and the resulting solutions titrated with 
cyclohexane or nitromethane respectively. The refractive indices of all the titrated solutions were 
measured and the weight ratios benzene:nitromethane in samples 3, 5, 6 and the solutions obtained 
by diluting samples 4 and 7 with nitromethane were computed from the calibration curves. The 
weight ratios benzene:cyclohexane in samples 1,2,3 and the solutions obtained by diluting samples 
4 and 7 with cyclohexane were similarly calculated. 

* The selection of the titrant depends on the composition of the ternary to be titrated.* Some 
samples yield turbidity with B, some with C, some with both and some with neither.# 
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TABLEIT.-EXPERIMENTAL DATA FOR CALIBRATION CURVES FOR THE 
SYSTEM C,H&,H,,-CH,NO, AT 30°C. 

Solutions of benzene + nitromethane titrated with cyclohexane 

Weight % Weight of C,H,, Refractive index 
CHSNOa in required to titrate of the resultant 

original binary 1 g of binary solution 

91.31 0.0886 1.3888 
82.04 0.1336 1.4000 
72.93 0.2257 1.4096 
62.33 0.4200 1.4191 
49,73 0.7767 1.4260 

Solutions of benzene + cyclohexane titrated with nitromethane 

Weight % Weight of CH,NO, Refractive index 
CBHla in required to titrate of the resultant 

original binary 1 g of binary solution 

94.18 0.0451 1.4235 
8356 0.0764 1.4293 
67.69 0.2186 1.4322 
59.33 0.4367 1.4308 
54.06 0.6844 1.4283 

TABLEIII.-COMPARISON OF THE ACTUAL AND ESTIMATED COMPOSITION 
OF THE TERNARY MIXTURE CBHa + CgHls + CH,NO,. 

Sample 
Cyclohexane % w/w Nitromethene % w/w 

Present Estimated Present Estimated 
Titrant 

63.2 
52.6 
39.3 

29.8 

13.7 
10.7 
9.2 

62.7 
52.9 
39.1 
39.3 
304 
30.0 
13.4 
10.4 

9.6 
9.3 

12.3 
13-8 
32.4 

16.0 

62.2 
43.7 
14.8 

12.4 Nitromethane 
13.8 Nitromethane 
31.8 Nitromethane 
32.2 Cyclohexane 
16.1 Nitromethane 
16.0 Cyclohexane 
61.8 Cyclohexane 
44.1 Cyclohexane 
14.2 Nitromethane 
14.6 Cyclohexane 

DISCUSSION 

On the whole, the agreement between the actual and determined composition values (Table III) 
is good. The maximum difference is - 1% when cyclohexane is used and - 3 % when nitromethane 
is used as the titrant. The agreement between the actual value and the two sets of determined values 
for samples 3, 4 and 7 are reasonably good. 

The method of analysis is more precise and less time-consuming than the one described earlier.6 
This can be attributed to (i) the calibration curves being drawn directly from the experimental results 
and not needing any graphical treatment, and (ii) only one phase-titration being needed instead of 
the two required in the other procedure. 

The procedure does not involve a separate determination of any of the components by an inde- 
pendent method. It is extremely useful for ternary systems where chemical analysis of any of the 
components is difficult. The method has, however, the same limitations and errors as other phase- 
titrations.e 

Chemistry Department 
Indian Institute of Technology 
New Delhi-29, India 

S. K. Sum 
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Summary-A method, based on phase titration, for the analysis of 
ternary mixtures containing two mutually immiscible or partially 
miscible components is described. The method involves titrating 
a measured amount of the sample at constant temperature with one 
of the immiscible components to a turbidimetric end-point. The 
refractive index of the resultant solution (clarified by addition of 
the mutually miscible component) is determined and from the results 
the composition of the ternary mixture is estimated. The method is 
illustrated for the system consisting of benzene, cyclohexane and 
nitromethane. 

Zusammenfassnng-Beschrieben wird ein auf einer Phasentitration 
beruhendes Verfahren zur Analyse tern&r Gem&he, die zwei 
gegenseitig nicht mischbare oder teilweise mischbare Komponenten 
enthalten. Dabei wird eine abgemessene Menge der Probe bei kon- 
stanter Temperatur mit einer der nicht mischbaren Komponenten 
zum turbidimetrischen Endpunkt titriert. Der Brechungsindex der 
entstehenden Losung (gekliirt durch Zugabe der mischbaren Kom- 
ponente) wird bestimmt und aus dem Ergebnis die Zusammensetzung 
des temlren Gemisches ermittelt . Das Verfahren wird an dem System 
Benzol-Cyclohexan-Nitromethan beispielhaft erllutert. 

R&utt&Gn d&it une methode basQ sur le titrage de phase pour 
l’analyse de melanges temaires contenant deux composants non 
miscibles ou partiellement miscibles pun dans l’autre. La methode 
comprend le titrage ii temperature constante dune quantite mesun% 
de l’6chantillon avec l’un des constituants non miscibles jusqu’l point 
de fin de dosage turbidimetrique. On determine l’indice de refraction 
de la solution rBsultante (clariiiee par addition du constituant mutuelle- 
ment miscible) et l’on estime la composition du melange temaire ti 
partir des r&hats. La mdthode est illustr&e par le systemeconstitue de 
benzene, cyclohexane et nitromethane. 
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Simple spectrophotometric method for determination of zirconium 

or hafnium in selected molybdenum-base alloys 

(Received 13 September 1971. Accepted 2 November 1971) 

ARSANAZO III (1,8-dihydroxynaphthalene-3,6-disulpho-2,7-bis(azo-2)-phenylarsonic acid) gives 
marked colour reactions with a number of elements. The high stability of the metal complexes permits 
the elements to be photometrically determined in strongly acidic media, which eliminates partial 
hydrolysis of certain elements. A high degree of selectivity is attained when determining the quadri- 
valent elements, zirconium and hafnium, in strongly acidic media, 9M hydrochloric acid. 

It has been reported that no colour reactions with Arsenazo III are observed for elements having 
cations of radius less than 0.7-O-8 A. The ionic radii, in A, for those elements that might be com- 
ponents of molybdenum-base alloys are Cr 0.52, Fe 0.64, MO 0.62, Ni 0.69, Re 0.56. Ta 0.68, Ti 0.68, 
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Analysis by phase-titration of three-component systems containing two mutually 

immiscible or partially miscible components 

(Received 30 August 1971. Accepted 1 November 1971) 

THE PRxNCIPLJ3 of phase-titration8 has been used to determine the composition of a large number of 
binary solution8 of organic 1 liquids. - 6 SurP ha8 developed a phase titration procedure for the 
analysis of ternary mixture8 containing two mutually immiscible or partially miscible components. 
The method is useful for systems where chemical determination of any of the components is difllcult. 

In the present communication, another phase-titration method is described, which can be used to 
analyse one-phase ternary mixtures containing two mutually immiscible or partially miscible corn- 
ponents, without separate determination of any component. The method involves titrating a measured 
amount of the ternary mixture at constant temperature with one of the immiscible components until 
a second phase just appears. The refractive index (a physical property which can be quickly measured) 
of the resultant solution on the binodal curve is then measured, and the complete composition of 
the ternary mixture is calculated. 

THEORY 

A ternary phase-diagram for a system containing A, B and C where B and C are mutually im- 
miscible and A is miscible with both B and C in all proportions is shown in Fig. 1. Solutions repre- 
sented by a point on or below the binodal curve are heterogeneous and turbid. At constant 
temperature, the position of the binodal line is fixed for a given ternary mixture, and serves as a refer- 
ence line in the procedure described below. 

A set ofbinary solutions of A and B, richer in B and of known composition is prepared by weight 
and titrated with C until a permanent turbidity appears. The resultant ternary solution is then 
weighed to determine the weight of the titrant added. The turbid solution is clarified by adding a 
drop of two of A and the refractive index is measured. Two calibration curves are then drawn indi- 
cating (a) the weight of C required to produce turbidity in 1 g of the binary solution, and (b) the 
refractive index as a function of original binary composition. The procedure is repeated for binary 
solutions of A and C, richer in C, and another pair of calibration curves is drawn for B as the titrant. 

FIG. I.-Ternary miscibility diagram showing regions suitable for phase-titration 
analysis. 
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The dual set of calibrations is necessary because sometimes only one of the two titrants will give a 
satisfactory end-point (see below). 

To analyse a homogeneous mixture of A, B and C, two samples of known weight are titrated, one 
with B and the other with C to bring the composition on to the binodal curve.* The solution is 
weighed, clarified by adding a drop of A, and its refractive index measured. 

With C used as the titrant, a refractive index value corresponding to y% B signifies the ratio of 
A:B in the original ternary mixture to be (100 - y):~ (during titration with C, the ratio remains 
unchanged). From the calibration curve, the weight of C required to titrate 1 g of a binary mixture of 
A and B in the same ratio as in the sample is found (z g). This means that (1 + z) g of the turbid 
solution (obtained by titration with C) contains (100 - y)/lOO, y/l00 and z g of A, B and C respec- 
tively. If x g is the weight C required to titrate 1 g of the original ternary mixture to this point on 
the binodal curve, the composition of the sample is given by A = (100 - y)(l + x)/(1 + z)%; 
B = ~(1 + x)/(1 + z)%, and C = lOO(z - x)/(1 + z)%. The calculation is similar when B is 
used as the titrant. 

In some cases, the refractive index calibration plot show a maximum or minimum, so two com- 
position values can correspond to a single refractive index value. To find which one refers to the 
actual composition, a small amount of B or C is added, the solution is clarified with A, and the 
direction of shift of refractive index is observed. 

Ternary solutions with composition represented by a point anywhere in areas BKCL or BKCN 
will yield a turbidimetric end-point on titration with B and C respectively. If the composition of the 
ternary lies outside BKCNML, the area defined by the tangents and the binodal curve, it will not 
yield any turbidimetric end-point on titration with either B or C. In such cases, a sufficient and 
known weight of B or C is added to a known weight of the ternary, to bring its composition into one 
of the &ratable regions BKCL or BKCN.O 

The method is illustrated for the ternary system benzene, cyclohexane and nitromethane, the 
system used to illustrate the method described ear1ier.O 

EXPERIMENTAL 

The solvents were purified according to established procedures. a*1 Densities and refractive index 
values for the liquids used are recorded in Table I along with the literature values for comparison.* 
The experimental details of the titration and the apparatus have been described earlier.” 

Calibration curves were prepared, as outlined under Theory, for benzene-nitromethane mixtures 

TABLE l.-SOME PHYSICAL PROPERTIES OF SOLVENTS USED AT 30°C 

Density, g/ml 

Present Literature 
work valuer** 

Refractive index 

Present Literature 
work value’** 

Benzene O-8685 0.8685 14945 1.4948 

Cyclohexane 0.7694 07690 1.4205 l-4208* 

Nitromethane 1.1239 1.1245 1.3770 1.3771* 

l Values extrapolated to 30°C. 

titrated with cyclohexane, and for benzen-yclohexane mixtures titrated with nitromethane. The 
experimental values are given in Table II. 

To illustrate the method, over the entire one-phase region of the system, seven synthetic ternary 
mixtures were prepared and analysed. The results obtained are compared with the actual com- 
position values in Table III. 

Samples 1 and 2 gave turbidimetric end-points with nitromethane, 5 and 6 with cyclohexane, 
3 with both, and 4 and 7 with neither. Two sets of each of samples 4 and 7 were diluted with about 
the same weight of nitromethane or cyclohexane (uide ref. 7) and the resulting solutions titrated with 
cyclohexane or nitromethane respectively. The refractive indices of all the titrated solutions were 
measured and the weight ratios benzene:nitromethane in samples 3, 5, 6 and the solutions obtained 
by diluting samples 4 and 7 with nitromethane were computed from the calibration curves. The 
weight ratios benzene:cyclohexane in samples 1,2,3 and the solutions obtained by diluting samples 
4 and 7 with cyclohexane were similarly calculated. 

* The selection of the titrant depends on the composition of the ternary to be titrated.* Some 
samples yield turbidity with B, some with C, some with both and some with neither.# 
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TABLEIT.-EXPERIMENTAL DATA FOR CALIBRATION CURVES FOR THE 
SYSTEM C,H&,H,,-CH,NO, AT 30°C. 

Solutions of benzene + nitromethane titrated with cyclohexane 

Weight % Weight of C,H,, Refractive index 
CHSNOa in required to titrate of the resultant 

original binary 1 g of binary solution 

91.31 0.0886 1.3888 
82.04 0.1336 1.4000 
72.93 0.2257 1.4096 
62.33 0.4200 1.4191 
49,73 0.7767 1.4260 

Solutions of benzene + cyclohexane titrated with nitromethane 

Weight % Weight of CH,NO, Refractive index 
CBHla in required to titrate of the resultant 

original binary 1 g of binary solution 

94.18 0.0451 1.4235 
8356 0.0764 1.4293 
67.69 0.2186 1.4322 
59.33 0.4367 1.4308 
54.06 0.6844 1.4283 

TABLEIII.-COMPARISON OF THE ACTUAL AND ESTIMATED COMPOSITION 
OF THE TERNARY MIXTURE CBHa + CgHls + CH,NO,. 

Sample 
Cyclohexane % w/w Nitromethene % w/w 

Present Estimated Present Estimated 
Titrant 

63.2 
52.6 
39.3 

29.8 

13.7 
10.7 
9.2 

62.7 
52.9 
39.1 
39.3 
304 
30.0 
13.4 
10.4 

9.6 
9.3 

12.3 
13-8 
32.4 

16.0 

62.2 
43.7 
14.8 

12.4 Nitromethane 
13.8 Nitromethane 
31.8 Nitromethane 
32.2 Cyclohexane 
16.1 Nitromethane 
16.0 Cyclohexane 
61.8 Cyclohexane 
44.1 Cyclohexane 
14.2 Nitromethane 
14.6 Cyclohexane 

DISCUSSION 

On the whole, the agreement between the actual and determined composition values (Table III) 
is good. The maximum difference is - 1% when cyclohexane is used and - 3 % when nitromethane 
is used as the titrant. The agreement between the actual value and the two sets of determined values 
for samples 3, 4 and 7 are reasonably good. 

The method of analysis is more precise and less time-consuming than the one described earlier.6 
This can be attributed to (i) the calibration curves being drawn directly from the experimental results 
and not needing any graphical treatment, and (ii) only one phase-titration being needed instead of 
the two required in the other procedure. 

The procedure does not involve a separate determination of any of the components by an inde- 
pendent method. It is extremely useful for ternary systems where chemical analysis of any of the 
components is difficult. The method has, however, the same limitations and errors as other phase- 
titrations.e 

Chemistry Department 
Indian Institute of Technology 
New Delhi-29, India 

S. K. Sum 
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Summary-A method, based on phase titration, for the analysis of 
ternary mixtures containing two mutually immiscible or partially 
miscible components is described. The method involves titrating 
a measured amount of the sample at constant temperature with one 
of the immiscible components to a turbidimetric end-point. The 
refractive index of the resultant solution (clarified by addition of 
the mutually miscible component) is determined and from the results 
the composition of the ternary mixture is estimated. The method is 
illustrated for the system consisting of benzene, cyclohexane and 
nitromethane. 

Zusammenfassnng-Beschrieben wird ein auf einer Phasentitration 
beruhendes Verfahren zur Analyse tern&r Gem&he, die zwei 
gegenseitig nicht mischbare oder teilweise mischbare Komponenten 
enthalten. Dabei wird eine abgemessene Menge der Probe bei kon- 
stanter Temperatur mit einer der nicht mischbaren Komponenten 
zum turbidimetrischen Endpunkt titriert. Der Brechungsindex der 
entstehenden Losung (gekliirt durch Zugabe der mischbaren Kom- 
ponente) wird bestimmt und aus dem Ergebnis die Zusammensetzung 
des temlren Gemisches ermittelt . Das Verfahren wird an dem System 
Benzol-Cyclohexan-Nitromethan beispielhaft erllutert. 

R&utt&Gn d&it une methode basQ sur le titrage de phase pour 
l’analyse de melanges temaires contenant deux composants non 
miscibles ou partiellement miscibles pun dans l’autre. La methode 
comprend le titrage ii temperature constante dune quantite mesun% 
de l’6chantillon avec l’un des constituants non miscibles jusqu’l point 
de fin de dosage turbidimetrique. On determine l’indice de refraction 
de la solution rBsultante (clariiiee par addition du constituant mutuelle- 
ment miscible) et l’on estime la composition du melange temaire ti 
partir des r&hats. La mdthode est illustr&e par le systemeconstitue de 
benzene, cyclohexane et nitromethane. 

REFERENCES 
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Simple spectrophotometric method for determination of zirconium 

or hafnium in selected molybdenum-base alloys 

(Received 13 September 1971. Accepted 2 November 1971) 

ARSANAZO III (1,8-dihydroxynaphthalene-3,6-disulpho-2,7-bis(azo-2)-phenylarsonic acid) gives 
marked colour reactions with a number of elements. The high stability of the metal complexes permits 
the elements to be photometrically determined in strongly acidic media, which eliminates partial 
hydrolysis of certain elements. A high degree of selectivity is attained when determining the quadri- 
valent elements, zirconium and hafnium, in strongly acidic media, 9M hydrochloric acid. 

It has been reported that no colour reactions with Arsenazo III are observed for elements having 
cations of radius less than 0.7-O-8 A. The ionic radii, in A, for those elements that might be com- 
ponents of molybdenum-base alloys are Cr 0.52, Fe 0.64, MO 0.62, Ni 0.69, Re 0.56. Ta 0.68, Ti 0.68, 
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V 059. Zirconium has been photometrically determined in uranium with Arsenazo III. The zirco- 
nium was removed by solvent extraction before formation of the Zr-Arsenazo III complex in 6M 
hydrochloric acid. Molybdenum does not form a coloured complex with Arsenazo III, so direct 
photometric measurement of the Zr or Hf complex, without prior separation, was thought to be 
feasible. 

EXPERIMENTAL 
Reagents 

Hydrochloric acid, cont. and 9M. 
Nitric acid, cont. 
Arsenazo III solution, O-10 %. Dissolve 100 mg of reagent in 100 ml of water containing 05 ml of 

5 % sodium carbonate solution. 
Zirconium, standard solution. Dissolve l-021 g of reactor-grade zirconium in 6M hydrochloric 

acid, with dropwise addition of the minimum of hydrofluoric acid necessary. Evaporate to dryness, 
then add hydrochloric acid. Repeat this twice more and finally dissolve the residue in 9M hydrochloric 
acid and dilute to 500 ml in a standard flask with that acid. Standardize by the mandelic acid method, 
igniting to ZrO,. Prepare working standards by dilution with 9M hydrochloric acid. 

Hafnium, standard solution. Oxidize 0.498 g of hafnium (99.8 % pure, low zirconium content) to 
HfO, at 800”. Fuse the oxide with 2 g of sodium carbonate/sodium borate flux (1 :l). Dissolve in 9M 
hydrochloric acid, transfer to a 500 ml volumetric flask and dilute to volume with 9M hydrochloric 
acid. Standardize by precipitation with mandelic acid and ignition to HfO,. Prepare working 
solutions by dilution with 9M hydrochloric acid. 

Molybdenum solution. Prepared by dissolving 2 g of molybdenum in nitric acid, and evaporating 
repeatedly with hydrochloric acid a minimum of three times to remove nitrate. Take up the 

0.50 

0.45 

040 

i A 

A Zr 

0.35 

Wavelength, nm 

FIG. I.-Absorption spectra of I. Zr-Arsenazo III (30 pg Zr, 4 ml g 0.01% Arsenazo 
III, 59 ml 9M hydrochloric acid; II, Hf-Arsenazo III (as for I, but 20 rg I-If instead of 

Zr); A, reagent blank (as for I, but without Zr). 
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TABLE I.-D~WNATION OF zmm~u~ IN MOLYBDENUM ALLOYS 

Alloy 
Composition, % 

Ti Zr Re 
Sample, 

mg 

Zr found, 
% 

Certificate or 
other value, 

Zr, % 

TZM* 0.5 0.10 - 50 0.090$, 0.086,; 
0*088,$ o*ossg 

E 
0.092,: OQ92§ 0*090* 
O-092,$ 0*092$ 

MoReTiZr 1.1 0.12 6.6 19 0.116, 0.116, 0*120f 
0.116 

29 0.116, 0.116, 
0.116 

10 0.119, 0.119, 
0.119 

* Materials Advisory Board sample and result.* 
$ l-cm cell. 
0 j-cm cell. 
t Gravimetric. 

TABLEII.-DBTER~(INATION OF HAFNIUM IN MOLYBDENUM-HAFNIUM-CARBON ALLOYS 

Certificate or 
Sample, other value, 

Alloy mg Hf found, % Hf, % 

MHC-20 - O-176,0.169 0.167* 
MHC-23 - 0.760, 0.774 0.725* 
MHC-24 - 1.06, 1.09 1*08* 
MHC-36 4 O-312,0.312 0.312t 

6 0.325, 0.325, O-313, 0.313, O-313 
8 0.313, 0.313 

MHC-37 4 0.437, o-437.0.437, 0.437 0.4387 
6 0.433, 0.433,0*425,0*425, 0*425,0442, 0442 

MHC-391 2 l-25, 1.25, 1.25, l-30, 1.30 1.22t 
4 l-20, 1.20, 1.20, 1.27, 1.27, 1.27, 1.23, 1.23, 1.23 

* X-ray fluorescence. 
t Gravimetric. 

residue with 9M hydrochloric acid, transfer to a 200 ml volumetric flask andmake up to volume with 
9M hydrochloric acid. 

Rhenium solution. Prepared by fusing 2 g of rhenium with 5 g of potassium carbonate. Dissolve 
the clear melt in hydrochloric acid, transfer to a 200 ml volumetric flask and make up to volume 
with 9M hydrochloric acid. 

Absorption spectra The absorption spectra of Arsenazo III and its Zr and Hf complexes showed 
a well-defined peakat 670 nm for the complexes. 
wavelength (Fig. 1). 

The reagent had a low absorption at this 

Solutions of Zr and Hf. at concentrations up to 1 rg/ml, were reacted with Arsenazo III at three 
hydrochloric acid concentrations, 2.76, 5.52, and 8.28M. The absorbances showed that sensitivity 
increased with hydrochloric acid concentration, and a concentration of 8.3M hydrochloric acid was 
chosen for high sensitivity. 

A calibration curve was prepared, standard Zr solution being added to a 50-ml volumetric flask 
containing 25 ml of 9h4 hydrochloric acid, followed by addition of 4 ml of Arsenazo III solution and 
dilution to 50 ml with the acid. The absorbance was measured at 670 nm in a l-cm cell and corrected 
for the blank. Beer’s law was obeyed up to 20 rg of zirconium. Addition of 10 mg of molybdenum, 
10 mg of rhenium, or 1 mg of titanium did not affect the calibration curve. 

Calibration curves for 10 pg of zirconium in 50 ml of final solution, similarly prepared, were 
equally satisfactory, either 2-cm or j-cm cells being used. 

Similar results were obtained for hafnium by the same procedure, for the O-50 and O-10 pg ranges. 
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Procedure 

Weigh a sample of a size based on the expected homogeneity of the alloy, place it in a 250-ml 
beaker, dissolve it in uquu regiu, then remove the cover glass and evaporate to dryness under infrared 
drying lamps. Cool, add 20 ml of cont. hydrochloric acid, rinse down the sides of the beaker and 
again~vaporate to dryness under the lamps: 
removal of nitrate. 

Repeat this operation at least twice more for the complete 
Cool. add 20-30 ml of 9M hvdrochloric acid to dissolve the metal salts. transfer 

the sample solution to a suitable volumetric flask, dilute to volume with 9M hydrochloric acid and 
mix thoroughly. Transfer a suitable aliquot containing not more than 20 pg of zirconium or 50 pg of 
hafnium to a 50 ml volumetric flask containing 25 ml of 9M hvdrochloric acid. Prenare a similar 
reagent blank. Add 4 ml of Arsenazo III sol&on to each flask, dilute to volume w&h 9M hydro- 
chloric acid, mix, measure the absorbance for samples and the blank. Apply the blank correction. 

RESULTS 

The procedure was applied to four molybdenum alloys, with the results shown in Tables I and II. 
The results show good agreement with accepted values, and are reproducible. The method is simple 
and no prior separation is necessary. The relative standard deviation ranges from 1.3 to 2.7 %. 

National Aeronautics and Space Administration WILLIAM A. DUPRAW 
Lewis Research Center 
Cleveland, Ohio 44135, U.S.A. 

Summary-A simple analytical procedure is described for determining 
zirconium or hafnium in molybdenum-base alloys by formation of the 
Arsenazo III complex of zirconium or hafnium in 9M hydrochloric 
acid medium. The absorbance is measured at 670 nm. Molybdenum 
(10 mg), titanium (1 mg), and rhenium (10 mg) have no adverse effect. 
No prior separation is needed. The relative standard deviation is 
1.3-i-7 %. a 

Zusammenfaasung-Ein einfaches analytisches Verfahren zur Bestim- 
mune von Zirkonium oder Hafnium in Leaierungen auf Molvbdan- 
grunvdlage wird beschrieben. Es beruht auf dir Bildung des Komplexes 
von Zirkonium oder Hafnium mit Arsenazo III in 9 M Salzsaure. Die 
Extinktion wird bei 670 nm gemessen. 10 mg Molybdln, 1 mg Titan 
und 10 mg Rhenium stiiren nicht. Es ist keine vorhergehende Abtren- 
nung notwendig. Die relative Standardabweichtmg betragt 1,3-2,7 %. 

R&m&Gn decrit une technique analytique simple pour le dosage du 
zirconium ou du hafnium dans les alliages a base de molybdene par 
formation du complexe Arsenazo III du zirconium ou du hafnium en 
milieu acide chlorhydrique 9M. On mesure l’absorption 1 670nm. 
Le molybdene (10 mg), le titane (1 mg) et le rhenium (10 mg) n’ont 
pas d’effet dtfavorable. Une separation prealable n’est pas necessaire. 
L’ecart type relatif est 1,3-2,7 %. 

REFERENCES 
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Qualitative identification of alloys by energy-dispersive X-ray spectroscopy* 

(Received 23 September 1971. Accepted 14 November 1971) 

ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDXS) has been advancing rapidly in recent years, largely 
on account of the development of high-resolution semiconductor detectors and the increasing avail- 
ability of radioisotopic sources suitable for use in excitation. The use of this technique for quantitative 

+ This work was supported by the United States Atomic Energy Commission. 
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marked colour reactions with a number of elements. The high stability of the metal complexes permits 
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valent elements, zirconium and hafnium, in strongly acidic media, 9M hydrochloric acid. 
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hydrochloric acid. Molybdenum does not form a coloured complex with Arsenazo III, so direct 
photometric measurement of the Zr or Hf complex, without prior separation, was thought to be 
feasible. 
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acid and dilute to 500 ml in a standard flask with that acid. Standardize by the mandelic acid method, 
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Hafnium, standard solution. Oxidize 0.498 g of hafnium (99.8 % pure, low zirconium content) to 
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FIG. I.-Absorption spectra of I. Zr-Arsenazo III (30 pg Zr, 4 ml g 0.01% Arsenazo 
III, 59 ml 9M hydrochloric acid; II, Hf-Arsenazo III (as for I, but 20 rg I-If instead of 

Zr); A, reagent blank (as for I, but without Zr). 
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TABLE I.-D~WNATION OF zmm~u~ IN MOLYBDENUM ALLOYS 

Alloy 
Composition, % 

Ti Zr Re 
Sample, 

mg 

Zr found, 
% 

Certificate or 
other value, 

Zr, % 

TZM* 0.5 0.10 - 50 0.090$, 0.086,; 
0*088,$ o*ossg 

E 
0.092,: OQ92§ 0*090* 
O-092,$ 0*092$ 

MoReTiZr 1.1 0.12 6.6 19 0.116, 0.116, 0*120f 
0.116 

29 0.116, 0.116, 
0.116 

10 0.119, 0.119, 
0.119 

* Materials Advisory Board sample and result.* 
$ l-cm cell. 
0 j-cm cell. 
t Gravimetric. 

TABLEII.-DBTER~(INATION OF HAFNIUM IN MOLYBDENUM-HAFNIUM-CARBON ALLOYS 

Certificate or 
Sample, other value, 

Alloy mg Hf found, % Hf, % 

MHC-20 - O-176,0.169 0.167* 
MHC-23 - 0.760, 0.774 0.725* 
MHC-24 - 1.06, 1.09 1*08* 
MHC-36 4 O-312,0.312 0.312t 

6 0.325, 0.325, O-313, 0.313, O-313 
8 0.313, 0.313 

MHC-37 4 0.437, o-437.0.437, 0.437 0.4387 
6 0.433, 0.433,0*425,0*425, 0*425,0442, 0442 

MHC-391 2 l-25, 1.25, 1.25, l-30, 1.30 1.22t 
4 l-20, 1.20, 1.20, 1.27, 1.27, 1.27, 1.23, 1.23, 1.23 

* X-ray fluorescence. 
t Gravimetric. 

residue with 9M hydrochloric acid, transfer to a 200 ml volumetric flask andmake up to volume with 
9M hydrochloric acid. 

Rhenium solution. Prepared by fusing 2 g of rhenium with 5 g of potassium carbonate. Dissolve 
the clear melt in hydrochloric acid, transfer to a 200 ml volumetric flask and make up to volume 
with 9M hydrochloric acid. 

Absorption spectra The absorption spectra of Arsenazo III and its Zr and Hf complexes showed 
a well-defined peakat 670 nm for the complexes. 
wavelength (Fig. 1). 

The reagent had a low absorption at this 

Solutions of Zr and Hf. at concentrations up to 1 rg/ml, were reacted with Arsenazo III at three 
hydrochloric acid concentrations, 2.76, 5.52, and 8.28M. The absorbances showed that sensitivity 
increased with hydrochloric acid concentration, and a concentration of 8.3M hydrochloric acid was 
chosen for high sensitivity. 

A calibration curve was prepared, standard Zr solution being added to a 50-ml volumetric flask 
containing 25 ml of 9h4 hydrochloric acid, followed by addition of 4 ml of Arsenazo III solution and 
dilution to 50 ml with the acid. The absorbance was measured at 670 nm in a l-cm cell and corrected 
for the blank. Beer’s law was obeyed up to 20 rg of zirconium. Addition of 10 mg of molybdenum, 
10 mg of rhenium, or 1 mg of titanium did not affect the calibration curve. 

Calibration curves for 10 pg of zirconium in 50 ml of final solution, similarly prepared, were 
equally satisfactory, either 2-cm or j-cm cells being used. 

Similar results were obtained for hafnium by the same procedure, for the O-50 and O-10 pg ranges. 
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Procedure 

Weigh a sample of a size based on the expected homogeneity of the alloy, place it in a 250-ml 
beaker, dissolve it in uquu regiu, then remove the cover glass and evaporate to dryness under infrared 
drying lamps. Cool, add 20 ml of cont. hydrochloric acid, rinse down the sides of the beaker and 
again~vaporate to dryness under the lamps: 
removal of nitrate. 

Repeat this operation at least twice more for the complete 
Cool. add 20-30 ml of 9M hvdrochloric acid to dissolve the metal salts. transfer 

the sample solution to a suitable volumetric flask, dilute to volume with 9M hydrochloric acid and 
mix thoroughly. Transfer a suitable aliquot containing not more than 20 pg of zirconium or 50 pg of 
hafnium to a 50 ml volumetric flask containing 25 ml of 9M hvdrochloric acid. Prenare a similar 
reagent blank. Add 4 ml of Arsenazo III sol&on to each flask, dilute to volume w&h 9M hydro- 
chloric acid, mix, measure the absorbance for samples and the blank. Apply the blank correction. 

RESULTS 

The procedure was applied to four molybdenum alloys, with the results shown in Tables I and II. 
The results show good agreement with accepted values, and are reproducible. The method is simple 
and no prior separation is necessary. The relative standard deviation ranges from 1.3 to 2.7 %. 

National Aeronautics and Space Administration WILLIAM A. DUPRAW 
Lewis Research Center 
Cleveland, Ohio 44135, U.S.A. 

Summary-A simple analytical procedure is described for determining 
zirconium or hafnium in molybdenum-base alloys by formation of the 
Arsenazo III complex of zirconium or hafnium in 9M hydrochloric 
acid medium. The absorbance is measured at 670 nm. Molybdenum 
(10 mg), titanium (1 mg), and rhenium (10 mg) have no adverse effect. 
No prior separation is needed. The relative standard deviation is 
1.3-i-7 %. a 

Zusammenfaasung-Ein einfaches analytisches Verfahren zur Bestim- 
mune von Zirkonium oder Hafnium in Leaierungen auf Molvbdan- 
grunvdlage wird beschrieben. Es beruht auf dir Bildung des Komplexes 
von Zirkonium oder Hafnium mit Arsenazo III in 9 M Salzsaure. Die 
Extinktion wird bei 670 nm gemessen. 10 mg Molybdln, 1 mg Titan 
und 10 mg Rhenium stiiren nicht. Es ist keine vorhergehende Abtren- 
nung notwendig. Die relative Standardabweichtmg betragt 1,3-2,7 %. 

R&m&Gn decrit une technique analytique simple pour le dosage du 
zirconium ou du hafnium dans les alliages a base de molybdene par 
formation du complexe Arsenazo III du zirconium ou du hafnium en 
milieu acide chlorhydrique 9M. On mesure l’absorption 1 670nm. 
Le molybdene (10 mg), le titane (1 mg) et le rhenium (10 mg) n’ont 
pas d’effet dtfavorable. Une separation prealable n’est pas necessaire. 
L’ecart type relatif est 1,3-2,7 %. 
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Qualitative identification of alloys by energy-dispersive X-ray spectroscopy* 

(Received 23 September 1971. Accepted 14 November 1971) 

ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDXS) has been advancing rapidly in recent years, largely 
on account of the development of high-resolution semiconductor detectors and the increasing avail- 
ability of radioisotopic sources suitable for use in excitation. The use of this technique for quantitative 
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Procedure 
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analysis involves inherent difficulties, one of the main problems being differences in matrix effects 
when samples and standards are not identical in chemical and physical characteristics. However, 
there are means whereby these problems may be minimized. 1~ The literature contains numerous 
paper+” on the technique, the application to quantitative analyses, and descriptions of radio- 
isotope source assemblies. Therefore, the theory of the method and the varied applications will not 
be presented here. 

The application of EDXS to qualitative analysis is relatively rapid and generally straightforward. 
The Ku and KB or La. LB. and LY veaks obtained exnerimentallv can be comoared with the corre- 
sponding peaks obtained’from standards or with tabulated values: to obtain qualitative identification. 
By use of a source which emits photons with a definite maximum energy, either in the form of X-rays, 
gamma-rays or bremsstrahlung, the range of elements which can be excited and caused to emit char- 
acteristic X-rays can be controlled. There are a number of commercially available radioisotopic 
sources and required sources that are not available can be prepared. The sensitivity, which is depend- 
ent on a number of parameters such as matrix, atomic number and excitation source, is in the range 
from parts per thousand to parts per million for most elements. For 18 > Z > 10, the use of helium or 
vacuum, rather than air, in the apparatus is necessary. Elements with Z < 10 are not directly de- 
tectable by this technique. 

In an analytical laboratory, the use of EDXS for qualitative analysis can relieve the sample load 
on other methods such as emission spectroscopy. Since these other techniques are capable of identify- 
ing specific alloys, full utilization of EDXS should include qualitative identification of alloys. 

Although Sellers and Brinkerhoff 1a have suggested a technique for alloy sorting which uses 
energy filters and multiple counts, the method described in this paper requires only one sample 
counting and no filters are needed. The experimental results are incorporated with specification data 
in a graph which permits unique identification of a specific alloy within an alloy type. 

EXPERIMENTAL 

A Nuclear Diodes EDXS system, Model XS-25-240-DSS, was used in this work. The Si(Li) 
detector was 25 mmp x 3 mm and had a 2-mil beryllium window. The signals were passed through 
an amplifier into a TMC 404C analyser. The system resolution was <300 eV FWHM (full peak 
width at half the maximum peak height) for the 6.4 keV Ka X-rays of iron. 

Samples were supported on a Mylar film stretched across a Nuclear Diodes Model XFS-1 source- 
holder. The sources were mounted in the holder such that line of sight between the source and 
sample was at 45” to the axis defined by the sample and detector. The holder shielded the detector 
from direct bombardment by the source and also served to collimate the X-rays generated in the 
sample. 

Excitation 

Samples were placed by hand in the centre of the Mylar film as reproducibly as possible. *%4m 
and lo°Cd sources were used individually for excitation of the characteristic X-ray lines of the samoles. 
Accumulation of the spectra was for either 1 or 4 min, depending on the size of the samples and the 
intensity of the X-ravs produced. The areas under the individual neaks of interest were obtained bv 
integraiion with a TkC Resolver/Integrator unit. 

I , 

Samples 

The samples used in this work were NBS SRM brass standards (standards C1103-C1119), lead- 
tin solder spectrochemical standards obtained from Morris P. Kirk Co. (standard numbers 527-585), 
analysed stainless steel (austenitic) from Armco Steel Co., Rustless Division and a gold-silver 
alloy series prepared in this laboratory and analysed by standard wet chemical procedures. 

RESULTS AND DISCUSSION 

In the case of the brass samples, the areas under the Ka peaks of copper and zinc were obtained 
for each sample. The logarithm of the ratio of these two numbers was defined as log(Cu/Zn), meas- 
ured. From the standard specification sheet, the logarithm of the percentage ratio of copper to zinc 
was found and defined as log(Cu/Zn), specification. Figure 1 illustrates a plot of log(Cu/Zn), speci- 
fication vs. log(Cu/Zn), measured for several common brasses. In the case of the lead-tin solders, 
the areas under the LB peak of lead and the Ka peak of tin were obtained. and the loearithms of the 
measured and specification ratios of lead/tin were plotted and are also shown in fig. 1. The Ka 
peak of silver and the LB peak of gold were used to obtain a similar plot for the gold-silver alloy. 

Each set of points exhibits a definite trend which can be approximated by a smooth curve. The 
scatter about the line can perhaps be explained by different counting efficiencies for different X-ray 
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FIG. 1.-A plot of lo&M/N), measured, us. lo&M/N), specification, for series of 
brass alloys, solders alloys and Ag-Au alloys illustrating that individual alloys can be 

identified by energy-dispersive X-ray spectroscopy. 

fluxes, by differential absorption of X-rays in the sample as a function of X-ray energy, by fluorescence 
or absorption by trace elements, or by inhomogeneity in the sample. Since there is no requirement 
that the points fit a particular type of curve, this scatter does not invalidate the technique. The im- 
portant fact is that each point represents a specitlc alloy and is a function only of the composition 
of the sample. 

The reason for plotting ratios of elements is that this minimizes differences due to any physical 
discrepancies between one sample and another, e.g., comparison of a small sample to a large sample, 
a smooth to a rough sample; also, it normalizes experimental irregularities such as differences in, 
counting times between samples.*-6 This emphasises the fact that each point is a function, primarily 
of the composition of the sample and not of its physical features. 

There are cases where two alloys may have almost identical major element composition and in 
the plot their points may be so close together that it is ditbcult to distinguish between them. Two 
examples of this are shown in the brass plot in the log(M/N), measured, region from -0.05 to -0.09 
and in the log(M/N), specitication, region from -0.2 to -0.3. However, in both cases one of the 
brasses is free-machining and has a lead content that is 20-30 times higher than that in the non-free- 
machining brass, represented by the adjoining point. The L series lines of lead in the case of the high 
lead-content alloys (free-machining) can easily be seen and thereby it is easy to distinguish between 
them and the adjoining low lead-content alloys. A somewhat similar occurrence is apparent at the 
top of the solder alloy points-two alloys are very close to one another. In this case, one of the alloys 
has 10 times the amounts of Cu, Sb, Ag and Bi that the other alloy has. Thus, characteristic X-ray 
lines of one or more of these elements are apparent for one alloy, but not for the other; therefore, 
the two alloys can be distinguished. 

Although the applicability of this technique to a variety of alloy systems can be visualized, 
caution must be exercised in some cases. For example, a variation of the method can be used super- 
ficially for stainless steels. In ternary or more complex alloys, some measure must be made of all 
major elements to ensure that they are within specification. However, it would be preferred if 
the advantage could be retained of a data point representing the chemical composition of a sample, 
independent of physical characteristics such as size or surface finish. For ternary systems such as 
stainless steel (Fe, Cr, Ni), this can be accomplished by plotting ratios of two of the elements to the 
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FIG. 2.-A plot of Fe/Ni us. Fe/Cr ratios for stainless steels as determined by energy- 
dispersive X-ray spectroscopy illustrating that analysed steel alloys can be identitied. 
The rectangles represent the variation in Cr and Ni contents that can be present in 

actual steel samples, Types 302 and 309 stainless steels, in this case. 

third used as a normalizing factor. Figure 2 illustrates such a plot where the areas under the character- 
istic Ka peaks for iron, chromium and nickel were obtained, the ratios Fe/Ni and Fe/Cr were deter- 
mined and then plotted vs. each other. The point of this discussion is that, whereas analysed 
standards provide point plots, complex alloys such as stainless-steel samples yield area plots because 
the specifications for stainless steels do not specify a single percentage for iron, chromium or nickel. 
Rather, the specifications define ranges; e.g., for an AISI Type 302 stainless steel, the chromium 
content must be between 17.00 and 19*00%, the nickel between 8.00 and 1000%. there am maxima 
of 1.00 % Si, 2.00 % Mn and 0.15 % C and the remainder is iron. Because of this, the Fe/Cr and Fe/Ni 
ratios can vary over an appreciable rang-this range is designated for the Type 302 and 309 stainless 
steels by the rectangles in Fig. 2. Obviously, there is a great deal of overlapping than can occur among 
the various steels. Therefore, although it is possible to distinguish between a Type 304 steel and a 
Type 309, caution must be exercised in distinguishing between Types 304 and 347 (the presence of 
niobium would identify the Type 347). Other analytical techniques suffer from these overlapping 
compositions and experience difficulty in qualitatively characterizing a steel. Certainly, EDXS can 
distinguish between the various series of stainless steels since the chromium and nickel contents are 
quite different; this frequently is all the distinction necessary in production control. 

The possible applications of this technique are numerous and include verification of composition 
on production lines, in stock control to ensure no mix-up in the inventory and in general laboratory 
work to identify the type of alloy in question. The last two uses have frequently been used in the 
authors’ laboratory. Two of the outstanding advantages of this technique are the speed of identitic- 
ation and the ease with which the equipment can be operated. 
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preparing the Ag-Au alloy standards, to R. G. Dosch for the chemical analysis of the Ag-Au alloy 
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Summary-Energy dispersive X-ray spectroscopy can be used to 
identifv allov tvws cmicklv and. in manv cases. to distinguish between 
alloy systems *within a c&tain~alloy type. Character&c X-rays of 
major components in an alloy are produced through excitation by an 
isotopic source. Ratios of the X-ray intensities of a pair of elements 
are plotted us. ratios of the theoretical weight fractions of these 
elements. This provides a unique data point which is a function of 
the composition of the particular alloy system. In some cases, 
characteristic X-rays of minor constituents are used for total 
identification. 

Zusammenfassung-Die Rontgenspektroskopie mit Energiedispersion 
kamr zur raschen Identifizierung von Legierungstypen und in vielen 
Fallen zur Unterscheidung zwischen Legierungssystemen innerhalb 
eines bestimmten Legierungstyps dienen. Die charakteristische 
Rontgenstrahlung der Hauptbestandteile einer Legierung wird mit 
Hilfe einer Isotopenquelle angeregt. Die Verhaltnisseder Riintgeninten- 
sit&en eines Elementpaars werden gegen die Verhlltnisse der theoreti- 
schen Gewichtsbrtiche dieser Elemente aufgetragen. Das ergibt einen 
kennzeichnenden Satz von Daten, der von der Zusammensetzung des 
jeweiligen speziellen Legierungssystems abhangt. In einigen Fallen 
werden die charakteristischen Riintgenstrahlen von Nebenbestandteilen 
fiir die Identifizierung im Ganzen herangezogen. 

R&mm&On peut utiliser la spectroscopic de rayons X li dispersion 
d’energie pour identifier rapidement des types d’alliages et, dans de 
nombreux cas, pour distinguer les systemes d’alliages a l’interieur 
d’un certain type d’alliage. Des rayons X caracteristiques des com- 
posants majeurs d’un alliage sont produits par excitation par une source 
isotopique. On Porte les rapports des intensites des rayons X d’une 
paire d’elements en fonction des rapports des fractions de poids 
theoriques de ces elements. Ceci fournit un point de don&es particuli- 
&es qui est une fonction de la composition du systbme d’alliage 
concern6 Dans quelques cas, on utilise les rayons X caracteristiques de 
constituants mineurs pour l’identification totale. 
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6-phenyl-2,3-dihydro-asym-triazine-~t~one and 5,64liphenyl-2,3- 
dihydro-asym-triazine-3-thione as gravimetric reagents for the 

determination of thallium and palladium 

(Received 27 August 1971. Accepted 18 November 1971) 

SULPHUR-CONTAINING ligands show a marked selectivity for a relatively small number of transition 
metals. In this work the analytical applications of two sulphur-containing ligands, 6-phenyl-2,3- 
dihydro-asym-triazine-3-thione (PDTT) and 5.6-diphenyl-2,3-dihydro-asym-triazine-3-thione (DDTT) 
were investigated. 
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Procedure 
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reagent blank. Add 4 ml of Arsenazo III sol&on to each flask, dilute to volume w&h 9M hydro- 
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milieu acide chlorhydrique 9M. On mesure l’absorption 1 670nm. 
Le molybdene (10 mg), le titane (1 mg) et le rhenium (10 mg) n’ont 
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analysis involves inherent difficulties, one of the main problems being differences in matrix effects 
when samples and standards are not identical in chemical and physical characteristics. However, 
there are means whereby these problems may be minimized. 1~ The literature contains numerous 
paper+” on the technique, the application to quantitative analyses, and descriptions of radio- 
isotope source assemblies. Therefore, the theory of the method and the varied applications will not 
be presented here. 

The application of EDXS to qualitative analysis is relatively rapid and generally straightforward. 
The Ku and KB or La. LB. and LY veaks obtained exnerimentallv can be comoared with the corre- 
sponding peaks obtained’from standards or with tabulated values: to obtain qualitative identification. 
By use of a source which emits photons with a definite maximum energy, either in the form of X-rays, 
gamma-rays or bremsstrahlung, the range of elements which can be excited and caused to emit char- 
acteristic X-rays can be controlled. There are a number of commercially available radioisotopic 
sources and required sources that are not available can be prepared. The sensitivity, which is depend- 
ent on a number of parameters such as matrix, atomic number and excitation source, is in the range 
from parts per thousand to parts per million for most elements. For 18 > Z > 10, the use of helium or 
vacuum, rather than air, in the apparatus is necessary. Elements with Z < 10 are not directly de- 
tectable by this technique. 

In an analytical laboratory, the use of EDXS for qualitative analysis can relieve the sample load 
on other methods such as emission spectroscopy. Since these other techniques are capable of identify- 
ing specific alloys, full utilization of EDXS should include qualitative identification of alloys. 

Although Sellers and Brinkerhoff 1a have suggested a technique for alloy sorting which uses 
energy filters and multiple counts, the method described in this paper requires only one sample 
counting and no filters are needed. The experimental results are incorporated with specification data 
in a graph which permits unique identification of a specific alloy within an alloy type. 

EXPERIMENTAL 

A Nuclear Diodes EDXS system, Model XS-25-240-DSS, was used in this work. The Si(Li) 
detector was 25 mmp x 3 mm and had a 2-mil beryllium window. The signals were passed through 
an amplifier into a TMC 404C analyser. The system resolution was <300 eV FWHM (full peak 
width at half the maximum peak height) for the 6.4 keV Ka X-rays of iron. 

Samples were supported on a Mylar film stretched across a Nuclear Diodes Model XFS-1 source- 
holder. The sources were mounted in the holder such that line of sight between the source and 
sample was at 45” to the axis defined by the sample and detector. The holder shielded the detector 
from direct bombardment by the source and also served to collimate the X-rays generated in the 
sample. 

Excitation 

Samples were placed by hand in the centre of the Mylar film as reproducibly as possible. *%4m 
and lo°Cd sources were used individually for excitation of the characteristic X-ray lines of the samoles. 
Accumulation of the spectra was for either 1 or 4 min, depending on the size of the samples and the 
intensity of the X-ravs produced. The areas under the individual neaks of interest were obtained bv 
integraiion with a TkC Resolver/Integrator unit. 

I , 

Samples 

The samples used in this work were NBS SRM brass standards (standards C1103-C1119), lead- 
tin solder spectrochemical standards obtained from Morris P. Kirk Co. (standard numbers 527-585), 
analysed stainless steel (austenitic) from Armco Steel Co., Rustless Division and a gold-silver 
alloy series prepared in this laboratory and analysed by standard wet chemical procedures. 

RESULTS AND DISCUSSION 

In the case of the brass samples, the areas under the Ka peaks of copper and zinc were obtained 
for each sample. The logarithm of the ratio of these two numbers was defined as log(Cu/Zn), meas- 
ured. From the standard specification sheet, the logarithm of the percentage ratio of copper to zinc 
was found and defined as log(Cu/Zn), specification. Figure 1 illustrates a plot of log(Cu/Zn), speci- 
fication vs. log(Cu/Zn), measured for several common brasses. In the case of the lead-tin solders, 
the areas under the LB peak of lead and the Ka peak of tin were obtained. and the loearithms of the 
measured and specification ratios of lead/tin were plotted and are also shown in fig. 1. The Ka 
peak of silver and the LB peak of gold were used to obtain a similar plot for the gold-silver alloy. 

Each set of points exhibits a definite trend which can be approximated by a smooth curve. The 
scatter about the line can perhaps be explained by different counting efficiencies for different X-ray 
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FIG. 1.-A plot of lo&M/N), measured, us. lo&M/N), specification, for series of 
brass alloys, solders alloys and Ag-Au alloys illustrating that individual alloys can be 

identified by energy-dispersive X-ray spectroscopy. 

fluxes, by differential absorption of X-rays in the sample as a function of X-ray energy, by fluorescence 
or absorption by trace elements, or by inhomogeneity in the sample. Since there is no requirement 
that the points fit a particular type of curve, this scatter does not invalidate the technique. The im- 
portant fact is that each point represents a specitlc alloy and is a function only of the composition 
of the sample. 

The reason for plotting ratios of elements is that this minimizes differences due to any physical 
discrepancies between one sample and another, e.g., comparison of a small sample to a large sample, 
a smooth to a rough sample; also, it normalizes experimental irregularities such as differences in, 
counting times between samples.*-6 This emphasises the fact that each point is a function, primarily 
of the composition of the sample and not of its physical features. 

There are cases where two alloys may have almost identical major element composition and in 
the plot their points may be so close together that it is ditbcult to distinguish between them. Two 
examples of this are shown in the brass plot in the log(M/N), measured, region from -0.05 to -0.09 
and in the log(M/N), specitication, region from -0.2 to -0.3. However, in both cases one of the 
brasses is free-machining and has a lead content that is 20-30 times higher than that in the non-free- 
machining brass, represented by the adjoining point. The L series lines of lead in the case of the high 
lead-content alloys (free-machining) can easily be seen and thereby it is easy to distinguish between 
them and the adjoining low lead-content alloys. A somewhat similar occurrence is apparent at the 
top of the solder alloy points-two alloys are very close to one another. In this case, one of the alloys 
has 10 times the amounts of Cu, Sb, Ag and Bi that the other alloy has. Thus, characteristic X-ray 
lines of one or more of these elements are apparent for one alloy, but not for the other; therefore, 
the two alloys can be distinguished. 

Although the applicability of this technique to a variety of alloy systems can be visualized, 
caution must be exercised in some cases. For example, a variation of the method can be used super- 
ficially for stainless steels. In ternary or more complex alloys, some measure must be made of all 
major elements to ensure that they are within specification. However, it would be preferred if 
the advantage could be retained of a data point representing the chemical composition of a sample, 
independent of physical characteristics such as size or surface finish. For ternary systems such as 
stainless steel (Fe, Cr, Ni), this can be accomplished by plotting ratios of two of the elements to the 
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FIG. 2.-A plot of Fe/Ni us. Fe/Cr ratios for stainless steels as determined by energy- 
dispersive X-ray spectroscopy illustrating that analysed steel alloys can be identitied. 
The rectangles represent the variation in Cr and Ni contents that can be present in 

actual steel samples, Types 302 and 309 stainless steels, in this case. 

third used as a normalizing factor. Figure 2 illustrates such a plot where the areas under the character- 
istic Ka peaks for iron, chromium and nickel were obtained, the ratios Fe/Ni and Fe/Cr were deter- 
mined and then plotted vs. each other. The point of this discussion is that, whereas analysed 
standards provide point plots, complex alloys such as stainless-steel samples yield area plots because 
the specifications for stainless steels do not specify a single percentage for iron, chromium or nickel. 
Rather, the specifications define ranges; e.g., for an AISI Type 302 stainless steel, the chromium 
content must be between 17.00 and 19*00%, the nickel between 8.00 and 1000%. there am maxima 
of 1.00 % Si, 2.00 % Mn and 0.15 % C and the remainder is iron. Because of this, the Fe/Cr and Fe/Ni 
ratios can vary over an appreciable rang-this range is designated for the Type 302 and 309 stainless 
steels by the rectangles in Fig. 2. Obviously, there is a great deal of overlapping than can occur among 
the various steels. Therefore, although it is possible to distinguish between a Type 304 steel and a 
Type 309, caution must be exercised in distinguishing between Types 304 and 347 (the presence of 
niobium would identify the Type 347). Other analytical techniques suffer from these overlapping 
compositions and experience difficulty in qualitatively characterizing a steel. Certainly, EDXS can 
distinguish between the various series of stainless steels since the chromium and nickel contents are 
quite different; this frequently is all the distinction necessary in production control. 

The possible applications of this technique are numerous and include verification of composition 
on production lines, in stock control to ensure no mix-up in the inventory and in general laboratory 
work to identify the type of alloy in question. The last two uses have frequently been used in the 
authors’ laboratory. Two of the outstanding advantages of this technique are the speed of identitic- 
ation and the ease with which the equipment can be operated. 
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Summary-Energy dispersive X-ray spectroscopy can be used to 
identifv allov tvws cmicklv and. in manv cases. to distinguish between 
alloy systems *within a c&tain~alloy type. Character&c X-rays of 
major components in an alloy are produced through excitation by an 
isotopic source. Ratios of the X-ray intensities of a pair of elements 
are plotted us. ratios of the theoretical weight fractions of these 
elements. This provides a unique data point which is a function of 
the composition of the particular alloy system. In some cases, 
characteristic X-rays of minor constituents are used for total 
identification. 

Zusammenfassung-Die Rontgenspektroskopie mit Energiedispersion 
kamr zur raschen Identifizierung von Legierungstypen und in vielen 
Fallen zur Unterscheidung zwischen Legierungssystemen innerhalb 
eines bestimmten Legierungstyps dienen. Die charakteristische 
Rontgenstrahlung der Hauptbestandteile einer Legierung wird mit 
Hilfe einer Isotopenquelle angeregt. Die Verhaltnisseder Riintgeninten- 
sit&en eines Elementpaars werden gegen die Verhlltnisse der theoreti- 
schen Gewichtsbrtiche dieser Elemente aufgetragen. Das ergibt einen 
kennzeichnenden Satz von Daten, der von der Zusammensetzung des 
jeweiligen speziellen Legierungssystems abhangt. In einigen Fallen 
werden die charakteristischen Riintgenstrahlen von Nebenbestandteilen 
fiir die Identifizierung im Ganzen herangezogen. 

R&mm&On peut utiliser la spectroscopic de rayons X li dispersion 
d’energie pour identifier rapidement des types d’alliages et, dans de 
nombreux cas, pour distinguer les systemes d’alliages a l’interieur 
d’un certain type d’alliage. Des rayons X caracteristiques des com- 
posants majeurs d’un alliage sont produits par excitation par une source 
isotopique. On Porte les rapports des intensites des rayons X d’une 
paire d’elements en fonction des rapports des fractions de poids 
theoriques de ces elements. Ceci fournit un point de don&es particuli- 
&es qui est une fonction de la composition du systbme d’alliage 
concern6 Dans quelques cas, on utilise les rayons X caracteristiques de 
constituants mineurs pour l’identification totale. 
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(PDTT) 

They are both yellow powders insoluble in water, soluble in ethanol, chloroform and aqueous 
alkaline solutions. 

Preliminary investigations showed that of the 35 metal ions examined in tarn-ate media of pH 
85-125 only Pd(II), Cu(II), Hg(II), A&I) and Tl(I) could be precipitated by PDTT and that on 
the addition of cyanide only thallium(I) gave a precipitate. The DDTT reagent is more selective 
as it only gives precipitates with Hg(II), Ag(I), Pd(II) and Tl(I), but no reaction with copper. It 
proved useful for the determination of palladium. All the precipitates are yellow except the Cu-PDTT 
complex which is orange-red. 

EXPERIMENTAL 
Reagents 

PDTT. Prepared by the procedure of Lalexari and Golgolabl by one-step cycliration of phenyl- 
glyoxaldoxime and thiosemicarbaxide in dilute hydrochloric acid and recrystallized from dimethyl- 
sulphoxide to give dark yellow crystals: m.p. 242-243”, yield 90%. 

DDlT. Prepared by the method of Polonovski and PessonP by interaction of benzil and thio- 
semicarbazide in boiling acetic acid and recrystallized from ethanol to give yellow crystals: m.p. 
217-218”, yield 60%. 

Reagent solutions (0.5 %) are prepared by dissolving the reagents in 1M sodium hydroxide and 
fdtering. 

Standard solutions of thallium and palladium. 
chloric acid respectively. 

Dissolve the pure metals in nitric acid and hydro- 

Procedure 

A solution containing 5-50 mg of palladium(H) or thallium(I) per 100 ml is prepared and to this 
10 ml of 10% ammonium tartrate solution are added. The pH of this solution is adjusted to 10-12 
with dilute sodium hydroxide solution and 1M tartaric acid. The solution is warmed and a 20% 
excess of the reagent is added with stirring. The precipitate is digested for 10 min on the water-bath 
and then filtered off on a sintered-glass crucible (porosity 4) and washed with about 100 ml of hot 
water. The precipitate is dried at 110” for 30 min. For the determination of palladium, DDTT 
reagent is used and the precipitate is weighed as Pd (r&H1,,N& which contains 16.75 % of palladium. 
For the determination of thallium, PDTT reagent is used and the precipitate is weighed as TICpHsNsS 
which contains 52.00 % of thallium. 

RESULTS AND DISCUSSION 

Solutions of the reagents in sodium hydroxide are stable indetiitely. The solid sodium salts 
of the reagents, recovered from aqueous sodium hydroxide solutions, were orange powders stable 
up to 360” and moderately soluble in chloroform. Analysis of the precipitates of the palladium and 
thallium complexes prepared according to the recommended gravimetric procedures are given in 
Table I and results of gravimetric determination of palladium(II) and thallium(I) are given in Table II. 

TABLE I.-ANALYTICAL DATA OF PALLADIUM AND THALLIUM COMPLEXES 

C. % H, % N. % S, % 
Decomposition 
temperature, “C 

Pd (C,sH,,NsS), 
required 
found 

Tl GHBNsS 
required 
found 

56.75 3.15 13.24 10.12 
56.7 3.2 13.3 10.0 248-250 

27.35 1.58 10.65 8.25 
27.3 1.6 10.6 8.2 150-152 



816 Short communications 

TABLE II.-RESULTS OF DETERMINATION OF PALLADIUM AND THALLIUM 

Relative Relative 
Pd taken, mg Pd found, mg error ‘A Tl taken, mg Tl found, mg error % 

5.0 5.1 2 6.2 6.1 -2 
11.3 11.2 -1 12.5 12.5 0 
25.4 25.5 t-o.4 25.0 25.1 +0.4 
33.9 34.0 +0.3 37.5 31.4 -0.3 

When cyanide was used as a masking agent DDTT still gave a yellow precipitate with thallium(I) 
in alkaline solution. The precipitation is speciiic but unsuitable for gravimetry because the precipitate 
has a low decomposition temperature (110-112”). 

The precipitation of thallium(I) by PDTT and palladium(I1) by DDTT is quantitative over the 
pH range 9-13. Both precipitates are yellow, crystalline, and non-hygroscopic and can easily be 
dried at 110”. The thermograms of the two metal complexes have been recorded (Fig. 1). Tl-PDTT 
(curve a) decomposes at temperatures above 150’ and Pd-DDTT (curve b) is stable up to at least 
240”. Pd(II)-DDTT complex is soluble in chloroform (a = 2.3 x 10’ 1. mole-l.cm-l at 250 nm). 
An attempt to extract this complex into chloroform and measure it spectrophotometrically failed 
because the excess of reagent (&,,, = 315 nm in chloroform) is also extracted and causes non- 
reproducible results. 

Fm. l.-Thermograms of (a) Tl-PDTT; (b) Pd(IIjDDTT. 

In the precipitation of palladium a lOO-fold excess of Au(III), Bi, Cu(II), Fe(III), Pb, Co(U) and 
Ni give an error within 12 %. Sn(II) must be oxidized to Sn(IV) by addition of appropriate amounts 
of iron(III) chloride to prevent its hydrolysis in alkaline tartrate medium. Hg(II), Ag and Tl(I) 
will interfere in the gravimetric determination of palladium(II). The method is more sensitive than 
the dimethylglyoxime method. The precipitation of thallium as the PDTT complex is specific but 
less sensitive than the thionalide method .*+ In the presence of cyanide a RIO-fold excess of Pd(II). 
Cu(II) or Ag did not cause significant error in the determination of thallium. 
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I. LALEZARI 

Summary-The analytical use of 6-phenyl-2,3-dihydro-asym-triaxine- 
3-thione (PDTT) and 5,6-diphenyl-2,3-dihydro-asym-triazine-3-thione 
(DDTT) has been investigated. PDTT proved to be suitable for the 
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determination of thallium(I) in the presence of cyanide whereas 
DDTT is more selective than PDTT in alkaline tartrate solution and 
is applied for the selective gravimetric determination of palladium. 
The method is more sensitive than the dimethylglyoxime method. 
The only metal ions interfering are Hg(II), Ag and Tl(1). 

Zusammenfassung-Die analytische Verwendbarkeit von 6-Phenyl- 
2,3-dihydro-asym-triazin-3-thion (PD’IT.) und 5,6-Diphenyl-2,3-di- 
hydro-usym-triazin-3-thion (DDTT) wurde untersucht. PDTT ist 
zur Bestimmung von Thallium(I) in Gegenwart von Cyanid geeignet, 
DDTT ist in alkalischer Tartratldsung selektiver als PDTT und wird 
zur selektiven gravimetrischen Bestimmung von Palladium verwendet. 
Das Verfahren ist emptindlicher als das mit Dimethylglyoxim. An 
Metallionen stijren nur Hg(II), Ag und Tl(1). 

RCum&On a Btudi6 l’usage analytique de la 6-phenyl 2,3dihydro- 
usym-triazine 3-thione (PD’I?) et dk la’5,6diphenn);l2,3~dihydro-&~~- 
triazine 3-thione cDDTT?. La PDTT s’est a&Q convenable nour le 
dosage du thallium(I) en.la presence de cyanure, tandis que la bDTT 
est plus selective que la PDTT en solution de tartrate alcalin et est 
appliquQ au dosage gravimktrique selectif du palladium. La methode 
est plus sensible que la methode a la dim6thylglyoxime. Les seuls ions 
metalliques g&rants sont Hg(II), Ag et Tl(1). 
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Darstellung einer neuen Organoselenverbindung (C,H,COCH,),Se, 

und ibre Anwendung zur Extraction von Men. 

Bestimmung von Tellurspuren in reinem Selen 

(Eingegangen am 5. Juli 1971. Angenommen am 2. Dezember 1971) 

Es WISRDEN organische Verbindungen des Selens mit gesiittigten Monoketonen dargestellt- 
(RCOCHR’),SeCl, (R und R’ sind Alkyl- und Arylradikale)1-8 die sich weder in Chloroform noch in 
Tetrachlorkohlenstoff oder Benz01 leicht l&en, bedingt durch ihre polaren Charakter da sie leicht 
lbslich sind in polaren Liisungsmitteln. Unser Ziel ist es, um die analytische Anwendung selen- 
organ&hen Verbindungen zu erweitem, polare Verbindungen darzustellen, die in Chloroform oder 
Tetrachlorkohlenstoff gut loslich sind, und die Extraktionsabtrennungen von grohen Mengen Selens 
gewlhrleisten. Wir w%hlten also die vollstandig organosubstituierte Verbindung des Typs 
(RCOCHR’),Se und verwendet Acetophenon als L&and, da (C,H,COCH,),SeCl, in festem Zustand 
mtihelos erhalten wird und von uns besser erforscht ist.’ 

DARSTELLUNG UND EIGENSCHAFTEN VON (CIH,COCH,)ISe 

Es werden 0,5 g Selen (in Form von SeO, oder H,SeOd in 20-25 ml 8,5MSal&ure aufgeliist und 
3 ml Acetophenon zugesetzt, entsprechend dem molaren Verhaltnis Selen:Acetophenon = 1:4. 
Nach 1.5-2 Std. tritt das Selen in Verbindung quantitativ auf, als weil3er Niederschlag der Zusammen- 
setzung (CeH,COCHa),SeCl p.6s7 Nach 35@400 sttindigem Stehen wandelt sich der Niederschlag in 
em gelb-grtines iilartiges Produkt urn. Bei einem grBDeren UberschUa an Acetophenon steigt die 
Reaktionsgeschwindigkeit. 
bestimmt werden. 

Da unsere Versuche, mu&e die Zusammensetzung des Prod&es indirekt 
Als Kermzeichnungsmerkmal des Systems Selen-Acetophenon-Salzs&,ue w&hlten 

wir die Extrahierbarkeit der entstehenden Produkte durch Chloroform. Die Verteihmg des Selens 
in den beiden Phasen ist in Abb. 1 angegeben. 



814 Short communications 

Summary-Energy dispersive X-ray spectroscopy can be used to 
identifv allov tvws cmicklv and. in manv cases. to distinguish between 
alloy systems *within a c&tain~alloy type. Character&c X-rays of 
major components in an alloy are produced through excitation by an 
isotopic source. Ratios of the X-ray intensities of a pair of elements 
are plotted us. ratios of the theoretical weight fractions of these 
elements. This provides a unique data point which is a function of 
the composition of the particular alloy system. In some cases, 
characteristic X-rays of minor constituents are used for total 
identification. 

Zusammenfassung-Die Rontgenspektroskopie mit Energiedispersion 
kamr zur raschen Identifizierung von Legierungstypen und in vielen 
Fallen zur Unterscheidung zwischen Legierungssystemen innerhalb 
eines bestimmten Legierungstyps dienen. Die charakteristische 
Rontgenstrahlung der Hauptbestandteile einer Legierung wird mit 
Hilfe einer Isotopenquelle angeregt. Die Verhaltnisseder Riintgeninten- 
sit&en eines Elementpaars werden gegen die Verhlltnisse der theoreti- 
schen Gewichtsbrtiche dieser Elemente aufgetragen. Das ergibt einen 
kennzeichnenden Satz von Daten, der von der Zusammensetzung des 
jeweiligen speziellen Legierungssystems abhangt. In einigen Fallen 
werden die charakteristischen Riintgenstrahlen von Nebenbestandteilen 
fiir die Identifizierung im Ganzen herangezogen. 

R&mm&On peut utiliser la spectroscopic de rayons X li dispersion 
d’energie pour identifier rapidement des types d’alliages et, dans de 
nombreux cas, pour distinguer les systemes d’alliages a l’interieur 
d’un certain type d’alliage. Des rayons X caracteristiques des com- 
posants majeurs d’un alliage sont produits par excitation par une source 
isotopique. On Porte les rapports des intensites des rayons X d’une 
paire d’elements en fonction des rapports des fractions de poids 
theoriques de ces elements. Ceci fournit un point de don&es particuli- 
&es qui est une fonction de la composition du systbme d’alliage 
concern6 Dans quelques cas, on utilise les rayons X caracteristiques de 
constituants mineurs pour l’identification totale. 
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6-phenyl-2,3-dihydro-asym-triazine-~t~one and 5,64liphenyl-2,3- 
dihydro-asym-triazine-3-thione as gravimetric reagents for the 

determination of thallium and palladium 

(Received 27 August 1971. Accepted 18 November 1971) 

SULPHUR-CONTAINING ligands show a marked selectivity for a relatively small number of transition 
metals. In this work the analytical applications of two sulphur-containing ligands, 6-phenyl-2,3- 
dihydro-asym-triazine-3-thione (PDTT) and 5.6-diphenyl-2,3-dihydro-asym-triazine-3-thione (DDTT) 
were investigated. 
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(PDTT) 

They are both yellow powders insoluble in water, soluble in ethanol, chloroform and aqueous 
alkaline solutions. 

Preliminary investigations showed that of the 35 metal ions examined in tarn-ate media of pH 
85-125 only Pd(II), Cu(II), Hg(II), A&I) and Tl(I) could be precipitated by PDTT and that on 
the addition of cyanide only thallium(I) gave a precipitate. The DDTT reagent is more selective 
as it only gives precipitates with Hg(II), Ag(I), Pd(II) and Tl(I), but no reaction with copper. It 
proved useful for the determination of palladium. All the precipitates are yellow except the Cu-PDTT 
complex which is orange-red. 

EXPERIMENTAL 
Reagents 

PDTT. Prepared by the procedure of Lalexari and Golgolabl by one-step cycliration of phenyl- 
glyoxaldoxime and thiosemicarbaxide in dilute hydrochloric acid and recrystallized from dimethyl- 
sulphoxide to give dark yellow crystals: m.p. 242-243”, yield 90%. 

DDlT. Prepared by the method of Polonovski and PessonP by interaction of benzil and thio- 
semicarbazide in boiling acetic acid and recrystallized from ethanol to give yellow crystals: m.p. 
217-218”, yield 60%. 

Reagent solutions (0.5 %) are prepared by dissolving the reagents in 1M sodium hydroxide and 
fdtering. 

Standard solutions of thallium and palladium. 
chloric acid respectively. 

Dissolve the pure metals in nitric acid and hydro- 

Procedure 

A solution containing 5-50 mg of palladium(H) or thallium(I) per 100 ml is prepared and to this 
10 ml of 10% ammonium tartrate solution are added. The pH of this solution is adjusted to 10-12 
with dilute sodium hydroxide solution and 1M tartaric acid. The solution is warmed and a 20% 
excess of the reagent is added with stirring. The precipitate is digested for 10 min on the water-bath 
and then filtered off on a sintered-glass crucible (porosity 4) and washed with about 100 ml of hot 
water. The precipitate is dried at 110” for 30 min. For the determination of palladium, DDTT 
reagent is used and the precipitate is weighed as Pd (r&H1,,N& which contains 16.75 % of palladium. 
For the determination of thallium, PDTT reagent is used and the precipitate is weighed as TICpHsNsS 
which contains 52.00 % of thallium. 

RESULTS AND DISCUSSION 

Solutions of the reagents in sodium hydroxide are stable indetiitely. The solid sodium salts 
of the reagents, recovered from aqueous sodium hydroxide solutions, were orange powders stable 
up to 360” and moderately soluble in chloroform. Analysis of the precipitates of the palladium and 
thallium complexes prepared according to the recommended gravimetric procedures are given in 
Table I and results of gravimetric determination of palladium(II) and thallium(I) are given in Table II. 

TABLE I.-ANALYTICAL DATA OF PALLADIUM AND THALLIUM COMPLEXES 

C. % H, % N. % S, % 
Decomposition 
temperature, “C 

Pd (C,sH,,NsS), 
required 
found 

Tl GHBNsS 
required 
found 

56.75 3.15 13.24 10.12 
56.7 3.2 13.3 10.0 248-250 

27.35 1.58 10.65 8.25 
27.3 1.6 10.6 8.2 150-152 
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TABLE II.-RESULTS OF DETERMINATION OF PALLADIUM AND THALLIUM 

Relative Relative 
Pd taken, mg Pd found, mg error ‘A Tl taken, mg Tl found, mg error % 

5.0 5.1 2 6.2 6.1 -2 
11.3 11.2 -1 12.5 12.5 0 
25.4 25.5 t-o.4 25.0 25.1 +0.4 
33.9 34.0 +0.3 37.5 31.4 -0.3 

When cyanide was used as a masking agent DDTT still gave a yellow precipitate with thallium(I) 
in alkaline solution. The precipitation is speciiic but unsuitable for gravimetry because the precipitate 
has a low decomposition temperature (110-112”). 

The precipitation of thallium(I) by PDTT and palladium(I1) by DDTT is quantitative over the 
pH range 9-13. Both precipitates are yellow, crystalline, and non-hygroscopic and can easily be 
dried at 110”. The thermograms of the two metal complexes have been recorded (Fig. 1). Tl-PDTT 
(curve a) decomposes at temperatures above 150’ and Pd-DDTT (curve b) is stable up to at least 
240”. Pd(II)-DDTT complex is soluble in chloroform (a = 2.3 x 10’ 1. mole-l.cm-l at 250 nm). 
An attempt to extract this complex into chloroform and measure it spectrophotometrically failed 
because the excess of reagent (&,,, = 315 nm in chloroform) is also extracted and causes non- 
reproducible results. 

Fm. l.-Thermograms of (a) Tl-PDTT; (b) Pd(IIjDDTT. 

In the precipitation of palladium a lOO-fold excess of Au(III), Bi, Cu(II), Fe(III), Pb, Co(U) and 
Ni give an error within 12 %. Sn(II) must be oxidized to Sn(IV) by addition of appropriate amounts 
of iron(III) chloride to prevent its hydrolysis in alkaline tartrate medium. Hg(II), Ag and Tl(I) 
will interfere in the gravimetric determination of palladium(II). The method is more sensitive than 
the dimethylglyoxime method. The precipitation of thallium as the PDTT complex is specific but 
less sensitive than the thionalide method .*+ In the presence of cyanide a RIO-fold excess of Pd(II). 
Cu(II) or Ag did not cause significant error in the determination of thallium. 
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I. LALEZARI 

Summary-The analytical use of 6-phenyl-2,3-dihydro-asym-triaxine- 
3-thione (PDTT) and 5,6-diphenyl-2,3-dihydro-asym-triazine-3-thione 
(DDTT) has been investigated. PDTT proved to be suitable for the 
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determination of thallium(I) in the presence of cyanide whereas 
DDTT is more selective than PDTT in alkaline tartrate solution and 
is applied for the selective gravimetric determination of palladium. 
The method is more sensitive than the dimethylglyoxime method. 
The only metal ions interfering are Hg(II), Ag and Tl(1). 

Zusammenfassung-Die analytische Verwendbarkeit von 6-Phenyl- 
2,3-dihydro-asym-triazin-3-thion (PD’IT.) und 5,6-Diphenyl-2,3-di- 
hydro-usym-triazin-3-thion (DDTT) wurde untersucht. PDTT ist 
zur Bestimmung von Thallium(I) in Gegenwart von Cyanid geeignet, 
DDTT ist in alkalischer Tartratldsung selektiver als PDTT und wird 
zur selektiven gravimetrischen Bestimmung von Palladium verwendet. 
Das Verfahren ist emptindlicher als das mit Dimethylglyoxim. An 
Metallionen stijren nur Hg(II), Ag und Tl(1). 

RCum&On a Btudi6 l’usage analytique de la 6-phenyl 2,3dihydro- 
usym-triazine 3-thione (PD’I?) et dk la’5,6diphenn);l2,3~dihydro-&~~- 
triazine 3-thione cDDTT?. La PDTT s’est a&Q convenable nour le 
dosage du thallium(I) en.la presence de cyanure, tandis que la bDTT 
est plus selective que la PDTT en solution de tartrate alcalin et est 
appliquQ au dosage gravimktrique selectif du palladium. La methode 
est plus sensible que la methode a la dim6thylglyoxime. Les seuls ions 
metalliques g&rants sont Hg(II), Ag et Tl(1). 
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Darstellung einer neuen Organoselenverbindung (C,H,COCH,),Se, 

und ibre Anwendung zur Extraction von Men. 

Bestimmung von Tellurspuren in reinem Selen 

(Eingegangen am 5. Juli 1971. Angenommen am 2. Dezember 1971) 

Es WISRDEN organische Verbindungen des Selens mit gesiittigten Monoketonen dargestellt- 
(RCOCHR’),SeCl, (R und R’ sind Alkyl- und Arylradikale)1-8 die sich weder in Chloroform noch in 
Tetrachlorkohlenstoff oder Benz01 leicht l&en, bedingt durch ihre polaren Charakter da sie leicht 
lbslich sind in polaren Liisungsmitteln. Unser Ziel ist es, um die analytische Anwendung selen- 
organ&hen Verbindungen zu erweitem, polare Verbindungen darzustellen, die in Chloroform oder 
Tetrachlorkohlenstoff gut loslich sind, und die Extraktionsabtrennungen von grohen Mengen Selens 
gewlhrleisten. Wir w%hlten also die vollstandig organosubstituierte Verbindung des Typs 
(RCOCHR’),Se und verwendet Acetophenon als L&and, da (C,H,COCH,),SeCl, in festem Zustand 
mtihelos erhalten wird und von uns besser erforscht ist.’ 

DARSTELLUNG UND EIGENSCHAFTEN VON (CIH,COCH,)ISe 

Es werden 0,5 g Selen (in Form von SeO, oder H,SeOd in 20-25 ml 8,5MSal&ure aufgeliist und 
3 ml Acetophenon zugesetzt, entsprechend dem molaren Verhaltnis Selen:Acetophenon = 1:4. 
Nach 1.5-2 Std. tritt das Selen in Verbindung quantitativ auf, als weil3er Niederschlag der Zusammen- 
setzung (CeH,COCHa),SeCl p.6s7 Nach 35@400 sttindigem Stehen wandelt sich der Niederschlag in 
em gelb-grtines iilartiges Produkt urn. Bei einem grBDeren UberschUa an Acetophenon steigt die 
Reaktionsgeschwindigkeit. 
bestimmt werden. 

Da unsere Versuche, mu&e die Zusammensetzung des Prod&es indirekt 
Als Kermzeichnungsmerkmal des Systems Selen-Acetophenon-Salzs&,ue w&hlten 

wir die Extrahierbarkeit der entstehenden Produkte durch Chloroform. Die Verteihmg des Selens 
in den beiden Phasen ist in Abb. 1 angegeben. 
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I:1 1.2 1:3 1:4 1:5 I:6 I:7 I:6 1:9 I:10 

Se (IT) : Acetophenon, MolvarhGltnis 

ABB. 1 .-[HCI] = 9M, We(W)-Einwaage = 500 mg. 

Es wurden versuche durchgeftihrt, wobei verschiedene Mengen an Acetophenon zu 25 ml 8,SM 
Salzsiiure, die 500 mg Selen enthielten zugesetzt wurden. Nach 350 stiindigem Stehen wurde das Selen 
in 10 ml Chloroform nach dreiminutigem Schiltteln extrahiert. Der Gehalt an Selen wurde such in 
den beiden Phasen bestimmt. Diese und alle folgenden Versuche wurden mit radioaktiven Selen-75 
durchgeftihrt. 

Urn die molaren Verhlltnisse, in denen die Komponenten reagieren, bestimmen zu kiinnen, muB 
man die Kinetik der Zusammenwirkung zwischen Selen und Acetophenon in salzsaurem Medium 
kennen. Die Ergebnisse von derartigen Versuchen sind in Abb. 2 dargestellt. Diese Versuche wurden 
bei denselben Bedingungen durchgefuhrt, wobei nur die Zeit des Stehens variiert wurde. 

t, std 

km. 2.-[HCl] = 9M, 76Se(IV)-Einwaage = 500 mg, molar-e VerhWmsse-0 
Selen:Acetophenon(I) = 1:2, A--Se:1 = 1:4,0-Se:1 = 1:6, Ode:1 = 1:s. 
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Es wurde versucht Chloridionen in dem bei molarem Verhaltnis Selen:Acetophenon griider als 
1: 4 erhaltenen iilartigen Produkt zu bestimmen. Zu diesem Zweck wurde das Produkt mehrmals mit 
Wasser gewaschen aber Chloridionen fand man nicht . Unter denselben Bedingungen wird das Chlor 
aus der Verbindung, die bei Verhaltnis 1: 2 erhalten wird und in grol3en Mengen Chloroform aufgeliist 
ist, mit Wasser quantitativ herausgewaschen. Die IR-Spektren, registriert aus fliissiger Schicht, 
zeigen, daB die Carbonylgruppe und der Benzolring in der erhaltenen Verbindung auf keine Weise 
beein8uDt sind. Bei 552 cm-l wird eine fur die C-Se Bindung charakteristische Absorption beobachtet. 
Die Ergebnisse von der Elementaranalyse sind: gefunden C 68,9%; H 5,4%; Se 14,1x, Cl 0,0x; 
gerechnet [(C,H,COCH,),Se] C 69,43x; H $07 %; Se 14,21%, Cl 0,0x. 

Das bis hier dargelegte HBt uns vermuten, daB (CsH,COCH,),Se die wahrscheinlichste Formel der 
erhaltenen Verbindung ist. 

ANALYTISCHE ANWENDUNG VON (C,H,COCH,)ISe ZUR 
ABTRENNUNG VON SELEN ALS MATRIXELEMENT 

Das Extrahieren von groaen Mengen an Selen gibt eine Mijglichkeit ftlr die analytische Bestimmung 
der Beimischungen, die das reine Selen begleiten und unter den beschriebenen Bedingungen in der 
wlssrigen Phase zurtickbleiben. Zu diesen Zweck war es notwendig, die Zeit zur Entstehung der 
selenorganischen Verbindung zu verktirzen. 

Die Untersuchungen fiihrten wir unter Erwlrmung im Wasserbad in Gegenwart von Salzsaure 
oder einem Gemisch aus Salz- und Schwefelslure durch. Der EinfluB der Schwefelsaure muBte unter- 
sucht werden, weil sie beim Auflosen reines Selens in Salpeterslure als Denitrierungsmittel verwendet 
wird turd in der Losung immer anwesend ist. Die Versuche zur Darstellung der Verbindung ftiten 
wir durch, indem wir zu 0,5 g Selen (in Form von SeO, oder H$eO,), aufgeliist in 25 ml Salzslure 
verschiedener Konzentration, unter Schiitteln Acetophenon zusetzten. Die Menge an Acetophenon 
entsprach dem molaren Verhiiltnis Selen: Acetophenon = 1:2. Nach ungef%hr 1,5 Std bindet sich 
das Selen quantitativ und fallt in Form eines weil3en Niederschlages aus. Die Lbsung tiber dem 
Niederschlag muB klar sein. Man gibt noch zwei molare Teile Acetophenon unter periodischem 
Schiitteln hinzu und erw%rmt im Wasserbad. Die Zeit zur Entstehung der bei verschiedenen Tem- 
peraturen und Konzentrationen der Salzslure dargestellten Verbindung ist in Tabelle I angegeben. 
Em MaB fiir die Entstehung der Verbindung war ihre vollige Extraktion aus der w&srigen Phase in 
das Chloroform. 

Analoge Versuche fiihrten wir such in Anwesenheit von 3N Schwefelslure durch. 
sind in Tabelle II angegeben. 

Die Ergebnisse 

TABELLE I.-REAKTIONXJEXHWINDIGKEIT IN SALZSAURE 

Zeit zur Entstehung der Verbindung, Std. 

m-31, 
M 

bei Reaktionstemperatur 
siedendes 

60-65°C 80-85°C Wasserbad 

530 2,5-3 
535 2-2,5 
6 1,5-2 
7 l-1,5 
8 0,75-l 
9 0,75-l 

10 0,75-l 

l-1,5 
l-1,5 

0,7-l 
0,45-0,5 

zersetzt sich 
zersetzt sich 
zersetzt sich 

0,85-l 
0,85-l 

0,5-0,75 
0,25-0,40 

zersetzt sich 
zersetzt sich 
zersetzt sich 

TABELLE II.-REAKTIONSGESCHWINDDIGKEIT IN GEMISCHTEN S~~UREN 

Gesamtkonzentration 
von HCl + H,SOI 

Zeit zur Entstehung der Verbindung, Std, 
bei Reaktionstemperatur 

N 6065°C siedendes Wasserbad 

4 8-9 
6 3,54 
7 0,75-l 
8 0,75-l 
9 1 

10 1 
11 1 

5-6 
4-5 

1,5-2 
0,5-0,70 

zersetzt sich 
zersetzt sich 
zersetzt sich 
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Fest gestellt wurde, da0 die Verbindung bei SM Salzslure turd 3N Schwefels%re und Erwamumg 
im Wasser bad im Laufe einer Stunde bei 60-65” entsteht. Danach wird mit 5 ml Chloroform oder 
Tetrachlor kohlenstoff extrahiert. Das Selen geht in die organische Phase quantitativ tiber. Unter 
den beschrieben en Bedingungen geht neben Selen such Gold(III) in die organ&he Phase tiber. Das 
letztere wird durch verdthmte Salzslure nicht zurtickextrahiert. In der wiissrigen Phase bleiben 
folgende Metalli onen zurilck: Ru(JV), Rh(IV), Os(IV), Ir(IV), Pt(IV), W(E), Te(IV), Cu(I1). Das 
Verhalten von Gold(II1) wird Gegenstand weiterer Untersuchungen sein. Die erhaltenen Ergebnisse 
wurden zur Besti mmung von Tellur in reinem Selen benutzt. 

ANWENDUNG DER METHODE ZUR BESTIMMUNG VON TELLUR 
IN REINEM SELEN 

Zur Bestimmung von Tellur, das nach der Abtrennung von Selen in der wiissrigen Phase zurtick- 
bleibt, beschlossen wir die bekannte photometrische Methode anzuwenden, die auf der Messung der 
Extinktion von Kolloidlosungen von elementarem Tellur, erhalten durch Reduktion mit Zinn(II)- 
chlorid, beruht.g-ll Die Ergebnisse zeigten, da0 folgende Elemente in den angegebenen Mengen (in 
50 ml) die Photometrische Bestimmung von Tellur nicht stiiren: Pd(II)-5 rg, Au@I)--15 rug, 
O&IV)-19 pg, Ru(IV)-13 ,og, Ir(IV)-19 rg, Pt(IV)-6 pg. 

Reagenzien 

Konz. HCl, H&O, und HNOI p.a. 
Lijsung von SnCl,, 25 %-ige. 
Lasung von Gelatme, 0,5 %-ige. 
Acetophenon p.a. 

Es werden 0,2-3 g Selen in 5-15 ml konz. Salpeterslure aufgelost. Die Probe die 20-200 rg Tellur 
enthalten sol1 wird im Wasserbad erw&rmt, bis sich das Volumen auf 2-3 ml verringert. Man setzt 
2,5 ml konz. Schwefelsiiure und 2-3 ml Wasser hinzu und erwarmt weiter auf 250-300” im Sandbad 
bis zur Entstehung von SO,. Man setzt noch Wasser und Salzslure so zu, da13 das Gesamtvolumen 
25 ml und die Konzentration an Salz&ure 5M wird. Dann werden pro molaren Teil Selen vier 
molaren Teile Acetophenon zugesetzt. Zuerst gibt man unter heftigem Schtlttem die H%lfte von der 
berechneten Menge an Acetophenon zu. Nach 1,5 Std wird die andere Halfte zugegeben. Es wird im 
Wasserbad bei 60-65” eine Stunde lang erw&rmt, wobei man in Zeitabstlnden schtlttelt. 
mu13 vijllig klar sein. 

Die Lijsung 
Die Probe wird in einem Schtltteltrichter gegeben und mit 8 ml Chloroform 

oder Tetrachlorkohlenstoff 2 min lang extrahiert. Die wlssrige Phase wird filtriert und in einen 
50 ml Mdkolben versetzt. Die organische Phase wird mit 5 ml 2M Salzslure 20-30 set lang gewas- 
then und die salzsaure Liisung der w%ssrigen Phase zugesetzt. Die Gesamtmenge in dem MeBkolben 
wird auf 40 ml gebrucht. Man ktihlt auf 20” ab und setzt 0,5 ml SnCl,-Losung zu. Es wird geschilttelt 
und 5 min stehengelassen; man gibt noch 3 ml Gelatine-Losung hinzu, verdtlnnt nach 10 min auf 
50 ml und miBt die Extinktion bei 434 nm in einer 50-mm Ktivette. Die Standartgraphik wird fur 
Mengen von 20-200 rg pro 50 ml aufgezeichnet. 

Urn uns zu tiberzeugen, dal3 keine VerluOte an Tellur beim Auflijsen und Abtrennen des Selens 
entstehen, setzten wir verschiedenen Mengen reinen Selens (0,5, 1, 2, 3 & 50 rg Te zu. Die Proben 
wurden nach der Analysenvorschrift bearbeitet. Die Ergebnisse sind statistisch bearbeitet worden. 

N= 10 R = 50,o /Jg s = 1,19 /_Jg v=~.t.100=5,4~0 

bei P = 95 t = 2,26 

Wir geben such die stat istischen Ergebnisse von der Bestimmung von 50 ,ug Te unter reinen 
Bedingungen an. 

N= 10 5 = 49,8 yg s = 1,22 pg I+.lOO=5,3% 

bei P = 95 t = 2,26 

DISKUSSION 

Eine frtihere Arbeits befa.Bte sich mit der Extraktion von 5-25 ,ug Selen. W%hrend in jenem Falle 
die begrenzte Lbslichkeit von (C,H,COCH,),SeCI, keine Schwierigkeiten bot, wird die Extraktion 
von grol3en Mengen Selen nur mijglich sein, wenn die Selenverbindung in Chloroform praktisch 
unbegrenzt loslich ist, das bei (C~H&OCH&Se der Fall ist. Da andere Elemente wie Te(IV), Au(III) 
nur als Ionenassoziate extrahiert werden, sind sie such leight zurtickzuextrahieren und daher von 
Selen abzutrennen, wie in vorliegender Arbeit am Beispiel von Tellurbestimmung aufgezeigt wird. 

Hiiheres PCdagogisches Institut L. FIJTEKOV 
PIovdiv B. ATANASOVA 
Bulgarien 
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Zusammenfassuug-Erhalten wurde eine neue Verbindung von Se(IV) 
mit Acetophenon in salzsaurem Medium, (C,,H,COCH,),Se. Der 
Pro& der Entstehung der Verbindung dauert beim UberschuB an 
Acetophenon (Selen:Acetophenon < 1:4) ungefahr 300-400 Std. 
aber bei 60-70” nur 1,5-2 Std. Die erhaltene Verbindung lost sich sehr 
gut in Chloroform und Tetrachlorkohlenstoff. Diese Eigenschaft wird 
zur Extraktionsabtremmng von groBen Mengen an Selen benutzt. Auf 
diese Weise wird eine aute Moelichkeit zur Bestimmune von Beimi- 
schungen in reinem Se& gegeb&. Die Methode ist zur”Bestimmung 
von Tells in Selen angewandt worden. 

Summary-A new compound has been prepared from Se(IV) and 
acetophenone in hydrochloric acid solution. At 60-70” conversion 
into (C,H,COCH,)dSe is complete in 15-2 hr. The product is very 
soluble in chloroform and in carbon tetrachloride and thus offers a 
possibility for the separation of large quantities of selenium before 
determination of impurities in it. 
separation and 

The method has been applied to the 
det ermination of traces of tellurium in selenium. 

R&xsm&-On a prepare un nouveau compod a partir de Se(IV) et 
d’acetophenone en solution dans l’acide chlorhydrique. A 60-70”, 
la conversion en (C,H,COCH&?le est complete en 1,5-2 h. Le 
produit est t&s soluble en chloroforme et en tetrachlorure de carbone 
et offre ainsi une possibilite de separation de grandes quantit6.s de 
selenium avant determination des impuretb qu’il contient. On a 
applique la methode a la separation et au dosage de traces de tellurium 
dam le selenium. 
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Dbtermination de I’or par rbaction d’khange de complexes triples ~3 association 
ionique 

(Regu le 31 Mars 1971. Accept6 Ie 2 Octobre 1971) 

DE NOMBREUX ANIONS du type [ML,], reagissant avec certains agents organiques de nature basique, 
foumissent des composts ordinairement peu solubles dans l’eau, mais extractibles dam des solvants 
organiques appropries. 

Lorsque l’agent organique-base -est un colorant, on est en presence de reactions a sensibilite 
elev&, mais genn6ralement it faible s&ctivite. D’autre part, les reactions de ces m6mes anions [ML,-] 
avec certains agents a basicitt plus pronon&, mais incolores, se distinguent par leur haute sClectivite 
et leur faible sensibilite. 

L’usage combine de ces deux esp&es de reactions permet de cr&r des methodes sensibles et en 
m&me temps stnlisamment selectives. 



Short communications 817 

determination of thallium(I) in the presence of cyanide whereas 
DDTT is more selective than PDTT in alkaline tartrate solution and 
is applied for the selective gravimetric determination of palladium. 
The method is more sensitive than the dimethylglyoxime method. 
The only metal ions interfering are Hg(II), Ag and Tl(1). 

Zusammenfassung-Die analytische Verwendbarkeit von 6-Phenyl- 
2,3-dihydro-asym-triazin-3-thion (PD’IT.) und 5,6-Diphenyl-2,3-di- 
hydro-usym-triazin-3-thion (DDTT) wurde untersucht. PDTT ist 
zur Bestimmung von Thallium(I) in Gegenwart von Cyanid geeignet, 
DDTT ist in alkalischer Tartratldsung selektiver als PDTT und wird 
zur selektiven gravimetrischen Bestimmung von Palladium verwendet. 
Das Verfahren ist emptindlicher als das mit Dimethylglyoxim. An 
Metallionen stijren nur Hg(II), Ag und Tl(1). 

RCum&On a Btudi6 l’usage analytique de la 6-phenyl 2,3dihydro- 
usym-triazine 3-thione (PD’I?) et dk la’5,6diphenn);l2,3~dihydro-&~~- 
triazine 3-thione cDDTT?. La PDTT s’est a&Q convenable nour le 
dosage du thallium(I) en.la presence de cyanure, tandis que la bDTT 
est plus selective que la PDTT en solution de tartrate alcalin et est 
appliquQ au dosage gravimktrique selectif du palladium. La methode 
est plus sensible que la methode a la dim6thylglyoxime. Les seuls ions 
metalliques g&rants sont Hg(II), Ag et Tl(1). 
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Darstellung einer neuen Organoselenverbindung (C,H,COCH,),Se, 

und ibre Anwendung zur Extraction von Men. 

Bestimmung von Tellurspuren in reinem Selen 

(Eingegangen am 5. Juli 1971. Angenommen am 2. Dezember 1971) 

Es WISRDEN organische Verbindungen des Selens mit gesiittigten Monoketonen dargestellt- 
(RCOCHR’),SeCl, (R und R’ sind Alkyl- und Arylradikale)1-8 die sich weder in Chloroform noch in 
Tetrachlorkohlenstoff oder Benz01 leicht l&en, bedingt durch ihre polaren Charakter da sie leicht 
lbslich sind in polaren Liisungsmitteln. Unser Ziel ist es, um die analytische Anwendung selen- 
organ&hen Verbindungen zu erweitem, polare Verbindungen darzustellen, die in Chloroform oder 
Tetrachlorkohlenstoff gut loslich sind, und die Extraktionsabtrennungen von grohen Mengen Selens 
gewlhrleisten. Wir w%hlten also die vollstandig organosubstituierte Verbindung des Typs 
(RCOCHR’),Se und verwendet Acetophenon als L&and, da (C,H,COCH,),SeCl, in festem Zustand 
mtihelos erhalten wird und von uns besser erforscht ist.’ 

DARSTELLUNG UND EIGENSCHAFTEN VON (CIH,COCH,)ISe 

Es werden 0,5 g Selen (in Form von SeO, oder H,SeOd in 20-25 ml 8,5MSal&ure aufgeliist und 
3 ml Acetophenon zugesetzt, entsprechend dem molaren Verhaltnis Selen:Acetophenon = 1:4. 
Nach 1.5-2 Std. tritt das Selen in Verbindung quantitativ auf, als weil3er Niederschlag der Zusammen- 
setzung (CeH,COCHa),SeCl p.6s7 Nach 35@400 sttindigem Stehen wandelt sich der Niederschlag in 
em gelb-grtines iilartiges Produkt urn. Bei einem grBDeren UberschUa an Acetophenon steigt die 
Reaktionsgeschwindigkeit. 
bestimmt werden. 

Da unsere Versuche, mu&e die Zusammensetzung des Prod&es indirekt 
Als Kermzeichnungsmerkmal des Systems Selen-Acetophenon-Salzs&,ue w&hlten 

wir die Extrahierbarkeit der entstehenden Produkte durch Chloroform. Die Verteihmg des Selens 
in den beiden Phasen ist in Abb. 1 angegeben. 
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I:1 1.2 1:3 1:4 1:5 I:6 I:7 I:6 1:9 I:10 

Se (IT) : Acetophenon, MolvarhGltnis 

ABB. 1 .-[HCI] = 9M, We(W)-Einwaage = 500 mg. 

Es wurden versuche durchgeftihrt, wobei verschiedene Mengen an Acetophenon zu 25 ml 8,SM 
Salzsiiure, die 500 mg Selen enthielten zugesetzt wurden. Nach 350 stiindigem Stehen wurde das Selen 
in 10 ml Chloroform nach dreiminutigem Schiltteln extrahiert. Der Gehalt an Selen wurde such in 
den beiden Phasen bestimmt. Diese und alle folgenden Versuche wurden mit radioaktiven Selen-75 
durchgeftihrt. 

Urn die molaren Verhlltnisse, in denen die Komponenten reagieren, bestimmen zu kiinnen, muB 
man die Kinetik der Zusammenwirkung zwischen Selen und Acetophenon in salzsaurem Medium 
kennen. Die Ergebnisse von derartigen Versuchen sind in Abb. 2 dargestellt. Diese Versuche wurden 
bei denselben Bedingungen durchgefuhrt, wobei nur die Zeit des Stehens variiert wurde. 

t, std 

km. 2.-[HCl] = 9M, 76Se(IV)-Einwaage = 500 mg, molar-e VerhWmsse-0 
Selen:Acetophenon(I) = 1:2, A--Se:1 = 1:4,0-Se:1 = 1:6, Ode:1 = 1:s. 
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Es wurde versucht Chloridionen in dem bei molarem Verhaltnis Selen:Acetophenon griider als 
1: 4 erhaltenen iilartigen Produkt zu bestimmen. Zu diesem Zweck wurde das Produkt mehrmals mit 
Wasser gewaschen aber Chloridionen fand man nicht . Unter denselben Bedingungen wird das Chlor 
aus der Verbindung, die bei Verhaltnis 1: 2 erhalten wird und in grol3en Mengen Chloroform aufgeliist 
ist, mit Wasser quantitativ herausgewaschen. Die IR-Spektren, registriert aus fliissiger Schicht, 
zeigen, daB die Carbonylgruppe und der Benzolring in der erhaltenen Verbindung auf keine Weise 
beein8uDt sind. Bei 552 cm-l wird eine fur die C-Se Bindung charakteristische Absorption beobachtet. 
Die Ergebnisse von der Elementaranalyse sind: gefunden C 68,9%; H 5,4%; Se 14,1x, Cl 0,0x; 
gerechnet [(C,H,COCH,),Se] C 69,43x; H $07 %; Se 14,21%, Cl 0,0x. 

Das bis hier dargelegte HBt uns vermuten, daB (CsH,COCH,),Se die wahrscheinlichste Formel der 
erhaltenen Verbindung ist. 

ANALYTISCHE ANWENDUNG VON (C,H,COCH,)ISe ZUR 
ABTRENNUNG VON SELEN ALS MATRIXELEMENT 

Das Extrahieren von groaen Mengen an Selen gibt eine Mijglichkeit ftlr die analytische Bestimmung 
der Beimischungen, die das reine Selen begleiten und unter den beschriebenen Bedingungen in der 
wlssrigen Phase zurtickbleiben. Zu diesen Zweck war es notwendig, die Zeit zur Entstehung der 
selenorganischen Verbindung zu verktirzen. 

Die Untersuchungen fiihrten wir unter Erwlrmung im Wasserbad in Gegenwart von Salzsaure 
oder einem Gemisch aus Salz- und Schwefelslure durch. Der EinfluB der Schwefelsaure muBte unter- 
sucht werden, weil sie beim Auflosen reines Selens in Salpeterslure als Denitrierungsmittel verwendet 
wird turd in der Losung immer anwesend ist. Die Versuche zur Darstellung der Verbindung ftiten 
wir durch, indem wir zu 0,5 g Selen (in Form von SeO, oder H$eO,), aufgeliist in 25 ml Salzslure 
verschiedener Konzentration, unter Schiitteln Acetophenon zusetzten. Die Menge an Acetophenon 
entsprach dem molaren Verhiiltnis Selen: Acetophenon = 1:2. Nach ungef%hr 1,5 Std bindet sich 
das Selen quantitativ und fallt in Form eines weil3en Niederschlages aus. Die Lbsung tiber dem 
Niederschlag muB klar sein. Man gibt noch zwei molare Teile Acetophenon unter periodischem 
Schiitteln hinzu und erw%rmt im Wasserbad. Die Zeit zur Entstehung der bei verschiedenen Tem- 
peraturen und Konzentrationen der Salzslure dargestellten Verbindung ist in Tabelle I angegeben. 
Em MaB fiir die Entstehung der Verbindung war ihre vollige Extraktion aus der w&srigen Phase in 
das Chloroform. 

Analoge Versuche fiihrten wir such in Anwesenheit von 3N Schwefelslure durch. 
sind in Tabelle II angegeben. 

Die Ergebnisse 

TABELLE I.-REAKTIONXJEXHWINDIGKEIT IN SALZSAURE 

Zeit zur Entstehung der Verbindung, Std. 

m-31, 
M 

bei Reaktionstemperatur 
siedendes 

60-65°C 80-85°C Wasserbad 

530 2,5-3 
535 2-2,5 
6 1,5-2 
7 l-1,5 
8 0,75-l 
9 0,75-l 

10 0,75-l 

l-1,5 
l-1,5 

0,7-l 
0,45-0,5 

zersetzt sich 
zersetzt sich 
zersetzt sich 

0,85-l 
0,85-l 

0,5-0,75 
0,25-0,40 

zersetzt sich 
zersetzt sich 
zersetzt sich 

TABELLE II.-REAKTIONSGESCHWINDDIGKEIT IN GEMISCHTEN S~~UREN 

Gesamtkonzentration 
von HCl + H,SOI 

Zeit zur Entstehung der Verbindung, Std, 
bei Reaktionstemperatur 

N 6065°C siedendes Wasserbad 

4 8-9 
6 3,54 
7 0,75-l 
8 0,75-l 
9 1 

10 1 
11 1 

5-6 
4-5 

1,5-2 
0,5-0,70 

zersetzt sich 
zersetzt sich 
zersetzt sich 
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Fest gestellt wurde, da0 die Verbindung bei SM Salzslure turd 3N Schwefels%re und Erwamumg 
im Wasser bad im Laufe einer Stunde bei 60-65” entsteht. Danach wird mit 5 ml Chloroform oder 
Tetrachlor kohlenstoff extrahiert. Das Selen geht in die organische Phase quantitativ tiber. Unter 
den beschrieben en Bedingungen geht neben Selen such Gold(III) in die organ&he Phase tiber. Das 
letztere wird durch verdthmte Salzslure nicht zurtickextrahiert. In der wiissrigen Phase bleiben 
folgende Metalli onen zurilck: Ru(JV), Rh(IV), Os(IV), Ir(IV), Pt(IV), W(E), Te(IV), Cu(I1). Das 
Verhalten von Gold(II1) wird Gegenstand weiterer Untersuchungen sein. Die erhaltenen Ergebnisse 
wurden zur Besti mmung von Tellur in reinem Selen benutzt. 

ANWENDUNG DER METHODE ZUR BESTIMMUNG VON TELLUR 
IN REINEM SELEN 

Zur Bestimmung von Tellur, das nach der Abtrennung von Selen in der wiissrigen Phase zurtick- 
bleibt, beschlossen wir die bekannte photometrische Methode anzuwenden, die auf der Messung der 
Extinktion von Kolloidlosungen von elementarem Tellur, erhalten durch Reduktion mit Zinn(II)- 
chlorid, beruht.g-ll Die Ergebnisse zeigten, da0 folgende Elemente in den angegebenen Mengen (in 
50 ml) die Photometrische Bestimmung von Tellur nicht stiiren: Pd(II)-5 rg, Au@I)--15 rug, 
O&IV)-19 pg, Ru(IV)-13 ,og, Ir(IV)-19 rg, Pt(IV)-6 pg. 

Reagenzien 

Konz. HCl, H&O, und HNOI p.a. 
Lijsung von SnCl,, 25 %-ige. 
Lasung von Gelatme, 0,5 %-ige. 
Acetophenon p.a. 

Es werden 0,2-3 g Selen in 5-15 ml konz. Salpeterslure aufgelost. Die Probe die 20-200 rg Tellur 
enthalten sol1 wird im Wasserbad erw&rmt, bis sich das Volumen auf 2-3 ml verringert. Man setzt 
2,5 ml konz. Schwefelsiiure und 2-3 ml Wasser hinzu und erwarmt weiter auf 250-300” im Sandbad 
bis zur Entstehung von SO,. Man setzt noch Wasser und Salzslure so zu, da13 das Gesamtvolumen 
25 ml und die Konzentration an Salz&ure 5M wird. Dann werden pro molaren Teil Selen vier 
molaren Teile Acetophenon zugesetzt. Zuerst gibt man unter heftigem Schtlttem die H%lfte von der 
berechneten Menge an Acetophenon zu. Nach 1,5 Std wird die andere Halfte zugegeben. Es wird im 
Wasserbad bei 60-65” eine Stunde lang erw&rmt, wobei man in Zeitabstlnden schtlttelt. 
mu13 vijllig klar sein. 

Die Lijsung 
Die Probe wird in einem Schtltteltrichter gegeben und mit 8 ml Chloroform 

oder Tetrachlorkohlenstoff 2 min lang extrahiert. Die wlssrige Phase wird filtriert und in einen 
50 ml Mdkolben versetzt. Die organische Phase wird mit 5 ml 2M Salzslure 20-30 set lang gewas- 
then und die salzsaure Liisung der w%ssrigen Phase zugesetzt. Die Gesamtmenge in dem MeBkolben 
wird auf 40 ml gebrucht. Man ktihlt auf 20” ab und setzt 0,5 ml SnCl,-Losung zu. Es wird geschilttelt 
und 5 min stehengelassen; man gibt noch 3 ml Gelatine-Losung hinzu, verdtlnnt nach 10 min auf 
50 ml und miBt die Extinktion bei 434 nm in einer 50-mm Ktivette. Die Standartgraphik wird fur 
Mengen von 20-200 rg pro 50 ml aufgezeichnet. 

Urn uns zu tiberzeugen, dal3 keine VerluOte an Tellur beim Auflijsen und Abtrennen des Selens 
entstehen, setzten wir verschiedenen Mengen reinen Selens (0,5, 1, 2, 3 & 50 rg Te zu. Die Proben 
wurden nach der Analysenvorschrift bearbeitet. Die Ergebnisse sind statistisch bearbeitet worden. 

N= 10 R = 50,o /Jg s = 1,19 /_Jg v=~.t.100=5,4~0 

bei P = 95 t = 2,26 

Wir geben such die stat istischen Ergebnisse von der Bestimmung von 50 ,ug Te unter reinen 
Bedingungen an. 

N= 10 5 = 49,8 yg s = 1,22 pg I+.lOO=5,3% 

bei P = 95 t = 2,26 

DISKUSSION 

Eine frtihere Arbeits befa.Bte sich mit der Extraktion von 5-25 ,ug Selen. W%hrend in jenem Falle 
die begrenzte Lbslichkeit von (C,H,COCH,),SeCI, keine Schwierigkeiten bot, wird die Extraktion 
von grol3en Mengen Selen nur mijglich sein, wenn die Selenverbindung in Chloroform praktisch 
unbegrenzt loslich ist, das bei (C~H&OCH&Se der Fall ist. Da andere Elemente wie Te(IV), Au(III) 
nur als Ionenassoziate extrahiert werden, sind sie such leight zurtickzuextrahieren und daher von 
Selen abzutrennen, wie in vorliegender Arbeit am Beispiel von Tellurbestimmung aufgezeigt wird. 

Hiiheres PCdagogisches Institut L. FIJTEKOV 
PIovdiv B. ATANASOVA 
Bulgarien 
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Zusammenfassuug-Erhalten wurde eine neue Verbindung von Se(IV) 
mit Acetophenon in salzsaurem Medium, (C,,H,COCH,),Se. Der 
Pro& der Entstehung der Verbindung dauert beim UberschuB an 
Acetophenon (Selen:Acetophenon < 1:4) ungefahr 300-400 Std. 
aber bei 60-70” nur 1,5-2 Std. Die erhaltene Verbindung lost sich sehr 
gut in Chloroform und Tetrachlorkohlenstoff. Diese Eigenschaft wird 
zur Extraktionsabtremmng von groBen Mengen an Selen benutzt. Auf 
diese Weise wird eine aute Moelichkeit zur Bestimmune von Beimi- 
schungen in reinem Se& gegeb&. Die Methode ist zur”Bestimmung 
von Tells in Selen angewandt worden. 

Summary-A new compound has been prepared from Se(IV) and 
acetophenone in hydrochloric acid solution. At 60-70” conversion 
into (C,H,COCH,)dSe is complete in 15-2 hr. The product is very 
soluble in chloroform and in carbon tetrachloride and thus offers a 
possibility for the separation of large quantities of selenium before 
determination of impurities in it. 
separation and 

The method has been applied to the 
det ermination of traces of tellurium in selenium. 

R&xsm&-On a prepare un nouveau compod a partir de Se(IV) et 
d’acetophenone en solution dans l’acide chlorhydrique. A 60-70”, 
la conversion en (C,H,COCH&?le est complete en 1,5-2 h. Le 
produit est t&s soluble en chloroforme et en tetrachlorure de carbone 
et offre ainsi une possibilite de separation de grandes quantit6.s de 
selenium avant determination des impuretb qu’il contient. On a 
applique la methode a la separation et au dosage de traces de tellurium 
dam le selenium. 
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DE NOMBREUX ANIONS du type [ML,], reagissant avec certains agents organiques de nature basique, 
foumissent des composts ordinairement peu solubles dans l’eau, mais extractibles dam des solvants 
organiques appropries. 

Lorsque l’agent organique-base -est un colorant, on est en presence de reactions a sensibilite 
elev&, mais genn6ralement it faible s&ctivite. D’autre part, les reactions de ces m6mes anions [ML,-] 
avec certains agents a basicitt plus pronon&, mais incolores, se distinguent par leur haute sClectivite 
et leur faible sensibilite. 

L’usage combine de ces deux esp&es de reactions permet de cr&r des methodes sensibles et en 
m&me temps stnlisamment selectives. 
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Zusammenfassuug-Erhalten wurde eine neue Verbindung von Se(IV) 
mit Acetophenon in salzsaurem Medium, (C,,H,COCH,),Se. Der 
Pro& der Entstehung der Verbindung dauert beim UberschuB an 
Acetophenon (Selen:Acetophenon < 1:4) ungefahr 300-400 Std. 
aber bei 60-70” nur 1,5-2 Std. Die erhaltene Verbindung lost sich sehr 
gut in Chloroform und Tetrachlorkohlenstoff. Diese Eigenschaft wird 
zur Extraktionsabtremmng von groBen Mengen an Selen benutzt. Auf 
diese Weise wird eine aute Moelichkeit zur Bestimmune von Beimi- 
schungen in reinem Se& gegeb&. Die Methode ist zur”Bestimmung 
von Tells in Selen angewandt worden. 

Summary-A new compound has been prepared from Se(IV) and 
acetophenone in hydrochloric acid solution. At 60-70” conversion 
into (C,H,COCH,)dSe is complete in 15-2 hr. The product is very 
soluble in chloroform and in carbon tetrachloride and thus offers a 
possibility for the separation of large quantities of selenium before 
determination of impurities in it. 
separation and 

The method has been applied to the 
det ermination of traces of tellurium in selenium. 

R&xsm&-On a prepare un nouveau compod a partir de Se(IV) et 
d’acetophenone en solution dans l’acide chlorhydrique. A 60-70”, 
la conversion en (C,H,COCH&?le est complete en 1,5-2 h. Le 
produit est t&s soluble en chloroforme et en tetrachlorure de carbone 
et offre ainsi une possibilite de separation de grandes quantit6.s de 
selenium avant determination des impuretb qu’il contient. On a 
applique la methode a la separation et au dosage de traces de tellurium 
dam le selenium. 
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Dbtermination de I’or par rbaction d’khange de complexes triples ~3 association 
ionique 

(Regu le 31 Mars 1971. Accept6 Ie 2 Octobre 1971) 

DE NOMBREUX ANIONS du type [ML,], reagissant avec certains agents organiques de nature basique, 
foumissent des composts ordinairement peu solubles dans l’eau, mais extractibles dam des solvants 
organiques appropries. 

Lorsque l’agent organique-base -est un colorant, on est en presence de reactions a sensibilite 
elev&, mais genn6ralement it faible s&ctivite. D’autre part, les reactions de ces m6mes anions [ML,-] 
avec certains agents a basicitt plus pronon&, mais incolores, se distinguent par leur haute sClectivite 
et leur faible sensibilite. 

L’usage combine de ces deux esp&es de reactions permet de cr&r des methodes sensibles et en 
m&me temps stnlisamment selectives. 
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Le principe d’un pareil usage combine des deux espkes de reactions peut dtre illustre par l’exemple 
suivant. L’element a determiner (M) est extrait sous forme de comnlexe K+lML_-1. ou K+ est un 
cation organique incolore. La phase.organique, contenant le complixe, est t&t&par une solution 
aqueuse, contenant un autrecation [Ki+], colore et apte, dam des conditions don&s, a se substituer 
au premier. Le complexe colore K1+[ML,-] ainsi obtenu, passe dans la phase organique qui est 
ensuite soumise a la photometric. Des don&s sur des reactions d’kchange de chelates, ayant lieu 
directement dam la phase organique, existent depuis quelques annees.1-8 
a CtC utilise pour des complexes triples, a association ionique.’ 

Dernierement un tel &change 

Dans le present memoire, nous avons mis a profit le principe d’echange enon& plus haut, pour 
obtenir une methode colorimetrique de determination de l’or, sClective et sensible a la fois. 

Nos essais ont prouve que l’aurichlorure de nitrone extrait avec un solvant organique peut &tre 
determine par voie photometrique apres &change avec du bleu de methylene. 

PARTIE EXPGRIMENTALE 

Rt+actifs utilisks 

Solution &alon d’or. Pour la preparer, on fait dissoudre 0,lOOO g d’or dans quelques ml d’eau 
r&ale. et evanore la solution a sec. Le rtsidu est trait6 a trois renrises oar HCl awe evanoration 
pr&que total& puis dilue a 1000 ml avec HCl 1M. 
par Seau. 

Avant emploi, c&te solkion est diluee aidixieme 

Solution de sulfate de nitrone-1,000 ,ug/ml 
Solution de bleu de mbhyl&ne-O,OOlM 
Solution de complexone I&-O,05M 
Ch1oroformep.a. 

Mode opiratoire 

Pendant 5 mn on extrait, par 5 ml de chloroforme, 25 ml de solution aqueuse h pH 1, contenant 
3-8 ,ug d’or III et 1 ml de solution de sulfate de nitrone. Apres separation des phases, on transvase 
la couche organique dans une ampoule a decanter, on y ajoute 20 ml d’acide chlorhydrique O,lM, 
contenant 0,4 ml de solution de bleu de methyl&e, et on agite pendant 5 mn. La couche organique 
&par&e est soumise a la centrifugation et mesuree photometriquement (filtre rouge). 

DISCUSSION DES Rl%ULTATS 

On a Ctudie la formation et l’extraction de l’aurichlorure de nitrone et on les a mises a profit pour 
la separation par extraction de microquantites d’or v dam des melanges complexes. Les extra& que 
l’on obtient contiennent ordinairement de l’or de l’ordre de 1O-p a/ml. En raison de cette faible teneur 
en or, ils sont incolores et ne peuvent &tre soumis directenkt a la photometric. Pour cette 
raison et afin de pourvoir determiner l’or, on a evapore ii set l’extrait orga&que contenant l’aurichlo- 
rure de nitrone, calcine le residu et am-es dissolution de l’or dam de l’eau de chlore. on l’a determine 
selon la methode connue, a l’aide dd bleu de m&hylene.7 

Dans l’extraction de l’or(II1) a l’aide de nitrone, on peut extraire aussi les complexes de Tl,Pl et 
Pd. Les deux derniers elements accompagnent tres rarement l’or dans les concentrts de minerai. Nos 
essais ont prouve que le platine et le palladium ne genent pas la determination de l’or selon la methode 
tnoncee, les rapports respectifs &ant: Au : Pt : Pd = 1 : 6 : 12. 

Si, darts la determination de l’or, on procede a la combustion du residu (contenant de l’aurichlo- 
rure de nitrone et du thallichlorure de nitrone), le thallium ne gene pas le dosage sous forme d’aurichlo- 
rure de bleu de methylene. 
les resultats par excts. 

Cependant, si l’on procede par kchange, le thallium interfere en donnant 

Pour reafiser le dosage de l’or(II1) par &change en presence de Tl(III), on a CtudiC les aptitudes 
h l’extraction de l’aurichlorure de nitrone et du thallichlorure de nitrone en fonction du pH, entre 
pH 1 et pH 4(Fig. 1). 

Cette figure montre que l’or(II1) s’extrait a l’aide de nitrone, a pH 1,82 et le thallium a pH 1,12. 
Pour des valeurs de pH allant de 1.12 a I.81 J’effet e&ant du Tl(II1) diminue. Pour eliminer complete- 
ment son inhuence~lors de la separation par ex&action de por(II1) sous forme d’aurichlortke de 
nitrone, nous avons eu recours a la dissimulation a l’aide de complexone III et de thiocarbamide. 

Dam ce but, nous avons effectue des essais en vue de determiner separement l’or(II1) et le Tl(II1) 
en pr6sence de complexone III et de thiocarbamide, en modifiant leurs quantites respectives et le pH 
de la solution. 

L’usage de complexone III nous a permis d’obtenir de tres bons resultats. 11s montrent que la 
concentration la plus 6levee du complexone III dans la phase aqueuse, lorsque l’or(II1) est extrait 
quantitativement, est de l’ordre de 2.1O-‘M, le pH allant de 0,76 a 0,98. Si les valeurs de pH sont 
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FIG. 1 -Correlation entre l’extraction de Au(m) (1) et (2) a I’aide du nitrone 
et en fonction du pH du milieu. 

[Au*+] = [Tl*+] = 50.2 mg/ml 

superieures il 0,98 l’extraction de l’or(II1) n’est pas quantitative. On n’a pas 6tudi6 en vue de sa 
skparation s&ctive l’effet dissimulant du complexone III pour des valeurs du pH inferieures a 0,76. 

Dam les conditions &on&es, Tl(III) se trouve i&e totalement dissimulb. 
Nous avons aussi effectue des essais en vue de determiner les quantit6s de Tl(III) pouvant Btre 

dissimulets lors de la determination dune quantitk donnke d’or (Tableau I). Ce tableau montre que, 
dam les conditions mentionneks, l’or(II1) peut etre determine par &change du nitrone dam l’aurichlo- 
rure de nitrone au moyen du bleu de methylene en presence de 60 g Tl(II1). 

TABLEAU I 

PrMevC 
Rapport Trouv6, or 

Or, w Thallium, ,eg Au:Tl ccg 

5,O 10 1:2 590 
530 20 1:4 5,O 
530 30 1 :6 590 
5,O 40 1 :8 590 
590 50 1 :lO 580 
5,O 60 1 :12 5-O 
590 70 1 :14 593 

On a aussi BtudiC l’effet g&ant des ions qui accompagnent ordinairement l’or dans les concentrks 
de minerai. Nos essais ont port& sur des quantitks de l’ordre de 5 . lo-’ g des elements cit6s. 11 a 6t6 
Ctabli qu’ils ne peuvent pas Btre extraits au moyen du nitrone dans les memes conditions ou l’on 
extrait l’or, et, que par consequent, ils ne participent pas a l’kchange. 

Les essais effectues attestent que le principe d’echange prkonid peut etre mis en pratique avcc 
beaucoup de success dans la determination photometrique de l’or en presence de thallium, de platine, 
de palladium et tous les autres elements que l’accompagnent ordinairement dam les minerais et les 
concentres de minerai. 

Chaire de chimie analytique 
Ecole normale suptfrieure 
Rue V. Markov 7, Plovdiv, Bulgarie 

N. GANTCHEV 
A. DIMITROVA 
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R6surnMn a mis a profit le principe d’kchange de complexes triples 
a association ionique pour determiner l’or par photom&rie. On a 
6thidie les effets de Pt, Pd, Tl et d’autres 616ments sur la determination 
de I’or(III). On a &able les conditions de determination de l’or(II1) 
en leur presence. 

S--The principle of exchange of ion-association triple com- 
plexes has been used for photometric determination of gold. The effects 
of Pt, Pd, Tl and other elements have been examined, and conditions 
established for determination of gold(III) in their presence. 

Zusammenfassun-Das Prinzip des Austausches von Ionenasso- 
ziations-Tripelkomplexen wurde auf die photometrische Bestimmung 
von Gold angewandt. Der EinIluh von Pt, Pd, Tl und anderen 
Elementen wurde untersucht und Bedingungen ermittelt, unter denen 
Gold(III) in ihrer Gegenwart bestimmt werden kam. 
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Zusammenfassuug-Erhalten wurde eine neue Verbindung von Se(IV) 
mit Acetophenon in salzsaurem Medium, (C,,H,COCH,),Se. Der 
Pro& der Entstehung der Verbindung dauert beim UberschuB an 
Acetophenon (Selen:Acetophenon < 1:4) ungefahr 300-400 Std. 
aber bei 60-70” nur 1,5-2 Std. Die erhaltene Verbindung lost sich sehr 
gut in Chloroform und Tetrachlorkohlenstoff. Diese Eigenschaft wird 
zur Extraktionsabtremmng von groBen Mengen an Selen benutzt. Auf 
diese Weise wird eine aute Moelichkeit zur Bestimmune von Beimi- 
schungen in reinem Se& gegeb&. Die Methode ist zur”Bestimmung 
von Tells in Selen angewandt worden. 

Summary-A new compound has been prepared from Se(IV) and 
acetophenone in hydrochloric acid solution. At 60-70” conversion 
into (C,H,COCH,)dSe is complete in 15-2 hr. The product is very 
soluble in chloroform and in carbon tetrachloride and thus offers a 
possibility for the separation of large quantities of selenium before 
determination of impurities in it. 
separation and 

The method has been applied to the 
det ermination of traces of tellurium in selenium. 

R&xsm&-On a prepare un nouveau compod a partir de Se(IV) et 
d’acetophenone en solution dans l’acide chlorhydrique. A 60-70”, 
la conversion en (C,H,COCH&?le est complete en 1,5-2 h. Le 
produit est t&s soluble en chloroforme et en tetrachlorure de carbone 
et offre ainsi une possibilite de separation de grandes quantit6.s de 
selenium avant determination des impuretb qu’il contient. On a 
applique la methode a la separation et au dosage de traces de tellurium 
dam le selenium. 
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ionique 

(Regu le 31 Mars 1971. Accept6 Ie 2 Octobre 1971) 

DE NOMBREUX ANIONS du type [ML,], reagissant avec certains agents organiques de nature basique, 
foumissent des composts ordinairement peu solubles dans l’eau, mais extractibles dam des solvants 
organiques appropries. 

Lorsque l’agent organique-base -est un colorant, on est en presence de reactions a sensibilite 
elev&, mais genn6ralement it faible s&ctivite. D’autre part, les reactions de ces m6mes anions [ML,-] 
avec certains agents a basicitt plus pronon&, mais incolores, se distinguent par leur haute sClectivite 
et leur faible sensibilite. 

L’usage combine de ces deux esp&es de reactions permet de cr&r des methodes sensibles et en 
m&me temps stnlisamment selectives. 
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Le principe d’un pareil usage combine des deux espkes de reactions peut dtre illustre par l’exemple 
suivant. L’element a determiner (M) est extrait sous forme de comnlexe K+lML_-1. ou K+ est un 
cation organique incolore. La phase.organique, contenant le complixe, est t&t&par une solution 
aqueuse, contenant un autrecation [Ki+], colore et apte, dam des conditions don&s, a se substituer 
au premier. Le complexe colore K1+[ML,-] ainsi obtenu, passe dans la phase organique qui est 
ensuite soumise a la photometric. Des don&s sur des reactions d’kchange de chelates, ayant lieu 
directement dam la phase organique, existent depuis quelques annees.1-8 
a CtC utilise pour des complexes triples, a association ionique.’ 

Dernierement un tel &change 

Dans le present memoire, nous avons mis a profit le principe d’echange enon& plus haut, pour 
obtenir une methode colorimetrique de determination de l’or, sClective et sensible a la fois. 

Nos essais ont prouve que l’aurichlorure de nitrone extrait avec un solvant organique peut &tre 
determine par voie photometrique apres &change avec du bleu de methylene. 

PARTIE EXPGRIMENTALE 

Rt+actifs utilisks 

Solution &alon d’or. Pour la preparer, on fait dissoudre 0,lOOO g d’or dans quelques ml d’eau 
r&ale. et evanore la solution a sec. Le rtsidu est trait6 a trois renrises oar HCl awe evanoration 
pr&que total& puis dilue a 1000 ml avec HCl 1M. 
par Seau. 

Avant emploi, c&te solkion est diluee aidixieme 

Solution de sulfate de nitrone-1,000 ,ug/ml 
Solution de bleu de mbhyl&ne-O,OOlM 
Solution de complexone I&-O,05M 
Ch1oroformep.a. 

Mode opiratoire 

Pendant 5 mn on extrait, par 5 ml de chloroforme, 25 ml de solution aqueuse h pH 1, contenant 
3-8 ,ug d’or III et 1 ml de solution de sulfate de nitrone. Apres separation des phases, on transvase 
la couche organique dans une ampoule a decanter, on y ajoute 20 ml d’acide chlorhydrique O,lM, 
contenant 0,4 ml de solution de bleu de methyl&e, et on agite pendant 5 mn. La couche organique 
&par&e est soumise a la centrifugation et mesuree photometriquement (filtre rouge). 

DISCUSSION DES Rl%ULTATS 

On a Ctudie la formation et l’extraction de l’aurichlorure de nitrone et on les a mises a profit pour 
la separation par extraction de microquantites d’or v dam des melanges complexes. Les extra& que 
l’on obtient contiennent ordinairement de l’or de l’ordre de 1O-p a/ml. En raison de cette faible teneur 
en or, ils sont incolores et ne peuvent &tre soumis directenkt a la photometric. Pour cette 
raison et afin de pourvoir determiner l’or, on a evapore ii set l’extrait orga&que contenant l’aurichlo- 
rure de nitrone, calcine le residu et am-es dissolution de l’or dam de l’eau de chlore. on l’a determine 
selon la methode connue, a l’aide dd bleu de m&hylene.7 

Dans l’extraction de l’or(II1) a l’aide de nitrone, on peut extraire aussi les complexes de Tl,Pl et 
Pd. Les deux derniers elements accompagnent tres rarement l’or dans les concentrts de minerai. Nos 
essais ont prouve que le platine et le palladium ne genent pas la determination de l’or selon la methode 
tnoncee, les rapports respectifs &ant: Au : Pt : Pd = 1 : 6 : 12. 

Si, darts la determination de l’or, on procede a la combustion du residu (contenant de l’aurichlo- 
rure de nitrone et du thallichlorure de nitrone), le thallium ne gene pas le dosage sous forme d’aurichlo- 
rure de bleu de methylene. 
les resultats par excts. 

Cependant, si l’on procede par kchange, le thallium interfere en donnant 

Pour reafiser le dosage de l’or(II1) par &change en presence de Tl(III), on a CtudiC les aptitudes 
h l’extraction de l’aurichlorure de nitrone et du thallichlorure de nitrone en fonction du pH, entre 
pH 1 et pH 4(Fig. 1). 

Cette figure montre que l’or(II1) s’extrait a l’aide de nitrone, a pH 1,82 et le thallium a pH 1,12. 
Pour des valeurs de pH allant de 1.12 a I.81 J’effet e&ant du Tl(II1) diminue. Pour eliminer complete- 
ment son inhuence~lors de la separation par ex&action de por(II1) sous forme d’aurichlortke de 
nitrone, nous avons eu recours a la dissimulation a l’aide de complexone III et de thiocarbamide. 

Dam ce but, nous avons effectue des essais en vue de determiner separement l’or(II1) et le Tl(II1) 
en pr6sence de complexone III et de thiocarbamide, en modifiant leurs quantites respectives et le pH 
de la solution. 

L’usage de complexone III nous a permis d’obtenir de tres bons resultats. 11s montrent que la 
concentration la plus 6levee du complexone III dans la phase aqueuse, lorsque l’or(II1) est extrait 
quantitativement, est de l’ordre de 2.1O-‘M, le pH allant de 0,76 a 0,98. Si les valeurs de pH sont 
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FIG. 1 -Correlation entre l’extraction de Au(m) (1) et (2) a I’aide du nitrone 
et en fonction du pH du milieu. 

[Au*+] = [Tl*+] = 50.2 mg/ml 

superieures il 0,98 l’extraction de l’or(II1) n’est pas quantitative. On n’a pas 6tudi6 en vue de sa 
skparation s&ctive l’effet dissimulant du complexone III pour des valeurs du pH inferieures a 0,76. 

Dam les conditions &on&es, Tl(III) se trouve i&e totalement dissimulb. 
Nous avons aussi effectue des essais en vue de determiner les quantit6s de Tl(III) pouvant Btre 

dissimulets lors de la determination dune quantitk donnke d’or (Tableau I). Ce tableau montre que, 
dam les conditions mentionneks, l’or(II1) peut etre determine par &change du nitrone dam l’aurichlo- 
rure de nitrone au moyen du bleu de methylene en presence de 60 g Tl(II1). 

TABLEAU I 

PrMevC 
Rapport Trouv6, or 

Or, w Thallium, ,eg Au:Tl ccg 

5,O 10 1:2 590 
530 20 1:4 5,O 
530 30 1 :6 590 
5,O 40 1 :8 590 
590 50 1 :lO 580 
5,O 60 1 :12 5-O 
590 70 1 :14 593 

On a aussi BtudiC l’effet g&ant des ions qui accompagnent ordinairement l’or dans les concentrks 
de minerai. Nos essais ont port& sur des quantitks de l’ordre de 5 . lo-’ g des elements cit6s. 11 a 6t6 
Ctabli qu’ils ne peuvent pas Btre extraits au moyen du nitrone dans les memes conditions ou l’on 
extrait l’or, et, que par consequent, ils ne participent pas a l’kchange. 

Les essais effectues attestent que le principe d’echange prkonid peut etre mis en pratique avcc 
beaucoup de success dans la determination photometrique de l’or en presence de thallium, de platine, 
de palladium et tous les autres elements que l’accompagnent ordinairement dam les minerais et les 
concentres de minerai. 
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R6surnMn a mis a profit le principe d’kchange de complexes triples 
a association ionique pour determiner l’or par photom&rie. On a 
6thidie les effets de Pt, Pd, Tl et d’autres 616ments sur la determination 
de I’or(III). On a &able les conditions de determination de l’or(II1) 
en leur presence. 

S--The principle of exchange of ion-association triple com- 
plexes has been used for photometric determination of gold. The effects 
of Pt, Pd, Tl and other elements have been examined, and conditions 
established for determination of gold(III) in their presence. 

Zusammenfassun-Das Prinzip des Austausches von Ionenasso- 
ziations-Tripelkomplexen wurde auf die photometrische Bestimmung 
von Gold angewandt. Der EinIluh von Pt, Pd, Tl und anderen 
Elementen wurde untersucht und Bedingungen ermittelt, unter denen 
Gold(III) in ihrer Gegenwart bestimmt werden kam. 
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PRELIMINARY COMMUNICATIONS 

Extraction of some metal phenylacetates into chloroform 

(Received 4 October 1971. Accepted 25 November 1971) 

DURING the investigation of new compounds for highly selective extraction of metals we have paid 
attention to nhenvlacetic acid-CaHICH,COOH (PAA). An aaueous solution of this acid will 
precipitate irdn(III), copper( u&y1 ion etc from‘slightly acidic & nearly neutral solutions (pH 6). 
The precipitate dissolves easily in chloroform and other organic solvents. 

With further experimentation we have found that phenylacetic acid offers more selective reactions 
than does, for example, oxine. From slightly acidic dilute solutions large amounts of nickel, cobalt, 
manganese, alkaline earth metals, molybdate, vanadate are not precipitated or extracted. The 
extraction capacity for iron, copper and uranium is very large, exceeding the extractibility of most 
other metal chelates. It 1s possible to extract smoothly 200 mg and more of iron in the presence of 
micro amounts of nickel, cobalt or manganese. 

There are some possibilities for using such separations on the micro-scale for calorimetric deter- 
mination of particular elements as well on the macro-scale for complexometric determinations. 
Phenylacetic acid is slightly soluble in water (1*26 g/l00 ml) but very soluble in chloroform. Its 
chloroform solution was therefore used as extractant. We can expect that other substituted acetic 
acids will behave similarly. Extractable precipitates are formed, for example, by l-hydroxynaph- 
thylacetic acid. 

In this work the dependence of the extraction on pH and metal ion concentration was studied, 
because it has been observed that the extractability of individual metals varies very much. 

EXPERIMENTAL 

Reagents 

Phenylacetic acid solution, IM in chloroform. 
of chloroform. 

Prepared by dissolution of 34.0 g of PAA in 250 ml 

Metal solutions, OGSM. Prepared from the salts (sulphate, chloride, nitrate) and checked com- 
plexometrically. 

EDTA solution O*OSM. Standardized with 0*05M lead nitrate, with Xylenol Orange as indicator. 
Other reagents include saturated solutions of hexamethylenetetramine (hexamine), borax and 

ammonium acetate. 

Influence of pH on the extraction 

Because the extraction of the metals is primarily dependent on quantitative precipitation, it was 
obvious that the solution before extraction should not be acid. Tervalent iron is onlv nartlv ex- 
tracted at pH 3-4 but quantitatively at pH 6. The same holds for other elements. Iron g&s&r o&age 
to deep red extract, copper gives an intense blue from borax medium or a green extract from hexa- 
mine solutions. Easily hydrolysed metals-xirconium, hafnium, thorium, bismuth, aluminium. 
titanium-are not extracted, forming precipitates at the chloroform interface which are partly sus- 
pended in the chloroform. 

The first experiments were carried out as follows. To the acidic metal solution solid PAA was 
added and the solution was extracted with chloroform. Usually all the PAA was dissolved. Then the 
pH was adjusted to about 6 by addition of saturated solutions of hexamine, borax or ammonium 
acetate, and the solution was shaken again. In later experiments a 1M solution of PAA in chloro- 
form was used. 

Effect of dilution on the extraction 

As already said, the extraction can be carried out only after precipitation of particular metals. 
Some metal phenylacetates are soluble and precipitate only from relatively concentrated solutions. 
The results in Table I for bivalent metals, iron(II1) and uranyl ion were obtained by the following 
procedure. To 2 ml of 0.05M metal solution in a 150~ml separatory funnel, water was added (0, 5, 
10 ml) followed by 5 ml of buffer solution. The mixture was extracted for 1 min with 5 ml of 1M 
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TABLE I.-DEGREE OF EXTRACTION (%) OF METAL PHIXN~ACETATES 
(For 2 ml of 0*05&f metal solutions) 

Final volume, ml 7 12 17 7 7 

Buffer 

Final molarity of the 
metal solution 

Hexamine Hexamine Hexamine Borax NH,O,CCH, 
(a) (a) (a) (b) (c) 

1.4 x 10-a 8.3 x 1O-s 5.8 x 1O-s 1.4 x 10-a 

Co(I1) 
Ni 
Pb 

: 
Mn(I1) 
CuOI) 
Fe(II1) 
uo*a+ 

60 25 13 5 
49 18 8 0 

100 100 100 85 
98 96 90 0 
91 83 30 0 
0 0 0 0 

99 99 99 99 
100 100 100 100 
100 100 100 100 

1 
0 
0 
0.9 
0 
0 

1: 
98 

(a) pH 5-5.5 (b) pH 6 (c) pH 4-6 in final solutions. 

PAA in chloroform. The phases were separated and the aqueous phase was extracted once more with 
5 ml of pure chloroform. The metal left in the aqueous phase after dilution with water was deter- 
mined by a suitable complexometric method. The degree of extraction is summarized in Table I. 

From Table I we can see that in the case of bivalent metals, with the exception of copper, the degree 
of extraction is very dependent on the metal concentration. It can be expected that at high dilution 
(about O.OlM) these metals are not extracted at all. The second series of extractions of bivalent 
metals and some others was carried out as follows. A 5-ml portion of O.OSM metal solution in a 
150-250~ml separatory funnel was diluted to 50,100 or 150 ml. After addition of 20 ml of saturated 
hexamine solution and 10 ml of 1M PAA in chloroform, the mixture was shaken for 1 min. After 
separation of the phases, the aqueous phase was extracted twice with lo-ml portions of pure chloro- 
form. The metal remaining in the aqueous phase was determined complexometrically. The con- 
sumption of 0.05 ml or less of O*OSM EDTA in the titration of the aqueous phase was considered 
as zero for the calculation of the degree of extraction. Some results are summarized in Table II. 

TABLE II.-DEGREE OF EXTRACTION (%) OF METAL PHENYLACETATES 
FROM LARGE VOLUMES 

(For 5 ml of 0.05M metal solutions; hexamine buffer pH 5.5-6) 

Final volume, ml 70 120 170 

Final molarity of metal 
before extraction 3.5 x 10-a 2 x 10-a 1.47 x 10-a 

Co(H) 
Ni 
Pb 
Zn 
Cd 
Mn(I1) 
Cu(I1) 
In 
Ga 

$I”) 
;;(III) 

DY 
Y 
SC 

0 0 
0 0 

88 56 
0 0 
0 0 
0 0 

100 100 
100 100 
100 100 
68 16 

100 99 
36 1 
96 74 
75 50 
56 4 
92 92 

0 
0 

28 
0 
0 
0 

100 
100 
100 

91: 
0 
0 
3 
1 

100 
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The extraction of some metals by the described procedure was followed only qualitatively. These 
observations are given in Table III. 

TABLB III.-EXIXAC~~ON OF LESS COMMON METALS 
(qualitative tests) 

Metal ion Extraction Aqueous phase 

Vanadium(IV) Violet extract Negative test with HIOa 
Vanadium(V) Not extracted Intense yellow 
Molybdenum(V1) Not extracted Oxine precipitation 
Tungsten(W) Not extracted Oxine precipitation 
Gold(II1) Yellow extract Colourless 
Platinum(W) Yellow extract Colourless 
Palladium(I1) Yellow-brown Colourless 
Germanium(IV) Not extracted Positive test with phenylfluorone 

Influence of masking 

Complex-forming compounds will compete with the formation of the phenylacetate precipitate. 
For example, copper is extracted incompletely in the presence of ammonium acetate, and lead not 
at all (see Table I). EDTA prevents all precipitations. Ammonium fluoride masks iron and uranium, 
making extraction of copper highly selective. On the other hand copper can be masked with thiourea, 
uranium with hydrogen peroxide or ammonium carbonate etc. 

Table II offers some possibilities for the separation of metals. From the practical point of view 
this type of extraction is suitable for removal of larger amounts of iron, copper and uranium 
from complex material. Further experiments have shown that it is possible to determine minute 
traces of manganese in iron or steels (with formaldoxime) or cobalt (less than 0.05%) in the same 
material with nitroso-R-salt, or to determhre complexometrically zinc and manganese in copper 
alloys, nickel or cobalt in various iron alloys etc. The results will be published elsewhere. 

Analytical Laboratory Jrlif ADAM 
Institute of Geological Sciences 
Charles University, Prague 2 
Albertov 6 

Analytical Laboratory 
J. Heyrovsky Polarographic Institute 
Czechoslovak Academy of Science 
Prague 1, Jilskci 16 
Czechoslovakia 

Runoff Pilrnr~ 
VLADndR VESELq 

Summary-Phenylacetic acid has been found to be very useful as a 
reagent in the extraction of large quantities of certain ions, notable 
iron(III), cobalt(H), copper( lead, zinc, cadmium and uranyl. A 
1M solution of the reagent in chloroform is used to extract up to 200 
mg of certain ions from small volumes of aqueous phase. Selectivity 
is increased by pH control and masking. 

Zusammenfassun8-Phenylessigsiiure ist sehr ntitzlich als Reagens zur 
Extraktion groBer Mengen bestimmter Ionen, besonders Eisen(III), 
Kobalt(II), Kupfer(II), Blei, Zink, Cadmium und Uranyl. Eine 1M 
Losung des Reagens in Chloroform dient zur Extraktion von bis zu 
200 mg dieser Ionen aus kleinen Volumina wariger Phase. Die Selek- 
tivittit wird durch pH-Kontrolle und Maskierung verbessert. 

R&nm5--On a trouve que l’acide phenylacetique est t&s utile en tant 
que reactif pour l’extraction de grandes quantites de certains ions, 
notamment les fer(III), cobalt(II), cuivre(I1). plomb, zinc, cadium et 
uranyle. On utilise une solution 1M du reactif en chloroforme pour 
extraire jusqu’a 200mg de certains ions de petits volumes de phase 
aqueuse. La s6lectivite est accrue par controle de pH et dissimulation. 
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Foam chromatography 

Solid foams as supports in eohmm ~omato~phy 

(Received 25 October 1971. Accepted 4 December 1971) 

THIS PRELIMINARY NOYE deals with a new possibility in reversed-phase partition (extraction) chro- 
matography. The concept may also be extended to ion-exchange and analogous techniques. Our 
investigations in these fields are in progress. In the last decades extraction chromatography has 
undergone considerable progressx-4 and numerous separations have become possible which could 
only be achieved with difficulty, or not at all, by static extraction. General use of this method was 
limited by two major problems: the lack of inert supports with suitable chemical and physical 
properties, and the relatively low capacity of the extraction chromatographic columns. 

A solution of the first problem has been given by the application of organic polymeric (plastic) 
inert supports. Thus the introduction, for use in column chromatography, of polytrjfluoroethylene 
(Kel-F),“-’ polytetrafluoroethylene (Teflon, Haloport-F, Fluoroplast),S.@ the copolymer of polyvinyl 
acetate and polyvinyl chloride (Corvic), lo the copolymer of styrene and divinylbenzene,” polyethylene 
(Mipor)13 and polyffuor~~nl~ represents marked progress. These supports are applied in granular 
form, and the adsorption and elution of the components to be separated take place in a thin film of the 
stationary phase coated on the polymer surface. The considerable advantages of the application of 
such plastic supports are lessened by the necessity of using them as finely granulated particles, with 
large specific surface, in order to increase the capacity; this adversely affects the flow-rate through the 
column, and therefore pressurized columns have to be employed. 
than that of ion-exchange resins. 

Even in this case, the capacity is less 

For a solution of the problems mentioned above, the idea occurred that chromatographic ad- 
sorption, exchange and partition processes could be favourably influenced by giving the adsorbent a 
holiow spherical (celh~iar) form, and effecting the adsorption on the internal surface of the cells. This 
can be done by using solid, flexible, foamed synthetic polymers as inert supports in columns, Open- 
c&l plastic foams may be regarded as a relatively regular stack of hollow spheres (celis). 

The hydrodynamic properties of ~hromato~aphic columns packed with a foamed polymer are 
extremely favourable, and high flow-rates may be attained. The large specific surface of the foams 
ensures a large capacity compared with granular supports. In ion-exchange chromatography it may 
also be expected that the rate of the exchange processes wiii increase when the thin membranes forming 
the inner surface of the cells provide the site of exchange. 

With the highly developed technology for making foamed plastics and synthetic polymers today,” 
probably many or all organic supports, applied hitherto in granular form, may be produced as a foam. 

To our knowledge, results have not been published so far on the application of plastic foams as 
supports in chromatographic columns, though Bowenls recently suggested polyurethane foams as 
adsorbents in batch adsorption separations. 

Our investigations were initiated with plastic foams available on the market. The first experiments 
concerned mainly the fiow characteristics and chemical resistance of the foams applied. 

Of the different foams examined (PVC, viscose, rubber and polyurethane), polyurethane foam 
proved to be the most appropriate, hence only this was subjected to a more thorough examination. 
Attempts at the preparation of other foamed inert synthetic and ion-exchange polymers are in progress. 

As a model, the extraction ~hro~tographic separation of palladium, in the form of palladium- 
thiourea complex in perchloric acid medium, was examined, with tri-n-butyl phosphatelo on poly- 
urethane foam as the stationary phase. 

EXPERIMENTAL 

Reagents and material 

AI1 reagents used were of analytical grade unless otherwise mentioned. Tri-n-butyl phosphate 
(TBP) used as the stationary phase was purified according to the procedure described by Hamlin ef al.? 
Polyurethane foam, polyether of open cell-type, was used as the supporting material. It was a flexible 
polymer with 60 cells/cm on the average. This material was supplied by the North Hungarian 
Chemical Works, Sajbbabony, Hungary. 

Column packing 

A column of 1.5 cm bore and 15 cm length (with inlet and outlet taps at both ends) was used. The 
polyurethane packing material was washed 3 times with acetone. The dried material either in the 
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form of small cubes or cylinders was equilibrated with puritled TBP (3 ml per g of foam) with efficient 
stirring, then left overnight. The loaded foam was dried between two sheets of filter paper to remove 
excess of TBP. The cylindrical foam was cut such that each rod had a little larger diameter than that 
of the column. Either form of the loaded foam was evenly packed in the column by gentle pressure 
with a glass rod. This procedure reduced the volume of the compressed foam to one third of its 
original value. The packed column was evacuated by means of an oil-pump. Distilled water saturated 
with TBP was gradually allowed to Sll the column through the outlet tap. This allows any residual 
air bubbles to escape from the foam inner surface to the top of the column andresults in a homogeneous 
bed. 

Procedure 

Separation of Pd and Ni. The feed solution contained 1 ml of PdCl, solution (Pd 1 mg/ml), 
1 ml of NiCll solution (Ni 1 mg/ml) and 10 ml of 0.1M perchloric acid containing 3 % thiourea and 
1% sodium perchlorate. Different experiments were made in which the concentration of Pd was kept 
constant while that of Ni was varied by a factor of up to 100. 

Sorption of this mixture took place at a flow-rate of 1 ml/mm. 
at flow-rates of l-4 ml/min. 

The mixture was chromatographed 

Water saturated with TBP was used as eluting solution. Ni was eluted with O*lMperchloric acid 
containing 3 ‘A thiourea and 1% sodium perchlorate, and Pd with water. In both cases the eluent was 
saturated with TBP, which served to keep the concentration of TBP on the foam material con- 
stant. Pd and Ni were determined spectrophotometrically as the Pd-thiourea and Ni-dimethylgly- 
oxime complexes, at 292 and 366 nm respectively. 

RESULTS AND DISCUSSION 

Under the experimental conditions used Ni does not form a complex with thiourea,17 and comes off 
the column in the first free column volumes without any measurable retention. On the other hand, 
Pd, which forms a complex with thiourea, was completely taken up by the loaded foam even in 
presence of 100 times its weight of Ni. 

In comparison with published workI in which TBP was used as stationary phase loaded on differ- 
ent inert supports in granular form, it was found that polyurethane foam column support takes up 
TBP much more efficiently. For example, Kel-F takes up 1 ml of TBP per g. whereas polyurethane 
foam takes up 2 ml/g. This high uptake of stationary phase results in a high relative break-through 
capacity of the column, i.e., ~30 mg of Pd*+ per g of coated foam. 

Sharp and symmetrical peaks were obtained for both Ni and Pd. For Pd the height equivalent to 
one theoretical plate (HETP) was calculated to be ~1.4 mm. 

The flow-rates were considerably higher than for granular supports,‘6*18 without pressure applied 
at the top of the columns. 

Institute of Inorganic and Analytical Chemistry, 
L. Eiitriis University, Budapest 8, 
Muzeum krt. 416, Hungary. 

T. BRAWN 
A. B. FARAO 

SummarSr_--Foamed polymer is loaded with tributyl phosphate as 
stationary phase and compressed into a chromatographic column 
which will give flow rates of 1-4 ml/min, has a high break-through 
capacity and gives sharp and symmetrical peaks in elution 
chromatography. It has been applied to separation of nickel and 
palladium. 

Zusammenfassung-Ein Polymerenschaum wird mit Tributvlnhos- 
phat als stationarer Phase getrankt und in eine Chromatographi&Pule 
aenrellt. Man erreicht DurchfmBeeschwindiekeiten von l-4 ml/mm. , , 
i&e hohe Durchbruchskapaxit& &d bei der Elutionschromatographie 
scharfe und symmetrische Peaks. Das Verfahren wurde auf die Tren- 
nung von Nickel und Palladium angewandt. 

R&um&Un polymere-mousse charge de phosphate de tributyle 
comme phase stationnaire et cornprime dans une colonne chromato- 
graphique qui donnera des vitesses d’ecoulement de l-4 ml/mn donne 
des pits accent&s et symetriques en chromatographie d’elution. On 
l’a applique B la separation du nickel et du palladium. 
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Foam chromatography 

Solid foams as supports in eohmm ~omato~phy 

(Received 25 October 1971. Accepted 4 December 1971) 

THIS PRELIMINARY NOYE deals with a new possibility in reversed-phase partition (extraction) chro- 
matography. The concept may also be extended to ion-exchange and analogous techniques. Our 
investigations in these fields are in progress. In the last decades extraction chromatography has 
undergone considerable progressx-4 and numerous separations have become possible which could 
only be achieved with difficulty, or not at all, by static extraction. General use of this method was 
limited by two major problems: the lack of inert supports with suitable chemical and physical 
properties, and the relatively low capacity of the extraction chromatographic columns. 

A solution of the first problem has been given by the application of organic polymeric (plastic) 
inert supports. Thus the introduction, for use in column chromatography, of polytrjfluoroethylene 
(Kel-F),“-’ polytetrafluoroethylene (Teflon, Haloport-F, Fluoroplast),S.@ the copolymer of polyvinyl 
acetate and polyvinyl chloride (Corvic), lo the copolymer of styrene and divinylbenzene,” polyethylene 
(Mipor)13 and polyffuor~~nl~ represents marked progress. These supports are applied in granular 
form, and the adsorption and elution of the components to be separated take place in a thin film of the 
stationary phase coated on the polymer surface. The considerable advantages of the application of 
such plastic supports are lessened by the necessity of using them as finely granulated particles, with 
large specific surface, in order to increase the capacity; this adversely affects the flow-rate through the 
column, and therefore pressurized columns have to be employed. 
than that of ion-exchange resins. 

Even in this case, the capacity is less 

For a solution of the problems mentioned above, the idea occurred that chromatographic ad- 
sorption, exchange and partition processes could be favourably influenced by giving the adsorbent a 
holiow spherical (celh~iar) form, and effecting the adsorption on the internal surface of the cells. This 
can be done by using solid, flexible, foamed synthetic polymers as inert supports in columns, Open- 
c&l plastic foams may be regarded as a relatively regular stack of hollow spheres (celis). 

The hydrodynamic properties of ~hromato~aphic columns packed with a foamed polymer are 
extremely favourable, and high flow-rates may be attained. The large specific surface of the foams 
ensures a large capacity compared with granular supports. In ion-exchange chromatography it may 
also be expected that the rate of the exchange processes wiii increase when the thin membranes forming 
the inner surface of the cells provide the site of exchange. 

With the highly developed technology for making foamed plastics and synthetic polymers today,” 
probably many or all organic supports, applied hitherto in granular form, may be produced as a foam. 

To our knowledge, results have not been published so far on the application of plastic foams as 
supports in chromatographic columns, though Bowenls recently suggested polyurethane foams as 
adsorbents in batch adsorption separations. 

Our investigations were initiated with plastic foams available on the market. The first experiments 
concerned mainly the fiow characteristics and chemical resistance of the foams applied. 

Of the different foams examined (PVC, viscose, rubber and polyurethane), polyurethane foam 
proved to be the most appropriate, hence only this was subjected to a more thorough examination. 
Attempts at the preparation of other foamed inert synthetic and ion-exchange polymers are in progress. 

As a model, the extraction ~hro~tographic separation of palladium, in the form of palladium- 
thiourea complex in perchloric acid medium, was examined, with tri-n-butyl phosphatelo on poly- 
urethane foam as the stationary phase. 

EXPERIMENTAL 

Reagents and material 

AI1 reagents used were of analytical grade unless otherwise mentioned. Tri-n-butyl phosphate 
(TBP) used as the stationary phase was purified according to the procedure described by Hamlin ef al.? 
Polyurethane foam, polyether of open cell-type, was used as the supporting material. It was a flexible 
polymer with 60 cells/cm on the average. This material was supplied by the North Hungarian 
Chemical Works, Sajbbabony, Hungary. 

Column packing 

A column of 1.5 cm bore and 15 cm length (with inlet and outlet taps at both ends) was used. The 
polyurethane packing material was washed 3 times with acetone. The dried material either in the 
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form of small cubes or cylinders was equilibrated with puritled TBP (3 ml per g of foam) with efficient 
stirring, then left overnight. The loaded foam was dried between two sheets of filter paper to remove 
excess of TBP. The cylindrical foam was cut such that each rod had a little larger diameter than that 
of the column. Either form of the loaded foam was evenly packed in the column by gentle pressure 
with a glass rod. This procedure reduced the volume of the compressed foam to one third of its 
original value. The packed column was evacuated by means of an oil-pump. Distilled water saturated 
with TBP was gradually allowed to Sll the column through the outlet tap. This allows any residual 
air bubbles to escape from the foam inner surface to the top of the column andresults in a homogeneous 
bed. 

Procedure 

Separation of Pd and Ni. The feed solution contained 1 ml of PdCl, solution (Pd 1 mg/ml), 
1 ml of NiCll solution (Ni 1 mg/ml) and 10 ml of 0.1M perchloric acid containing 3 % thiourea and 
1% sodium perchlorate. Different experiments were made in which the concentration of Pd was kept 
constant while that of Ni was varied by a factor of up to 100. 

Sorption of this mixture took place at a flow-rate of 1 ml/mm. 
at flow-rates of l-4 ml/min. 

The mixture was chromatographed 

Water saturated with TBP was used as eluting solution. Ni was eluted with O*lMperchloric acid 
containing 3 ‘A thiourea and 1% sodium perchlorate, and Pd with water. In both cases the eluent was 
saturated with TBP, which served to keep the concentration of TBP on the foam material con- 
stant. Pd and Ni were determined spectrophotometrically as the Pd-thiourea and Ni-dimethylgly- 
oxime complexes, at 292 and 366 nm respectively. 

RESULTS AND DISCUSSION 

Under the experimental conditions used Ni does not form a complex with thiourea,17 and comes off 
the column in the first free column volumes without any measurable retention. On the other hand, 
Pd, which forms a complex with thiourea, was completely taken up by the loaded foam even in 
presence of 100 times its weight of Ni. 

In comparison with published workI in which TBP was used as stationary phase loaded on differ- 
ent inert supports in granular form, it was found that polyurethane foam column support takes up 
TBP much more efficiently. For example, Kel-F takes up 1 ml of TBP per g. whereas polyurethane 
foam takes up 2 ml/g. This high uptake of stationary phase results in a high relative break-through 
capacity of the column, i.e., ~30 mg of Pd*+ per g of coated foam. 

Sharp and symmetrical peaks were obtained for both Ni and Pd. For Pd the height equivalent to 
one theoretical plate (HETP) was calculated to be ~1.4 mm. 

The flow-rates were considerably higher than for granular supports,‘6*18 without pressure applied 
at the top of the columns. 

Institute of Inorganic and Analytical Chemistry, 
L. Eiitriis University, Budapest 8, 
Muzeum krt. 416, Hungary. 

T. BRAWN 
A. B. FARAO 

SummarSr_--Foamed polymer is loaded with tributyl phosphate as 
stationary phase and compressed into a chromatographic column 
which will give flow rates of 1-4 ml/min, has a high break-through 
capacity and gives sharp and symmetrical peaks in elution 
chromatography. It has been applied to separation of nickel and 
palladium. 

Zusammenfassung-Ein Polymerenschaum wird mit Tributvlnhos- 
phat als stationarer Phase getrankt und in eine Chromatographi&Pule 
aenrellt. Man erreicht DurchfmBeeschwindiekeiten von l-4 ml/mm. , , 
i&e hohe Durchbruchskapaxit& &d bei der Elutionschromatographie 
scharfe und symmetrische Peaks. Das Verfahren wurde auf die Tren- 
nung von Nickel und Palladium angewandt. 

R&um&Un polymere-mousse charge de phosphate de tributyle 
comme phase stationnaire et cornprime dans une colonne chromato- 
graphique qui donnera des vitesses d’ecoulement de l-4 ml/mn donne 
des pits accent&s et symetriques en chromatographie d’elution. On 
l’a applique B la separation du nickel et du palladium. 
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LETTER TO THE EDITOR 

Computer calculation of equilibrium constants using programme SCOGS. 
A further modification 

Further work by one of us (VSS) has shown that the correction recently published for programme 
SCOGS,’ while mathematically more correct than that used in the original programme,* still requires 
a minor modification to one card of the programme. Statement No. 150, the derivation of calculated 
titre CTITR from known initial quantities and the measured pH, at present reads’ 

150 CTITR = (VOXI(K)*TURM(K) + V(K)*AC(K) - VOXl(K)*HO)/BA(K) 

The quantity VOXl(K) (i.e., current total volume at point K, equal to original volume plus added 
titrant) is correctly used in the term VOXI(K)*TURM(K) as the latter quantity, having earlier been 
corrected for volume change, must now be reduced to refer to original volume. No volume change 
appears in the term V(K)*AC(K). However the term VOXl(K)*HO contains the change in volume 
and this quantity should more correctly be assumed to be unknown and equal to CTITR. Thus the 
expression above ought to be written 

CTITR = (VOXl(K)*TURM(K) + V(K)*AC(K) - V(K)*HO - CTITR*HO)/BA(K) 

Rearranging gives the expression below and this should be substituted for Statement No. 150, 

150 CTITR = (VOXl(K)+TURM(K) + V(K)*AC(K) - V(K)*HO)/(BA(K) + HO) 

This modification, while advisable, has not made significant difference to the constants calculated 
to date. 

I. G. SAYCE 

Division of Inorganic and Metallic Structure 
National PhysicalLaboratory 
Teddington, Middlesex, U.K. 

Department of Chemistry 
Ohio State University 
Columbus, Ohio, U.S.A. 
20 December 1971 

v. s. SHARMA 
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2. Idem, ibid., 1968,15, 1397. 

831 



Talmta, 1972, Vol. 19, P. 831. Per~amon Press. Printed in Northern Ireland 

LETTER TO THE EDITOR 

Computer calculation of equilibrium constants using programme SCOGS. 
A further modification 

Further work by one of us (VSS) has shown that the correction recently published for programme 
SCOGS,’ while mathematically more correct than that used in the original programme,* still requires 
a minor modification to one card of the programme. Statement No. 150, the derivation of calculated 
titre CTITR from known initial quantities and the measured pH, at present reads’ 

150 CTITR = (VOXI(K)*TURM(K) + V(K)*AC(K) - VOXl(K)*HO)/BA(K) 

The quantity VOXl(K) (i.e., current total volume at point K, equal to original volume plus added 
titrant) is correctly used in the term VOXI(K)*TURM(K) as the latter quantity, having earlier been 
corrected for volume change, must now be reduced to refer to original volume. No volume change 
appears in the term V(K)*AC(K). However the term VOXl(K)*HO contains the change in volume 
and this quantity should more correctly be assumed to be unknown and equal to CTITR. Thus the 
expression above ought to be written 

CTITR = (VOXl(K)*TURM(K) + V(K)*AC(K) - V(K)*HO - CTITR*HO)/BA(K) 

Rearranging gives the expression below and this should be substituted for Statement No. 150, 

150 CTITR = (VOXl(K)+TURM(K) + V(K)*AC(K) - V(K)*HO)/(BA(K) + HO) 

This modification, while advisable, has not made significant difference to the constants calculated 
to date. 

I. G. SAYCE 

Division of Inorganic and Metallic Structure 
National PhysicalLaboratory 
Teddington, Middlesex, U.K. 

Department of Chemistry 
Ohio State University 
Columbus, Ohio, U.S.A. 
20 December 1971 

v. s. SHARMA 

REFERENCES 

1. I. G. Sayce, Talanta, 1970,18,653. 
2. Idem, ibid., 1968,15, 1397. 

831 



T&Ma, 1972, Vol. 19, pp. 833 to 838. Perpdmon Press. Printed in Nonhcrn Ireland 

DETERMINATION OF TRACE ELEMENTS IN METALS 
AND ALLOYS BY ATOMIC-ABSORPTION SPECTROSCOPY 

USING AN INDUCTION-HEATED GRAPHITE WELL 
FURNACE AS ATOM SOURCE 

J. B. HEADRIDGE and DAVID RISSON SMITH 
Chemistry Department, Sheffield University, Sheffield, U.K. 

(Received 19 August 1971. Accepted 29 October 1971) 

Summary-Aninduction-heated graphite furnace, coupled to aUnicam 
SP 90 atomic-absorption spectrometer, is described for the direct 
determination of trace elements in metals and alloys. The furnace is 
capable of operation at temperatures up to 2400”, and has been used 
to obtain calibration graphs for the determination of ppm quantities of 
bismuth in lead-base alloys, cast irons and stainless steels, and for 
the determination of cadmium at the ppm level in zinc-base alloys. 
Milligram samples of the alloys were atomized directly. Calibration 
graphs for the determination of the elements in solutions were obtained 
for comparison. The accuracy and precision of the determination are 
presented and discussed. 

IN RECENT years much interest has been shown in the development of non-flame 
methods of atomization for atomic-absorption spectroscopy.l Many such atomization 
methods have been reported but few have dealt with systems suitable for direct 
analysis of solid samples. The authors have previously reported on an induction 
furnace for the direct determination of trace elements by atomic-absorption spectros- 
copy using the solid sample directly .2 The results obtained were very encouraging 
and it was decided that further investigations on a similar atomizer should be contin- 
ued. The major disadvantage of the system described previously was that, since 
alumina sheathing was used, the operating temperature was limited to approximately 
1900”. A furnace, based on a system commonly used for vacuum fusion, and capable 
of operation up to 24OO”, was thus constructed, and the application of this furnace 
to atomioabsorption spectroscopic determination of trace elements is reported. 

EXPERIMENTAL 

Apparatus 

A diagram of the furnace is shown in Fig. 1. The carbon core consisted of a cylinder of graphite, 
120 mm long and 38 mm in diameter, with a 13 mm hole bored centrally along its length to within 
10 mm of one end. Light-guides. consisting of graphite tubes 75 mm lone. 15 mm outside diameter 
and with a 6 mm bore,-we& positioned at gach iid& of the core, centred c& a point 50 mm from the 
base (closed end). Acheson e.g.w. grade graphite was used in this construction. 

The core was held in a quartz tube, 130 mm long and 47 mm internal diameter, with side-arms, 
50 mm long and 18 mm internal diameter to cover the light-guides. The side-arms were tapered at 
their ends to give a tight fit on the light-guides. The space between the graphite core and quartz 
sheathing was packed with insulating Eraphite, 300 mesh. 

The &re was heated by a six-tu& hdbction coil wound round the quartz sheathing as shown in 
the diagram, the power to the coil being sunnlied bv a 6 kW Radvne Induction Generator. 

Thewhole of ihis was seated on an a&e& worl&table and endosed by an asbestos box which was 
sealed to the table with refractory cement. The box had gas inlet and outlet points so that the system 
could be flushed out and operated in an inert gas atmosphere. Argon was used in these experiments. 
“Spectrosil” windows, 40 mm in diameter, were fitted in two sides of the asbestos box, in line with 
the light-guides to allow the passage of light through the cell. 

1 833 
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FIG. l.-Induction-hate graphite furnace for atomic-abso~tion spectroscopy. 
A, Argon inlet; B, argon inlet; C, graphite core; D, quartz sheath; E, graphite 
insulation; F, graphite funnel; G, and G,, &on-O-Miser ball valves type 44/46/T 
(Worcester Valve Co. Ltd.) of 13-mm nominal bore; H, induction coil; Z, “Spectrosil” 

windows; .Z, aluminium cooling jacket with cold water circulating through it. 

Samples were introduced into the furnace from above via a double valve arrangement which 
prevented the introduction of air along with the sample. A graphite funnel was positioned in the 
top of the asbestos box, directly above the bore in the graphite core, to guide the samples into the 
hot core. A hollow aluminium cooling unit was designed to fit under the valves and over the graphite 
funnel, and was secured to the lid of the asbestos box. This was necessary to prevent heat from the 
furnace destroying the Teflon valve seats and seals. 

Radiation was provided by electrodeless discharge tubes. These were powered by a Microtron 
200 microwave generator, fitted with a voltage stabilizing unit and frequency modulator unit operating 
at 50 Hz. A Unicam SF 90 atomic-absorption spectrophotometer was used as detector and amphfica- 
tion unit, the output signal being obtained on a Honeywell 10 mV recorder, fast-response type. 

Preliminary investigations 

To obtain maximum sensitivity of the atomic-absorption determination when using a system such 
as that described above, it is necessary, particularly when a peak-height method of absorbance 
m~~ment is used, that all the atoms of the element of interest appear in the light-~th in a short 
period of time. Thus when solid samples were used, sensitivity was expected to be dependent upon 
the furnace temperature, and preliminary experiments were carried out to investigate this point. 
These indicated that the optimum temperature is one just above the boiling point of the matrix 
element, provided the element of interest is also volatile at this temperature. 

Should the element to be determined be less volatile than the matrix element, a temperature just 
above the boiling point of the trace element should be used. When the matrix element is not in the 
gaseous phase at the maximum temperature of the furnace, suitable calibration graphs can still be 
obtained provided that the matrix element is molten and the element of interest is volatile. 

A similar series of experiments was carried out to investigate the effect of varying the argon gas 
flow. Maximum sensitivity was obtained when the argon flow was stopped just before introduction 
of the sample into the furnace, the flow being restored after the peak, to flush metal vapour from the 
cell. 

General procedure 

The argon flow through inlet A was adjusted to 10 l./min to flush out the system. The Radyne 
generator was adjusted to bring the furnace to a suitable temperature and the argon tiow was adjusted 
to 7 1. min. Valve G, was opened and a sample was introduced into the sample tube (see Note). 
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Argon inlet B was opened and a flow of 2 1. min was used to flush out air from the sample tube. Valve 
G, and argon inlet B were then closed. 

The controls of the SP 90 were adjusted to give a transmission setting of 100% on the recorder. 
The argon supply was stopped by closing argon inlet A, and valve Ga was opened and closed quickly 
to allow the sample to fall into the “well” furnace. After recording of a minimum transmission 
reading, argon inlet A was opened and an argon flow of 7 1. min was used to flush out the system. 

Once the base-line for 100% transmission had again been achieved, the procedure was repeated 
for the next sample. 

Note. In analysis for trace elements directly on solid samples, small pieces of the materials under 
study (mg samples) were introduced into the furnace. These materials were alloys which contained 
traces of elements of which the concentrations had been determined by well-established analytical 
methods. For solution analysis, small volumes were dispensed by micrometer syringe and were 
collected on carbon pellets 6 mm in diameter and 3 mm in depth. After evaporation of the solvent, 
to produce a solid deposit of the salt, the carbon pellets were added to the furnace as described above. 
Standard solutions of the metals were prepared by dissolving the metals in nitric acid. 

RESULTS 

Calibration graphs for the determination of cadmium in zinc-base alloys (curve A) 
and solutions (curve B), using the 228.8~nm line and furnace temperatures of 1050” 
and 2300” respectively are shown in Fig. 2. A temperature of 2300” was used to ensure 
dissociation of any molecular species of cadmium formed from cadmium nitrate. 
The sensitivities (1% absorption values) calculated from these graphs were 040 ng 
for cadmium from zinc-base alloys and 0.62 ng for cadmium from solution. As 5-mg 
samples of zinc-base alloys were used, the I ‘A absorption value for cadmium in 
zinc-base alloys corresponds to a concentration of 0.08 pg/g. 

Calibration graphs for the determination of bismuth in lead-base alloys, stainless 
steels, cast irons and solutions are shown in Figs. 3 and 4 respectively. The resonance 

1 I 

50 100 

Amount of cadmium, ng 

Fro. 2.-Calibration graphs for the determination of cadmium in (A) zinc-base alloys 
and (B) solutions. 
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FIG. 3.-Calibration graphs for the determination of bismuth in (A) lead-base alloys; 
(B) stainless steels and (C) cast irons. 
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FIG. 4.-Calibration graph for the determination of bismuth in solution. 
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line at 3068 nm was used in all cases. A furnace temperature of 1775” was employed 
for the lead-base alloys, all other determinations being carried out at 2400”. All the 
graphs in Fig. 3 have been obtained for solid samples and the abscissa conveniently 
shows the concentration of bismuth &g/g) in the 6-mg samples used. The 1% 
absorption values calculated from the calibration graphs were O-24 ,ug/g for bismuth 
from lead-base alloys, O-30 lug/g for bismuth from stainless steels and 0.33 pug/g for 
bismuth from cast irons. Since the weights of sample used were 6 mg, these 1% 
absorption values correspond to amounts of bismuth of l-4 ng for lead-base alloys, 
l-8 ng for stainless steels and 2-O ng for cast irons. By comparison the 1% absorption 
value for bismuth from solution, calculated from Fig. 4, was 1.4 ng. 

Accuracy and precision data obtained for the determination of bismuth in lead- 
base alloys and cast irons, together with corresponding figures for the determination 
of cadmium in zinc-base alloys are summarized in Table I. In order to obtain these 
results, a sample of the appropriate alloy, not used in the preparation of the calibra- 
tion graph, was analysed a number of times by the procedure given, the concentra- 
tions being read off the calibration graph. 

TABLE I.-ACCURACY AND PRECISION OF ANALYSES USING GRAPHITE INDUCTION FURNACE 

Determination 
No. of 
samples 
analysed 

Concentration of trace element 
determined pg/‘g 

This method Independent method 

Relative 
standard 
deviation 

% 

Bi in lead-base alloy 10 43 40 8.1 
Bi in cast iron 10 66 63 8.1 
Cd in zinc-base alloy 6 12.7 13.0 3.6+ 

* These samples were weighed on a semimicro S-place balance; 
4-place laboratory balance. 

other samples were weighed on a 

DISCUSSION 

The results obtained for the determination of bismuth and cadmium in various 
matrices were considered to be satisfactory, the accuracy and precision of the deter- 
minations using the graphite “well” furnace being quite comparable with those 
obtained by other workers on furnace systems. As indicated in Table I, weighing 
errors can account for a considerable proportion of the error and, if more sensitive 
balances are used, the precision can be improved. 

All the calibration graphs are curved, and this is thought to be due mainly to a 
sluggish response of the amplification system to a rapidly changing signal. This 
becomes particularly noticeable when a peak-height method of absorbance measure- 
ment is used. Since distortion of the peak height will increase as the height of the peak 
increases, curved calibration graphs result. 

The decrease in sensitivity of bismuth determination from lead-base alloys to cast 
irons and stainless steels is due to the use of a peak-height method of absorbance 
measurement. Since the maximum temperature available was not above the boiling 
point of the base element in the last two types of sample, vaporization of the trace 
element of interest was not so rapid. The absorption peaks were shallower and 
broader than those obtained with the more volatile base materials. Use of an inte- 
gration method of absorbance measurement would probably overcome this lack of 
sensitivity. 
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Although the sensitivities obtained by using the graphite “well” furnace are not 
so good as those obtained with the horizontal furnace described previously,2 it is 
felt that this furnace does have a future. It appears particularly useful for the deter- 
mination of trace elements at the ppm level, using the solid sample directly. 

Initial determinations of tin at the ppm level in lead-base alloys and aluminium-base 
alloys have also been carried out successfully. The furnace appears suitable for the 
determination of many elements, including Ag, As, Ca, Hg, Mg, Mn, Pb, Sb and Zn, 
in a wide range of matrices. Whilst the accuracy and precision values so far obtained 
by this technique may not be acceptable for the most exacting determinations at the 
ppm level, the technique could prove very useful as an analytical tool for rapid 
semi-quantitative analysis. 

Acknowledgements--One of the authors @. R. S.) thanks the Science Research Council for a Student- 
ship to undertake this work. The authors are indebted to B.I.S.R.A. and B.C.I.R.A. for provision of 
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Zusauuueafassuug-Ein an ein Unicam SP 90-Atomabsorptionsspektro- 
meter gekoppelter Graphit-Induktionsofen wird beschrieben, der zur 
direkten Bestimmung von Spurenelementen in Metallen und Legierun- 
gen dient. Der Ofen kann bei Temperaturen bis 2400” betrieben 
werden und wurde verwendet zur Aufstelhmg von Eichkurven zur 
Bestimmung von ppm-Mengen Wismut in Legierungen mit Biei als 
Grundmetall und zur Bestimmung von Cadmium im ppm-Bereich 
in Legierungen auf Zinkbasis. Milligramm-Proben der Legierungen 
wurden direkt in den atomaren Zustand tiberftihrt. Zum Vergleich 
wurden Eichkurven zur Bestinunung der Elemente in Losung auf- 
genommen. Genauigkeit und Richtigkeit der Bestirnmung werden 
angegeben un diskutiert. 

RCtuue---On d&it un four de graphite chauffe par induction et 
couple a un spectrometre d’absorption atomique Unicam SP 90 pour 
le dosage direct de traces d’elements dans les metaux et alliages. Le 
four est capable d’op6rer a des temperatures allant jusau’a 2400”, et a 
et6 utilid pour obtenir des courbes d’etalonnage pour le dosage de 
quantites de l’ordre du ppm de bismuth dans des alliages a base de 
piomb, des fontes et des aciers inoxydables, et pour le dosage du 
cadmium au niveau de la ppm dans des alliages a base de zinc. Des 
6chantillons des alliages, de I’ordre du milligramme, ont et6 atomis& 
directement. Les courbes d’etalonnage pour le dosage des elements en 
solutions ont Cte obtenues pour comparaison. On prbente la precision 
et la fidelite du dosage et en discute. 
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S--The procedure involves the use of tri-n-butyl phosphate 
(TBP) adsorbed by Porasil C and stepwise elution with sulphuric acid 
and hydrochloric acid. The distribution coeflicients for the two 
systems (TBP and hydrochloric acid and TBP and sulphuric acid) and 
the elution characteristics were studied. A description is given of a 
procedure applicable to the analysis of prills obtained from the fire 
assay of platinum-bearing ores. 

ION-JXCHANGE~~ and chromatographic techniques se8 have been applied in the search 
for better and faster separation methods for multicomponent mixtures of the noble 
metals. A useful contribution in this field has been the work of Kember and Wells,’ 
who describe the separation of microgram amounts of platinum, palladium, rhodium 
and iridium by chromatographic procedures on paper strips. James* examined their 
procedure for the separation of platinum and palladium, and, after making modifica- 
tions to the apparatus, applied the method to the separation of platinum and palladium 
in silver prills obtained from ore samples by the conventional fire-assay technique. 

This procedure and a modified procedure of Kember and Wells for rhodium and 
iridiumB were applied at the National Institute for Metallurgy to the analysis of prills 
obtained from the fire assay of samples of ore from the Merensky Reef. Although the 
results obtained for platinum and palladium compared favourably with the results 
obtained by atomic-absorption methods, the procedure was found to be tedious and 
time-consuming. Moreover, the very small amount of sample solution that could be 
applied to a paper strip often made the determination of rhodium and iridium in low 
concentrations very difficult. 

Because of these disadvantages, it was decided to explore the related technique of 
reversed-phase extraction chromatography (RPEC). This technique combines the 
selectivity of many organic extractants with the multistage character ofchromatography, 
and should be applicable to the separation of noble metals from one another and from 
base metals. Columns permit the use of much larger volumes of sample solution, thus 
facilitating the determination of the separated noble metals. 

From reviews published by Eschrich and DrentlO and by Cerrai and Ghersini,ll 
it is apparent that a number of papers on the separation of the noble metals have been 
published. It was decided that the use of tri-n-butyl phosphate (TBP) as a stationary 
phase should be investigated. Contradictory statements had been made, particularly 
about Rf values for the noble metals in the system TBP and hydrochloric acid.=--1s 
The distribution coefficients for noble metals and for several base metals commonly 
associated with noble metals in ores and concentrates were therefore determined under 
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conditions appropriate to RPEC on columns by use of the TBP and hydrochloric acid 
system. The distribution coefficients for the system TBP and sulphuric acid were also 
determined. These determinations were followed by extensive elution studies in an 
attempt to achieve a separation of platinum, palladium, rhodium, iridium and gold, 
and to develop a working procedure applicable to cupellation prills obtained from the 
fire assay of ores, to hydrochloric acid solutions of the noble metals obtained from the 
dissolution of tin and nickel sulphide buttons, and to acid extracts and concentrates 
of samples from the Merensky Reef. 

Standard solutions of noble metals 
EXPERIMENTAL 

Standard solutions of platinum (10.0 mg/ml) andpalladium (I.0 mg/ml). Prepared by dissolution 
of the metals in aqua regia. After evaporation and repeated treatment with hydrochloric acid, the 
residues were dissolved in 50% v/v hydrochloric acid. 

Standardgold solution, 1.0 &ml. Prepared by dissolving gold in aqua regia. 
Standard solutions of rhodium, iridium, ruthenium, and osmium were prepared by dissolution of an 

amount of their “Specpure” ammonium salts representing 0~1000 g of the metal, in a mixture of 
hydrochloric acid and nitric acid. After removal of the nitric acid by repeated treatment with con- 
centrated hydrochloric acid, the salts were dissolved in 50% v/v hydrochloric acid to give solutions 
containing 1.0 mg of metal/ml. The composition of the ammonium salts of rhodium, iridium and 
ruthenium is not strictly stoichiometric, and the percentage of the metal in the salt was determined 
after reduction of a known amount of salt to the metal with burning hydrogen. 
metal obtained, its content in the salt was calculated. 

From the weight of 

Determination of the noble metals 

It was found convenient to monitor the elution during chromatographic separations by continuous 
photometric measurement of the eluate. A Zeiss spectrophotometer (model PMQII) and a “Rika- 
denki” recorder were used for this purpose, and the absorbance was measured at 300 nm. Although 
the sensitivity for iridium was poor, rhodium, platinum and palladium were readily detectable. 

This detection method is not selective for the platinum-group metals, but it served as a useful 
indication of changes in the concentration of an individual metal in the eluate, thereby considerably 
reducing the time required for the subsequent analysis. 

Platinum in individual eluate fractions was determined by measurement of its tin(I1) chloride 
complex’ at 403 nm. Palladium was determined photometrically with thioglycollic acid,’ and gold in 
inorganic and organic solutions was measured by atomic-absorption spectrometry. Rhodium in 
sulphuric acid solutions was determined by a modified method of Khattak and Magee,r6 based on the 
formation of the yellow rhodium(III)-tin(I1) chloride complex in concentrated hydrochloric acid, 
followed by the extraction of this complex into an amine solution and the measurement of the organic 
phase at 415 nm. This extraction method effectively eliminates interference by base metals, 1-mg 
amounts of the following ions having been tested and found not to interfere: iron(III), lead, nickel, 
copper( and cobalt(I1). Sulphate, chloride and nitrate do not interfere. 

The method used for the photometric determination of iridium in hydrochloric acid solutions is a 
modification of that developed by Ayres and Bolleter,lT in which leuco-Crystal Violet is oxidized to its 
coloured form by iridium(IV). 

Distribution CoeJicients 

Kel-F powder was used as the inert support for TBP for the determination of the distribution 
coefficients. However, because Kel-F powder was found to vary in absorption properties and 
appearance from batch to batch, it was replaced by Porasil C for the subsequent elution studies. 

The solvent capacity of the different supports was determined by a standard method proposed by 
Pietrzyk.‘* Different batches of Porasil C absorbed 43644.0% of the TBP, compared with the 1*6- 
35.0 % absorbed by Kel-F powder. In later experiments Porasil C having a TBP content of 25 % by 
weight was used on the assumption that the E.” values would not be altered by the change of support. 
The mixture had the properties of a dry, free-flowing powder, whereas Kel-F powder containing the 
same amount of TBP was a sticky mass. The TBP-treated Kel-F powder was mixed with the ex- 
tractant dissolved in chloroform and the chloroform was allowed to evaporate. 

Aliquot portions (10 ml each) of standard solutions containing 100-500 ppm of metal and varying 
concentrations of hydrochloric and sulphuric acids were shaken with 1 g of TBP-treated Kel-F 
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powder in a stoppered glass bottle for 3 hr. After equilibration the aqueous phase was analysed, 
and the distribution coefficients were calculated according to the equation: 

E,,” = 
concentration of metal in organic phase x vol. of solution 

TBP-treated Kel-F powder (g) x concentration of metal in aqueous phase * 

To determine the time needed for equilibrium to be reached, 10 ml portions of 6M hydrochloric 
acid, containing 100 ppm of platinum, were shaken with treated Kel-F for 05-8 hr. Constant results 
were obtained after 2 hr. 

The concentration of metals in the aqueous phase was determined by atomic-absorption spectrom- 
etry, spectrophotometry (iridium) and isotopic measurements (osmium, ruthenium and silver). 
The distribution coethcients for the noble metals for the system TBP and sulphuric acid were deter- 
mined, where necessary, in the presence of trace amounts of hydrochloric acid to prevent losses by 
precipitation. For osmium and ruthenium, the respective chloride tracer was added to the sulphuric 
acid solutions. In an attempt to ensure that the noble metals were in their oxidized state, solutions 
were used that had previously been oxidized with sodium chlorate. The results are given in Table I. 

Platinum(N) and osmium have almost identical distribution coefficients and are thus not sepa- 
rable. However, it should be possible for these metals together to be separated from the other four 
platinum-group metals when hydrochloric acid (3-6M) is used as eluent. Rhodium and palladium 
cannot be separated, but both metals could perhaps be separated from iridium with hydrochloric 
acid ranging from 3 to 5M if the column were long enough. As aluminium, chromium, cobalt, nickel, 
copper and manganese are only very slightly retained, they can be separated from iron, gold, osmium, 
platinum and iridium. The platinum-group metals can be separated from gold by elution with 
l-l 1M hydrochloric acid. 

Distribution coefficients for the platinum-group metals in sulphuric acid (Table II) are distinctly 
higher than in hydrochloric acid solutions, and separation factors between the individual noble 
metals differ sufhciently for separation to be made. Gold has distribution coetlicients higher than 1W 
and can therefore easily be separated from all the other noble metals. The base metals, including iron 
and tin, are not signiticantly retained and can be separated from all the noble metals with the possible 
exception of rhodium and ruthenium. 

Although RI values are not strictly comparable with Es0 values, it is noted that the values in Table 
I do not agree with the R! values obtained by Bark et al. le for osmium, molybdenum, silver and to a 
lesser extent, palladium. 
Volynets et al..” 

The values in this table also do not correspond with the Rf values quoted by 
who give values of 0.07 and 0.06 for platinum and iridium with 4M hydrochloric 

acid as the mobile ph&e. Similarly our values show-that rhodium and palladium could not be 
seoarated on a column with 4-5M hvdrochloric acid. which is contrarv to Bark et uI.l” and Volvnets 
et’al.16 The low E.” value for platinum in 9M hydrochloric acid in Table I does not agree with the 
zero RI value given by 0’Laughlid4 for platinum on TBP-treated paper with 9M hydrochloric acid as 
the mobile phase. 

However, the results presented in Tables I and II are in good agreement with the liquid-liquid- 
extraction results published by Ishimori et al. I9 
tions. 

for both hydrochloric acid and sulphuric acid solu- 
The few exceptions-mainly for the noble metals-may be due to different oxidation states of 

the noble metals. 

Elution studies 

To verify the conclusions drawn from the distribution coefficients, elution studies with mixed 
noble-metal solutions on columns 10 cm in length were carried out. Since one of the objectives of the 
project was to develop a separation technique applicable toprills obtained by fire assay, rutheniumand 
osmium were omitted from all further experiments; they would be volatilised during dissolution and 
evaporation of samples with uqua regia in the presence of an oxidizing agent. As can be seen from 
Fig. 1, when 5M hydrochloric acid was used as the eluent, palladium and rhodium were readily eluted 
together, and were thus separated from platinum and iridium, which move much more slowly. Al- 
though an oxidizing agent (sodium chlorate) had been added to the hydrochloric acid solution and the 
platinum(N) was expected to be eluted after the iridium, the platinum was eluted first. The platinum 
behaved as if it were in the reduced state and moved in accordance with the distribution coefficients for 
platinum(I1). It appears that, in the absence of an oxidizing environment and possibly because of 
reducing impurities in the TBP-treated Porasil C, the platinum(N) can be reduced after it has been 
transferred to the column. This hypothesis is supported by the observation that platinum(II) in 
hydrochloric acid solution moves at the same rate as platinum(IV) under the conditions described. 
When 4M sulphuric acid was used as the eluent, rhodium was clearly separated from the other 
metals, and platinum and iridium both showed extensive tailing (Fig. 2). All attempts to achieve 
better resolution of the peaks and less tailing were unsuccessful. These attempts included variations in 
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TABLE II.--E,” VALUFS OF METALS FOR THE SYSTEM ml’ AND SULPHURIC ACID 

843 

Acid concentration M 

Metal 0.5 1.0 2.0 3.0 4.0 5.0 6.0 

Rt(IV) 
IrW 
wlw 
WIV) 
Ru(II1) 
Rh(II1) 
SnOV) 
WII) 
Ni(I1) 
CWI) 
Co(R) 
Mn(I1) 
Fe(II1) 
Mo(VI) 
Cr(II1) 
Ag(I) 
Au0 
Al(II1) 
IWIV) 
Zr(IV) 
DWI) 
ThW) 
TeoV) 
Se@0 

2.6 4.5 
8.6 6.0 

10.0 16.0 
1.4 3.2 
0.28 0.9 
1.9 2.4 

10.1 to.1 
N.D. N.D. 

<O*l 0.25 

IO.0 14.0 
>10* >lO’ 

<o-5 to.5 

0.2 0.5 

<0*5 <o-5 

15.0 29.0 40.0 
15.0 30.0 60.0 
36.0 64.0 83.0 
12.5 32.0 72.0 
3.0 3.9 4.0 
3.8 5.0 2.8 
1.8 3.4 5.4 
0.4 0.6 1.4 
Negligible adsorption 
Negligible adsorption 
Negligible adsorption 
Negligible adsorption 
Negligible adsorption 
I.1 2.9 48 
Negligible adsorption 

25.0 40.0 45.0 
>lO’ >lO’ >lO’ 

Negligible adsorption 
to.5 to.5 to.5 

Negligible adsorption 
Negligible adsorption 
0.6 0.4 0.8 
Negligible adsorption 

to.5 to.5 <@5 

39.0 26.0 
125.0 160.0 
90.0 86.0 

145 300 
4.0 3.3 

N.D. N.D. 
8.8 13.5 
2.2 3.9 

*ND. *ND. 

38.0 26.0 
>l(r >lO’ 

co.9 CO.5 

N.D. N.D. 

to.5 <o-s 

* not determined 

Pd 

f 

1 
Column length. IOcm 

Flowrate : 0.5 ml/min 

Amount of eluate. ml 

FIG. l.-Elution of the noble metals with 5M hydrochloric acid. 
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Cdwnn length. IOem 
Flowah : O~Sml/min 

Amount of eluate, ml 

FIG. 2.-Elution of the noble metals with 4M sulphuric acid. 

the flow-rate, the acid concentration of the eluent, the length of the column, and the amount of 
oxidizing agent (sodium chlorate) both in the sample solution and in the eluent. 

From the two systems studied it became clear that the non-volatile noble metals could not be 
separated by the use of a single acid system. However, a combination of two systems, i.e., the intro- 
duction of stepwise elution on a column bed 30 cm in length, produced the elution curves shown in 
Fig. 3. Rhodium (and base metals) were sharply separated from palladium by elution with 4M sul- 
phuric acid, and palladium was completely separated from platinum by elution with SM hydrochloric 

400 

Column length : 30 cm 
Flowrate 0 0 to I 0 mt/mm 

- 4M HSO.?- -- 5 M HCI --- --rc 0 IMHCI 

Elude. ml 

FIG. 3.-Reversed-phase chromatographic separation of the platinum group metals. 
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acid. After elution of the platinum with 5M hydrochloric acid, the iridium was eluted with O*lM 
hydrochloric acid to increase its elution rate. 
and remained on the column. 

Gold was completely separated from all the other metals 

Because the elution peaks of platinum and iridium were clearly separated when 5M hydrochloric 
acid was used as eluent, it was thought that a complete separation could be achieved by the variations 
previously attempted to achieve better resolution of the peaks. However, platinum invariably formed 
two bands (Fig. 4); the first-probably platinum(II)-representing 90-95 % of the platinum present, 
moved considerably faster than the iridium, the second-probably platinum(W)-moved at a slower 
rate than the iridium. Iridium, in the absence of platinum, formed two bands that moved at a much 
slower rate than platinum and could conveniently be eluted together with O*lM hydrochloric acid. In 
the presence of platinum, it formed a third band, which was eluted in the fraction containing the bulk 
of the platinum. The amount of iridium in this fraction represented between 5 and 20% of the total 
iridium, depending on the amount of platinum present. It was thus concluded that the presence of the 
one metal affected the behavior of the other. 

--- 5 N Hydrochloric acid, ml - 

)- 

)- 

)- 

Pt (III 

Column length: 30 cm 

Amount of eluate, ml 

Fro. 4.-Elution of platinum and iridium under oxidizing conditions. 

In an attempt to inhibit the formation of overlapping bands, varying amounts of oxidizing agents 
were added to the sample solution and to the eluent. Only sodium nitrate, added in milligram 
amounts, eliminated these effects for platinum, possibly because the platinum(IV) was reduced to 
platinum(I1) by traces of nitrite impurities. The addition of nitrate had no effect in the presence of 
iridium, but it suggested that the presence of reducing agents might be beneficial. 

Separation of platinum and iridium under reducing conditions 
Platinum and iridium in a mixed solution of hydrochloric and sulphuric acids (25M and 4M 

respectively) were reduced with either sodium nitrite or sodium sulphite before the chromatographic 
separations, 5M hydrochloric acid being used as the eluting agent. Iridium under reducing conditions 
moved considerably faster than platinum, which apparently was not affected. However, the recovery 
of iridium in the eluate, when nitrite was used as reducing agent, was found to be poor and not 
reproducible. The addition of sodium sulphite to the sample solution gave a quantitative separation 
of iridium from platinum (Fig. 5). 

After elution of the iridium with 5M hydrochloric acid, the platinum can be eluted with water to 
increase its elution rate. The effect of varying amounts of sulphite is shown in Table III. To ensure an 
excess of sulphite, it was decided that 20 mg of sodium sulphite should be added to the solution. 

Separation of gold 
After separation of the base metals and platinum-group metals from gold by separate elutions 

with 4M sulphuric acid, 5M hydrochloric acid, and 0.1M hydrochloric acid, the gold can be eluted 
from the column with 14M nitric acid .ao Since this approach is unpleasant and time-consuming and 



846 C. POHLA~T and T. W. STEELE 

Pt(n) 

r 
Amount of eluate, ml 

Fm. 5.-Elution of platinum and iridium under reducing conditions. 

TABLE III.-THE EFFECT OF VARYING AMOUNTS OF SODIUM SULPHITE ON THJJ 

SEPARATION OF IRIDIUM FROM PLATINUM 

Sodium sulphite 
added 

mg 

Iridium added Iridium recovered 
N K? 

Platinum Platinum 
added recovered 

fig % 

10 15 73.5 1000 986 
15 75 73.0 1000 987 
20 100 95.0 1000 980 
25 100 93.0 1000 989 
50 100 95.5 1000 986 

reduces the life of the column because of losses of TBP, it was considered advisable to conduct the 
separation of gold on a separate small column. 
conditions is shown in Table IV. 

That the recovery of gold is quantitative under these 

Amounts of metals that can be separated 

Varying ratios of non-volatile noble metals in a mixed acid solution were tested. The minimum 
amount of an individual metal required for separation depended on the sensitivity of the subsequent 
detection method, i.e., 5 pg for platinum, rhodium, iridium, and gold, and 3 pg for palladium. The 
maximum amount that can be separated depends first, on the solubility of the individual metal in a 
given amount of sample solution, and secondly on the width of the band occupied by that metal on 
the column. 

Up to 3 mg of rhodium can be separated on a column 30 cm in length from milligram amounts of 
palladium, platinum, iridium and gold. The amount of palladium that can be separated from 
platinum depends on the band width of the latter. With increasing amounts of platinum, the re- 
tention time decreases, i.e., the elution peak shifts towards that of the palladium. However, 1 mg of 
palladium can be separated from 5 mg of platinum. The amounts of iridium and platinum that have 
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TABLE IV.-THE RECOVERY OF GOLD 

Gold added 
pg 

25 
50 
74 

100 

Gold recovered* 

W 

25 
50 

1: 

Deviation 

rug 

fl.5 
hl.5 
&I*5 
3-7-o 
-3.0 

* Average of four results 

TABLE V.-THE EFFE(~T OF VARYING AMOUNTS OF IRIDIUM AND PLHINUM 

1000 pg of Pt present 

Ir added Ir recovered 

N & 

5 6W.O) 
10 lO(fl~0) 
25 24(&1*5) 
50 46(*2*0) 
75 74(&1.0) 

100 95(&1.5) 

20 pg of It present 

Pt added Pt recovered 

.% rug 

200 195 
400 370 
500 480 

1000 988(&20) 

been tested under reducing conditions in the presence of 20 mg of sodium sulphite are shown in 
Table V. The recoveries are generally satisfactory when considered in relation to the errors 
associated with the methods of determination. 

Relatively large amounts of gold (up to 20 mg/g of TBP-treated Porasil C) can be separated from 
all the other metals tested when these are eluted with O*lM hydrochloric acid. 

The effect of other variables 

When the total amount of noble metals does not exceed 1500 pg. the amount of solution that can 
be applied to the column is not critical. However, in the separation of unknown amounts of noble 
metals, a volume not larger than 2 ml was maintained so that the peak-width for the metals to be 
separated would not be affected. 

The presence of hydrochloric acid in the original solution was found to be necessary to ensure 
the dissolution of the combined noble-metal salts in 4M sulphuric acid. However, hydrochloric acid 
concentrations from 1 to 5M in the total amount of solution did not affect the course of separation, 
and the concentration was conveniently maintained at 2*5M in all experiments. 

An initial flow-rate of 1 ml/min was maintained, but, since the flow-rate of the eluate was found 
not to be critical in stepwise elution, separations were done at the maximum speed for the column 
(approximately 2.5 ml/min). 

Although the life span of a column used for the separation of noble metals under oxidizing con- 
ditions has not been thoroughly tested, columns have been used for fifteen successive separations with- 
out any deterioration. Columns for the separation of iridium from platinum under reducing 
conditions have been used ten times in succession. 

Recommended procedure 
The method” derived from this experimental work is summarized in Fig. 6. It should be observed 

that the sample solution is free from nitric acid and that the columns are preconditioned with the first 
acid solution to be used. Gold present on the column used for the separation of rhodium and palla- 
dium does not interfere with subsequent separations unless it accumulates to such an extent that the 
capacity of the column bed is considerably reduced. On a 3-cm column, to avoid incomplete recovery 
of the gold, owing to reduction, the gold must be extracted as quickly as possible with methyl iso- 
butyl ketone (MIBK). 

Approximately 12 hr are needed for all the procedures, including the quantitative determination 
of the individual noble metals. Exhausted columns can be reconditioned by removal of the organic 
phase with carbon tetrachloride and fresh treatment with TBP. 
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Rh, Pd, Pt, Ir, Au m equal 
amounts of 5N HCL and 

0 M H,SO, + 0.5 % NoGO, 

Aliquot portions transferred to TBP- treated Parasil columns 

Discorded IOml of 5NHCI 

@El---- I 
25ml of 5N HCl 

ca. 60min. 

Otscorded - IO ml of, @I N I-ICI 
t 

Au left bn column? 

30 cm column 

1 
15 ml of 5N HCC - DIscarded I 1 

t ta 60 mm 

25mlof 5NHCl --El t 

50ml of H,O 

Fro. 6.-Separation of non-volatile noble metals by reversed-phase extraction 
chromatography. 

Application of the method to ore samples 

Since the results on synthetic solutions were satisfactory, the separation procedure was applied to 
the analysis of ore samples. Prills obtained from the fire assay of ores by the lead-collection procedure 
were dissolved in aqua regia or by chlorination in a sealed tube.81 

Prills that were dissolved in aqua regia under atmospheric pressure were gently heated on a hot- 
plate. The solutions were then evaporated and the residues repeatedly treated with concentrated 
hydrochloric acid, being evaporated to a moist state after each addition of acid. After final evapora- 
tion to a moist state and the addition of 0-5 ml of SM hydrochloric acid, 0.1 ml of a 5 % solution of 
sodium chlorate, and 0.5 ml of 8M sulphuric acid, the solutions were ready for chromatographic 
separation. 

Prills that were not readily dissolved under atmospheric pressure were transferred to glass tubes 
and, after the addition of 2 ml of concentrated hydrochloric acid and 6 drops of fuming nitric acid, 
the sealed tubes in a steel jacket were heated in an oven to 275” and were kept at this temperature 
overnight. After being cooled, the solutions were evaporated and from then on treated as described 
for the dissolution of prills with aqua regia. The total amount of sample solution or, when gold was 
determined in addition to the platinum-group metals, an aliquot portion of the suitably diluted sample 
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solution, was transferred to the c&unn, and the noble metals were separated and determined as 
described. 

The results obtained for different sets of prills of a typicat sample of Merensky Reef’ ore are 
shown in Table VI, together with comparative results from atomic-absorption spectroscopy. It 
should be borne in mind that the co&&ion technique used for obtsiniag the priils is subject to errors 
and that the RPEC results are therefore not strictly comparable with the atomic-absorption results. 
Nevertheless, the agreement for platinum, rhodium and gold and, to a lesser extent, for palladium, is 
very satisfactory. 

Set of prilh 
no. 

: 

:: 

Method of 
dissolution 

~b~~ri~atio~ 
procedure 

Pt 
PPm 

5.40 5.18 

5.31 5*SO 

Pd 
Ppm 

0*77 0.79 

0.80 0.73 

Rh 
Ppm 

0.36 0.40 

0*48 O-36 

Au 
Ppm 

0.20 O-39 

021 0% 

Average 

Average of 
6 results by direct 

*A.A. measurement 

5.35 0.77 0.40 0.10 0.20 

5.38 0.89 0.37 t 0.20 

5 5.36 0,85 0.35 t 
! Aqua regk2 S-20 5.12 o-79 0.86 0.28 0.35 : 0,20 

8 5.50 0.7.5 0.34 0.18 5 

Average 5.30 0.81 0‘33 ‘F t 

Average of 
6 results by direct 

*A,A. m~urement 
5-23 0.91 O-35 f 020 

* Atomic absorption 
t not determined 

CQNCLUSfONS 

Rhodium and ~allad~nrn can be separated from each other and from the other 
non-volatile noble metals on a TBP-treated Porasil C column by stepwise elution with 
41M sulphuric add and ~~hydroch~ori~ acid. ~~at~nnrn and iridium are efuted together 
with O.lM hydrochloric acid and separated on a second column under reducing con- 
ditions. Cold is coilected on a third column, from which it is extracted with MIBK. 

Noble metals in widely varying ratios have been separated. The analyses of a 
sample of ore from the Merensky Reef gave results that compare favourably with 
those obtained by atomic-absorF~on s~ctrometry. 

Because of the success of the separation for non-volatile noble metals and because 
the column can be regenerated, the process could be considered for indns~~a~ use. 

~~~~~~e~~~~e~f_T~ authors wish to thank Mrs. M. Ewen and Mrs. A. Gereghty fur competent 
technical assistance and the Director of the National Institute for MetaIIurgy for permission to 
publish this paper. 
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Zusammenfassung-Das Verfahren beruht auf der Verwendung von 
an Porasil C adsorbiertem Tri-n-butylphosphat (TBP) und die stufen- 
weise Elution mit Schwefelsiiure und Salzslure. Die Verteilungs- 
koefhzienten der beiden Systeme (TBP und Salzsaure sowie TBP und 
Schwefelsaure) und ihre Elutionseigenschaften wurden untersucht. 
Ein Verfahren wird beschrieben, das man zur Analyse von Reguli aus 
der Schmelzaufbereitung platinfiihrender Erze verwenden kann. 

R&sum&--La technique comprend l’emploi de tri-n-butyl phosphate 
(TBP) adsorb6 sur Porasil C et l’elution eraduelle a l’acide sulfurioue 
et a pacide chlorhydrique. On a Btudie lei coefficients de partage pour 
les deux systemes (TBP et acide chlorhydrique et TBP et acide 
sulfurique) et les caracteristiques d’elution. On decrit une technique 
applicable B l’analyse des boutons obtenus dans l’essai par voie stche 
de minerais contenant du platine. 
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DETERMINATION OF TRACE AMOUNTS OF URANIUM 
IN SILICATE MINERALS BY THE FISSION TRACK 

TECHNIQUE 
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Hakozaki, Fukuoka, Japan 
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Summary-The fission track technique has been applied to the 
determination of uranium on Dowex 1 x 8 after chemical separation 
from silicates. Standard rock and several stone meteorite samples were 
treated by this method and satisfactory results were obtained. The 
procedure is applicable to natural waters. 

IN RECENT YEARS, application of the fission track technique has been developed in 
the field of nuclear physics, neutron dosimetry, cosmochemical studies and geo- 
chrono1ogy.l Fission tracks are produced in several insulating solid materials such as 
micas, glasses and plastics. So far, the application of this technique to uranium 
determination has been carried out by few investigators. Hashimoto2 examined the 
sensitivities of detection for the actinide elements with neutron-induced fission 
tracks, and found that 235U is the most sensitive of the nuclides examined and 
6.24 x lOlo fission events are available from I pg of this isotope by thermal neutron 
irradiation of 4.21 x 1014 n/mm2. However, 238U and zs2Th also gave 3.2 x lo7 
and 1.75 x IO6 fission events per ,ug. Fleischers observed the uranium distribution 
in the silicate minerals of several stony meteorites by the fission track method and 
found a tremendous variation of uranium content within a small area. The uranium 
contents were determined by the mapping procedure and were found to be different 
from the previous values in a few cases. On the other hand, by neutron-activation 
analysis,4 the present authors found a different distribution pattern, from chondrite to 
chondrite, of uranium in the silicate minerals of several stony meteorites. The 
uranium distribution of the Richardton chondrite showed an unexpected pattern, 
that is, only 20-30x of the uranium was found in the hydrochloric acid soluble 
fraction. As about 70% was found in the same fraction of the other meteorites, a 
cross-check by the alternative method is desirable. 

Hashimoto et al6 determined concentrations of a few ppm of uranium by a fission 
track method. In their experiment, a mica detector was attached to the powdered 
standard rock and the result showed relatively good agreement with the previous data. 
Bertine et aL6 also determined the uranium content of homogenized powdered samples 
of sedimentary rocks, utilizing a digital discharge counter instead of visual counting. 

All determinations of uranium by the fission track method were carried out without 
chemical separation of thorium and were performed on samples containing a few ppm 
of uranium (with the exception of Fleischer’s3). However, since these fission track 
methods have relatively high back-grounds and low sensitivities for less than 1 ppm 
of uranium and errors arise from fission tracks produced from %IJ and 232Th, these 
methods are not suitable for the determination of trace amounts (of the order of 
ppb) of uranium in silicate minerals or in samples of unknown thorium content. 

The present authors avoided these difficulties by a simple chemical treatment 
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folIowed by anion-exchange separation applied to the several standard rocks and 
stony meteorites. 

EXPERIMENTAL 

On the assumption that the fission tracks produced in micas attached to the fine grains of resin 
absorbing uranium are homogeneously distributed, the irradiation samples were prepared and 
bombarded with thermal neutrons. 

The distribution coefficient of the uranyl ion between strong-base anion-exchange resins and 8M 
hydrochlo~c acid is about 10s and that for iron(II1) is also fairly large, but tho~~(IV~ is not 
adsorbed on the resin under the same conditions. ’ Since iron is one of the main constituents of 
silicate minerals, a relatively large amount of iron will be adsorbed on the resin along with uranium 
unless iron is removed in advance. 

Silicate samples were dissolved with hydrofluoric acid and perchloric acid in a platinum dish. 
The solution was made 8M in hydrochloric acid, and most of the iron was removed by extraction 
with di-isopropyl ether. Thorium was removed by anion-exchange. The uranium adsorbed on the 
resin column was eluted and purified. The procedure is given in Fig. 1. The purified uranium was 

evap.,and heat 

Sample f soln. at h@ tern.. + residue 
distilled * 

(in Pt dish) ~~~~~~~~ RCl, 5 ml 

soln. 

4 eva** I 
oonc. EC1 total 10 ml f sofn. -L residue m* soln.- 

30 ml ’ 
org. phase 

Fe fIII) extn. 
with ~-i~propyl ether t/ 
tot& 100 ml (in 

\ 

polyethylene bottle) aq. phase 
ova*. 

(in quartz beaker) 
f residue cont. HN05,5 ml’ 

soln. B evsp. residue 

8M ECi, total 10 ml (added 
f 

on top of 5 ml column of 
anion-exchanger) 

4 map. I 
-* soln. 
cont. HCI 

f residue 
total 7 ml 

soln. 
anion-exchanger 
4M HCl, 30 ml + Co, Ni, Th etc. 

0,5&S HCI, 30 ml 

-f U, Fe evap. 

(in quartz beaker) 
t residue cont. HNOB, 1 ml * ““+ -=+ 

residue ----Y- conc;‘EL,.t soln. =* z&due 
totsi:! ml 

8XHCl tota16mlf “ln+ 
fin glaa5’~ttle 
of 10 ml vol.) 

Be (III) e&n. 
J 

org. phase 

~~~~~i~,prop~l ether \ 
aq. phase ev(tp.+ residue SMHCl, 2 ml ’ So”* 

FIG. L-Flow-sheet of the chemical procedure used for silicate minerals and for 
blank test. 

dissolved in 2 ml of SM hydrochloric acid, then 100 mg of pulverized anion-exchange resin (Dowex 
1 x 8) were added to this solution, and the mixture was allowed to stand for 12 hr with occasional 
stirring. The resin was filtered off, and transferred into the sample holder (Fig. 2). 

The sample holder and its support are square sheets of Perspex 1 mm and 5 mm in thickness 
having 4 mm diameter holes. A mica detector is attached to the bottom of the holder, and the 
support is fixed to the top of the holder, and the assembly taped together. 
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Support 

1 q 0 

Somple holder 

-Mica detector 

Side view Top view 

Fm. 2.Side and top views of sample holder and support. 

The resin is placed in the hole, and compacted by centrifugation. The support and excess of resin 
are removed and the top of the holder and the mica detector are covered with thin Perspex sheets 
and taped together. 

An aliquot of a standard uranium solution was evaporated to dryness in a quartz beaker, and 2 ml 
of 8M hydrochloric acid were added and the solution was treated in the same way as the samples. 

In order to determine the uranium content of the reagents, aliquots of demineralized water, 
distilled water, hydrochloric acid, distilled hydrochloric acid, nitric acid, hydrofluoric acid and di- 
isopropyl ether were weighed out on a Perspex plate and evaporated to dryness under an infrared 
lamp. A mica detector was taped to the plate. 

The samples (except W-l), the reference standards(II) and the blank were placed together in 
a capsule and irradiated with thermal neutrons in a pneumatic tube of the KUR reactor of the 
Research Reactor Institute at Kyoto University. The total neutron flux was 8.4 x 1Or4 n/mn?. 
The sample W-l, the reference standards(I), and the reagent blanks were irradiated in a different 
run in the same tube and the total neutron flux was 3.36 x 1Ol4 n/rim?. 

A few days after the irradiation, all mica detectors were etched with 46% hydrofluoric acid at 
20” for 30 min. The etch pits developed in each detector were counted under an optical microscope. 

In each detector the density of the etch pits was measured in five different arbitrarily chosen 
areas and the density value was taken as the average together with the 95% confidence limits. 
In the reagent detectors all the etch pits were counted. 

RESULTS AND DISCUSSION 

The reference standards gave fairly linear working curves. The limit of detection 
is about 1 ng of uranium in the original sample, and the determination limit 2-3 ng. 

The uranium contents of the various silicate samples were determined by using the 
working curves, and the results are shown in Table I. The result was obtained after 
subtraction of the blank including that due to the mica detectors. The Richardton 
meteorite samples were supplied by Honda, 2o who separated this meteorite into two 
fractions, white powder and black grains, the amounts in both fractions being 
similar. Each of these two fractions was further divided into a hydrochloric acid 
soluble and a hydrochloric acid insoluble fraction (5M hydrochloric acid). The 
former is designated as HCI and the latter as HF in Table I. The overall uranium 
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content of the Richardton sample was calculated as the weighted mean of its content 
in each fraction. 

Most of the uranium contents shown in Table I are in between the various values 
previously reported, but Allende and PCC-1 are slightly lower than the lowest. 
The blank value shown in Table I is thought to originate from the reagents and 
contamination. 

The uranium contents of the reagents used are tabulated in Table II. The amount 

TABLE II.-URWIUM CONTENTS OF REAGENTS USED 

Sample 

Blank mica 1 
Blank mica 2 
Demineralized H,O 
Distilled HI0 
Cont. HCI 
Distilled HCI 
Cont. HNOa 
Cont. HF 
Di-isopropyl ether 
Cont. NHIl so1n.f 

Sample 
wt, 
mc? 

19.2 
27.1 
51.6 
38.0, 
34.5, 
26.9, 

7 
28.0, 

Total 
observed 

tracks 

30 
29 
3.5 
55 
34 
66 
23 
37 
24 

180 

Net Uranium 
number content, 

of tracks PPt* 

5i8 0.7 f l-2 
25 f 9 26 f 0.9 
4&8 0.2 f 0.4 

36 & 10 2.7 f 0.7 
-7 f 7 -0.6 f O-6 

7zt8 0.7 f 0.8 
--6&t -2.5 f 4 
150 f 14 15.2 f 1.1 

* Parts in 1Oz8 
t Only for reference 

of uranium in the reagent samples is obtained by using the equation 

M = (TFc) x (235/A) x (1 /I) = 2.84 x lO-15T 

where M is the amount of uranium in the samples (in g), T the number of tracks 
observed in the samples, f the neutron flux (3.36 x lo’* n/mm9), Q the fission cross- 
section (577 barn),21 A Avogadro’s number, and I the isotopic fraction of =I_l 
(0~72%).~l Distilled water was prepared from demineralized water and distilled 
hydrochloric acid from concentrated hydrochloric acid and demineralized water, 
and the vessel used was made of quartz. The result suggests that the distillation 
process caused uranium contamination. From the calculation of the amount of 
uranium introduced from the reagents during the chemical treatment and from the 
preliminary experiment, the resin blank is negligibly small. 

The result for the Richardton meteorite is shown in Table III together with the 
previous data of Bruderheim, Abee, St. Marks, and Richardton? The uranium con- 
tent of the hydrochloric acid soluble fractions is higher than that of the insoluble 

TABLE III.-URANIUM CONTENTS OF THE HCI AND HF FRAC~ON 
OF STONY METEORITES4 

Fraction 
Bruderheim 

PPB 
1 2 

Richardton 
Abee St. Marks 

PPB 
PPB PPB 1 2 this work* 

HCI 7.7 7.0 14.6 18.0 2.0 2.2 
HF 2.9 3.7 - 5.4 5.3 8.4 

* These values are the weighted mean of the uranium content of white powders and black grains. 
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fractions in the results of Bruderheim, Abee and St. Marks, but not in those of 
Richardton. With a slight modification this procedure is also applicable to the 
determination of the uranium content of natural waters. 
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Zusammenfassung-Das Spaltspurverfahren wurde auf die Bestimmung 
von Uran an Dowex 1 x 8 nach chemischer Abtrennung von Silikaten 
angewandt. Standard-Gesteinsproben und Proben von mehreren Ges- 
teins-Meteoriten wurden nach diesem Verfahren behandelt und es 
wurden befriedigende Ergebnisse erhalten. Die Vorschrift 1s;I.Q sich auf 
natiirliche Wgsser anwenden. 

R&urn&-On a applique la mkthode de trajectoire de fission au dosage 
de l’uranium sur Dowex 1 x 8 apr&s separation chimique des silicates. 
On a trait6 par cette m&hode une roche 6talon et plusieurs khantillons 
de pierres m&toritiques, et l’on a obtenu des rbsultats satisfaisants. 
La technique est applicable aux eaux naturelles. 
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Summary-Boron isotopic ratios are measured in boron carbide by 
thermionic ionization mass spectrometry with no prior chemical 
separation. A powder blend of boron carbide and sodium hydroxide 
is prepared, a small portion is transferred to a tantalum filament, the 
filament is heated to produce sodium borate, and the filament is 
transferred to the mass spectrometerwhere the”B/lOB ratio is measured, 
using the Na,BO,+ ion. Variables investigated for their effect on 
preferential volatilization of 1°B include the sodium hydroxide-boron 
carbide ratio and the temperature and duration of filament heating. 
A series of boron carbide pellets containing natural boron, of the 
type proposed for the control rods of the Fast Flux Test Facility 
reactor, were analysed with an apparently unbiased result of 4.0560 
for the IIB/lOB ratio (standard deviation OXlO87). The pellets contained 
over 3 % metal impurities typically found in this material. Time of 
analysis is 45 mm per sample, with one analyst. 

BORON CARBIDE is a commonly used material as a burnable poison in nuclear fuels 
and as a neutron absorber in nuclear reactor control rods. The l”B isotope with a 
natural abundance of 19.8 atom % provides this property because of its thermal 
neutron cross-section of 3840 barn. The proposed material form for the control 
rods of the Fast Flux Test Facility under construction at Richland, Washington for 
the AEC’s Fast Breeder Reactor programme is compressed 1.2-g pellets of boron 
carbide. The analytical method described in this paper for the determination of 
boron isotope ratios in this material should also be applicable to all boron carbide 
materials with l”B isotopic abundances ranging from natural to high enrichment. 

As discussed in the excellent monograph by Lerner,l most boron materials are 
analysed isotopically for boron isotope ratios with thermionic ionization mass 
spectrometers. The ion usually measured is Na,BO,+ from a charge material of 
sodium tetraborate.2 The general scheme used to obtain sodium tetraborate is to 
dissolve samples either by sodium carbonate fusion or acid reflux, separate the boron 
as boric acid by such techniques as distillation of the methyl ester or by cation-exchange 
removal of metal impurities, and neutralize the separated boric acid with sodium 
hydroxide to pH 9.2 & O-2. All these schemes are time-consuming, especially the 
dissolution of boron carbide samples, and involve many reagents and operations that 
are potential sources of boron contamination. The mass spectrometric technique of 
Spitzer and Sites3 offers the means to analyse boron carbide directly with virtually 
no chemical operations. In their technique, a sample of boron metal or of a boron 
compound is added to a tantalum filament containing a small amount of sodium 
hydroxide, the filament is heated to approximately 750” to produce sodium borate 

* This work was sponsored by the Fuels and Materials Branch of the Division of Reactor Devel- 
opment and Technology of the U.S. Atomic Energy Commission. 
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(presumed to be sodium tetraborate), which is mass spectrometrically analysed as 
the Na,BO,+ ion spectrum. 

Preliminary experimentation with the Spitzer and Sites technique confirmed 
production of the N%BO,+ spectrum; however, ion production was erratic and the 
scans were unstable. This inconsistency was presumed to be caused by the physical 
difficulty of obtaining reproducible ratios of sodium hydroxide and boron carbide on 
the filament. Reproducible ratios are considered necessary to obtain effective fusions 
and conversions into sodium borate. Their technique has been made the basis of an 
improved method of analysis that is based on first blending weighed amounts of 
pulverized boron carbide and pulverized sodium hydroxide, then fusing a small 
portion of the blend on a tantalum filament, followed by the mass spectrometric 
analysis. Shields and co-workers4 found that preferential volatilization of l”B from 
sodium tetraborate may occur, depending on the Na/B ratio and the temperature and 
duration of filament heating. These three variables were studied for the development 
of the method described in this report. 

Reagents 
I 

EXPERIMENTAL 

Boron carbide. Two batches of boron carbide were used in this study. Both contained natural 
boron. The tirst, a fine powder, was used for all experiments to evaluate effects of variables. The 
second, a batch of well-characterized pellets prepared by the Hanford Engineering Development 
Laboratory (Richland, Washington), was used to establish the precision of the method and the toler- 
ance of the method for impurities. 

Sodium hydroxide, pellets, analytical-reagentgrade. Powder was prepared by a I-min pulverization 
with a Mixer/Mill, using stainless-steel containers and balls. The powder was stored in a desiccator. 
Although the laboratory atmosphere had a relative humidity of 50 %, no coalescence of the powder 
was experienced. 

Apparatus 

Mixer/Mill, No. 5100: Spex Industries, P.O. Box 798, Metuchen, N.J. 08840. 
Plastic mixing containers and balls. Containers were 13-mm o.d. and 25 mm long, polystyrene, 

with polyethylene slip-on caps (Spex No. 3111). The balls were 9-mm diam, methacrylate (Spex No. 
3112). 

Mass spectrometer, thermionic ionization. AVCO Model No. 90001, 0.35 m radius, 90” sector. 
Filaments. Tantalum and rhenium, 30-mil wide, l-2-mil thick. 
Filament heating apparatus. Capable of preheating filaments to about 800”. 

General procedure 

A quantity of pulverized sodium hydroxide (fresh from the desiccator) is weighed to &l mg into a 
plastic mixing container and 25 mg of BpC are transferred to the container with minimum exposure of 
the contents to air moisture. (The amount of sodium hydroxide is dictated by the desired ratio of 
Na/B.) A plastic ball is added, the cap is placed on the container, and the contents are blended for 
1 min on the Mixer/Mill. With a stainless-steel microspatula, a portion of the blend containing 
about 10 rg of boron is transferred to a V-grooved tantalum filament. The filament is gradually 
heated just to the point where the exothermic reaction of the sodium hydroxide with the filament 
occurs. (This reaction is characterized by a sudden brightening of the filament.) The filament with 
fused sample is transferred to the mass spectrometer and the spectrum is measured for the mass range 
88-89 (Na%BO*+). A Faraday cup detector is used and 9 spectra recorded after a stabilized ion-current 
is attained. The llB/rOB ratio is measured and converted into atom % abundances if desired. The 
“0 correction to the llB/loB ratio is 040075. 

RESULTS AND DISCUSSIONS 

In the comprehensive study by Shields and co-workers,4 who used samples of 
boric acid reacted both with sodium hydroxide and sodium carbonate, the measured 
llB/lOB ratio was shown to depend on the Na/B ratio, the filament temperature and 
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the residence time in the mass spectrometer. In all experiments, the NasBOs+ ion- 
beam intensity was maintained at l-2 pA, and where possible the filament current was 
maintained within a narrow range to yield constant filament temperatures. With 
sodium hydroxide reacted samples, the greatest variation in llB/roB ratio was caused 
by a varying Na/B ratio. At Na/B ratios of l/2 and l/l, the observed llB/loB ratios 
were not significantly different nor did the ratios change much with filament heating 
time. At a higher ratio of 2/l, the llB/loB ratio increased by as much as 1% as well 
as increasing further with filament heating time and temperature. At an Na/B ratio 
of 4/l, the N%BO$ ion-current was suppressed so much that the filament current 
had to be increased considerably to obtain the Na,BO$ ion intensity of l-2 pA. 
The consequent increased temperature caused isotopic fractionation and hence the 
observed increase in the llB/loB ratio. Another significant finding was an aging 
phenomenon with sodium hydroxide-reacted boric acid samples. When these samples 
were stored for two weeks before mass analysis, the solutions with an Na/B ratio of 
4/l gave the desired l-2 pA Na,BO,+ ion-current at a filament current almost as low 
as that used for the l/2 and l/l Na/B ratio samples, instead of at the higher filament 
current noted above. 

In the method proposed in this paper, the sample preparation conditions are very 
different from those used by Shields et al. The most striking difference is that the 
sodium hydroxide fusion reaction with boron carbide is done on the filament. As the 
filament temperature is raised, the sodium hydroxide forms a melt, the mixture 
spreads over the filament, and then fuses when the temperature rises to the point 
where the tantalum reacts with the sodium hydroxide. At this point, the reaction 
becomes highly exothermic, the filament glows brightly and a very adherent deposit 
forms on the filament. Preliminary experiments showed that such filament preparations 
gave quickly attained and stable Na,BO$ ion intensities. With this very different 
method of sample preparation, blends of boron carbide and sodium hydroxide were 
prepared (as described under General procedure) with Na/B ratios varing from l/4 to 
4/l and were analysed for the llB/loB ratio, using the Na,BO$ ion. A scan was 
taken as soon as stable emission was attained at an ion intensity of l-2 pA and a 
second scan was taken 15-30 min later at the same ion-intensity level with the filament 
current left on between scans. Filament temperatures were estimated for each scan 
from the filament currents, based on an optical pyrometer calibration. 

The results (Table I) show complete randomness with no trend of an increasing 
llB/loB ratio with either an increasing Na/B ratio or filament heating time. Also, there 
is no trend of an increasing llB/loB ratio with increasing filament current. It appears 
that the boron carbide is mainly converted into sodium borate at the time of the 
exothermic reaction of the sodium hydroxide with the tantalum filament. Because of 
these simultaneous reactions and the formation of a tightly adherent deposit, the 
amount of sodium hydroxide in excess of that used to form borate is reduced and 
decreases the Na/B ratio effect on the llB/loB ratio. It seems unlikely that boron 
isotope fractionation would occur in the short time that the high-temperature reaction 
occurs. Indirect evidence to substantiate this belief is that the grand average llB/lOB 
result of 4.0465 (Table I) corresponds to 19.81% l”B, which is only slightly greater than 
the generally accepted value of 19.78 % for natural boron. 

As a further test of the effect of filament heating time on the measured llB/lOB 
ratio, filament with a l/l Na/B ratio was scanned for a continuous period of 5.5 hr. 
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TABLEI.-EFFECTOF Na/B RATIO, FILAMENT HEATING TIME AND FILAMENT TEMPERATURE ON THE 

MEASURED IIB/lOB RATIO* 

Na/B ratio 
Number 

of samples 

First scan Second scan 

“B/‘OB Fil. temp =B/‘OB Fil. temp 

l/4 

l/2 

l/l 

2/l 

4/l 

3 

Average 
6 

Average 
3 

Average 
3 

Average 
3 

Average 
Grand average 

4.021 >lOOO 
4.064 -700 
4.070 -720 

4.052 f O.OlSt 
4.047 -700 
4.021 830 
4.019 740 
4.050 740 
4.052 <700 
4.035 -700 

4.037 f 0.006.t 
4.049 -700 
4.041 t700 
4.041 t700 

4.044 * o.oost 
4.049 740 
4.056 790 
4.038 -700 

4.048 f OWSt 
4.038 740 
4.044 740 
4.063 >700 

4,048 f O.OOSt 
4.046 

4.030 >lOOO 
4.044 740 
4.046 770 

4.040 f o.oost 
4.035 -700 
4.026 870 
4.033 740 
4.035 740 
4.037 <700 
4.043 740 

4.035 & 0.002t 
4.028 -700 
4.035 <700 
4.051 <700 

4.038 f 0.007t 
4.064 790 

$ 
4.059 740 

4.062 f 0.003t 
4.078 740 
4.042 740 
4.065 740 

4.062 f O.OlOt 
4.047 

* Ratio corrected for I70 
’ t Standard deviation. 

$ Ion emission too unsteady to permit data collection. 

The lament temperature was essentially constant at 700’ for most of the time, 
increasing to about 750” at the end of the period. The results summarized in Table II 
show no significant trend of an increase in the llB/loB ratio with time. 

TABLE II.--STABILITY OF liB/l'JB RATIO WITH 
FILAMENT HEATING TIME WITH A SAMPLELOADING 
OF FUSED BORON CARBIDE IN SODIUM HYDROXIDE 

WITH A l/l Na/B RATIO 

Time of scan, after 
sample insertion 

Measured 
llB/lOB ratio 

I5 min 4,041 
30 min 4.051 

1.5 hr 4043 
2.5 hr 4.046 
3.5 hr 4.049 
4.5 hr 4.055 
5.5 hr 4.052 

Based on observations made in the previous experiments, the use of a l/l Na/B 
ratio is recommended for routine use. Steady Na,BO,+ ion emission is obtained within 
a few minutes after pump-down (lo-’ mbar in the source) and remains so for hours. 
With Na/B ratios of l/2 and 2/l, however, the time needed to attain steady ion emission 



Boron isotopic distribution 861 

can be as long as 30 min. At l/4 and 4/l ratios, the obtaining of steady ion emission 
requires undue patience. Also at a 4/l ratio, filament burn-outs are common, and 
undoubtedly caused by corrosive degradation of the filament. With a l/l Na/B 
ratio, the weight of sodium hydroxide to use in the procedure is 72 mg for the recom- 
mended 25mg boron carbide sample. 

Upon first consideration, the substitution of rhenium for tantalum filaments 
seemed logical. Because of the low reactivity of rhenium with sodium hydroxide, 
the likelihood of filament burn-out diminishes. Also with little reaction taking place, 
the Na/B ratio of the mixture placed on the filament is not affected. A series of six 
filament loadings of boron carbide-sodium hydroxide blends was prepared at a 
Na/B ratio of l/l. In all cases, the instrument residence time to reach stable ion 
emission was greater than 30 min compared to less than 10 min for tantalum filaments. 
In two cases, the ion emission was still erratic after 60 min. This finding is indirect 
evidence that the exothermic reaction of sodium hydroxide with tantalum gives a 
sodium borate deposit that uniquely produces stable Na,BO,+ ion intensities. Shields 
et ~1.~ reported that tantalum filaments gave more stable ion intensities than rhenium. 
Also in agreement with Shields, we find that tantalum filaments do not require pre- 
baking and that at the low temperature used for ionization of sodium borate, no 
strontium impurity is volatilized from the filament to cause high bias in the 88 mass 
peak. 

The only potentially significant source of boron contamination in the proposed 
method is the sodium hydroxide, the only reagent used. The plastic mixing containers 
and balls are sufficiently inexpensive to be thrown away. Natural boron contamination 
in the sodium hydroxide is effectively measured by using the NBS 1°B-enriched boric 
acid (SRM952). The sodium hydroxide used in this investigation (see Reagents) 
was tested by preparing a solution in distilled water in a plastic container, mixing this 
solution with a solution of the NBS 952 boric acid to form a Na/B ratio of l/l, and 
applying mass spectrometric analysis. The level of boron found was less than 70 pg 
of boron per gram of sodium hydroxide. In the proposed procedure using a 25mg 
boron carbide sample and 72 mg of sodium hydroxide (Na/B ratio of l/l), this level 
is equivalent to less than 1 atom of natural boron contamination per 4000 atoms of 
sample boron. 

The method was used to analyse a series of 12 boron carbide samples selected 
randomly from one batch of pellets. The pellets were pulverized by hammer blows in 
a stainless-steel mortar and the powder fractions passing through a IOO-mesh sieve 
were used as the samples. The general procedure was used with 25 mg of boron 
carbide and 72 mg of sodium hydroxide (Na/B ratio of l/l) and V-grooved tantalum 
filaments. The average result for the llB/loB ratio, corrected for 170, for the 12 
samples was 4.0506 with a standard deviation of 0.0087 for a single sample analysis. 
The l”B isotopic abundance corresponding to the average llB/loB ratio result of 
4.0506 is 19.80 %. 

The impurity contents of the pellets are given in Table III. There is no apparent 
adverse effect from these impurities, which in this method are not separated from the 
boron, on the Na,BO,+ ionization process. 

The 12 samples were analysed in a total elapsed time of 9 hr by one analyst, 
exclusive of the initial pellet pulverization. 

Future studies being considered are the substitution of caesium hydroxide for 
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TABLE 111.-1~~uarr~ CONTENTS OF BORON CARBIDE 

PELLETS. 

Element HlX Element &g 

Al 5ooo 
Bi t2.5 
Ca 1500 
co <50 
Cr 300 
cu 20 
Fe 15000 

Mg <20 

Mn 600 
Ni 400 
Si 4000 
Sn <lO 
Ti 1500 
V loo0 
Zr 1000 

sodium hydroxide and the applicability of the method to other boron materials. 
The higher mass of Cs,BO 2+ should decrease any preferential volatilization effect 
and would also have the advantage of a smaller mass discrimination correction for 
those laboratories that prefer to use electron multiplier detectors. Other boron 
materials include the metal, the oxide, and boric acid. 

Zusammenfassung-Bor-Isotopenverhlltnisse in Borcarbid werden 
durch Massenspektrometrie mit thermischer Ionisierung ohne vor- 
ausgehende chemische Abtrennung gemessen. Ein Pulvergemisch von 
Borcarbid und Natriumhydroxid wird hergestellt und eine kleine 
Portion davon auf einen Tantalfaden gebracht. Der Faden wird 
geheizt, wobeisich Natriumborat bildet,und dann ins Massenspcktrom- 
eter gebracht, wobei am NasBOs+-Ion das Verhiiltnis llB/lOB gemes- 
sen wird. Auf ihren EinfluB auf die bevorzugte Verfliichtigung von 
l”B wurden folgende Variable gepri.ift: das Verhlltnis Natrium- 
hydroxid zu Borcarbid und Temperatur und Dauer der Erhitzung des 
Fadens. Eine Reihe von natiirliches Bor enthaltenden Borcarbid- 
preI3lingen vom fiir die Kontrollstlbe des Fast Flux Test Facility- 
Reaktors vorgeschlagenen Typ wurden analysiert; das offenbar von 
systematischen Fehlem freie Ergebnis betrug 4,0X0 fiir das llB/loB- 
Verhlltnis (Standardabweichung 0,0087). Die PreDlinge enthielten 
iiber 3% metallische Verunreinigungen, wir sie iiblicherweise in 
diesem Material gefunden werden. Die Analysenzeit betrtigt fiir einen 
Analytiker 45 min je Probe. 

R&m&-On mesure les rapports isotopiques du bore dans le carbure 
de bore par spectrombtrie de masse 1 ionisation thermoionique sans 
skparation chimique prklable. On prkpare un mtlange en poudre de 
carbure de bore et de soude, en transfkre une petite portion sur un 
filament de tantale, le filament est chauffe pour produire du borate de 
sodium, et le filament est transf& dans le spectrom&re de masse 00 
l’on mesure le rapport llB/loB en utilisant l’ion NapBOI+. Les variables 
6tudibs quant & leur influence sur la volotalisation pr6fdrentielle de l”B 
comprennent le rapport soudecarbure de bore et la tempdrature et la 
duree de chauffage du filament. On a analysd une strie de pastilles de 
carbure de bore contenant du bore naturel, du type propod pour les 
baguettes de contriYe du rbacteur Fast Flux Test Facility, avec un 
rQsultat apparemment impartial de 4,056O pour le rapport llB/lOB 
(&art type 0.0087). Les pastilles contenaient plus de 3 % d’impuret& 
mktalliques typiquement trouv& dans cette matibre. 
d’analyse est de 45 mn par khantillon, avec un analyste. 

Le temps 
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Summary-Niobium, in concentrations as low as 0.02% Nb106, is 
determined in a variety of materials without separation or enrichment. 
Chemical and ionization interferences are controlled, and sensitivity 
is increased, by maintaining the iron, aluminium, hydrofluoric acid 
and potassium content within certain broad concentration limits. 
There is close agreement with the results of analyses by emission 
spectrographic, electron microprobe and X-ray fluorescence methods. 

THE DETERMINATION of niobium by classical wet methods is involved and time-con- 
suming because of the invariable need for separations or extractions. Nearly all the 
commonly used calorimetric methods require the prior separation of tungsten, molyb- 
denum and titanium.l Atomic absorption has not been widely used for the determina- 
tion of niobium because of the low inherent sensitivity, e.g., Schiller advocated the 
use of as much as a 60-g sample to analyse steels containing 0.01% niobium.2 For- 
tunately, however, there are several chemical species which, over a wide concentration 
range, enhance the absorption of niobium. This property can be used to advantage to 
lower the niobium detection limit, because these species provide an “enhancement 
buffer” over reasonably broad concentration limits. They include aluminium, iron, 
hydrofluoric acid and the easily ionized alkali metals. 

Initially, attempts were made to analyse pandaite ores from Brazil and pyrochlore 
ores from Canada by the often recommended method of fusion with potassium 
bisulphate followed by leaching of the melt with hot 4 % ammonium oxalate solution 
or hot 20-30% tartaric acid solution. Most of the Brazilian ores contained pandaite, 
approximate formula Ba,_ENb20,(H,0)1+,, with large amounts of titanium in the 
form of ilmenite, FeTiO,; also present were aluminium phosphate, the rare earths, 
quartz, and apatite, along with small amounts of titania.3*4 Most of the Canadian ores 
carried very fine-grained uranium-bearing pyrochlore in a silicate-rich matrix such as 
acmite and potash feldspar. Many other minerals were present, such as calcite, 
pyrite, pyrrhotite, fluorite, apatite, biotite and magnetite.5 

The bisulphate fusion of these types of ore proved to be unreliable, presumably 
owing to the presence of rare earths in the Brazilian ores1 and uranium in the pyro- 
chlore. Faye reported that uranium in pyrochlore, betafite, euxenite and other 
niobium-bearing ores led to low niobium results with associated low precision.6 Faye 
further found by thorough study of the hydrofluoric acid dissolution method that a 
mixture of that acid with hydrochloric acid readily dissolved the niobium along with 
the associated minerals such as ilmenite and magnetite, and that sulphides such as 

pyrite and molybdenite remained unattacked. The hydrofluoric acid, which inter- 
fered with the subsequent ether-thiocyanate spectrophotometric estimation as 
prescribed by Ward and Marranzino,7 was removed by evaporation (to a paste) in the 
presence of phosphoric acid. Faye’s hydrofluoric-hydrochloric-phosphoric acid 
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approach was used successfully for the atomic-absorption method in this laboratory, 
but since hydrofluoric acid greatly enhances the niobium absorption, it was decided to 
use this to advantage and to eliminate the volatilization of hydrofluoric acid in the 
presence of phosphoric acid, if possible. This proved to be feasible because the effect 
of hydrofluoric acid is constant when between 10 and 20% of concentrated hydro- 
fluoric acid are present, the resulting increase in absorption being about 30 % (Table 
I). Teflon beakers eliminate the need for platinum ware, and loss of hydrofluoric acid 
by its reaction with glassware is circumvented by utilizing polypropylene volumetric 
flasks. Silica, in the amounts which might remain from incomplete volatilization of 
silicon tetrafluoride, does not interfere. 

TABLE I.-EFFECT OF ALKALI METALS, ALU~WJM, TITAMUM IRON AND HYDROFLUORIC ACID ON 
125-~g/ml~OBIvMPENToXIDEABSORPnON 

Added species 
Absorption, chart divisions (10 x scale) 

Without enhancement buffer With buffer* 

- 23 65 
K, 500 &ml 23.5 64 

1000 24 45 
2000 

Li, 1000 ,ug/ml 
Na, 1000 ,@ml 
Rb , 500 ,ug/ml 
Cs, 500 pg/ml 
Al, 200 pg/ml 

500 
1000 
2000 
3000 

Ti, 500 Pg/ml 
1500 
500 + AI, 500 - 

Fe, 500 pg/ml 33 
1000 36 
2000 36 
3000 36 

HF, 5 ml conc./lOO ml 26 
10 31 
15 31 

Fe, 1500 pg/ml 36 
1500 + HF, 1 ml conc./lOO ml 45 
1500 + 2 47 
1500 + 10 55 
1500 + 15 55 

24 
40 
34 
40 
34 
53 
60 
60 
61 
63 
37.5 
- 

40 
65 
65 
65 
65 
- 
64 
- 

65 
65 
63 
65 
65 
- 
63 
- 

- 
65 

- 
- 

64 
- 

* 20 ml per 100 ml of solution. 

In a thorough investigation of other potential interfering ions in the atomic- 
absorption determination, it was found that aluminium, iron and the alkali metals 
also produce enhancement effects, but that these effects can also be controlled (Table 
I). Aluminium also negates potential interference from titanium, which otherwise 
would produce low results (if the titanium is not eliminated in the acid attack). 

The enhancement from the alkali metals is attributed mainly to the ionization 
effects of the nitrous oxide-acetylene flame. Manning observed that the best sensitivity 
for niobium, about 20 pg/ml for 1% absorption, was obtained at 3343.7 A, and that 
when 0.1% of potassium was added, a detection limit of 5 ,ug/ml was achieved.8 This 
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sensitivity was not attainable on the instrument in this laboratory, but by addition of 
aluminium, iron, hydrofluoric acid and potassium, a sensitivity of 15 ,ug/ml could be 
achieved. 

In this laboratory the effect of potassium was not observed to be as great as that 
reported by Manning, but this is probably because of different burner conditions and 
because Manning used niobium as the chloride, whereas in this work studies were 
made with stock solutions of niobium pentoxide which had been dissolved in hydro- 
fluoric and hydrochloric acids. 

The effects of other ions were studied, with solutions containing 500 rug of alumi- 
nium, 1000 ,ug of iron and 500 pug of potassium per ml and 5% v/v concentrated 
hydrofluoric acid. These quantities of additives cause nearly a threefold enhancement 
of the niobium absorption, and are not critical, since at least twice these amounts can 
be present without significant change in the enhancement. The absorption of a 
niobium solution containing between 500 and 3000 ,ug of aluminium per ml appears to 
be only 3-5x less than that of a similar solution plus hydrofluoric acid, iron and 
potassium. The concentrations chosen for these reagents in the enhancement buffer 
are near the middle of the tolerance ranges, so their presence in samples is without 
further influence. Table I indicates that large amounts of potassium in the sample 
begin to reduce the enhancing effect of the combined additives. In the presence of 
20 ml of enhancement buffer per 100 ml of sample solution, there was no significant 
interference with 125 rg of niobium per ml from the following concentrations of other 
species : TiO, or Na,HPO,-12H,O, 3-O mg/ml; Mg, 2.5 mg/ml; Na,SiO,*9H,O, 
CaCO,, SrCO,, BaCO,, 1.0 mg/ml; Co, Cr, Cu, Mn, MO, Ni, Ta, U, V, W, or Zn, 
200 pg/ml. These were added as solutions of the species named, in hydrochloric, 
nitric or hydrofluoric acid, or mixtures of these acids. 

No interference was observed from a mixture of yttrium plus the rare earths La, 
Ce, Pr, Nd, Sm and Gd totalling 800 pg/ml. The composition of the mixture was 
based on the ratio of the abundances of these elements in the earth’s crust.n 

No interference was noted from 5 % v/v nitric or sulphuric acid, or from as much 
as 15 % v/v hydrochloric or phosphoric acid, except for the slight reduction in ab- 
sorbance expected as a result of the change in viscosity. 

EXPERIMENTAL 

Instrument parameters 

The conditions used to achieve optimum sensitivity are listed in Table II. One of the most 
important factors is the use of wide diameter (0.023 in. bore) tubing to allow a sample uptake rate 
of 10-12 ml/mm. It is felt that many of the conflicting reports of sensitivities, chemical and ionization 
interferences, etc, could be explained if contributors would report aspiration rates, burner heights 
and flame characteristics. For example, the best niobium sensitivity is obtained with a large uptake 
rate and the burner head l-l.5 cm below the light-path. The acetylene and nitrous oxide flow-rates 
should be set to yield a l-2 cm high blue flame just above the burner, with an 8-9 cm high “red 
feather.” There is a large reduction in sensitivity for niobium (and tungsten) when the acetylene 
pressure drops below SO-100 psig. Similar effects, causing erratic results, and attributed to acetone 
in the acetylene cylinder, have been reported by the Perkin-Elmer Corporation, as for example in 
the determination of gold with an acetylene-air flame. lo Niobium sensitivities obtained with other 
burner and flame types are given by Slavinlr 

soIutions 
Niobium pentoxide, 2QOO &ml stock solution. Dissolve 1.000 g of pure NbtOs by warming with 

30 ml of 48-50x hydrofluoric acid and 20 ml of concentrated hydrochloric acid in a Teflon beaker. 

3 
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Instrument 

Wavelength 
Slit 
Cathode current 
Scale 
Fuel 
Oxidant 
Sample uptake rate 
Burner height 

Perkin-Elmer, Model 303 with 
Model 165 recorder 

3343.7 A 
3 (2 A) 
38 mA (40 max) 
10 x (for less than 1% Nb,O,) 
Acetylene (9 psig) 
Nitrous oxide (40 psig) 
10-12 ml/min 
l-l .5 cm below light-path 

After dissolution is complete, dilute to 500 ml with water. Transfer immediately to a polyethylene 
bottle. This solution is stable for at least 6 months. 

Iron solution, 2Og/l. Dissolve 20.0 g of pure iron powder in 200 ml of hydrochloric acid (1 + 1) 
and dilute to 1 litre with water. 

Aluminium solution, log/l. Dissolve 10.0 g of aluminium powder or fine wire in 200 ml of hydro- 
chloric acid (1 + 1) plus a few drops of 30% hydrogen peroxide and dilute to 1 litre with water. 

Potassium solution, log/l. Dissolve 19.1 g of reagent-grade potassium chloride in water and dilute 
to 1 litre. 

Enhancement buffer solution. Mix 500 ml each of the iron, aluminium and potassium solutions 
with 500 ml of 48-50% v/v hydrofluoric acid. Store in a 2-litre polyethylene bottle. This is enough 
solution for 100 samples and standards. 

Standardsolutions ofNb,O,, 50, 100, 150 and 200 Z&ml. Using a polyethylene pipette, transfer 
25, 5*0,7.5 and 10 ml of the 2000~,og/ml NbsOs stock solution into 100~ml polypropylene volumetric 
flasks. Add 20 ml of enhancement buffer solution and dilute to 100 ml with water. Prepare a blank 
containing 20 ml of the buffer solution. These solutions are stable for at least 6 months. 

Dissolution of sample 

Place an accurately weighed l-2 g sample in a 100~ml Teflon beaker. Rinse the walls with 5-10 ml 
of water. Add 10 ml of concentrated hydrochloric acid and 10 ml of concentrated hydrofluoric acid 
and heat the solution for 2 hr on a hot-plate at a temperature low enough to prevent the beaker from 
sticking to the hot-plate. The solution should not evaporate to dryness, but if it does, repeat the 
addition of acid and heat to redissolve the niobium. Add 20 ml of the enhancement buffer solution 
and filter through a Whatman No. 1 paper in a polyethylene funnel into a 100~ml polypropylene 
volumetric flask. Rinse the beaker and paper with 2-3 ‘A v/v hydrochloric acid and dilute to 100 ml 
with water. Analyse for niobium, using the parameters listed in Table II. Samples containing more 
than 1% niobium pentoxide can be analysed by preparing more concentrated standards with a 
corresponding attenuation of the instrument scale. 

CONCLUSIONS 

The comparison between the atomic-absorption (AA) and two independent X-ray 
analyses of Canadian niobium-bearing ores is presented in Table III. The two sets of 
samples, those analysed by AA and laboratory A and those analysed by laboratories 
A and B are from different drill holes but from the same deposit. The AA results of 
samples containing less than 0.8 % niobium pentoxide agree with the X-ray results 
from laboratory A within about 4 %, but at higher concentrations there is a difference 
of up to -14%. Results from laboratory B for >0*8% Nb2 are lower than those 
from laboratory A by about 6%. This implies that the AA results would agree with 
those from laboratory B to within 3 %. 

The results in Table IV show that there is also excellent agreement between the AA 
and spectrographic analyses for low-grade Brazilian ores. Tables V and VI, respec- 
tively, show the comparative results of microprobe analyses and replicate AA analyses 
of other ores. The results for duplicate analyses of BCS Steel Standard No. 365 were 
O-56 and O-58 %. Nb (certificate value 0.57%). The only procedural difference in 
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TABLE III.-COMPARI~~N OF AA AND INDEPENDENT X-RAY FLUORESCENCE ANALYSES (LABORATORIES 
A AND B) OF CANADIAN NIOBIUM-BEARING ORES 

Sample 
NWs, % Relative Nb&, % Relative 

difference,* Sample differenqt 
AA Lab. A % Lab. A Lab. B % 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

0.24 0.25 -4 
0.71 0.77 -8 
0.82 0.82 0 
0.84 0.88 -5 
1.41 1.64 -14 
1.76 1.85 -5 
1.72 1.87 -8 
l-91 2.12 -10 
2.15 2.44 -12 
2.28 2.62 -13 
2.50 2.64 -5 

25 
26 
27 
28 
29 
30 

3’: 
33 
34 
35 
36 
37 
38 
39 
40 
41 

0.14 0.16 +14 
0.26 0.27 -c-4 
0.39 0.40 +3 
0.45 044 -2 
0.55 0.56 +2 
0.79 0.79 0 
0.79 0.77 -3 
0.87 @83 -5 
0.95 0.90 -5 
0.95 0.92 -3 
1.05 1.03 -2 
1.63 1.58 -3 
1.80 1.73 -4 
1.81 1.74 -4 
1.95 1.83 -6 
1.96 1.83 -8 
2.08 1.87 -10 

* AA relative to Lab. A. 
t Lab. B relative to Lab. A. 

TABLE IV.--COMPARISON OF AA AND EMISSION SPECTROORAPHIC ANALYSES OF BRAZILIAN NIOBIUM- 
BEARING ORES 

Sample 
Nb&, % Nbdh, % 

AA 
Sample 

Spectrographic* AA Spectrographic* 

1 0.14 0.14 8 0.40 0.29 
2 o-12 0.16 9 0.28 0.28 
3 0.13 0.13 10 0.42 0.42 
4 0.25 0.28 11 0.22 022 
5 0.31 0.28 12 0.06 0.12 
6 0.31 0.32 13 0.23 0.24 
7 0.12 0.12 

* Emission spectrographic analyses were performed by Geologia e Sondagens Ltda., Belo 
Horizonte, Minas Gerais, Brazil. 

TABLE V.--COMPARISON OP AA AND ELECTRON MICROPROBE ANALYSES OF BRAZILIAN ORE 

Sample 

42 
43 

NbA % 

+ 100 Mesh -100 + 200 Mesh -200 Mesh 
AA Probe AA Probe AA Probe 

0.47 0.50 0.98 0.81 1.92 2.9* 
2.40 26 2.95 2.3 3.40 2.4* 

+ Large deviation attributed to insufficient statistical sampling by the electron microprobe analysis.* 
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TABLEVI.--RESULTSOFREPLICATEANALYSESOFNATURA~ANDSYNTHE~CNIOBIUMORES 

Canadian pyrochlore standard (03% Nb,OJ: NbB06 0.50, 0.45, 0.47, 054, 0.50, @50, o-51, 
0.50 %. 

Mean 0.496 %, standard deviation = 0.026 % (1-2 g samples). 
Synthetic rock standards prepared by addition of pure NbaO, to syenite containing less than 

0.02% Nb,O,. 
1% Nb,O,: 0.99,0.98, 1.02, 1.03 % (l-2 g samples) 

10% Nb,O,: 10.2% (0.2 g sample), 9.7 % (0.1 g sample) 

TABLE VII.-EFFECT OF NICKEL (ADDED AS NiCI,*6HIO) ON 
ABSORPTIONBYAN SO+g/mlNb,O, SOLUTION 

Enhancement buffer, Ni added, 
ml mglml 

Absorption 
(chart divisions) 

2: 
0 
0 :: 

;: 
0.1 31 
0.5 33 

20 2.5 33 
20 5.0 23 
20 7.5 20 

analysing alloys is the addition of 5 ml of concentrated nitric acid per gram of sample 
to aid in the dissolution. In an attempt to determine the niobium content of an 
Inconel nickel sample, it was found that concentrations of nickel much greater than 
25OO&ml begin to reduce drastically the absorption of niobium (Table VII). In 
such analyses, when the niobium content is low enough to require a dissolved sample 
with a nickel concentration greater than O-25 g/l00 ml, a prior chemical separation is 
recommended. 

Acknowledgements-The author wishes to thank Paul-Emile Hamelin of the St. Lawrence Columbium 
and Metals Corporation for the analysed Canadian ore sample, and the University of New Mexico 
Department of Chemistry for the steel standard. Thanks, also, to Klaus Keil for information on the 
microprobe and microscopic studies, E. F. Cruft and F. Dubuc for additional information on the ore 
samples, and R. A. Nash for providing a copy of the spectrographic results. 

Zusammenfassung-Niob wird in Konzentrationen bis herunter zu 
0,02x NbpOs in einer Reihe von Materialien ohne Abtrennung oder 
Anreicherung bestimmt. Man behat chemische und Ionisierungsstar- 
ungen im Griff und erhiiht die Empfindlichkeit, wenn mann die Gehalte 
an Eisen, Aluminium, Flu%iure und Kalium innerhalb bestimmter 
breiter Konzentrationsgrenzen h&lilt. Die Analysenergebnisse stimmen 
gut iiberein mit solchen der Emissionsspektrographie, der Elektronen- 
Mikrosonde und der Riintgenfluoreszenz. 

R&urn&On d&ermine le niobium B des concentrations aussi faibles 
que 0,02x de Nb,O, dans diverses substances sans sdparation ou 
enrichissement. On contr8le les interfdrences chimiques et d’ionisation, 
et la sensibilitb est accrue, en maintenant les teneurs en fer, aluminium, 
acide fluorhydrique et potassium & l’intbrieur de certaines larges 
limites de concentration. 11 y a un accord Ctroit entre les r&ultats 
d’analyses par les m&hodes de spectrographic d’kmission, de microessai 
klectronique et de fluorescence de rayons X. 
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Sanmuuy-Acidic periodate solutions are shown to contain two 
species, tetrahedral IO,- and octahedral H5101. Equilibrium between 
the two is attained rapidly and the solutions are stable for long periods 
of time if stored in amber glass bottles. 

PERIODATE is a well-established reagent of considerable application in analytical 
chemistry.l It has recently been shown2 that it is more suitable for the oxidimetric 
determination of vanadium(W) than many of the usually preferred oxidants such as 
permanganate, cerium(IV) or bromate. Many periodate oxidations are also suscep~ 
tible to trace metal catalysis and these are useful for the determination of very small 
amounts of catalysts such as ruthenium3 and chromium.4 During some recent kinetic 
and analytical studies of periodate solutions in this laboratory,z*8 ticulties were 
encountered from lack of reproducibility in the kinetic results (found to be caused by 
traces of chromium-as little as 0.01 ppm-adsorbed on the walls of the reaction 
vessels from chromic acid cleaning mixture) and it became necessary to establish 
(a) the nature of the species present in acidic periodate solutions and (b) the stability 
of the solutions in terms of the total oxidizing power and also in changes in the 
proportions of the ions with time. 

Studies of the nature of periodate solutions have been reported by many authors 
but rarely do the results obtained relate to the solutions of relatively high ionic 
strength or high acid concentrations normally used in analytical applications, and 
many reports are contradictory. Crouthamel et al6 have shown that spectrophoto- 
metric data for solutions of periodic acid and potassium metaperiodate are adequately 
described by the equilibria 

HE108 + Hf + H4106- K1= 5.1 x 104 

H4106- + IO,- + 2HsO KD = 40 

H4108- + H+ + H,I0,2- K,=2 x lo-’ 

in the pH range O-7 and temperature range O-70”. The important species in acid 
solutions at pH < 2 are therefore HsIO, and IO,-. However, the data are dependent 
on the assumption that the absorbance at 222.5 nm and pH 543 is due to the IO,- 
species only, an assumption which is open to question following the observation that 
the diffuse reflectance spectrum of solid KIO, shows no band at 222-5 ML~ The 
data are also only really satisfactory for solutions of low ionic strength, since 
anomalous effects, in solutions of higher ionic strength which would significantly 
alter the values of the equilibrium constants, are ignored. Mishra and Symons’ have 

l Present address: May and Baker Ltd., page&am, Essex. 
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also postulated that in strong acid solutions at negative pH, the HJO, species is 
further protonated to form H,IO,+ or I(OH)$ and have reported a pK of -0.8, in 
reasonable agreement with a predicted value. 

Raman spectroscopy is clearly an advantageous technique for studying the pro- 
portions of these species present in solution, since spectra of aqueous solutions can 
be measured directly, and the observed bands can be assigned on symmetry grounds, 
and several papers on the Raman spectra of periodate solutions have been reported. 
Spectra of an 8 % aqueous solution of sodium metaperiodate and a 40% solution of 
paraperiodic acid led Sieberts to assign bands at 256, 325, 791 and 853 cm-l to the 
v~, v~, v1 and va modes of tetrahedral IO,- and bands at 632,594 and 387 cm-l to vr, 
yp and V~ bands of octahedral HJO,. He also concluded that both species were 
present in equilibrium in both solutions. Chantry and Planes also report that a 
band at 797 cm-l due to IO,- decreases with decrease in pH and, at the same time, 
a band at 640 cm-l due to H510, increases, but no information is given with respect 
to media or the precise pH used. Infrared spectra of the solid paraperiodic acid and 
its salts reported by SiebertlO also lead to the conclusion that these compounds are 
not hydrates but octahedral species correctly represented by the formulae H,IO,, 
NaaH,IO,, etc. Keen and Symonsll have also reported infrared spectra of periodate 
solutions but suggest that the similarity of spectra to those of Na,H,IO, and 
Na8H,IOB can only be explained if the major constituent of metaperiodate solutions 
is not IO,- but ions such as H,IO,- or H,IO,-. 

In this paper we report some investigations of the Raman spectra and stability of 
periodate solutions, particularly in strongly acid media, in an attempt to provide 
information for the development of potassium periodate as an analytical reagent. 

EXPERIMENTAL 

Analytical-reagent grade chemicals were used throughout and water distilled from an all-quartz 
still was used in the preparation of all solutions. 

Preparation of periodate solutions 

Using a Stanton automatic recording thermobalance at a heating rate of 68”/min, it was 
found that decomposition of analytical-reagent grade potassium metaperiodate to potassium iodate 
started in the region of 250”. A temperature of 110” was therefore selected for drying the material 
and it was found that 0.01% weight loss occurred after one hour at this temperature and that no 
further loss was recorded after a further four hours’ heating. After drying for one hour at 110”, 
the appropriate weight of KIOl was dissolved in distilled water or other media as required. Analytical 
reagent grade sodium metaperiodate was treated in a similar manner. 

Solutions were standardized with reference to sodium arsenite solutions prepared from arsenious 
oxide.‘*‘* An aliquot of the periodate solution was neutralized with sodium bicarbonate and a 3-g 
excess of bicarbonate were added. Then 3 g of potassium iodide were added and the liberated iodine 
was titrated with standard 0*025N arsenite. 

Raman spectra were measured on a Cary Model 81 Spectrophotometer equipped with a Spectro- 
Physics 125 Helium-Neon Laser emitting radiation at 6328 A. Solid samples were measured in glass 
vials and solutions in capillary tubes. Solutions for Raman studies were prepared by direct weighing 
immediately before use, unless otherwise stated. 
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RESULTS AND DISCUSSION 

Stability of periodate solutions 

The photodecomposition of periodate to iodate and ozone has been reported13J4 
and has been used for the homogeneous precipitation of thorium iodate.ls Under 
more favourable storage conditions, however, periodate solutions are said to be stable 
for indefinite periods of time. 13m16 To test the effect of various acid media on the 
long-term stability of periodate solutions, solutions of 0.0125M RIO, were prepared 
in distilled water, O*OlN, 0.1iV and 1N sulphuric acid, and a 0*4M NaIO, solution was 
prepared in 5M perchloric acid. Half of the solution in distilled water was stored in a 
screw-cap clear glass bottle and the remaining solutions were stored in screw-cap 
amber glass bottles, and the bottles were placed on a laboratory shelf in direct natural 
light. Each solution was standardized at intervals against standard arsenite, as 
described above, and the results are given in Table I. With the exception of the 

TABLE I.-STAnrLrrv OF PERIODATE SOLUTIONS 

Titration values (ml) for standardization with sodium arsenite. For 09125M solutions, 50-ml 
aliquots were titrated with 0.02578N sodium arsenite and for the 0*4M solution, 6.2~ml portions were 
titrated with 0*1027N arsenite. Storage was in amber glass bottles, except where indicated. 

Age, 
days 

0*0125M 0.0125M @0125M 0*0125M 0*4M 
KIO, 0.0125M KIOl in KIO, in KIO, in NaIO, in 

clear glass KIO, 001 N H$IOa 0.1 N H&IO* 1 N HISO, 5M HClO, 

0 
3 
7 

11 
13 
15 
18 
49 

48.50 48.50 
46.90 48.50 
45.00 48.50 

- - 

4G5 
- 

19.00 
12.50 

- 

- 
48.50 

4&o 
48.50 
48.50 

48.50 48.50 
48.50 48.50 
48.50 48.50 

- - 
- - 

48.50 48.50 
- - 
- 48.50 

48<0 48.50 48.50 

48.50 48.30 
48.50 48.30 
48.50 48.30 

- 48.30 
- 48.05 

48.50 - 

460 46.50 - 
48.50 - 
48.50 - 

solution stored in clear glass, no detectable change in potassium periodate concentra- 
tion was observed over a period of six months. The solution stored in the clear glass 
bottle deteriorated rapidly over the same period. The sodium periodate solution in 
5M perchloric acid was stable for only 11-12 days and showed definite signs of 
decomposition after this, and for kinetic work described elsewhere2s4 it was necessary 
to prepare fresh solutions at fortnightly intervals. 

It is therefore established that in a range of neutral and acid media, the total 
oxidizing power of periodate solutions remains constant for up to six months. It is 
not clear, however, whether the species present in these solutions remain unchanged 
during this time. 

Raman spectra of periodate solutions 

Preliminary studies were carried out with 0.4M solutions of sodium periodate in 
concentrations of perchloric acid from O-1 to SM. Unfortunately, perchlorate ion 
exhibits a strong band at 640 cm-l which interfered with an important periodate 
band and further work was carried out in nitric acid solutions. Careful comparison 
of the Raman spectra of the periodate species in both acid media indicated that they 
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were essentially identical and that the Raman-active nitrate modes of vibration did 
not interfere with any periodate bands. 

Raman spectra were obtained for solutions of 0*4M sodium periodate in distilled 
water, O-1, 0.5, 1*0,3*0 and 5.OM nitric acid. Initially, routine spectra were obtained 
but, following satisfactory interpretation of the observed bands, the solutions were 
reexamined under the conditions of maximum sensitivity available with the instru- 
ment. All solutions were examined immediately after preparation and at intervals 
over a 3-day period while being stored under air- and light-free conditions and, in 
addition, stock periodate solutions in perchloric acid were similarly examined. In 
no case was any change in peak height or peak position observed with time. 

The bands observed and their relative intensities are given in Table II and a typical 
spectrum, i.e., that in distilled water, is shown in Fig. IA. Four of the five bands 
observed in neutral aqueous solution correspond closely to those assigned to IO,- 

TABLE II.-RELATIVE INTENSITIES OF THE LINES IN THE RAMAN SPECTRUM OF 0.4M SODIUM PERIODATE 
AT VARIOUS NITRIC ACID CONCENTRATIONS 

Relative intensities 
[HNQI 

M 860 cm-l 795 cm-l 643 cm-l 615 cm-l 386 cm-l 313 cm-’ 270 cm-l 

none 19 100 - 2 - 6 9 

0.1 6 0.5 3 !E 4 - 17 - 7 3 _I 
1.0 - 9 31 - 4 - 
3.0 - 6 35 - 6 1 _ 

5.0 - 3 45 - 8 - - 

by SieberP and also correspond to the IO,- modes observed in solid KIO, and 
NaIO,, and there seems little doubt as to the validity of this assignment. As the acid 
concentration is increased, the four bands due to IO, decrease in intensity and the 
fifth band in distilled water medium at 615 cm-l increases in intensity and shifts to 
643 cm-l. In addition, a new band appears at 386 cm-l and also increases in intensity. 
In 5M acid, the bands at 643 and 386 cm-l are the predominant features of the spec- 
trum and only a very weak peak due to IO,- remains at 795 cm-l. Operation at the 
highest available sensitivity shows no additional spectral features in any of the 
solutions and no new bands are observed on storing the solutions. The spectrum 
of the commercially available 50% paraperiodic acid solution (Fig. IB) shows a 
band at 795 cm-l which must be due to IO,- but also shows very strong bands at 
386 and 643 cm-l which suggests that the fifth band (615/643 cm-l) in sodium meta- 
periodate solutions is also due to an octahedral species, in agreement with the observa- 
tions of Siebert.* We were, however, unable to observe the third band required by 
theory for octahedral symmetry, which Siebert reported at 597 cm-l. 

The Raman spectra, therefore, indicate that two species are present in significant 
concentrations in acidic periodate solutions. No long-term changes could be observed 
which might suggest the formation of, for example, peroxides as a precursor of 
ozone, and use of an oxygen atmosphere had no effect on the spectra. The species 
are tetrahedral IO, ions in equilibrium with an octahedral species. If the results of 
Crouthamel et aL6 are even approximately valid for the present media, then at low 
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FIG. I.-Raman spectra of (A) 0.4M aqueous sodium metaperiodate and (J3) 50% 
aqueous paraperiodic acid @&IO,). *(B) at reduced sensitivity. 

acid concentrations the equilibrium 

IO,- + 2H,O + H,IO, 

satisfies the Raman data provided it is assumed that the octahedral species is further 
hydrated in such a way that either all the oxygen atoms are equivalent or that exchange 
occurs very rapidly within the vibrational time scale so that the oxygen atoms appear 
equivalent. As the pH decreases, protonation occurs 

H,IOs + H+ f HJO, 

and the band at 61.5 cm-l shifts to 643 cm-l and increases in intensity, the equivalence 
of the oxygen atoms being maintained. As the pH decreases still further, from IM 
to 5M nitric acid, the overall equilibrium, 

IO, + H+ + 2H,O + H,IO, 

is pushed even further to the right and the concentration of metaperiodate ions 
decreases significantly. No evidence was found for the further protonation to H,IO$ 
but it is possible that this would not be detectable as a separate entity from the other 
octahedral species, although some further shift of the 643 cm-l band might have 
been expected. 

It is clear that acidic periodate solutions contain a mixture of two species, the 
proportion of which is dependent on the pH of the solution. From this and other 
evidence,l* it is also clear that equilibrium is attained rapidly and that the oxidizing 
power of such solutions is not altered over at least a six months period. Kinetic 
evidence2 suggests that in at least one application the IO, ion is the active oxidizing 
species and control of pH will be an important factor in this and possibly many 
other analytical applications of periodate. 
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Zusammenfassung-Es wird gezeigt, da8 saure Perjodatlbsungen zwei 
Spezies enthalten: tetraedrisches JO 4- und oktaedrisches H,JOs. Das 
Gleichgewicht zwischen beiden stellt sich rasch ein und die Liisungen 
sind iiber lange Zeit stabil, wenn sie in braunen Glasflaschen auf- 
bewahrt werden. 

R&sum&On montre que les solutions acides de periodate contiennent 
deux especes, IO,- tetra&lrique et HJO, octddrique. L’equilibre 
entre les deux est atteint rapidement et les solutions sont stables 
pendant de longues pbiodes de temps si elles sont conservees en 
flacons de verre teinte. 
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Summary-Polyvinyl alcohol (PVA), boric acid and t&iodide form a 
characteristic blue complex. For a number of PVA samples, prescribed 
conditions were used to examine the precision of the formation and 
spectrophotometry of the complex. The precision of calibration 
curves was l-2% over the range o-4 mg of PVA per 50 ml of final 
solution, over which Beer’s law holds. Greater deviations can be 
caused by faulty preparation and aging of individual PVA solutions. 
The absorbance is independent of the content of residual acetate groups 
in the PVA for the range O-15 %. The limit of detection is about 0.01 
mg of PVA in 25 ml of sample. A pink colour in the system is due to 
association of iodine with acetate groups in the PVA. A blue or 
green colour is due to helical envelopment of iodine molecules by 
PVA chains stiffened by scattered cyclic groups. The mechanisms 
of these effects are discussed. 

SPECTROPHOTOMETRY of the polyvinyl alcohol(PVA)-borate-iodine complex in 
aqueous solution is in limited current use for the determination of PVA in paper1 
and biological materials. 2 The blue PVA-iodine complex, first observed in 1927,s** 
finds use in solid or gel form as the antiseptic “Iodinol” in human and veterinary 
medicine,6 and the polarizing and potential superconducting’ properties of the 
complex have attracted some attention. In the present work the sensitivity and 
precision of the spectrophotometric method of analysis are examined over an extended 
range, and some clarification of the general features of the complex formation is given. 

The main conditions chosen for study are those used by Finley,s who found that 
at 690 nm Beer’s law was obeyed for the PVA range O-l mg/50 ml. This was eonfirmed 
with the implication that linearity did not extend beyond the range stated.O In our 
study, the range is extended to 4 mg/50 ml by use of the Hilger and Watts Uvispek 
spectrophotometer, which accurately covers the wide absorbance range O-3.2, and the 
precision of the method is examined in some detail. Also, the effects of residual 
acetate groups in the PVA are examined quantitatively. 

EXPERIMENTAL 

Materials 

The PVA resins were “Gelvatol” grades 0-60-G, l-60, l-90, and 20-90, which have the following 
weight-average molecular weights and degrees of hydrolysis: 86000,98*8-100%; 86000,99-100%; 
l15000,99-100~0; 125000,87-89%. Other reagents were of analytical grades. 

Calibration-curve solutions 

Gelvatol 0-60-G (1 g) was dissolved at 70-80” in cu. 100 ml of distilled water, and the solution 
diluted to 1000 ml in a calibrated flask at room temperature. This stock solution was diluted to give 
four solutions containing exactly 0.1, O-15, 0.2, and 0.4 g of PVA per litre. The first two dilutions 

* Based in part on a report by D. A. Akintola in partial fuhihnent of the requirements for 
the Degree of M.Sc. of the University of London, 1970. 
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TABLE I.-COMPOSITION OF THE COLORMETRIC SOLUTION 

Component 
[Stock solution], 
gll M 

Volume* used, Concentration in final solution, 
ml M 

Gelvatol 

Distilled water 
HIBG, 
1, 1 
KI 
Distilled water 

1.000 0.0227t 4.00§ 0.001816t: 
maximum maximum 

-20 
4000 0.6467 15.00 0.1940 
12.70 0.0500 0~00300 
25.00 0.1506 300 000904 

to 50.00 

* Per 50.00 ml of final solution. 
t Based on CH,CHOH units. 
$ Successive dilution. 
8 Or 4.00 mg/50 ml. 

TABLE II.-ABEORBANCES(A~) FOR VARIOUS PVA CONCENTRATIONS (ci mg150 rnl)~m DIWIATIONS 
FORTHE SUCCESSIVEDlLUTIONOFGELVATOL 0-60-G. 

Ci c&&l% Deviation* o/o Deviationt 

0.200 0.135 
o-400 0.276 
0,600 0.415 
0.800 O-562 
1.000 0.695 

A = 0.694~ 

0.300 0.204 
0.600 0.418 
0,900 0.608 
l-200 0805 
l-500 l-040 

A = 0.683~ 

0400 0.308 
0.800 0.615 
1.200 0.915 
1.600 1.240 
2.000 l-545 

A = 0.7705~ 

0.800 0.590 
1.600 1.300 
2400 l-839 
3.200 2.390 
4.000 3.100 

A = 0.768~ 

* Ai - cJAJ&. 
t lOO(Ai - ci~A,/&) &&&I,. 
$ Irrespective of sign. 

0.139 -0*004 
0.278 -0.002 
0.416 -0~001 
o-555 + 0.007 
0.694 + 0.001 

0.205 -0~001 
0.410 +0.008 
0.615 - 0.007 
0.820 -0.015 
1.024 -to.016 

0.308 0.000 
0.616 -0~001 
0.925 -0~010 
1.233 -t 0.007 
1.541 + 0.004 

0.615 -0.025 
1.229 +0.071 
1.844 -0005 
2.458 -0.068 
3.073 + 0.027 

-2.9 
-0.7 
-0.2 
+1*3 
+o-1 

Mean 1.0: 

-0.5 
+2.0 
-1.1 
-1.8 
+1*6 

Mean 1.4: 

0.0 
-0.2 
-1-l 
+0*6 
+0.3 

Mean 0.4:: 

-4.1 
$5.8 
-0.3 
-2.8 
$0.9 

Mean 2.8: 

were from fresh stock solution, the second two from the same stock solution allowed to standforabout 
four weeks. The composition of the final calorimetric solution is given in Table I. Four sets of solu- 
tions were made up to give the ranges of PVA concentration shown in Table II, the PVA being 
diluted to about 25 ml, then mixed with the boric acid before any iodine was added. 

Alternatively, Gelvatol l-60 and Gelvatol20-90 solutions containing O*OlOO, 0~0150,0~0200 and 
O-0400 g of PVA were made up successively in one particular lOO-ml flask, and aliquots were used 
to make a set of standards as before. Nine standard solutions were prepared from each 100~ml 
solution in order to determine the scatter due to the complexing reaction and the dilution procedure 
used in the first approach. 
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FIG. L-Left; spectrum of the complex formed from 1 mg of Gelvatol l-90/50 ml 
under the conditions of the analytical method (Tables I and V). The spectrum of 
Gelvatol 20-90 is the same. Right: spectra given by 1 mg/SO ml, of Gelvatol l-90 
(upper line) and Gelvatol 20-90 (lower line), with 0*194it4 boric acid and 0*0003M 

iodine in aqueous potassium iodide (Table V), us. water. 

Spectrophotometry and statistics 

Absorbances were measured on theuvispek at 690 nm vs. an appropriate reagent blank, with l-cm 
matched cells and suitable slitwidths in the range 0.1-l mm. The mean of three estimates was 
taken for each solution, and the instrument was adjusted between each estimate. For each set, the 
best straight line passing through the origin for absorbance (A) us. concentration of PVA (c) was cal- 
culated by the least-squares method. Limits for the true mean values were calculated as A, f ts/3, 
where & is the mean of nine results, s is their standard deviation, and t the value of Gossett’s t for 
99 y0 confidence. 

The spectra of several PVA-iodine combinations with and without boric acid were scanned on a 
Unicam SP 700 spectrophotometer for Gelvatol l-90 and Gelvatol20-90 (cJ Figs. 1-3 and Table V). 
The solutions were made up as for the analytical standards (Table I) except that either 1 y0 or 0.1 ye 
Gelvatol and 0.05 or O*OOSM iodine were used, as appropriate. 

RESULTS 

The analytical method 

Table II gives the results for the successive dilution of the 1 g/l. stock solution of 
PVA. The best straight lines for the first two ranges give A = 0.69c. The deviations 
of the points are random and average about 1%. The results for the other ranges 
give A = 0.77c, which is somewhat higher and no doubt reflects the aging of the PVA 
stock solution. The deviations for these two sets are nearer on average to 2 % than lx, 
but this average is biased by the first two results in the last range. The deviations are 
nevertheless quite random. We conclude that Beer’s law holds over the complete 
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Fro. Z.-(A) Spectrum of 0*00005M iodine and 0*00024M potassium iodide. (B) 
Spectrum formed by @0227&f Gelvatol l-90 with 0*39&f boric acid, O+IO005M iodine, 
and ~~24M potassium iodide (Table V), vs. water. (C) Spectrum for Gelvatol 

20-90 as in B. 

Fm. 3.-(A) Spectrum formed by 0+0227M of Gelvatol20-90 with ~~5~i~rne and 
0@0024M potassium iodide (Table V), vs. water. (B) As for A, but with O*OOOlM 
iodine and 0@0048M potassium iodide. (C)As for B, but with the addition of 0.194M 
boric acid. (D) As for C, but with 0*00015M iodine and ~~72~ potassium iodide. 

range. The observed l-2 % random error arises from a combination of random errors 
in the dilutions, s~trophotomet~ and degree of reaction. 

Table III summarizes the statistics for Gelvatol l-60 and Gelvatol 20-90. The 
deviations are random and average lx, which confirms the conclusion that random 
errors in the dilution, complexing and spectrophotometry do not together greatly 
exceed 1%. More critically, Table III shows that the calculated limits of the true 
mean absorbance for each solution do not exceed -j= 184 *A (99% confidence) and are 
random. 

The best straight lines passing through the origin, for these results, are given in 
Table IV. The slopes for the two polymers differ by only about 2% and agree reason- 
ably with those for the first two sets of results in Table II. The deviations of the 
individual points are reasonably random. There appears to be no correlation between 
the deviation and transmittance (I). The possibility of slight curvature in the graphs 
plotted from Table III is not supported by the good linearity of the results in Table I. 
However, the deviations of the individual points average 4-5 % owing to combination 



Complexation of polyvinyl alcohol with iodine 881 

TABLE III.-LIMITS OF THE TRUE MEAN AND DEWTIONS FOR SETS OF NINE MEAWREMEMS OF 
ABSORBANCE (/fi)FOR INDEPBNDENTDILUTIONS 

Ci 

v+ 

Gelvatol l-60 

1.00 
150 
2.00 
3.00 
4.00 

Mean Ai 
Ai 

o-741 
1.072 
1 a472 
2.100 
2.659 

Limits of 
true meant 

zto.013 
0.012 
0.015 
0.017 
0.053 

o/0 Limits$ 
Mean Mean y. 

deviation8 deviation 

fl.8 
1.1 
;:; 

2.0 

Mean l-3 

0.009 
o+lO9 
0.012 0.012 

0.040 

1.2 
O-8 
O-8 
0.6 
1.5 

Mean 1.0 

Gelvatol20-90 

1.00 
1.50 
2.00 
3.00 
4.00 

0.615 0.008 
1.030 0.016 
1440 o-017 
2.250 0.031 
2.890 0.053 

1.2 0.005 0.9 
1.2 0.011 1.1 
l-2 0.011 0.8 
1.4 0.021 0.9 
1.8 0.038 1.3 

Mean 1.4 Mean 1-O 

* Mg/50 ml 
t 99% Confidence limits. 
$ IOOts/JAi. 
8 Mean of the set of nine values of IA, - P&I. 

of random general error (l-2%, as above), weighing error of the small samples, and 
any inhomogeneity of the PVA. 

General spectrophotometry 

Figure 1 shows a scan of the well-defined spectral peak of the PVA-borate-iodine 
complex measured vs. the reagent blank. At the concentrations of iodine and iodide 
used, the reference solution absorbs so strongly (&,, - 1.0; A,, - O-l), that a scan 
vs. water instead of the reagent blank does not distinguish the absorption band due to 

TABLE IV.-DEVIATIONSFROM~IGHT~NESINTHEINDEPENDENTDILU~ONEXPERIMENT 

Cl Ai I (%I CiZA@, 

Gelvatol l-60 
1 *oo 0.741 18.15 O-699 
1.50 1.072 8.48 1.049 
2.00 1.472 3.37 1.399 
3.00 2.100 o-79 2.098 
4.00 2.659 0.22 2.797 

A = 0.699~ 

Gelvatoi 20-90 

1.00 0.615 24.26 0.715 
l-50 l-030 9.33 1.073 
2.00 1440 3.63 1.431 
3.00 2.250 0.56 2.146 
4.00 2.890 0.13 2.862 

A 0.715~ 

* Deviation = Ai - cJAJ&~. 
t Percent deviation = lOO(A, - cCZAi/IZci)Cci/&Ai. 
$ Irrespective of sign. 

4 

Deviation* YDeviationt 

+0.042 -#-6-O 
+ 0.023 +2*2 
+0*073 +5.2 
+0.002 so.1 
-0.138 - 4.9 

Mean 3.7: 

- 0~100 - 14.0 
- 0.043 - 4.0 
+ 0.009 +0*6 
+0*104 +4.8 

0.028 +1-o 

Mean 4.93 
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the complex. Only a small fraction of the iodine reacts to form the complex. The 
yellow-green colour of the calorimetric solution is due to absorption of almost all of 
the blue incident light by unreacted iodine and of the red by complex, which leaves a 
window around 480 nm. The scans for Gelvatol l-90 and Gelvatol20-90 under the 
conditions chosen for the analysis are almost identical and reveal no dependence on the 
different acetate-group contents. However, this is not true for other conditions. 

Table V contrasts the colour effects observable with Gelvatols l-90 and 20-90 for 
various concentrations of the PVA and iodine, both in the presence and absence of 
boric acid. When the iodine concentration is reduced by a factor of 10 the amount of 
complex formed by the two polymers is markedly different (Fig. l), that for Gelvatol 
20-90 being reduced the more. Some most interesting effects are revealed when the 
iodine concentration is reduced further by a factor of six and the PVA concentration 
is increased to a large excess over the iodine. The polymer with 12 % residual acetate 
groups shows an absorption band with A,, = 482 nm associated with a reddish 
colour, whether boric acid is present or not, provided that the iodine concentration is 
low enough (Figs. 2 and 3). However, at higher iodine concentrations and in the 
presence of boric acid, the absorption band with 2,, N 680 nm associated with the 
blue complex also appears prominently and becomes very intense for iodine concen- 
trations much in excess of lO-4M. In contrast (Fig. 2), the polymer with only O-1 % 
residual acetate groups shows in the presence of boric acid a prominent blue colour 
even for the lowest final iodine concentrations, provided that the iodine solution has a 
concentration not less than about 0*005M when it is added. When 0+)005M iodine 
solution is used, no colour reaction is observed : also, the amount of colour developed 

TABLE V.-COWUR REAC~ONS OF GELVATOLS l-90 AND 20-90 wrru IODINE, WITH AND WITHOUT 
0*194M BORIC ACID 

Final 
[PVAI 

M* 

Final 
[iodine] 

M 

Colour reaction 
Gelvatol l-90 Gelvatol20-90 

(4% CH,CO gps.) (-12% CH,CO gps.) Spectrum 

With 0.194M boric acid 

- 0.003t 
0*00045 0*003t 

- 0+003 
0~00045 0+003 
0.00136 O-0003 

- 0*00005 
0.0227 0+0005 
0.0227 0~0001 
0.0227 O-00015 

Without boric acid 

0.0227 0.00005 
0.0227 0~0001 
0.0227 o-001 
0.0227 0.01t 
0.227 0.Ol.t 

(Orange) 
Dark yellow-green Dark yellow-green 

(Yellow) 
Bottle green Grass green 
Dark turquoise-blue Dark turquoise-blue 

(Very pale yellow) 
Copper-sulfate blue Violet-pink 
Dark blue3 Violet-blue 
Dark blue: Deep violet-blue 

Fig. 1 

Fig. 1 

Fig. 2 
Fig. 2 
Fig. 3 
Fig. 3 

Pale yellow§ Rose wine 
Pale yellow§ Rose wine 
Yellow-orange§ Brown 
Gradual, deep green Yellow-browng 
Dark green -+ blue Dark yellow-brown ‘I[ 

Fig. 3 
Fig. 3 

* With respect to CH&HOH units. 
t Stock solution contained O.OSM Ia and 0.15M KI, as for the calorimetric solution; otherwise 

it was 0005M I, and 0.024M KI. 
$ Off scale on Fig. 3. 
4 No effect. 
7 Green shade after two days. 
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when the 0.005M iodine solution is used appears to depend on its rate of dilution 
when added to the PVA-borate solution. There is, therefore, a kinetic effect which 
appears to dictate the final colour of the homogeneous solution. A small amount of 
absorption at 500 nm is also shown by the almost fully hydrolysed polymer (Fig. 2). 

When there is no boric acid, the polymer with 12 % of acetate groups shows only 
the broad 482~nm absorption band for low iodine concentration, whereas the almost 
fully hydrolysed polymer does not react at low iodine concentration. Only when 
treated with O*OlMiodine would the latter polymer slowly develop a deep green colour, 
again clearly indicating a kinetic effect in which the “blue” complex is slowly formed. 
The green colour is, of course, due to a combination of the absorption of violet and 
blue light by unreacted iodine and the absorption of red and yellow light by the “blue” 
complex; when the PVA concentration is high, most of the iodine reacts to form 
complex and the colour of the solution is deep blue. The 12% of acetate groups 
inhibits formation of the blue complex when boric acid is absent. 

DISCUSSION 

The calorimetric method 

We can accept the equation A = 0.70~ as representing the absorbance of fresh PVA 
solutions at 690 nm to within about 2 % (c in mg/50 ml). I he equation is independent 
of the amount of residual non-hydrolysed acetate groups in the PVA, up to at least 
about 15 %. This is important because the majority of commercial PVA’s are not 
completely hydrolysed, but only substantially so. ‘1 he equation applies to molecular 
weights near 10s. If the minimum detectable absorbance is taken as OGO7, this 
establishes the limit of detection as O-01 mg of PVA in 25 ml of sample solution 
(50 ml of calorimetric solution). 

Some limitations of the method are evident. To achieve the l-2% operator- 
instrument precision, solutions of unknowns and standards should be fresh and 
uniformly prepared from samples weighing at least O-1 g. Several solutions of an 
unknown sample should be prepared and analysed to check that reproducibility is 
indeed within 2%. We have noted that a small amount of insoluble, fibrous dark-blue 
complex can sometimes precipitate during the analysis, especially in the case of 
polymers with high molecular weights. 1 his causes a low result, and such analyses 
should be discarded. The accuracy is likely to be limited from this cause in the case of 
unknown samples of PVA which contain a substantial fraction of high-molecular-weight 
“tail”, which can be relatively easily precipitated in aqueous solution by boric acid. 

The degree of intramolecular cyclic borate formation for PVA in aqueous solution 
can generally approach 20 % before intermolecular borate formation gels the polymer.10 
Under the conditions of the present method, approximately this semi-saturation level 
of intramolecular borate formation should be achieved, and it is plausible that 10-15 % 
of acetate groups should not interfere. If the iodine level is high enough, N 12 % of 
acetate groups does not interfere, but if the iodine level is low or borate is absent, 
notable effects of acetate groups are observed (Table V). As the PVA: borate ratio is 
increased, the degree of cyclic borate formation possibly decreases, the more so with 
increase in acetate-group content, but the main effect at low iodine concentration is 
the preferential formation of the red type of complex which robs the system of iodine 
that would otherwise be available for formation of the blue complex. These effects 
are not important under the conditions of the analytical method which, within limits, 
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is independent of the preparative history of the PVA sample. However, it appears 
likely that eventually, at perhaps 3040% of acetate groups, the freedom of the 
analytical method from dependence on the acetate content of the polymer must break 
down. We might also note that in the case of relatively small amounts of borate, 
order-of-mixing effects apparently preclude an accurate method for the determination 
of borate via the PVA-borate-iodine complex.ll 

In the absence of boric acid, complex formation at room temperature, for suffi- 
ciently high concentrations of aqueous iodine, potassium iodide, and well-hydrolysed 
PVA, involves the slow development of a blue or green colour characterized by 
;1. ,,_ - 620 nm. Under some conditions, the maximum absorbance and a state of 
apparent equilibrium are not achieved for some days, and the kinetics and a number 
of other chara~te~sti~s of this reaction continue to attract interest.lZ-l6 The degree of 
blue colour at equilibrium has been shown to depend very much on structural features 
of the PVA such as (it would appear at first sight) its tacticity.12*16*17 The addition of 
sufficient boric acid to the PVA-I,-KI system removes the dependence of the absorb- 
ance on time and tacticity. I2 In the absence of boric acid, PVA deliberately substituted 
with cyclic acetal or formal groups produces the usual blue complex, which is strik- 
ingly more intensely coloured as the degree of acetal or formal substitution increases.l* 

Our main results show that random substitution of one acetate group for one 
hydroxyl group in eight along the PVA chain has essentially no effect on the formation 
of the blue PVA-borate-iodine complex provided that a large excess of both iodine 
and boric acid is present. However, this fraction of acetate groups is sufficient to 
attenuate seriously the formation of the blue complex for iodine: PVA ratios of about 
1 or more even in the presence of boric acid (Fig. 2). Furthermore, we have shown 
that the presence of acetate groups leads to preferential formation of a “red” complex 
characterised by &, PJ 500 nm, whether boric acid is present or not (Fig. 3). The 
formation of such red colours has been observed previously,lg020 and even in the case 
of some specimens of so-called “fully” hydrolysed PVA, when its concentration is 
relatively high, e.g., for 1% PVA (0*23M) with 04OlM iodine and 0.~2~ iodide, a 
red colour is reported to be produced with &,, - 500 nmT5 These red complexes 
formed in aqueous solution are almost certainly closely related to the red-violet 
complex formed when a methanolic solution of polyvinyl acetate and iodine is added 
to an aqueous solution of potassium iodide.2f*a2 

The red acetate e~mp?ex 

Clearly the red complex is associated with the acetic ester function in PVA. As it is 
extremely difficult to remove the last traces of acetate groups from PVA, this polymer 
may show the red reaction in solution whenever the acetate: iodine ratio is sufficiently 
high and other conditions are suitable. Before the borate reaction was known, the 
formation of this red colour was proposed as the basis of an analytical method for 
PVA.= It cannot be reliable, because the intensity of colour depends on both the 
concentration of the PVA and the fraction of acetate groups it contains. 

In seeking a model for the red complex, we must remember that the orange-brown 
colour of aqueous solutions of iodine is due to a complex of the “ether” type in which 
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an iodine molecule is loosely bonded to the unshared electrons of bivalent oxygen.2Q*as 
Thus, a solution of pure iodine in water shows a broad absorption band with Lax = 
459 nm in the visible region, associated with H,O.I,, and two less intense bands in the 
ultraviolet region with &_ = 288 and 352 nm associated with the formation of I,- 
and IO- ions (see below). In the presence of an excess of potassium iodide, the 
intensities of the latter two bands are very strongly enhanced, leaving the 459-nm 
H,O*I, band merely as a “tail” at the side of the 352-nm band, so that the solution 
appears yellow when dilute (Fig. 2) and orange-red when concentrated. Unperturbed 
iodine in carbon tetrachloride solution has a single band with &,, = 516 nm, which 
gives a pink-violet colour. Models of the rather convoluted polyvinyl acetate and 
partially acetylated PVA molecules show that they possess cells in which an iodine 
molecule can fit in association with one set of ether-oxygen orbitals. Bonding of the 
“acetone” type 24 to the n-bonding orbitals of the carboxyl oxygen also appears 
possible. We conclude that the type of absorption in the 460~nm region due to H,O.I, 
is enhanced and its wavelength slightly increased when iodine is chemisorbed at the 
ester-oxygen functions in PVA polymers (Fig. 3). 

The blue complex 

This complex is circumstantially connected with the formation of cyclic acetal and 
cyclic borate groups in PVA. Small proportions of acetal groups are always present 
in PVA prepared from vinyl acetate, because partial hydrolysis of this monomer is 
difficult to avoid and yields acetaldehyde which acetalates the PVAultimately prepared. 
It is also difficult to prepare PVA in the entire absence of oxygen, which introduces 
keto groups along the chain and aldehyde end groups, and these can yield cyclic ketal 
and acetal links between PVA chains by a slow acid-catalysed reaction.6 Thus, the 
observed source-dependence of the absorbance intensity of the PVA-iodine complex 
in the absence of boric acid most probably arises from different numbers and types of 
cyclic a&al (1) and ketal (2) structures. The kinetics of complex formation may also 
be affected by these structures, as discussed later. 

‘c’ I I 
CH CH 

I 
OH 

(3) 
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Mechanism of formation of the blue complexes 

The PVA-iodine complex probably has a similar structure to the better understood 
amylostiiodine complex, i.e., long straight chains of associated iodine molecules are 
crystallized down the centres of helical amylose chains.7*26 We have shown that 2,4- 
dihydroxypentane cyclic borate este?’ (3) does not react with our iodine-iodide stock 
solution. The formation of the PVA-borate-iodine complex therefore requires the 
concerted effect of many segments of the borated PVA chain. It can be argued that 
the amylose molecule can crystallize easily in helical form, enveloping a string of 
iodine molecules, because the backbone of this polymer (4) lacks complete 
flexibility. We take the view that any microcrystallization of pure PVA in aqueous 
solution should occur in the stacked planar zig-zag form, as observed for aqueous 
gels of PVA. 2* Helical crystallization should only be possible if the flexibility of the 
PVA chain is reduced, through formation of cyclic groups, to give a structure some- 
what analogous (5) to that of amylose. This would, of course, prevent zig-zag 
crystallization for these substituted segments and several adjacent ones. Thus, partial 
acetalation or boration of the PVA chain may remove degrees of freedom of movement 
sufficiently to permit formation of the first turn of the helix in conjunction with iodine. 

Recent kinetic studies of the very rapid formation of the blue amyloss-iodine 
complex (1 ,_N 630 nm) show reaction orders of one with respect to amylose and 
four with respect to iodine and tri-iodide ions considered together.2g This suggests 
that I, may be complexed, no doubt in stages. The observation of threshold concen- 
trations of iodine required for complex formation with PVA is consistent with a high- 
order dependence of this reaction on iodine concentration. No reaction can be 
detected with 10-4M iodine in the presence of boric acid, and in its absence about 
10-2M iodine is needed for a slow reaction to ensue at such cyclic sites as there are. 
The latter reaction is inhibited by 12 % of acetate groups in the case of Gelvatol20-90. 

The tri-iodide ion appears necessary for the successful production of the blue 
complex, although the latter can be formed without deliberately added iodide ions, 

CHOH 0 CHOH 

&OH ‘CH’ ‘CH/ ‘CHOH 

I I c, I 

\o,cH\o/c~~oH \cH/cH\o/ 
1 

&H.OH 

(4) 
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especially in the presence of plenty of boric acid.@’ Iodine in aqueous solution 
generates a small quantity of its own Is- ions: 

HZO.I, e H,OI+ + I- 

H+ f OI- 

The Ia- ion is linear, stable, and abundant in aqueous iodine-iodide solutions and 
may well provide the matrix on which the first turns of the PVA helix can wind. A 
likely mechanism for the formation of the helical complex would be: 

Helix-I,- + Is + Helix-I., + I- 

Helix-I, + Is- + Helix-I,- 

Helix-I,- + I2 + Helix-Is + I-. 

It appears unlikely that ions such as I,-, I,-, or ID- occur in the final complex. 
Such ions do exist, for example, in the tetramethylammonium salts (which are no 
doubt ion-paired in solution), but they absorb strongly over the complete visible 
range, and more so in the range 400-600 nm, so that they are very deep red in colour 
when viewed by transmitted light.S1*82 

The shift from &,,, = 5 16 nm in the unperturbed iodine molecule to 459 nm in the 
iodine-water complex represents an increase of 7 kcal/mole in the energy of the 
electronic transition. This is associated with a slight extension of the I-I bond when 
co-ordinated to oxygen. a The formation of the blue complexes between iodine and 
amylose, starch, and PVA represents a change from iodine-solvent complexation to 
(Id, chemisorption in which the iodine is protected from complexing oxygen groups 
by a helix of hydrocarbon groups. This change is associated with a decrease of 9-14 
kcal/mole in the energy of the transition compared to unperturbed iodine, and this 
may be related to a corresponding compression of the I-I bonds within the helix. 

Zusammenfassuat+-Polyvinylalkohol (PVA), Borslure und Trijodid 
bilden einen charakteristischen blauen Komplex. Bei einer Anzahl 
von PVA-Proben wurden konstante Bedingungen angewandt, um die 
Reproduzierbarkeit der Bildung und des spektrophotometrischen 
Verhaltens des Komplexes zu prtifen. Die Reproduzierbarkeit der 
Eichkurven betrug 1-2 % im Bereich O-4 mg PVA pro 50 ml endgtiltig 
zubereiteter Losung; in diesem Bereich gilt such das Beersche Gesetz. 
Grijhere Abweichungen k&men durch fehlerhafte Priiparation und 
Alterung einzelner PVA-Losungen vorkommen. Im Bereich 045% 
ist die Extinktion unabbangig vom Gehalt des PVA an restlichen 
Acetatgruppen. Die Nachweisgrenze liegt bei etwa 0.01 mg PVA in 
25 ml Probe. Eine Rosafarbung des Systems beruht auf Anlagerung 
des Jods an Acetatgruppen im PVA. Blau- oder Grtinfiarbung kommt 
durch schraubenformige ~EinschlieBung von Jodmolektilen durch 
PVA-Ketten zustande,-die durch cycfische Gruppen hier und da 
versteift werden. Die Mechanismen dieser Effekte werden diskutiert. 

R6sum6-L’alcool polyvinylique (PVA), l’acide borique et le triiodure 
forment un complexe bleu caracteristique. Pour un certain nombre 
d%chantillons de PVA, on a utilise les conditions prescrites pour 
examiner la precision de formation et de spectrophotometrie du 
complexe. La precision des courbes d’etalonnage est de l-2 % dans le 
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domaine O-4 mg de PVA pour 50 ml de solution finale, domaine dans 
lepuel la loi de Beer est suivie. Des &arts plus grands peuvent &tre 
causes par une preparation et un vieillissement defectueux de 
solutions particulieres de PVA. L’absorption est independante de la 
teneur en groupes acetate residuels du PVA pour le domaine O-15 %. 
La limite de detection est d’environ 0,Ol mg de PVA dans 25 ml 
d’echantillon. Une coloration rose du systeme est dfie a I’association 
de l’iode avec les groupes acetate dans le PVA. Une coloration bleue 
ou verte est dfie I l’enveloppement helicoidal de molecules d’iode par 
des chalnes de PVA rigidifiees par des groupements cycliques 
disperses. On discute des mecanismes de ces influences. 
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SHORT COMMUNICATIONS 

Liquid-liquid interfaces as potentiometric ion-sensors-I 
The n-butanol-water interface as indicating sensor for the 

potentiometric titration of some acids and bases 

(Received 20 May 1971. Accepted 5 January 1972) 

THE INTERFACE between two immiscible liquids must function as an indicating electrode because the 
concentration of a particular ion will be different on the two sides of the interface. The literature 
mentions only an attempt at potentiometric titration of some acids and bases’ by use of benzene, 
toluene, chloroform and nitrobenzene interfaces with water. 

Here we present the results of titrations of some acids and bases, with the n-butanol-water 
interface as indicating electrode. The titrations were performed in a cell with a base area of - 20 cm*, 
the solution to be titrated being covered with a layer of water-saturated n-butanol about 5 mm thick. 

The potential on both sides of the interface was monitored by two calomel electrodes, to give the 
e.m.f. of the following cell (Fig. 1): 

(-t) S.C.E.-n-butanol 1 aqueous so1ution-S.C.E. (-) 

The electrode functions obtained by titrating 0.W hydrochloric, nitric, perchloric and sulphuric 
acids with 1 M potassium hydroxide are given in Fig. 2. The corresponding pH values were Shd- 
taneously measured with a glass electrode. For the first three acids similar electrode functions 
were obtained. For sulphuric acid a different shape was observed, perhaps because of the influence 
of the anion. 

Figure 3 gives the titration curves of these four acids and O*lNphosphoric acid. They do not have 
the shape of classical potentiometric titration curves-their slope for sulphuric acid differs from the 

FIG. I.-Titration cell. 

I 1.1 I 

2 4 6 8 IO 12 

PH 

FIG. 2.-Electrode function. 
-x- HCl -A- HClO, 

-o- HNO. -.- H,SO, 
889 
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others in shape and in potential change. Table I gives comparative results for titration of acids by this 
potentiometric method and with a pH-meter. 

Figure 4 shows titration curves for hydrochloric acid of different concentrations. 
point can easily be located for concentrations down to 10-3M. 

The equivalence 
Increasing the electrolyte concentration 

TABLE I.-Titration of O.liV acids with 0.1M KOH 

Titration, ml 
Acid 

Glass-electrode* n-Butanol-water interface 

HCI 3.95 3.93 
H,SO. 5.90 5.75 
HNO, 4.06 4.06 
HCIOI 4.22 4.15 
H,PO, 5.32 5*25f 

* Hahn-Weiler location of end-point. 
t Only the first step of neutralization was observed. 

decreases the slopes of the two branches of the titration curve, but the equivalence point can still be 
located even for 5M potassium chloride media (Fig. 5). 

The intluence of surface-active substances on the titration of O.OSM hydrochloric acid with O.SM 
potassium hydroxide was also investigated (Fig. 6). In the presence of surfactant anions the position 

2 4 6 8 IO 

ml KOH IN 

FIG. 3.-Titration curves of acids. 
- x - HCl -O- HISO, 

-a- HNOI -O- H,PO, 
-A- HCIO, 

low 4 

ml KOH 

FIG. 4.-Titration curves of HCl of 
different concentrations. 

- x - lo-IM; -o- Io-~M; -O- 
Io-~M. 
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of the equivalence point remains practically the same but the shape of the curve changes, there being a 
pronounced minimum. In the presence of surfactant cations (e.g., alkyl pyridinium ions) both the 
shape of the curve and the position of the equivalence point are affected, most probably because of 
consumption of hydroxide by the surface-active substance. Neutral surfaceactive substances (e.g., 
polyvinyl alcohol) have no influence. 

> 
E 

Ll.i 

-70 

-60 

-50 

-40 

-30 

-20 

-10 

0 

IO \ +_+-+-+-+-+ 

I I I 

2 4 6 b IO 

ml KOH IN 

FIG. 5.-Influence of electrolyte concentration on lo-‘M HCl titration. 
-C- without electrolyte -A- 1M KCl 
-x- O*lMKCI -O- 2M KC1 
-.- 0.5M KC1 -+- 5M KC1 

The titration curves of sodium, barium and ammonium hydroxides (O.lM) with 1M hydrochloric 
acid all have much the same shape (Fig. 7), the equivalence point being indicated by a sudden potential 
jump. The titration curve of O*lM potassium hydroxide with 0-W sulphuric acid has the normal 
shape of a potentiometric curve, emphasizing again the influence of the anion. 

Table II gives the results of titration of bases, compared with indicator titrations. Potassium 
hydroxide (down to lo-lM) can be satisfactorily titrated with hydrochloric acid. 

Establishment of the potential 

The interface may be considered as a liquid membrane existing between the two phases. The 
thickness a (Fig. 8) of the membrane is determined by layers of molecules of the two liquids fixed 

Base 

TABLE II.-Titration of O*lN bases with 1M HCl 

Titration, ml 

Interface method Methyl Red method 

NaOH 5.10 5.05 
KOH 4.30 4.25 
Ba(OH), 7.20 7.25 
NH,OH 6.50 6.40 
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0 2 4 6 8 

ml KOH MN 

FIG. 6.-Inff uence of surface-active FIG. “I.-Titration curves of bases 
substances. -x- NaOH -0- Ba(OH), 

-x- surface-active cations --W- KOH --A-- N&OH 

0 2 4 6 6 10 

mt HCI IN 

-+- surface-active anions 
-O- neutral surface-active 

Phase I 
I 

-- 

lrtierface --+, 

-- 

Phase II: 

Fro. 8.-Schematic repr~entation of liquid-liquid interface. 

mutually by surface tension forces. p That is why these molecules cannot move turbulently but only 
through lamiiar flow. The potential differences appear owing to differences in activities of the ions on 
both sides of this membrane. At a proton-sensitive membrane (S) in contact with an ekctrofyte HX, 
owing to the distribution of H+ between the solution and the membrane the following equilibrium is 
established, characterized by the partition coefficient Kn+ : 

Hia+ 
Hi&,, + Sm - - HE&+ (1) 
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For the interface of the membrane with phase I we can write the expression for the membrane po- 
tential : 

RT (aa+) 
EI = W’ + 7 ‘n (uHe+)mI 

and similarly for the interface with phase II: 

RT h+h 
Err = Err0 4- T In 

(crfs+)mrr 

The membrane potential of the system is given by: 

E,,, = Er - El, = EIo - EIIO + 
RT (aa+>r RT (uxis+)m~ 

-F In bI+)1r - r In (uas+~lq, 

Putting El0 - EI, o = E”’ and the diffusion potential 

E 
d 

= El, (uHS+)q 
F his+)mII 

we obtain for the membrane potential 

RT h+h 
E,=E”‘-E~+$n~I 

(2) 

(3) 

(4) 

(5) 

We observe that the membrane potential will be subject to changes arising from the diffusion poten- 
tial term Ed, as a result of the transfer of ions through the verynarrow membrane layer. In other words 
the hydrogen-ion activity changes in the liquid phase, which can be considered as the internal solution. 
That is why a linear relationship between E and an+ holds only in a narrow range of m+, which can be 
observed from the electrode function. With the increase in pH, the shape of the electrode function 
becomes unusual. This behaviour is reflected in the unusual shape of the titration curves obtained. 

At the same time, from equation (5), increase of hydrogen-ion concentration in the n-butanol 
phase will lower the value of the membrane potential, in accordance with our experimental results. 
indeed, previously saturating the n-butanol with IM hydrochloric acid causes a smaller change of 
potential during the titration of hydrochloric acid with potassium hydroxide. The equivalence point, 
though distinguishable, is then less certain. 

The greater extractibility of sulphuric acid into n-butanol, compared with the other acids titrated,* 
exolains the unusual shane of both the electrode function and titration curves for this acid. 

‘Because of the many’combinations possible for forming liquid-liquid interface membranes, this 
type of electrode represents a general form, offering new possibilities for analytical sensors. 

Department of Andytied Chemistry CANDIN hTEANU 

University of Ciuj, Cluj, Romania MARIA Mroscu 

Stunmary_-The property that liquid-liquid interfaces modify their 
electrical charge as a function of the composition of the two phases in 
contact has been used to detect the end-points in a series of acid-base 
titrations in the aqueous phase. Although the titration curves are not 
classical in shape, the equivalence points can be located if the solutions 
are not too dilute. Good results for concentrations down to 10-aN 
have been obtained. The electrode has a fast response. The influence 
of surface-active substances on the titration has also been investigated. 

Zusammenfassang-Gren&ichen zwischen zwei Fltlssigkeiten 5ndem 
ihre Ladung in Abh&ngigkeit von der Zusammensetmng der sich 
bertihrenden Phasen. Dieser Effekt wurde zum Nachweis des End- 
punktes bei einer Reihe von SSiure-Basen-Titrationen in der warigen 
Phase verwendet. Obwohl die Titrationskurven nicht die klassische 
Form haben, kbnnen die Aouivalenzpunkte bestimmt werden, wenn 
die Lbsungen nicht xu verhtinnt s&d. Bei Konzentrationen ilber 
lo-$N wurden gute Ergebnisse erhalten. Die Elektrode spricht 
schnell an. Auch der EinfluD oberflPchenaktiver Substanzen auf die 
Titration wurde untersucht. 
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R&m&La prop&t6 qu’ont les interfaces liquide-liquide de modifier 
leur charge 6lectrique en fonction de la composition des deux phases en 
contact a et6 utilis& pour d&eler les points de fin de dosage dans une 
sCrie de titrages acide-base en phase aqueuse. Quoique les courbes de 
titrage ne soient pas classiques dam leur forme, les points d’quivalence 
peuvent dtre localids si les solutions ne sont pas trop diluks. On a 
obtenu de bons r&ultats pour les concentrations descendant jusqu’g 
lo-*N. L’Blectrode a une rbponse rapide. On a aussi examine l’influence 
de substances tensioactives sur le titrage. 
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Studies on nucleation from solution of some analytically important metal 
chelates-II. Nickel dimethylglyoximate 

(Received 30 September 1971. Accepted 26 November 1971) 

THE LITERATURE on nucleation from solution is filled with experimental results that are inconsistent 
and confusing. In addition, serious questions are being asked about the validity of the model normally 
used to interpret experimental data. It seems, then, that progress in the understanding of nucleation 
from solution is dependent upon improved or entirely new experimental techniques. The aim of this 
series of investigations is to study the kinetic8 of crystal nucleation from solution of some analytically 
important metal chelates, by a diversity of experimental approaches. 

In a previous communication1 a combination of precipitation from homogeneous solution and 
Vonnegut’s droplet technique’ was used as the experimental method to investigate bis(l,2cyclo- 
hexanedionedioximato) and bis(l,2cycloheptanedionedioximato)nickel(II) and the corresponding 
palladium(H) chelates. The present paper describes a direct-mixing and rapid particle-counting 
technique developed as a second experimental technique for nucleation studies and reports the 
results found during studies on nickel dimethylglyoximate. 

EXPERIMENTAL 

Aqueous solutions, one containing diiethylglyoxime and the other nickel@) were rapidly mixed. 
Then the number and size distribution of crystals formed during the nucleation and growth periods 
were determined as a function of time after mixing. 

Direct mixing system. Two lo-ml syringes were interlocked so that their plungers operated 
simultaneously and each was connected to an input port of a Roughton cell. A third syringe was 
connected to the outlet port of the cell. 

Particle-counting system. The rapid particle-counting system was made up of a “Coulter Counter” 
(Industrial Model B, Coulter Electronics. Industrial Division), a multichannel analyser (Model ND 
161F, Nuclear Data Inc.) and a magnetic tape recording unit (Model MT36, Potter Instrument Co. 
Inc.). The results collected on the magnetic tapes were processed and recovered by computer. 

Reagents and solutions 

Calibration dispersions for the particle-counting system were prepared in aqueous 1% w/v 
ammonium chloride solution from polystyrene spheres (Dow Chemical Co.) or ragweed pollen 
(Coulter Electronic, Industrial Division). Stock solutions of O.lM nickel chloride and 3.0 x lOM-* 
dimethylglyoxime were each prepared in aqueous 1% w/v ammonium chloride solution. Less 
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Studies on nucleation from solution of some analytically important metal 
chelates-II. Nickel dimethylglyoximate 

(Received 30 September 1971. Accepted 26 November 1971) 

THE LITERATURE on nucleation from solution is filled with experimental results that are inconsistent 
and confusing. In addition, serious questions are being asked about the validity of the model normally 
used to interpret experimental data. It seems, then, that progress in the understanding of nucleation 
from solution is dependent upon improved or entirely new experimental techniques. The aim of this 
series of investigations is to study the kinetic8 of crystal nucleation from solution of some analytically 
important metal chelates, by a diversity of experimental approaches. 

In a previous communication1 a combination of precipitation from homogeneous solution and 
Vonnegut’s droplet technique’ was used as the experimental method to investigate bis(l,2cyclo- 
hexanedionedioximato) and bis(l,2cycloheptanedionedioximato)nickel(II) and the corresponding 
palladium(H) chelates. The present paper describes a direct-mixing and rapid particle-counting 
technique developed as a second experimental technique for nucleation studies and reports the 
results found during studies on nickel dimethylglyoximate. 

EXPERIMENTAL 

Aqueous solutions, one containing diiethylglyoxime and the other nickel@) were rapidly mixed. 
Then the number and size distribution of crystals formed during the nucleation and growth periods 
were determined as a function of time after mixing. 

Direct mixing system. Two lo-ml syringes were interlocked so that their plungers operated 
simultaneously and each was connected to an input port of a Roughton cell. A third syringe was 
connected to the outlet port of the cell. 

Particle-counting system. The rapid particle-counting system was made up of a “Coulter Counter” 
(Industrial Model B, Coulter Electronics. Industrial Division), a multichannel analyser (Model ND 
161F, Nuclear Data Inc.) and a magnetic tape recording unit (Model MT36, Potter Instrument Co. 
Inc.). The results collected on the magnetic tapes were processed and recovered by computer. 

Reagents and solutions 

Calibration dispersions for the particle-counting system were prepared in aqueous 1% w/v 
ammonium chloride solution from polystyrene spheres (Dow Chemical Co.) or ragweed pollen 
(Coulter Electronic, Industrial Division). Stock solutions of O.lM nickel chloride and 3.0 x lOM-* 
dimethylglyoxime were each prepared in aqueous 1% w/v ammonium chloride solution. Less 
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concentrated solutions of each were prepared by dilution with aqueous 1% w/v ammonium chloride 
solution. All solutions were filtered through 0.1~pm PVC membrane filters until each solution gave a 
negligible background particlecount. 

Procedures 

Calibrations. For each calibration dispersion and also for mixtures of them the particle counter 
probe (30~pm aperture) was inserted into 200 ml of the dispersion and the number and size distri- 
bution of particles were determined with each of the ten amplification settings of the particle counter; 
0.5 ml of the dispersion was used for each measurement. The results from each setting were recorded 
and stored on magnetic tape. 

Nucleation studies. The appropriate nickel solution was placed in one of the lO-ml syringes con- 
nected to the Roughton cell and the dimethylglyoxime solution was placed in the second. The 
solutions were mixed and transferred to the third syringe connected to the cell. After a certain time, a 
fraction of the contents of the third syringe was transferred to a beaker containing enough I % w/v 
ammonium chloride solution to yield 200.0 ml of a dispersion containing about lo6 countable particles/ 
ml. The number of particles and the size distribution of the particles were determined by theprocedure 
described in the previous paragraph. The reaction conditions for each set of experiments are shown 
in Table I. 

TABLE I.-Ewe RIIbENTAL CONDITIONS FOR NUCLEATION STUDIES 

Typical final 
Dilution result, 

Electrolyte Supersaturation Diluent factor Counts/mI 

NHJNH&l, 690 x 1Op NHs/NH,Cl, 4.00 x 1tY 3.2 x 10’ 
l%w/v 4.05 x 100 1% w/v 2.00 x 108 10.3 x 10’ 
pH = 7 ;3; ; K$ pH = 7 2.22 x 10’ 2.37 x lo6 

2.22 x 108 11.3 x 100 
6.91 x IO8 2.00 x IO’ 540 x IO’ 

RESULTS AND DISCUSSION 

Particle-counting system 

Preliminary results with both spherical particles and an actual precipitating system showed that 
the voltage pulses appearing on the line between the main amplifier and the oscilloscope of the 
particle counter had those characteristics recommended for best resolution and linearity of the 
analyser. Also, standard deviations found for equally sired particles compared well with those 
quoted by the manufacturer. From these results it was concluded that the rapid particle-counting 
system could be used not only to count the total number of particles above 1 ,um in size formed 
during a nucleation and growth experiment but also to determine the particle-sire distribution and 
its variation. Typical size-distribution curves for nickel dimethylglyoximate are shown in Fig. 1. 

Nucleation studies 

The total number of particles with a diameter d greater than 2r* at any particular time t after 
mixing the reagents can be calculated from equation (1). 

N(2r*, t) = Jz,*(v), dd 

where r* = the critical radius of the nucleus. 
Further, the rate of nucleation J is defined as iYN(2r*, t)/at. Therefore, the slope of a plot of 

N(2r*, t) us time is the rate of nucleation for any given set of reation conditions. Because the particle 
counter had a sensitivity limit of about 1 ,hrn the lower limit of integration in equation(1)wa.s changed 
from 2r* to 1 ,um and N(2r*, t) was replaced by N(l, t) in all of the data analyses. Typical plot of 
N(l, t) vs. time constructed from the data from Fig. 1, are shown in Fig. 2. The rate of nucleation 
was found to be proportional to (log s)-*. 

That the rates of nucleation reported here are rates of homogeneous nucleation was indicated by 
the following general characteristics noted during comparative study of about 150 size distribution 
curves. In all but the very early sire-distributions at any one initial supersaturation a large maximum 
with a small shoulder on the large-particle side was observed. With increased initial supersaturation 
there was a marked increase in the total number and a decrease in the average size of the particles 
formed. In addition, the experimental values of J and S conformed to the correlation drawn from 
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6r 

Diameter, p 

FIG. l-Nickel dimethylglyoximate size distributions (C, = 2.5 x 10-“&f). Size 
distributions A, B, C, D, E, F and G taken after 10, 30, 38, 60, 90, 120 and 

230 sec. respectiveiy 

0 
0 

0 
0 

0 

Time, min 

Era. Z-Variation of the total number of nickel dimethylglyoximate crystals formed 
(above 1~) with time. (C, = 25 x lo-‘2%). 

the Volmer-Weber, Becker-DPiring model of homogeneous nucleation of crystafs from solution. 
Recent criticism of the model, however, does cast doubt on the validity of thepredictedcorrelationa+~~ 

Various parameters in the model calculated from the slope and intercept of the correlation of 
nucleation rate with supe~aturation are shown in Table II. Although their actual significance is 
unclear, we find that these parameters do provide an adequate means of comparing experimental 
results. Experimental values of the kinetic constant A many orders of magnitude smaller than the 
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TABLE II.-VALUES OF VARIOm PARAMETERS EDR NICKEL I.XWTHYWYOXIhiA~ 

Molecular volume in Interfacial 
the solid phase, Shape energy, r+@ 

cd Log A(f) P($) factor erglcnP X@?r n’(5) 

109 13 - 
2.97 x lo-= 9.4 77 12 

16aP 24 4.4 

t Log A calculated theoreti~lly - 27. 
$ S+ = the value of S, the initial su~~t~ation when J = 1. 
rj The value of r* or n*, the number of molecules in the critical nucleus, when S = Sf. 

calculated value have been reported previously for other metal chelates,‘+* other molecular com- 
pounds708 and for ionic salts.8 Discussions of this discrepancy have appeared elsewhere.*~‘~8~* 

Ackno~ie~ement-The authors acknowledge the financial assistance provided by the National 
Research Council of Canada. 
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Swmuwp--P~ new act-mixing and rapid particle-counting system 
useful for studies on crystal nucleation solution is described. The 
methods used to calibrate and evaluate the system are reported 
together with the results obtained during studies on nucleation from 
solution of nickel dimethylglyox~ate. The Volmer-Weber, Becker- 
Dbring model of the nucleation process is used to correlate the results. 

Zusammentassang-Ein neues schnelles Teilchenzahlsystem mit 
direkter M&hung wird beschrieben, das fiir Unte~~h~gen iiber die 
~StaIlke~b~dung aus L&ungen von Nutzen ist. Es wird ilber die 
Methoden berichtet, mit denen das System geeicht und ~~~r~ft 
wurde, sowie iiber die Ergebnisse von Ke~bildungsunte~uch~gen 
aus Lasungen von Nickel~~ylglyo~t. Das Ke~bild~gs- 
model1 von Volmer-Weber und Bekker-Doring wird verwendet, urn 
die Ergebnisse zu ordnen. 

Rhsum&--On deerit un nouveau systeme de melange direct et de 
comptage de part&r& rapide, utile pour les dtudes sur la production 
de germes cristallins en solution. On rapporte les m~thodes utilis&s 
pour &alonner et evaluer le systeme, en meme temps que les r&mltats 
obtenus pendant les Qtudes sur la nucfeation dune solution de dimethyl- 
glyoximate de nickel. On utilise le modole Volmer-Weber, Becker- 
Doring du processus de nucleation pour coordonner les resultats. 
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ANNOTATION 

Losses of iridium during heating in various atmospheres 

(Received 31 August 1971. Accepted 24 October 1971) 

THE LOSS of iridium on heating may present a serious difficulty in analysis. Although it has been repor- 
ted’ that there are significant losses of iridium when the finely divided metal is heated in air at 800- 
950”. there has been no extensive, systematic investigation of this problem. 

The reaction of iridium metal with oxygerF5 and with chlorine1*6 has been investigated by 
several authors, most of whom studied the rates of reaction at relatively high temperatures, and used 
large quantities of material. The oxidation of the platinum metals was surveyed by ChastonJ and 
indicates the surface formation of the oxide but no appreciable loss in weight of iridium up to 900”. 
Other authors“4 using mg or g amounts of iridium found weight losses in air of about l-30 /Jg/mn?/hr 
for the temperature range 650-1400”. Iridium losses during fire assay and cupellation were reported’ 
to be as high as 63 % after cupellation for 90 min at 1300”; radioactive iridium was used as a tracer. 
Beamish’ reports losses of l-3 % on heating mg amounts of iridium in air at 800-950” and also notes 
complete chlorination of the metal and some volatilization when chlorine and sodium chloride are 
used at 700” for 8 hr. Some authors 6.8 have studied the chlorination as a preparative method for the 
various halides but these again deal with mg amounts and temperatures above 600”. Other reports 
concern the conversion of iridium compounds when various gases are used.+r* Delepinelosll reported 
on the use of sodium chloride and caesium chloride in aiding the action of chlorine on g amounts of 
iridium metal at 600”. Krauss and Gerlach investigated the products of the reaction of iridium metal 
with chlorine and with a mixture of chlorine and carbon monoxide at 600-620”. Merinis and 
Bouissieresla used chlorination to volatilize submicrogram amounts of radioactive iridium at 
700-1000” and used this technique as a means of separating different elements. The products were 
condensed in a tube possessing a large fixed temperature gradient; iridium moved 0*10-0~24 m and 
condensed in an area at about 575” in temperature. 

The present report describes the effect of various atmospheres on iridium, both mg and pg amounts 
of metal and a wide range of temperatures being used. 

EXPERIMENTAL 
Apparatus 

Lindberg Hevi-Duty Tube furnace. 
Baird-Atomic Spectrometer Model 530. 
Ultra Violet Products U.V. lamp, Model PCQXl. 
Vycor combustion tubes 25 mm x 0.75 m and boats 10 x 40 mm. 
Iridium-192 from Amersham/Searle. 

Procedure 

The volatility of iridium metal in various atmospheres was studied by using r@aIr as a radioactive 
tracer because of its convenient 74.4 day half-life. The iridium samples were prepared by evaporating 
aliquots of the tracer in a Vycor combustion boat with or without the addition of various amounts of 
inactive iridium. The residue was then reduced to metal by heating the boat in a hydrogen atmosphere 
at 600-700” for 4 hr and then allowing it to cool in hydrogen. 

Various sources were used to provide the different atmospheres tested. Commercial gas cylinders 
were used for hydrogen, nitrogen, oxygen, hydrogen sulphide, hydrogen chloride and chlorine. Air 
was obtained from an air-compressor. Bromine was obtained by gentle heating of a flask containing 
bromine, which was directly connected to the combustion tube. Hydrochloric and hydrobromic 
acids were obtained by boiling the acids. Hydrobromic acid, hydrochloric acid, acetic acid and per- 
chloric acid atmospheres were obtained by bubbling air or oxygen or chlorine through a 500~ml flask 
half-filled with the particular acid and leading oia Tygon tubing to the combustion tube. The gas 
flow for the system was controlled at between 2-5 ml/min in all cases. 

The physical arrangement was as shown in Fig. 1 with both the combustion boat and tube offset in 
the furnace. The boat was situated closer to the gas inlet end and the tube had a longer outlet than 
inlet to aid in condensing any volatile compounds. The outlet from the combustion tube was led 
through a water trap to collect any volatiles and then to the fume exhaust. When perchloric acid was 
used, an all-glass system was employed with dry ground-glass joints fitted to a Vycor combustion tube. 
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Gas in Gas out 

FIG. &-Apparatus used. 

The distribution of Yr radioactivity was observed by spectrometer with a 75-mm NaI(T1) crystal 
with an additional lead shield fitted so that only an area 30 x 60 mm was counted. The change in 
l*‘Ir distribution was observed by counting the tube before and after every run at a given temperature 
in a particular atmosphere, The same iridium sample was used until the change in distribution became 
significant. A count was taken at positions along the tube of 5,15,20,25,30,35,40, SO, 60,70 cm, 
measured from the inlet end. The combustion boat was centred at 25 cm with the ends of the furnace 
at about 15 and 49 cm. In one case a low-pressure mercury lamp was used to irradiate the chlorine 
gas before it passed over the sample. 

RESULTS AND DISCUSSION 
The results from several trials using various amounts of iridium, various atmospheres and various 

temperatures are reported in Table 1. It should be noted that in no case was any radioactivity ob- 
served in the water trap for the eflluent gases. When a volatile compound was produced, iridium 

Gas 

TAB= I.---VOLATILITY OF Il’ IN VARIOUS ATMOSPHERES 

Loss 
from 

Temp., Time, boat, 
Wt. of Ir “C hr % Observation 

H. * 5.3 me 
” 

50 8% 
N* 5.3 mg 

50 Pg 
0, 5~3 mg 

5.3 mg 

50 t% 

Cl, 53 mg 

900 
540-980 

460-860 

550-900 
580-1000 
490 
650 
760 
880 
910 
370-570 
590-650 
690 
750 
800 
540 
630 
680 
750 
880 
930 
160-280 
400 
440 
460 
500 
120-480 

;: 
840 

24 
20 
24 
20 
20 
20 
20 
20 
96 
96 
96 
96 

144 
24 
24 
24 
24 
24 
24 
96 
96 
96 
96 
96 
24 

:: 
24 

0 
0 
0 
0 

1: 
trace 

: Black residue in tube 
99.5 

0 
5 

:: 
50 1 

Black-green deposit in tube. 

20 

;: 
60 
66 
90 
0 

20? 
28 
29 
0 

7: 
pink deposit 
dark red deposit 

97 black, red and yellow 
deposits 
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Gas wt. of Ir 
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LOSS 

from 
Temp., Time, boat, 

“C hr % Observation 

5.3 mg 280 24 
410 24 

50 Pg 100-160 24 
220 
290 E 
370 24 
500 

so/%+ 100-160 z 
300 mg NaCl 

205 24 
260 24 
310 
380 z 

5oPg -I- MO-200 24 
500 mg NaCl added 
as solution and 240 
evanorated 340 ;: 

1 

400 24 

$adiat ed 
lo-lag* 1 lo-230 

440 E 
&h mercury lamp) 540 24 
Br. 50 Pg 100410 24 
HCI 50 erg 440-540 
(cylinder) 610 ;: 

710 24 
HCl 50 Pg 100-390 24 
(boiling acid) 460 24 

540 24 
640 24 

HCl 50 Pg MO-290 24 
(air through acid) 380 24 

2mg 220-320 24 
390 24 
500 24 

HCl 50 Pug 240-300 24 
(0, through acid) 

410 24 
HBr 50 Pg 150 24 
(boiling acid) 250 24 

380 24 
440 
560 ; 
700 24 

HBr 50 rg 150-310 24 
(air through acid) 460 24 
HBr 50 Pg 300 24 
(0, through acid) 450 24 

550 24 
50 rg 140-640 24 

740 24 
CH,COOH 
(air through acid) 

50 rg 190-700 24 
800 24 

HCIO, 110-590 24 
(air through acid) 

IO-‘“gf 

HClO, + Cl 10-“g* 100 24 
(Cl*’ through acid) 200 24 

5x 
0 

:: 
50 
94 
0 

green-black deposit 

? boat tinged with red 

2 
84 

0 

:8 
73 

0 

:: 
0 blue tinge to boat at 340” 
0 

:oo pink deposit in tube 
0 

955 yellow deposit in tube 
99.5 

2: 
0 
4 

12 pink deposit in tube 
0 

25 
0 

127 
16 
40 boat material is red 
93 

0 
11 
0 
5 

10 
0 

30 
0 

15 
0 

0 
3 

* Radioactive l’*Ir only. 
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activity moved in both directions in the combustion tube, condensing just outside the furnace area, 
although the majority of the activity was found at the down-stream position. No attempt was made to 
identify the volatile species because of the difficulty of analysis of the vapour and the probability of a 
difference in either the condensed product or the dissolved product. 

The results indicate that only in nitrogen or hydrogen may iridium be heated to much above 700” 
without some loss. In other atmospheres iridium losses occurred to a varying extent, depending on the 
amount of material present and probably on its surface area. In most experiments where air or oxygen 
was bubbled through acid, the acid did not have a significant effect on the temperature at which vola- 
tilization occurred although the species formed may well be different. In these cases, significant 
movement of iridium activity was observed at about 400”, which is similar to the experiments using 
oxygen alone. In chlorine, iridium was volatilized at temperatures as low as 220” and this was not 
affected by the presence of sodium chloride or by the chlorine being passed through perchloric acid. 
Microamounts seem to be more affected at the lower temperatures in chlorine and while this may not 
be of importance in many analyses, it may be useful for the separation of micro- and submicro-amounts 
of radioisotopes, etc. 

The results obtained indicate that iridium should not be treated as an inert metal in analysis but 
that due concern should be paid to losses that may occur during heating, especially in chlorine or 
oxygen atmospheres. 

Acknowledgement-The author wishes to thank the National Research Council of Canada for its 
financial support and Johnson Matthey and Mallory Ltd. (Toronto Canada) for providing the 
iridium used. 
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Summa~--The volatility of iridium metal in different atmospheres 
was studied, using various weights, times and temperatures. Significant 
volatility was observed in oxygen and oxygen plus acid at temperatures 
above 400” and in chlorine above 220’ 

Zusanunenfassung-Die Fliichtigkeit von metallischem Iridium in 
verschiedenen Atmospharen wurde bei verschiedenen Gewichten, 
Zeiten und Temperaturen untersucht. Merkliche Fliichtigkeit 
wurde in Sauerstoff und in Sauerstoff plus Saure bei Temperaturen 
iiber 400” beobachtet, in Chlor iiber 220”. 

R&me--On a CtudiC la volatilite de l’iridium metallique dans 
differentes atmospheres, en utilisant des poids, des temps et des temper- 
atures divers. On a observe une volatilite importante en oxygene et 
oxygene plus acide aux temperatures superieures 31 400” et en chlore 
au-dessus de 200”. 
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EINE Si&JLENCHROMATOGRAPHISCHE METHODE 
DER MOLYBDiiNMATRIX-ABTRENNUNG ZUR 

BESTIMMUNG VON ALKALI- UND ERDALKALI- 
SPUREN IN MOLYBDAN UND MOLYBDANVER- 

BINDUNGEN 

S. KARAJANNIS, H. M. ORTNER und H. SPITZY 
Institut ftir Allgemeine Chemie, Mikro- und Radicchemie, Technische Hochschule Gnu, 

Technikerstrat3e 4, A-8010 Grax und Metallwerk Phmsee AG. & Go. KG., 
A-6600 Reutte, tkterreich 

(Eingegangen am 14. Oktober 1971. Aqyenommen am 5. Dezember 1971) 

%sannnenfamum-Eine neue, s&rlenchromatographische Methode 
der Molybd&r-Matrixabtremumg bei der Alkali- und Erdalkali- 
Spurenbestimmung wird beschrieben. Die Molybdiin-Sorption gelingt 
auf Sephadex G-10 S&&n bei pH 2,5 in ammoniumchloridhaltiger 
Li3sung durch Ausbildung eines Molybdiin-Ammoniak-Ghtcose- 
komplexes. Die quantitativ im Ehtat verbleibenden Alkalispuren 
werden mittels Plammenemissionsphotometrie, die Erdalkalispuren 
mittels Atomabsorption et%&. Bei einer Trenndauer von 2 Stunden 
und entsprechender Automatisierung ist das Verfahren fti die 
routinemiU3ige Alkali- und Erdalkali-Spurenanalyse in metalhschem 
MolybdiIn, MO&, MoG*, MOO, etc. geeignet. Die relative Standard- 
abweichung liegt bis 60 ppm bei f 10 %, dartiber bei f 5 %. 

ALKALI- und Erdalkali-Verunreinigungen bzw. Beimengungen spielen bei der Molyb- 
d&herstellung eine Rolle, da sie die Eigenschaften des Endproduktes beeinflussen 
kiinnen. Diesbeztlgliche systematische Untersuchungen existieren jedoch noch nicht, 
was nicht zuletzt darauf zurtickzufiihren sein diirfte, dal3 die bekannten Methoden 
der exakten Bestimmung von Alkali- and Erdalkalispuren in Molybdiin sehr mtihsam, 
kontaminationsa&3tig und aufwendig sind. Sublimationsverfahren zur Matrix- 
beseitigungr sind bei Molyb& schlecht reproduzierbar. Ionenaustauschverfahren~~* 
insbesondere zur Alkaliabtremmng ergeben auf Grund schwer zu reinigender Re- 
agenzien hohe Blindwerte oder machen langwierige Reinigungsoperationen derselben 
niitig. Uber die direkte Bestimmung von Alkali- und Erdalkalispuren in Molybdti 
mittels physikalisch-chemischer Analysenverfahren wie Festkiirpermassenspektro- 
metrie, Emissionsspektralanalyse, Aktivierungsanalyse oder Atomabsorption ist 
wenig bekannt.4*5 Durchwegs beeintrgchtigen ausgepr&te Matrixeffekte die Re- 
produzierbarkeit und NachweisempCmllichkeit der Messtmg. Insbesondere bei der 
Analyse von Molybdlnoxiden fiihrt die tiberaus stark ausgeprggte Inhomogenitit 
dieser Materialien beim Einsatz kleiner Probenmengen (Massenspektrometrie, 
Emissionsspektralanalyse) zu stark streuenden Werten. 

Die ausgepr&te Tendenz des Molybdiins zur Komplexbildung mit aliphatischen 
Polyhydroxoverbindungen ist schon seit 1Hngerem bekannt. Es war daher zu erwarten, 
dal3 Molybd& such von DextrangeIen stark sorbiert wird. Ferner ist bekannt, da0 
Alkali- und Erdalkaliionen sowie eine Vielzahl anderer Anionen und Kationen bei 
IonenstZrken tiber 0,Ol SephadexsZulen ungehindert passieren. Somit schien die 
Abtrenmmg des Molybdiins als Matrix von einer unter Umst5nden bet&h&hen 
Anzahl von Spurenenlementen gegeben. Auf Grund dieser Uberlegungen wurde 
zuntichst das Verhalten von MolybdZn an Dextrangelen prinzipiell untersucht. 
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Hierauf gelang auf Sephadex G-10 die Ausarbeitung einer raschen und sicheren 
Abtremmng von Alkali- und Erdalkalispuren von Molybdiin. Dieses dulenchroma- 
tographische Verfahren bedient sich lediglich der durch Isothermdiffusion in beinahe 
beliebiger Reinheit leicht zu erhaltenden Reagenzien Ammoniak tmd Salzsiiure. Bei 
einer Trenndauer von 2 Stunden und entsprechender Automatisierung ist das Ver- 
fahren fur die routinemaige Alkali- und Erdalkalispurenanalyse in Molybdan 
bestens geeignet. 

AUSARBEITUNG DER METHODE 

Radioaktivitiltsmessungen erfolgten mit einem Zilhlgeriit der Firma Frieseke & Hoepfner, 
FH 49A, Grundsonde FH 421 AS, NaT-Bohrlochszintik~s~l Z 11, in Verbindung mit 
einem lOO-Kanal Gammaapektrometer TMGGammasco pe II* in Einkanalschaltung. 

Flammemxnissionsspektrophotometrische und atomabsorptionsphotometrische Messungen 
wurden an folgenden Ger&en durchgeftlhrt : zeiss-spektralphotometer PMQ II mit den Flammenxu- 
siitzen FAl und FA2; Eppendorf Flammenphotometert; Perkin-Elmer Atomabsorptionsspektro- 
photometer 29OBt; Backmann DU#; Jarrel Ash Atomsorb, Serie 82250.2 

siiulenchromatogra 
P 

‘e: Es kamen sowohl kaufliche S&&n (Pharmacia, Uppsala, Schweden: 
Typen K9/15 und Kl /30) als such selbst gefertigte S&rlen zum Einsatz. Letxtere wurden aus 
Plexiglasrohren (30mm Dm&messe r), gestanzten Filterplatten aus Hochdruckpoly~thylen 
(Plastibrand-Labpor, Dicke 1,6 mm, Porositlu 70 pm) und Auslauftrichtem aus Vinidur hergestellt. 
Proben- und Blutlommittelaufgabe erfolgte mit einer Mikropumpe der Firma Btlhler & Co., 
Ttlbingen, BRD Typ mp 1. Es wurden ausschlie%h Silikonschliluche verwendet. Ein auto- 
ma&her Fraktionssammler “Fraktomat”, Buchler Instruments, Fort Lee, USA, wurde bei Bedarf 
eingesetxt. Es wurde durchwegs in PVC-, Polyathylen- bxw. TeflongefiU3e.n gearbeitet. 

Materialien 

Sephadex G-10 tine, G-15 fine und LH-20 fine von Pharmacia, Uppsala. 
Natiumchlorid, Kaliumchlorid, Ciisiumchlorld, Ammoniumcblorid, Calciumchlorid4hydrat. 

Ammoniakl&ung (min. 25 %), Sal&lure (min. 37 %), Salpeterslbtre (min. 65 %), alle Reinheitsgrad 
“Suprapur”, sowie Magnesiumchlorid, Zinn(H)chlorid, Kaliumthiocyanat p.a. und Athylendia- 
mintetmemig&ure (Titriplex II), von Merck, Darmstadt. 

Moos, xweifach sublimiert, von Metallwerk Plansee AG. & Co. KG. 
‘sNa und Ya von The Radiochemical Centre, Amersham, England. 
‘*MO und 4sK wurden durch Bestrahhmg von MOO, bzw. KC1 im ASTRA-Reaktor der 

tkterreich&hen Studiengesellschaft ftlr Atomenergie in Seibersdorf selbst hergestel1t.g 
Bidestilliertes Wasser aus einer Quarzapparatur. 

Die Sorption von iUolyb&in(VI) an Dextrangelen 

Erste Versuche wurden unter dynamischen Bedingungen, d.h. auf Slulen durch- 
gefiihrt, Tab. I. Das am engsten vernetzte Gel Sephadex G-10 weist die gr6Bte 
Sorptionskapazitit fiir Molybdiin auf. Daher wurden s&nthche weiteren Versuche 
mit diesem Gel durchgeftihrt. 

In einer Reihe von Batch-Versuchen, Tab. II, wurde das Verhalten von Mo(VI)- 
Lbsungen auf Sephadex G-10 einer nliheren Untersuchung unterzogen. Es wurde 
0,5 g trockenes Sephadex G-10 in ein Zentrifugenglas eingewogen und 3 ml Wasser 

* Das Geriit wurde vom Ckterreichischen Fonds zur Fdrderung der wissenschaftlichen 
Forschung zur Verftiguna aestellt. 

t Fur die l&ubglichurig v&iMessungen an diesen Ger&ten sei Herm Dipl. Ing. Dr. techn. H. 
Lapaine. Leiter der Landwirtschaftlich-chemischen Bundesversuchs- und Untersuchunasanstalt 
de; Steiermark, herxlich gedankt. 

Y 

$ Fur die Ermoglichung von Messungen an diesen Ger&ten sei Herm Doz. Dr. E. Schnell, 
Institut fur Anorganische und Analyt. Chemie der Universit@ Innsbruck (Vorstand Prof. Dr. 
E. Hayek) herxlich gedankt. 

5 Dem Leiter des Chemleinstitutes des Reaktorxentrums Seibersdorf, Herm Dr. H. Bildstein, 
sei ftt die Erlaubnis zur Durchfiiung dieser Arbeiten gedankt. 
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TAB- I.-DURCHBRUC~XAPAZIT~~TEN Fiji mm SEPHAJXXGELE 

VP 

Durchbruchskapaxitat in mg Mo/mI 
SIulenvolumen 

Sephadex G-10 83 
Sephadex G-I 5 
Sephadex LH-20 

58 (70 % bezogen auf Sephadex G-10) 
50 (60% bezogen auf Sephadex G-10) 

Versuchsparameter: SHulendimensionen: 125 X 9 nun 
Bettvolumen: 8 ml; Durchflu8geschwindigkeit : 0,235 ml.h-1 mm-* 
AufgabeUsung: 0,14M Mo-L&sung, mit HCl auf pH 2,5 gestellt. 
Zimmerteqeratur. 

Tm II.-&~~xHT UIIER BATCH-VERSUCIIB ZUM So~o~xx~~~ DEB MoLYBDL;NS AN 
S~PHAD~~ G-10 

Eingesetxte Mo-Menge, Schiittelxeit, 
pH-Wert 

Eingesetxte %Mo 
mm01 min vor nach NH&l-Menge, sorbiert DO 

Batch-Versuch Inmol 

033 

30 
60 

120 

(b) g 
, 

4; 

2 
013 
093 

2 
60 
60 
60 
60 
60 
60 

(c) 0,3 
0,03 
0,003 
0,0003 

60 

z 
60 

(d) 0,52 60 
0,30 60 
0,03 60 
0,003 60 
0,0003 60 

(e) g 

013 

(f) 0,522 
0,522 
0,522 
0,522 

60 

: 

60 
60 
60 
60 

2,7 
2,7 
2,7 

191 
134 

:; 
217 
3,2 
491 
590 

:$: 
116 
196 

2,5 
390 
3.4 

X5 
2,5 

;: 

- 
- 
- 

- 
- 
- 
2.4 
3,2 
3.6 
4;s 
590 

- 091 86 73,7 
- 0,Ol 80 48,0 
- 0,001 78 42,5 
- 0,0001 73 32,4 

390 
3,O 

E 
216 

0,561 
0,561 
0,561 
0,561 
0,561 

70 
79 

: 
89 

28,0 
45,l 

121,3 
lOS,O 
97,l 

330 0,561 79 45,l 
398 0,561 70 28.0 
4,2 0,561 58 16.6 

3.0 

:*Y 
311 

090 46 142 
0.3 60 
01561 

17,9 
70 28.0 

1,122 80 48,2 

w 
8:: 
091 
41 
03 
w 
w 
091 

;: 

51 12.5 
55 14,7 
57 15,9 

fz 
86 
69 

:; 
27 
9 

26,7 
73,7 
73,7 
26,7 
14,7 
11,l 
4,4 
192 

zugesetzt. Das Gel wurde iiber Nacht quellen gelassen. H&auf wurden jeweils 3 ml 
der zu untersuchenden IAsung zugeseti und auf einer Schiittehnaschine kr&ftig 
geschfittelt. Die Lkungen waren durchwegs mit “MO* dotiert. Drei ml der tibtx- 
stehenden Liisung wurden nach Zentrifugieren vorsichtig abpipettiert und die Im- 
p&rate im Bohrlochszintillationszilhler gemessen. AnschlieBend wurde nochmals 
der pH-Wert gemessen. SGrntliche Batch-Versuche wurden bei Zimmertemperatur 

* “MO w-rude ab 0,30 MeV integral gemessen. 
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ausgefiihrt (cu. 22°C). Die Berechnung der Gewichtsverteilungskoefhxienten erfolgte 
nach folgender Gleichung : 

D _ mm01 sorbiertes MO/g trockenes Gel 
l?- mm01 Me/ml Losung 

Bei den Batch-Versuchen konnte folgendes festgestellt werden. 
(a) Kin&k. Die Ausbildung des Molybdti-Sephadexkomplexes verliiuft bei 

Zimmertemperatur relativ langsam. Daher mu0 bei S&rlenexperimenten mit ziemlich 
niedrigen DurchU3geschwindigkeiten gearbeitet werden. 

(b) pH-Abhtingigkeit. Die Molybdln-Sorption ist sehr pH-abhlngig und weist in 
Liisungen mit geringer Fremdsalzkonzentration ein ausgepriigtes Optimum bei pH 
1,4-l ,7 auf. Der pH-Wert nach dem Batch-Versuch liegt durchwegs hbher als vorher. 

(c) Abhliirgigkeit von der Molyb&n-Konzentration. I%erraschenderweise nahmen 
die Verteihmgskoeffizienten mit abnehmender Mo(VI)-Konzentration ab. Die 
zweite Variable dieser Versuchsreihe war die ebenfalls sinkende NH&l-Konxentration. 
Es lag daher nahe, das Experiment bei konstanter NH&l-Konzentration zu wieder- 
holen. 

(d) Abhhgigkeit von der Ammoniumchloridkonzentration. Tats&hlich ist die 
Molybdti-Sorption nicht nur eine Funktion des pH-Wertes, sondern such der NH&l- 
Konxentration. Bei konstanter Ammoniumchloridkonzentration erreicht die Molyb- 
d&r-Sorption bei mittleren Molybd&r-Konxentrationen ein Maximum. Die sinkende 
Sorption bei niedriger Molybd%n-Konxentration IU3t auf eine gewisse Liislichkeit des 
anxunehmenden Mo-NH,-Glucosekomplexes schliehen. Dies steht such in Einklang 
mit den unter (c) beschriebenen Resultaten. 

(e) pH-Optimum bei Molybdlin-Sorption in Gegenwart von NH&l. Der pH- 
Variation sind bei hoher Molybd&n- und NH&l-Konzentration Grenxen gesetzt. 
Zu niedrige pH-Werte verursachen vor allem bei hingerem Stehen der Liisung eine 
(ziemlich temperaturabhibtgige) Ausf”allung von Ammoniummolybdat. pH-Werte 
unter 25 kijnnen daher nicht verifiziert werden. Wieder zeigt sich ein deutliches 
Absiuken der Sorption mit steigendem pH-Wert. 

(j) Endgiiltige Optimierung. SchlieI3lich wurde bei pH 2,5 nochmals der EinfluR 
steigender Ammoniumchloridmengen bei hochstmiiglicher MolybdPn-Konzentration 
untersucht. Die eingesetzte Molybd&lGsung (0,174M) entspricht der fur spgtere 
S3ulenexperimente verwendeten Einwaage von 2,5 g Mo/lOO ml. 

Siiulenchromatographie 

Weitere Versuche wurden wieder unter dynamischen Bedingungen in einer Reihe 
von Siiulenexperimenten unternommen. Die Fiillung der S&rlen wurde nach der in der 
Gelchromatographie iiblichen Art vorgenommen. Wichtig ist eine Einlaufieit von 
mindestens 12 Stunden bei ca. 100 ml/h nach erfolgter NeufUung einer Siiule. Zur 
Feststellung der Molybdtidurchbruchskapaxit3t wurde die Ttipfelreaktion mit 
S&l, und KSCN angewandt.* 

Abbildung 1 zeigt ein tiberaus stark ausgeptigtes pH-Gptimum Bir die Molyb- 
d~ndurchbruchskapa&it bei pH 2,5. Dies steht in Einklang mit den Batch- 
Versuchen. Abbildung 2 xeigt pH-ProfIle von Eluaten bei Siiulen experimenten, welche 
unter sonst gleichen Bedingungen mit verschiedener NH&l-Konxentration der 
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ABB. I.-Bestimmung der Mo-Durchbruchskapazitiit auf Sephadex G-10 Slulen als 
Fun&ion des pH-Wertes. 

S&ulendimensionen: 125 x 9 mm; Zimmertemperatur; Durchfldgeschwindigkeit: 
0,47 ml/h-l mn+ (= 30 ml/h); Aufgabelbsung: 0,14&f MO; 0,05M NH&l. pH- 

Einstellung jeweils mit HCI. 

o 0.25m NH,+Cl 

x 0.05m NH+Cl 

ABE. 2.-pH-ElutionsprolYe bei Molybd&nsorption auf Sephadex G-10 Siiulen. 
Eiiul3 s&gender Ammonchloridmengen. 

SUendimensionen: 100 x 30 mm; mperatur; Durchtlu8geschwindigkeit: 
0,14 ml/h-l mm-*; Aufgabeliisung: 0,174M MO; pH-Wert 2,5. 
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AufgabelGsung durchgefiihrt wurden. Bei Komplexbildung des Molyas mit den 
Glucoseeinheiten des Dextrangels werden OH-Ionen frei. Bei haherer NH&l- 
Konxentration ist diese OH-Ionenbildung offensichtlich vers%kt; dies deutet wohl 
auf ausgepr@tere Komplexbildung bei Anwesenheit von NH&l hin. Auch bei den 
Batch-Experimenten IalIt sich diese Tendenx feststellen. Da durch die auftretende 
pH-Anderung ein Abweichen von dem xur Komplexbildung optimalen pH-Wert 
eintritt, wurde versucht, letxteren durch Anwendung eines geeigneten Puffergemisches 
konstant xu halten. Slmtliche in Frage kommenden Puffergemische enthalten jedoch 
organische S&reanionen, die mit Molybdti Komplexe bilden. Es kommt dadurch 
immer xu einer Verminderung der Durchbruchskapaxitlt. Daher wurde auf eine 
Pufferung der Aufgabelissung verzichtet. 

Wie schon die Batch-Experimente xeigten, muh mit xiemlich niedrigen Durch- 
fluhgeschwindigkeiten gearbeitet werden. Bis zu 20 ml.h-l.cm-* erreicht man jedoch 
Siiulenkapaxi%ten , die mit denen von Ionenaustauschern durchaus vergleichbar sind 
(0,86 mm01 Ma/ml S~ulenvohunen). Als Slulendimensionen wurden daher ftir die 
Sorption von maximal 5 g MOO, und im Hinblick auf eine mbglichst rasche Tremumg 
100 x 30 mm gewihlt. 

Elutionsverhalten von Alkali- und Erdarkalispuren bei der MolybaZn- 
Matrixabtrennung auf Sephadex G-10 

Untersuchungen fiber das Elutionsverhalten von Alkalispuren ergaben, da8 bei 
geringer NH&l-Konxentration der Aufgabeliisung Kalium iiber den gesamten 
untersuchten Konxentrationsbereich mit gleichbleibend schlechter Ausbeute von etwa 
50 % eluiert wird, w&end die Ausbeuten fur Natrium erst ab etwa 300 ppm als 
quantitativ xu betrachten sind (Abb. 3). Immerhin ist bei Natrium eine Sorptionsiso- 
therme erkennbar, w&end sich Kalium durchwegs statistisch auf station&e innere 

wo 

80 

ABB. 3.-Alkalispurenverbalten bci dcr Mo-Matrixabtremmng bei niedriger NH&l- 

!%llkKkwkonen: 
Konzentration dy Aufgabel&wng. 

120 X 30mm; Zmmmrtcmpcratur; Tropfgc&windigkeit: 
100 ml/h. Aufgabekmg: jcwdls 250 ml; 0,14M MO (= 5 g MOO,); pH-Wert 2,s; 
0,OSM NH&l; Nachclution mit 100 ml 0,2A4 NH&l. Gcsamtelutionsvolumen 350 

ml. MO ist crst ab 350 ml im Ehzat nachwcisbar. 



und mobile ZiuBere Phase zu verteilen scheint. Ferner wurde das Elutionsverhalten 
von NaCl-Spuren auf reinen und mit Molyb&n beladenen Sephadex G-10 S&ulen 
untersucht: An reinen G-10 Sziulen wurde NaCl mit einem Peakelutionsvolumen 
eluiert, das der Summe aus Zwischenkornvolumen und innerem Gelvolumen (u, + vt) 
entspricht. An mit Molybd&n beladenen S5iulen erscheinen die ersten Natrium- 
spuren beim cu. 2,5-fachen Peakelutionsvolumen des ersten Versuches. Die Ursache 
dieser Erscheinungen d6rfte folgende sein. 

Durch Bildung des Mo-NH~-Gluco~komplex~ wird die Sep~ex~ule in eine 
Art “anorga~~hen Io~enaustauscher” verwandelt. Bekanntlich weist z.B. mikro- 
kristallines Ammo~umphosphomolybdat hohe Selektivitiit fur Kalium, Rubidium 
und CIsium in sauren Llisungen auf.’ Damit ist aber such der Weg zur Uberwindung 
dieser Schwierigkeit aufgezeigt : Bei Anwendung einer hbheren NH&l-Konzentration 
der Aufgabelosung verhindern die im riesigen Uberschul3 vorhandenen, praktisch 
gleich grol3en NH,+-Ionen die Kalium-Sorption und bedingen gleichzeitig eine 
bessere Komplexbildung des Molybdiins mit dem Sephadex. 

Tabelle III gibt eine Ubersicht fiber Ausbeuteuntersuchungen bei endgtiltig 
optimierten Bedingungen. Urn Fehler durch Kontamination zu vermeiden und die 
Messungen mit konstanter hoher P&&ion dur~~~~en zu kiinnen, wurden radio- 
aktiv markierte Liisungen und G~ma-S~ktrome~ie zur Endb~ti~ung herangezo- 
gen. Die Ausbeuten fiir Kobalt zeigen, da13 die Methode such zur Abtrennung anderer 
Metallspuren gee&net ist. 

TABELLB III,-AUSBEHUNG ~BEI ENDG~JLTTCI OPTI- 
MIERTEN BEDINGUNGEN 

Element * 
Aufgegeben, 

fv Ausbeute, % 

Na{+**Na) 
I((+‘% 

trggerfrei 98, 99, 98 
34 98,0 
50 96,0 

168 99,5 
Ca(-l-“Ca) : 96,0 

98.0 
Co(+‘*Co) 100 97.0 

* aaNa, a% und *‘Ca wurden in den Bereichen der Peaks bei 
0,51, 1,52 bzw. 1,31 MeV gemessen. 

Slulendimensionen: 100 x 30 mm; Zimmertemperatur; 

Aufgabel&ungen: 
Tropfgeschwindigkeit : 100 ml/h. 
jeweils 200 ml; 0,174M an MO (= 5 g 
MOO,); pH-Wert 2,5; ca. 2 g NH,Clf200 
ml; Nachelution mit 100 ml 1M NH&l 
@H 23). 

Die flammenphotometrische Alkali- und Erdalkalibestimmung erfolgte ohne 
Einengung des Sauleneluates nach Zugabe von 1000 ppm Ciisium als Strahlungs- 
puffer. Interelementbeeinflussungen (besonders die des Natrium auf Kalium) werden 
dadurch hintangehalten. Eine Einengung der S&leneluate zur Erhiihung der Nach- 
weisempfindlichkeit ist zwar mbglich, aber miihsam und bei Konzentrationen fiber 
10 ppm unzweckm5iBig (Die Vertreibung der Ammonsalze gelingt nach Einengung bis 
zur Krustenbildung durch portionsweise Zugabe (3-4 mal) von je 5 ml konz. HNO,. 
Ein Verlust an Alkali- und Erdalka~spuren tritt dabei nicht auf), 
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Fiir die Erfassung von Natrium und Kalium wurde die Flammenemissionsspektral- 
analyse (Propan-Luft) verwendet, ftir Calcium und Magnesium die Atomabsorption 
(Prehluft-Acetylen). 

Eichkurven 

Molybdlnprobelosungen wurden mit variierenden Mengen an Alkali- und 
Erdalkalispuren versetzt und zur Matrixabtrennung tiber die Slule geschickt. Fur 
die Endauswertung wurden auf 2 verschiedenen Wegen Eichkurven erstellt: 

(a) Die Eichlosungen enthielten neben dem zu bestimmenden Element 3% 
Ammoniumchlorid. 

(b) Zur Erstellung von Eichliisungen wurde mit entsprechenden Zugaben an 
Alkali- und Erdalkalichloriden aufgestocktes SHuleneluat von reinem MOO, verwen- 
det. Nach erfolgter Chromatographie wurden die Alkali- und Erdalkaligehalte 
der dotierten Proben gegen die aufgestockten Eluate als Eichlosungen vermessen und 
mit der tatsiichlich zugesetzten Menge verglichen. 

Im folgenden ist die Arbeitsvorschrift fur Moo,-Einwaagen von 2,5 g pro SSiulen- 
trennung wiedergegeben. Die Saulenkapazitit reicht jedoch fur Einwaagen bis zu 
5,0 g MOO, (= 200 ml Aufgabelosung) pro SGiulentrennung aus. 

ARBEITSVORSCHRIFT 

Probenvorbereitung 

Molybd%nmetallpulver oder -spilne werden in mijglichst wenig konzentrierter HN08 und 
konzentrierter HCl (1 :l) gel&t (Teflonbecher) und zur Trockene eingedampft. AnschlieBend 
gltiht man das entstehende MOO, drei Stunden bei 450” (Platinschale). MOO, wird mit konzentrierter 
HNOs durch leichtes Erhitzen in MOO, tiberftihrt und ebenfalls 3 Stunden bei 450” gegltiht. Bei 
MO& und Ammoniummolybdaten gentigt dreistiindiges Gltlhen bei 450’. 

Es wird 6,25 g MOO, hierauf in einem Teflonbecher in ca. 50 ml H,O suspendiert, auf 70-80” 
erwiirmt und unter Riihren mit 8 ml Ammoniak (25 Gew.-%) versetzt. Die Aufliisung erfolgt 
sofort. Dann wird auf cu. 200 ml verdtinnt und 6 ml konzentrierte HCl (37 Gew.-%) zugegeben. 
Bei sehr unreinen Produktenbleibt vorhandenes SiO,ungelGst undmu8 abfiltriert werden. Die Losung 
wird nun in einen PlastikmeDkolben tiberfiihrt und auf 250 ml aufgefiillt ; 2-3 ml werden zur 
pH-Messung entnommen. Der pH-Wert liegt meist bei 3,0-2,8. Nach Zugabe einiger Tropfen konz. 
HCl und Umschtitteln wird der pH-Wert nochmals gemessen. Dies wird fortgesetzt, bis der pH-Wert 
von 2,5 erreicht ist. Auf diese Weise vermeidet man eine eventuelle Kaliumkontamination der 
Probelosung durch die Glaselektrode. Die angegebene Menge Ammoniak entspricht nach dem 
An&tern dem niitigen AmmoniumchloridichuB von cu. 1 g/l00 ml Aufgabeliisung. Dadurch 
wird die Zugabe von NH&l tibertltissig. Je 100 ml der so hergestellten Liisung (entsprechend einer 
Einwaage von je 2,5 g MOO,) werden zu zwei parallelen Alkali- und Erdalkalibestimmungen 
verwendet. Nur frisch bereitete Liisuntren ftihren unter strenger Einhaltung der anaeftihrten 
Bedingungen zu reproduzierbaren Rest&&en. Besonders bei Zir&nertemperatt%en unteF20” tritt 
bei langerem Stehen Ausfalhmg von Ammoniummolybdat ein. 

Auch Ammoniummolybdate mtissen vor der Aufliisung mit Ammoniak in MOO, tibergefiihrt 
werden, da sonst keine quantitative Sorption auf der S&de stattfindet. Vermutlich ergeben deren 
Liisungen bei der Ansiiuerung andere, schlechter sorbierbare Aggregate als dies bei MOO, als 
Ausgangsmaterial der Fall ist. 

Sdulenchromatographie 

Slulenbett: 100 x 30 mm Sephadex G-10 fine. Durchflufigeschwindigkeit : 0.14 ml/h.mm* 
(= 100 ml/h). Zimmertemperatur. Aufgabevolumen: 100 ml; Nachelution mit 100 ml 1M 
Ammoniumchlorid (nH 2.5). 

Die ersten 30 ml ‘Eluat.werden verworfen, dann werden 150 ml Eluat in einem Plastikme8zylinder 
gesammelt. Die Saulen werden durch Aufgabe von 200 ml 0,lM Ammonium-ANTE (pH 6, 100 
ml/h), gefolgt von 150 ml 1M Ammoniumchlorid (pH 2,5) regeneriert. Die SIulen sind vor Licht 
durch Alu-Folie oder Kohlepapier zu schiitzen, da sonst intensive Blaufarbung des SBulenbcttes 
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eintritt und die Regenerierung erschwert ist. Eine leichte Blauf&bung des S&tlenbettes ist un- 
bedenklich. Die Slulen sind nach unserer Erfahrung praktisch unbegrenzt verwendbar. 

Endbestimmung 

Die tlammenphotometrische Alkali- turd Erdalkalianalyse erfolgt ohne Einengung hn Eluat. 
Zu 150 ml Eluat wird jeweils 1 ml einer CsCl-Losung zugesetzt, die 19 g C&l/l00 ml enthiilt. Dies 
entspricht einer Dotierung mit 1000 ppm Cs. 

ANWENDUNG DER ENTWICKELTEN METHODE AUF 
KALIUM-ANALYSEN IN VERSCHIEDENEN 

MOLYBDANVERBINDUNGEN 

Ein Beispiel der praktischen Anwendung der entwickelten Methode ist die Bestim- 
mung des Kaliumgehaltes einer Reihe von MOO,-, MO&- und Ammoniummolybdat- 
Rohstoffproben (Tab. IV). Zum Vergleich wurden einige Proben such von einem 
Schiedslabor nach dort tiblichen Methoden untersucht. Die Ubereinstimmung kann, 
abgesehen von den Werten fur MoS,, als sehr gut bezeichnet werden. Ferner ist in 
Tab. V die Veriinderung des Kaliumgehaltes in Molybdilnvorprodukten und Sinter- 
molybdti wihrend des Erzeugungsganges zusammengestellt. 

TABELLE IV.-KALIW-ANALYSEN IN MOLYBDXN-ROHSTOFFEN 

Eigene Schiedslabor 
Material Ergebnisse (ppm) (PPm) 

MoOI sub]. <20 <SO 
MOO, techn. 2250 2150 
MoS,-Konzentrat 65 255 
Ammoniumdimolybdat 20 - 
Ammoniumparamolybdat, (1) 135 - 
Ammoniumparamolybdat, (2) 155 - 

TABELLX V.-KALIUM-ANALYSEN IN MOLYBDXNVORPRODUKTEN UND 
SINTERMOLYBD~~N 

Material 

Moo,, (1) 270 
Moo,, (2) 265 
Moo,, (1) 205 
Moo,, (2) 170 
Mo-Pulver, (1) 60 
Mo-Pulver, (2) 20 
MO-Stab, (1) 27 
MO-Stab, (2) 27 

Kaliumgehalt, ppm 
(Mittelwert aus 3 Parallelbestimmungen) 

DISKUSSION 

Zut Komplexbildung des Molybdiins mit Dextrangelen 

Uber die Komplexbildung des Molybdln(V1) mit aliphatischen Polyhydroxo- 
verbindungen liegen zahlreiche Untersuchungen mit einander oft widersprechenden 
Ergebnissen vor .*-l* So behaupten Boume et aZ.,1° da13 nur diejenigen Mono- 
saccharide mit Molybdan Komplexe bilden, welche ein cis-cis 1,2,3-trio1 System 
aufweisen. 
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Rimbach und Leyll fmden jedoch Molybdan-Glucose Komplexe. Dieser Befund 
wird durch die vorliegende Untersuchung erhtitet. Das Gel mit der hiichsten 
Gelkonzentration pro Volumeneinheit weist such die hiichste Sorptionskapazitat fur 
Molybdan auf. Im Sephadexgel LH-20 ist dieAnzahl der 1,2,3-triolgruppengegentiber 
den anderen eingesetzten Geltypen stark vermindert. Es tritt jedoch nur eine gering- 
ftigige Kapazitatsverminderung gegentiber G-15 ein, was auf den etwas geringeren 
Vernetzungsgrad von LH-20 zurtickzuftihren ist. Somit gentigen zur Chelatkomplex- 
bildung des Molydans mit den Glucoseeinheiten der Dextrangele zwei benachbarte 
OH-Gruppen. 

Ubereinstimmend wird berichtet, daD die Molybdan-Polyhydroxoverbindungen 
nur in saurer Losung stabil sindla (Optimum bei pH-Wert 2 und durch Alkalien 
zerstort werden. Eine Zunahme des pH-Wertes der Losung bei Komplexbildung 
wurde beobachtetg*13 Dies wird nach dem von Piischel und Lassnerl* angegebenen 
Reaktionschema verstandlich, das hier in etwas moditierter Form wiedergegeben 

[Mo(OH),]*- + R(OH), + [Mo(OH),_,R(OH),]-*+” +xOH- 

>-~~\j)J\[E~\lNH3 

>-g/~~Qfl/T~H 

N 00 00 N 
H, H H H H H, 

ABB. 4.-Vereinfachtes Reaktionsschema von MolybdZn mit aliphatischen Poly- 
hydroxoverbindungen-Miigliche Konstitutionsformel des Mo-NH,-Glucosekom- 

plexes. 

wird. Der Ubersichlichkeit halber wurde ein Molybdation zur Reaktion gebracht, 
obwohl es sich bei pH-Wert 2,5 und der relativ hohen Konzentration an MolybdSin 
nattirlich urn IsopolysSiuremolekiJe handelt. Am Prinzip der Reaktion lndert diese 
Vereinfachung nichts. In Analogie zu Uberlegungen betreffend die Chemie des 
Niobs und Tantals in wtirigen L6sungen15 wurde such im vorliegenden Fall das 
Molybdation als vollkommen hydratisiert formuliert. Es ist anzunehmen, da6 der 
Polymerisationsgrad des sorbierten Molybdans nicht einheitlich ist.le Die Erniedri- 
gung des Polymerisationsgrades bei sinkender Molybdan-Konzentration kiinnte zu 
schlechterer Sorbierbarkeit des Molybdans bei niedriger Konzentration beitragen 
(vgl. Batch-Experimente). Da13 jedochdieLGslichkeit des Mo-NH,-Glucosekomplexes 
eine wohl dominierende Rolle spielt, geht daraus hervor, daB die Molybdan-Durch- 
bruchskapazitat auf Sephadex G-10 Saulen sehr abhiingig von der NH,+-Konzentra- 
tion der Probe und such der Nachelutionslosung ist. Schon Freyl’ und Soubarew- 
Chatelainls isolierten salzartige Molybdan-Zuckerkomplexe, die NH, komplex im 
Anion gebunden hatten. Die hier vorgeschlagene Konstitutionsformel ftihrt zu Mo- 
NH3-Glucosekomplexen chelatartigen Charakters, was die Bildung des Molybdlns 
an die Glucoseeinheiten des Gels sowie die Bindung der einzelnen Molybdanatome 
untereinander betrifft. Die entstehenden Komplexe sind ungeladen. Die offensichtlich 
hohe Afhnitiit dieser Komplexe fur K+ und NH4+ diirfte in Analogie zu Salzen 
verschiedener Heteropolysauren des Molybdans und Wolframs’ auf sterische Effekte 
zurtickzuftihren sein, wie sie such fur die Austauscheigenschaften der Zeolithe 
bekannt sind. Die stabilere Komplexbildung bei Anwesenheit von NH,CI dtirfte 
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durch eine Erniedrigung der Gitterenergie des entstehenden Komplexes bei Einbau 
von NH,-Gruppen verusacht sein. Die Komplexbildung deutet sich durch leichte 
Gelbf”arbung des SIulenbettes in der Sorptionszone an. Bei Lichteinwirkung verf%bt 
sich das Siiulenbett blau, offenbar durch Bildung von Mischoxidhydraten infolge 
schwacher Red&ion durch die W-Strahlung. 

ZurJammenphotometrischen Alkali- und Erdalkalibestimmung 

DirektzersGuberbrenner vom Ringspalttyp (Zeiss-Flammenansatz FAl , Beckman 
DU) sind wegen der relativ hohen Ammoniumchloridkonzentration in den SSiulene- 
luaten nicht anwendbar. Es tritt sehr bald Verstopfung der Ansaugkantile ein. Die 
Hohlkathodenlampen des zur Verfiigung stehenden ZeiB-Atomabsorptionszusatzes 
FA2 waren bei keinem Lampenstrom auf annlhernd konstante Strahlungsintensitlt 
zu bringen. Die Best&mung von Natrium und Kalium in Emission auf dem Eppen- 
dorf-Geriit sowie die Erfassung von Calcium und Magnesium in Absorption mit 
denGerirten Perkin-Elmer 290Bund Jarrel Ash Atomsorb verliefen komplikationslos. 

Wie bei allen Verfahren der direkten flammenphotometrischen Erfassung von 
Metallspuren ist such hier ein Verdtinnungsfaktor gegeben, d.h. die ursprtinglich in 
2,5 g Einwaage vorhandenen Spuren werden nach erfolgter Matrixabtrennung in 
einem Volumen von 150 ml erfaBt (Faktor 60). Bei niedrigen Spurengehalten arbeitet 
man somit (vor allem bei Calcium) an der Grenze der exakt quantitativen ErfaB- 
barkeit. 

Durch den Ammoniumchloridgehalt von etwa 3% in den S%uleneluaten tritt 
insbesondere bei Flammenemission eine betrgchtliche Depression der Strahlungs- 
intensitiit gegentiber rein warigen L&ungen ein. 

Die genaue Uberpriifung des Analysenverfahrens erfolgte unter Anwendung von 
aufgestockten Sguleneluaten als Eichliisung. Reine Molybdtiosungen wurden vor 
Aufgabe auf die Siiule mit bekannten Mengen an Natrium, Kalium, Calcium und 
Magnesium versetzt, chromatographiert und die Alkali- und Erdalkaligehalte gegen 
die aufgestockten Eluate (als Eichliisungen) vermessen. Die Ubereinstimmung mit 
der tatsachlich zugesetzten Menge war zufriedenstellend. Dieses Verfahren erfabt 
samtliche Analysenparameter. Die so erhaltenen Werte stimmten jedoch such mit 
Resultaten tiberein, die man erhglt, wenn dieselben Eluate mit entsprechend dotierten 
Ammoniumchloridliisungen als Eichlosungen verglichen wurden. Auch die nach 
beiden Verfahren ermittelten Blindwerte fur das eingesetzte reine MOO, waren prak- 
tisch identisch. Die Reproduzierbarkeit ist fur beide Methoden gleich. Bis etwa 60 
ppm liegt der VariationskoetTizient bei &lo%, dartiber bei &5 %. Zur Aufstellung 
der Eichkurven kann daher eine 3 % ige Arnmoniumchloridliisung verwendet werden, 
die mit SalzsHure auf pH 25 gebracht wurde. 

Summary_-A new column chromatographic method for the separation 
of molybdenum as matrix element from traces of alkali and alkaline 
earth metals is introduced. The molybdenum(V1) sorption is achieved 
on Sephadex G-10 columns at pH 2.5 in ammonium chloride solutions, 
by the formation of an Mo-NH,-glucose complex. Alkali and 
alkaline earth metal traces remain quantitatively in the effluent and are 
determined by flame-emission and atomic-absorption spectro- 
photometry respectively. Separation time is slightly less than 2 hr. 
With some automation the procedure is well suited for routine trace 
analysis of sodium, potassium, calcium and magnesium in metallic 
molybdenum, MOO,, MOO,, MO&, etc. The coefficient of variation 
is &lo’% up to 60 ppm, and &5’% at above 60 ppm. 
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Rbsumk-On presente une nouvelle methode de chromatographie sur 
colonne pour la separation du molybdene en tant qu’86ment de matrice 
de traces de metaux alcalins et alcalino-terreux. La sorption du 
molybdene(V1) est real&e sur des colonnes de Sephadex G-10 ii pH 
25 dans des solutions de chlorure d’ammonium, par la formation 
d’un complexe Mo-NH,-glucose. Les traces de metaux alcalins et 
alcalino-terreux restent quantitativement dans 1’efRuent et sont 
dostes par spectrophotometrie d’6mission de flamme et spectro- 
photom6trie d’absorption atomique respectivement. Le temps de 
s6paration est Iegerement inferieur a 2 h. Avec une certaine automati- 
sation, la technique convient bien a l’analyse de routine de traces de 
sodium, potassium, calcium et magnesium dans le molybdene metal- 
lique, MOO,, MoOa, MO& etc. Le coefficient de variation est de 
&lo% jusqu’a 60 ppm, et de h5 % au-dell de 60 ppm. 
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COMPUTER CALCULATION OF ACTIVATION ENERGIES OF 
IRREVERSIBLE ELECTRODE PROCESSES AT A DROPPING 

MERCURY ELECTRODE 
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Summary-A computer program has been written for calculation of 
the activation energies of irreversible electrode processes at a dropping 
mercury electrode, based on the variation of current and half-wave 
potential with temperature. The program calculates the half-wave 
potential, the transfer coefficient, and the activation energies of the 
diffusion process and the irreversible electrode process. It has been 
written in both ALGOL and FORTRAN. 

POLAROGRAPHIC methods for obtaining thermodynamic parameters relating to co- 
ordination compounds have already been established. Knowledge of the activation 
energy and the frequency factor for a reduction process can be of importance to in- 
organic chemists. These two parameters can yield important information regarding 
the mechanism of the electrode reaction. The first is a measure of structural changes 
within the depolarizer during the acceptance of electrons, and the second indicates 
the orientation of the depolarizer at the electrode surface. 

Experimentally, the absolute value of the activation energy cannot be determined; 
it is possible, however, to determine a relative value. Values of the activation energy 
have usually been determined from the temperature-dependence of current-voltage 
curves without concentration polarization. A simple polarographic method based on 
that proposed by Vlhk,l provides two means for determining activation energy. The 
first requires measurement of the change in current, ii,,,,., with temperature, from 
which the activation energy is determined from the dependence of log iirrev./(id - 
iipp,,.) on l/T where ia is the diffusion current. The second depends on the measure- 
ment of the change of half-wave potential with temperature. Both approaches 
involve a large number of experimental results and graphical plots, especially log- 
arithmic plots. Therefore, extremely laborious and time-consuming numerical com- 
putation, although simple, is necessary. It is therefore not surprising that not very 
many values of such parameters have been obtained this way. In this field one may 
take advantage of the capacity of high-speed digital computers. 

A computer program has been published for analysis of polarograms,2 which does 
not include activation energy calculations. We have here a general ALGOL program- 
POLENACT-for calculating the half-wave potential (E,,J, transfer coefficient (a), 

the activation energy of the diffusion process (Qn) and the activation energy of the 
irreversible electrode process (Q), using the two approaches outlined above. We 
publish this program in the hope that it may be of some help to others. 

METHOD 

For an irreversible diffusion-controlled system, the half-wave potential and the 
transfer coefficient can be determined from the so-called logarithmic analysis of the 
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current-voltage curve. The equation of the irreversible polarographic curve for a 
cathodic reduction may be expressed as 

E = EII, 
2,303RT -,log& (1) 

where n is the number of electrons exchanged in the electrode reaction, (R = 8.314 
V.C.K-l, F = 96486.82 C), T is the temperature in K and i denotes the current in 
yA at a given potential E. It follows from equation (1) that a plot of log i/(i& - i) 

us. E is a straight line with intercept E,,, and a slope from which cc is directly deter- 
minable. 

The two equations proposed by VlEek for computing the activation energy of the 
electrode processes are based on the equation for an irreversible polarographic wave 
and also on the assumption that the rate-constant of the electrode process satisfies the 
Arrhenius equations. The first of the two equations is expressed as 

* log -L- 
i, - i 

= log A’ - ;*;O;;$2 

where A’ is the “apparent frequency factor.” 
By means of equation (2), the value of (Q - QJ2) can be directly evaluated 

graphically from the dependence of log i/(& - i) on l/T. 
Alternatively, we can determine an arbitrary activation energy Q’, referred to 

some arbitrary constant potential E’. Here, the observation of the change of half- 
wave potential with the temperature gives the corresponding form of equation (2) as 

~F(%, - E’) 
2.303RT 

=logA _Q'-QJ2 
2.303RT (3) 

Once again, the value of (Q’ - QJ2) can be evaluated graphically from the plot of 
GUIF(E~,~ - E’)/2*303RT vs. l/T. 

However, in calculating the value of Q (or Q’), the value of Q, must be known 
independently. This value can be determined from the dependence of the diffusion 
current on temperature, the slope of the log ia vs. l/T plots being &(QJ2~303R).~ 

Using the program described in the Appendix, the computer reads in from the 
cards the arbitrary potential at which the activation energy is to be determined, the 
number of temperature sets of polarograms, the relevant potentials, the temperature, 
the diffusion current and the relevant current-values for each polarogram of the system. 
Applying equation (l), the computer then calculates, using the least-squares method,4 
the half-wave,potentials, the transfer coefficient, and the slope and intercept of the 
log i/(ia - i) vs. l/T plot, for each polarogram of a system at different temperatures. 
With the results obtained above, the machine proceeds to compute the activation 
energy of diffusion, and then follows with activation energies of the electrode process, 
from equations (2) and (3). The results are finally printed out in tabular form. 

DISCUSSION 

The program has been tested for the hexa-aquonickel(I1) ion. The solution was 
5 x 10-4M nickel in O*lM potassium nitrate plus 0.0004 % of Triton-X. The temper- 
ature range used was from 20” to 50” and the reference electrode was a saturated 
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GENERAL LIST$NG <XRlPJ OPlltftl 

DOC SOURCE-PROG 
‘TPACE’ 2 

‘cON~,FNT’ T”iS PROCFOURi IS POR UORKiNG OUT THE SE31 STRAltHT LIWE 

THfOUG” 4 SERIES Of POINlS; 
‘BECIW’~REAL’SS,DO,flrGGIWHi 

‘INTEGER’CC: 
BB:iDD:sFF:=GG:=O: 

‘FOH’P:~NL’ST&P’~‘UNT~~‘XL~.OO”EEGXN’ 
BB:=SR*R: 
oO:=DO.D: 
ff:=ff*fi 
GG:=GG+G: 
‘END*: 
CC:=Xl-NC+12 
Hn:=CC.C6-oD+z: 
INTFRCEPTS:I~S~~GG-FF~OO~/~H: 

SLUPES:Q(CC+FF-BB+DD)IHHi 
‘END&LINE: 
SELECT INPUT<l): 
SELF0 UUTPUT(Z>: 
CHEcK:=*EAD; 
‘COWHEW,’ IF CHECK IS ONE TQEN ONLY THE LOG VALUES, El/Z, &ND lLPHA 

“1l.L SE JURltD OUT. OTHER NUMRFRS MILL “ORK OUT THE CO*QltTE 
PR”GRAWr(C. SYS 16 NO. Of POLAHOGIAPHIC SYSTEM IkO SfT 15 THE NO. 
Of PULAR<ICR& I* ,“E SYSTE- *“Ii TOTlL IS THE tO,*L 10. Of 
POTFNTIIL VALUES REDUlRFO (YITMIN TM Lt_MkR RIWGE, FUR 

CILCULATIH‘ THE UHO‘E SYSTER, k 1’S OD;‘ Of ELECTPONS~YYOLVEO IN 
THt TPhHSfER PROCFSS, EZ 15 THf. REF. PuTENtI*L USED TOP 
F%TRAPOL~TIUY4)10 ALSO UStP f?, T”E ‘El/C “ETHVO: 

SYS:=READ; 
Y:=li 
‘,F’CHECY=,‘tHEN’ 
URI~ETEXT(‘(“~‘P~US’)‘ANALY~~S%OFXPU~~ROGG~M~’)‘) 
n&I‘s* 

‘* 
i 
3 

6 
7 

;i 
L7 
LH 
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106 
109 

110 
111 

rri 
113 
114 
*15 
116 

IIP,Jl:=“: 
‘END‘; 
P!=l: 
‘COMMFNT’ STAPT OF LOG ANALYSIS: 
LOOP:T~P1:=READ: 
ECALcPI:=0.452b-u.U~U7*TcPl: 
IDIPI:=HEAn: 
‘COMMFHT’PFAD IN “PPER AYD LOUEI( eOIJNDS OF CURRF,,,: 
P:=REA*: 

‘BEGIN”REAL’INT,SLOPE,~,D,F,GIH: 
‘INTEGLR’C: 
‘COMMENT’ YORKING OUT THE PARAMETERS OF THE POtAROGPAk: 

F:=F*FfJlrtOGIP.JI: 
G:=G*EcJltZ: 
‘END’; 
C:=X-e+1: 

‘FIIK’J:=R’STEP’l’UNTIL’X’DO”6EG~N’NEULINE~l); 
PHlkT(EIJIrlr3): 
PKIhTLItP.JlrZ,3): 
PRrNT<LOG~P*Jlrlr4,: 
PRihTftOGCP,Jl-(ilT+StOPElE[Jl)tl.31: 
‘EkD’: 

UHITETEXTf’(“(‘ZC’f’iNTEPCFPT’)aI; 
PXICTsIkT,6*3,: 
URI;ETEXl(‘(“(‘BS’)‘SLOPf*)‘): 
PR1YT(SLOPF*?,3>: 
URITFTEXT(‘(“(‘LC’)‘HAtFXUAVEtPOT~~T~Al’); 

PRINT(El[PI,5.3): 
WRITETEXT~‘~‘VOLTSXVS.XSeE’~‘2C’~’ALPHA’~’~~ 
PRINT(AtPHAtPI,4,3); 
l F*l,‘: 
P:=P+l : 
~IF’P’LE’SET’THEN”G~Tfl~t~OP’ftSE’ 
‘FOR*P:5l~STtP’l’ttNTiL’SEl’D~“~E~l~’ 
EN~CPJ:=EltPI-ECALIPI: 
‘CWWFNT’ EN* 1S Et/Z AT PYE, ALPHE IS ALPHA*EI/Z(SCE>r AND 
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117 
.l 1 h 
119 
176 

._. 
132 
(33 
1J4 
155 
13& 
137 
138 
159 
140 
341 
i4.i 
143 
144 
l&3 
l&b 
147 
IllI 
149. 
130 
151 
152 

112 
lf3 
17rr 
175 

2 
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214 
215 
216 
217 

228 
229 
23lJ 
231 

232 
233 
234 

Pf!lkY(!m,6rlf: 
YRITETCXT(‘(‘KJ ‘1’): 
PRIkT(QE.S.II; 
UIITETEXTI’~‘CALORltS~~‘~i 
‘END’: 
‘GEG!N”REAL’GP,DP,fQ,GQ,h~,IklER,GRAD: 
‘INTEGER’CQ: 
‘COHMFNT’ “DRK OUT ACTIVATION ENERGIES OkLY UHEk FOUR OR WWE 

I.06 YALUES ARf AYAICAGL+; 
J:=l: 
REPE*Y:P:sl: 
BU:=cO:nDP:~CP:=GQ:r0: 

SURT:‘lf’ICP,Jl’#‘lkFN~‘GOT~‘kE~Y’f 
BU:=GQ+LOGCP,Jl: 
t”:=CQ+,: 
DQ:=DQ*ScPl: 
FP:rF9+SIPlrLOG[P,Jl: 
CP:=GP+SIPl~Z; 

1st. 
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235 OIKJ/WOlE~‘I’3S’~‘PIKCAl/M~l~,‘~’,: 
25.5 ‘FOR’J:=l’STEP’l’UNTIL’TUTAl’OO”UFGIY’ 
237 ~IF’GIJl’NE’O’THE~“GEGI4’ 
23H NEULINEI1): 
239 PRlkT(EtJ1.2~3I: 
240 PRINT(PIJlr4rZ): 
241 PRlkTIatPIJlIloGG,6,6~: 

252 ‘END’ 

243 
241 
245 
2k6 
247 
2k8 

249 
250 

251 
252 

254 
255 
256 

257 
258 
259 

260 
261 
262 
263 

264 
265 
266 

267 
268 
260 
270 
271 
272 
273 
274 
275 

276 
277 
278 

279 
286 
281 
282 

243 
2114 

285 
286 
,?a7 

288 
280 

290 
291 

292 
2V3 

:;: 
296 
297 
298 

29V 
300 
3”I 

3 0 L 
3 0 3 
3VL 
305 
3uo 
307 
308 
309 
310 
311 
312 

313 
314 

315 
316 
317 

‘ELSE”FND’: 
‘COC,,FNT’ NOR,. OUT ACTIVATION ENERGY FROM El/2 AND ALPNA VALUES 

AND “SING A REFERENCE POTENTIAL: 

‘FOR’P:=l’STEP’l’UNTIL’SET1”O”OEblN’ 
El2IPI:‘EltPI-E2i 
AETIPI:.~ALPHAtPltNtP6486.82tE12[PltS[P1,/l9,l47l~2; 

“END’: 
‘GEGIN”REAL’CUT,INClI~E: 

LINF~AETlRlrSIRlrAETIRl~StRlt2rlrSET,CUl,INCLINE,R~~ 
ARGuCA:=UE*0.5+4.576+IYCLINCLINE: 
AHGu:=AREGCA*4.1M4/1000: 
YRITETEXTI’I”~~~C’,‘ACTIVATIONXEN~GV%OFS~RREVERS~GLE~ELECTRODEX 

PROCESS’~‘4S’~‘P’I’2C’~‘RETHUDXUStD:KREFERRED~TO~AN%ARGIlAR~X 
CONSTANTXPOTENTIALXARD%HALF~UAVEXPOTENTIAL.’~’2C’,‘ARGITARVX 
POTENTIAL’,‘): 

PRIRT(E2,5,21: 
URITETEXTI’~‘VOLTSXVS.%SCE’(‘2C9S’~’FfE,T,Nl=ALPHA*N~F~El/2-ECAREIlARYl 

,/2.303RT’~‘LC’1’~0’)‘): 
PRINT(OD,6,2J: 

URITETCXTI’I’KJ ‘(‘2C’,‘E112’(16S’I’AlPHA’I’6S’)’ 
F~E,T,N,‘I’4S’)‘T’I’llS’,‘l/T’I’7S’)’ERRORS’)’): 
‘FOR’P:=1’STEP’1’UNTIL’SET’O0”GEGIW’NEUL1NEIl)i 

PRIUTIElCPI.1,~): 
PYINT(ALPHAIPl,lr4,; 

PRIkT(AFTCPlr3,3I: 
PRINT(TIPl,5,1,: 
PRINTlStPl,2,7,: 

PRINTIAETIPI-(CUT+INCLINEtSIPl),5,3,; 
‘END’: 
URITETEXTI’(“(‘ZC’)‘INTERCEPT’,‘): 
PRINT(CUT,3,3,; 
URITETEXTI’(“I’BS’)‘SLOPE’I’): 
PRINTfINCLINE,7,3): 
URITfTEXT(‘(“I’~C’)‘O’,‘,; 
PRILT(ARGO,I,,,: 
URlTETEXTI’I’KJlMOLE’)‘,: 
PRINT(ARBOCA,6,1,: 
YRITETEXTI’I’CALOKIES’J’~; 
‘ENF’: 
‘GE6IN”REAL’IkTCEPT,GRAOT,GA,DA,FA,GA,,IA; 

‘iNTEGER’CA: 
‘COMMENT EXTRAPOLATING THE VALUE OF P TO THE REFERENCE POTENTIAL 

FROM T”E LOG CURRENT IIETHOD; 
J:=l: 
GA:=CA:.DA:.FA:=GA:=G: 

EYTRAP:‘IF’PIJl=G’TIEN”GOTO’EXT’ELSE’ 
RA:=GA+PlJI; 
CA:=CA*,: 
DA:=DA+EtJl: 

FA:=FA*EIJl*OIJI: 
GA:=GA+EIJlt2; 

EXT:J:=J+l: 
‘IF’J’LE’TOTAL’THEN”GOTO’EXTRIP’EISE 
NA:=CA*GA-DAt2: 
INTCEPT:=(GA*GA-FA*D;)lnl: 
GRADT:=ICA.FA-GA*DA),NA: 

REFU:=INTCEPTtGRADT+E2: 
UR1TETEXT~‘~“~‘6C’,‘PARA~ETERSIOBTIIWED%FRO~XEKTRAPOLATINS~ 
THEXQXVALUESXUSINGXLOGXANALVSIS’~’4C’~’SLOPEXOGTAlNEDXlS’~’~: 
PRINT<GRADT,7,3,: 
URITETEXTI’I’KJfVOLT’~‘2C’~‘ARGITARV%POTE~TIAlo~‘~: 

PRINT(EZ,S,ZI: 
URITETEXTI’I’VOLTSXVS.tSCE’~‘2C’J’AClIVATIONXENERGY~ 

ATXAGOVEXPOTENTIAL:‘)‘,: 
PRINT(REF9,6,2,: 
URlfETEXTl’~‘KJl~OLE’~‘2C’I’ACTIVATIOYIENERGYXGVXALPNA; 
ANDXEll2XNETRODXATXT~EXSA~EXREFERENCESPOT~NTIAL:‘~‘l: 
PRINT(ARG0.6,2); 
URITETEXT(‘I’KJIUOLE’~‘,: 
‘END”EhO’ 
‘END’: 
TER~IN4TE:Y:=V+l’: 

‘1F’Y’LE’SYS’THEN”GOTO’SETNO’ELSE’ 
‘END’ 

‘END’: 
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TABLE I.-EXPERIMENTAL RESULTS FROM POLAROGRAMS 

E i, PA 

No. (VW. SCE) 293.3 K 298.0 K 303.0 K 308*0K 313.0 K 318*0K 323.0 K 

: 0.87 0.88 
3 0.89 
4 0.90 
5 0.91 

76 0.92 0.93 
8 0.94 
9 0.95 

10 0.96 

:: 0.97 0.98 
13 0.99 
14 IN 
15 1.01 
16 1.02 
17 1.03 
18 1.04 
19 1.05 
:: 1.07 l-06 

Diffusion 
current, ia 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1.370 
1.715 
2.110 
2.555 
3.000 
3.430 
3.820 
4.205 
4500 

5.450 5.800 6.080 6.150 6.470 6.720 7.020 

- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- 1.340 
- 1.685 

1.370 2,030 
1.670 2.425 
2.050 2.870 
2.490 3.300 
2.920 3.730 
3.335 4.130 
3.830 4.500 
4.165 4.810 
4.510 - 
4.185 - 

- - 

- - 
- - 
- - 
- 
- 1.530 
- 1.820 

1.320 2.190 
1.680 2.590 
2.030 2.980 
2.420 3.370 
2.860 3.780 
3.300 4220 
3.720 4.590 
4.170 4.930 
4.510 5.200 
4.880 - 

- - 
- - 
- - 
- - 
- - 

- 

GO 
2.070 
2.410 
2.810 
3.190 
3.580 
3.960 
4360 
4720 
5.060 
5.350 

- 
- 
- 
- 
- 
- 
- 
- 

2.120 
2440 
2.800 
3.190 
3.570 
3.950 
4.330 
4720 
5.110 
5.400 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

TABLEII.-VALUES OF HALF-WAVE POTENTIALS AND TRANSFER COEFFICIENTS 

AT DIFFERENT TEMPERATURES 

T, K id, PA 
EdSW J%WHE) 

V V a a&,ANHE) aEIIB(SCE) 

293.3 5.450 1.0236 0.7763 0.4182 0.3247 0.4281 
298.0 5.800 1.0093 0.7653 0.3927 0.3006 0.3964 
303.0 6.080 0.9939 0.7534 0.3760 0.2832 0.3737 
308.0 6.150 0.9746 0.7376 0.3850 0.2840 0.3752 
313.0 6.470 0.9559 0.7224 0.3504 0.2531 0.3349 
318.0 6.720 0.9341 0.7041 0.3299 0.2323 0.3082 
323.0 7.020 0.9079 0.6814 0.3165 0.2157 0.2874 

TABLEIII.-ACTNATIONENERGIESOPTHEELECTRODEPROCESSATVARIOUS 

POTENTIALS, FROMTHECIJRRENTMETHOD 

Activation energy of diffusion process, Q, = 12.6 W/mole (3.02 kcal/mole) 
E, V vs. SCE Q, kJ/mole Q, kcallmole 

0.93 103.7 24-80 
0.94 99.4 23-76 
0.95 96.8 23.14 
0.96 93.7 22.39 
0.97 86.6 20.70 
O-98 86.4 20.64 
0.99 83.6 19.99 
1.00 82.2 19-65 
1.01 79.5 19.00 
1.02 80.7 19.28 
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TABLE IV.-ACTIVATION ENERGIES OBTAINED FROMTHE TWO EQUATIONS REPERRED 
TO AN ARBITRARYPOTENTIAL 

Arbitrary potential 0.5 V vs SCE 
Activation energy obtained from equation (2) 

extrapolated to above potential 218.96 Id/mole 
Activation energy obtained from equation (3) 214.44 kJ/mole 

calomel electrode (SCE). An ICL 1902A digital computer took 54 set to calculate all 
the required parameters for the system. Table I gives the data obtained from the 
experimental polarograms. The computer-calculated parameters are given in Tables 
II, III and IV. 

Zusammtxdassmg-Zur Berechnung der Aktivierungsenergien irrever- 
sibler Elektrodenprozesse an einer Quecksilbertropfelektrode wurde 
ein Computerprogramm geschrieben, das auf der Temperaturabhti- 
gigkeit desstroms und des Halbwellenpotentials beruht. Das Programm 
berechnet das Halbwellenpotential, den Durchtrittsfaktor und die 
Aktivierungsenergien des Diffusionsvorgangs sowie des irreversiblen 
Elektrodenprozesses. Es ist in ALGOL und FORTRAN geschrieben. 

R&vumwn a &crit un programme pour calculatrice pour le calcul 
des energies d’activation de processus d’electrode irreversibles a l’&c- 
trode a goutte de mercure, base sur la variation du courant et du po- 
tentiel de den&vague avec la temperature. Le programme calcule 
le potentiel de den&vague, le coethcient de transfert et lee 6nergies 
d’activation du processus de diffusion et du processus d’tlectrode 
irreversible. 11 a et6 &it en ALGOL et FORTRAN. 
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APPENDIX 

The computer program POLENACI in ALGOL 60 is divided into two sections. The first section 
is used to read the data from the cards and perform the logarithmic analysis on the polarograms. It 

TABLEV.-EXPLANATION OF SYMBOLS IN POLENACT 

real 
E2 = arbitrary potential; int = intercept of log i/(is - i) us. E plot; slope = slope of that plot; 
b, d, f, g, h, bq, dq, fq. gq, hq, ba, da, fa, ga, ha = numerical values in general; qe = diffusion 
activation energy in calories; qd = diffusion activation energy in kJ/mole; arbq = activation 
energy of electrode process at an arbitrary potential in Id/mole; arbqca = as arbq but in &/mole; 
refq = activation energy of electrode process extrapolated to the arbitrary potential from Q VS. E 
plot; intt and slop = intercept and slope of log is us. l/Tplot respectively; inter and grad = intercept 
and slope of log i/(ia - i) us. l/T plot respectively; cut and incline = intercept and slope of 
rurF(E - E’)/2.303 RT us. l/T plot respectively; intcept and gradt = intercept and slope of Q us. E 
plot respectively. 

integer (nr. = number) 
set = nr. of sets of polarograms in the system; sys = nr. of systems; c, ca, cq, y, j, p = integers in 
general; n = nr. of electrons involved in the transfer process; r = upper bound nr. of the potential 
for the polarogram; x = lower bound nr. of the potential for the polarogram; total = total nr. of 
potential used; check = the section of program to be run. 

real array 
p can have values from 1 to set; j can have values from 1 to total; id[p] = diffusion current of the 
polarogram at tip]; tip] = temperature at which polarogram is measured; logid[p] = loga, id[p]; 
alpharp] = transfer coefficient of the polarogram at t [p]; El [p] = half-wave potential of the polaro- 
gram at t[p]; ecallp] = potential of SCE at temperature t[p]; enh[p] = El [p] - ecal[p]; alpe[p] = 
product of alphalpl and ElIpI; alpenh[p] = product of enh[p] and alpharp]; i[p, j] = current 
measured at tip1 and E[jl; log [p. jl = log,,(i[p, jl/idIpl - ilp, jl); Eljl = potential applied; 
E121pl = ElIpI - El at tlpl; AETlpl = (alphalpl x n x F x E12[pl)/2*303R x t[p]; s[p] = 
l/t[p]; QEQ[j] = activation energy at E[j] in cal/mole; Q[j] = as QEQ[j] but in kJ/mole. 
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Print value of O’ond 
extrapolate 0 to the 

FIG. I.-Flow-chart for computer program POLENACT. 
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TABLE VI.--INPUT DATA 

1. Section of POLENACT to be run (either 1 or 2; see flow-chart). 
2. Number of system to be run. 
3. Title of the system to be run. (SYSTEM is the copy-text procedure). 
4. Arbitrary potential. 
5. Number of polarograms in the system. 
6. Total number of potential used in the system (see Table I). 
7. Number of electrons involved in the transfer process. 
8. Complete series of the potential values used in the system. 
9. Temperature of the polarogram. 

10. Diffusion current for that temperature. 
11. Upper bound number of the potential value (see Table I). 
12. Lower bound number of the potential value (see Table I). 
13. Current values for the above temperature. 

Note: 1 and 2 are used only once, at the beginning of the input; 3-8 are used 
only once for each system and 9-13 are repeated for the whole of the system 
to be worked out. Example (only part of data input extracted from Table I). 

2-1, 
HEXA-AQUONICKEL ION, O.lMKN03 SYSTEM 
0.5, 7,21,2, 
0.87,0-88,0*89, 0~90,0~91,0~92,0~93,0~94,@95,0~96,0*97, 
0.98, 0.99, 1.00, 1.01, 1.02, 1.03, 1.04, 1.05, l-06, 1.07, 
293.3,545, 13,21, 
1.370, 1.715,2.110,2.550, 3.00, 3.430, 3*820,4*205,4*500, 
298.0, 5.80, 11,20, 
1.370, l-6970, 2.050, 2.490, 2.920, 3.335, 3.830, 4.165, 4510, 4.785, 
This is repeated until all seven sets are completed as shown in Table I. 

will then summarize the parameters of the polarograms-the half-wave potentials (first referred to 
SCE and, after making the necessary temperature correction, the normal hydrogen electrode, NHE). 
At the same time the values of crElla will also be computed. Finally, it rearranges all the log i/(id - i) 
values and temperatures at constant potential. 

The second half of POLENACT calculates the activation energy of diffusion, in calories or kilo- 
joules per mole. Having done this, it then works out the activation energy of the electrode process 
from the current at different applied potentials (when four or more sets of data are available). Then 
it will tabulate Q values at different potentials. Using the Ells shifts and c(, it proceeds to calculate the 
value of Q’ at the required arbitrary potential. Finally, the values of Q are extrapolated to this 
arbitrary potential for comparison purpose. 

Table V explains the symbols used. A simplified flow-chart showing the calculation is shown in 
Fig. 1. The procedure called LINE has been used to calculate the best fit for the straight line, by the 
least-squares method. The program translated into FORTRAN will be supplied on request. Since 
FORTRAN is much closer to the machine code, computing time is reduced. With the translated 
program, the time taken to do the same calculations was 40 sec. The input data for POLENACT are 
shown in Table VI. 
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Summary-The application of Schlieren and shadow techniques for 
the study of flame processes is diiussed in relation to analytically 
useful premixed flames. The information obtained, particularly with 
shadowgraphs, may be correlated with the measured signals and 
signal noise in atomic-absorption and flame-emission spectrometry. 

OPTICAL methods employing Schlieren and s~dow~aph techniques have been used 
extensively in combustion research for examining refractive-index fieIds,l particularly 
when information on such fundamental parameters as burning velocities or energy- 
release profiles has been required. However, there appears to have been no attempt 
to correlate the photographic records obtained by these methods with quantitative 
observations on the behaviour of metal atoms when nebulized into flames. 

It is known that turbulent d~~~s~on flames, such as those produced with Beckman 
burners, have a higher emissive background than the corresponding laminar flames2 
and it has also been observed that atomic species introduced into them are subject to 
more severe interelement interferences than in laminar flames. Though, as an adjunct 
to these observations, it is generally agreed that turbulence in pre-mixed flames is 
also undesirable, and various workers have published Schlierens**~6 and shadows 
records of several flames, the studies were purely qualitative and no conclusions were 
drawn indicating just how turbulence in premixed flames infIuences analytica 
measurements, 

The purposes of this study were therefore to examine Schlieren and shadow 
techniques as a means of observing flame processes (particularly the effect of flame 
separation) in some an~ytically useful flames, and to correlate this i~ormation with 
signals obtained from ato~c-abso~tion and flame-emission measurements. In this 
context, changes in signal magnitude and signal noise are of particular interest as they 
are likely to be influenced directly by the flame processes, 

The work described in this communication indicates that net changes in free atom 
fractions due to variations in the temperature or chemical composition of the ftame 
gases can be a direct consequence of flame turbulence in premixed flames, as can the 
signal noise due to fluctuations of the atomic concentration in the flame. 

INFORMATION PROVIDED BY OPTICAL TECHNIQUES 

General theory 

The theory and applications of Schlieren, shadow and interferometric techniques 
have been reviewed most ~oroughly by Weinberg1 and here we summarize only the 
salient features which are of direct relevance to the present study. The optical 

* Present address: Division of Laboratories and Research, N.Y. State Health Department, 
Albany,N.Y. 12201,U.S.A. 

7 Present address: Department of Chemistry, University of Florida, Gainesville 32601, U.S.A. 
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methods mentioned provide means of measuring refractive index gradients in gases by 
photographic techniques and hence of defining regions over which the processes which 
produce such changes are occurring. 

In the shadow method, fight from a point source of illumination is passed through 
the test zone onto a screen. Any optical disturbance which takes place within the zone 
and which produces a refractive index gradient normal to the direction of the light- 
beam results in a local change of illumination on the screen. Refractive index gradi- 

ents parallel to the light-beam cause no change in screen illumination. 
In Schlieren photography, a parallel beam of light, after passing through the test 

zone, is brought to a focus at a “marking aperture” (which may take the form of a 
knife-edge, a pin-hole or a neutral optical wedge) by another lens. The aperture 
removes from the image (which in the absence of the marking aperture would be a 
normal image of the flame) the rays undeflected by the flame, whilst allowing some of 
the deflected rays to pass. An optical arrangement which may be used for shadow 
work and converted for use in Schlieren photography by the incorporation of only 
one further component (the marking aperture) is shown in Figs. 1 and 2. With these 
arrangements, the positioning of the flame with respect to the lens (F) is varied, 
depending on whether shadowgraph or Schlieren records are required. 

Both optical methods provide the following information. They indicate the posi- 
tions and dimensions of the primary and secondary reaction zones, as these are 
regions over which rapid refractive index changes are occurring. By the shapes of the 
zones they indicate the contours of the refractive index gradients in the burning or 
burned gases. A wrinkled appearance of a zone shows turbulence. They indicate 
the rate of refractive index change by the sharpness and degree of darkening of the 
zone (e.g., primary reaction zones of Iaminar flames give much sharper images than 
do the zones of secondary diffusion flames), 

Time variable processes 

The optical observation of rapid fluctuations in the flame is important even though 
the higher frequency fluctuations may not register as noise on the recorder read-out 
(owing to its limited frequency bandpass) when the radiative emission from the flame 
is observed. Nevertheless, these fluctuations wiII give rise to overall changes in the 

AB c D E F H 
FIG. 1 .-Shadow optics. A-Real source. B-Condenser lens, C-Aperture (effective 

source). D-Collimating lens. E-T& zone. F-Magnifying lens. H-Film. 

AB C D E F G H 

Era. 2.-Schlieren optics. Optical components: A, B, C, E, H-as in Fig. 1. 
D-Schlieren lens. F-Projection lens. G-“Marking aperture”. 



composition of the burned gases, because of the di%xent combustion processes 
induced. Changes in gas composition, which will also be associated with changes in 
gas temperature, may alter the free atom fraction and the magnitude of thermal 
emission signals fram so&&as nebulized into the %me. 

fn ato~~-abso~t~~~ s~~orn~~y, when ah the ~~v~o~s vocables whi& ef%xt 
the total cancentration of the element (free and c~rn~~ned) in the &me (such as 
~ebul~~atio~ rate, flame pa~-~~~~, etc) are fixed, then the signal is a dire& cem- 
parative measure of the free atom fraction, & In &me-emission s~trorn~~~y, the 
signal rn~~~~d~ is again dependent on 8, but is also further fluent by the 3ame 
tern~rat~e~ because of the nature of the radiative process, 

The noise in any rn~asur~ sign&, whether from atomic abso~tion or flame 
emission, is a comb~natjo~ of many com~unents~ Those noise components which are 
unrelated to iiame processes are of no relevance to this work and can be e~~~~~d 
from measurements of the total signal noise by the ~~~~~c~on of quadratic camp+ 
nents. 

For a spectrometric system with a fixed e~~tro~~ (noise) bedpan (AD, t&e tot& 
root mean square noise voltage, NT, may be related to the j~~~end~t root mean 
square noise components, A$) by the ~~a~o~s~p :r 

This Sharon includes &alt the inde~~de~t root rnoa~ square noise ~orn~~e~~ 
which ~ont~bute to N T.* In this particuhir instance only one noise ~ornp~ne~t is of 
interest, the noise [from atoms in the f&me) inducecf by flame processes, and this may 
be represented as Iv,. As a direct corollary of the signal magnitude in atomic ab- 
sorption and atomic emission, the signal noise, Iv,, will measure fluctuations in the 
free atom ~on~nt~~o~, @. In atomic emission it will aho measure ~~~~atia~s in the 

&txw~ temperature. ~x~~rn~~~l~~ A$& measnred as the total roet. mean square 
noise in the ~a~~~ s@aI and _iVz is ob~ned by s~b~~~~~g from this the mrn~~ng 
noise ~om~onents as measnred by the root mean square noise of the basetine, thus: 
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optical observations of the flame gases, in all subsequent discussion this noise alone 
will be considered and will be referred to as “signal noise”. 

The apparent frequency of this noise as it registers on a recorder will be limited by 
the effective bandpass of the whole read-out system. However, the root mean square 
value of this waveform is a valid and convenient comparative measure of noise 
resulting from ffuctuating processes in the flame. 

For the purpose of this discussion, it is convenient to consider signal noise as 
originating from two separate sources. First there is nebulization noise. This noise 
should remain a constant proportion of the signal magnitude and is not amenable to 
measurement by Schlieren or shadow records of the flame gases although the spray 
supply itself can be studied by these means. Secondly there are fluctuations in the 
burned gases themselves. In a stable laminar flame this will be reduced to a minimum 
and will be of much smaller magnitude than in a turbulent flame. However stable 
and laminar a flame may appear to be, there will exist within it local variations in 
temperature and gas composition which will produce noise both in the background 
emission from the flame (flame flicker noise) and in any signal which is dependent on 
atomic concentrations in the flame. When the signal noise is not a constant proportion 
of the signal magnitude, even though the same solution is being nebulized, then it may 
be assumed that the deviation from propo~onality is a measure of the flame fluctua- 
tions. 

EXPERIMENTAL 

Optics 
There are numerous possible experimental arrangements for Schlieren and shadow photography. 

The optical systems employed in this work were shown in Figs. 1 and 2. Lenses were used throughout. 
In the shadow system the flame position (E) is not critical, provided that it is not optically con- 

jugate with the flhn plane, i.e., a focused image of (E) is not formed at (H) by the lens (F). 
For Schlieren photography, the flame must be optically conjugate with the fiIm plane. In addition, 

a pinhole matched to (C) is placed at (G) and this acts as the marking aperture. Exposure times of 
1~1000 set nominal (1.5 rnsec actual, el~troni~lly measured) were used for al1 the photo~ap~c 
records and this effectively “froze” most flame fluctuations. Photographs were taken on Ilford F.P.4 
120 Professional Roll Film. 

Flames 
Circular flames of ca. 10 mm diameter provided adequate photographic contrast and were also 

easier to align than long-path flames. Nevertheless conclusions drawn from their behaviour can be 
related to the behaviour of such flames. The influence of shielding gases on the stability of long-path 
flames should be more pronounced than with the cylindrical flame, as the area of contact and mixing 
of gases will occupy a greater proportion of the whole flame. However, the reduction in the 
background emission signal will be less, as the outer mantle corresponds to a smaller proportion of the 
total optical path through such a flame. The flames were produced on both capillary burnersla and 
burners of the Meker type (manufact~ by Beckman Research and Industrial Instrument Corpora- 
tion Limited, Worsley Bridge Road, London S.E.26). Both types of burner had provision for gas 
sheathing. 

Records were obtained for both air-acetylene and nitrous oxide-acetylene flames on burners of 
this type, with varying degrees of nitrogen separation. However, the information provided by the 
nitrous oxide-acetylene tlame was no different in nature from that obtained with the air-acetylene 
flame. For all further work, including atomic-absorption and flame-emission signal measurements, 
the air-acetylene flame alone was used. 

RESULTS 

Comparison of results obtained by shadow and Schlieren photography 

All optical records of flame disturbances were made alternately with both the 
shadow and Schlieren methods. As shadowgr~ were especially sensitive to rapid 
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changes in the refractive index field normal to the optical path, gradual changes 
across the flame ends do not register strongly and a flat, seemingly two-dimensional, 
picture is obtained (Plates 1-4 and 6-8). The Schlieren records have a three-dimen- 
sional appearance (Plate 5), which is a result of the greater responsiveness of the 
technique to the small components of refractive index change, normal to the light path, 
which occur at the flame ends. 

The one instance where Schlieren photography has a clear advantage in the 
quality of the record produced is when flames of very high emissive background 
(such as nitrous oxide-acetylene) are to be studied. Here the marking aperture 
considerably reduces the light intensity from the flame, which would in its absence 
(as in shadow work) pass directly to the film and reduce the image contrast. 

In view of the simplicity of the shadow method it is to be recommended for 
visual studies of laminar flames of low emissive background, and only shadowgrams 
will be discussed further. 

Information obtained from shadowgrams of air-acetylene james 

General. The unseparated fuel-rich air-acetylene flame maintained on a capillary 
burner is exceptionally stable and laminar (Plate l)*, up to the height of ca 57 mm. 
The leaner flame (not shown) is more nearly cylindrical in shape, with less expansion 
at all levels. 

The same fuel-rich flame on a Beckman RIIC burner (Plate 6) has a larger initial 
diameter, showing greater expansion at the flame base, but reaches approximately 
the same diameter as the flame maintained on the capillary burner, at 30 mm above the 
primary zones. The initial expansion of gases, being more rapid, is less laminar. The 
more diffuse secondary reaction zone also indicates that the secondary combustion 
process is less sharply defined. The unevenness of the top of the flame illustrates 
what may also be visually observed, that this flame is more susceptible to draughts. 

FIame background. Progressive separation of the air-acetylene flame on the capil- 
lary burner with an outer sheath of nitrogen, produces changes both in flame shape 
and laminarity. Plates 2,3 and 4 show the effects of nitrogen flow-rates of 2,6 and 10 
I./mm. From these representative photographs (selected from a set covering also all 
intermediate flows), the best compromise between efficient separation and induced 
turbulence, at a height of measurement 15 mm above the primary cones, would seem 
to occur at 6 I./mm. Reference to Fig. 3(i) shows that the most efficient removal of 
OH emission does indeed occur at 6 I./mm nitrogen flow. 

At a position of measurement 30 mm above the primary reaction zones, separation 
with flow-rates above 6 I./mm might be expected to lead to increased turbulence. 
Figure 3(i)(c) does show a slight increase in signal at flow-rates above 6 I./mm, 
indicating that the induced turbulence is producing some air entrainment. This leads 
to increased combustion, with a consequent increase in OH emission. 

From the noise curves (Fig. 3(ii)), the signal: noise ratio at 15 mm height in the 
flame passes through a minimum at a nitrogen flow of 6 I./ruin. In other words, a 
nitrogen flow of 6 I./min stabilizes the hot flame gases by diminishing their fluctuations. 

* This may be contrasted with results of RamP whose air-acetylene frame maintained on a Meker 
type burner showed extreme turbulence right from the base of the flame. This could only be 
reduced by flame shielding. The unshielded capillary burner flame appears as laminar as &I&S 
shielded flame. This shows how an unsatisfactory burner design may produce unstable flames. 
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FIG. 3.-Emission and noise from fuel-rich air-CIH, flames. (i) OH emission with 
capillary burner, (ii) OH emission noise with capillary burner, (iii) OH emission with 
Beckmann RIIC burner, (iv) OH emission noise with Beckmann RIIC burner. Height of 

observation above primary reaction zones: u-3 mm; b-15 mm; c-30 mm. 

However, this increase in stability of the flame zones is not clearly seen on the shadow- 
grams because the unseparated flame is so stable and only regions of greater turbulence 
than this show clearly on the photographs. Increasing the flow-rate to 10 l./m.in 
causes optical inhomogeneities in the gases, appearing as increased noise, and these 
are compatible with an examination of the flow patterns as shown by the shadowgrams. 

The noise curves also show that noise levels measured high in the flame (c) are 
greater than those measured in the central regions (b) at all nitrogenjlow-rates. This 
again accords with the photographs (Plates 2-4). Here the higher regions of the 
flame are seen to be more turbulent than the central regions at all separation flows. 

The information provided by the shadowgrams can also be correlated with the 
variation of OH emission signals with height (Fig. 4). With no shielding [Fig. 4(i)(u) 
and 4(C)(a)] the signal: noise ratio is approximately constant with height. The 
shadowgram (Plate 1) also shows no visible variation of optical inhomogeneities or 
turbulence with height. With a 6 l./min flow of shielding gas the signal: noise ratio 
passes through a pronounced minimum at a measurement height of 15 mm. The 
relevant shadowgram (Plate 3) shows some inhomogeneity low in the flame, where the 
gases are close to the primary zones, and also slight turbulence in the outer flame 
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PLATES I-2.-Shadowgrams of fueI-rich air-acetylene Jlames on capillary burner. 

1. Normal flame. 
2. 2 l./min flow of nitrogen (for separation of flame). 

932 
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PLATES 3-4.~Shadowgrams of fuel-rich air-acetylene ftames on capillary burner. 

3. 6 I./min of nitrogen. 
4. 10 I./min of nitrogen. 
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PLATES 5-6.--shadow and Schlieren records of fuel-rich air-acefylene Jfames. 
Schlieren photograph of separated flame (10 Lfmin Ng flow) on capillary burner. 
Shadowgram of normal flame on Beckmann RIiC burner. 
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PLATES 7-8.-Shadow and Schlieren records of fuel-rich air-acetylene flames. 
7. Shadowgram of flame on Beckmann RIIC burner with 4 l./min NP for separation. 
8. Shadowgram of flame on Beckmann RIIC burner with 10 I./min Na for separation. 
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Fr0.4.-Variation of signal and noise with height. fi) OH emission, fuel-rich, (ii) ON 
emission noise, fuel-~cb, {iii) OH emission, leaner flame, (iu) OH emission noise, leaner 

fIame. a--No sheathing gas; b-6 I./min sheathing gas flow-rate. 

regions at heights above 20 mm. The central flame regions appear to be relatively 
laminar. 

The leaner air-acetylene flame is physically smaller and “stiffer” than the fuel-rich 
flame. Whatever turbulence is present, as indicated by the shadowgrams (not 
illustrated here), it varies little with height, whether the flame is unseparated or sep- 
arated. Figures 4(E) and (iu) confirm this behaviour in terms of the signals and their 
associated noise. 

The effect of sep~ation on the air-acetylene flame maintained on the Beckman 
RIIC burner is different from the effect when the flame is stabilized on a capillary 
burner. At a height of observation of 15 mm [Figs. 3(G) and (iv)], the noise level actually 
increases at first as the nitrogen separation reduces the signal. The peak noise occurs 
at a flow-rate of 4 I./mm. Plate 7 shows that at this flow there is a sharp de~n~tion 
between the lower part of the flame, which is separated, and the part above it, which 
is unseparated, and where gases are burning. This transitional region occurs at a 
height of about 15 mm in the flame and of course leads to a noisy signal. The ~haviour 
of the Beckman RUG burner and separator should be con~asted with that of the 
capillary burner and separator. With this capillary arrangement, all flow-rates of 
nitrogen give progressive separation up the flame without any sharp boundaries 
between separated and unseparated regions. 
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Atomic-absorption signals. Copper is nearly completely atomized in the air- 
acetylene flame. l3 Therefore, the atomic-absorption signal from a copper solution 
nebulized into such a flame is a measure of the steady-state atomic concentration 
which lies in the radiative path between the atomic line source and the detector, Any 
fluctuations in the signal must then only reflect fluctuations in the local steady-state 
atomic concentration plus nebulizer noise, which will remain a constant proportion 
of the signal. 

Figure S(iii) shows the variation in copper atomic absorption with increasing 
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b 
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2 6 IO 
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m 
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I II 
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Sheathing nitrogen flow, LJmin 

FIG. 5.-Capper atomic-absorption and emission at 324.1 nm. 

(i) Cu emission signal. Lean flame 
(ii) Cu emission noise. Lean flame 

(iii) Cu atomic-absorption signal. Fuel-rich flame 
(iu) Cu atomic-absorption noise. Fuel-rich flame. 

nitrogen separation. As expected, the signal is negligibly altered. On separation at a 
flow-rate of 6 l./min of nitrogen the noise drops by a factor of 2. This confirms the 
previous deduction that separation at this flow rate not only reduces fluctuations in the 
outer flame mantle, but actually stabilizes the whole body of the flame. Again, 
separation at a flow-rate of 10 I./mm causes turbulence, and the noise returns almost 
to its unseparated level, as with the OH emission. 

Atomic-emission signals. The copper flame-emission signals in a lean air-acetylene 
flame are shown in Figs. 5(i) and (ii) in comparison with the OH emission in the same 
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flame (the signals are scaled). Copper is assumed to have a j? value of unity in this 
flame, so the copper emission magnitude is a measure of the temperature of the flame. 
With increased nitrogen flow the signal drops in almost exactly the same way as the 
OH emission. The drop in signal is equivalent to about a 10” drop in temperature of 
the whole flame. The noise observed, however, drops by a greater degree than does 
the OH noise. 

Inruence of other sources of turbulence. So far only turbulent phenomena in 
laminar flames with nitrogen sheaths have been considered. Although these have 
considerable application to atomic-fluorescence spectroscopy,14 in other applications, 
i.e., long-path atomic-absorption spectroscopy, separation may not be considered so 
advantageous. In these instances the laminarity of the unseparated flame is of prime 
importance. In order to relate this to the analytical signal, atomic-absorption and 
flame-emission signals from copper in laminar flames were compared with the signals 
from the same flames when made turbulent by doubling the total gas supply to the 
burner. The acetylene: air ratio was maintained constant. The drop in signal in both 
atomic-absorption and flame-emission was slight, 2 % and 7 % respectively. However, 
the noise in both cases approximately doubled. Turbulence therefore gives rise to 
noise in unseparated flames in much the same way that it does in separated flames. 

CONCLUSIONS 

It has been shown by this study that optical methods provide valuable records of 
the combustion processes in premixed laminar flames. The optical disturbances which 
these photographs reveal may be interpreted in terms of the laminarity or turbulence 
of the flame gases, provided that the information is used on a well-de&red comparative 
basis. From an analytical standpoint, the records are of value because they give 
insight into the processes which lead to variations in the magnitudes and noise 
levels of atomic-absorption (and hence atomic-fluorescence) and flame emission 
signals. The beneficial effect on signal noise of the correct level of nitrogen separation 
has been shown. 

Of the two optical techniques examined, both of which require relatively inex- 
pensive equipment, the shadow method has been shown to provide as much information 
as Schlieren photography whilst involving a simpler experimental arrangement, and 
so is to be preferred. 

Zusammenfassung-Die Anwendung von Schlieren- und Schatten- 
verfahren auf die Untersuchung vor? Vorglngen in Flammen wird im 
Hinblick auf die analvtisch niitzlichen voreemischten Flammen 
diskutiert. Die besonders aus Schattenphotogaphien erhaltene In- 
formation kann zu den bei der Atomabsorptions- und Flammenemis- 
sionspektrometrie gemessenen Signalen und deren Rauschen in 
Beziehung gesetzt werden. 

R&nn~On discute de I’application des techniques “Schlieren” et 
d’ombre pour l’etude des processus de flamme en relation avec les 
flammes premelangees analytiquement miles. Les informations 
obtenues, particulierement avec les sciogrammes, peuvent etre rat- 
tach&s aux signaux mesures et au bruit remarquable en spectro- 
metric d’absorpticn atomique et d’emission de flamme. 
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S~-~i~~~o~tic acid (TCA) is proposed as an effec- 
tive masking agent in the dithixone extraction dete~ation of xinc 
in the presence of lead, cadmium and cobalt(II). The extraction 
equilibrium is treated quantitatively by means of two approaches: the 
“conditional distribution coefficient” and the computer program HAG 
TAFALL. Both methods give similar results and enable the most 
suitable conditions for the separation and determination of zinc in 
the presence of the other ions to be determined. A successful attempt 
is made to predict the 
elements. 

maximum permissible quantity of interfering 
The experimental check, performed under various conditions, 

is in satisfactory agreement with the theory. 

THE DETERMINATION of trace amounts of zinc in the presence of other elements and 
especially in the presence of cadmium and lead is a comparatively difficult analytical 
problem. The dithizone extraction method is useful for the isolation and determina- 
tion of small ~0~~ of metal ions, and the ~l~ti~~ of the extraction eq~~b~urn 
can be favourably shifted by means of suitable masking agents, such as dithiocarba- 
mates. Margerum and Santacanal in a comparative study of the methods for de- 
termination of trace amounts of zinc, recommended the dithizone extraction method 
in the presence of bis (2-hydroxyethyl) dithiocarbamate, the latter having also been 
used by Gal.lk.2 Hulanicki3** proposed bis(carboxymethy1) dithioearbamate for similar 
purposes. Other investigations showed that ~t~oc~ba~noaceti~ acid (TCA) can 
be successfully used as a masking agent in the complexometric determination of 
zinc in the presence of lead, cadmium, nickel and cobalt(II),6 There is a difference of 
3-4 logarithmic units between the stability constants of zinc-TCA complexes and the 
TCA complexes of other metal ions (see Table I).&l” The extraction constant of 
zinc dithizonate is the highest for any dithizonate. These factors together suggest that 
it should be possible to find conditions for the selective extraction of zinc dithizonate 
in the presence of TCA as a masking agent and this was the first aim of the present 
investigation. The behaviour of other metal ions in this extraction cannot be 
predicted by general considerations, since their extraction constants are generally 
5-6 logarithmic units higher than the stability constants of the corresponding 
TCA complexes, but it should be possible to compute the most favourable conditions 
for this determination from a quantitative treatment of the appropriate equilibria. 
The second aim of the present investigation was to compute the optimum conditions 
and the third aim was to test the validity of the calculations against experimental 
evidence. 

937 
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METHODS OF CALCULATION 

The solvent extraction problem, like many others, can be reduced to the calcu- 
lation of the distribution coefficients of the different ions as a function of several 
factors. Many authors, from Irving, Rossotti and Williams onward,11-15 have treated 
extraction equilibria quantitatively, but it seems at the present moment that two ap- 
proaches are most convenient. One of them, developed by Ringbom and Still,ls is 
based on the concept of the “conditional equilibrium constant” and uses several 
approximations in the course of the calculations. The second one, proposed by Sillen 
and co-workers,l’ gives an exact solution of the problem by using the multipurpose 
computer program JXIALTAFALL. 

Both methods were examined in this study and therefore some specific details of 
the application of these methods will be briefly discussed. 

Method of calculation based on the concept of conditional distribution coeficient 

The fundamental principles of the concept will not be stated here, because they 
are comprehensively dealt with in Ringbom’s book l8 but because the equation for 
the conditional distribution coefficient used in the present paper is not derived in 
that book, its derivation will be shortly discussed. 

The conditional distribution coefficient, the most important in a particular analysis, 
is defined as a ratio between the total concentration of the metal, whatever its form, 
in the organic and aqueous phases (symbols used are the same as those in ref 18) 

D, _ Total concentration of the metal in the organic phase 

- Total concentration of the metal in the aqueous phase 
_ rM’10 

WI 
(1) 

Simplifications in (1) can be made when some chelates (e.g. dithizonates) are ex- 
tracted, if it is assumed that the only form of the metal ions present in the organic 
phase is the uncharged chelate MR,. Then 

(1’) 

On the other hand, extraction equilibria of chelates are quantitatively described by 
the extraction constant 

E 
WLI, 

hfR, = - Ml [RI” 
(2) 

but when interferences are present (e.g. acidity of the solution, the presence of masking 
agents etc) a convenient way to take into consideration the side-reactions that can 
occur in the system is to introduce the overall u-coefficients and the conditional 
extraction constant 

Eh, = WU, _ EMR, 
[M’][R’]” awxRn 

(3) 

A substitution of (1’) in (3) gives the equation of the conditional distribution 
coefficient 

D, = ‘%R.[R’]n 

aMuRn 
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or in its logarithmic form 

log D’ = log IT&. + n log R’ - log aM - n log aR (4’) 

The overall a-coefficients introduced in (3) and (4) will be discussed more closely. 
aR is calculated on the basis of considerations that have been thoroughly discussed 

by Ringbom.ls Further it is assumed that microgram amounts of zinc will be 
extracted, so a sufficient excess of dithizone would be provided by a 1PM solution. 
The volumes of the organic and aqueous phase are taken as equal (10 ml). 

aM is the overall a-coefficient taking into consideration the side-reactions of the 
metal ions in the aqueous phase. Two side-reactions can be considered: (i) the 
reaction of the metal ion with TCA and (ii) the formation of hydroxo-complexes, 
hence 

aM = aBf(TCA) + a~COH) - ’ (5) 

At pH 9 the value of amon) for zinc, lead, cadmium, cobalt(II) and nickel can be 
neglected (see ref. 18, Table A.5, p. 353) and au is given by (cf: ref. 19) 

aM - aM(TCA) = 1 k% s (6) 

where the B,, values are the corresponding stability constants of zinc and the other 
metal ions with TCA; [TCA’] is the total concentration of dithiocarbaminoacetic 
acid not bound to the main metal ion and aTCA(n) is the a-coefficient of TCA taking 
into consideration the protonation of the ligand. aTcA(m is calculated as a function of 
pH according to 

aTCA(H) = 1 + A=IHl + haHP12 

where BIH and aH are the overall proton stability constants of TCA. 

(7) 

TABLE I.-EQUILIBRIUM CONSTANTS USED IN THE ‘PRESENT PAPER 

Dithizone extraction constants 
in CC&‘8 Constants for dithizonela 

log &na* = 19.3 pKH = 4.5 
log EodQ = 18.8 log DxB = 4.0 (CC&) 
log EPb,, = 17.7 pH,,, = 8.5 
log EcoBI = 18.6 
log ExinP = 16.2 

Constants for TCA6-10 

H+ log /&a = 3.7 log PI= = 6.7 
Zn’+ 
Cd”+ 

log /Yl = 3.4 
log #& = 5.4 

log /II = 6.5 
log B* = 9.3 

log /?* = 9.1 

Pd’+ log /?a = 7.3 
Jog fiII = 13.6 

co=+ log #IV* = 3.3 
log /l* = 13.1 
log /!?* = 7.8 

Ni*+ log /& = 8.5 
log @, = 13.3 

The calculations of the a-coefficients and the conditional distribution coefficients 
were performed with the set of stability constants shown in Table I. In Table II are 
shown the calculated values of the a-coefficients and the conditional distribution 
coefficients according to (4’) for zinc, cadmium and lead dithizonates. The values of 
log D&, from Table II are drawn in Fig. 1 with a full line and will be discussed later. 
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TABLE II.-VALUES OF CALCULATED a-comrcmm AND CONDITIONAL DISTRIBUTION CXXFFICIENTS 
COMPUTED WITH EQUATIONS (7), (6) AND (4’) FOR ZINC, CADMIUM AND LEAD 

pH log @&Ala) 210gaR log aZn log aCd 1ogaPb log& 2 log D’canI 1% D;m, 
3 1.05 11.0 3.0 7.5 9.0 -3.7 -7.7 - 10.3 
4 0.20 9.0 5.6 10.0 10.7 -3.3 -8.2 -10.0 
5 0.02 7.0 6.0 10.5 11.1 -1.7 -6.7 -8.4 

76 Z 5.0 3.0 6.1 6.1 IO.6 10.6 11.1 11.1 -to.2 $2.2 -4.8 -2.8 -6.4 -4.4 
8 - 1.2 10.6 11.1 +4*0 -1.0 -2.6 
9 - 0.2 10.6 11.1 +5.1 ho.0 -1.6 

crc* = O.lM; c,,, = lo-4M; v,,, = v,, = 1Oml. 

-6 

-10 
2 3 4 5 6 7 6 

I 

IO 

PH 

Fro. l.-pH-dependence of logarithm of distribution coe5cient of dithizonates in the 
presence of TCA. 

Analogous calculations with 0.OlM and 0.0544 TCA solutions were performed but 
no advantage was found: the family of curves shown in Fig. 1 is shifted towards lower 
pH values without change in their mutual position. Therefore it is considered that 
O*lM TCA solution is more suitable for a masking procedure as it is easier for prep- 
aration in analytical work; moreover such a solution is less sensitive to unexpected 
influences. 

Computer method of calculation 

The method of Sillen uses high-speed computers and the program HALTAFALL 
to resolve a system of mass-balance equations of the components, provided that the 
equilibrium constants of the complexes and the total concentrations of the components 
are known. The HALTAFALL program is flexible and can be used in many fields of 
chemistry dealing with homogenous and heterogenous equilibria, including extraction. 
The input for the program was made for the same conditions as these used in the 
foregoing calculations. As an illustration Table III gives the input and output from 
the calculations for cadmium dithizonate in the presence of TCA, as performed on 
the Danish GJER computer. More details of writing the input for HALTAFALL 
can be found in the original paperl’ or in the monograph by Dyrssen et a1.20 
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TABLE III.-INPUT AND our~wr FROM HALTAFALL PROORAM FOR THE CALCULATION OF DISTRI- 
BLJTIONOF CADMIUM DITHIZONATEINPRESENCEOP TCA. SOMEJXPLANAT~ONSARE~NENINBRACKETS 

Input 
0.0, Distribution of cadmium@)-Dithizonate in presence of TCA 
5. 
-11, 0, 

(the constants) (Cd TCA H Dz Fas2) 

1.00, -14, 0, 0, -1, 0, 0, 
251, 5, 1, 1, 0, 0, 0. 
2.00, 9, 1. 2, 0, 0, 0, 
3.98, 13, :, 3, 0, 0, 0, 
5~00, 3, 
SQO, 6, 0: 

1, 1, 0, 0, 
1. 0, 

6.31, -11, 1, 0, 
-:* 8 

0, 
7.94, -10, : 0, -2: 0: 0, 
158, -32, 
3.16, 8, 0: 

0, -4, 0, 0, 
0, 1, 1, 1, 

6.31, 18, 1, 0, 0. 2, 1, 
093, -3,2, -1, 6, -1,7, 
1,0.2, 10, 1, -15, ll0 -8, Ilo -6, 
1, -1, Ilo -5. ll0 -1,6, -1, -1, 1. -6, lr,, -5, Ilo -4 

(Number of components) 
(Number of complexes) 

(OH) 
UK’fCAN 
(CdO’W,) 
Wd(TCAM 
(HTCA) 
(H,TCA) 
(CdOH) 
(Cd(GH),) 
&JdD.$H)J 

(((Cdbz),),) 
(printing orders) 
(data for concentration 
of the components) 

Output - first line from calculations 

LOGA LOGDl 

-1wooOO -4406258 
-2*OO9OOo -4.861752 
-3wOOOo -7644097 
-4.OOOoOO -8.227364 
-WOOOOO -6.707334 
-6WOOOO -4.822125 
--7OOtlOOO -2.874154 
-8QOOOOO -1.029517 
-9NloOOo -0~061787 

-10OOooOO -0.311633 

D/(1 + D) 1 
owcKl39 
owoO14 
o+ooOOo 
O.OOOOOO 
0QoOoOo 
o*OOoO15 
0~001334 
0.085446 
0464492 
0.327930 

@Wag &~a~. %El@-*) 

Choice of conditions for the selective extraction of zinc dithizonate 

The starting point in the choice of conditions for the selective extraction of zinc 
dithizonate must be the analysis of the distribution coefficient of zinc and the other 
ions as a function of pH as well as of other variables. From Fig. 2, where thecalculated 
degree of extraction of the dithizonates is plotted it can be seen that in the absence of 
TCA no separation of zinc from the other ions is possible. In the presence of TCA, 
however, the same figure shows that at pH 6-5-7.0 zinc can be selectively extracted. 

Furthermore, it is found that the calculations can be used for the quantitative 
evaluation of the maximum permissible amount of interfering ions. From the curves 
plotted in Fig. 1, the lowest pH value can be found for satisfactory extraction of zinc, 
viz. pH = 6.8. At this pH value the distribution coefficient is log DLnItr = 1.7, corre- 

sponding to a cu. 98 % extraction of zinc. At the same pH value the extraction of the 
other ions is given by log DkiR, = -1% log D&, = -3.2 log D,&, = -3.3 

and log Dht+ = - 4-7. Using the molar absorptivities of the dithizonates at 530 nm 
and the distribution coefficients mentioned, the quantity of foreign ions can be cal- 
culated (as shown in Table IV), that will produce interference in the organic phase 
equal to +0-l yg of zinc. 



942 0. BUDEVSKY, E. RUSWA and R. STOYTCHEVA 
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PH 

Fro Z.-pH-dependance of degree of extraction of dithizonates in the presence (-) 
and in the absence (- - -) of TCA. 

TABLE IV.-CALCULATIONS OF MAXIMUMPFXWSIBLBQUANTITYOP INTERPERINGIONS WITHTHEDITHI- 
ZONl3EXT%ACTIONOF 1 _fJgOFZINC 

Interference Permissible 
E, Molar of unit Amount of maximum 

absorptivity Ratio of 
atomic 

weight of 
of ditbizon~ metal per 

interfering L&Q., 
metal equiv- of metal 

quantity of 

Metal ates at 530 Ratio weights wei bt unit alent to O-1 
F 

dithizo- 
interfering 

ion 
iOn Rm* ~~~~~~ Melzn 0 zn 116gofZn nates (“g 

ZIP+ 92.0 
Cda+ 88.0 1.04 1.72 1.79 0.18 5.01 x 10-4 360 
COB’ 59.2 1.55 090 140 0.14 6.31 x lo-* 220 
Pbe+ 68.8 1.34 3.16 4.24 0.42 2.00 x lo-’ 2100 
Nit* ca.17*0t 5.41 0.90 488 0.49 1.58 x 10-a 31 

+ Data from Iwantschew,*l Table 5, p. 40. 
7 Recalculated from Iwantschew,pl Fig. 36, p. 279. 

Reagents 

EXPERIMENTAL 

Dithizone mlutiorr, 10-8M. Reagent grade dithizone (0*0256 g) was dissolved in 100 ml of carbon 
tetrachloride. After tenfold dilution the dithiione concentration was checked by extraction titra- 
tion with standard silver nitrate solutiongl 

Diammonium dithiocarbaminoacetate monohydrate, (NH$CSNHCH,COONH,*H,O). Prepared 
and kept according to ref. 5. 

Carbon tefrachluride. Purified and distilkdaZ 
Sfock s~~~#~~~ of zinc, lead, cadmium, ~b~t~I) and nickel were st~~rdiz~ ~mpl~ometri- 

cahy and then diluted. 
Water. Twice distilled from a quartz still and kept in Teflon vessels. 
In the light of the chosen conditions, the experiments were performed with two objectives: (i) 

estimation of d~t~bution coefficients of the dithizonates as a function of pH at constant TCA con- 
centration and (ii> evaluation of maximum permissible amount of interfering element inthedetermina- 
tion of zinc. 

The distribution coefficients of the dithizonates was determined spectrophotometricaliy from the 
difference of the metal ion content in the organic phase and the total amount. With zinc the total was 
4 #rg, while with the other ions the total was increased (cadmium up to 900 pg, lead up to 5000 rg 
etc). For higher metal ion concentrations, a corresponding correction in the total of TCA was made, 
ensuring O.llM free TCA Eoncentration. 
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TABLE V.-D~TBRMINATION OF 1.00 ,ug OF ZINC IN THE PRESENCE OF DIFFERENT AMOUNTS OF INTER- 
~‘ERINO ELEMENTS (pH = 6.8, O*lM TCA) 

Cd taken, Zn found Pb taken, Zn found, Co taken, Zn found, Ni taken, Zn found, 

pg PLg rg rug rg fig pg rug 

100 0.99 
1.10 
0.95 

200 1.00 
1 a06 

500 ::: 
1.15 
1.15 

1000 1.10 
1.12 

500 1.03 
1.18 

1000 1.13 
1.06 
090 

2000 1.01 
1.15 
1.06 

3000 1.06 

5000 1.03 
090 

10000 1.18 
1.25 
2.65 

50 1.00 1.00 0.95 
090 

100 1.05 2.00 0.92 

200 1.08 4.00 1.03 
I.05 1.03 
1.12 

500 1.05 6.00 1.17 
1.15 1.20 

600 1.15 
1.20 

1000 240 

Procedure 

Aqueous phase (10 ml), containing a definite quantity of metal ion, 0.2 g of TCA (O*lM), adjusted 
to pH 6.8 before extraction and checked afterwards, was extracted with 10 ml of lO-‘M dithizone 
solution in carbon tetrachloride. After separation, the organic phase was washed twice with 10 ml 
of O*OlM ammonia. The absorbance of the washed extract was measured at 530 nm in a 2-cm cell 
against a blank. The quantity of metal ion was obtained from a calibration curve. 

For the determination of the maximum permissible amount of interfering element, the extraction 
was performed in the same manner, except that a (phosphate) buffer was added and a constant amount 
of zinc was used. 

The experimental results are plotted in Figs. 1 and 2 and given in Table V, and coincide satisfac- 
torily with the theory. 

DISCUSSION 

Dithiocarbaminoacetic acid serves as an effective masking agent for the dithizone 
extraction and determination of zinc in the presence of lead, cadmium and cobalt (II). 
As lead and cadmium normally cause grave interferences, TCA could serve as an 
useful masking agent in the development of methods for the determination of trace 
amounts of zinc. 

It is shown that by calculation the most suitable conditions can be predicted for an 
extractive analytical procedure for the separation and determination of one component 
in the presence of others. This is illustrated in Fig. 2, where at pH 6.5-7.0 a separation 
and determination of zinc in the presence of lead, cadmium, cobalt(I1) and nickel is 
seen to be possible. The experimental check performed in the presence of TCA is in 
good agreement with the theory. It is obvious also that in the absence of TCA no 
separation can be realized. 

A successful attempt was made to predict the maximum permissible quantity of 
interfering elements in the dithizone determination of zinc in the presence of TCA, 
e.g., for cadmium the predicted ratio Zn:Cd is I:360 and the experimental ratio is 
1:200. Some discrepancies found for lead and nickel can be explained by the low 
value of the distribution coefficient of the former, and insufficient accuracy of some of 
the equilibrium constants used for the latter. 
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Both methods of calculation used give similar results and are in good agreement 
with experiment but it seems that the HALTAFALL method is less time-consuming 
and is more exact. 

Zusannnenfassnng-Dithiocarbaminoessigsiiure (TCA) wird als wirk- 
sams Maskierungsmittel bei der Bestimmung von Zink in Gegenwart 
von Blei, Cadmium und Kobalt(II) durch Extraktion mit Dithizon 
vorgescblagen. Das Extraktions-Gleichgewicht wird auf zwei Arten 
quantitativ behandelt : tmter Verwendung des “konzentrationsbeding- 
ten Verteilungskoetlizienten” und mit dem Rechnernrogmmm 
HALTAFALC Beide Methoden geben lhnliche Ergebnis& und 
eeben die Miidichkeit. die ftir die Abtrennune und Bestimmun~ von 
%nk in Gegenkart der’anderen Ionen am best& geeigneten Bediigun- 
gen zu ermitteln. Es wird ein erfolgreicher Versuch untemommen, die 
hiichste zulassige Menge an storenden Elementen vorauszusagen. Die 
uberprtifung durch das Experiment stimmt unter verschiedenen 
Bedingungen zufriedenstelland mit der Theorie iiberein. 

R&sum&On propose l’acide dithiocarbaminoac&ique (TCA) comme 
agent de dissimulation efficace dans le dosage par extraction 1 la 
dithizone du zinc en la presence de plomb, cadmium et cobalt@). 
L’equilibre a l’extraction est trait& quantitativement par deux voies: 
le “coefficient de partage conditionnel” et le programme de calculatrice 
HALTAFALL. Les deux methodes donnent des r&ultats similaires 
et rendent possible la determination des conditions les plus convenables 
pour la separation et le dosage du zinc en la presence des autres ions. 
On a fait un essai r&.si de prediction de la quantite maximale 
admissible d’elbments g&rants. L-e contrale experimental, realise 
dans diverses conditions, est en accord satisfaisant avec la theorie. 
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NIEDERSCHLAGSBILDUNG-III 

KRISTALLWACHSTUM UND EINFLUSS DER FREMDIONEN- 
KONZENTRATION IN DER BARIUMSULFATFALLUNG 

CANDIN LITEANU und HARALD LINGNER 
Lehrstuhl ftir Analytische Chemie der Universitlt von Cluj-Rumiinien 

(Eingegangen am 20. April 1971. Angenommen am 4. Dezember 1971) 

Zusammenfassrmg-Es wurde sedimentometrisch der EinfluB von 
Fremdionen auf die Komgrosse der Bariumsulfatniederschkige bestimmt 
und festgestellt, da0 bei groGen Konzentrationen van NaCl, NaNOs. 
KRr, KNOs u.a. such bei grollen Ubersiittigungsgraden das Wachstum 
der Kristalle stark gehemmt ist. Die lineare Wachstumsgeschwindig- 
keit wurde in Abhbgigkeit von der BaSO,-Konrentration, der Fmm- 
dionenkonzentration turd des Verhiiltnisses [BaCl,J/~$30,] untersucht. 
Da schon bei fGntTacher Ubersattigung das Wachstum diffusionsbest- 
immt ist, k&men Bariumsulfat&derschlQe keine Ostwaldreifung 
aufweisen. Ftir die Wachstumsbestimmungen wurde eine entsprechende 
Versuchseinrichtung gebaut. 

IN ZWEI vorherigen Arbeiten1e2 wurde der EinfluD verschiedener Faktoren auf die 
Bariumsulfatf2llung mit Hilfe der Sedimentationsanalyse untersucht. Dieselbe 
Methode wurde benutzt, urn den EinfluD einiger Salze wie NaCl, KCl, KNO,, KBr, 
KJ, CHsCOONa u.a. auf die KorngroSe des Bariumsulfatnierschlages zu bestimmen. 
La Mer und Dinega? haben gezeigt, dal3 besonders die Nitrationen stark an der 
Obertliiche adsorbiert werden und dal3 in Gegenwart von Fremdionen der Uber- 
sattingungsgrad stark frillt. Die Adsorbtion einiger Ionen wie Diphosphat’ oder 
Farbstoffen5*6 kiinnen das Kristallwachstum visllig verhindern. Es wurde festgestellt, 
da13 der mittlere Kornradius P (Stokesscher Radius) stark von der Konzentration der 
Fremdionen abhiingt, wie Abb. 1 zeigt. 

Ahnliche Resultate erhglt man such mit allen anderen oben angefuhrten Salzen. 
Eine Erkliirung dafti wtie der geringere Ubers%ttingungsgrad in diesem Falle. Da 
fur einen Niederschlag C,A, das Loslichkeitsprodukt gegeben ist durch 

KS = cAn * cc* = KC3 K 
=B 

YAn ’ Ycrn m+n 
Y* 

wo cc und c_., die Konzentration der Ionen, yA und yc die entsprechenden Aktivit- 
atskoefllzienten und y* der mittlere Aktivititskoeftlzient bedeuten, K, konstant bleibt 
und y* mit steigender Ionenkonzentration f3llt, so ist das Liislichkeitsprodukt in 
Gegenwart von Fremdionen gr6Ser als in Abwesenheit. Fiir den Aktivitatskoeffi- 
zienten gilt, wie bekannt, nach Hilckel’: 

-logy* = ‘A ’ %AG 

W-4 
+ q-h 

A, B, C, Konstanten sind, a der mittlere Ionenradius, ,u die Ionenstirke und z,, zc die 
Ionenladung bedeuten. 

945 
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ABB. l.-Eiuflul3 der Natriumnitratkonzmtration auf die KorngriiBeverteilung 
Bariumsulfat. 

bei 

Der Stokessche Radius wachst aber nicht gleichfdrmig mit wachsender Fremd- 
ionenkonzentration, da die Kristalle ihre Form nicht beibehalten. Trotz kleineren 
Abmessungen haben die in konzentrierten Liisungen erhaltenen Kristalle einen 
griifieren Stokesschen Radius, da sie regelmaaigere Formen haben und ihre Fall- 
geschwindigkeit deshalb groB ist. Bei groBen Fremdionenkonzentrationen wird die 
Niederschlagsbildung gehemmt ; bei Konzentrationen griil3er als O,l-O,2M bilden 
sich die meisten Kristalle an den GeftiBwgnden. Scheinbar konnen sich in diesen 
Bedingungen in der Losung keine Keime bilden, oder werden sie aufgelost. &nliche 
Resultate wurden such im Falle des Magnesiumammoniumphosphates erhalten.* 
In sehr konzentrierten Losungen, zum Beispiel in gesattigten Natriumnitrat-oder 
Kaliumnitratlosungen, ist die Bildung des Niederschlages sogar bei UbersZittigungs- 
graden tiber 100 such nach Stunden nicht nachweisbar (in ungertihrten Liisungen). 
Die Form der Bariumsulfatkristalle andert sich in Gegenwart von Fremdionen bei 
allen untersuchten Ubersiittigungsgraden. Urn zu bestimmen, ob die Adsorbtion 
oder eine Anderung des Wachstumsmechanismus die FormverHnderung hervorruft, 
wurden die linearen Wachstumsgeschwindigkeiten unter verschiedenen Bedingungen 
gemessen. Im gegebenen Falle konnten natiirlich keine Leitfahigkeitsmessungen 
durchgeftihrt werden und so wurde die Verschiebung einer Kristallflache mikroskop- 
isch verfolgt. Urn wahrend der Dauer der Bestimmung bei konstanter Konzentration 
zu arbeiten, wurde der in Abb. 2 wiedergegebene Apparat benutzt. 

Auf eine farblose, durchsichtige Kunstoffplatte wurde eine kleine Schnellmisch- 
kammer 4 mit dem Einfluljriihrchen 1,2 und dem Austrittsrohrchen 3 aufgekittet. 
Die im Verhaltnis 1 : 1 gemischten Bariumchlorid- und Kaliumsulfatliisungen stromen 
durch den mit einem Mikroskopdeckgllschen 6 abgedeckten Raum 5. Werden die auf 
der Innenseite des Deckglaschens gebildeten Kristalle nach bestimmten Zeitintervallen 
fotografiert, so kann die lineare Wachstumsgeschwindigkeit leicht berechnet 
werden. Die Vorteile dieser Methode bestehen darin, da13 dieselben Kristalle wiihrend 
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ABE. 2.-Apparat zur Bestimmung der linearen Wachstumsgeschwindigkeit. Es 
bedeuten: 

I,2 Einfltirohre ftirBaCl,-und K,SO,-msung ; 3 AbflllBrohr ; 4 Durchmischungs- 
kammer; 5 MeOraum; 6 Deckglas; 7 Mikroskop. 

der ganzen Wachstumsperiode verfolgt werden und da13 die Bariumsulfatkonzentra- 
tion konstant gehalten wird. Die DurchfluDgeschwindigkeit mu13 natiirlich konstant 
gehalten werden, urn vergleichbare Resultate zu erhalten. 

Bei kleinen Uber&tigungsgraden, ungeftihr 10, ist die Wachstumsgeschwindigkeit 
sehr klein, es bilden sich stundenlang keine Kristalle auf dem Deckglas. Deshalb 
werden Kristalle durch Eintrocknen einer Suspension auf das Deckglas gebracht und 
es wird das Wachstum dieser Kristalle verfolgt. Am besten eignen sich dazu Kristalle, 
die durch Vermischen einer 4, 10e4N Bariumchloridliisung mit einer Kaliumsulfat- 
lasung derselben Konzentration erhalten wurden, da sie regelmlDige Formen haben. 
Das Deckglas wird mit einer Mischung von Wachs und Kolophonium auf die Kunst- 
stoffplatte geklebt. 

1st die Diffusion wachstumsbestimmend, so wHchst der Radius eines kugelfdrmigen 
Kristalles nach Neumann’s9 Gleichung; 

r(r) = [2DV(c - c&y 

1st die Grenzfllchenreaktion Wachstumsbestimmead, so gilt 

r(t) = kV(c - C$ 

Hier bedeuten V das Molvolumen, D der Diffusionskoeffizient, c und c,, die Konzen- 
tration der Liisung bzw. die %ttigungskonzentration und t die Zeit. 

Im Falle des Bariumsulfates erhalt man Geraden, wenn man r(t) = f(P) graphisch 
darstellt, und zwar bei Konzentrationen iiber 5, 10d6M. Bei kleineren Konzentrationen 
konnte such nach 8 Stunden kein Wachstum festgestellt werden. Die Diffusion 
kann also schon bei einer fiitiachen uberstittigung hemmend wirken. Dieser Wert 
ist fast urn eine GrijBenordnung kleiner als der von Nielsenl”*ll gefundene. KahlweiP 
hat festgestellt, daB TlJ BuBerst langsam wlchst, wenn die Konzentration nahe der 
Stittingungskonzentration liegt. 

Stellt man die LZinge der Bariumsulfatkristalle in Abhiingigkeit von der Quadrat- 
wurzel der Zeit 2/t graphisch dar, so erhglt man fiir verschiedene Ausgangskonzen- 
trationen wie in Abb. 3 dargestellte Geraden. Es wurden ftir jede Konzentration 
wenigstens 10 Kristalle gemessen. Unter denselben Versuchsbedingungen erhllt man 
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filr jeden Kristall eine Garade; diese sind parallel, aber gegeneinander verscboben, da 
fiir jeden Kristall eine bestimmte Induktionsperiode niitig ist. Diese Unterschiede 
sind jedoch nicht grol3. 

Da unter gegebenen Bedingungen (c - c,J konstant bleibt, kann Neumann’s 
Gleichung geschrieben werden : 

r(t) = 1y * $I= 

wo 

2 4 6 8 i0 

ABB. 3.-Eiifiu13 der Bariumsulfatkomentration auf die lineare Wachstums- 
geschwindigkeit. 

Aus der Neigung der Geraden kann also der Diffusionskoeffizient berechnet werden. 
Da aber die Kristalle stark von der Kugelform abweichen, mull ein Korrektions- 
faktor bestimmt werden. So erhiilt man fiir die in Abb. 3 dargestellten Hlle Werte 
zwischen 2,4 * lO-” und 7,s * IO-* cm2 see-l, Werte die mit denen von Nielsenlf aus 
~i~~~gkei~messungen erhaltenen zie~lich gut ~~reinstimmen, Die filr Konzen- 
trationen unter 1 * 10-*&f erhaltenen Werte sind jedoch kieiner, da in diesem Falle 
wahrscheinlich ein Zusammenspiel der Grenzfllchenreaktion und der Diffusion 
vorliegt. 

Aus diesen graphischen Darstellungen kann man fur 1= 0, wo I die Kristallhinge 
bedeutet, such die Induktionsperiode bestimmen. Es wurde festgestellt, da13 bei 
gleicher Ko~ntration fur verschiedene Deckgl%ser verschiedene Werte Wr die 
Induktionsperiode erhalten werden, da ihre OberflZche verschieden “aktiv” in der 
Keimbildung ist, Da Bariumsuifatkristalle unter c = 5 - 10-sM sozusagen kein 
Wachstum autweisen, k&men diese Niederschlage durch uml6sen such nicht a&em. 
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Dieses wurde experimentell sowohl sedimentometrisch als such fotografisch nachge- 
wiesen. Kleine Rristalle wurden in Gegenwart von groBen Kristallen in einer gesgttig- 
ten B~iums~fatl~sung 3 Monate bei Zimme~em~rat~ aufbewahrt, ohne da8 sich 
die kleinen Kristalle l&ten. 

Dieses zeigt klar, daB bei Slttigungskonzentration die Grenzfl8chenreaktion 
wachstumsbestimmend ist, 

Die Gegenwart von Fremdionen beein&& stark die lineare Wachstumsgesch- 
windigkeit, wie aus Abb. 4, 5 und 6 hervorgeht, und zwar f&llt sie mit wachsender 
Ionenko~entra~on. Gleich~itig haben erhaltenen Kristalle regelm~ssigere geo- 
metrische Formen. 

Y 
1 
!m 

AEB. 4.--EinRuS der ~at~~~~o~~o~nt~tion auf das Wachstum der Barium- 
sulfatkristaile; &SO,] = 5 * lO-‘, 

Berechnet man such in diesen Fallen die Diffusionskoefbzienten bei verschiedenen 
Konzentrationen, unter Beriicksichtigung der Aktivitgten der Barium- und Sulfationen 
sowie der Lirslichkeit des Ba~umsu~ates in Gegenwart von Fremdionen, so erhglt 
man Werte, die von den O~ngenannten wenig abweichen. Das he&, dab der 
Wachstumsmech~smus such in Gegenwart von Fremdionen ~~usionsbesti~t ist 
und dalj die Adsorbtion der Ionen die Einghederung in das KristalIgitter nicht 
beeinflussen, aber einen EinfluB auf die Kristallform durch die Veriinderung der 
Oberfl~chenspannung haben. 

Wie aus Abb. 7 hervorgeht, hat such das Verhgltnis [BaCl~]~[K~SO~] einen 
EinfluB auf die Wachstumsgeschwindigkeit. 

Grosse Bariumchlorid- und Kaliumsulfattiberschiisse haben einen groDen EiuluB 
auf die Kristallform. und zwar ftihren sie zu dtinnen, unregelmZissigen Plllttchen. 
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I 2 3 4 5 6 7 
$ [mini- ] 

ABB. 5.-EitiuB der Kaliumbromidkonzentration auf das Wachstum der Barium- 
sulfatkristaIle; [BaSO,J = 5 * lo-‘. 

ABB. 6.-Etiul3 der Kaliumjodidkouzentration auf das Wachstum der Barium- 
sulfatkristalle; [BaSOJ = 5 * lo-“. 
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5’ 

2 3 
4 

5 6 7 
8 9 

&,“t, 

ABB. 7.-EmfluB des Verhaltnisses [BaCll]/[KsSO,] auf das Wachstum der Barium- 
sulfatkristalle; [BaSO,] = 10-4M. 

Diese Methode der Wachstumsbestimmung kann jedoch nur bis zu Konzentra- 

tionea van hiichstens 1 - 10-3M angewendet werden, weil sonst die Kristalle zu nahe 
aneinander liegen und sich ihre Diffusionshiife iiberlappen. 

Summary-The influence of foreign ions on the particle size of barium 
sulphate precipitates has been investigated by sedimentation experi- 
ments, establishing that NaCI, NaN4, KBr, KNO, and other salts at 
high concentrations powerfully hinder the growth of the crystals even 
at high supersaturation. The linear growth rate has been measured as 
a function of BaSO, concentration, foreign ion concentration and 
[BaCl,]/[K$O,] ratio. Because the growth is already diffusion con- 
trolled at a fivefold supersaturation, the BaSO, precipitates will not 
undergo Ostwald ripening. A suitable apparatus has been devised for 
the investigations. 

R&sum&On a dtudie I’influence d’ions &rangers sur la dimension de 
particules de precipites de sulfate de baryumpar des experiences de 
sedimentation, etablissant que NaCI, NaN08, KBr, KNO, et d’autres 
sels B haute concentration &rent puissamment la croissance des 
cristaux, m&me a haute sur&uratidn. On a mesure la vitesse de 
croissance lineaire des cristaux en fonction de la concentration en 
BaSO,, de la concentration en ion &ranger et du rapport [BaCI,]/ 
[K,SO& Etant don& que la croissance est deja control& par diffusion 
a une sursaturation de cinq fois, les precipites de BaSO, ne subiront 
pas la maturation d’ostwald. On a concu un appareil convenable 
pour les recherches. 
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EFFECT OF SOLVENT EXTRACTION ON THE 
ATOMIC-A~S~R~I~N SPECTROPH~TOM~TRY IN 
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~-V~ious orgauic solvents for cadmium dith~onate extrac- 
tion have been examined for their s~tability for subsequent absorption 
s~~aphoto~t~* The solvents are discussed on the basis of their 
physical properties. Much enhanced sensitivity is achieved by use of a 
large aqueous phase/sohent vohtme ratio. Conditions for the deter- 
mination of ppM levels of cadmium are described for nitrobenzene and 
n-butyl acetate as solvents. Dithiione and cadmium dithixonate 
are very stable in nitrabenxene. The extraction is completely quami- 
tative over the pH range 3%10.0. Interference by diverse ions was 
studied, and their tolerance levels are given. 

THE DETERMINATION of traces of several meta ions such as cadmium, lead, copper and 
zinc, has received increasing attention in connection with water pollution. Atomic- 
absorption s~~ophotome~y currently oilers the best means for the reliable deter- 
mination of these metal ions in trace concentrations. However, the deter~uation of 
parts per milliard (ppM) levels of these elements in water is virtually impo~ible by 
direct aspiration of the sample, because the detection limits are usually @Ol ppm or 
higher. When these elements exist in waters at concentrations below the detection 
limits, they can read@ be concentrated by solvent extraction, with a consequent 
increase in sensitivity, caused not only by the favourable phase-volume ratio but also 
by the effect of the solvent on the atomic-absorption spectrophotometry. The 
ammonium pyrrolidineditbiocarbamate(APDC)-methyl isobutyl ketone(MIBK) and 
diethylditbiocarbamate(DDTC)-MIBK systems have been recommended for solvent 
extraction and atomic-abso~~~n sp~~ophotome~ by several authors,l-s because 
APDC and DDTC give a number of transition element complexes with high extract- 
ability over a wide pH range and MIBK has been shown to enhance the atomic 
absorption considerably. Moreover, the solnbi~~ of MIBK in water increases the 
phase-volume (water~MIBK) ratio4 further increasing the sensitivity, 

It is well known that diphen~l~~o~b~one (clone) is a strong complexing 
agent, forming red or orange compiexes with a variety of metal ions. Chloroform or 
carbon tetrachloride have generally been used as the solvents for extraction of dithi- 
zonates, but these chlorinated solvents are not suitable in atomic-absorption spectro- 
photometry because of their incomplete combustion in the flame and the toxity of the 
de~mposition products such as phosgene. Except for the work of Sachdev and West,s 
who used ethyl propionate as solvent, no attempt seems to have been made to utilize 
metal dithizonate extraction systems for atomic-absorption spectrophotometry(AAS), 

In this paper, the utility of various organic solvents for di~~onate extraction 
and subsequent AAS is studied, using cadmium as a typical element. It appears that 
the so-called “solvent effect” is primarily related to the aspiration rate which is 
governed by the physical properties of the solvent. With nitrobenzene and n-butyl 
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acetate, the effect of their partial miscibility with water was investigated by varying 
the phase-volume ratio. 

EXPERIMENTAL 

Apparatus 

Atomic-absorption measurements were made with a Nippon Jarrell-Ash Model AA-1 EW 
atomic-absorption spectrophotometer fitted with a Hitachi Model HLA3 hollow-cathode lamp and 
equipped with a Yanagimoto Model YR-101 recorder. Radio-activity measurements were made 
with a Nihonmusen Model R-1360 low-background counter. Viscosity measurements on MIBK 
were made with an Ubbelohde-type viscometer. 

Reagents 

All reagents are analytical grade unless otherwise stated and the aqueous solutions are stored in 
polyethylene bottles. Demineralized water is used. 

Cadmium solution, 1OOOppm. Dissolve 1.00 g of cadium metal (99.99%) in 10 ml of 3M hydro- 
chloric acid and add 2 ml of concentrated sulphuric acid. Evaporate the solution nearly to dryness 
and ditute to 1000 ml with water. 

Cadmium-l 15m solution. Dilute 1 mCi l15mCd solution (in 0.5M hydrochloric acid) to 100 ml with 
water. This solution contains 208 pg of cadmium per ml and is diluted to tracer scale when it is 
used in the experiment. 

Dithizone solutions, 0.03%. Dissolve 75 mg of refuted dithizone in 250 ml of a solvent. The 
solvents used were MIBK, ethyl propionate, n-butyl acetate, nitroethane and nitrobenzene. 

Buffer solution, pH 4-6. Prepare acetate buffers by mixing 2M acetic acid and 2M sodium acetate 
in suitable ratio. 

Procedure 

Transfer an aliquot of cadmium solution by pipette into a 50-1000 ml standard flask. Add 5 ml of 
the buffer solution to adjust the pH of the final solution to 4-6 and dilute to the mark with water. 
Then transfer the solution into a suitable separatory funnel. Add 10-50 ml of the dithizone solution 
and shake the funnel for 10 min on a mechanical shaker. Let stand for 15 mm, then separate the 
organic phase. Measure the atomic absorption of cadmium (2288 A) in the extract against a reference 
consisting of the solvent saturated with water, under the optimum operating conditions. 

RESULTS AND DISCUSSION 

Effect of pH and solvent 

Effect of pH on the extraction of cadmium dithizonate into various solvents was 
studied radiochemically with l15Wd. Five solvents were tested: MIBK, ethyl prop- 
ionate (EP), n-butyl acetate (BA), nitroethane (NE) and nitrobenzene (NB). Each 
extraction was done with equal volumes of the two phases, which had previously 
been mutually saturated. As shown in Fig. 1, all the solvents tested gave complete 
extraction of cadmium dithizonate over the pH range 3-5-10.0. For practical conve- 
nience, pH 5.3 was selected in this experiment. 

The effect of the solvent on the atomic absorption of cadmium is shown in Fig. 2. 
The volume of both phases (which were previously saturated with each other) was 
50 ml. In atomic-absorption spectrophotometry the addition of a water-soluble 
organic solvent in the aqueous phase or use of an extract made with a water- 
immiscible organic solvent usually affects the sensitivity. This effect may be attributed 
to two factors: the effect on the aspiration rate, and the effect on atomization efficiency. 
As shown in Fig. 2, the order of decreasing sensitivity is MIBK > EP > BA > NE > 
(water) > NB. Table I shows some physical properties of the solvents together with 
the aspiration rate of the extracts measured here. It is observed that the aspiration 
rate increases as the viscosity, density and surface tension decrease. It may be said that 
the sensitivity order is primarily due to the aspiration rate, which is governed by these 
physical properties. The similar sensitivities of the aqueous solution and NB extract 
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FIG. I.-Effect of pH on extraction of cadmium dithizonate with various solvents. 
Aqueous phase 50 ml, organic phase 50 ml. 
I-MIBK, 2-NE, 3-NB, 4-EP, 5-BA. 
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FIG. 2.-E&& of solvent on atomic absorption of cadmium. 
Aqueous phase 50 ml, organic phase 50 ml. 

I-MIBK, 2-EP, 3-BA, 4-NE, 5-water, 6-NB. 
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TABLE I.-PHYSICAL PROPER= OF SOLVEN’IS~ 

Surface tension, 
Solvent dyne/cm 

Viscosity, Aspiration rate Density, 

CP mljmin g/cm8 

MIBK 2364(20”) 0+36(20”)* 10*0* 0+306* 
:: 24*27(20”) 25.2 0*564(15”) 

(20’) 0*734(20”) 
10*2* 8.33, 0.881* 0.893 * 

NE 31.31(25”) 0*661(2Y) 9.22* 1*050* 
NB 43*35(20”) 2.165(15’) 4*24* l-207* 
Water 7275(20”) 1~005(20”) 8*46* 1*000* 

* Measured in this experiment. 
Temperatures are given in brackets. 

suggest that an increased atomization efficiency in the frame with NB compensates the 
decrease in sensitivity caused by the low aspiration rate of this solvent. 

Eflect of phase-volume ratio on sensitivity 

To obtain higher sensitivity for the deter~nation of ppM levels of cadmium, use of 
a large initial aqueous phase~solvent volume ratio (VJ V,) is required. In sub~quent 
experiments, NB and BA were chosen as typical solvents. The former is a solvent 
with extremely small solubility in water, and the latter is appreciably soluble. The 
volume changes of the NB and BA phases after extraction are shown in Fig. 3. The 
volume after extraction was measured by pipette after centrifugation 15 min after 
extraction was complete. With increasing VI/V,,, the volume of the extract with BA 
appreciably decreases, while that with NB remains almost unchanged, As is shown in 
Fig. 4, the degree of extraction determined by using cadmium tracer (lrbCd) shows 
that NB extracts cadmium completely over the whole range of Q/V, used, but in the 
case of BA appreciable loss of the element occurs owing to the partial miscibility of 
solvent with water. An increasing relative absorption with increase in the volume 

Initial volume of aqueous phase, ml 

FIG. 3.-Final volume of NI3 and BA phases after extraction. 
Initial volume of organic phase 10 ml. 

l-X3, 2-BA. 
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FIG. 4.-Extraction of cadmium dithizonate with NB and BA. 
Initial volume of organic phase 10 ml. 

I-NB, 2-BA. 

ratio (F&/V,) is shown in Fig. 5. A much enhanced sensitivity is achieved in BA 
extraction by use of a larger volume ratio, mainly because of the greater degree of 
concentraton of the dithizonate in the diminished organic phase. Calibration curves 
are shown in Fig. 6. 

The precision was estimated from 10 samples in each of two series of extractions 
with VW/V,, = 500/10. One series (Cd, 20 ,q) with NB as &vent gave a standard 
deviation of 2%, and the other series (Cd 5 pg) with BA gave 5%. 

Interferences 

Atomic-abso~tion spectroscopy is relatively free from interferences. However, 
large amounts of various cations may suppress the extraction of cadmium because of 
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FIG. S.-Effect of initial volume ratio on atomic absorption of cadmium. 
Initial volume of orgarde phase 10 ml. 

I-BA, 2-NB, 
Cadmium 5 ,~g (BA), 20 /xg (NB). 
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Cd, ppM 
FIG. 6.-Calibration curves for cadmium. 

Initial volume of organic phase 10 ml. 
Initial volume of aqueous phase: 

BA; l-1000 ml, 2-500 ml; 
NB; 3-1000 ml, 4-500 ml. 

TABLE II.-Tolerance limits (ppm)for other ions, 
for error not exceeding 2% in determination of 

20 ppM cadmium. 

Ion 0.03% Dz 0.15% Dz 

Cu(I1) 0.5 2.5 
Ag(I) 1 -5 
H&II) 1 -5 
Zn 2 10 
Pb 2 2.5 
Co(H) 50 
Cr(III) 300 
Mn(I1) 300 
Fe(II1) 300 
Ni(I1) 300 

Mg 500 
Ca 500 
Cl- 500 
NOI- 500 
PO**- 500 
so,4- 500 
Cr,0,2- 500 
CN- 300 

their consumption of dithizone. Permissible concentrations causing errors less than 
2 % in the NB extraction method are shown in Table II. 

No interference by alkali and alkaline earth metal ions and by several anions was 
observed, but large amounts of transition metal ions that react with dithizone markedly 
lowered the extraction of cadmium. Interference by these ions could be reduced by 
use of a higher concentration of dithizone. 

This extraction system should be suitable for other elements which form stable 
dithizonates, such as copper, zinc, lead and silver. 
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Zusammenfassuug-Verschiedene organ&he Losungsmittel zur Ex- 
traktion von Cadmiumdithizonat wurden auf ihre Eignung zur nach- 
folgenden Absorptions-Spektrophotometrie geprtlft. Die Losungs- 
mittel werden an Hand ihrer physikalischen Eigenschaften diskutiert. 
Stark verbesserte Empfindlichkeit erh&lt man durch Anwendung eines 
grofien Volumenverhaltnisses von w%Briger Phase zu Losungsmittel. 
Die Arbeitsbedingungen zur Bestimmung~on ppM-Mengen C?tdmium 
werden mit Nitrobenzol und n-Butvlacetat als Liisunasmittel angege- 
ben. Dithizon und Cadmiumdithizonat sind in Nitrob&ol sehr sra&. 
Die Extraktion ist im pH-Bereich 3,5-IO,0 vollst&rdig quantitativ. 
Die Stijrung durch verschiedene Ionen wurde untersucht und die Toler- 
anzmengen werden angegeben. 

R&n&-On a examine divers solvants organiques pour l’extraction 
du dithizonate de cadmium quant a leur convenance pour la 
spectrophotometrie d’absorption subsequente. On discute des solvants 
sur la base de leurs proprietb physiques. On obtient une sensibilitt 
de beaucoup accrue par l’emploi dun grand rapport de volume phase 
aqueuse/solvant. On d&it les conditions de dosage du cadmium a 
l’echelle du ppM avec le nitrobenzene et l’adtate de n-butyle comme 
solvants. La dithizone et le dithizonate de cadmium sont t&s stables 
en nitrobenzene. L’extraction est totalement quantitative dam le 
domaine de pH 3,5-10,O. On a etudie la g&e apportee par divers ions, 
et l’on dorme leurs niveaux de tolerance. 
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Sammary-Selectivity coefficients, Z&n, for the exchange of alkali 
metal ions and ammonium ions with the hydrogen form of ZeoKarb 
225 cation-exchange resin have been determined in various organic 
solvent-water and organic solvent-water-phenol mixtures. There is 
an increase in KHx in passing from purely aqueous conditions to media 
of increasing organic solvent content, frequently with the effect of 
producing magnified differences and selectivity reversals between one 
ion and another. The results are discussed in terms of the relationship 
between ICan and the reciprocal of the dielectric constant of the med- 
ium and also in the light of free energies of transfer of cations between 
methanol-water systems. The effect of phenol giving a lowering of 
Kno8 in methanol-water, of KHK and KENa in ethanol-water and of 
KE N* and KaLi in acetone-water systems cannot be fully reconciled 

/H 
with the mechanism involving M+ . . . 0 

‘R 

bonding proposed by 

earlier workers. 

USEFUL information is available on cation-exchange processes in non-aqueous and 
mixed solvent systems. l The frequent increase in selectivity coefficients for the ex- 
change of given pairs of ions as the dielectric constant of the solvent medium decreases 
is interesting, and the linear relation between log selectivity coe5cient and the recipro- 
cal of the dielectric constant of the medium 8-U has initiated several explanations. These 
range from the hypothetical desolvation energy involved in ion-exchange**5 to ion-pair 
formation7*8 and to changes in the solution and resin-phase activity coefficient.ss*10 
Variations in trends can lead to changes of order in selectivities, for example, on 
Dowex 50 x 8 the aqueous selectivity order of Cs+ > K+ > CH,NH,+ > NH4+ > 
Na+ > Li+ is twice reversed in methanol, where K+ > Cs+ and Na+ > CH,NH,+ > 
NH4+.s 

This paper extends existing knowledge9 for univalent cation exchange in methanol- 
water and ethanol-water to a larger range of univalent cations and to acetone-water 
systems. Additionally, phenol was incorporated in the media in order to supplement 
available information on the greater selectivity of bifunctional sulphonated phenol- 
formaldehyde exchangers for the heavier alkali metal ions, compared with sulphon- 
ated polystyrene-divinyl benzene exchangers,11*12*13 and also to gain further knowledge 
of the lowering of the affinity of monofunctional sulphonic acid resins for Cs+ ions 
when the solvent medium contains phenol.ll 

EXPERIMENTAL 
Materials 

Solvents. Analytical-reagent grade methanol and acetone. BPC grade absolute ethanol. 
Salts. Analytical-reagent grade chlorides of sodium, potassium, caesium and ammonium, and 

Koch-Light (purity > 99.9%) rubidium chloride. Lithium chloride was prepared from analytical- 
reagent grade lithium carbonate assayed acidimetrically. 

961 
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Phenol. Analytical-reagent grade. 
Ion-exchange resin. ZeoKarb 225 resin (8 % DVB; 52-100 mesh) supplied in the sodium form 

was converted into the hydrogen form by a column technique using five bed-volumes of 10% hydro- 
chloric acid. The resin was washed free from acid with demineralized water and then repeatedly 
washed with the solvent (for example, with methanol for studies involving methanol) until the refrac- 
tive index of the eluate was that of the pure solvent. To avoid possible adverse thermal effects, the 
resin was dried for 24 hr at 30”. 

In order to equate more precisely the results from different resin batches, the loss of weight on 
drying at 105” was determined for each batch before use. The exchange capacity of the hydrogen- 
form resin was determined by conversion into the sodium form and estimation of the displaced 
hydrogen ions by potentiometric titration to pH 7.0 with standard sodium hydroxide. 

Equilibration procedure 
Equilibrium studies were made with glass-stoppered Quickfit tubes (54 ml capacity) containing 

ion-exchange resin and liquid phase of initial concentration O*lM with respect to the cation. To 
prepare the mixture for equilibration, lW(~O.01) g of air-dried resin was weighed into the tube, and 
in the case of systems involving phenol, 2.50( kO.01) g phenol were added. According to the liquid 
phase composition required, O-0, 5.0, 15.0, 25.0, 35.0 or 45-O ml of pure solvent were measured into 
the tubes and demineralized water was added to give a total volume of 45.0 ml. The cation was then 
added as 5.0 ml of l*OM alkali metal/ammonium chloride, thus making the initial composition of the 
liquid phase of each series of six tubes 0, 10, 30, 50,70 and 90% organic solvent, respectively. 

The exchange equilibria were allowed to establish at 30 + 1” in an air thermostat by allowing the 
resin to cascade through the solution. This was achieved by placing the tubes containing the resin- 
solvent system on a rotating wheel within the thermostat. The run was allowed to proceed for 16 hr, 
although preliminary experiments showed that equilibrium was reached in 4 hr and that runs of 24 hr 
did not alter the equilibrium. 

Analysis of equilibrium solutions 
After equilibration the resin and liquid phase were separated by transfer of the liquid to a Buchner 

flask under gentle suction through a sintered-glass disc interposed between two Quick& cones 
connecting the Buchner flask and equilibration tube. A 25-ml portion of the liquid phase was titrated 
potentiometrically with 0.1M sodium hydroxide to pH 7.00, a glass and calomel electrode pair being 
used. The titre corresponds to the hydrogen ions liberated from the resin during equilibration; it also 
corresponds to the metal/ammonium ion associated with the resin phase at equilibrium. The selec- 
tivity coefficients, Knn, for the resin phase were calculated by computer, using a Fortran program. 

In the case of systems involving potassium, rubidium and caesium, a check was made on the total 
cation content of the liquid phase by determining its metal ion concentration gravimetrically as the 
tetraphenylborate salt. Table I is representative of the results obtained and confirms that the hydro- 
gen ion content of the liquid phase corresponds to the metal/ammonium ion content of the resin phase. 

TABLE I.-RFSULTS OF THE GRAVIMETRIC DETERMINATION OF RUBIDIUM IN THE 
EQUILIRRIUM LIQUID PHASE FOR THE METHANOL-WATER SYSTEM 

Total rubidium added = 427.4 mg 

Methanol, 
% 

1: 
30 
50 
70 
90 

Rb+ in liquid phase 
(determined 

gravimetrically), 

W 

205.1 188.6 
168.0 
147.6 
120.3 
104.7 

Rbf in resin phase 
(calculated from H+ ion 
content of liquid phase) 

mg 

222.3 
237.6 
259.9 

Total 
Rbf 
mg 

427.4 
426.2 
427.9 

278.7 426.3 
306.0 426.3 
318.0 422.7 

RESULTS 

Figure 1 gives plots of log selectivity coefficients (log KHM) as. volume fraction of 
water for the univalent cation exchanges in the various organic solvent-water and 
organic solvent-water-phenol mixtures. Difficulties were encountered with solubility 
problems for acetone-water systems with a high content of acetone, for potassium, 
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rubidium, caesium and ammonium chlorides, and the results for these show trends 
different from those that might otherwise have been obtained. 

The order of resin affinities for cations in the various systems studied is given in 
Tables II, III and VI, while Table IV and V show the enhancement and alterations in 
KaM between water and organic solvent-water (0.1 volume fraction water) mixtures 
in the absence (Table IV) and in the presence (Table V) of phenol. 

02 06 IO 02 06 I.0 02 06 t0 02 06 IO 02 06 t0 02 cw IO 

Volume fraction water 

FIG. l.-Selectivity coefficients of alkali metal ions and ammonium ions between 
ZeoKarb 225 and various organic solvent-water (0) and organic solvent-water-phenol 

mixtures (x). 

DISCUSSION 

Organic solvent-water systems 

The results for methanol-water media in the absence of phenol are in broad 
agreement with those of Fessler and Strobels except that the selectivity maxima noted 
by them and other workerss*14 using resins other than ZeoKarb 225, were not so much 
in evidence. However, because of solubility considerations, the present studies were 
not extended to media containing less than 0.1 volume fraction water. Nevertheless, 
the maximum noted by Fessler and Strobels for potassium in methanol-water (at O-2 
mole fraction water in methanol) should have been evident. Instead, the selectivity 
coefficient for potassium rises steadily to a phenomenally high level of 978 at 0.1 
volume fraction (O-19 mole fraction) water in methanol compared with just 2.34 in 
water. In this respect it is perhaps significant that log KHM is a linear function of 1 /D 
(Fig. 2) where D is the macroscopic dielectric constant of the external solution, as used 
by Fessler and Strobel. CJ Indeed, while Fessler and Strobe1 confirm the linear relation 
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TABLE II.-ORDER OF AWINITY OF ZIWKARB 225 (H FORM) FOR ALKALI 

METAL/AhiMONIUM IONS IN VARIOUS ORGANIC SOLVENT-WATER MEDIA 

AT 30°C 

Solvent composition 
‘A Organic solvent Affinity (decreasing) -L 

Methanol 
0 

:: 
50 
70 
90 

Ethanol 
0 

:8 
50 
70 
90 

Acetone 
0 

10 
30 
50 
70 
90 

CS Rb NH& Na Li 
Cs = NH4 Rb Na Li 

K Rb Cs = NH, Na Li 
K Rb Na Cs NH4 Li 
K = Rb Cs Na NH4 Li 
K Rb Cs Na NH4 Li 

K cs Rb Na NH4 Li 
K cs Rb Na NH4 Li 
K Na Rb Cs NH, Li 
K Na Rb Cs NH, Li 

: 
Na Rb Cs NH4 Li 
Rb Na Cs NH4 Li 

CS Rb = K = NH4 Na Li 
Cs = Rb = K NH4 Na Li 
Rb K Cs Na NH4 Li 
Rb K = Na Cs NH& Li 
Rb K Na Cs NH4 Li 
Rb Na Cs NH4 K = Li 

TABLE III.-ORDER OF AFFINITY OF ZEOKARB 225 (K FORM) FOR 

ALKALI METAL/AMMONIUM IONS IN VARIOUS ORGANIC SOLVENT- 

WATER-PHENOL MEDIA AT 30°C 
Phenol content 5 % in each case 

Solvent composition 
% Organic solvent Affinity (decreasing) + 

Methanol 
0 

10 
30 
50 
70 
90 

Ethanol 
0 

10 
30 
50 
70 
90 

0 
10 
30 
50 
70 
90 

K Rb Cs NH4 
K Cs Rb NH* 
K Rb Cs Na 
K Rb Cs Na 
K Rb Na cs 
K Rb Cs Na 

Na Li 
Na Li 
NH, Li 
NH, Li 
NH, Li 
NH& Li 

K Cs Rb 
K Cs Rb 
K Rb Na 
Rb K Na 
Rb K Cs 
Rb Cs Na 

NH, 
Na 
cs 
cs 
Na 
K 

Na Li 
Li NH, 
Li NH4 
Li NH4 
Li NH, 
Li NH, 

K Cs Rb Na = NH4 Li 
K Rb Cs Na NH4 Li 
Rb K NH, cs Na Li 
Rb K Na cs NH, Li 
Rb K Cs Na NH, Li 
Na K NH4 cs Li 
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TARLE N.~ELECTMTY COEFFICIENTS, KRp, IN WATER ANO ORGANIC SOLVENT-WATER AT 30°C 

Volume 
fraction 
water 

Organic 
solvent Li-H Na-H 

&i P 

K-H R&H Cs-H NHI-H 

Methanol 
i Ethanol 

0.92 1.61 2-34 2.12 2.29 1.86 
1.0’ 0.83 1.62 2.29 1.64 1-71 1.13 

Acetone 1.03 l-50 1.89 l-89 2% 1.89 
Methanol 2.08 33.5 978 147 15.6 

0.1 Ethanol 7.5 183 99 :; 85 
Acetone 1.5-2 152t 173 21.4t 16*3t 

* Three sets of figures arise for water because the preliminary resin treatment involves washing 
with organic solvent. 

5 These figures may be low because of poor solubility. 

TABLE V.-%LECTIWTY COEFFICIENIS, K xx, IN WATER AND ORGANIC SOLVENT--PHENOL- 
WATER AT 30’C 

Phenol content 5 % in each case 

Volume 
fraction 
water 

Organic 
solvent Li-H Na-H 

P KE 

K-H Rb-H Cs-H NH,-H 

Methanol I Ethanol 
1.23 1.58 2-57 2-29 2.20 l-88 

1-o* 0.61 1.22 2.21 1.70 1.85 1.34 
Acetone 0.89 1.60 2.37 2% 2.22 1.62 

1.95 21.3 611 106 27.2 
0.1 10.5 34.5 55 40 ;:; 

7.3 
if.8 

11.2.t - 7.6.t 12*3t 

* Three sets of figures arise for water because the preliminary resin treatment involves washing 
with organic solvent. 

t These figures may be low because of poor soIubility. 

between log KHM and l/D for water-rich methanol noted by other workers6*1sJ~*17 
they stress the shortness of the linear region, in general from 0.7 or 04 to 1.0 mole 
fraction (0.5 or 061.0 volume fraction) water. In this work, the linear range is often 
longer and particularly so for potassium (Fig. 2). 

The tendency for selectivity maxima clearly leads to a breakdown of the linear 
relation between log KHM and l/D (Figs. 1 and 2), and while the interpretation of 
FessIer and Strobel,* based on the effect of the medium on ionic activity coefficients, 
may be valid, other considerations may hold. These may include the inability of large 
solvated ions, such as those of lithium and sodium, to penetrate the shrunken resin and 
hence upset activity and energy considerations. 

The methanol-water trends are also evident for the ethanol-water systems, but the 
tendency for Kxx to maximize is not so evident and neither does potassium show such 
a phenomena1 increase of affinity for the resin with diminishing water content of the 
medium. This may be due to the more shrunken state of the resin in media of lower 
dielectric constant. In this respect, it may be relevant that sodium and lithium now 
show an enhancement of selectivity for the resin (Fig. 1) which might be attributed to 
the hydration shell being phased out, thus permitting penetration of even the smaller 
pores of the resin in ethanol media. Indeed, the pattern for sodium and lithium is 
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Voiume froctcon water 

cl2 54 06 08 i 
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lk. Z.-Plot of lag selectivity coefficient vs. reciprocal of the dielectric constant (ir) for 
methanol-water system. 

similar in a~et~~~w~t~r media. In these latter media, however, maxima become 
prominent for potassium, caesium and ammonium ions, but this may be due to the 
poor solubility of the salts used in acetone-rich media and the affinity for the resin 
(due to its shrunken state) may be inadequate to overcome this. Poor solubiIity is, 
however, not very plausible as an explanation (the solid salt noted on first making up 
the batch disappears during equiIibration), for gravimetric studies on the equilibrium 
liquid phase together with its hydrogen ion content gave a full mass-balance for the 
cation. 

The phenomenal increase in KEE6. in passing from purely aqueous conditions to 
media of increasing organic solvent content. (Fig. I), frequently with the effect of 
producing magnified differences between one ion and another, is remarkable and 
merits consideration in the light of standard molar free energies of transfer for single 
cations between various media. Is Such free energies of transfer between water and 
water-methanol media are shown in Table VI, from which it can be seen that the 
cations are in an increasingIy Iower free-energy state with increasing methanol content 
of the medium. 

The relevance of the values is to be seen in the context of the obse~ation of 
Davies and ThomasXe in that the medium associated with the resin phase is pre- 
dominantly aqueous. Thus, the fact that the alkali metal ions, Li+, Na+ and K+ are 
sequentially in a higher (more positive) free energy state than hydrogen (Table VI) 
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TARI~ VI.-STANDARD FREE ENERGY OF TRANSFER (J/mole) AT 25°C OF SINGLE 
CATIONS FROM WATER TO WATER-kiJ?rHANOL MEDIA” 
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Ion 

H+ 
Li+ 
Na+ 
Kf 

Water-lo% w/v methanol Water43.12% w/v methanol 

+2060 *11760 
&I390 zt8400 

-920 *5900 
-800 zt-5000 

(f250 J/mole) ( + 2500 J/mole) 

suggests that hydrogen ions prefer the more organic liquid medium, thus leading to an 
increase in KEY as the organic solvent content of the medium is increased and to 
increasingly higher values of Kn M in the series Li+, Na+, K+ as the free energy of the 
ion relative to hydrogen becomes more positive. In this last respect, it would be 
interesting to learn how free energy transfer data for rubidium and caesium fit into 
the ion-exchange pattern. 

No amount of theoretical explanation will alter the feature of potential analytical 
interest and that is the extent to which mixed organic solvent-water media are capable 
of creating large differences in selectivity coefficients (Table IV). The several selectivity 
order reversals noted in these systems (Table II) offer a basis for variety in separation 
schemes. Fessler and StrobeP have already remarked on this feature and the present 
results are also consistent with those of Gorshkov, Korolev and Shabanovlr who 
found that the effect of added methanol on KnM for alkali metal cations increases on 
going from Li+ to K+ and decreases on going from K+ to Cs+. This study was con- 
fined to methanol-water media of more than O-4 mole fraction (O-23 volume fraction) 
water and therefore does not extend so much into the region where maxima in seleo 
tivity coefficient data might be observed. 

Organic solvent-phenol-water systems 

An important objective of the study by Gorshkov, Korolev and Shabanovlr was 
the effect of 57.5-72x phenol on selectivity, for the monofunctional sulphonic acid 
cation-exchangers KU-I and Dowex 50 x 2. It was found that phenol appreciably 
lowers Kn”, particularly for the caesium exchange. Hence it is interesting to note 
that the milder conditions of the present investigation (using 5 % phenol) sufficiently 
lower KHcB to cause a pronounced difference between it and the greater KHRb (Fig. 1 
and Tables IV and V). 

Added phenol gives different patterns for the ethanol and acetone systems (Fig. 1) 
in that the more pronounced lowering of KHM at high organic solvent content occurs 
for sodium and potassium in the ethanol systems and for lithium, sodium and caesium 
in the acetone systems. However, KgHa is almost always lower in the presence of 
phenol for all three systems studied. 

The interesting aspect of the trend in KHM lowering is that, with the exception of 
caesium in acetone, the trend is towards the lower atomic number alkali metal ions as 
the dielectric constant of the organic solvent decreases (D = 80, 33,25,21 for water, 
methanol, ethanol, acetone respectively). Such a trend is not consistent with an 
explanation’l which rules out ion-dipole interactions. Such interactions should 
weaken as the ionic radius increases and as the dipole moment falls (that is, on going 
from Rb+ to Cs+ and also from water to methanol to ethanol to acetone and to 

5 
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phenol). However, because of the lowering of KHcs in methanol-water media con- 
taining phenol, Gorshkov, Korolev and Shabanovll proposed the mechanism of 

Esafov20 involving an M+ . . . O( complex where the metal-oxygen bond will be 

‘R 
stronger, the weaker the hydration of the cations, and the more complex the hydro- 
carbon radical of R in ROH, that is, it will be stronger for Cs+ than Rb+ and stronger 
for phenol than methanol. 

The present results suggest that ion-dipole interaction cannot be entirely ruled out, 
for, as noted above, the KnM lowering associated with phenol moves towards the 
lighter alkali metal ions. This is consistent with the ions becoming less hydrated as the 
dielectric constant of the organic solvent decreases, while the anomalous position of 
caesium in acetone arises from solubility considerations. The realexplanation is clearly 
complex, demanding further study, and must await the results of a continuing pro- 
gramme. For example, acidity considerations may have their part to play, for both 
alcohols and phenols have different acidity effects from water.1s*21 

Zusamedassmg-Ia verschiedenen Gem&hen aus organischem 
Liisungsmittel und Wasser oder organischem Lbsungsmittel, Wasser 
und Phenol wurden die SelektivitatskoelEzienten KHm fiir den 
Austausch von Alkalimetall- und Ammoniumionen mit der pro- 
tonierten Form des Kationenaustauschharzes ZeoKarb 225 bestimmt. 
Ku” steigt an, wenn man von rein wtiriger Losung zu Medien mit 
steigendem Gehalt an organischem Lbsungsmittel tibergeht; oft sind 
damit erlil3ere DitIerenzen und Umkehruneen der Selektivitat nvis- 
then zw’ei Ionen verbunden. Die Ergebnisse Gerden im Hinblick aufdie 
Beziehung zwischen K# und der ieziproken Dielektrizitatskonstan- 
ten des Mediums sowie auf die freien %xftihruneseneraien von 
Kationen zwischen Methanol-Wasser-Systemen dGkutie% Der 
EinfluD von Phenol, das KHa” in Methanol-Wasser, KaK und KHNa 
in Ethanol-Wasser sowie KENa und KHLi in Aceton-Wasser emied- 
rigt, kann mit dem von frtiheren Autoren vorgeschlagenen Mechanis- 

mus, der eine Mf . . . 0 
/H 

‘R 

-Bindung enthllt, nicht voll in Einklang 

gebracht werden. 

R&u&--On a determine les coefficients de selectivite KaM pour 
IQ&change d’ions metalliques al&ins et d’ions ammonium avec la 
forme hydrogene de la &sine 6changeuse de cations ZeoKarb 225 
dans divers melanges solvant organique-eau et solvant organique-eau- 
phenol. 11 y arm accroissement de K2 lorsqu’on passe de conditions 
purement aqueuses a des milieux a teneur croissante en solvant 
organique, avec frequemment pour effet la production de differences 
amplif%es et d’inversions de s&ctivite entre ions. On discute des 
resultats en fonction de la relation entre Kfl et l’inverse de la 
constante di&ctrique du milieu et aussi a la lumiere des energies libres 
de transfert de cations entre les systemes methanol-eau. L’influence 
du phenol dormant un abaissement de KP en methanol-eau, de KHK 
et de KHN8 en systemes ethanol-eau et de KHNa et KaLi en systemes 
acetone-eau ne peut &re pleinement conciliQ avec le mecanisme 

/H 
mettant en jeu la liaison M+ . . . 0 

‘R 

propose par des auteurs 

anterieurs. 
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SHORT COMMUNICATIONS 

Studies on the polymer + plasticizer membrane-ekctrode-VIII* 
Use of the PVC + tricresyl phosphate membrane as indicating 

electrode in potentiometric precipitation titration 

{Receeived 17 fune 1971. Accepted 27 ~ocern~er 1971) 

Tim MEMBRANE-ELECTRODE obtained’ by plasticizing PVC with tricresyl phosphate has been success- 
fully used in potentiometric titration of strong acids and bases,‘ss weak acids and bases,’ salts that give 
alkaline hydrolysis,r mixtures of acids and basest organic acids and bases,’ and in automatic acid- 
base potentiometric titrations. r The membrane-electrode is sensitive to certain cations such as 
Ag+, Tl+, Hg,*+, Na+ and K+.* This permits the electrode to be used as transducer in potentiometric 
titration of certain halides and pseudohalides, if solutions of these cations are used as titrants. 

EXPERIMENTAL 

The electrolytic cell used is represented by: 

SCE 1 satd. KNOI 1 internal soln. 1 membrane 1 external soln. 1 satd. KNOs 1 SCE 

A saturated potassium nitrate bridge was used in order to avoid contact of the calomel electrodes 
with the Ag+, Tl+, or Hga*+ 
solution was being stirred. 

solutions. Measurements were made at room temperature while the 

To show the sensitivity of the membrane-electrode to Ag+, Tl+ and Hg,*+ the electrode functions 
are given in Fig. 1. It is obvious that when these cations are used as titrants, the membrane-electrode 
potential will change very sharply simultaneously with the appearance of an excess of the titrant. 

Titrafion of hafides ~ndFseu~ha~jdes with AgNO, 

Titration curves for halides and pseudohalides (SO-ml 0.02M samples, O-l&f silver nitrate) have 
the typical s-shape of potentiometric titration curves, and the potential break is about 1OOmV. 
The equivalence vohnnes, calculated according to the Hahn-Weiler method,a have been compared 
with those obtained by use of indicators (chromate for chloride, eosin for bromide and iodide, and 
ferric alum for thiocyanate), in order to characterize the accuracy of the titrations. The results are 
given in Table I. 

TABLE I.-Accmucr AND PRSCMON OF HALIDE AND 
PSEUDOHALJDE TITRATIONS WlTH SILVER NITRAlX 

Anion A E*, VE.W;t 

mV ml 
vfad,: Error, 

ml % 

Cl- 75 7.63 7.65 -0.3 
Br- 115 8.37 8.40 0.4 

&CN- 125 90 9.87 8.63 9.85 8.60 -0.2 0.4 

* For titrant interval from V, - 1 oA to V, f lx, 
where V, is the equivalence-point volume. 

t ~uivalen~-ant volume calculated by the Hahn- 
Weiler method. 

$ Volume of titration with indicator end-point. 

When 0.02Mpotassium iodide is titrated with O*lMsilver nitrate at different pH values the poten- 
tial break decreases with increasing acidity, being 120 mV at pH 4, 10.5 mV at pH 3,80 mV at pH 2 
and 40 mV at pH 1. In fact, under the conditions used, H+ and Ag+ ions are competitive in deter- 
mining the membrane potential, especially after the equivalence point. The potentials of the initial 

* Part VII, Rev. Rownanie Chim., 1971,16,559. 
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solutions are different hecause of the different acidities used, since the concentration of iodide is the 
same in all. 

The influence of the concentrations of the &and and titraut has beep studied for the iodide- 
silver titration. The potential break is 100-120 mV for iodide in the range OGOl-O*lM titrated with 
silver solution ten times as concentrated. The equivatence point can still be easily located even if 
10-W iodide is titrated with 10-W silver (60-mV break). 

Titration of halide mixtu~ is satisfactory for Cl- + I- but not for CI- + Br or Br -t- I-. For 
Cl- +- I- mixtures the fhxt equivalence point corresponds to the iodide. The potential break is a 
function of the chloride ~n~tmtiou_ The lower the intuition of chloride the larger the poten- 
tial jump at the first equivalence point (Fig. 2). 

Determination of halides with TIC and Hg,‘+ 
Thallous acetate is suitable as titraut for iodide but not for bromide and chloride, the solubility 

of thallium bromide and chloride being too high to ensure the accuracy needed for the ~tentiome~c 
titration. The potential break for iodide is ouly 20-40 mV. 

Titration of chloride with mercurous nitrate is similar to that for chloride with thallous acetate, 
the potential jump being much smaller (10-15 mv) than that obtained in titration with silver nitrate. 

Autcmtatic pote~tiomet~c titratkm offs 

The fast response of the membraue-electrode permits its use in automatic potentiometric deter- 
minations. The speed of response was determined by automatically recording the potential of the 
electrode (on a Radelkis OH 102 polarograph) when it was suddenly introduced into the solution 
studied: O*lM silver nitrate, O+OlM thallous acetate or O*OlM mercurous nitrate (Fig. 3). The 

80 I- 

1 f I I t 

0 4 8 12 16 20 : 

Fro. 3.-Response speed of the membrane-electrode. 
I-Age; Z---n+; 3-Hgra+ 

membrane-electrode shows a practically constant potential in about 4 sec. On the basis of this fast 
response, the membrane-electrode was used in automatic titration of iodide with silver nitrate, by 
either direct or derivative potentiometry. 

De~tment of Amdytiical C&em&try c. IxR3Ar?u 
University of Chij, Cruj, Romania ELENA HOP~UBAN 

~~-R~~ts obtained by use of the PVC t- tricresy1 phosphate 
memb~~l~e iu ~tentjome~c p~ipitation titration of some 
halides and pseudohalides are given. Solutious of Ag+, Tl+ and IX&*+ 
were used as titrants, to which the membraue is responsive. The 
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fast response to Ag+ ions allowed the determination of iodide by 
automatic recording of the potentiometric curve (or its derivative). 

Zusammenfamung-Mit der Membranelektrode aus PVC + Tri- 
kresylphosphat erhaltene Ergebnisse potentiometrischer Fallungsti- 
trationen einiaer Haloeenide und Pseudohaloeenide werden mitseteilt. 
Losungen van” Ag+, TT+ und Hg,*+ wurden ils Titranten verw&det; 
auf diese spricht die Membran an. Das schnelle Ansprechen auf 
Ag+-Ionen erlaubte die Bestimmung von Jodid durch automatische 
Aufzeichnung der potentiometrischen Kurve (oder ihrer Ableitung). 

RCum&-On donne les resultats obtenus par l’emploi de l’elec- 
trode membrane PVC + phosphate de tricresyle dans le titrage 
potentiom6trique par precipitation de quelques halogenures et 
pseudo-halogenures. Des solutions de Agf, Tl+ et Hgr*+ auxquelles la 
membrane &pond ont et6 utilis&s comme agents de titrage. La re- 
ponse rapide aux ions Ag+ a permis le dosage de l’iodure par enregistre- 
ment automatique de la courhe potentiometrique (ou de sa d&h&). 

REFERENCES 

I. C. Liteanu and E. Hoplrtean, Rev. Roumaine Chim., 1970,15,749. 
2. I&m. Talanta, 1970.17,1067. 
3. Idem; Rev. R&ma&e Chim., 1970,15,1331. 
4. Idem, Studia Univ. “Babes-Bolyai”, Chem., 1970,15,41. 
5. Idem, Rev. Roumaine Chim., 1971,16, 55. 
6. C. Liteanu, E. Hopirtean and M. Mioscu, Proc. III Anafyt. Chem. Co& Budapest, 1970,35. 
7. C. Liteanu and E. Hooirtean. Studia Univ. “Babes-Bolvai”. Chem.. 1971.16. 83. 
8. Idem, Rev. Roumaine khim., i971,16, 559. 

, , , ,, 

9. F. L. Hahn and G. Weiler, Z. Anal. Chem., 1926,69,417. 

Tahnta, 1972, Vol. 19, pp. 974 to 979. Perwmon Press. Printed in Northern lmland 

Use of membranes for equivalence point indication-VIII + 
Electrochemical characterization of BaSO,-parchment 

membrane-electrode 

(Received 24 June 1971. Accepted 27 November) 

THE ELECTR OCHEMICAL characterization of ion-selective membrane-electrodes presumes the establish- 
ment of the factors which affect the electrode function, the selectivity, and the speed of response of the 
e1ectrode.l 

We have measured the electrode potential, speed of response, and impedance, under different 
experimental conditions, in order to obtain more thorough knowledge of the H+-selective BaSO,- 
parchment membrane-electrode.*-* 

EXPERIMENTAL 
The electrode function 

The apparatus is shown in Fig. 1, The cell (with transport) can be represented by 

(i)SCE/ gge / g:* / mernbrane 1 g?~, / zge I=-) (1) 

The pa-dependence of the membrane-electrode potential at 25 + 0.1” was established by measuring 
the e.m.f. of cell (1) by means of an electronic potentiometer while the solution was being stirred. 
The results obtained, each the mean of 4 measurements with each of two electrodes, are represented in 
Fig. 2 (curve 1) for 10-+4N sulphuric acid. Membrane potentials were also measured at constant 
ionic strength (I = 0.075; Fig. 2, curve 2). 

* Part VII, Stud. Univ. Babes-Bolyai, Chem., 1971, 16, 25. 



974 Short communications 

fast response to Ag+ ions allowed the determination of iodide by 
automatic recording of the potentiometric curve (or its derivative). 

Zusammenfamung-Mit der Membranelektrode aus PVC + Tri- 
kresylphosphat erhaltene Ergebnisse potentiometrischer Fallungsti- 
trationen einiaer Haloeenide und Pseudohaloeenide werden mitseteilt. 
Losungen van” Ag+, TT+ und Hg,*+ wurden ils Titranten verw&det; 
auf diese spricht die Membran an. Das schnelle Ansprechen auf 
Ag+-Ionen erlaubte die Bestimmung von Jodid durch automatische 
Aufzeichnung der potentiometrischen Kurve (oder ihrer Ableitung). 

RCum&-On donne les resultats obtenus par l’emploi de l’elec- 
trode membrane PVC + phosphate de tricresyle dans le titrage 
potentiom6trique par precipitation de quelques halogenures et 
pseudo-halogenures. Des solutions de Agf, Tl+ et Hgr*+ auxquelles la 
membrane &pond ont et6 utilis&s comme agents de titrage. La re- 
ponse rapide aux ions Ag+ a permis le dosage de l’iodure par enregistre- 
ment automatique de la courhe potentiometrique (ou de sa d&h&). 

REFERENCES 

I. C. Liteanu and E. Hoplrtean, Rev. Roumaine Chim., 1970,15,749. 
2. I&m. Talanta, 1970.17,1067. 
3. Idem; Rev. R&ma&e Chim., 1970,15,1331. 
4. Idem, Studia Univ. “Babes-Bolyai”, Chem., 1970,15,41. 
5. Idem, Rev. Roumaine Chim., 1971,16, 55. 
6. C. Liteanu, E. Hopirtean and M. Mioscu, Proc. III Anafyt. Chem. Co& Budapest, 1970,35. 
7. C. Liteanu and E. Hooirtean. Studia Univ. “Babes-Bolvai”. Chem.. 1971.16. 83. 
8. Idem, Rev. Roumaine khim., i971,16, 559. 

, , , ,, 

9. F. L. Hahn and G. Weiler, Z. Anal. Chem., 1926,69,417. 

Tahnta, 1972, Vol. 19, pp. 974 to 979. Perwmon Press. Printed in Northern lmland 

Use of membranes for equivalence point indication-VIII + 
Electrochemical characterization of BaSO,-parchment 

membrane-electrode 

(Received 24 June 1971. Accepted 27 November) 

THE ELECTR OCHEMICAL characterization of ion-selective membrane-electrodes presumes the establish- 
ment of the factors which affect the electrode function, the selectivity, and the speed of response of the 
e1ectrode.l 

We have measured the electrode potential, speed of response, and impedance, under different 
experimental conditions, in order to obtain more thorough knowledge of the H+-selective BaSO,- 
parchment membrane-electrode.*-* 

EXPERIMENTAL 
The electrode function 

The apparatus is shown in Fig. 1, The cell (with transport) can be represented by 
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The pa-dependence of the membrane-electrode potential at 25 + 0.1” was established by measuring 
the e.m.f. of cell (1) by means of an electronic potentiometer while the solution was being stirred. 
The results obtained, each the mean of 4 measurements with each of two electrodes, are represented in 
Fig. 2 (curve 1) for 10-+4N sulphuric acid. Membrane potentials were also measured at constant 
ionic strength (I = 0.075; Fig. 2, curve 2). 

* Part VII, Stud. Univ. Babes-Bolyai, Chem., 1971, 16, 25. 
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!_ 11 n Thermostot 

KCL 
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FIG. l.-Schematic diagram of the measuring cell. 
l-Double wall cell; 24nternal solution; 
3-external solution; e-membrane; S-magnetic stirrer. 

h 
_ 

W 

PH 

FIG. 2.-The electrode function E us. pH. 
l-Variable ionic strength. 
2-Constant ionic strength (0.1). 

Selectivity of the electrode 

The ionic strength of the external solution was adjusted with sodium sulphate. It was therefore 
necessary to determine the intkence of sodium ions on the electrode, by measuring the e.m.f. of the 
following cell (with transport): 

Sodium sulphate solution (10-6-10-1N) had no effect on the electrode potential at 25”. 
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The temperature coejicient 

The electrode functions best if the concentrations of the external and internal solutions are equal.*-* 
Therefore measurements of electrode potential as a function of temperature were made with 0.05N 
sulphuric acid as external solution and 0.OSN barium hydroxide as internal solution. Results (mean 
values as above) are presented in Fig. 3. 

Speed of response 

A recording electronic potentiometer with small response inertia (Radelkis OH-102) was used to 
record the potential change when the electrode was immersed in a stirred 0+05N sulphuric acid solution 
at 25 f 0-P. The electrode (internal solution: 0.OSN barium hydroxide) was equilibrated beforehand 
in sulphuric acid of concentrations lo+, 5 X lo-*, lo-‘, 5 x 10m6, 10-s. 5 x 1O-e and lo-EN. In 
Fig. 4 a typical E vs. t curve is presented (curve 1). together with its linearization in co-ordinates 

lo;(E, - Et) vs. 2/T (curve 2). 

620- 

lLi 615- 

612 ! I I I 
20 30 40 50 60 70 80 

FIG. 3.-The temperature-dependence of the electrode potential. 

FOG. 4.-The time-dependence of the electrode potential. 
1-E vs. t. 
2-Linearization of the E vs. t function. 
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TABLE I.-MEAN SLOPE (k) OF LmeAluzED WTENTIAL us. Tim CURVES. 

977 

(k f tsk) x 100,+ 

Concentration step lI-&SO,], N 25°C 45°C 65% Ba(OH), 0.1 N 

lo-‘+5 x 10-a 4.9 f 0.9 
5 x lo-” 4 5 x lo-’ 5.5 f 0.3 

lo-‘+5 x lo-’ 4.7 f 0.5 
5 x 10-S +5 x 10-a 5.6 + 0.2 5.8 f 0*8 11.9 f 0.2 6.9 f 0.1 

10-S + 5 x 10-a 6.5 f 1.3 
5 x 10-a + 5 x 10-a 6.7 f 0.2 

10-o + 5 x 10-p 6.9 f 0.6 

* Three degrees of freedom confidence limit a = 0.95 (Student’s f = 3.18); sk = standard deviation. 

Table I gives the mean of 4 measurements, (2 with each of 2 electrodes) of speed of response of the 
electrode, in terms of the slope of the linearixed E us. t curves (t > 30 set). The speed of response was 
also measured with the sulphuric acid heated to 45” and 65”, and for 0.1 N barium hydroxide as the 
internal solution. 

Impedance of the electrode 

The membrane-electrode was connected in the assembly shown in Fig. 5. The signal generator 
(Tesla BM 314) gave a sinusoidal signal with amplitude 15 V. By means of the ellipse method with an 

FIG. 5.-The experimental device for impedance measurements. 
G, signal generator (TESLA BM-344). 
C, measuring cell. 
0, oscillograph (ORION EMG-1538/C). 

oscillograph (Orion EMG Type/15380), the impedance and the phase-displacement angle were deter- 
mined as a function of frequency. 
displacement angle (curve 2). 

Figure 6 shows the results for impedance (curve 1) and for phase.- 

The impedance of the electrode has been resolved into the capacitive (Z,) and the reactive (Z,) 
components.s-T Reciprocal variation of these components is shown in Fig. 7. 

DISCUSSION 

Electrode function 

The parchment membraneelectrode, impregnated with barium sulphate, is well known to be a 
proton-selective electrode.*~a The slope of the E us. pH plot has been evaluated as 65 mV at 25”, by 
titration of sulphuric acid with sodium hydroxide. This meant recording the electrode function at 
constant ionic strength. This explains the behaviour of the electrode as shown in Fig. 2. In curve 2, 
the slope reaches 66.6 mV per pH unit, in good agreement with the earlier result. 
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FIG. 6.-The dependence on logi, of (1) the impedance 2, (2) the phase-displacement 
angle 6. 

ZR, orbltrary units 

fi%G. 7.-Relationship between 2, and 2,. 

Selectivity of the dectrode 

It was found that the improvement in the behaviour of the electrode when it is operated at constant 
ionic strength is not the result of interference by sodium ions, so the electrode works on the basis of 
sekctive ditlitsion. The more dense the ion layer adsorbed on the barium stdpbate surface, the more 
selective the electrode. 
of Fig. 2. 

This is the explanation for the increasing slope (AE(ApH) observed in curve S 

The behaviour of the electrode at high temperatures offers further evidence in support of this 
hypothesis. Thus, at not too high temperatures the electrode has a temperature coefhcient (88 pV/K) 
that is lower than the Nernstian value. Above a certain temperature (45”) diffusion ceases to be 
selective, and the temperature coefhcient changes its vahte. 

Speed of repme 

The process of reaching the equilibrium potential is generally slow. It proceeds in two stages: the 
first, electrical in nature, is rapid, and the second is slower and diffusional in nature, which is proved 
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by the shape of the equation describing the E vs. t curve: 

E, - Et = const. e-kqi (3) 

The facts that k is independent of the concentration of the pm-equilibrating solution, and that it 
increases in value with increasing temperature of the external solution and with increasing concentra- 
tion of the internal solution support this explanation. 

Impedance of the electrode 

Though the experimental results are incomplete (the sensitivity of the apparatus is too low to 
allow exploration of the whole frequency range), it can be deduced, by analogy with glass electrodes, 
that nresumablv there is a layer on the surface of the oarchment electrode that is different from the 
insidk of the membrane. This is probably formed of&barium sulphate on which sulphate ions are 
adsorbed. The existence of this layer is consistent with results on investigations on the formation of 
the electrode,8-10 as well as with silver i0ns.l’ 

It can be stated with certainty that the H+-selective membrane-electrode made of parchment 
impregnated with barium sulphate works on the basis of a selective diffusion process. 

Department of Analytical Chemistry 
University of Cluj, Cluj, Romania 

CANDIN LITEANU 
IONEL CATALIN P~PESCU 

Summary-Some new aspects of the electrochemical characterization of 
the BaSO,-parchment membrane-electrode are discussed. The elec- 
trode function E vs. pH is strongly affected by the ionic strength of 
the external solution. The electrode is mainlv selective for hvdroeen. 
and without interference from sodium ions.’ The basis of operasod 
of the electrode is selective diffusion. This conclusion is supported 
by the temperature coefficient, the response rate, and the impedance 
measurements. 

Zusannnenfassun8-Emige neue Aspekte der elektrochemischen Char- 
akterisierung der Membranelektrode aus BaSOp und Pergament 
werden diskutiert. Die Elektrodenfunktion E(pH) wird durch die 
Ionenstarke der AuBenliisung stark beeinfluat. Die Elektrode ist 
im wesentlichen selektiv fur Wasserstoff und wird durch Natriumionen 
nicht gestort. Die Wirksamkeit der Elektrode beruht auf selektiver 
Diffusion. Dieser SchluB wird durch den Temperaturkoellizienten, die 
Ansprechgeschwindigkeit und durch Impedanzmessungen gesttitzt. 

R~m&-On discute de quelques nouveaux aspects de la caractdrisation 
&ctrochimique de l’electrode-membrane BaSO,-parchemin. La fonc- 
tion d’dlectrode E par rapport au pH est fortement affectQ par la force 
ionique de la solution exteme. L’blectrode est principalement selective 
pour l’hydrog&ne, et sans interference des ions sodium. La base de 
fonctionnement de l’electrode est la diffusion selective. Cette conclusion 
est etayb par les mesures de coefficient de temperature, de la vitesse de 
reponse et de l’impedance. 
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Conductometric titration with indicating resistanc+III* 
Mechanism of the PVC + Ala&on CS (Cationite R-H) 
+ dioctyl phthalate (plasticizer) membrane as indicating 

resistance 

(Received 14 June 1971. Accepted 5 January 1972) 

W END-POINT of conductometric acid-base titrations can be detected even when a highly conducting 
medium is used, if they are done in the presence of an indicating membrane.l~a In the presence of an 
ion-exchange membrane, the equivalence point is marked by a sudden decrease in the conductivity of 
the solution. 

A previous paper* discussed the titration of hydrochloric acid in the presence of the membrane 
obtained by the plasticization of a mixture of PVC + Alassion CS + dioctyl phthalate at 140”. The 
present paper discusses the mechanism by which a similar membrane (PVC + Alassion CS + dioctyl 
phthalate, 2: 1:4, plasticized at 175”) functions. 

EXPERIMENTAL 

The preparation of the membrane and the conductivity cell were described earlier.s Conductivities 
were measured with a Radelkis instrument with 300 and 80 Hz alternating current. 

Hvdrochloric acid (lO-l. 1O-p. lo-* and lO-pM) in sodium chloride 5M was titrated with sodium 
hydr&ide solutions ten t&es & concentrated ab the acid, under equilibrium conditions (Fig. 1). 

Recording the results under equilibrium conditions allows detection of the conductivity drop when 
a small excess of alkali is added. The time needed for the conductivity to become steady in the 
vicinity of the equivalence point and on first contact of the membrane with the acid solution to be 
analysed, varies between 30 min and 2 hr. The reversible exchange reaction 

R-H+Na++RNa+H+ (1) 

is shifted to the right at the equivalence point, and to the left initially. At other stages of the titration, 
the time necessary to establish equilibrium is 3-10 min. Before and after the equivalence point, the 
conductivity varies little. The general appearance of the curve is that of potentiometric curves, in 
contrast with the curves obtained in non-equilibrium conditi0ns.l 

Very low concentrations of acid may de determined, down to IO-‘N. This concentration reduces 
the shift of the exchange equilibrium to the R-H form, giving a resistance change of only 50 fi at the 
equivalence point. This change cannot be recorded in the case of a membrane with high resistance 
(2130 a, Fig. 1, curve a) but it can be if the membrane has a sticiently low resistance, between 
400 and 1300 R (1290 R, curve b, and 430 a, curve c). For acid concentrations higher than lo-*Nat 
the beginning of the titration, the exchange equilibrium is shifted further to the left, and thus the effect 
of the shift to the R-Na form is a change of about 600 a in resistance at the equivalence point and 
this variation can easily be measured whatever the resistance of the membrane (1140 Q, curve d; 
780 61, curve e; 578 0, curvef). 

T’he conductivity of the membrane increases with the number of determinations (Fig. 2), the value 
also increasing inversely with the pH of the solutions. Solutions with initial pH between 3 and 4 give 
a membrane conductivity close of that obtained in neutral solutions. For acid solutions with initial 
pH below 3, the jump registered at the equivalence point of the titration represents a combination of 
two jumps, one occurring at pH 5-7 and the other at pH 9-l 1. The presence of the two jumps explains 
the non-superposition of curves b and c in Fig. 2. 

The conductivity of O~OlMhydrochloric acid in SMsodiumchlorideis 21.45 Ct-;L-‘.m-l. Introduction 
of a membrane between the electrodes decreases the conductivity. The decrease is not very large if 
the membrane is made without plasticizer, (i.e. only of PVC + Alassion CS, and obtained by dissolu- 
tion of the polymer in tetrachlorethane), the conductivity then being 17.4 a-l.m-I. For the same 
membrane thermally treated at 175”, the conductivity decreases to 13.1 a-l.m-I. These conductivities 

+ Part II, Rev. Roumaine Chim., 1970,15,1871. 
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PVC + Alossion CS t Dloctylphthalate 
membrane 

3000 Hz 

0.4 

FIG. l.-Curves u, ‘b, c-titration of lo-‘M 
HCl + 5M NaCl with lo-*N NaOH; Ltitra- 
tion of 10-“M HCl + 5M NaCl with 10-‘M 
NaOH; e-titration of lo-‘M HCl + 5M NaCl 0.3 

with lo-‘M NaOH; f-titration of 10-lM HCl 
+ 5M NaCl with 1M NaOH. The figure in 
brackets givqthe serial number of th< deter- ‘E 

mination in a set with the same membrane. 
h 

5 

ve veveue 

Vol ml NaOH 

IO 20 

Determmotion no. 

Fro. 2.-Variation of the conductivity 
of PVC + Alassion CS + dioctyl phtha- 
late membrane with the number of deter- 

minations. 
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Without membmne 

PVC t Alossion CS (175T) membrane 

13C 

Vol. ml. NoOH, Id’N 

FIG. 3.-Conductometric titration curves of lo-*MHCl + 5MNaCI with 10-lMNaOH. 
Curve a without membrane; b, c, d with various membranes. 

were measured under equilibrium conditions and do not vary with the number of determinations. A 
membrane without cation-exchanger, obtained from PVC + dioctyl phthalate, plasticized at 175”, 
diminishes the conductivity of the system by a factor of 104. The membrane PVC + Ala&on CS + 
dioctyl phthalate decreases the conductivity a great deal (0.023 sl-l.m-l in the first determination) 
and, as mentioned above, the conductivity increases with the number of determinations. When the 
conductivity of the membrane has increased to the optimum (determinations 5-20), it is about l/100 
that of the solution. 

The transport of electricity in the membrane is performed by the exchange ions, which are held 
back to an extent determined by the exchange group, leading to a larger or smaller conductivity. 
Alassion CS is a strongly acidic cation-exchanger with sulphonic acid groups. In the case of a 
membrane formed only of PVC + Alassion CS, the exchange R-H +- Ha+ + R-Na + H+ occurs 
also in the acid pH range. In such a membrane, after repeated treatment with 5M sodium chloride, 
the amount of H+ unexchanged leads to an increase of the resistance by only O-2 Q when the membrane 
is in contact with alkali, whereas in the case of a solution with a 1: 50 ratio of [H+]: [Na], the increase 
is 14-2 Cl. This change in conductivity at the equivalence point in the presence of alkali is insufficient 
for the membrane to be used as an indicating device, as shown by the appearance of a simple inflexion 
on the titration curve (Fig. 3, curves b and c). The PVC + dioctyl phthalate membrane has a partic- 
ularly large resistance and an exchange of H+ ions for Na+ (decrease in conductivity) is observed only 
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PVC t Phtholic acid t Dioctylphtholate 
IO membrane 

081 I 1 L 

-- 5 

t-7 
IO - 

‘E 20 

a 
PVC t Phthalic acid t 
NaCl t Dioctylphtholate 
membrane 

1 
80 Hz 

40 n - 
0 

(b) 
IO 1 I c 

5 10 

Collodion t Phtholic acid membrane 

I \ 3000 Hz 

Vol. ml. NaOH 

FIG+. 4.-Conductometric titration curves of lo-*MHCl f 5MNaCl with lo-‘MNaOH 
with different membranes containing phthalic acid. 

at a very alkaline pH (Fig. 3, curve 4. For these reasons the membrane formed only of PVC + 
plasticizer cannot be used as an indicator in acid-base titrations. 

The indicator properties of the PVC + Alassion CS f dioctyl phthalate membrane (plasticized 
at 175”) can be explained by the existence of two types of protonated species in the membrane, with 
different dissociation constants, which give exchange of H+ for Na+ in two pH regions (5-7 and 9-11). 
These species arise as follows: at the membrane formation temperature (175“), dioctyl phthalate 
reacts with the sulphonic acid group of the ion-exchanger, forming octyl sulphonate and phthalic 
acid. The latter has two carboxylic groups with dissociation constants Kl = l-3 x 10-a and & E 
3.9 x 1O-6. The presence of phthalic acid in the membrane was proved on the basis of its optical 
properties, and the reaction of Alassion CS with dioctyl phthalate at the same temperature. A newly 
prepared membrane contains non-crystalline phthalic acid, since crystallization takes some time. The 
presence of phthalic acid right from the preparation of the membrane means that a conductivity 
jump will occur at the equivalence point, even in the first titrations. Esterification of the sulphonic 
acid grouping explains the low conductivity of the membrane immediately after its prepar- 
ation. Slow hydrolysis of the sulphonate ester (Le., with repeated determinations)increases the nun&r 
of ionogenic groups and hence the conductivity of the membrane. At the equivalence point both car- 
boxylic groups of the phthalic acid can give ion-exchange, the first at pH 5-7, the second at pH 
9-11, thus increasing the effect as the pH rises. AS the number of determinations increases, some 
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phthalic acid is dissolved out and the conductivity jump at the equivalence point decreases con- 
siderably. That is why, although the resistance of the membrane falls below 500 n, it cannot be used 
further for this purpose. 

The role of the phthalic acid was deduced from ex eriments 
phthalic acid + dioctyl phthalate (3 : 1:4) membrane (p P 

in which a homogeneous PVC + 
asticized at 175”) was used in the titration of 

0-01&f hydrochloric acid in 5M sodium chloride with O.lM sodium hydroxide (Fig. 4, curve a). This 
membrane has a particularly high resistance. Introduction of sodium chloride (PVC + NaCl + 
phthalic acid + dioctyl phthalate: 4: 1: 1: 8) dishes its resistance a little, but the titration curve 
obtained is identical with that of the Alassion CS membrane (Fig. 4, curve b). 

A membrane made of phthalic acid in collodion has a high conductivity, but is a poor indicator 
because of its heterogeneity. In such a membrane only a small part of the phthalic acid takes part in 
an exchange reaction, viz. that part dissolved by the ether of the collodion solution and recrystallized. 
The undissolved phthalic acid granules react only on the surface. The titration curve with a collodion 
+ phthalic acid membrane indicates both the exchange steps of phthalic acid, though only by small 
conductivity changes (Fig. 4, curve c). 

Dept. of Analytical Chemistry and 
Dept. of Mineralogy 

University of Cluj, Cluj, Romania 

CANDIN LITEANU 
Lucaxrr~ GHERGARIU-M&A 

Summary-The problem of conductometric acid-base titration in a 
highly-conducting medium (5M sodium chloride) has been solved by 
introducing a PVC + Alassion CS + dioctyl phthalate membrane be- 
tween the two electrodes. The equivalence point is marked by a sudden 
decrease in conductivity. The membrane (obtained by plasticization 
at 175“) functions through the phthalic acid dissolved in the PVC 
membrane, this acid being formed by decomposition of the dioctyl 
phthalate by the sulphonic acid groups of the cation-exchanger. In 
this process the &phonic acid groups are esterified, but hydrolyse 
on beiig treated for 2-3 hr with NaOH, and then increase the conduc- 
tivity in the membrane. 

Zasammenfaasuu8-Das Problem der konduktometrischen Slure- 
Basen-Titration in einem gut leitenden Medium (5 M Natriumchlorid) 
wurde dadurch gel&t, da8 eine Membran aus PVC + Alassion CS f 
Dioctylphthalat zwischen die Elektroden gesetzt wird. Der Aquiva- 
lenzpunkt macht sich durch einen plotxlichen Abfall in der Leit- 
Whigkeit bemerkbar. Die durch Verpressen bei 175” hergestellte 
Membran ermaglicht diesen Effekt durch die im PVC geliiste Phthal- 
siture, die durch die Zersetzung des Dioctylphthalats an den Sulfon- 
s&uegrunnen des Kationenaustauschers entsteht. Bei diesem Prom8 
werd& die Sulfons&rregruppen verestert ; sie hydrolysieren jedoch bei 
2-3-stiindiger Behandhmg mit NaOH. Dann erhiihen sie die Leit- 
frihigkeit in der Membran. 

R&aua~Le probleme du titrage conductim&ique acide-base dans un 
milieu hautement conducteur (chlorure de sodium 5M) a 6th resolu en 
introduisant tme membrane PVC + Alassion CS + phtalate de dioctyle 
entre les deux electrodes. Le point d’&uivalence est mar& par un 
decroissement brusque en conductivit&‘ La membrane (o&&e par 
nlastitication a 175”) fonctiorute par l’intem&liahe de l’acide nhtahaue 
dissous dam la membrane en PVC, cet acide &ant form6 par ia d&corn- 
position du phtalate de dioctyle par les groupes acide sulfonique de 
I’eChangeur de cations. Dam ce processus les groupes acide sulfonique 
sont est&ifi&, mais s’hydrolysent par traitement de 2-3 h par NaOH, 
accroissant la conductivit6 dans la membrane. 

REFERENCES 

1. C. Liteanu and E. Hop&an, Rev. Roumaine Chim., 1967,12,517. 
2. C. Liteanu and L. Ghergarlu-Mirza, ibid., 1970 l&1871. 



Short communications 985 

Talmu, 1972, Vol. 19. pp. 985 to 988. Peammon ptcas. printed In Northan Idand 

Characterization of axamic ion-selective membrane-elec~odes-I 
Tlte Ag$ ektrode 

(Received 9 June 1971. Accepted 27 November 1971) 

SII..VER SULPHIDE has been used for making hornog~~~ or heterogeneous siker-8eIective membme. 
electrodes, the former by heating a mixture of sifver halide and silver sulphidel or from sb@ 
crystals of the stiphide+” and the latter by using an inert material to bind the silver suipbide.*-7 

The performance of heterogenous ion-selective membrane&&odes (ISME) has been shown to 
be inferior to that of homogeneous ISME if silver sulphide is used a8 the electrochemically &ve 
material,* We have therefore tried to produce an easily fabricated homogeneous Ag+-selective 
membrane-e&rode.* In this paper the behaviour of a ceramic silver sulphide membrane as m Agf- 
s&ctive electrode is described. 

BXPERIMENTAL 

To one end of a ‘bplexiglass” tube a ceramic Ag,S disc was attached (Fig. lk 
0.1~ silver nitrate was used, 

As inner solution, 
The electrode potential was evaluated by means of the oetl 

Fro. l.-Schematic diagram of the working cell. l-cell; 2-membrane; 3-external 
solution; Ainternal solution; 5-4ectrode body; 6-KNO* agar-agar bridge; 

7-magnetic stirrer; 8-saturated calomel electrode. 

Efectrod~ response 
Sliver ions. With the ISME immemed in aqueous solutions (HI-*-2M)of silver nitrate, the electrode 

response was recorded with and without stirring. The electrode response is linear, but tbe slope is 
lower than the Nemstian value (64.6 mV with stirring, 50 mV without). These experbx& were 
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repeated at constant ionic strength (O*lM) maintained by addition of potassium nitrate. 
then within 2% of being Nemstian (58.2 mv). 

The slope is 
The activity response curve is parallel, but shifted on 

account of the activity coefficient of silver ions (the valuelo used was O-61). 
Mercury(ZZ) ions. Since it is known that mercury(H) interferes seriously when this electrode is 

used, the ISME was tested for response to mercury(II), by similar methods. The response curve 
(for an ionic strength of O.lM) is linear with Nernstian slope (30 mv). The activity response is parallel, 
the shift depending on the activity coefficient of mercury(H) (the value10 0.14 was used). 

Selectivity 

MercuryO. To determine the selectivity constant of the electrode for Hg*+, a variant of Rechnitz’s 
method” was used. From the equations: 

,!?I = J!?’ + 00582 log aAs+ (2) 

E’ = E” + 0.0582 log (Q+ + KAg+ ,Hga-l .a$+) (3) 

where K~~+,aez+ is the selectivity coefficient, we obtain 

ul/l 
10’“‘-%)/o*“s8* = 1 + KAg+,npa+. asB+ (4) 

aAg+ 

when eAg+ and the ionic strength are kept constant, from a plot of 10ta’-ar)~o*orsr vs. c$+ the 
selectivity coefficient can be obtained, if the individual activity coefficients of Hg*+ and Ag+ are known. 
Results for a 5 x 10-6M Ag+ solution titrates with a lo-*M solution of Hgp+ which contains 
5 X lO+M Ag+, at Z = O*lM, are presented in Fig. 2. 

FIG. 

$2 M. c’ 
H9 ’ x103 

2.__Plot of 1p’-%‘/- vs. cl’* nga+ for 5 x 10-sM AgNO, with various 
lo-!‘M Hg(NO& + 5 x 10-sM AgNO*. 

additions of 

Copper( A faster but less accurate method’* consists of electrode potential measurements in 
two solutions, of Ag+ and of Cua, respectively, of the same activity. It follows from equation (3) 
that for cAg+ = 0, 

us Es = E” + 0.0582 log~Aa+;Cun+.ac,a+ (5) 
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By combining equations (2) and Q, we obtain 

Results of determinations for cAs+ = O.lM 5 CC@+ gave &r+.cu’+ = 10-O. 
Hydrogen ions. Hydrogen ions must affect the electrode potential through acid-base equilibria 

in which the sulphide ion is involved. The electrode could indeed be used as an indicating electrode in 
acid-base titrations. Determination of the selectivity coefficient by the Rechnitz methodI gave 
&r+,n+ = IO-‘. 

Reproducibiriry 

Reproducibility of potential measurementswas tested for 10-l, 10” and 10-6Msilver (ionic strength 
0*1&f). The results were nracticallv identical for 20 measurements in each case. The variation of the 
electrode potential does Aot exceed l-2 mV over a period of 24 hr. 

Applications 

The electrode may be used with good results in the titration of silver with Cl-, SCN-, Br and I- 
The potential jump at the equivalence point exceeds 200 mV for Cl- and reaches 600 mV for I-. 
Titrations of mercury(E) with Cl-, SCN-, Br- and I- also give good results. The potential jump is 
particularly large (700-800 mV) in the titration of Hga+ or Ag+ with SH-. 

DISCUSSION 

The membrane gives an electrode response closer to the theoretical for Ag+ and Hg*+, if the ionic 
strength is kept constant at a value equal to that of the salt bridges used, and this shows that the non- 
Nernstian response at variable ionic strength is due to the contribution of the diffusion potential, at 
the interfaces, to the e.m.f. of the cell. The influence of stirring also supports this view. The electrode 
is primarly Ag+-selective, with strong interference by Hg *+. Interference by other cations may be due 
either to precipitation of a sulphide more sparingly soluble than Ag,S, on the surface of the electrode, 
or to decomposition of the Ag,S by sequestration of Ag+ or of S*-. 
been detected in the case of Hga+ and Cu *+. 

Interference by precipitation has 
The response to hydrogen ions can be considered as the 

second type of interference. If the potential us. pH relationship for this electrode in an acid-base 
titration is considered, the slope is about 25 mV per pH unit, confirming the assumption4 that hydrogen 
ions interfere by protonating the sulphide ion. 

Department of Analytical Chemistry 
University of Cluj, Cluj, 
Romania 

CANDIN bTEANU 

IONzL c. POPzscU 
VLADIMIR ~OVhNACHE 

Summary-The behaviour of a new type of electrode, made from 
ceramic Ag,S, has been investigated. The electrode response is Nerns- 
tian for Ag+ over the range lo+-2M and for Hg*+ in the concentration 
range lo-@-lo-*M, both at constant ionic strength (O.lM). The 
electrode is Ag+-selective, with maximum interference from Hg*+. 
It can be used for acid-base potentiometric titration and for potenti- 
ometric Ag+ and Hg3+ precipitation titrations. 

Zusammenfassuag-Das Verhalten eines neuen Elektrodentyps aus 
keramischem Ag$ wurde untersucht. Das Verhalten der Elektrode 
entspricht mit Ag+ im Bereich 1O-6-2M der Nernstschen Glei- 
chung und mit Hg Bf bei 1O-8-lO-pM, jeweils bei konstanter Ionen- 
sttlrke (0,lM). Die Elektrode ist selektive ftir Ag+ und wird am 
stlrksten durch Hg*+ gestort. Sie kann zur potentiometrischen 
S&ire-Basen-Titration und zu potentiometrischen Fgllungstitrationen 
von Ag+ und Hg*+ verwendet werden. 

R&&-Gn a 6tudie le comportement d’un nouveau type d%lectrode, 
fait de AgsS c&unique. La reponse de l’electrode est Nemstienne pour 
Ag+ dans le domaine lO+‘-2M et pour HgB+ dans le domaine de con- 
centration 1O-8-1O-8 M, tous deux 51 force ionique constante (0,1&f). 
L’electrode est selective pour Ag+, avec interference maximale de Hga+. 
Elle peut 3tre utilii&e pour le titrage potentiometrique acide-base et 
pour les titrages par precipitation de Ag+ et Hg*+. 
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VOLTAMMETRY IN DIMETHYLSULPHOXIDE- 
A REVIEW 

THOMAS R. KOCH* and WILLIAM C. PURDY 

Department of Chemistry, University of Maryland, College Park, Md. 20742, U.S.A. 

(Received 15 November 1971. Accepted 27 December 1971) 

Summary-A review is given of voltammetric studies using dimethyl- 
sulphoxide as supporting electrolyte, and includes details of inorganic 
and organic systems studied and of the reference electrodes developed 
for use in this medium. 

IN RECENT YEARS the scope of voltammetry has been expanded by an increase in the 
number of non-aqueous solvents employed. Dimethylsulphoxide (DMSO) has 
been of great value in these voltammetric studies owing to its high dielectric constant 
and absence of ionizable protons. Many investigators have found purification of the 
solvent to be a necessity, owing to a cathodic wave caused by an impurity. This 
impurity can be removed by distillation; in addition, distillation over a drying agent 
helps to ensure a constant, low water level (usually about 0*03-0*05 %). Tetra- 
alkylammonium salts are generally employed as supporting electrolytes to take full 
advantage of the extended cathodic range of DMSO as compared to water. While a 
variety of reference electrodes have been used, the most common is an aqueous 
saturated calomel electrode (SCE), separated from the sample compartment by a 
salt bridge. Several reference electrodes employing DMSO as a solvent have been 
described and they will be discussed later. 

EARLIER WORK 

The first voltammetric studies in DMSO were conducted in 1959 by Gutmann 
and Sch6ber.l With tetraethylammonium nitrate as supporting electrolyte, they 
reported a usable voltage range from -0.2 to -2.74 US. SCE. These workers de- 
scribed the frequent occurrence of maxima which, in some cases, were at least partially 
eliminated by varying the drop-rate. Conventional and derivative polarographic 
methods were used. Single, well-defined waves were found for the alkali metal ions 
and for the ammonium ion. The alkaline-earth metal ions were reported to give 
single, well-defined waves. Silicon tetrachloride exhibited two waves, well-formed and 
of equal height. Zirconium(N) and hafnium(IV) gave well-developed waves, each 
exhibiting a small first-order maximum. Titanium(N) gave a wave which was ideal 
in shape; derivative polarography showed three indistinct steps in this reduction, 
corresponding to 

Ti(IV) ---f Ti(II1) -+ Ti(I1) -+ Ti(0). 

Antimony(II1) exhibited three waves and niobium(V) one. The half-wave potential 
values reported by Gutmann and Schijber are included in Table I. These authors 
carried out no concentration studies. However, by use of a variety of reference 

* Present address: Erie County Laboratories, E. J. Meyer Memorial Hospital Division, 462 
Grider Street, Buffalo, N.Y. 14214, U.S.A. 

1 989 



T
A

B
L

E
 I.

-P
O

L
A

R
O

G
R

A
P

H
IC

 
D

A
T

A
 I

N
 D

M
S

O
. 

A
. 

IN
O

R
G

A
N

IC
 M

A
T

E
- 

A
ct

iv
e 

sp
ec

ie
s 

F
or

m
 

u
se

d 
In

er
t 

el
ec

tr
ol

yt
e 

--
E

z1
,, 

v 
R

ef
er

en
ce

 
el

ec
tr

od
e 

T
, 

“C
 

R
ef

. 
M

is
ce

ll
an

eo
us

 

A
D

3 
w

m
 

B
aO

rI
) 

C
aO

I>
 

C
aO

U
 

C
d0

11
 

C
&

W
 

C
dO

O
 

C
d(

iO
 

C
d(

II)
 

C
d(

I1
) 

C
d(

H
) 

::g
; 

C
d0

 
C

dO
I)

 
C

e(
II

I)
 

C
oO

I)
 

C
o@

) 
C

o@
) 

C
o0

 
C

oO
I)

 
C

o@
) 

C
oo

I)
 

C
rO

 

C
r(

II
1)

 

W
I)

 
C

u
cr

I)
 

C
W

I)
 

C
U

O
I)

 

O
*l

M
T

E
A

P
 

A
lC

l*
 

O
*l

M
T

E
A

P
 

B
a

K
10

4)
a

 
O

*l
M

T
E

A
_P

 
B

aC
l, 

0.
1 

M
 T

E
A

N
O

* 
C

aW
U

 
O

al
M

T
E

A
N

O
, 

C
a(

C
Q

h
 

O
*f

M
 T

E
A

P
 

C
d(

C
lO

&
 

0.
1M

 
T

E
A

P
 

C
df

C
lO

.)
, 

@
iM

T
B

A
P

 
C

d&
IO

&
 

O
*l

M
 T

B
A

P
 

C
d(

C
lO

&
 

O
-1

 M
 K

C
IO

I 
C

d(
C

lW
n

 
O

*l
M

 K
C

lO
, 

C
d (

N
O

&
, 

0.
1 

M
 K

C
lO

, 
C

d(
C

lO
&

 
l*

O
M

 K
C

lO
, 

C
d(

C
lO

&
 

l*
O

M
 K

C
IO

, 
W

C
lO

J,
 

I 
*O

M
 K

C
lO

, 
C

d(
C

lW
s 

l*
O

M
 K

C
lO

, 
C

d@
W

z 
1 

*O
M

 K
C

IO
, 

C
&

l*
 

O
*l

M
T

E
A

P
 

0%
 

O
*l

M
T

B
A

P
 

C
o(

C
lO

&
 

0~
1M

T
E

A
P

 
co

(c
1o

3.
 

O
.lM

K
C

IO
I 

C
o(

C
lW

* 
l*

O
M

 K
C

lO
, 

co
(c

lo
,)

s 
l*

O
M

 K
C

IO
I 

co
(c

lo
$,

 
1 *

O
M

 K
C

IO
p 

C
o(

C
lO

&
 

l*
O

M
 K

C
IO

, 
C

r(
C

lU
 

0.
1 

M
 K

C
lO

, 

C
r(

C
10

3,
 

C
sC

l 
cu

(C
lo

‘)*
 

cu
(c

lo
,)

* 
cu

(c
lo

J~
 

l.
O

M
 

K
C

lO
, 

0.
1 

M
 T

E
A

N
O

 
O

*l
M

T
B

A
P

 
O

+l
M

T
E

A
P

 
0.

1 
M

 K
C

lO
, 

1*
67

(l
) 

1*
95

(2
) 

::;
5 

2.
09

 
2.

30
 

2-
38

 
0.

58
 

o-
93

1 
0.

96
6 

0.
82

0 
0.

82
0 

0.
63

 
0.

78
9 

0.
79

4 
&

68
5 

0.
67

0 
0.

66
 

2.
24

 
1.

43
 

1.
28

 
1.

31
6 

1.
46

5 
1.

42
3 

1.
52

0 
1,

53
6 

!z
:;;

 
O

-8
70

(1
) 

1,
60

3(
2)

 
2.

03
 

0.
34

1 
-0

.0
5 

0.
21

2 

A
g/

D
M

S
O

 

S
C

E
 

A
g/

D
M

S
O

 
S

C
E

 
S

C
E

 
A

gl
D

M
S

O
 

A
g/

D
M

S
O

 
H

g 
P

oo
l 

H
g 

P
oo

l 
H

g 
P

oo
l 

S
C

E
 

S
C

E
 

H
g 

P
oo

l 
H

g 
P

oo
l 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

A
gt

D
M

S
O

 
S

C
E

 
S

C
E

 
S

C
E

 
H

g 
P

oo
l 

H
g 

P
oo

l 
S

C
E

 

S
C

E
 

S
C

E
 

H
g 

P
oo

l 
A

g 
D

M
S

O
 

H
g 

P
oo

l 

? 25
 

? a:
 ? 3:
 

25
 

25
 

25
 

25
 

25
 

35
 

25
 

;; 21
 

25
 

2:
 

25
 

:5
5 

3s
 

25
 

3s
 

14
 

3s
 1 

3:
 

35
 

11
 

11
 

11
 

11
 9 11
 

11
 

11
 

11
 9 7 

3;
 

:: :: I1
 

11
 

11
 

1:
 

35
 

11
 

nx
 +

 
ns

 =
 

2.
90

 
z,

 =
 

0.
86

; 
Z

B
 =

 
1.

19
 

n
 =

 
1.

97
; 

Z
 =

 
2.

07
 

n
=0

*9
6;

 
Z=

l.4
8 

n
 =

 
1.

84
; 

Z
 =

 
1.

88
 

m
 =

 
0.

03
3;

 
D

 =
 

6.
75

 
“D

 z
 

;;y
”;

 
D

 
=

 
4.

94
 

m
 =

 
0,

03
0 

m
 =

 
0.

04
0 

m
 =

 
0.

04
8;

 
D

 
=

 
2.

52
 

m
 =

 
0.

03
1;

 
I3

 =
 

l-
66

 
m

 =
 

O
-0

47
 

m
 =

 
O

-0
29

 
n

=3
 

Z
 =

 
1.

96
; 

n
 =

 
1.

78
 

m
 =

 
0.

09
6;

 
D

 =
 

0.
73

4 
m

 =
 

0.
10

0 
m

 =
 

0.
13

0;
 

D
 

=
 

4.
83

 
m

 =
 

0,
09

7;
 

D
 

=
 

1.
06

 
Z

J 
=

 
0,

93
8 

m
 =

 
0.

13
0;

 
D

 
=

 
4.

83
 

n
 =

 
1.

95
; 

z 
=

 
I.

95
 

m
 =

 
0.

12
1;

 
D

 
=

 
7.

12
 



cu
@

) 
cu

m
 

cu
m

 
C

U
O

I)
 

D
Y

 (II
I) 

E
rO

W
 

E
u(

lII
) 

F
eO

U
 

F
e(

II
1)

 

F
eO

H
) 

G
dO

 
H

O
[)

 
H

O
) 

H
(I

) 
H

O
) 

H
a)

 
H

(I
) 

H
(I

) 

H
(I

) 
H

S
O

,-
 

H
f (

IV
) 

H
fO

 

H
o(

II
I)

 
K

O
 

1 
*O

M
 K

C
IO

l 
1 

*O
M

 K
C

lO
, 

l*
O

M
 K

C
IO

l 
1 .

O
M

 K
C

IO
I 

O
*l

M
T

E
A

P
 

0.
1 

M
 T

E
A

P
 

O
*l

M
T

E
A

P
 

F
e(

C
lO

&
 

F
e(

C
lO

&
 

O
*l

M
T

E
A

P
 

O
*l

M
 T

E
A

P
 

F
e(

C
lO

&
 

0.
1 

M
 K

C
lO

, 

G
dC

l. 
H

C
l 

H
C

I 

O
.lM

T
E

A
P

 
O

*l
M

T
E

A
P

 
O

.lM
T

E
A

P
 

H
C

lO
, 

H
C

lO
, 

H
IS

O
. 

H
IS

O
, 

H
C

sH
J%

 

0.
1 

M
 T

E
A

P
 

O
*l

M
T

E
A

P
 

0.
1M

 T
E

A
P

 
O

*l
M

T
E

A
P

 
O

.lM
T

E
A

P
 

H
C

IH
IO

I 
T

E
A

-H
S

O
I-

 
H

fC
I,

 

O
.lM

 
T

E
A

P
 

O
*l

M
 T

E
A

P
 

O
.lM

 
T

E
A

P
 

H
fC

l, 
O

.lM
 

T
E

A
N

O
, 

H
O

C
&

 
K

C
1 

O
*l

M
T

E
A

P
 

O
*l

M
T

E
A

P
 

K
C

lO
, 

O
*l

M
T

E
A

P
 

K
C

lO
, 

O
.I

M
T

E
A

P
 

K
C

IO
, 

O
.lM

T
B

A
P

 
K

C
IO

, 
0.

1 
M

 T
B

A
P

 
K

C
IO

, 
0.

1 
M

 T
E

A
N

O
* 

0.
12

7 
0.

12
2 

0.
05

8 
0.

05
1 

2.
08

 
2.

09
 

0.
81

(l
) 

2.
12

(2
) 

1.
12

 
-0

*0
5(

l)
 

1*
12

(2
) 

0*
72

2(
l)

 
1.

41
 l(

2)
 

2.
16

 
1.

08
 

-0
*0

1(
l)

 
O

-1
7(

2)
 

1*
14

(3
) 

1.
14

 
0.

96
 

I.
12

 
1.

06
 

1*
91

(l
) 

2*
22

(2
) 

2.
3 

02
:;8

(1
) 

l-
38

(2
) 

1*
07

(l
) 

1*
17

(2
) 

2.
09

 
--

@
01

(l
) 

0*
17

(2
) 

2.
22

(3
) 

2.
11

 
1.

97
 

2.
36

2 
2.

06
 

2.
11

 

H
g 

P
oo

l 
H

g 
P

oo
l 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

11
 

11
 

:: :: 7 

A
g/

D
M

S
O

 
A

g/
D

M
S

O
 

? ? 
:: 

S
C

E
 

25
 

11
 

S
C

E
 

21
 

7 
S

C
E

 
30

 
5 

S
C

E
 

? 
23

 

S
C

E
 

A
g/

D
M

S
O

 
S

C
E

 
S

C
E

 
S

C
E

 

? ? ? 30
 

? 

23
 

35
 

23
 

2:
 

S
C

E
 

30
 

S
C

E
 

30
 

S
C

E
 

25
 

3:
 

S
C

E
 

1 

S
C

E
 

S
C

E
 

7 
tl

=3
 

23
 

s1
=2

00
 

S
C

E
 

A
g/

D
M

S
O

 
H

g 
P

oo
l 

S
C

E
 

S
C

E
 

21
 

21
 

? ? 2:
 

f 
: 

23
 

35
 

11
 9 1 

m
 =

 
0.

10
0 

m
 =

 
0.

10
3;

 
I)

 
=

 
2.

46
 

m
 =

 
0.

10
2;

 
D

 =
 

1.
73

 
m

 =
 

0.
12

7 
n

=3
 

n
=3

 
nt

=l
; 

n
a=

2 

n
 =

 
1.

60
 

n
, 

=
 

0.
80

; 
n

, 
=

 
1.

20
 

m
, 

=
 0

.0
37

; 
D

 =
 

1.
63

0 
m

l 
=

 
O

-0
52

 

s,
=3

00
 

sl
=2

26
0;

 
n

l=
l 

sJ
 =

 
26

00
; 

n
, 

=
 

1.
04

 
s 

=
 

20
00

; 
n

 =
 

0.
95

 
II

 =
0*

75
 

s 
=

 
24

00
; 

n
 =

 
0.

90
 

s,
=2

00
 

sI
 =

 
12

60
 

xx
 =

 
-0

.0
54

 
x*

 =
 

-0
.1

5 

sl
=2

02
0;

 
ns

=
l 

sI
 =

 2
32

0;
 

n
, 

=
 

0.
95

 
s 

=
 

22
40

; 
n

 =
 

0.
94

 
n

 =
 

0.
99

; 
Z

 =
 

1.
42

 
m

 =
 0

.0
60

 



A
ct

iv
e 

sp
ec

ie
s 

F
or

m
 u

se
d 

In
er

t e
le

ct
ro

fy
te

 

T
A

B
L
E

 1
 (

C
on

ti
nu

es
 R
ef

er
en

ce
 

-Z
h,

 
v 

el
ec

tr
od

e 
T

, 
‘C

 
R

ef
. 

M
is

~l
la

ne
ou

s 

K
(I

) 
La

(I
II)

 
L

i(
1)

 
W

I)
 

L
i(

1)
 

M
g(

II
) 

W
II

) 
M

&
II

) 
M

u(
lI

) 
M

a@
) 

M
nO

I)
 

M
no

I)
 

M
uO

Il
 

M
n(

I1
) 

N
aO

 
N

ag
) 

N
&

I)
 

N
bC

V
) 

N
d(

II
1)

 

:$
I,

 

? 
L

aC
I,

 
L

iC
l 

L
iC

IO
I 

L
iN

O
Il

 

~~
~~

~~
 

M
g(

N
W

, 
M

n(
C

lO
,),

 
M

nt
C

lO
~~

~ 
M

n(
C

lO
&

 
M

n(
C

lW
~ 

M
u(

C
lO

&
 

M
nC

lt
 

N
aC

10
4 

N
aC

Io
, 

N
aH

S
O

&
 

z:
; 

N
H

, 
N

H
&

l 

O
*l

M
 T

B
A

P
 

08
IM

 T
E

A
P

 
0.

1 M
 ‘W

A
N

&
 

O
*l

M
 T

E
A

P
 

O
*l

M
T

B
A

P
 

O
.lM

 T
E

A
P

 
t%

lM
T

E
A

N
O

s 
@

lM
 

T
B

A
P

 
l*

O
M

 K
C

lO
, 

l*
O

M
 K

C
lO

, 
l.O

M
 K

C
lO

a 
l*

O
M

 K
C

lO
&

 
0.

1 M
 T

E
A

P
 

W
lM

T
B

A
P

 
O

+l
M

T
E

A
N

O
s 

O
,I

M
T

E
A

I?
 

@
lM

 
T

E
A

P
 

0.
1 M

 T
E

A
N

O
. 

O
*l

M
 T

E
A

P
 

O
el

M
T

E
A

P
 

O
.lM

T
B

A
P

 

N
i(

I1
) 

N
i(

C
lO

&
 

O
*l

M
T

B
A

P
 

N
i(

I1
) 

N
i(

C
IO

,)*
 

O
.lM

T
B

A
P

 
N

i(
II

) 
N

i(
C

IO
&

 
O

*l
M

T
E

A
P

 
N

i(
I1

) 
N

i(
C

lO
&

 
@

lM
 

K
C

lO
p 

N
i(

I1
) 

N
i(

C
lO

&
 

O
*l

M
 K

C
IO

p 
N

i(
I1

) 
N

i(
N

W
a 

O
*l

M
 K

C
lO

* 
N

i(
I1

) 
N

i(
C

IO
J,

 
I-

O
M

 K
C

IO
, 

N
i(

I1
) 

N
i(

C
IO

&
 

l*
O

M
 K

C
IO

, 
N

i(
T

I)
 

N
W

O
J,

 
l*

O
M

 K
C

lO
, 

N
i(

II
) 

N
i(

C
lO

J,
 

l*
O

M
 K

C
IO

I 
P

W
I)

 
P

b(
C

lO
J~

 
O

+
lM

 T
B

A
P

 
IW

I)
 

P
b(

C
10

3,
 

O
*l

M
 T

E
A

P
 

P
W

I)
 

P
b(

C
lO

$s
 

O
-T

M
 K

C
lO

&
 

20
70

 
22

6 
24

5 
23

8 
2.

38
 

2.
44

 
2.

28
 

2.
19

 
1,

68
3 

16
43

 
1*

81
0 

1,
82

3 
1.

57
 

1.
73

 
2.

07
 

1.
96

 
2.

07
 

0.
92

 
2.

20
 

-0
.0

2 
0*

17
(l

) 
:‘w

&
) 

1.
20

7 
0.

95
 

1.
12

4 
1.

12
0 

l-
10

 
1.

15
5 

1,
12

2 
1*

14
4 

1.
11

0 
0.

81
4 

0.
43

 
0,

61
0 

SC
E

 
SC

E
 

SC
E

 
A

g/
D

M
S

O
 

S
C

E
 

A
g/

D
M

S
O

 
S

C
E

 
S

C
E

 
S

C
E

 
S

C
E

 
H

g 
P

oo
l 

H
g 

P
oo

l 
A

g/
D

M
S

O
 

S
C

E
 

S
C

E
 

A
g/

D
M

S
O

 
S

C
E

 
S

C
E

 
S

C
E

 
S

C
E

 
S

C
E

 

H
g 

P
oo

l 
H

g 
P

oo
l 

A
g/

D
M

S
O

 
H

g 
P

oo
l 

H
g 

P
oo

l 
S

C
E

 
H

g 
P

oo
l 

H
g 

P
oo

l 
S

C
E

 
S

C
E

 
H

g 
P

oo
l 

A
g/

D
M

sO
 

H
g 

P
oo

l 

2s
 

21
 

21
 

? 25
 

? 21
 

25
 

2s
 

;5
5 

35
 

? 25
 

21
 

? 30
 

2:
” ? 1 3”
 

21
5 

:z
 

25
 

3s
 

25
 

3s
 

2s
 ? 2s
 

11
 7 1 

3s
 9 3s
 ; II
 

:: II
 

3s
 9 3:
 5 1 

27
3 

23
 

11
 

I1
 

:: 11
 8 11
 

11
 

11
 

11
 

:: 11
 

m
 =

 O
-0

62
; 

D
 =

 6
.6

9 
n=

=3
 

n 
= 

O
-7

3;
 Z

 =
 

1.
61

 

n 
-=

 2
.2

2 

m
 =

 W
O

40
; 

D
 =

 2
.9

0 
m

 =
 O

-0
34

 
m

 =
 0

.0
38

 
m

 =
 0

.0
38

; 
D

 =
 

3.
70

 
n-

l; 
Z=

lY
%

 

n 
= 

0.
96

; 
Z 

= 
1.

42
 

n=
= 

3 
s 

= 
47

5 
nl

=l
; 

s,
=l

S
60

 
n

*=
 

1;
 

s,
=l

28
0 

m
=&

O
S

3;
 

D
=S

*8
6 

m
 =

 
0.

05
3;

 
D

 =
 7

.7
4 

z 
= 

1.
71

 
m

 =
 0

.0
67

; 
D

 =
 

3.
88

 
m

 =
 O

-0
74

; 
D

 =
 

5.
66

 

m
 =

 0
.0

91
 

m
 =

 0
*0

8S
; 

1)
 =

 2
.0

6 
m

 =
 0

.1
07

; 
D

 =
 0

.8
45

 
m

 =
 

0.
08

7 
m

 =
 0

*0
30

 
n 

= 
1.

99
; 

Z 
= 

2.
33

 
m

 =
 O

G
46

; 
D

 =
 2

.2
5 



P
b(

II
) 

P
bO

I)
 

zg
j 

P
bO

U
 

P
bo

l1
 

P
b(

II
) 

~~
~)

 
S

b@
II

) 

P
bG

fO
,)

, 
O

*lM
 

K
C

IO
, 

P
b(

C
IO

&
 

O
vl

M
 K

C
IO

I 
P

b(
C

Q
),

 
O

.lM
 

K
C

lO
, 

P
b(

C
IW

, 
1 

*O
M

 K
C

IO
, 

P
b(

C
W

s 
lG

I4
 

K
C

lO
, 

P
b(

C
IO

J,
 

l%
%

fK
C

IO
, 

P
b(

C
lO

&
 

1 .
O

M
 K

C
IO

I 
P

&
X

, 
O

.lM
T

E
A

P
 

R
bC

l 
O

.lM
 

T
E

A
N

O
, 

S
bl

. 
O

-l
&

Z
 T

E
A

N
O

, 

W
V

) 
S

iC
1,

 

S
m

C
I,

 

S
r (

N
O

&
 

O
vl

M
 T

E
A

N
O

&
 

S
m

(n
I)

 
O

+l
M

 T
E

A
P

 

W
I)

 
M

I)
 

T
bO

IQ
 

T
h(

IV
) 

0.
1&

f 
T

E
A

N
O

 
O

*l
M

 T
E

A
P

 
O

aI
M

T
E

A
P

 
O

*l
M

 T
E

A
P

 

T
h

O
v)

 
T

h(
C

W
, 

O
*l

M
 T

E
A

P
 

T
h

o[
V

 
T

hC
ld

 
O

*l
M

 T
E

A
P

 

T
h(

IW
 

‘W
V

) 
T

K
O

 
W

V
) 

U
C

l, 

O
.lM

 
T

E
A

P
 

O
.lM

 
T

E
A

N
O

%
 

O
.lM

 
T

B
A

P
 

O
.lM

 
T

E
A

P
 

U
C

V
I)

 
U

O
*c

N
aJ

, 
@

lM
 

T
E

A
P

 
Y

b(
II

1)
 

Y
bC

ll
 

0.
IM

T
E

A
P

 

zn
m

 
Zn

O
 

zn
m

 
Zn

(l
i)

 

0.
IM

T
E

A
P

 
0.

95
‘ 

. 
A

g/
D

M
S

O
 

G
IM

T
B

A
P

 
I-

32
2 

w
g 

P
oo

l 
O

*l
M

 T
B

A
P

 
1.

29
8 

w
g 

P
oo

l 
O

*l
M

 K
C

IO
, 

1.
05

4 
w

g 
P

od
 

0.
65

1 
o-

53
1 

o*
so

 
0.

54
1 

0.
53

7 
0,

56
1 

0,
60

7 
2.

20
 

2.
06

 
&

36
(l

) 
@

52
(2

) 
1*

13
(3

) 
@

52
(l

) 
l-

09
(2

) 
2*

02
(l

) 
2*

12
(2

) 
21

0 
2.

20
 

2.
19

 
1*

55
(l

) 
2*

00
(2

) 
1*

75
(l

) 
21

4(
2)

 
1*

57
(l

) 
1.

72
 t

o 
1*

95
(2

) 
2*

07
(3

) 
1*

57
 

I.
21

 
05

0 
1*

09
(l

) 
l-

56
(2

) 
0.

53
 

1.
48

(l
) 

22
1(

2)
 

H
g 

P
a0

1 
S

C
E

 
S

C
E

 
S

C
E

 
S

C
E

 
H

g 
P

oo
l 

H
g 

P
oo

l 
S

C
E

 
S

C
E

 
S

C
E

 

S
C

E
 

S
C

E
 

S
C

E
 

A
gl

D
M

S
O

 
S

C
E

 
A

gl
D

M
S

O
 

S
C

B
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

S
C

E
 

35
 

25
 

z 35
 

:z
 

;: 21
 

21
 

21
 

21
 

2:
 ? 21
 

21
 

21
 

21
 

;: 21
 

21
 

? 25
 

:5
5 

II 11
 

1;
 

11
 

11
 

11
 7 1 1 1 7 

3:
 

32
 

17
 

17
 

17
 1 

1:
 

16
 7 

35
 

I1
 

:: 

m
 =

 
0.

05
2;

 
D

 =
 

2.
61

 
?n

 =
 

0*
03

0 

m
 =

 
0.

03
4;

 
D

 =
 

1.
60

 
m

 =
 

0.
06

0 
m

 =
 

0.
04

8 
m

 =
 0

.0
55

; 
D

 =
 

2.
19

 
n=

3 

ni
 

-=
 1

 
n

, 
=

 
2 

n
 =

 
2.

09
; 

n
=3

 
n

* 
=

 
0.

22
; 

n
* 

=
 

o-
41

 ;
 

c:
 

2.
 I 

Z
 =

 
2.

03
 

B
 

I 
=

 
0.

68
 

E
 

Z
 =

 
1.

58
 

If
 

$ G
- 

z-
 g g 

q=
o*

o9
; 

n
1=

1 
x.

 
=

 
o-

22
; 

n
* 

=
 

3 
x 

=
 

0.
05

6;
 

n
 =

 
1 

n
l 

=
 

1 
n

, 
=

 
2 

n
 =

 
1.

80
; 

Z
 =

 
l-

94
 

m
 =

 
&

02
9;

 
D

 =
 

3.
38

 
m

 =
 

@
03

6;
 

D
 

=
 

3-
58

 
m

 =
 

@
03

4;
 

D
 =

 
5.

38
 

!Q
 



R
ef

er
en

ce
 

A
ct

iv
e 

sp
ec

ie
s 

F
or

m
 

u
se

d 
In

er
t 

el
ec

tr
ol

yt
e 

-&
I,

, 
I’

 
el

ec
tr

od
e 

T
, 

“C
 

R
ef

. 
M

is
ce

ll
an

eo
us

 

ZJ
W

I)
 

Zn
(C

10
J,

 
l.O

M
 

K
C

IO
l 

1.
08

9 
H

g 
P

oo
l 

25
 

11
 

Z
n

O
 

m
 =

 
0.

10
8 

Z
n

(C
lW

* 
l*

O
M

 K
C

lO
, 

1.
08

2 
H

g 
P

oo
l 

11
 

Z
n

O
I)

 
Z

n
(C

lW
* 

l.O
M

 
K

C
lO

, 
1.

09
9 

S
C

E
 

m
 =

 
0.

06
7;

 
D

 
=

 
3.

18
 

;: 
11

 
Z

n
(I

I)
 

Zn
(C

lW
, 

O
*l

M
 K

C
IO

I 
1.

06
6 

m
 =

 
0.

09
7;

 
D

 =
 

2.
34

 
S

C
E

 
35

 
11

 
Z

r (
IV

) 
Zr

C
l, 

O
*l

M
T

E
A

N
O

a 
m

 =
 

0.
06

8 
S

C
E

 
21

 
1 

Z
r (

IV
) 

Zr
C

l, 
O

*l
M

 T
E

A
P

 
i::

(l
) 

S
C

E
 

25
 

32
 

l-
38

(2
) 

x1
 =

 
-0

.0
54

 
x,

 
=

 
-0

.1
5 

Z
rO

 
Z

rD
C

ll
 

O
.lM

 
T

E
A

P
 

0*
98

(l
) 

S
C

E
 

25
 

32
 

xx
 =

 
-0

.8
6 

l-
38

(2
) 

xg
 =

 
-0

.1
0 

%
 

1.
61

(3
) 

Z
r (

IV
) 

Z
rO

(C
lO

&
 

O
*l

M
T

E
A

P
 

X
I)

 =
 

-0
.1

4 

Y
:E

g;
 

A
g/

D
M

S
O

 
? 

35
 

P
 

R
I 

=
 

0.
57

 
n

a 
=

 
0.

21
 

2*
05

(3
) 

n
, 

=
 

0.
40

 
1 

B
. 

O
rg

an
ic

 
M

at
er

ia
ls

 
0,

 
g 

R
ef

er
en

ce
 

8 
A

ct
iv

e 
sp

ec
ie

s 
In

er
t 

el
ec

tr
ol

yt
e 

--
&

I,
, 

V
 

el
ec

tr
od

e 
T

, 
“C

 
R

ef
. 

M
is

ce
ll

an
eo

us
 

A
l 

ac
et

yl
ac

et
on

at
e 

O
*l

M
 T

E
A

P
 

2*
2(

l)
 

S
C

E
 

25
 

14
 

i 

2*
4(

2)
 

.c
 

2-
A

m
in

oe
th

an
et

h
io

l 
0.

1 
M

 T
E

A
P

 
0*

17
(l

) 
S

C
E

 
? 

23
 

n
1 

=
 

2;
 

s,
 

=
 

43
80

 
1.

90
(2

) 
n

2 
=

 
0.

95
; 

sa
 =

 
2.

30
 

2*
40

(3
) 

g 

2-
A

m
in

oe
th

an
ol

 
O

.lM
T

E
A

P
 

n
,=

l; 
s,

=2
28

0 
4 

-0
*0

7(
l)

 
S

C
E

 
? 

23
 

-@
02

(2
) 

n
i 

+
 

n
, 

=
 

2.
10

 

4A
m

in
op

h
en

yl
su

lp
h

on
e 

O
*l

M
 T

E
A

P
 

0*
17

(l
) 

s1
 =

 
21

20
; 

s*
 =

 
11

00
 

S
C

E
 

? 
23

 
s1

 =
 

69
 

2*
24

(2
) 

A
n

th
ra

qu
in

on
e 

@
5M

 
L

iC
l 

q 
=

 
75

 
0.

33
(l

) 
H

g 
P

oo
l 

? 
8 

0*
70

(2
) 

A
sp

ar
ag

in
e 

O
*l

M
 T

E
A

P
 

23
82

 
S

C
E

 
25

 
52

 
A

sp
ar

ti
c 

ac
id

 
O

*l
M

T
E

A
P

 
2*

14
1(

l)
 

n
 =

 
0.

64
; 

s 
=

 
49

80
 

S
C

E
 

25
 

52
 

2*
61

8(
2)

 
n

i 
=

 
0.

77
; 

s1
 =

 
61

20
 

B
u

ty
la

m
in

e 
O

.lM
T

E
A

P
 

0.
00

 
n

8 
=

 
0.

72
; 

sz
 =

 
86

60
 

S
C

E
 

? 
23

 
n

 =
 

1.
80

; 
s 

=
 

35
00

 



V o l t a m m e t r y  i n  d i m e t h y l s u l p h o x i d e  9 9 5  

0 0 0 

II II II + I1 It II 1t II II II II + II II li II II II II II Ii II II II II II li + II II II II 

~'~ O0 e~  ~ " ~ ' ~ 0  ~ 0 0 , , " ~ ' ~ 0  ~ ~'- ~ ' ~ "  0 ~ ' ~  ~" ~ ~'~ ~"~ ~ ~ ~'~ r ' ~ . ~  ~-~ r'~ t ~" ¢~  0 ~ ~ - " ~ ' ~ 0  ~"~ ~"~ ~ 



T
A
B
L
E
 

1 
(C

on
ti

nu
ed

) 
s 

A
ct

iv
e 

sp
ec

ie
s 

In
er

t 
el

ec
tr

ol
yt

e 
-&

~a
, 

I’
 

R
ef

er
en

ce
 

el
ec

tr
od

e 
T

, 
“C

 
R

ef
. 

M
is

ce
lla

ne
ou

s 

p-
N

itr
ob

en
za

ld
eh

yd
e 

N
itr

ob
en

ze
ne

 

m
-N

itr
ob

en
zo

ic
 

ac
id

 

o-
N

itr
ob

en
zo

ic
 

ac
id

 

p-
N

itr
ob

en
zo

ic
 

ac
id

 

m
-N

itr
op

he
no

l 

o-
N

itr
op

he
no

l 

p-
N

itr
op

he
no

l 

3-
N

itr
op

ht
ha

lic
 

ac
id

 

N
itr

or
es

or
ci

no
l 

N
itr

ot
er

ep
ht

ha
lic

 
ac

id
 

O
xa

lic
 a

ci
d 

Ph
en

yl
al

an
in

e 
Pr

ol
in

e 
pQ

ui
no

ne
 

So
di

um
 

m
-n

itr
ob

en
zo

at
e 

So
di

um
p-

ni
tr

op
he

no
la

te
 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0*
5M

 L
iC

l 

0.
5M

 L
iC

l 
O

.lM
T

E
A

P 
O

.lM
T

E
A

P 
0.

5M
 L

iC
l 

0.
5M

 L
iC

l 

0.
5M

 L
iC

l 

0*
70

(l
) 

0.
90

(2
) 

0.
56

(l
) 

1 *
O

(2
) 

0.
29

(l
) 

0.
59

(2
) 

O
-8

7(
3)

 
0*

29
(l

) 
0.

70
(2

) 
O

-6
5(

1)
 

0.
90

(2
) 

l-
15

(3
) 

0*
95

(l
) 

l-
15

(2
) 

1.
35

(3
) 

1.
45

(4
) 

0*
37

(l
) 

0%
7(

2)
 

1*
05

(l
) 

1*
5(

2)
 

0.
7(

l)
 

l-
1(

2)
 

0.
37

(l
) 

0.
97

(2
) 

0.
7(

l)
 

1 
*I

 (2
) 

0.
84

 
2.

39
8 

2.
30

7 
0.

02
(l

) 
0.

28
(2

) 
0*

95
(l

) 
1*

25
(2

) 
1.

5 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

? ? 25
 

25
 

? ? 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 

H
g 

Po
ol

 
SC

E
 

SC
E

 
H

g 
Po

ol
 

H
g 

Po
ol

 

H
g 

Po
ol

 

25
 

? ? 25
 

? 25
 

25
 

25
 

25
 

? ? 

10
 8 8 8 10
 

10
 8 10
 

10
 

8 10
 a 52
 

n=
0.

93
; 

s=
55

50
 

52
 

n 
=

 
1.

03
; 

s 
=

 
88

10
 

8 10
 

10
 



T
et

ra
et

hy
la

m
m

on
iu

m
 

ch
lo

ri
de

 
O

.lM
T

B
A

P 

T
et

ra
et

hy
la

m
m

on
iu

m
 

bi
su

lp
ha

te
 

05
M

 
T

E
A

P 
T

hr
eo

ni
ne

 
0,

lM
T

E
A

P 
T

ry
pt

op
ha

n 
O

*l
M

T
E

A
P 

T
yr

os
in

e 
0.

1 
M

 T
E

A
P 

0.
00

(l
) 

SC
E

 
? 

23
 

s1
 =

 
18

0 
0.

17
(2

) 
s,

 
=

 
22

50
 

2-
5 

SC
E

 
5 

2.
36

8 
SC

E
 

;::
 

52
 

n 
=

 
1.

07
; 

s 
=

 
66

00
 

2.
38

8 
SC

E
 

52
 

n 
=

 
1.

02
; 

s 
=

 
61

80
 

2.
37

9 
SC

E
 

;: 
52

 
n 

=
 

1.
07

; 
s 

=
 

49
90

 

C
. 

G
as

es
 

A
ct

iv
e 

sp
ec

ie
s 

In
er

t 
el

ec
tr

ol
yt

e 
--

&
a,

 
V

 
R

ef
er

en
ce

 
el

ec
tr

od
e 

T
, 

“C
 

R
ef

. 
M

is
ce

lla
ne

ou
s 

N
O

 
? 

1.
44

 
SC

E
 

25
 

19
 

x 
? 

1.
18

 
SC

E
 

25
 

19
 

25
 

19
 

d 
? 

l-
06

(1
) 

SC
E

 
1.

53
(2

) 
F 

N
aO

 
? 

2.
22

 
SC

E
 

:: 
19

 
j 

02
 

0.
1 

M
 K

C
IO

I 
O

-5
86

(1
) 

SC
E

 
11

 
In

, 
=

 
O

-1
12

 
1*

30
8(

2)
 

m
p 

=
 

O
-0

86
 

3 

O
* 

O
.lM

T
E

A
P 

0.
85

(l
) 

SC
E

 
? 

20
 

B
 

2*
20

(2
) 

l%
 

A
g/

D
M

SO
 

B
 

O
P 

O
*l

M
 T

E
A

P 
0.

65
(l

) 
? 

35
 

2 
1*

70
(2

) 
s 

0,
 

O
*l

M
 T

B
A

P 
o-

77
 

SC
E

 
? 

6 
k 

O
*l

M
T

B
A

P 
o-

77
7 

SC
E

 
25

 
m

 =
 

0.
07

5 
E

 
cc

l 
O

-X
M

T
B

A
P 

1.
15

6 
H

g 
Po

oI
 

25
 

:: 
m

 =
 

0.
06

9 
g 

K
ey

 
to

 T
ab

le
 

I 
# 

n 
=

 
nu

m
be

r 
of

 e
le

ct
ro

ns
 

tr
an

sf
er

re
d 

in
 t

he
 

ha
lf

-c
el

l 
I 

=
 

di
iI

us
io

n-
cu

rr
en

t 
co

ns
ta

nt
 

=
 

i&
m

al
at

llB
 

D
 =

 
di

ff
us

io
n 

co
ef

fi
ci

en
t 

in
 l

o8
 c

m
%

ec
. 

s 
=

 
i&

on
ce

nt
ra

tio
n 

m
 =

 
sl

op
e 

of
 a

 p
lo

t 
of

 E
a

,e
 v

s.
 l

o
g

 &
 

x 
=

 
&

I,
&

,. 

T
E

A
P 

=
 

te
~a

e~
yl

am
m

on
i~

 
pe

n&
or

at
e 

T
B

A
P 

=
 

te
tr

ab
ut

yl
~o

ni
um

 
pe

rc
hl

or
at

e 
A

g/
D

M
SO

 
=

 
A

g/
A

gC
l,-

 
re

fe
re

nc
e 

in
 D

M
SO

 
SC

E
 

=
 

sa
tu

ra
te

d 
ca

lo
m

el
 

el
ec

tr
od

e 
(a

qu
eo

us
) 

T
E

A
N

O
, 

=
 

te
tr

ae
th

yl
am

m
on

iu
m

 
ni

tr
at

e 
H

g 
Po

ol
 

=
 

m
er

cu
ry

 
po

ol
 

re
fe

re
nc

e 
el

ec
tr

od
e 

T
he

 f
ig

ur
es

 
in

 b
ra

ck
et

s 
af

te
r 

th
e 

E
l/

, 
va

lu
es

 
in

di
ca

te
 

th
e 

nu
m

be
r 

of
 t

he
 w

av
e.

 



998 THOMAS R. KOCH and WILLIAM C. P~DY 

ions they determined the diffusion potential between an aqueous SCE and a DMSO 
test solution.2 

Iwamoto3 investigated the electro-oxidation of iodide. Chronopotentiometric 
studies at a platinum-foil electrode indicated a two-step oxidation. 

61- --f 21, + 4e- 

21, --f 31, + 2e- 

This is in contrast to the oxidation of iodide ion in water, which proceeds by a single 
step. 

Gutmann et al.4 extended their previous studies to several silicon compounds, 
including SiCI,, SiF,, and compounds of the type RCl,Si. The polarographic waves 
for the RCl,Si species in DMSO occurred at approximately the same potential, 
permitting polarographic analysis for organic silicon. 

Kolthoff and Reddy5 studied the polarographic behavior of several acids and of 
cobalt and nickel in DMSO. They reported the polarization limits with sodium 
perchlorate and tetraethylammonium perchlorate supporting electrolytes, using the 
rotating platinum electrode (RPE), the rotating mercury pool electrode (RMPE), 
and the dropping mercury electrode (DME). These polarization limits are presented 
in Table II. 

The polarographic characteristics of perchloric acid, sulphuric acid, hydrochloric 
acid, acetic acid, sodium bisulphate and tetraethylammonium bisulphate are included 
in Table I. Well-defined and identical current-voltage curves were observed for 
solutions of perchloric, hydrochloric, and sulphuric acids in O*lM sodium perchlo- 
rate; the half-wave potential was -0.67 f 0.02 V. The basic strength of DMSO is 
reported to be about the same as that of water. Because these acids gave the same 
polarographic wave, Kolthoff and Reddy concluded that sulphuric (Q, perchloric, 
and hydrochloric acids are completely dissociated in DMSO. Amperometric titra- 
tions of dilute strong acid solutions can be carried out in DMSO; the current is 
measured at an applied potential of -1.00 V. 

Kolthoff and Reddy calculated from polarographic data the diffusion coefficient 
of the hydrogen ion in DMSO solutions of strong acids and found it to be 4.4 x 10-s 
cm2/sec at 30”. On the basis of the specific conductance calculated from these data, 
the proton-diffusion mechanism in DMSO was shown to be different from that in 
water. 

Cobalt(I1) and nickel(I1) in O*lM sodium perchlorate gave sharp maxima, even in 
very dilute solution; no surface-active substance could be found which would 
entirely eliminate these maxima. Studies at the RMPE (120 rpm) gave well-defined 
waves without maxima. A dilute solution of sodium perchlorate in O*lM tetra- 
ethylammonium perchlorate (TEAP) gave a well-defined, nearly reversible wave for 
sodium with a half-wave potential of -2.07 V. 

In O*lM TEAP, quinhydrone and benzoquinone showed two cathodic waves of un- 
equal height. The first wave was a one-electron reversible reduction, and the second wave 
was irreversible. When O*OlM hydrochloric acid, acetic acid, or water was added, the 
second wave was shifted to more positive potentials until only one wave with a maxi- 
mum was observed. This wave had a height equal to the sum of the heights of the orig- 
inal waves. Duroquinone gave two waves, the first reversible, the second irreversible. 
Tetrachloroquinone gave two irreversible waves of equal height. The authors 
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concluded that the polarographic behavior of quinones in DMSO provided evidence 
that DMSO is a much weaker acid than water. In relatively acidic solvents such as 
water or acetic acid, the general reduction mechanism for the two-electron reduction 
of organic compounds at the DME was reported to be: 

R + e- -+ R-- 

R=- + HS 3 RH. + S- 

RH. + e- --+ RH- 

RH-+HS-+RH,+S- 

Since the electron affinity of RH- has been shown always to be greater than that of 
R, the two are reduced at the same potential in a single two-electron reduction wave, 
such as is observed for quinones in water. In DMSO, as well as in dimethylformamide 
and acetonitrile (all weakly acidic), the reduction mechanism for quinones was 
reported to be: 

R + e- -+ R*- (first wave) 

R*- + e- + R2- (second wave) 

Rs- diffuses into solution, where: 

R” + HS + RH- + S- (slow) 

RH- + HS --f RH, + S- (slow) 

A double wave results since R*- is reduced at a more negative potential than R. The 
second wave is somewhat smaller, probably because of limited protonation of R-- 
or repulsion of R*- by the negatively-charged mercury drop. When a proton donor 
is added, it reacts with R2- but not with R*-, and the rate of the reaction 

Rs-+HA+RH-+A- 

becomes potential-determining. The second wave, therefore, shifts toward the first, 
and eventually merges with it. 

Oxygen gave two waves in DMSO, although only one drawn-out wave with 
a maximum was observed in concentrated solutions. Also, only one wave was 
observed in 0.1M sulphuric acid and in a 0.1M ammonium acetate and O.lM acetic 
acid buffer. The polarography of oxygen showed qualitatively the same effects 
observed with quinones, but more detailed studies were considered necessary. Peover 
and Whites*’ studied the reduction of oxygen to superoxide ion by a.c. and d.c. 
polarography. Their results, included in Table I, showed that the reduction is diffus- 
ion-controlled, and that the superoxide ion has considerable stability in DMSO. 
The reduction is reversible. On addition of a strong acid, the process reverts to the 
normal two-electron reduction. 

The preparative-scale reduction of oxygen to superoxide ion was studied by Mar- 
icle and Hodgson. s Their polarographic work was similar to that of Peover and 
White. Preparative-scale reductions produced both tetrabutylammonium super- 
oxide and potassium superoxide. The polarographic reduction of oxygen in DMSO 
that was O-144 in TEAP was studied by Johnson et al9 As shown in Table I, two 
waves were obtained; in agreement with other workers, the authors found that the 
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first wave was due to the reduction of oxygen to superoxide ion. The second wave, 
studied as a function of various cations at varying concentrations, was attributed to 
the combination of superoxide with one electron plus a cation to give a peroxide 
product. 

Jones and FritschelO used potential-sweep chronoamperometry at a hanging mer- 
cury drop electrode to study DMSO as an electrochemical solvent, and reported 
working ranges for various supporting electrolytes. The behaviour of oxygen differs 
from that reported by Johnson et al.,9 indicating, as the latter authors mentioned, 
that the reduction of oxygen in DMSO is very dependent on the nature and concen- 
tration of the supporting electrolyte. Cadmium and magnesium were also studied. 

In 1962, Burras” carried out an extensive study into the polarographic behaviour 
of a number of common cations in DMSO. The effects of various parameters were 
also investigated. Burras employed both aqueous saturated calomel and mercury- 
pool reference electrodes, and used a variety of supporting electrolytes. The poten- 
tials of the electrocapillary maxima, and the usable potential ranges, are reported 
in Table II. The effects of variation of temperature and of supporting electrolyte 
concentration were studied. Also, the influence of a maximum suppressor and of 
water on the polarogram of cadmium, and of added chloride on the cadmium and 
lead polarograms, was investigated. The polarographic data for the various ions 
studied by Burras are included in Table I. 

Gutmann and SchSbeP studied the polarographic behaviour of various chro- 
mium(III)-anion systems. The equilibria of various co-ordination forms of chro- 
mium(II1) with chloride ion and DMSO were investigated. The co-ordination forms 
[Cr(DMSO)$+, [CrCI,(DMSO),]+, [CrCl,(DMSO)3], [CrCl,]-, [CrC1,‘J2-, and 
[CrCI,]” were observed. Schijber and Rahak13 discussed the application, to non- 
aqueous solutions, of methods used to establish reversibility in aqueous solution. 
The Cr(III)-Cr(I1) redox system in DMSO was investigated for reversibility. Within 
the limits of error of the experiment, both chromic nitrate and CrCl, were found 
to be entirely reversibly reduced in this solvent. 

Dehn et all4 studied the polarographic behaviour of aluminium chloride and 
aluminium acetylacetonate in DMSO. One wave was reported for the former, 
two for the latter; half-wave potentials are shown in Table I. The authors suggested 
that since aluminium can be extracted as the acetylacetonate, the polarographic method 
would be useful as an analytical tool for aluminium. 

The lanthanides (as chlorides) were investigated polarographically by Gritzner 
et all6 Lanthanum, cerium, praseodymium, neodymium, gadolinium, terbium, 
dysprosium, holmium, and erbium gave one wave; samarium, europium, and ytter- 
bium gave two waves. All waves were diffusion-controlled and had no maxima. 

The polarographic behaviour of uranium compounds in DMSO was studied 
by Michlmayr et al. l6 Uranium tetrachloride shows two waves, the first involving 
one electron, the other three electrons. Both waves are quite irreversible and the 
second wave exhibits a maximum. However, both waves were found to be diffusion- 
controlled. Uranyl compounds exhibit one diffusion-controlled, well-defined wave 
involving the one-electron reduction to UO, +. The effect of added water on the waves 
was also reported. 

Gritzner et a1.l’ investigated the polarography of thorium salts in DMSO. Tho- 
rium tetrachloride gives three waves at a concentrations below millimolar; at higher 
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concentrations, the third wave merges with the most cathodic wave. Thorium 
tetraperchlorate monohydrate and trihydrate give two waves, whereas thorium 
tetranitrate pentahydrate and thorium tetranitrate solvated with four DMSO 
molecules give only one wave. 

DMSO solutions of sodium chloride and sodium iodide were subjected to electro- 
lysis at platinum electrodes. la The cathode reaction involved initial discharge of 
sodium ions, after which the sodium metal reacted with the solvent. An anodic 
reaction was also reported that involved reactions of the iodide and tri-iodide ions. 

Gritzner et a1.u found that nitrogen monoxide, dioxide and trioxide, and nitrous 
oxide could be determined polarographically in DMSO. Lindbeck and Young20 
investigated the polarographic and controlled-potential coulometric determination 
of the nitric acid oxidation products of soil humic acid. Reduction waves were found 
which compared closely with the polarographic reduction waves of the nitrobenzoic 
acids. Although the authors discussed the advantages of the extended potential 
range of DMSO, their choice of a O*lM sodium hydroxide supporting electrolyte 
precluded the possibility of using it, by limiting the range to about that of water. 
Lindbeck and Freundzl studied substituted nitrobenzene compounds in DMSO by 
polarography and controlled-potential coulometry. The main purpose of their 
paper was to report n values for the nitrobenzene compounds. Polarography was 
used only to determine the proper potentials for use in constant-potential coulometry. 

Di Giacomo et aZ.22 reported that phenylfluorone in DMSO gives two waves, 
as opposed to one in water. The second wave is higher than the first, and can be 
resolved by linear-sweep polarography into two steps; the more cathodic step shows 
kinetic characteristics. In the presence of benzoic acid, the two reduction waves 
are of equal height. A reduction mechanism is proposed. 

A number of sulphydryl, disulphide, amine compounds, and sulphur-amino 
acids were studied polarographically in DMSO by Giang et aZ.23 The half-wave 
potentials, n values, and id/C values given are shown in Table I. The authors reported 
that all of the waves were diffusion controlled and irreversible. An excellent review 
of electrochemistry in DMSO was published in 1967 by Butler.24 Both polarographic 
data and reference electrodes were discussed. 

REFERENCE ELECTRODES 

A reference electrode employing the silver-silver chloride couple in DMSO was 
constructed by Courtot-Coupez and Le Demezet. 25 The range of electroactivity in 
DMSO was tested, using a polished platinum electrode in the presence of sodium, 
potassium, lithium and quaternary ammonium perchlorates. Ranges varied from 
4.18 to 4.80 V. 

Smyrl% determined the standard cell potential of Pt,,,/Li,,,/LiCl,,,,,/TlCl,,,/ 
T1rHg),(l)/Pt(s) in DMSO. The standard potential for the analogous calcium amalgam 
electrode was estimated. McMaster and co-workers2’ developed and tested a reference 
electrode consisting of a saturated solution of Zn(ClOJ,*4DMSO in contact with a 
saturated zinc amalgam. By comparing their half-wave potentials with those re- 
ported by other workers, the potential of this reference electrode was found to be 
-1.10 V us. aqueous SCE. Relative reduction-potential scales for several solvents 
were established. 



Voltammetry in dimethylsulphoxide 1003 

A reference electrode employing the Ag/AgCl,- couple in DMSO was developed 
and tested by Courtot-Coupez and Le Demezet. 28 The regions of electroactivity 
of the platinized platinum, mercury, graphite and silver electrodes were determined, 
and are listed in Table II. A reference electrode of Ag/AgCl/LiCl in methanol was 
developed for potentiometric titrations in DMSO.%D Rallo and Ceccaroni30 described 
a reference electrode consisting of cadmium metal in contact with saturated DMSO 
solutions of CdCl,, CdCl,*H,O, or NaCl. The electrode was considered suitable 
for use in electrochemical studies. 

Synnott and Butlers1 developed and tested four chloride reference electrodes in 
DMSO. The half-cell Tl(Hg)/TlCl in DMSO appeared to be a good reference elec- 
trode for use in this solvent. 

RECENT STUDIES 

Polarographic investigations on DMSO solutions of zirconium and hafnium 
compounds were carried out by Michlmayr and Gutmann.3a The half-wave potentials, 
the nature of the limiting currents, the temperature coefficients of half-wave potentials 
and wave heights, the reversibility or irreversibility of the electrode processes, and the 
influence of water were determined. Schmid and Gutmann reported the half- 
wave potentials in DMSO (US. aqueous SCE) of thallium(I), rubidium, potassium, 
sodium, barium, zinc, cadmium, manganese(II), cobalt(II), and nickel perchlorates. 
These potentials were referred to that of bis(biphenyl)chromium(I) iodide. Reduction 
mechanisms, various analytical aspects of the system, and the effects of water were 
discussed. 

Pyatnitskii and Ruzhanskaya34 reported half-wave potentials for the 8-hydroxy- 
quinolinates of copper( lead, iron(III), cadmium, and bismuth in mixtures of 
methanol and DMSO, and with eleven other solvents. Lithium chloride was used 
as the supporting electrolyte. No correlation was found between the half-wave 
potential and the dielectric constant of the solvent. Kumar and Pantony investigated 
the polarographic behaviour of a number of anhydrous inorganic perchlorates in 
DMSO. Gritzner et ~1.~ applied oscillographic polarography to the study of DMSO 
solutions of the lanthanides. These results were compared with those of classical 
polarography. The peak potentials are shown in Table III. 

Haynes and Sawyers7 have employed chronopotentiometry, controlled-potential 
coulometry, gas chromatography, and pH titrations to investigate the electrochemical 
reduction of carbon dioxide in DMSO solutions at gold and mercury electrodes. 
At a gold electrode, irreversible but well-defined chronopotentiograms were observed; 
the reduction is a one-electron process and is diffusion-controlled. The diffusion- 
controlled reduction at a mercury electrode, complicated by equilibria involving water 
has un = O-64. Controlled-potential coulometry at a mercury electrode indicates an 
overall one-electron process. In anhydrous medium, the reduction products at both 
electrodes are carbon monoxide and carbonate ion; some bicarbonate and formate 
ions are formed in the presence of water. 

Johnson et al.% observed a unique reduction wave, at potentials less cathodic 
than the reduction wave of either reducible species alone, in DMSO solutions con- 
taining both oxygen and one of the metal ions, cadmium, zinc, strontium, thallium(I), 
or yttrium. The variation of the height of this wave was studied as a function of 
concentration of oxygen and the various metal ions. Studies of this type revealed 
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TABLE III.-OSCILLOORAPHIC PEAK POTENTIALS IN 
DMS03E 

Species 

-E -E 

Reduction Oxidation 
potential, V potential, V 

La(II1) 
Ce(II1) 
Pr(II1) 
Nd(III) 
Sm(II1) 

Eu(II1) 

Gd(II1) 
Tb(III) 
Dy(III) 
Ho(III) 
Er(II1) 
Yb(III) 

2.39 
2.39 
2.39 
2.42 
2*11(l) 
2.30(2) 
0+6(l) 
2.28(2) 
2.42 
2.42 
2.42 
2.40 
2.42 
2.39 

2.31 
2.39 
2.30 
2.29 
2.05 

0.73(l) 
2.11(2) 
2.36 
2.34 
2.33 
2.36 
2.33 
2.20 

the stoichiometry of the materials which caused the reduction wave. Controlled- 
potential coulometry was employed to determine values of n. Massive preparation 
of reduction products by controlled-potential electrolysis, along with the above 
information, revealed the probable reduction mechanism. In the cases of zinc, stron- 
tium, and thallium(I), the reduction was of metal ion plus oxygen to the superoxide; 
cadmium and yttrium with oxygen were reduced to the peroxides. 

Fujinaga et aL39 found that in DMSO containing between 10 and 30% water, 
the first oxygen wave (reduction to superoxide ion) becomes a two-electron wave, 
because of protonation by water. The polarographic diffusion coefficients of oxygen 
in the mixed solvent were calculated. 

Pasadas et aL40 studied the kinetics of hydrogen evolution on an iron electrode as 
a function of hydrochloric acid concentration; excess of potassium perchlorate 
was employed. Temperatures were varied from 20” to 45”. A two-step mechanism 
was proposed in which the simple discharge of solvated hydrogen ions was rate- 
determining. 

The function of a hydrogen electrode in DMSO was studied by Courtot-Coupez 
and Le Demezet.41 The authors determined the pK values of a number of acids, 
and reported the ion product of the solvent to be pK, = 33.3 f 0.05. This differs 
greatly from the value reported by Reddv2 (pK, = 17*3), but is in virtual agreement 
with the value determined spectrophotometrically by Steine?44 (pK, = 32). 

Rallo et a1?5 studied the polarographic reduction of nitric oxide in O-U4 TEAP. 
Solutions with varying NO/N, content were investigated. One wave appeared 
when there was less than 10% NO in the gas mixture; with more than 10% NO, a 
second, more anodic wave appeared, which was not diffusion-controlled and was 
thought to be due to the reduction of a dimer. The rate-determining dimerization 
which preceded reduction was thought to control the wave height. 

Michlmayr and Sawyer46 investigated the electrochemical behaviour of the hydrogen 
halides at platinum electrodes in DMSO by chronopotentiometry, controlled-poten- 
tial coulometry, and cyclic voltammetry. The results indicated that the oxidation 
products of the hydrogen halides reacted with the solvent. In the cases of HCI and 
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HBr, a catalytic process occurred which enhanced the value of iGf2 by a factor of 
5-10. 

The electrochemical oxidation of formate has been studied at gold and platinum 
electrodes, by chronopotentiometry, controlled-potential coulometry and cyclic 
voltammetry.47 Well-defined chronopotentiograms were obtained, with quarter- 
wave potentials of 0.33 and -0.07 V vs. SCE at a gold and a platinum electrode 
respectively. The process is diffusion-controlled. The oxidation products were carbon 
dioxide and hydrogen ions, which react with formate ion. Thus, the overall reaction 
is a one-electron oxidation in which half a mole of carbon dioxide and half a mole 
of formic acid are formed for each mole of formate ion electrolysed. 

Jacobson and Sawye? studied the electrochemical oxidation of oxalate at a gold 
electrode. The chronopotentiometric quarter-wave potential was 1.25 V us. SCE. The 
final oxidation product was carbon dioxide, but an unstable intermediate was formed 
during the oxidation process. In the absence of excess of hydroxide ion, oxalate ion 
is partially hydrolysed to the hydrogen oxalate ion, which is oxidized to carbon 
dioxide and hydrogen ions. 

Buchta and Evans49 examined the electrochemical behaviour of 1,3-diphenyl- 
1,3-propanedione, as well as a number of other p-diketones. Controlled-potential 
coulometry at the potential for the first wave gave an n-value of 0.55. The products 
were found to be the enolate of 1,3-diphenyl-1,3-propanedione and the pinacole 
1 +dibenzoyl-2,3-diphenyl-2,3-butanediol. Further electrolysis resulted in an in- 
crease in current, followed by a decrease to the residual value. This was caused by an 
electrolytic autocatalytic decomposition of the pinacol in a base-catalysed reverse 
aldol condensation to benzil and acetophenone. The presence of the benzil radical 
anion was confirmed by ESR spectroscopy. Other B-diketones behaved in an analog- 
ous fashion. 

Goolsby and Sawye$O studied the electrochemistry of hydroxylamine at gold 
and platinum electrodes in 0.2M lithium perchlorate in DMSO. The electroactive 
species, NH,OH, is oxidized irreversibly in a diffusion-controlled, two-electron 
process. The chronopotentiometric El14 values were -0.84 V US. SCE at a platinum 
electrode and -1.18 V at a gold electrode. The major products are water, hydrogen 
ion and nitrous oxide. The rate-controlling step is a one-electron process which 
follows a preceding chemical reaction of a hydroxide ion with hydroxylamine. 

The electrochemical oxidation, at platinum electrodes, of hydrazine, 1 ,l-dimethyl- 
hydrazine, and 1,2_dimethylhydrazine in DMSO was studied by Michlmayr and 
Sawyer. 51 In each case the oxidation involved one electron. Chronopotentiometric 
quarter-wave potentials were reported as 0.00,0.02, and 0.03 V US. SCE, for the three 
compounds in the order listed above. The oxidation products were identified and 
mechanisms proposed. 

Koch and Purdy 52 studied the polarographic behaviour of amino-acids in DMSO. 
Nine amino-acids, asparagine, hydroxyproline, isoleucine, methionine, phenylalan- 
ine, proline, threonine, tryptophan, and tyrosine, gave single waves involving the 
one-electron reduction of the proton of the carboxyl group. Five amino-acids, 
dihydroxyphenylalanine, glutamic acid, aspartic acid, glutamine, and cysteine gave 
multiple waves. 

The electrical double-layer in DMSO solutions was studied by Payne.53 He noted 
a strong resemblance in electrocapillary curves and double-layer capacities of DMSO 

2 
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and aqueous solutions. Anions are specifically adsorbed from DMSO solutions in 
the order I- > Br- > Cl- > NO,- > ClO, > PF,-; cations are not significantly 
adsorbed. The electrocapillary maximum is shifted in the positive direction in DMSO 
as compared to water, and a large hump appears close to the limit of anodic polariza- 
tion in solutions where the anion is not strongly adsorbed. The influence of diffusion- 
layer capacity is more marked in DMSO. The interfacial tension at the electrocapil- 
lary maximum is about 60 dyn/cm lower (370.5 dyn/cm) than in water. 

Payne54 reported the occurrence of capacity humps on the electrocapillary curve 
for 0-W KPFs solutions in DMSO. The hump appears on the anodic side of the 
electrocapillary maximum. 

Synnott and Butler 55 studied the equilibria of silver chloride in DMSO-water 
mixtures containing excess of chloride. They used potentiometric results to determine 
equilibrium constants for the system. 

Gutman# reviewed the effect of the donor properties of various solvents, in- 
cluding DMSO. Also discussed were the effects of the acceptor properties of metal 
ions, solvation of metal ions and complex formation on half-wave potentials and the 
thermodynamics of reduction processes. 

Zusannnenfassnng-Es wird eine Ubersicht iiber voltametrische 
Untersuchungen mit Dimethylsulfoxid als Triigerelektrolyt gegeben. 
Sie umfa8t Einzelheiten tiber die untersuchten anorganischen und 
organischen Systeme sowie tiber die fur dieses Medium entwickelten 
Bezugselektroden. 

R&me-On presente une revue des etudes voltamm&iques utilisant 
le dimethylsulfoxyde comme electrolyte-support, et celle comprend des 
details de systemes mineraux et organiques Studies et des electrodes de 
reference tlaborees pour l’emploi dam ce milieu. 
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PRETREATED BRIGHT PALLADIUM ELECTRODE IN 
POTENTIOMETRIC REDOX TITRATIONS 

TITRATION OF CrZ0,2- AND Ce4+ WITH Fe2+ 

CANDIN LITEANIJ and IOVANCA HAIDUC 
University of Cluj, Department of Analytical Chemistry, Cluj, Romania 

(Received 2 June 1971. Accepted 5 January 1972) 

Summary-The behaviour of the bright palladium electrode toward the 
redox systems Cr,O,p-/Fe*+ and Ce*+/Fe*+ (in potentiometric titration) 
has been investigated as a function of pretreatment of the electrode. 
Anodization of the electrode at potentials higher than 800 mV increases 
AE at the equivalence point by 300400 mV for the dichromate 
titration. The sharp change in potential is due to the reaction between 
PdOI and Fes+. The equivalence point corresponds to the beginning 
of the potential drop, rather than the inflexion point, especially for 
dilute solutions. If the electrode is ignited before use the surface oxide 
PdO is oxidized to PdOs by Cr(V), the potential increases during the 
titration and AE is 200 mV bigger than when an untreated electrode 
isused. In the titration of CY+ with Fe”+ the AE is largest with 
untreated electrodes, and if the anodized electrode is used, the titration 
curves clearly show the reaction between Pd08 and Fea+. 

NOBLE METAL electrodes (Pt, Pd, Au, Ir, Rh, Ru, OS), by subjection to various treat- 
ments (chemical and electrochemical oxidations and reductions, heating in a flame, 
etc), can be brought into different states, which influence the electrode processes on the 
metal surface. The bright palladium electrode is much used in various electrochemical 
procedures. Several techniques have been used to obtain information about the 
state of the surface of pretreated palladium electrodes, including charging curve.+-6; 
potential sweep curves;’ steady-state galvanostatic oxygen overvoltage curves in 
acidspD and alkaline%I2 solutions; steady-state potentiostatic polarization,8 and 
rest-potential measuremenfs.13-1s 

The surface composition of the anodized palladium electrode has been investigated 
in some detail. The anodic pretreatment may result in the formation of PdO and 
PdO, on the electrode surface, depending on the anodization potential used. The 
rest-potential has been established for the systems PdO,/Pd (I.47 V) and PdO/Pd 
(O-87 V) in sulphuric acid; these values are characteristic for the systems named. 
The simultaneous presence of both palladium oxides (PdO, and PdO) on the surface 
results in the occurrence of a mixed potential, the value of which depends on the 
relative amounts of the two oxides on the surface, and lies between 1.10 and 140 V.13 

We are interested in the response time of differently pretreated palladium elec- 
trodes, when they are dipped into dichromate, ceric sulphate and ferrous sulphate 
soIutions,17-1* and the possibility of their use as indicating electrodes in automatic 
potentiometric titration. 

EXPERIMENTAL 

A palladium wire (length 1 cm, diameter 0.5 mm) and a palladium plate (0.5 cm* surface area) 
sealed in a glass tube, were used as electrodes. The FeS04, KICklO, and Ce(SO,), solutions were 
prepared from analytical grade reagents with doubly distilled water. 
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The electrodes were subjected to potentiostatic (anodic and cathodic) pretreatment, by using the 
Radelkis-R OH-102 polarograph as a source of constant potential. Other pretreatments used were 
the chemical reduction and flame ignition of the electrode (in the oxidizing part of a methane flame). 

All the measurements were made at a temperature of 22 f 1”. The saturated calomel electrode 
(SCE) was used as reference electrode, but the potential values were recalculated and are given with 
respect to the normal hydrogen electrode (NHE) in the same solution. The behaviour of the electrode 
was characterized by the potential as a function of time, the pretreated electrode being dipped into 0.1 
and O.OOlN solutions of the three reagents, and the potential recorded with the same polarograph. 
For comparison, similar curves were recorded for an untreated palladium electrode. 

The treated electrodes were used as indicating electrodes in redox titrations. Direct or derivative 
potentiometric curves were recorded, by using an automatic burette with a flow-rate of 3 ml/min. 
The titration curves were characterized by dE/d V or the volume Vi of titrant added, at the inflexion 
point. 

RESULTS AND DISCUSSION 

Response times in K,CraO, solution 

Untreated electrodes. The initial potential of the palladium electrode in contact 
with a dichromate solution depends on the state of its surface. The untreated elec- 
trode, introduced intoO*lN dichromate, shows after a few seconds a constant Nernstian 
potential for the Cr,0,2-/Cfi couple (1080-1090 mv). For somewhat more dilute 
solutions the potential is 1090 mV, but for 04OlN solution it is only 920 mV. 

Potentlal of pretreatment (duration 5m!n) 

> 

a - 280 mV 
b- 600 mV 
c- 850 mV 
d- 1050 mV 

e- 1250 mV 
f - 1750 mv 

g - 2250 mV 

OS I I I I 

IO 20 30 40 

Time , min 

FIG. I.-The potential-time variation of a preanodized electrode introduced into 
O.lN &C&O,. 

Chemically reduced electrode. After chemical reduction (by standing in ferrous 
sulphate solution) a palladium electrode shows a potential-time behaviour, in O*lN 
dichromate, similar to that of an untreated electrode, the rest-potential showing a 
slight increase during the first 10-20 set (presumably owing to oxidation of ferrous 
ions adsorbed on the palladium surface) and then remains constant at 1090 mV. 

Preanodized electrode. The electrode was preanodized in either 1N sulphuric 
acid or O.lN dichromate in 1N sulphuric acid. The E = f(t) curves for electrodes 
anodized for 5 min at potentials between O-2 and 2.25 V are shown in Fig. 1. It can 
be seen that if the pretreatment potential was under 0.80 V, the electrode behaves 
almost as an untreated electrode. Only at higher potentials are palladium oxides 
formed on the electrode surface6 and these are responsible for the potential variations 
described by curves d-g. 
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The potential-time behaviour of an electrode preanodized at 2.25 V in 0.1N 
dichromate for various time intervals is shown in Fig. 2. The curves show that the 
longer the pretreatment the longer the rest-potential of the electrode remains high; 
this can be explained by the dependence between the amount of surface oxide formed 
and the duration of pretreatment. 

When severe pretreatment conditions are used (2.25 V for 60 min) the rest potential 
remains at 1470-1500 mV for a longer time (Fig. 2, curvef) and then decreases rather 
abruptly, as expected6 for a PdO,/Pd system. It can be assumed that under these 
conditions the electrode behaviour is determined practically only by the PdO,/Pd 
system. Intermediate pretreatment conditions (O-80-1-75 V) result in smoothly 
decreasing rest-potentials (Fig. 1, curves c and d> which can be interpreted in terms 
of mixed potentials due to the simultaneous presence of both PdO, and PdO (present 
in variable proportions) on the electrode surface. 

> 

W- 

I I 

2 6 IO 14 18 22 26 30 34 , 

Time, mm 

FIG. 2.-The potential-time variation of a preanodized electrode introduced into 
0.W KICklO,. 

Thermally treated electrode. The electrode was heated for l-5 min in the oxidizing 
part of a methane flame having a temperature of ca. 900”. The electrode potential 
is 1150-1200 mV, which suggests that some palladium oxides are present on the 
surface, but decreases (Fig. 3) to about 900 mV, presumably because of gradual 
decomposition of PdOz in the acidic medium. 

Electrochemically reduced electrode. The potential of an electrode placed in 
dichromate solution after reduction by cathodic treatment in IN sulphuric acid, 
depends upon the duration of the pretreatment and the current density used. If the 
cathodic pretreatment is stopped after the surface oxide has been reduced, the elec- 
trode obtained behaves like an untreated one. If the treatment is continued, however, 
a palladium-hydrogen electrodel* is obtained, owing to the sorption of hydrogen by 
the metal. The rest-potential of such an electrode is negative with respect to the SCE, 
but increases as the hydrogen is lost from the metal by diffusion. 

Response times in Ce(SO& solution 

Regardless of the type of pretreatment (no treatment at all, potentiostatic polar- 
ization at potentials between 0.20 and 2.00 V, ignition, or chemical reduction) the 
potential of the electrode in O-IN ceric sulphate is 1470-1500 mV, is not influenced 
by stirring, and reaches this value in about 4 min. Thus, the palladium electrode 
shows essentially the potential of the C&+/Ces+ system in 1Nsulphuric acid. A similar 
situation occurs for O*OOlN ceric sulphate but the potential is about l-4 V, owing to 
the dilution effect. 
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Response time in FeS04 solution 

The behaviour of the pretreated electrode is the most interesting in this case, since 
the surface palladium oxides formed during the anodic pretreatment are reduced by 
the ferrous sulphate. The reduction rate of the surface oxide layer by iron(I1) can 
readily be followed by recording the potential-time curves. Results for O*lN and 
O*OlN ferrous sulphate are shown in Figs. 4 and 5. The potential decreases from 
1470 mV (characteristic for the PdO,/Pd system) to 700 mV (characteristic for the 
Few/Fe” system), at a rate dependent on the intensity of pretreatment and on the 
concentration of ferrous sulphate. For O*lM iron(I1) the potential of the Few/Fez+ 
system is achieved in 10 set, but in more dilute solutions (OXKHM) it takes cu. 90 sec. 

Time. min 

FIG. 3.-The potential-time variation of an ignited electrode introduced into K&r,O, 
1. Ignited for 30 set; O.lN K&r,O,. 
2. Ignited for 5 min; O.liV K,Cr,O,. 
3. Ignited for 1 min; O*OOlN K&&O,. 

In effect the E =f(t) curves can be considered as describing a “titration” of the 
surface palladium oxide with ferrous sulphate. No quantitative determinations were 
made, but these curves could, in principle, be used to determine the amount of surface 
palladium oxide formed during the pretreatment. 

Palladium as an indicator electrode 

The results presented above were used in some titration experiments in which 
the palladium electrode served as an indicating electrode. Since the surface palladium 
dioxide is unstable,2s6 automatic potentiometric titrations were made, which are 
rather rapid (ca. 90 set) and thus permit investigation of the influence of the state of 
the metal surface on its behaviour as an indicating electrode. 

Titration of dichromate with iron(I1). The curves for O*lN dichromate titrated 
with O*lM iron(I1) are shown in Fig. 6. With an untreated electrode (curve 2) the 
potential change follows almost the normal course, with a break of about 400 mV. 
The cathodically treated electrode (curve 1) also gives a “classical” curve with a much 
smaller potential break. 

If the electrode is preanodized at potentials higher than 800 mV, the electrode 
potential before the equivalence point is determined by the PdO,/Pd and/or PdO/Pd 
systems and is 1*40-1.50 V, much higher than the 1.10 V of the untreated electrode. 
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Fta.  4 . - -The potential-time variation of a preanodized electrode introduced into 
0.1N FeSO4. 
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Fzo. 5.--The potential-time variation of a preanodized electrode in 0"01M FeSO~. 
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0.7 1 I 
I 

V, ml 

FIG. 6.-Potentiometric titration of O*lN CrlO,a- with OelM Fe*+. 
1. Pd cathodically reduced for 10 min at 10 ,uA. 
2. Pd untreated. 
3. Pd ignited for 30 set at ~900°C. 
4. Pd anodized for 1 min at 2.25 V. 
5. Pd anodized for 5 min at 2.25 V. 

The ferrous sulphate reduces the dichromate, but the electrode potential does not 
follow the change of composition of the titrated solution. Only after the equivalence 
point will the ferrous ions, now in excess, react with PdO, (which is still present on 
the electrode surface, as demonstrated by the high value of the potential at the 
equivalence point (curves 4 and 5) according to 

PdO, + 4Fes+ + 4H+ = Pd + 4Fes+ + 2H,O 

and the electrode show the potential of the Few/Few system. The potential after the 
equivalence point decreases from about l-45 V to about 0.75 V, giving a AE of about 
700 mV, almost twice that with the untreated electrode. It follows from this mecha- 
nism that the equivalence point should be taken as the point at which a sudden decrease 
of potential occurs, rather than the inflexion point of the titration curve. This is 
more evident for dilute solutions, as discussed below. 

The thermally ignited electrode shows more unusual behaviour (curve 3), the 
potential first increasing by about 200 mV. This increase is more pronounced with 
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O*li’V dichromate and is lower for more dilute dichromate solutions. Since the effect 
is not observed in the titration of ceric sulphate, the Cr,O,^-/Cr” system must be 
responsible for this initial increase, presumably because of an increase in the PdO,/PdO 
ratio on the electrode surface. Probably PdO, is formed by oxidation of the surface 
PdO (formed during the thermal ignition) by some chemical species, more oxidizing 
than Cra0,2-, which is formed during the reduction of Cr(V1). In a kinetic study of 
the reduction of dichromate with iron( Espenson and King19 suggested a multi-step 
mechanism, in which the oxidation states Cr(V) and Cr(IV) occur, the rate-determining 
step being the Cr(V) + Cr(IV) stage. Since Cr(V) is a stronger oxidizing species than 
Cr(VI), it seems reasonable to assume that Cr(V) oxidizes the surface PdO to PdO,, 
thus causing the initial increase of the electrode potential. After the equivalence 
point, owing to the reduction of PdO, by iron( the potential decreases abruptly, 
as for the anodized electrode. The value of AE at the equivalence point is 200-250 mV 
larger for the ignited electrode than for the untreated electrode. 

When O*OlN solutions were titrated, similar titration curves were obtained but 
because AE near the equivalence point is determined by the reaction between PdOs 
and iron( the end-point indicated by the inflexion point (maximum dE/dV) is 
shifted from the equivalence point if a preanodized or ignited electrode is used. 
This effect becomes more pronounced with increasing dilution of the solutions 
(Tables I and II). 

Titration of ceric sulphate with iron(I1). The titration curves for this system are 
classical in shape, irrespective of electrode pretreatment, except that the cathodically 
reduced electrode gives a variation in the shape of the curve before the equivalence 
point. The starting potential in titrations with this electrode depends on the time 

TABLE I.-TITRATION OF O.OlN DICHROMATE WITH O.OlM IRON 

Electrode treatment E”,mV W/d Vhexion V*, ml 

None 1018 120 2.61 
None 1090 135 2.61 
12 hr in FeSOI 850 20 2.60 
Ignited 1160 180 2.61 
Anodized 1 min at 2-25 V 1420 180 2.66 
Anodized 10 min at 2.25 V 1436 two peaks 2.65 

2.87 
Anodized 60 min at 2.25 V 1420 two peaks 2.87 

3.02 

* Volume of titrant added at intlexion point. 

TABLE II.-T’ITRA-~XON OF 0001N DICHROMATE WITH 0401M IRON(H) 

Electrode treatment E”, mV ME/d Vhnnexion 

None 922 20 
12 hr in FeSO, 826 15 
Ignited 906 20 
Anodized 10 min at 1.25 V 1450 two peaks 

65 
Anodized 10 min at 1.75 V 1450 two peaks 

80 

- 
V*, ml 

3,37 
3.25 
3.37 
3-41 
4.21 
3.41 
4.20 

* Volume of titrant added at inflexion point. 
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interval between stopping the cathodic pretreatment and beginning the titration. If 
the electrode is used immediately after pretreatment, the inflexion point appears 
earlier than with the untreated electrode. The preanodized electrode gives an inflexion 
point later than that with the untreated electrode, and the break is not as steep. A 
similar effect was observed in the titration of dichromate with an intensively anodized 
electrode (30 min at 2.25 V in 0-W dichromate). 

Titration of O*OOlN solutions, with an electrode preanodized in 1N sulphuric 
acid, gives two end-points on the derivative curve, indicating two superimposed 
electrode processes (Fig. 7). The first corresponds to the titration of cerium(IV) 
with iron(I1) and the second to reduction of surface PdO, after the equivalence point. 

Dichromate titration 

CONCLUSIONS 

The preanodization of a bright palladium electrode at potentials higher than 
800 mV dramatically increases the potential change around the equivalence point 
(300400 mV more than with an untreated electrode) in the titration of 0-W dichro- 
mate with ferrous sulphate solution. This dramatic increase of (AE)vi is due to 
the reaction between iron and palladium oxides deposited by preanodization of 
the indicating electrode. These oxides function at the titration as auxilliary redox 
systems. The equivalence point corresponds to the beginning of the potential drop, 
especially with more dilute solutions (04OlN). 

I - Pd -untreated 
E-Pd-lgnlted 05 mm 

at N900°C 
3:Pd anodized IO mm 

at 2250 mV 

L 

V, ml 

FIG. ‘I.-Derivative potentiometric titration of O.OOlM Ce*+ with O*OOlM Fe*+. 

The use of a chemically reduced palladium electrode offers no advantage over the 
untreated electrode. A cathodically reduced electrode behaves like a palladium- 
hydrogen electrode and gives negative errors. 

A thermally treated electrode behaves almost like a preanodized electrode, owing 
to the oxidation of the surface oxide PdO to PdO, by Cr(V) during the titration. 
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Cerium(IV) titration 

The untreated electrode gives the largest potential change at the equivalence point. 
Preanodization results in a less steep curve at the inflexion point, and two processes 
are involved, one of which is the reduction of PdO, by iron(I1) after the end-point. 

Zusammenfassung-Das Verhalten der blanken Palladiumelektrode 
gegentlber den Redoxsystemen Cr20,*-/Fez+ und Ce4+/Fea+ (bei 
potentiometrischer Titration) wurde in Abhangigkeit von der Vorbe- 
handlung der Elektrode untersucht. Anodische Belastung der Elek- 
trode bei Potentialen iiber 800 mV erhoht den AE-Wert am Aquivalenz- 
punkt der Dichromat-Titration urn 30&4OOmV. Die scharfe 
Potentialiinderung beruht auf der Reaktion von PdOB und Fe2+. Der 
Aquivalenzpunkt entspricht eher dem Beginn des Potentialabfalls als 
dem Wendepunkt, besonders bei verdiinnten Losungen. Wird die 
Elektrode vor dem Gebrauch erwlrmt, so wird das Oberflachenoxid 
PdO durch Cr(V) zu PdO, oxidiert. das Potential steiat wlhrend der 
Titration und bE ist 200mV grij& als bei Verwendung einer un- 
behandelten Elektrode. Bei der Titration von Ce4+ mit Fez+ ist AE 
bei unbehandelten Elektroden am groaten; bei Verwendung der ano- 
disch belasteten Elektrode zeigen die Titrationskurven deutlich die 
Reaktion zwischen PdO, und Fe*+. 

R&u&-On a Ctudie le comportement de l’electrode de palladium poli 
vis-a-vis des systemes redox Cr,O,+/Fea+ et Ce4+/Fea+ (en titrage po- 
tentiometrique) en fonction du pretraitement de l’electrode. L’anodisa- 
tion de l’electrode a des potentiels superieurs a 800 mV accroit AE au 
point d’equivalence de 300-400 mV pour le titrage du bichromate. Le. 
changement net en potentiel est dti a la reaction entre PdO, et Fe*+. 
Le point d’equivalence correspond au debut de la chute de potentiel, 
plutot qu’au point d’inflexion, particulierement pour les solutions 
diluks. Si l’electrode est chauffee avant usage, l’oxyde de surface PdO 
est oxyde en PdO, par Cr(V), le potentiel croit durant le titrage et AE 
est de 200 mV plus grand que lorsqu’on utilise une electrode non trait& 
Dans le titrage de Ce’+ avec Fe e+, la valeur de BE est la plus grande avec 
des electrodes non trait&es, et si l’on utilise l’electrode anodisr?e, les 
courbes de titrage montrent clairement la reaction entre PdO, et Fez+. 
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QUANTITATIVE SEPARATION OF Al, Ga, In, AND Tl 
BY CATION EXCHANGE CHROMATOGRAPHY IN 

HYDROCHLORIC ACID-ACETONE* 

F. W. E. STRELOW and A. H. VICTOR 
National Chemical Research Laboratory, P.O. Box 395, Pretoria, South Africa 

(Received 30 September 1971. Accepted 12 November 1971) 

Summary-Up to 4 n-mole (1 mmole each) of tervalent Al, Ga, In and 
Tl are separated from each other on a 60-ml column of AG5OW-X8 
resin of 200-400 mesh particle size by cation-exchange chromatography 
in hydrochloric acid-acetone mixtures. Separations are very sharp 
and without tailing. Recoveries for amounts from I-100 mg average 
100.0 f 0.1% for the analysis of synthetic mixtures. An anion- 
exchange method is described for the separation of gallium from the 
hydrochloric acid-acetone eluate. Relevant cation-exchange dis- 
tribution coefficients, anion-exchange coefficients for gallium in 
hydrochloric acid-acetone, an elution curve for all four elements and 
results of quantitative separations of synthetic mixtures are presented. 

THE ONLY ION-EXCHANGE method described in the literature which provides a complete 
separation of the group IIIA elements Al, Ga, In and Tl in a single column run seems 
to be that of Kraus et a2.l which uses an anion-exchange resin in the chloride form and 
involves the elution of the elements with aqueous hydrochloric acid according to the 
stability of their chloride complexes. The method has the weakness that in 7M 
hydrochloric acid, the eluting agent used for aluminium, indium has a distribution 
coefficient of only about 20. This causes an early appearance of indium in the eluate 
and makes separation of large amounts of indium impossible unless comparatively 
large columns are used. In addition, indium shows appreciable tailing and thallium 
very strong tailing. Quantitative aspects of the separation have unfortunately not 
been investigated, but it seems probable that the tailing could lead to incomplete 
recoveries of thallium and indium unless very large elution volumes are used. 

Some information is available on the separation of pairs of the elements mentioned 
above. Kocheva has separated gallium and indium by eluting the gallium from 
Dowex l-X8 resin with 0.5M potassium iodide while indium is retained, and Kocheva 
et aL3 have separated gallium from aluminium by cation-exchange and by anion- 
exchange using potassium thiocyanate-hydrochloric acid mixtures. Klement et al.4 
have eluted indium from a Dowex 50 cation-exchanger with 0*4h4 hydrochloric acid 
while gallium is retained and Tsintsevich et aLs have used 3 % oxalic acid solution at 
pH 4 to elute gallium from a Russian cation-exchange resin, aluminium being re- 
tained . 

In hydrochloric acid containing an organic solvent, differences in chloride complex 
formation and hence in separation factors are often considerably enhanced. Fritz et al.6 

have determined cation-exchange distribution coefficients for 14 elements in hydro- 
chloric acid-acetone and have shown that indium can be separated from aluminium by 
elution with O-M4 hydrochloric acid in 40 ‘A aqueous acetone with a separation factor 
considerably larger than in aqueous hydrochloric acid. Coefficients for gallium and 

l This is part of a D.Sc. thesis by the second author at the department of Inorganic and 
Analytical Chemistry of the University of Pretoria. 
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indium in hydrochloric acid-organic solvent mixtures have been determined by 
Alimarin et aL7 and Gorokhova et al. ,8rs using Russian resins, and various conditions 
for separation ranging from O*lM hydrochloric acid in 80% aqueous acetone to 
0.75M hydrochloric acid in 20% acetone have been presented. Korkisch et al.1° have 
separated indium, gallium and aluminium by anion-exchange chromatography in 
hydrochloric acid-acetone and hydrochloric acid-2-methoxyethanol mixtures. Since 
the distribution coefficients are not very high under the experimental conditions 
employed, long columns (75 cm) have to be used. Furthermore, results of recovery 
tests do not seem to be very accurate. 

A recent systematic study of cation-exchange distribution coefficientsil suggested 
that a separation of all four elements in a single run and with considerably larger dis- 
tribution coefficients than those obtained by Krausl or KorkischlO might be possible 
by using cation-exchange chromatography in hydrochloric acid-acetone. Favourable 
distribution coefficients do not always guarantee a good separation, because they 
cannot predict features of column behaviour such as tailing. The quantitative aspects 
of the separation of the group IIIA elements was therefore investigated in detail by 
preparing elution curves and carrying out column experiments with synthetic mixtures. 

Reagents 
EXPERIMENTAL 

Chemicals of analytical-reagent grade purity were used throughout. The resins used were the 
AG50W-X8 cation-exchanger and AGl-X8 anion-exchanger (BioRad Laboratories, Richmond, 
California). Resin of 100-200 mesh was used for determination of distribution coefficients and of 
2oo-400 mesh for column work. Borosilicate glass tubes of 20 mm bore with fused-in glass sinters 
of No. 2 porosity, a burette tap at the bottom and a B19 ground-glass joint at the top, were used as 
columns. 

Distribution coeficients 

The relevant cation-exchange distribution coefficients have been published previously,11 but are 
included in Table I together with relevant intermediate coefficients obtained from plots of known 
coefficients” against acetone concentration. 

TABLE I.-CATION-EXCHANGE DISTRIBUTION COEFFICIENTS IN HCl-ACETONE 

Element 
O.lMHCl + 50% 0%4HCl + 50% 0.5MHCl + 90% 2.OMHCI + 70:4 

acetone acetone acetone acetone 

TI(II1) 
In 
Ga 
Al 

0.5 0.5 to.5 to.5 
240 2.0 to.5 <0.5 

>lOb 780 1.9 <0.5 
,104 910 1250 75 

Because it was found that gallium is slightly volatile when solutions containing gallium, acetone and 
hydrochloric acid are evaporated on the water-bath, the possibility of separating gallium from acetone 
by anion-exchange was investigated. Table II shows relevant distribution coefficients for 1 mmole of 
gallium in 250 ml of hydrochloric acid containing various amounts of acetone after equilibration with 
2.500 g of dry AGI-X8 resin. 

TABLE II.-ANION-EXCHANGE DISTRIBUTION COEFFICIENTS FOR Ga IN HCl-ACETONE 

Acetone 
HCI, M 0% 20% 40% 60% 70% 75% 80% 90% 

0.5 I.0 1.9 9.0 18.9 6.1 3.3 2.2 1.1 
1.0 2.2 10.0 52.7 22.3 3.5 2.2 1.1 - 
2.0 6.2 47 286 20.0 5.0 3.6 - - 



Cation exchange chromatography 1021 

Elution curve 

The conditions suggested by the distribution coefficients in Table I were selected for the quanti- 
tative separation. Hydrochloric acid (05M) in 90% acetone gives a larger separation factor for the 
Ga-Al pair than 2.OM hydrochloric acid in 70% acetone, but the latter eluent shows practically no 
tailing of gallium and was preferred for this reason. A mixture containing about 0.5 mmole of each 
element in 25 ml of O.lM hydrochloric acid containing 50 % acetone and a small amount of chlorine 
to keep thallium in the tervalent state was placed on a column of 60 ml of AGSOW-X8 resin of 200- 
400 mesh particle size. The resin column was 19 cm in length, 2.0 cm in diameter and had been 
equilibrated with O*lM hydrochloric acid in 50 ‘A acetone. The cations were washed onto the column 
with O*lM hydrochloric acid in 50 % acetone containing a small amount of chlorine, and thallium(III) 
was eluted with 200 ml of the same reagent. Indium was then eluted with 300 ml of O*SMhydrochloric 
acid in 50% acetone, followed by gallium with 300 ml of 2*OM hydrochloric acid in 70 % acetone, and 
finally aluminium with 3OOml of 3*OM aqueous hydrochloric acid. The flow-rates were about 
2.0 f 0.3 ml for Tl(III) and In and about 3.0 f 0.3 ml for Ga and Al. Fractions of 25-ml volume 
were taken with an automatic fractionater and analysed. The experimental curve is shown in Fig. 1. 

1.2 

I.0 

3 
u 06 
z 
E 

Y. 
06 

Ad 

P IE 

lsofptian 

)<xlMHCI In -h-O.5MHCIin5O%a.c~--k-2,CWHClin70%a.c-~ 3, OMHCI 
50% a.0 

i.2 
8.7 18. 7 12.7 

In ;a 

ml eluate 

FIG. l.-Elution of Al, Ga, In and Tl(II1). 

Quantitative separations 

Volumes of standard solutions of two adjacent elements or of all four elements in O.iM hydro- 
chloric acid were measured out in triplicate and hydrochloric acid and acetone were added to give the 
desired concentrations. The solutions were adsorbed on a column containing 60 ml of AGSOW-X8 
resin of 200-400 mesh particle size in the hydrogen form which had previouslybeen equilibrated with 
O.lM hydrochloric acid in 50 % acetone. The elements were then eluted with the same seauence of 
reagents as described above. The eluates were kept separately and the elements determined’after the 
excess of solvent had been removed by evaporation. A special procedure had to be adopted in the case 
of gallium, because it was found that between 1 and 2% of the gallium present was lost by volatili- 
zation. No gallium was lost in control experiments in which aqueous hydrochloric acid solutions were 
evaporated on the water-bath. The gallium-containing eluate was therefore collected in a 500-ml 
separating funnel containing 180 ml of 2M hydrochloric acid. The solution was mixed and passed 
through a column containing 45 ml of AGl-X8 anion-exchange resin previously equilibrated with 
2M hydrochloric acid in 40% acetone. From the mixture (2M hydrochloric acid in 44% acetone) 
gallium was adsorbed with a distribution coefficient of about 240 (Table II), and could then be eluted 
with 300 ml of O.lMhydrcchloric acid. Thallium was partly reduced during the evaporation of excess 
of eluting agent and had to be reoxidized to thallium(II1) with chlorine or bromine. Small amounts of 
organic matter resulting from the polymerization of acetone were destroyed by evaporation with 
nitric acid plus 2 ml of perchloric acid. 
results are presented in Table IV. 

The analytical methods are summarized in Table III and the 

a 
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TABLE III.-ANALYTICAL PROCEDURES 

Element 

Tl(II1) 

Ga 

In 

TI(II1) 

Method 

Excess of DATA, back-titration with Zn(II), Xylenol Orange as indicator. 
Small amounts spectrophotometrically with Alizarin Red S (elution curves). 

Excess of EDTA, back-titration with Zn(II), Xylenol Orange as indicator. 
Small amounts spectrophotometrically with Xylenol Orange at pH 5.5 and 
515 nm (elution curves). 

Excess of EDTA, back-titration with Zn(II), Xylenol Orange as indicator. 
Small amounts by atomic-absorption spectrometry (elution curves). 

Titration with EDTA in the presence of tartrate at pH 10, Methylthymol Blue 
as indicator. 

TABLE N.-RESULTS OF QUANTITATIVE SEPARATIONS OF SYNTHETIC MIXTURES 

Taken Found* 

Element mg Element mg Element mB Element “g 

Tl 
Tl 
In 
In 
Ga 
Ga 
Tl 
In 
Ga 
Al 

20.24 
404.8 

11.61 
232.2 

7.15 
142.9 
202.4 
116.1 
71.46 
28.28 

In 232.2 
In 11.61 
Ga 142.9 
Ga 7.15 
Al 56.56 
Al 5.66 

Tl 
Tl 
In 
In 
Ga 
Ga 
Tl 
In 
Ga 
Al 

20.24 f 0.03 In 232.2 f 0.2 
404.8 A 0.4 In 11.61 f 0.02 
11.61 & 0.02 Ga 142.8 f 0.2 

232 f 0.2 Ga 7.15 & 0.02 
7.15 f 0.02 Al 56.57 i 0.05 

142.9 f 0.2 Al 5.66 f 0.01 

202.3 & 

116.2 & 0.1 
71.45 & 0.05 
28.29 zt 0.2 I 0.02 

* Mean of triplicate determinations with calculated standard deviations, 

DISCUSSION 

The method described provides a useful means for the quantitative separation of 
the group IIIA elements (from Al to Tl) in a single column run. The presence of 
acetone makes the separation factors considerably higher than those for aqueous 
hydrochloric acid media. That for the Al-Ga pair is enhanced to more than 150 in 
2M hydrochloric acid containing 70% acetone as compared with about 1.6 in 
aqueous 2M hydrochloric acid. In 0.5M hydrochloric acid containing 90% acetone 
the separation factor for the same pair is larger than 600, but more tailing occurs. 

Separations are very sharp and quantitative and tailing is practically non-existent 
with a 200-400 mesh resin. This is demonstrated on the elution curve shown in Fig. 1, 
which has been enlarged in the vertical direction to show the sharpness of the tail ends. 
The method thus compares favourably with the anion-exchange procedures of 
Kraus et a1.l and Korkisch et al., lo which show considerably more tailing. Recoveries 
in the analysis of synthetic mixtures (Table IV) are excellent and average lOO*O f O-1 % 
for amounts from 1 to 100 mg. The accuracy of the analysis results for synthetic 
mixtures is mainly dependent on the accuracy of the method of determination because 
this introduces the major part of the error. 

The additional anion adsorption step for the separation of gallium from solutions 
containing large amounts of acetone is necessary for accurate work, otherwise gallium 
recoveries will only be about 98-99 %. When the method is applied to semiconductor 
alloys containing group IIIA elements as well as arsenic, the arsenic will accompany 



Cation exchange chromatography 1023 

the thallium, and can be separated by an additional anion-exchange step when 
required. Even at room temperature As(II1) is extremely volatile from hydrochloric 
acid containing more acetone and is partially lost even from drops falling from the tip 
of the column into a beaker. For complete recovery the tip should dip into a fair 
volume of water containing sulphide. 

When large amounts of thallium are present, Tl(II1) tends to be reduced and may 
precipitate as TlCl in the column, apparently because the chlorine or bromine added 
initially is slowly used up by reaction with the acetone. In such cases it is better to 
elute thallium with aqueous O*lM hydrobromic acid containing a little free bromine. 
In, Ga and Al are also strongly retained under these conditions and the bromide 
complexes of Tl(III) are considerably more stable to reduction than the chloride 
complexes. 

:: 
3. 

4. 
5. 

6. 
7. 

8. 

9. 

10. 
11. 

Zusannnenfassung-Bis zu 4 mMo1 (je 1 mMo1) dreiwertiges Al, Ga, 
In und Tl werden an einer 60 ml-Slule AGSOW-X&Harz der Teilchen- 
gr613e 2OO-400 mesh durch Kationenaustauschchromatographie in 
Salxs&tre-Aceton-Gem&hen voneinander getrennt. Die Trennungen 
sind sehr scharf und verlaufen ohne Schwanzbildung. In Testmischun- 
gen werden durchschnittlich 100,O f 0,l % bei Mengen von l-100 mg 
wiedergefunden. Ein Anionenaustauschverfahren zur Abtrenmmg von 
Gallium aus dem Sal&iure-Aceton-Eluat wird beschrieben. Die 
wesentlichen Kationenaustausch Verteilungskoeffiienten, die Anionen- 
austauschkoeffizienten fur Gallium in Aceton-SalzsBure und eine 
Elutionskurve ftir alle vier Elemente und die Ergebnisse quantitativer 
TreMMgen von Testmischungen werden angegeben. 

R&sum&-Gn s&pare l’un de l’autre jusqu’il 4 mmoles (1 mmole de 
chaque) d’A1, Ga, In et Tl trivalents sur une colonne de 60ml de 
resine AG50W-X8 de dimensions de particule 200400 mailles par 
chromatographie d’echange de cations en milieux acide chlorhydrique- 
acetone Les separations sont trb nettes et sans traln&es. Les r&up&a- 
tions pour des quantites de l-1OOmg s’etablissent en moyenne a 
100,O f O,l% pour l’analyse de melanges synthetiques. On decrit 
une methode d&change d’anions pour la separation du gallium de 
l’eluat acide chlorhydrique-a&one. On presente les coefficients de 
partage echange de cations et les coefficients d&change d’anions con- 
cemant le gallium en acide chlorhydrique-a&one, une courbe d’elution 
pour les quatre elements, et les rdsultats de separations quantitatives 
de melanges synthetiques. 
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Summary-Seven new hydroxy-substituted 1,Wphenanthroline deriva- 
tives have been evaluated as chromogenic reagents for the determina- 
tion of copper in strongly alkaline solution. The most sensitive of 
these, 2,9-dimethyl-4,7-dihydroxy-l,lO-phenanthroline, has proven to 
be highly effective in a simple, rapid procedure for determining trace 
amounts of copper in sodium hydroxide, potassium carbonate, sodium 
phosphate or ammonium hydroxide. 

DISCOVERY of the extraordinary ability of 4,7-dihydroxy-I ,lO-phenanthroline to 
form a stable iron(D) chelate in concentrated, even saturated, sodium hydroxide 
solutions led to its study and use as a chromogenic reagent for the determination of 
iron in strongly alkaline substances. l Moreover, it called attention to the desirability 
of incorporating hydroxy groups in substituted 1, lo-phenanthrolines as a promising 
means of extending their usefulness as metal chelate ligands to higher pH regions. 
Contrary to the findings of an earlier study,2 the presence of a hydroxy group in 
1, IO-phenanthroline enhances its co-ordination affinity towards iron( provided 
that solutions are strongly alkaline and that an effective reductant, such as sodium 
hydrosulphite, is employed to prevent atmospheric oxidation of the iron( 

One of the more promising possibilities, with regard to utilizing the effect of 
hydroxy substituents, was the modification of the highly selective copper reagents 
cuproine (2,2’-biquinoline) and neocuproine (2,9-dimethyl-l , IO-phenanthroline). By 
introduction of hydroxy groups into the structures of these important analytical rea- 
gents their applicability should be extended to strongly alkaline solutions, thereby 
eliminating the disadvantages associated with the necessity for neutralization and pH 
adjustment. However, synthetic problems proved formidable, and progress has been 
slow. The first success was achieved by Case and Lesser in 1966, who prepared the 
dihydroxy derivative of cuproine (4,4’-dihydroxy-2,2’-biquinoline).4 Fulfilling expec- 
tations, this compound proved to be a highly effective chelation reagent for copper in 
concentrated alkaline solutions .5 More recently, Case succeeded in the difficult 
synthesis of a number of 4-hydroxy and 4,7-dihydroxy-1 ,lO-phenanthrolines, including 
the long sought-for neocuproine derivative 2,9-dimethyl-4,7-dihydroxy-1 ,lO-phenan- 
throline.s These phenanthrolines, and their characterization as analytical reagents, 
are the subject of this paper. Each of the seven identified below will be referred to 
hereafter by a Roman numeral. 
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Compound 

I 
II 
III 
IV 
V 

RI 
OH 
OH 
OH 
OCH, 
OH 
H 
OH 

R3 RI, 
OH 
OH $ 
OCHI 
OH :“HJ 
H &-I,” 
OH GHs 
CH3 CH3 

Name (prefix) of substituted 1 ,lO-phenanthroline 

2,9-dimethyl-4,7-dihydroxy- 
2-methyl-4,7-dihydroxy-9-phenyl- 
2,9-dimethyl-4-hydroxy-7-methoxy- 
2-methyl-4-methoxy-7-hydroxy-9-phenyl- 
2,9-dimethyl-4-hydroxy- 
2-methyl-7-hydroxy-9-phenyl- 
2,7,9-trimethyl-4-hydroxy- 

EXPERIMENTAL 

Apparatus and reagents 

A Cary Model 14 recording spectrophotometer and a Corning Model 7 pH meter with saturated 
calomel and glass electrodes were used for spectral and pH measurements respectively. 

The substituted phenanthrolines were samples of the original analysed samples synthesized and 
reported by Case.O Solutions (O.OlM) of these were prepared by dissolving weighed amounts in 
measured volumes of 95 % ethanol. 

Standard copper sulphate solution containing 0.1589 mg of Cu/g was prepared by dissolving pure 
copper in nitric acid, fuming with sulphuric acid, cooling and adding water to give a known con- 
centration. The 10% hydroxylamine hydrochloride solution was prepared by dissolving 100 g of the 
salt in 900 g of water. All chemicals were reagent quality, except for the isopentanol, which was 
purified grade. 

Absorption spectra 

Solution conditions and pH for maximum colour development in the copper reaction of each new 
phenanthroline derivative were determined. These were reproduced in preparing solutions for spectral 
examination when determining the visible absorption characteristics of the copper complexes. 

Solutions of the copper(I) complexes of the dihydroxy derivatives (compounds I and II) were 
prepared by delivering weighed amounts of the standard copper solution into lo-ml volumetric 
flasks, followed by 1 ml of 10 % hydroxylamine hydrochloride solution, 5 ml of 8M sodium hydroxide, 
2 ml of 0.OlM phenanthroline derivative, and sufficient distilled water to dilute to volume. Copper(H) 
solutions were prepared similarly, but without hydroxylamine hydrochloride. 

The copper(I) complexes of the monohydroxy derivatives (compounds II-VII) proved to be 
insoluble in aqueous solutions, so extraction into isopentanol was employed to prepare solutions for 
spectral examination. Weighed samples of the copper solution were delivered into 60-ml separatory 
funnels, followed by addition of 2 ml of 10% hydroxylamine hydrochloride solution, 20 ml of 5M 
sodium hydroxide, and 1 ml of the O.OlM phenanthroline derivative (in the order cited). After 
mixing, the contents were extracted first with a 5-ml and then a l-ml portion of lsopentanol. The 
extracts were combined in a lo-ml volumetric flask and diluted to volume with 95% ethyl alcohol. 

Spectra of the prepared solutions and of appropriate blanks were recorded vs. air, using a l*OO-cm 
silica cell. Wavelengths of maximum absorbance, molar absorptivities, and conformity to Beer’s 
law were determined. 

Identity and stability of complexes 

The method of continuous variations’ and the mole-ratio methods were employed to determine 
the ligand to metal ratios of the copper(I) and (II) complexes of compounds I and II. For all four 
complexes, within experimental error, the results indicated two ligand molecules per copper ion. 
Lack of curvature in the plotted results precluded reliable calculation of formation constants but 
indicated very high stability for all four complexes. 

Acid dissociation constants of compound I were determined from ultraviolet spectral measure- 
ments of solutions of various pH containing identical concentrations of I. 
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Recommendedprocedure for determination of copper 

Transfer a sample (by weight or volume, and of sufllcient size to provide a concentration of 
l-6M hydroxide ion on final dilution) into a 25ml volumetric flask. If the sample is a carbonate, 
phosphate, or only a moderately strong base (or does not have the requisite hydroxide ion content), 
add 5 ml of SM sodium hydroxide to the flask. Add 2 ml of 10% hydroxylamine hydrochloride 
solution and 4 ml of 2 x lo-‘M 2,9-dimethyl-4,7-dihydroxy-l,IO-phenanthroline in O*lM sodium 
hydroxide. Dilute to volume with distilled water, and measure the absorbance in either a l.OO- or 
lO.O-cm cell (depending on copper content) at 400 nm against a reagent blank. 

RESULTS AND DISCUSSION 

All seven of the investigated compounds readily form intense yellow or orange 
complexes with copper(I) in solutions of pH 11 and higher. The copper(I) complexes 
of the monohydroxy derivatives, compounds III-VII, are insoluble in aqueous solu- 
tion, soluble in aqueous ethanol, and quantitatively extractable into isopentanol. 
Compounds I and II, the dihydroxy derivatives, yield water-soluble copper(I) com- 
plexes that are not extractable into isopentanol unless an appropriate cation, such as 
tetrabutylammonium, is present in relatively high concentration. 

Less intensely coloured complexes are formed by the seven compounds in reactions 
with copper(I1). The dihydroxy derivatives form blue, water-soluble complexes 
extractable into isopentanol, from solutions of pH 11 and higher. The monohydroxy 
compounds yield blue-green soluble copper(I1) complexes from solutions of pH 6-9, 
and much less coloured but stable complexes in more alkaline solutions. 

Spectra of the copper(I) and copper(I1) complexes of compound I, the most 
sensitive chromogen of the group, are shown in Fig. 1. Wavelengths of maximum ab- 
sorbance, and molar absorptivities, of the copper complexes of all seven chromogens 
are listed in Table I. Ranging from 8300 to 11,500 l.mole-l.cm-l, the molar absorp- 
tivities are higher than the value of 7,000 found for the complex of 4,4’-dihydroxy- 
2,2’-biquinoline .5 This is as expected, since copper(I)-phenanthroline complexes 
commonly exhibit greater absorptivities than their biquinoline analogues. On the 
basis of its superior chromogenic properties, as well as other interesting aspects, com- 
pound I was selected for more extensive investigation and analytical application. 

The copper(I) and copper(I1) complexes of I are both bis-chelates, as shown by 
the results of mole-ratio and continuous-variations measurements. For both com- 
plexes, the most reasonable structure would involve two bidentate ligands with their 
molecular planes at right angles and their nitrogen atoms co-ordinated in a tetrahedral 
configuration about copper. The high stability of the complexes, as shown by the 
completeness of reaction when small but stoichiometric amounts are mixed, even in 
concentrated sodium hydroxide, argues against other co-ordination modes or struc- 
tures, all of which, as models show, would involve considerable steric hindrance or 
strain. 

The ionic charge on either of the copper complexes of I depends on the extent of 
ionization of the hydroxy groups, which is governed by pH. In order to predict charge 
magnitudes, pK values for the dissociation of I were determined by ultraviolet 
spectrophotometry. Three sets of isosbestic points are consecutively produced on 
changing the pH of an aqueous solution of I from 0 to 14, demonstrating the existence 
of three dissociation steps and four acid-base species of I. From pH 0 to 5, isosbestic 
points at 255 and 277 nm are observed, representative of the dissociation of an acid 
of pK = 2, presumably the protonated phenanthroline species (CH,),(OH),phen - Hf. 
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FIG. I.-Visible absorption spectra of the copper(I) complex (curve l), copper(U) 
complex (curve 2) of 2,9-dimethyl-4,7-dihydroxy-l ,lO-phenanthroline and reagent 
blank (curve B). Both copper complexes are 4.34 x 10-6M, measured in 1.00 cm cell 

us. air. 

Over the pH range 2-l 1, with isosbestic points at 244 and 265 nm, the results are 
indicative of the dissociation of an acid of pK = 7.5, believed to be the unionized 
phenanthroline or its zwitterion (CH&(OH)(O)-phen - H+. Above pH 11, an 
isosbestic point at 245 nm is displayed, presumed to be associated with the final 
ionization or deprotonation step: 

(CHMOH)(O)phen- e (CH,),(0)2phen2- + H+ 

The pK value for this step could not be determined precisely, because of the high pH, 
and alkaline error of the glass electrode. An estimate, based on hydroxide concentra- 
tion rather than pH, gives a pK value of the order of 13. It is, therefore, concluded 
that I exists predominantly as a doubly charged anion, with both hydroxy protons 
ionized, in solutions of hydroxide ion concentrations of 1 M or greater. If the bound 
ligands ionize to the same degree as the free ligand, then the copper(I) complex exists 
as [CuI$- and the copper(I1) as [CuX#-. 

Since pH determines the degree of ionization of the hydroxy groups of the bound 
ligands, and thus the ionic charge on the copper complexes of I, it should also affect 
the spectra and extractability of the complexes. The effect on spectra is especially 
evident over the pH range from 11 to 13. However, in sodium hydroxide solutions of 
concentration 1 M or greater only minor changes in spectra occur, which supports the 
conclusion that ionization of the hydroxy groups is essentially complete above pH 13. 
The results are given in Table II. For analytical purposes it is fortunate that the 
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TABLE I.--VISIBLE ABSORPnON CHARACTERISTICS OF COPPER COMPLEXES 

Compound 
Cu(1) complex 

Solvent A,.,, nm E* 

Copper(H) complex 

Solvent A,,,, run E* 

I 4M NaOH 400 11,500 4M NaOH 590 3,000 
II 4M NaOH 400 10,400 4M NaOH 610 2,200 
III Isopentanol 420 10,500 pH 8(Ha0) 2,030 
IV Isopentanol 412 8,970 pH 80-W) 

% 
1,850 

V Isopentanol 462 8,400 pH 80-W) 618 1,490 
VI Isopentanol 437 8,300 pH 80-W) 612 1,400 
VII Isopentanol 456 9,000 pH 8@W) 614 1,250 

* I.mole-lcm-l. 

TABLE ~I.~,~-DIH~R~XY-~,%DI~~ETFIYL-~,~O-PHENAN~ROLINI?, 
SPECTRAL CHARACTERISTICSOPCOPPER COMPLEXES AS A FUNCIION 

o~Na0H CONCENTRATION 

1NaOI-U , 
M 

Copper(H) 

A, nm &* 

Copper(I) 

1,nm &* 

0.01 580 2,380 
0.5 582 2,930 
1-o 584 2,940 
2 586 3,030 
3 590 3,090 
4 590 3,020 
5 592 3,090 
6 594 3,100 
7 595 3,200 
a precipitate 

* I.mole-l.cm-l. 

400 9,500 
400 10,200 
% 11,600 11,400 

iii 11,600 11,500 
400 11,500 
400 11,500 
400 11,500 

precipitate 

absorbance of the copper(I) complex of I is independent of hydroxide ion concentra- 
tion over a broad range (l-7MNaOH). Precipitation of the copper(I) and (II) 
complexes of I from sodium hydroxide more concentrated than 8M is curious, and 
probably a salting-out effect, but not a serious problem for analytical purposes. The 
effect of pH or hydroxide ion concentration on extractabilities is also interesting. The 
copper(I) complex of I is not extractable at any pH, whereas the extractability of 
the copper(I1) complex into isopentanol increases from essentially zero at pH 12 to 
quantitative extractability at 3M or higher concentration of sodium hydroxide. Such 
behaviour with increasing sodium hydroxide concentration is believed to be a conse- 
quence of increased ion association between sodium ions and the anionic copper(I1) 
complex, leading to greater extractability, rather than a result of increasing ionization 
and ionic charge of the complex. 

The recommended procedure was evaluated for effectiveness and reliability for the 
determination of copper in four different alkaline substances of commercial impor- 
tance: sodium hydroxide, potassium carbonate, sodium phosphate, and concentrated 
ammonium hydroxide. Because of lack of a variety of different samples to test, 
synthetic samples were prepared by adding known amounts of standard copper 
solution to weighed samples of the pure alkaline substances. The analytical results 
are compiled in Table III. Beer’s law is obeyed, and the molar absorptivity of the 
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TABLE III.-DETERMINATION OF COPPER IN ALKALINE SUBSTANCES 

Taken, ,~g 

Found, ,ug 
in5gofNH, 

in 3 g of NaOH in 4 g of KsCOJ in 1 g of NasPOI (30 %) 

15.8 
31.6 
47.3 
63.2 
79.1 

110 
126 
158 

Average deviation, 

Rzftive standard 
deviation, % 

14.4 15.6 15.7 16.0 
28.0 31.1 31.6 33.0 
47.6 47.4 48.1 48.8 
64.1 59.4 63.7 64.1 
80.7 80.2 79.6 80.0 

110 112 115 111 
128 128 129 124 
158 158 159 152 

1.2 1-1 1.4 

1.0 

1.7 

1.9 1.0 0.8 

copper(I) complex is 11,500 f 100 I.mole-f.cm-l, the same for all four media, 
within experimental error. Colour development is rapid, and no change in absorbance 
occurs during a one hour period of exposure to the atmosphere. In stoppered flasks 
the colour is stable for several weeks, and indefinitely if protected against oxygen and 
carbon dioxide absorption. 

Several commonly-encountered substances were tested as possible interferents 
in the determination of copper. Samples of a 4M solution of sodium hydroxide 
containing 1.90 ppm copper were treated with various amounts of substances added 
before analysis. None of the following ions, at a concentration of 100 ppm, gave rise 
to a relative error greater than lx, and hence these ions do not interfere: acetate, 
borate, carbonate, halides, halates, oxalate, perchlorate, phosphate, silicate, tartrate, 
alkali metals, alkaline earth metals, aluminium, ammonium, antimony, arsenic, 
chromium(III), lead, manganese(II), nickel, and tin(I1). Cyanide or sulphide ions 
cause serious interference, and only 0.01 and O-1 ppm are tolerated, respectively. If 
present in excess of 10 ppm, cobalt and zinc interfere by reacting with the chromogenic 
reagent I, larger concentrations are tolerated if more reagent is employed. Iron 
interferes above 10 ppm and is not masked by addition of tartrate. Its interference 
can be avoided by modifying the recommended procedure to include an extraction 
step. If hydroxylamine hydrochloride is omitted, the copper(I1) complex can be 
separated from the iron by extraction with isopentanol followed by back-extraction 
with 2M sodium hydroxide containing hydroxylamine to yield the copper(I) complex 
for subsequent measurement. 

The major advantage of the use of I for the determination of copper is that it can 
be applied directly to alkaline samples without the necessity of neutralization and pH 
adjustment. This advantage is shared by the closely related copper chromogen 
4,4-dihydroxy-2,2’-biquinoline. On comparison, compound I (2,9-dimethyl-4,7- 
dihydroxy-1 ,lO-phenanthroline) is superior in sensitivity and simpler to employ. 
Unlike its cuproine analogue, the copper(I) complex of I is soluble in alkaline soiu- 
tions, an extraction step or addition of alcohol is unnecessary, and its use in auto- 
mated procedures is practicable. One disadvantage, common to both chromogens, 
is that their synthesis is involved and expensive. Fortunately, a small amount suffices 
for many determinations, so cost should not be a serious deterrent to use. 
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Znsa~~~enfassung-7 neue Hvdroxylderivate von l,lO-Phenanthrolin 
wurden als Farbreagentien f& Kupfer in stark alkalischer Lijsung 
aetestet. Das emofindhchste davon. 2.9-Dimethvl-4.7-dihvdroxv-l.lO- 
;henanthrolin ist’ sehr niitzlich bei dinem ei&achen V&&n zur 
raschen Bestimmung von Kupferspurcn in Natriumhydroxid, Kalium- 
carbonat, Natriumphosphat oder Ammoniumhydroxid. 

R&n&-On a 6vahre sept nouvcaux d&iv& hydroxy substitu6s de la 
l,lO-phcnanthroline en tant qu’agents chromogLtnes pour le dosage du 
cuivre en solution fortement alcaline. Le plus sensible d’entre eux, la 
2,9-dimethyl 4,7-dihydroxy l,lO-phenanthroline s’est montr6e haute- 
ment efficacc dans une technique simple et rapide de dosage de traces 
de cuivre dans la soude, le carbonate de potassium, le phosphate de 
sodium ou I’ammoniaque. 
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Summary-Stannic selenites have been synthesized under a variety of 
conditions. The most stable sample is prepared by mixing O*OSM 
solutions of stannic chloride and sodium selenite in the ratio of 1:l at 
pH 1. It is a bifunctional amorphous material. A tentative structure 
has been proposed on the basis of chemical composition, pH titrations, 
infrared and thermogravimetric analyses. Its ion-exchange capacity 
is 0.75 and 0.73 meq/g after drying at 50” and 500” respectively. Its 
analytical importance has been established by the following quantita- 
tive separations: Cus+ from NiP+, Coa+, Fea+, Gas+ and Ins+, Fe*+ 
from PbS+ and Sc3+, and Sc3+ from VO*+. 

THERE ARE two problems yet to be solved despite the large amount of work already 
carried out on synthetic inorganic ion-exchangers. They are to develop thermally 
stable ion-exchange materials and to prepare materials which are specific for certain 
cations. We have synthesized a number of inorganic substances and studied their 
properties with these ends in view. Cation separations have been achieved on paper 
impregnated with stannic selenite ,l but no further studies were made. The present 
paper describes the synthesis, ion-exchange properties and analytical applications of 
stannic selenite. 

EXPERIMENTAL 

The instrumental studies were performed as described in our earlier paper.* 

Synthesis 

Stannic selenite was precipitated by mixing sodium selenite and stannic chloride solutions under 
the conditions given in Table I. 
hydroxide solution. 

The pH was adjusted by adding either hydrochloric acid or sodium 
On standing for 24 hr the precipitate settled. It was filtered off, washed first with 

water at the precipitation pH, then with demineralized water at pH 6, and dried in an oven at 50”. 
The material was converted into the H+ form. To study the effect of drying temperatures on the ion- 
exchanger, different portions of one precipitate (Table I, sample 6) were dried at various temperatures. 

Chemical stability 

The chemical stability was determined as described earlier. 3 The solubilities are given in Tables I 
and III. Tin and selenium were determined by the phenylfluorone6 and the diaminobenzidine6 
methods respectively. 

Chemical composition 

A 200-mg portion of the ion-exchanger was dissolved in 30 ml of hot concentrated hydrochloric 
acid. The solution was then cooled to room temperature and selenium was precipitated as red 
selenium metal’ with suluhur dioxide solution. The urecinitate was filtered off and dried at 105” to 
constant weight. Tin4 Gas estimated by titration wAh p&assium dichromate after prior reduction 
with lead metal. 

Ion-exchange capacity 

After elution of hydrogen ions with 0.1,0.5, 1,2,3 and 4M potassium chloride it was found that 
optimum results are obtained with 1 Mpotassium chloride. The ion-exchange capacity was determined 
with 1M salt solutions as eluents and the results are given in Table II. 
was followed for pH titrations (Fig. 1). 

Topp and Pepper’s method’ 

1033 
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TABLE I.-SYNTHJZS~~ AND CHEMICAL STABILITY OF STANNIC SELENITE 

Conditions of synthesis 
Appearance Chemical 

Solubility, 

Samp1e [SnCl,*5HaO], [Na,SeO,], 
Mixing 
ratio, 

in Hf eomposi- 
mgj50 ml 

form tion Sri/Se 
Water 4M HNOs 

M M u/u pH Sn Se Sn Se 

1 0.1 0.1 1:l 

2 0.1 0.1 1:2 

3 0.1 0.1 2:l 

4 0.1 0.1 1:l 
5 0.05 O-025 1:l 
6 0.05 0.05 1:l 

1 White 1.44 0.00 0.05 1.2 5.1 
Semi- 
trans- 
parent 

1 White 1.00 0.06 4.3 3.1 20.5 
opaque 

1 White 2.2 0.00 0.08 1.8 5.5 
semi- 
trans- 
parent 

3 White 2.1 0.00 0.06 3.0 5.8 
1 White 1.4 0.00 O-08 1.2 5.8 
1 White 1.36 0.00 0.03 1.1 5.00 

TABLE IL-ION-EXCHANGE CAPACITY (pH 5-6) OF STANNIC SELENITE AT 25°C 

Sample 
Li+ Na+ 

Ion-exchange capacity, meq/g 
K’ Rb+ cs+ BaZ+ Mga+ 

1 0.90 0.15 0.63 0.60 0.60 0.61 0.55 
2 1.05 1.16 0.90 1-l 1.20 1.15 0.90 
3 0.87 0.65 0.63 0.60 o-55 0.69 O-56 
4 0.82 0.61 0.60 0.61 0.75 0.62 0.50 

0.98 0.67 0.68 0.80 0.71 0.71 0.65 
1.15 0.96 0.75 0.80 0.71 l-00 0.66 

I I I I I I I 
0 I 2 3 4 5 6 

OH- added, mequiv/O+p 

FIG. 1 .-pH-titration curve of stannic selenite. 
(-_-) sample 1, (-_O--) sample 6. 
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Thermal treatment 
Thermogravimetric analysis of various samples in the H+ form was performed at a heating rate of 

4”/min. Sample 6 was also analysed in the potassium form (Fig. 2). To examine the effect of drying 
temperature on the ion-exchange properties of the material, the orginal precipitates of sample 6 were 
also dried at various temperatures in a muffle furnace for 2 hr. 

40- 

are 
d@ 

.r* , I I c 
0 200 400 600 800 1000 

Temperature, Oc 

Fro. 2.-Thermogram of stannic selenite (sample 6) in H+ form. 

TABLEHI.-EFFECT OF DRYING TEMPERATURE ON SAMPU! 6 

“We 
temperature, 

“C 

50 

100 
200 

z 
500 
600 
700 

Appearance 
of beads 

White semi- 
transparent 

White 
White 

Light Yellow yellow 
Yellowish orange 
Orange 
Light brown 

Solubility, mg/SO ml 
Water 4M HNO, 

Sn Se Sn Se 

0.00 0.06 1.8 5.5 

0.00 0.05 1*75 5.8 
0.00 0.06 1.8 5.6 

0.00 0.04 0.06 0.8 2.5 1.8 5.6 5.9 
0.4 0.8 2.8 5.9 
0.1 1.8 2.8 6*1 
1.3 3.3 5.5 7,5 

RESULTS 

X-Ray di$raction analysis 

X-Ray photographs of samples dried at 50”, nickel-filtered Cu-KLY radiation being 

used, show that they are amorphous. 

Infrared spectra 

Infrared spectra were measured by the standard KBr disc technique (Fig. 3). 

Distribution coej%ient 

K, values for 27 metal ions were determined on samples 1 and 6 in water (pH 6) 
and 1 0M2M nitric acid as described earlier .* In order to explore the effect of drying on 
the behaviour of the ion-exchanger, distribution coefficients were also determined on 
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. . . . . . . . . . 
***. . . . . . . . . . . . . . . . . . . . . . . . 

I I I I I I I _ 
4000 3oco 2000 1500 1000 900 800 700 

Wavenumber, cm-’ 

FIG. 3.-Infrared spectra of stannic selenite dried at different temperatures (KBr disc 
method). 

( -) 5O”C, (. . . . . . .) lOo”C, (- - -) 2oo”c, (- - -) 3OO”C, (. * *) 4oo”c, 

(- - -) 5OO”C, (-) 700°C. 

materials dried at various temperatures. These results are summarized in Tables IV 
and V. The sorption of Ba2+ and Cu2+ was also tested at different pH values. 

Quantitative separations of metal ions on stannic selenite columns: 

Separations were achieved on columns of 0~6 cm diameter, using 1.5 g of ion- 
exchanger (100-150 mesh) in the hydrogen form. The flow-rate was 8-10 drops/min. 
The metal ions in lo-ml fractions of the effluent were estimated by titration with 
0.002M EDTA. Quantitative separations of Cu(350 lug)-Ni(230 ,ug), Cu(350 pg)- 
Co(185 pg), Cu(350 pg)-In(250 pug), Cu(350 pg)-Ga(180 pg), Fe(175 ,ug)-Sc(162 pg), 
Fe(175 pg)-Pb(215 pg), Fe(175 pug-Cu(350 lug) and Sc(162 pg)-V(153.6 rug) were 
achieved and their elution curves are shown in Figs. 4 and 5. 

DISCUSSION 

Stannic selenite shows an unusual selectivity towards alkali metals. The ion- 
exchange capacity of sample 1 decreases from 0.9 to O-6 meq/g on going from Li+ to 
Cs+. On the basis of the radii of the hydrated ions one would expect the reverse order. 
This reversal is probably due to the specific size of the cavities. A similar case was 
observed by Torracca and co-worker@ who found that in zirconium arsenate the 
cavities play a more dominant role in the exchange process than any other factor. 
The exchange capacity of stannic selenite samples for K+ ions varies from O-6 to 
0.77 meq/g at pH 6. The capacity is dependent on the selenite content as the replace- 
able hydrogen ions are attached to this group. Thus sample 2 has the maximum 
capacity. This behaviour is similar to that of other inorganic ion-exchangers of this 
class. Stannic selenite is unique in one respect: on drying the ion-exchanger at 
elevated temperatures from 50” to 500” there is an almost negligible loss in ion-exchange 
capacity (Fig. 6). Zirconium tungstate10 and titanium tungstatell on the other hand 
are much more sensitive in this temperature range and their ion-exchange capacity is 
almost completely lost on heating them at 100” and 270” respectively. Stannic 
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TABLE IV.-DISTRIBUTION COEFFICIENTS OF METAL IONS ON STANNIC SELENITE IN WATER (pH S-6) AND 
IN IO-*M HNO* 

Metal 
ion 

Kl 
mgjg of resin 

m&ml of solution 

Sample 1 Sample 6 

PH5-6 IO-*M HNO, pH S-6 lo-*M HNO, 

cua+ 
NiS+ 
,g*+ 
co*+ 
SC*+ 
Ga*+ 
Al*+ 
Fe*+ 
In*+ 
Pb*+ 
Zn*+ 
Cd*+ 
Mg=+ 
Baa+ 
Sr*+ 
Ca*+ 
La*+ 
Y*+ 
Ce’ + 
Sm*+ 
Pr*+ 
Nd=+ 
vo=+ 
Th4+ 
zr”+ 
Hf’f 
uo*+ 

C.A. 
1.90 x 10’ 
2.26 x lo* 
0.61 x 10’ 
0.16 x 10’ 
0.27 x lOa 
0.22 x 10’ 
0.11 x IO’ 
0.28 x lOa 
064 x 10’ 
1.07 x 10’ 
3.87 x 10” 
0.30 x 10’ 

C.A. 
454 x lo* 
3.60 x lo* 

C.A. 
2.47 x 10’ 

z?? 
CIA: 
C.A. 

0.57 x 10’ 
2.40 x 10’ 

C.A. 
C.A. 
C.A. 

0.95 x lo* 0.23 x 10’ 0.85 x 10’ 
054 x 10’ 0.42 x lOa 0.17 x 10” 
056 x lOa 1.88 x 10’ 0.30 x 10’ 
0.16 x IO* 0.80 x 10” 0.14 x 10” 
0.08 x 10’ 0.58 x 10” 0.18 x 10” 
0.09 x 10’ 0.66 x 10’ 0.29 x 10’ 
044 x 10’ 1.94 x 10’ 0.20 x 10’ 
0.06 x 10” 0.16 x 10’ 0.05 x 10” 
0.12 x lo* 0.54 x 10” 0.18 x 10’ 
0.22 x 10’ 9.20 x lOa 1.76 x lOa 
0.51 x lo* 2.24 x 10’ o-21 x 10’ 
O-68 x 10” 1.10 x 10’ 0.42 x 10’ 
0.11 x 10’ 0.23 x lOa 0.15 x 101 
0.60 x 10’ 3.70 x 10’ 0.30 x 10’ 
0.35 x 10” 1.21 x 10’ @OS x 10’ 
0.52 x 10’ 0.28 x lOa 0.15 x 10’ 

CA. C.A. C.A. 
C.A. 2.98 x 10’ 0.46 x 10” 
C.A. C.A. 0.24 x 10” 

3.84 x lo* C.A. 0.23 x 10’ 
3.50 x 10” C.A. 0.83 x IO* 
2.25 x 10’ C.A. 0.90 x IO’ 
0.21 x 10’ 2.14 x lOa 0.52 x 10’ 
0.96 x lo* 1.65 x 10’ 1.20 x IO” 

C.A. C.A. 3.88 x 10’ 
4.00 x 10’ C.A. 3.50 x 10” 
3.02 x IO* C.A. 2.25 x 10’ 

C.A. Complete adsorption. 

TABLE V.-DISTRIRIITION COEFFICIENTS OF METAL IONS ON STANNIC SELENIT~ (DRIED AT DIPPERENT 
TEMPERATURES) IN WATER (pH S-6) 

Metal 
ion SO 100 

Drying temperature, “C 

200 300 400 500 800 

Mg*+ 
Baa+ 
Sr*+ 
Ca*+ 
La*+ 
Y*+ 
Ce*+ 

z: 

Nd*+ 

230 525 323 
3.70 x 10’ 1.53 x lo* 1.85 x lo* 
1.21 x IO8 1.03 x lo* 750 

180 1.17 x 10’ 1.26 x IO’ 
C.A. C.A. C.A. 

2.98 x lo* C.A. 
C.A. CA. :“A 
C.A. C.A. C:A: 
C.A. C.A. 2700 
C.A. C.A. 5100 

233 293 22s 560 
2.34 x 10” 2.34 x lOa 3.15 x IO* 4.95 x IO* 
2.03 x 10” 0.96 x IO* 1.32 x 10’ 1.20 x IO* 
1.50 x lo* 1.80 x lOa 3.70 x 10’ 3.88 x lo* 

471 C.A. 2: C.A. 
520 5.07 x 10’ 

90 C.A. C:A: 
C.A. 
C.A. 

537 C.A. 5.95 x 10’ 5.97 x lo* 
C.A. C.A. C.A. 

8 C.A. 4.54 x 10” 
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H-0 

-A j--.B 

40 00 120 40 00 120 

Volume of effluent, ml 

FIG. 4.--Separation of (a) Fe*+ from Pb*+, (b) SC’+ from VO1+, (c) Fe’+ from Cup+, 
(d) FeS+ from SC’+. 

A = O*OlM HN08, B = 6% NHINOp in O.lMHNOI, C = O.lMHNOI. 

tungstatels and stannic molybdate l3 behave in a similar manner. Stannic selenite is 
therefore superior to other inorganic ion-exchangers as it can be dried at high tempera- 
tures without appreciable loss in ion-exchange capacity. 

The following conclusions can be drawn from the Kd values (Tables IV and V). 
Stannic selenite has a very high affinity for many metal ions, e.g., Z?+, Hf4+, Th4+, 
UOs+, rare earths, Cu2+ and Pbs+, even in acid media. The sequence of adsorption for 
various ions is found to be Cu2+ > Zn2+ > Co” > NF:AlS+ > Gas+ > 
Ins+:La3+ > Ces+ > Y” > A13+ as in the case of zirconium phosphate. The selec- 
tivity order for alkaline earth metals follows a pattern Ba2+ > Sr2+ > Ca2+ > MgU- 
similar to that for sulphonic acid resins and also in accordance with the hydrated ion 
radii, which increase from Ba to Mg. 

The effect of drying temperature on distribution coefficients (Table V) reveals 
many interesting results for alkaline earths and rare earth metals. It can be inferred 
from the table that the increase in drying temperature from 50” to 300” has very little 
effect on the K, values of these metal ions. It is clear that the K, values generally in- 
crease when the drying temperature is raised to 300” and upwards. This characteristic 
of stannic selenite is in agreement with the measurements of Alberti et a1.14 for zirconium 
phosphate. However, the decrease in K, values for rare earth metals, especially in 
the case of Ce3+ and Nd3+ on exchanger dried at 300”, may be explained by the fact 
that in addition to condensation, steric and free energy factors sometimes play a 
significant role which may affect the equilibrium constant. The high uptake on 
stannic selenite dried at 800” agrees with the findings of Veself,15 where obviously no 
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FIG. 6.-Ion-exchange capacity as a function of drying temperature. 
(- -0- -O- -) stannic tungstate, (- x - x -) stannic molybdate, (-D-U-) stannic 

selenite, (- -A- -A- -) titanium tungstate. 
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ion-exchange mechanism is involved and ion-pair formation takes place owing to the 
conversion of the exchanger into the oxide, as is also evident from the thermogram 
and ion-exchange capacity data. The absorption sequence for alkaline earth metals on 
exchanger dried at 500” is Ca2f > Ba2f > Sr2+ > Mg2+. This behaviour is difficult 
to explain at this stage as the ion-exchange material is amorphous, but the ions may 
be retained by a mechanism other than ion-exchange. The variation in Kd values 
with pH for Ba and Cu ions was also studied. A plot of log Kd vs. pH for these ions 
gave a straight line with a slope of 1 for Ba2+ and 1.5 for Cu2+. In an ideal exchange 
reaction a slope of 2 would be expected for bivalent metal ions. This deviation from 
the actual value may be due to the simultaneous effect of ion-exchange and other 
processes, e.g., adsorption. Elution studies showed that most of the hydrogen ions 
are released from the exchanger with the first 40 ml of the eluent. 

Chemical analysis shows that stannic selenite has Sn:Se ratios which vary from 
1: 1 to 2.2: 1. It can be inferred from Table I that the excess of sodium selenite solution 
in the reaction mixture decreases the tin content in the product (sample 2). Studies 
have been concentrated on samples 1 and 6 owing to their high ion-exchange capacity 
and good stability. The composition of sample 6 was found to be Sn:Se = 4:3 and 
the following formula is tentatively suggested: 

Thermogravimetric results also provide evidence in support of this formula. The 
number of water molecules was calculated by the method of Alberti et al.ls The 
thermogram (Fig. 2) shows two apparent breaks, one at 450” and the other at 775”. 
There is no change in weight observed on increasing the temperature above 775”. If 
the formula above is assumed to be correct, the theoretical weight loss due to the 
removal of 6 water molecules is lo%, in agreement with the experimental value. 
It may therefore be concluded that the weight loss which continues up to 450” is due 
to the removal of external water molecules. A sharp increase in weight loss is observed 
when the temperature is raised to 775”. Significant structural changes must occur over 
this temperature range and condensation may take place, resulting in the removal of 
water molecules. Above 775” the weight becomes almost constant owing to the 
formation of oxides. Infrared absorption spectra and the ion exchange capacity of 
starmic selenite dried at temperatures above 700” confirm this conclusion. 

The infrared absorption spectra of stannic selenite (Fig. 3) dried at various 
temperatures show three absorption peaks. These spectra, when compared with 
those of thorium tungstate2 and stannic arsenate, yield the following interpretation. 
A very strong peak in the 3800-2900 cm-l region with a maximum at 3400 cm-l 
represents the interstitial water, free water and OH groups. The strong peak in the 
region 1700-1500 cm-r is characteristic of interstitial water molecules. The third 
strong peak in the region 900-700 cm-l may be due to the selenitel’ group. It is 
interesting to note that infrared spectra of stannic selenite dried at 700” show no 
absorption peaks and thus confirm the removal of external water molecules and inter- 
stitial water from the ion-exchanger. 

The pH titration curves give two inflexion points, showing the bifunctional 
behaviour of the exchanger, which differs from other inorganic ion-exchangers pre- 
pared in our laboratory. It can be easily inferred from the curve that the exchanger is 
not appreciably hydrolysed in acid media. It is also evident that the hydrolysis of 
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sample 1 is more pronounced than that of sample 6 in the pH range 2.5-I 1, and the 
reverse holds at above pH 12. Similar types of titration curves are obtained for other 
samples, except sample 3 which shows only one inflexion point. The molecular 
weight of 1063 corresponds to a theoretical ion-exchange capacity of 1.8 meq/g and 
coincides with the practical value at pH 8.2 as obtained from the titration curve. 

The exchanger is quite stable in nitric acid and water. Sample 2, in which the 
Sn:Se ratio is 1 :I, seems to be less stable than other samples. It may therefore be 
inferred that decrease in the tin content decreases the stability. It can also be seen 
that the drying temperature has little effect on the stability of stannic selenite up to 
500”. However, the material appears to be unstable and hydrolyses appreciably if 
heated above this temperature. 

The great affinity and differential selectivity for many metal ions even on drying at 
high temperatures reveals that stannic selenite is a useful ion-exchanger and a number of 
separations of metal ions appear possible. Eight binary separations have been 
achieved quantitatively on a small column (Figs. 4,5). 
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Zusannnenfaasnng-Zinn(IV)-selenite wurden unter verschiedenen 
Bedingungen dargestellt. Das stabilste Praparat erhllt man durch 
Mischen von 0,05&f Liisungen von Zinn(IV)-chlorid und Natrium- 
selenit im Verhlltnis 1: 1 bei pH 1. Es ist ein bifunktioneller amorpher 
Stoff. Auf Grund der chemischen Zusammensetzung, von pH- 
Titrationen und Infrarot- sowie thermogravimetrischen Analysen 
wird ein Strukturvorschlag gemacht. NaFh Trocknen bei 50” bzw. 
500” betrlet die Ionenaustauschkanazitlt 0.75 bzw. 0.73 mAa/e. 
Die analytysche Bedeutsamkeit geht aus folgenden quantitatiG& 
Trennungen hervor : Cu*+ van Ni*+, COB+, Fes+, Ga3+ und I#+, Fes+ 
von Pba+ und Sc3+ sowie !W+ von VO’+. 

R&m&-On a synthetise les dlenites starmiques sous diverses con- 
ditions. L’echantillon le plus stable est prepare en melangeant des 
solutions 0,OSM de chlorure stannique et de s&rite de sodium dam le 
rapport 1: 1 a pH 1. C’est une substance amorphe bifonctionnelle. On 
a propose une structure possible sur la base de la composition chimique, 
de t&ages pH, et d’analyses infrarouge et thermogravimetrique. - Sa 
capacite d&change d’ions est de 0,75 et 0,73 Meqlg apr&s st!chage a 50” 
et 500” respectivement. On a dtabli son importance analytique par les 
separations quantitatives suivantes: Cu’+ de Ni*+, Co*+, Fe*+, Ga’+ et 
Ins+, Fea’f de Pb*+ et Scs+, et SC*+ de VO*+. 
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Summary-Only a few metals can be adsorbed on DEAE-cellulose 
from aqueous thiocyanate-chloride media. However, several metal 
ions, including Cu(II), Zn, Cd, In, Bi and U(VI), exhibit enhanced 
adsorption on DEAE-cellulose from methanol-thiocyanate+hydro- 
chloric acid mixtures. The distribution coefficients for these. metals are 
given as functions of methanol, ammonium thlocyanate and hydro- 
chloric acid concentration. Differences in adsorption among metals 
permit many useful separations, including those of two-, three- and 
four-component mixtures, on short columns containing l-15g of 
DEAE-cellulose. 

WE HAVE been exploring the possibilities of separating many metals on weakly basic 
anion-exchangers, particularly DEAE-cellulose(DEAE), both in aqueous media and 
in mixed aqueous-organic solvent media. Progress in this field has been reviewed in 
a previous paper1 and also in a monograph.a 

Although only a few metals can be adsorbed on DEAE from aqueous solution,ss4 
the addition of a protic solvent such as methanol to nitric5 and hydrochloric acid1 
solutions improves the adsorption characteristics of nitrato and chloro complexes on 
DEAE. 

We have investigated the adsorption behaviour of a number of metals on DEAE in 
methanol-thiocyanate-hydrochloric acid media. The number of metals which are 
adsorbed on DEAE sufficiently to permit their separation on columns is less than the 
number adsorbed on a strongly basic resin from aqueous thiocyanate-hydrochloric 
acid media.6 This provides a basis for developing selective ion-exchange methods. 

MatehIs 

EXPERIMENTAL 

DEAE(diethylaminoethylcellulose, Serva, 0.74 meq/g) was placed in a large column and treated 
with 1M ammonium thiocyanate adjusted to pH 1 with dilute thiocyanic acid. It was then washed 
with demineralized water by centrifugation, until the pH of the supematant liquid was 25. After 
drying at 40” for 2-3 hr, the DEAE was stored in a desiccator over a saturated potassium bromide 
solution. 

Stock solutions of metals were prepared by dissolving appropriate amounts of their salts in 0.5 
or 3M hydrochloric acid, according to their ease of hydrolysis, to give co. 10 mg of metal/ml. 

Equilibrium st&y 

The weight distribution coefficients of Cu(II), Zn, Cd, In, Bi and U(W) were determined by a 
batch equilibrium method. The DEAE in the thiocyanate form (05 g) was weighed and placed in 
glass-stoppered conical flasks containing the equivalent of 1 mg each of Zn, Cd, In, Bi or U(V1) 
and 40 ml of appropriate methanol-ammonium thiocyanate-hydrochloric acid mixtures of various 
compositions. For Cu(I1) 0.30 mg was used to avoid heavy loading. The mixtures were shaken 
mechanically for 20 hr at 25.0 f 0.1”. The two phases were separated by filtration and the filtrates 

1043 



1044 R. KURODA, T. Komo and K. OGW 

were analysed calorimetrically. The distribution coefficient was computed according to the equation: 

& = 
(amount of metal in DEAE phase/g of DEAE) 

(amount of metal in solution phase/ml of solution) ’ 
Procedure for chromatographic separation 

Two types of column (bore 13 mm) containing 1 g and 15 g of DEAE are used, the beds beiig 3 
cm and 4.5 cm long, respectively. The columns are pretreated with a methanol-ammonium thiocyan- 
ate-hydrochloric acid mixture, the composition of which is the same as that used in the sample 
preparation. About 5 ml of a sample solution are loaded onto the top of the column, allowed to 
percolate and then eluted. The individual procedures are shown in Table III and Fig. 3. A flow- 
rate of 1 ml/min is used throughout. 

Analytical methods used for the determination of distribution coefficients and for the elIkent 
analyses are summarised in Table I. 

TABLE I.-ANALYTICAL METHODS 

Cation Method 

Al 
Ni 
Cu(II), Bi 
Zn 
Ga 
Rare earths, U(W) 

Cd 

In 

Titration with EDTA, using Cu-PAN* as indicator. 
Calorimetrically with 4-(2-pyridylazo) resorcinol.’ 
Calorimetrically with diethyldithiocarbamate.* 
Calorimetrically with zincon.g 
Titration with EDTA, using Cu-PAN as indicator. 
Titration with EDTA, using Xylenol Orange as indicator. Traces of the 

rare earth9 and U(VI)ll determined calorimetrically with arsenazo III. 
Titration with EDTA, using Xylenol Orange as indicator. Traces of Cd 

determined calorimetrically with dithizone.” 
Calorimetrically with Xylenol 0range.l’ 

* A mixture of 1-(2-pyridylazo)-2-naphthol and Cu-EDTA. 

Adsorption 
RESULTS AND DISCUSSION 

The distribution coefficients of Cu(II), Zn, In, Bi and U(W) on DEAE inmethanol- 
ammonium thiocyanate-hydrochloric acid media are indicated in Fig. 1 as a function 
of methanol concentration, the concentrations of ammonium thiocyanate and hydro- 
chloric acid being kept constant at 1-M and OKSM, respectively. The coefficient 
increases with increasing concentration of methanol for each metal, indicating the 
pronounced effect of methanol on the adsorption of thiocyanato complexes on DEAE. 

Table II lists the coefficients for Cu(II), Zn, Cd, In, Bi and U(W) on DEAE as 
functions of thiocyanate and hydrochloric acid concentrations. Zn, Cd and Bi have 
already been found to be adsorbed from mixed methanol-hydrochloric acid media.1 
For these metals the coefficient decreases with increasing concentration of thiocyanate, 
indicating that thiocyanate ions compete with thiocyanato complexes of these metals 
for the ion-exchange sites. However, the chloride-dependence of the coefficient in the 
presence of thiocyanate is different with different metals. For example, Zn is adsorbed 
strongly at lower concentrations of both thiocyanate (O*lM) and chloride (O*OOl- 
O*OlM), while Cd is adsorbed weakly under the same conditions. 

Pronounced adsorption of Cu(II), In and U(W) on DEAE was observed when 
mixed solvent systems involving methanol, thiocyanate and hydrochloric acid were 
used. In contrast to Zn, Cd and Bi, their coefficients tend to increase with increasing 
concentration of thiocyanate. 

DEAE adsorbs only a limited number of metals from aqueous thiocyanate- 
chloride media. It is certain that the addition of methanol to the aqueous tbiocyanate- 
chloride media allows Cu(II), Zn, Cd, In, Bi and U(W) to be adsorbed on DEAE, 
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FIG. I.-Distribution coefficients of metals on DEAE in methanol-1*1MNH$CN- 
OLQM HCI media as a function of methanol concentration. 

TABLE ~.--~IS’ITU8~ON COEIFICIENTS OF METALS ON DEAE IN METMNOL-NH,SCNHC1(19: 1) 
MEDIA 

Metal 
W-WCW M 

WC& M 0.11 1.1. 3.2 - 

cum 0.52 
0.11 
OQI 1 
OQOI 1 

zn 2-O 
o-52 
0.11 
0011 
O*OOI 1 

Cd 2.0 
0.52 
0.011 

In 0.52 
0.11 
O-011 
O*OOl 1 

Bi 20 
0.52 
0.11 
0.011 
O*OOl 1 

ww 0.52 
0.11 
0.011 

ii: 
IO7 
897 
110 
460 
870 

1140 
1080 
497 
460 

9; 
33 

;: 
856 
708 
528 
610 
685 

s 
42 

200 

:: 
335 
167 
208 
310 
280 
339 
250 
137 
14 

z 

;; 
400 
188 
190 
212 
196 

: 
67 

117 
119 
120 
121 
127 
111 
103 

;: 
114 
23 

6; 

;; 
48 

300 
146 
152 
202 
133 
100 
84 
90 

OGOll 55 76 104 
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but the number of cations adsorbed is still much less than that of metals adsorbed on 
Dowex 1 from aqueous thiocyanate media6*14 and from mixed solvent thiocyanate 
media.ls Thus, the number of thiocyanato complexes adsorbed by the various ion- 
exchange systems involved is in the order: strongly basic anion-exchange resin- 
aqueous thiocyanate and mixed solvent thiocyanate media > DEAE-methanolic 
thiocyanate media > DEAE-aqueous thiocyanate media. 

Figure 2 indicates the effect of loading on the distribution coefficients of Cu(II), 
Zn, Cd, In, Bi and U(V1) in methanol-thiocyanate-hydrochloric acid media (19:l). 

mmoles 

FIG. 2.-Effect of loading. DEAE 0.5 g. The distribution coefficients determined in 
the following solvent mixtures: 

methanol-l~lMNH,SCN-O~52MHC1(19:1) for Cu(II), Zn, Cd, In and Bi; 
methanol-l.lM NH,SCN-O~llM HCl (19: 1) for U(W). 

The coefficients remain constant until a loading of about O-015 mmole per 0.5 g of 
DEAE for Zn, Cd, In and U(VI), and somewhat less for Cu(I1) and Bi. It may be 
necessary to use larger column sizes according to the amounts of metal to be loaded. 

Separations 
The adsorption of most other metals is sufficiently low to allow their separation 

on columns, and selectivity can still be achieved for the separation of the six metals 
(Table II) in this ion-exchange system. 

Multicomponent separations were attempted and the results obtained are shown 
in Table III and Fig. 3. Each separation was repeated more than three times and aver- 
ages and standard deviations are listed for the individual metals. Recoveries are 
satisfactory. In order to show the versatility of the present ion-exchange system, 
U(V1) and the mixed rare earths in proportions of 1 :lOO and 1OO:l (runs 2 and 3) 
were separated from each other. A four-component chromatographic separation is 
illustrated in Fig. 3. The separation was quantitative and no marked tailing was found. 

When cellulosic ion-exchangers are used in mixed solvents, they do not always 
exhibit their inherent ion-exchange function regardless of the nature of the organic 
solvent used. For solvent systems involving aprotic solvents a pronounced partition 
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TABLE III.-&.PARA~ONSt 

No of 
Rtm Metals Added, t% Found, ~g detns. Eluted with 

1 Ni 50.5 51.2 rt 2.3, 3 15mlofa 
WII) 49.9 49.5 f 2.3, 3 15 ml ofb 
Zn 52.7 52.8 f 2.3* 3 20mlofc 

2 Mixed R.E.* 50.0 x 102 (50.2 f 0.2) x lo* 3 25mlofd 
ww 46.5 47.3, 39.5,46*0 3 20mlofe 

3 Mixed R.E.* 20.0 20.5 f 0*3* 4 12mlofd 
U(vI) 28.0 x lo* (28.4 f 0.63 x IO* 4 20miofe 

4 Cd 36.7 x lox (36.5 f 0.0,) x lOa 3 55 ml off 
In 54.0 58.7 f 1.9, 3 20mlofe 

5 Ga Ill.7 x 102 107.9 x 102, 3 25 ml off 
107.8 x lo’, n.d. 

In 54.0 52.8 f 2.5, 3 20mlofe 
6 Al 11.1 x 102 (11.3 f 0.1s) x 102 4 25 ml ofg 

In 54.0 52.6 f 1.8, 4 20mlofe 

t Columns containing 1 g of DEAE used throughout. 
* Equal amounts of Y(III), I&III) and Sm(III) contained. 
Eluents used: 
a: methanol-O~l1MNH,SCN/O~OO11MHCl (19:l). 
b: methanol-l*lM HCI (4: 1). 
c: 2.1M HCl. 
d: methanol-l~lMNH,SCN/~llMHCl (19: 1). 
e: l.lMHCl. 
j’z methanol-2~0MNH,SCN/O~Ol1M HCl(19: 1). 
g: methanol-2*OM NH,SCN/O.52M HCl (19: 1). 

lee 
F” 

E-l --E-2 -c E-3 _E -4 - 

60- 

$60- 

9 

%40- 
w 

20- 

0 20 40 60 60 100 120 

ZnUO Bi cm, 

n 

Volume of effluent, ml 

FIO. 3.-Chromatographic separation of Cd(B), Cu(II), Zn(I1) and Bi(III). 
S: sample solution-methanol-l.lM NH,SCN-O~OO11MHCl (19: 1) 

E-l: methanol-l~1MNH,SCN-O~OO11MHCl(19:1) 
E-2 : methanol-l *l M HCl(4 : 1) 
E-3 : methanol-l.1 M HCl (1: 1) _ 
E-4: 2.1 M HCl 

Cd 548 pg added, 57.0 rg found; Cu(II) 100 added, 105 found; Zn 105 
added, 110 

peg rug 
pg found; Bi 212 added, 213 found. 

rg 
pg ,ug 

mechanism appears to prevail, even though apparent adsorption takes place, as 
revealed in thin-layer chromatographic systems involving DEAE.leJ7 Therefore, a 
plain cellulosic support may retain metals in some cases. 

In the present study it has been demonstrated that the addition of a protic 
solvent, methanol, to the thiocyanate-hydrochloric acid media permits more metals 
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to be adsorbed on DEAE columns, thus extending the utiiity of DEAE in inorganic 
column c~omatography. 

Acknowle&emnf-The authors thank the Ministry of Education, Japan Government, for a grant-in- 
aid. 

Zusammenfassung-Nur wenige Metalle klinnen aus wiif3rigen Thio- 
cyanat-Chlorid-Medien an DEAE-Cellulose adsorbiert werden. Cu(II), 
Zn, Cd, In, Bi und U(W) werden jedoch aus Gem&hen von Methanol, 
Thiocyanat und Salzsaure verstBkt an DEAE-Cellulose adsorbiert. 
Die Verteilu~skoe~enten dieser Metalle werden in Abhangigkeit 
von den Ko~ntrationen an Methanol, ~oni~thi~y~at und 
Salzsiiure angegeben. Die Unterschiede in der Adsorption zwischen 
den Metallen erm@$chen viele ntitzliche Trennverfahren von Gemi- 
schen aus zwei, drei und vier Komponenten an kurzen Saulen mit 
l-1,5 g DEAE-Cellulose. 

R&urn&--Seulement quelques metaux peuvent etre adsorb& sur la 
DEAB-cellulose a partir de milieux aqueux thiocvanate-chlorure. 
Toutefois, plusieurs ions metalliques, comprenant Cu@), Zn, Cd, In, 
Bi et UWI), nresentent une adsorution accrue sur la DEAB-cellulose a 
partir de mglanges methanol-t~~y~ate-acide chlorhydrique. Les 
coefficients de partage pour tea metaux sont don&s en fonction de la 
concentration en methanol, thiocyanate d’ammonium et acide chlor- 
hydrique. Des diffbrences d’adsorption parmi les metaux permettent de 
nombreuses separations utiles, comprenant celles de melanges a deux, 
trois et quatre composants, sur des colonnes courtes contenant l-15 g 
de DEAB-cellulose. 
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Summary-Early work on candoluminescence is reviewed and the 
phenomenon is investigated experimentally for the elements Bi, Mn, 
Sb and the lanthanides. It is demonstrated that it is feasible to de- 
termine bismuth (5-1000~g) by measuring its candoluminescent 
intensity at 399 nm, using a calcium hydroxiddcium sulphate 
matrix and a hydrogen-helium-air flame. 

CERTAIN metal oxides containing trace amounts of activating elements luminesce when 
placed at the outer edge of a hydrogen diffusion flame. The phenomenon was reported 
as early as 1842 by Balmain,’ and was termed candoluminescence by Nicholsa to 
distinguish it from thermal incandescence, cathodoluminescence and other types of 
luminescence. Donau3 has used candoluminescence for qualitative analysis. He 
detected traces of bismuth and manganese by adding them to calcium carbonate and 
observing their respective characteristic blue and yellow emissions in the hydrogen 
flame. Von Neunhoeffer-4 extended this work to provide a qualitative test for a number 
of lanthanides in a calcium carbonate matrix. 

Nichols and his co-workersa made a prolonged study of candoluminescence. They 
investigated numerous activators and matrices,s and showed that for many matrix- 
activator pairs there were particular flame-temperature limits within which lumines- 
cence was produced. 6 They also established that luminescence occurred only when 
the matrix was held at the outer edge of the hydrogen diffusion flame. Smith’ published 
a review of developments in candoluminescence up to 1940 in which he clarified some 
of Nichols’s work and presented spectrograms resulting from the presence of bismuth, 
manganese, lead and antimony in calcium oxide. The nature of candoluminescence 
remained obscure until Arthur and Townend showed that it arose from a radical- 
recombination process. The high radical concentration in the outer layers of the 
hydrogen diffusion flame is thus the reason for the maximal candoluminescence of 
matrices placed in this region. Recent work by Sokolov and co-workers”” on the 
mechanism of candoluminescence has cotirmed the validity of the radical-recombin- 
ation theory. 

These previous investigations indicated that candoluminescence might provide a 
very sensitive means of quantitative inorganic analysis, especially for bismuth, lead, 
manganese and some lanthanides. Initial experiments were carried out by spraying a 
solution of a calcium salt, containing some bismuth, via a conventional flame photo- 
metric pneumatic nebulizer, into a hydrogen diffusion flame. No luminescence was 
observed, probably because the solid particles formed pass too quickly through the 
flame. All further experiments, therefore, were concerned with obtaining a reproduc- 
ible luminescence from a solid calcium hydroxide matrix in a fixed position in the 
flame. Bismuth was chosen as the activator for these development studies because of 
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its easily visibIe brilliant blue emission. Calcium hydroxide was preferred to calcium 
carbonate because luminescence was initiated more quickly. 

It was found, in accord with the observations of earlier workers, that the most 
intense candoluminescence occurred when the calcium hydroxide surface was placed at 
the outer “ edge” of the diffusion flame. However, the irregular motion of the flame 
in this region caused the luminescence to fluctuate greatly in intensity. Addition of 
nitrogen to the hydrogen made the flame more rigid, but restricted the most active, 
outer, zone of the flame to a very narrow region, so that it became impossible, with 
the apparatus used, to position the sample surface reproducibly in this zone. In a 
hydrogen or hydrogen-nitrogen diffusion flame, no luminescence was observed from 
a sample surface in the interior of the flame. Introduction of a small proportion of air 
into the hydrogen via the spray aperture of a conventional nebulizer operated by 
nitrogen, so that the flame temperature was well below lOOO”, allowed candolumines- 
cence to be produced in the flame interior. As the composition of the flame interior 
is less variable than that of the outer zone, accurate positioning of the calcium 
hydroxide surface became much less critical. However, the intensity of luminescence 
under these conditions was between l/l0 and l/100 that produced at the edge of a 
pure hydrogen flame. This was thought to be due to the nitrogen reducing the incidence 
of radical recombination by collisional deactivation, and had been observed previously*. 
Replacement of nitrogen by helium, a much less effective quenching agent, gave 
appreciably enhanced luminescence emission, and was used in all subsequent experi- 
ments. No doubt argon would be as effective as helium. 

EXPERIMENTAL 

Apparatus 

An Evans Electroselenium Ltd. (EEL) model 240 atomic-absorption spectrophotometer was 
operated in the emission mode (0.4 mm slit), with water-cooling device removed. The EEL emission 
burner with a circular 2.5 cm diameter head was used. Hydrogen was introduced oia the fuel input 
system, helium oia the support gas system, and additional oxygen was available from the secondary 
support gas system. All gases were mixed before entering the burner head. The spectrophotometer 
was modiied to function, when required, as a scanning instrument, by coupling an electric motor to 
the wavelength fine-control drive. 

The sample-holder assembly is shown in Fig. 1. The sample to be tested was inlayed onto a 
hexagonal aperture (max. diagonal 5 mm) in the head of a 3 cm long steel Allen screw (outside head 
diameter 8 mm). The screw was inserted into the accurately positioned bar, so that its head was 
reproducibly positioned in the flame in line with the optical system, 3.8 cm above the burner head. 
The screw head was tilted 5” to facilitate contact between the sample surface and the impinging flame. 

Reagents 

Calcium solution for matrix preparation. Analytical-reagent grade calcium carbonate dissolved in 
dilute nitric acid and diluted so that 1 g of calcium is contained in 4-10 ml of soln. 

Activator solutions. A 10 mg/ml bismuth solution was prepared by dissolving Bi(NO& . 5Ha0 in 
1M nitric acid. A 250 ppm solution was prepared by appropriate dilution with water. 

Praseodymium, dysprosium, samarium, neodymium, ytterbium and yttrium solutions were 
prepared from the acetates. Other lanthanide solutions were prepared by dissolution of the respective 
oxides, or in the case of erbium a metal ingot, in dilute nitric acid. 

Preparation of sample, and measurement of candoluminescence 

The calcium solution (containing 0.5 g of calcium) was added to a 30-ml test-tube, followed by 
the desired volume of activator solution (see below) and water to make up to 10 ml. Plaster of Paris 
(CaSOI . +HBO, 1 g) was added, the test-tube was corked, and the mixture shaken well. An excess of 
30% sodium hydroxide solution was added, the suspension was shaken for 5 min and filtered by 
suction on sintered glass until the precipitate had compacted to a dense cake. The solid was inlaid in 
a clean screw head so that the surface was flat and smooth, and the screw was placed in an oven at 105” 
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Burner head 

FIG. 1 .-Burner and sample holder assembly. 

for 15 min. Any excess of material around the inlay was removed, and the screw was inserted into 
its holder, in the desired position. 

The helium was turned on (5.2 units on Brooks tube 4-65) followed by the hydrogen (3.1 units on 
Brooks tube 4-65) and the flame was ignited. The change in emission intensity with time was recorded 
on a chart-recorder. The screw was removed from the flame by rotating the bar and replaced by 
another screw which was then introduced into the flame by rotating the bar back again. 

The bismuth-stimulated candoluminescence was measured at 399 run. A calibration graph for 
bismuth was prepared by adding the following volumes of 250-ppm bismuth solution to the calcium 
solution: 20,40,60,100,300,500,700,1000 and 2000 ~1. The maximal intensity produced in each 
instance was used for the calibration. 

The spectra from the various activators (Figs. 2-5) were recorded under the conditions outlined 
above, except that a IO-set blast of air (4.65 units on Brooks tube 4-65) was introduced into the flame 
to activate the matrix (see later) before measurement of the candoluminescence. 

RESULTS AND DISCUSSION 

It quickly became apparent that there were several parameters that had to be 
recognized and controlled before reproducible luminescence could be achieved. 
Apart from the flame composition and position of the sample in the flame, which were 
readily optimized, it was the preparation and pretreatment of the sample that were the 
greatest problems. Although calcium hydroxide alone was a suitable matrix, 
inclusion of 50 % of Plaster of Paris imparted more rigidity to the matrix and made it 
easier to produce a smooth surface. The amount of water retained in the matrix was 
also important. Too much water caused the matrix to shrink when heated in the oven, 
thus hindering the exposure of the surface to the flame. It was essential, also, to dry 
the matrix at the relatively low temperature of 105” to avoid forcing the matrix from the 
screw with a sudden pressure of water vapour. The drying time of 15 min was found 
to be optimal. Further drying often hampered the initiation of candoluminescence. 
The activator was introduced into the matrix by co-precipitation. Thus, it was neces- 
sary to standardize the conditions of precipitation of the matrix-activator mixture, 
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FIG. a.--Candoluminescence emission peaks of manganese, praseodymium, bismuth 
and lead (background as spectrum A, Fig. 6). 
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FIG. 3.-Candoluminescence spectra of lanthanum, dysprosium, samarium and 
holmium (background as spectrum B, Fig. 6). 
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FIo. 4.--Candoluminescence spectra of cerium and antimony (background as spectrum 
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FIG. 5.--Candoluminescence peaks of europium, ytterbium, yttrium and neodymium 
(background as spectrum B, Fig. 6). 
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FIG. 6.-Background emission spectrum, with a helium-diluted flame. Spectrum A is 
recorded at l/20 the sensitivity for spectrum B. 

both to have reproducible activator inclusion in the matrix, and to produce a precipi- 
tate with reproducible water-retaining characteristics. 

Purity of reagents and screw cleanliness were further sources of variable results. 
A commercial preparation of calcium hydroxide, laboratory-reagent grade calcium 
oxide, and calcium hydroxide prepared from laboratory-reagent grade calcium nitrate 
each gave a yellow luminescence in the absence of added activator, with a spectrum 
identical to that of manganese-activated candoluminescence (see Fig. 2). Thus it was 
necessary to prepare calcium hydroxide from analytical-reagent grade materials; 
such a matrix was free from the yellow luminescence, and gave a background as 
shown in Fig. 6. The screws required scrupulous cleaning to remove candoluminescent 
material. This involved scraping out most of the matrix, washing with dilute hydro- 
chloric acid, followed by water and finally heating to red-heat in the hydrogen-added 
air flame. 

Determination of bismuth 

Figure 2 shows the candoluminescence spectrum of bismuth; the peak was at 
399 nm. The change in intensity of the emission at this wavelength, measured under the 
recommended conditions, that occurs after ignition of the flame, is shown in Fig. 7. 
There was a constant time before light emission began which was independent of 
activator concentration. The shape of this emission-time curve could be changed, 
however, by altering the rate of air aspiration or by changing the position of the 
sample in the flame. Under constant flame conditions and with reproducible sample 
preparation technique, the maximal intensity of the emission at 399 nm was a function 
of the amount of bismuth added to the calcium solution. A log-log calibration graph 
was linear (Fig. 8). The vertical diameter of each spot represents the standard devi- 
ation calculated from 12 intensity measurements made on samples taken from one 
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lime after flame ignition, set 

FIG. 7.-Variation in emission at 399 nm with time, for the amounts of bismuth shown. 

1000 

P’B Bismuth 

FIG. S.-Variation of peak emission intensity at 399 nm with amount of bismuth. 

calcium hydroxide precipitation. The coefficient of variation remains at ca. 10 % over 
the whole range of bismuth concentrations studied. In order to achieve this precision 
with the apparatus used, it was necessary to work in diffuse light, to avoid variations 
in background illumination. 

Figure 7 also shows the background spectrum in the absence of bismuth. The 
only emissions recorded, which were also present in the absence of the screw, were the 
OH band at 306 nm (and the second-order band at 612 nm) and a very faint emission 
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at 589 nm, presumably arising from traces of sodium. The region between cu. 320 
and 600 nm was thus free of significant background variation. 

The present paper is intended to establish the feasibility of using candoluminescence 
as an analytical technique. It was possible, by using increased detector amplification, 
to detect as little as 0.5 pg of bismuth added to the original calcium solution. 
However, as only a small fraction of the calcium precipitate was used for one screw 
inlay, and as it is probably only the surface layers of the inlay that are involved in 
candoluminescence, the amount of bismuth actually being monitored is probably in 
the ng region. Investigations are continuing in order to achieve such increased sen- 
sitivity. 

Effects of other activators 

Previous workers have identified a number of activators, especially many of the 
lanthanides, that induce candoluminescence when present in a calcium hydroxide 
matrix. The candoluminescence of the following elements was measured by using 
the flame and sample preparation conditions optimized for bismuth: Mn, Fe, Ni, Pb, 
Y, Sb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er and Yb. Of these, only iron, nickel, 
gadolinium and erbium gave no luminescence, although gadolinium gave a bright 
red luminescence when more air was added to the flame. The candoluminescence 
colours given by the other elements investigated are summarized in Table I, together 
with the wavelengths of the major candoluminescence peaks, and the colours observed 
by Donau3 Smith’ and von Neunhoeffer. 4 Observations by Nichols are not included 
because many of his “pure” matrices were also observed to luminesce. Apart from 
the colours of lanthanum and samarium, the present observations agree with those 
of previous workers. 

The candoluminescence spectra of the elements investigated are shown in Figs. 
2-5. The spectrograms of lead, bismuth, manganese, antimony and praseodymium, 
as measured by Smith,’ agree closely with the present spectra. Manganese, lead, 
bismuth and praseodymium each gave only one emission band, although praseody- 
mium must have had another peak at a wavelength greater than that of the peak obser- 
ved but not picked up by the photodetector system used, because the luminescence 
was red. The praseodymium spectrogram given by Smith’ shows an additional peak 
at 600 nm, which would have been obscured in the present instance by the second- 
order diffraction of the 306 nm OH band. Samarium, lanthanum and holmium gave 
almost identical spectra, and that of dysprosium differed from these only in the pres- 
ence of additional peaks at 490 and 530 nm (Fig. 3). Cerium and antimony (Fig. 4) 
gave intense, complex spectra, whereas neodymium, yttrium, ytterbium and europium 
all gave multiple peaks in the 400 nm region. 

It is interesting that although individual elements gave rise to characteristic 
candoluminescence spectra, those spectra usually consisted of one or more peaks 
occurring in three spectral regions, viz. ~400,500 and 570 nm. Only manganese was an 
exception, with a single emission peak at 600 nm. Thus, although a number of spectral 
bands may be resolved from each other, as in the case of manganese and bismuth, the 
grouping of emission peaks limits the possibilities of resolving the spectral peaks of 
different elements, and thus restricts the selectivity of the technique. However, other 
possibilities exist for improving selectivity. Although a detailed investigation of inter- 
ference effects has not yet been made, it was apparent that appreciable differentiation 
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TABLE ~.-CANDOL~MINESCENCE GIVEN BY VARIOUS ACIWAT~RS 

Activator 
Peak Emission colour Previously 

maxima, nm (intensity) observed colour 

Mn 
Y 
Sb 
La 
ce 
Pr 
Nd 
Sm 
ELl 
DY 
Ho 
Yb 
Pb 
Bi 
Tb 

568 
387,360 
390,480 
400,395,568 
395,500,568 
490 
368 
400,395,(568) 
403 
400,390,490,530 
390 
390,370 
368 
400 

- 

yellow (v.s.) 
blue-violet (s) 
green-blue (v.s.) 
white-yellow (s) 
green (s) 
red (v.s.) 
?(v.wk.) 
bluish (wk) 
? (v.wk) 

FTwF) 

dlue&iolet (m) 
blue (m) 
blue (v.s.) 

- 

yellow 
blue-violet 
blue-green 
brick red 
yellow-green 
red 
orange red 
yellow-green 

- 
pale green 

- 
- 

blue 
blue 
yellow green 

v.s. = very strong 
s = strong 
m = medium 
wk=weak 
v.wk. = very weak 

between elements with similar candoluminescence spectra could be made by 
changing the flame conditions. The spectra in Figs. 2-5 were all measured after the 
sample had been pretreated in a hydrogen-helium flame into which a IO-set blast of 
of air had been injected. Without this pretreatment, praseodymium and a number of 
other elements did not give rise to luminescence, whereas bismuth still gave an intense 
emission, as shown by the analytical procedure for bismuth, which does not involve 
pretreatment in the flame. An increase in the permanent amount of air introduced 
into the flame caused the 400-nm peaks of dysprosium and cerium to disappear, 
although the red emission from gadolinium now became apparent. Bismuth still 
responded well in the presence of extra air, although the time-luminescence response 
(Fig. 7) was markedly changed. These phenomena are a consequence of the different 
flame conditions (temperature, radical concentrations, etc) required to produce 
candoluminescence in the presence of different activators. Thus, judicious choice 
of flame conditions could lead to appreciable differentiation between activators, 
although precise control would be essential for quantitative analytical measurements. 

Conclusion 

Candoluminescence has been shown to be a sensitive and potentially useful 
technique for the determination of bismuth. It is expected that much greater sensi- 
tivity will be achieved as the technique is developed and refined. At present, the sample 
preparation involves co-precipitation of bismuth with the calcium hydroxide used in 
the matrix. This is time-consuming and wasteful of sample, and methods of direct 
introduction of bismuth into the inlaid matrix would be preferable and give much 
greater analytical sensitivity. Methods for achieving this are being investigated. 

The technique also appears to provide a sensitive means of determining many of 
the lanthanides, as well as manganese, antimony and lead. A detailed examination of 
these elements is in progress. 
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Zusannnenf~g-Es wird eine Ubersicht iiber frtihe Arbeiten auf 
dem Gebiet der Candolumineszenz (Lumineszenz iiber 1000°C 
erhitzter Stoffe) gegeben und das Phlnomen an den Elementen Bi, 
Mn, Sb und den Lanthaniden experimentell untersucht. Es wird 
gezeigt. dab man Wismut (5-1000 pg) durch Messung seiner Cando- 
lumineszenz-Intensitat bei 399 nm bestimmen kann. Man verwendet 
eine Calciumhydroxid-Calciumsulfat-Matrix und eine Wasserstoff- 
Helium-Luft-Flamme. 

RCsu&--Gn passe en revue les travaux anciens sur la candolumines- 
cence et I’on 6tudie le ph6nomene expbimentalement pour les elements 
Bi, Mn, Sb et les lanthanides. On demontre qu’il est possible de doser le 
bismuth (5-1000 ,ug) en mesurant son intensit6 candoluminesceme a 
399 nm, en utilisant une matrice hydroxyde de calcium-sulfate de 
calcium et une flamme hydrogene-helium-air. 
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DETERMINATION OF SUBNANOGRAM AMOUNTS 
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Summary-A carbon rod flameless atomizer is used for the determina- 
tion of Cr in water, sea-water, sugar, glycine and blood. The reported 
analytical curves show that the quantitative determination of Cr in 
these matrices is feasible in the ppM-ppm range. The influence of the 
most common anionic and cationic interferents is reported. 

SEVERAL methods for the determination of traces of chromium in different matrices 
have been investigated by a number of workers. In Table I some results from recent 
papers are l r2 gathered. - No attempt at a critical evaluation of these results has 
been made, but a rapid survey shows that ppM sensitivity can be reached with several 
techniques, sometimes with the help of a prior extraction. 

Determinations of a number of elements at this impurity level are demanded by 
modern clinical analysis and by pollution control or environmental studies. The 
sensitivity is not the only demand made by these fields: further requirements are 
small size of sample (clinical analysis), freedom from interference by major constit- 
uents, and simplicity and rapidity (for possible automation or field application in 
environmental studies). In our opinion flameless atomic-absorption spectroscopy is a 
good candidate to fill these requirements, as is evident from the increasing literature in 
this field. Whereas for the L’vov furnace some conclusive results are reported,gn1”27 
there is a paucity of analytical data for the simpler West-type carbon rod, especially for 
the less volatile elements, in matrices other than water solutions. 

In this study we have tried to assess the possibility of using the carbon rod atomizer 
for determination of subnanogram amounts of chromium, stressing more the aspect 
of interference effects in actual matrices than further improvement of the detection 
limit, on which other work is in progress in this laboratory. 

Reagents 
EXPERIMENTAL 

All chemicals used were of analytical grade purity. 
alized water and stored in polyethylene bottles. 

Stock solutions were prepared with deminer- 
The chromium solutions were standardized by EDTA 

titration. The most dilute solutions were freshly prepared before use. In order to avoid erratic 
effects due to hydrolysis of Cr(II1) followed by precipitation, the solutions were acidified to pH 1. 

The argon used was certified to contain <O-l ppm v/v of oxygen and <5 ppm v/v of water. The 
hydrogen was certified to contain <5 ppm v/v of oxygen and 4 ppm v/v of water. At the beginning 
the gases were freed from oxygen and water by flowing them through two towers filled with pellets of 
a copper-based catalyst (BASF-Germany) kept at 150”. Since no improvement in the strength of the 
signal was found this purification was discontinued. 

Apparatus 

The instrumentation has already been described. *’ Some minor modifications were introduced 
into the flameless atomizer: (a) the rod supports were water-cooled; (b) the material chosen for the 
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rod was vitreous carbon, since it gives less interference at the highest temperatures.* The rod had 
a small cavitv 1 x 1 x 2 mm at the centre. Temoeratures UD to 1600” were determined with a l’t@t, 
Rh 10 %) the&nocouple. Higher temperatures weie evaluated by melting different metals in the form 
of thin strips wrapped around the rod. The highest temperature used was about 3000”. A step-down 
transformer was used with maximum output 30 V and 100 A. At variance with the previous report,*’ 
in this work steeper impulse signals were realized (rise-time 50 msec as measured on the oscillo- 
scope so that the rise-time of 0.546 set as read at the recorder was practically the overall time- 
response of the detector-amplifier-recording system. The maximum absorbance was measured on 
the plot of absorbance us. time. 

The flow-meters were calibrated according to the gas used. The sample (usually 1 or 2.5 ~1) was 
injected with a micrometer syringe fitted with a polyethylene needle. 

RESULTS AND DISCUSSION 

Experimental parameters 

The experimental conditions used in order to obtain the maximum signal were as 
follows. 

(4 

(b) 

tz 

69 

The 357.87 nm line was used (the sensitivity of the 359.35 nm line was 30% lower, 
at variance with the results reported2* for flame AAS). 
Slit-width of 0.05 mm, corresponding to a band pass of O-25 nm. 
A carrier gas flow-rate of 1 l./min was found the most convenient. 
Argon gave the best result as carrier gas. Hydrogen had a depressant effect on 
the signal, when flowing in the cell during the thermal “flash”. The effect of 
hydrogen apparently could not be ascribed to a cooling of the rod surface, 
since increase of the input power did not restore the signal found in presence of 
argon. 
Owing to the dynamic character of the process of atomization the maximum 
temperature reported above (3000”) does not represent an average temperature 
of vaporization of chromium atoms but only the final temperature of the rod at 
the end of the thermal “flash”. In this connection it is not so important to define 
the highest temperature experienced by the rod as to produce at the surface of the 
rod a variation of temperature fast enough to yield as compact as possible a 
burst of atoms, keeping in mind that the strength of the signal is also limited by 
the overall response of the detector-amplifier-recorder system. Practically every 
time a new rod was used, other conditions being equal, the optimum value of the 
voltage for the thermal flash was checked. Because of the similar dimensions of 
the rods used, this operation was not particularly time-consuming. 

Procedure 

As previously found, a gentle heating at a temperature below 100” in order to 
dry the sample is important to the final result. For the simplest aqueous solutions 
of chromium, it does not matter if a thermal treatment precedes the thermal 
flash or not; in any case a signal of the same strength is obtained and the analytical 
curves are practically the same. In the case of matrices containing interferent species, 
however, we have found that it is useful for the suppression of these interferences, 
or at least for minimizing them, to ash the sample at a temperature of 800-850” with 
only hydrogen gas flowing (at a rate of about O-2 1 ./min). After this step the flowing 
gas is switched from hydrogen to argon at 1 l./min and the sample is flash-heated. 

* An evaluation of the different carbon materials used for the rod will be published elsewhere. 
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TABLE II 

Concentration of chromium, 

PPM Volume, ~1 No. of samples 
Relative standard 

deviation, % 

2000 1 20 3.7 
800 
200 : 

20 5-O 
20 7.0 

40 1 20 9.3 
10 1 20 17 
2 5 18 18 

Analytical curves and detection limits 

Chromium in water gives a calibration curve which in a log/log plot is linear from 
lo-l1 to 1O-g g, and then tails off. The same curve is obtained with Cr(NO&, Na,- 
Cr04 and Cr(SO& All these salts decompose zs-31 to give Cr203, a fairly stable oxide 
which is practically not reduced by hydrogen at temperatures up to 1300”.32 Carbon 
is able to convert Cr,O, into carbide at 1 100”,33*54 but it is doubtful if this can be a 
convenient route to Cr atoms, since there is the possibility oflosing atoms of the analyte 
by evaporation, as suggested by the lowering of the strength of the signal when ashing 
at such a high temperature. CrCl, also gives the same calibration curve, but some 
care must be exercised to control the temperature during the ashing step, because 
this compound is much more volatile36 than Cr,O,. 

Since this technique makes use of a discrete sample, the response depends on the 
amount of sample, and accordingly in the calibration curve amounts and not con- 
centrations are used. 

In Table II relative standard deviations are reported in terms of chromium con- 
centration, the volumes used also being quoted. From the relative standard deviation 
of 18 % for lo-l1 g of chromium (signal to noise, S/N, ratio about 5) it is estimated 
that, assuming S/N = 2, the absolute detection limit is approximately 5 x lo-l2 g. 
On the usual 1% absorption basis, the sensitivity was lo-l1 g. 

As far as the relative detection limit is concerned, increasingly lower concentrations 
could in principle be detected if increasing volumes of sample were used. From a 
practical point of view volumes in excess of 5-10 ,~l are not convenient with our rod, 
and this sets 1 ppM as the relative detection limit, if it is necessary or desired to 
vaporize a single injection of sample. If the process of injecting and drying the sample 
is repeated many times, larger equivalent volumes are used and the concentration 
limit will be lowered. With this technique, using up to 50-,ul volumes, we found 
0.4 & O-1 ppM of chromium in the drinking water of the town of Bari (June 1971). 
However in presence of a concentrated matrix this process is impractical, owing to 
the deleterious effect, on the signal, of the concomitant increase of the interfering 
species. 

Anionic and cationic interferences 

Figure 1 shows the effect of some sodium salts of different anions on the signal 
strength of 80 ppM of chromium, from Na,CrO,, the volume of the solutions being 
2.5 ,ul. Two patterns are recognizable in this plot. In the first, no practical inter- 
ference is noted provided the concentrations of the various salts are kept in the ranges 
indicated in the figure. NaCl, NaClO, and NaNO, have in common this behaviour, 
which should be related to the ability of these salts to decompose and/or to vaporize 
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I I 

25 50 

Foreign Mt. g /I. 

FIG. l.-Optical response at 35747 run of O-2 ng of Cr in water, as a function of the 
amounts of different Na salts added. A Cr alone; q Cr + NasHPOl; 0 Cr + Na$O,; 

@ Cr + NaCl; 0 Cr + NaNOI; 0 Cr + NaCI04. 

at temperatures below the 800” used in the ashing step, leaving on the rod a sample 
with a much simpler matrix. (No hydrogen gas should be permitted to flow during the 
thermal decomposition of perchlorate matrices, since some chromium is observed 
to be locally vaporized in small plumes and the strength of the signal is accordingly 
lowered.) When NaNO, is present, the sample has a tendency to creep out of the 
notch during the decomposition process even when the temperature of the rod is care- 
fully controlled. This has a negative effect on the signal, probably because thedistribu- 
tion of the sample over a larger area of the rod causes a less compact burst of atoms 
during the vaporization, owing to the thermal gradients along the rod. For a 2*5-~1 
sample this effect becomes evident at a sodium nitrate concentration of 50 g/l. 

Sodium sulphate, thermally stable under the conditions of the ashing step, also 
gives no interference provided its concentrationdoes not exceed40 g/l. For concentra- 
tions of sodium sulphate greater than this, at the thermal flash the spray of material 
from the matrix becomes thick enough to give a scattering signal which simulates the 
presence of chromium. Disodium hydrogen phosphate at concentrations greater than 
about 5 g/l. lowers the chromium signal. We cannot say at the moment whether this 
effect is physical or chemical in nature and further study is necessary to elucidate the 
mechanism. 

For investigation of cationic interferences, silver, nickel, cobalt and iron nitrates 
and potassium permanganate were used in lOOO-fold ratio to chromium (as Na&rOk). 
The chromium concentration was 80 ppM in a 2.5-~1 sample. As mentioned above the 
presence of hydrogen during the ashing step at 800” is important when the matrix 
contains a large excess of these cations (except silver), since otherwise a smaller signal 
and sometimes no signal at all is obtained. As shown in Table III, Ag, Ni, Mn have 
practically no effect whereas, even with use of hydrogen, Co and Fe cause a loss of 
30 % of the chromium signal. 

More work is necessary to explain these results; all we can say is that the amount of 
oxygen in the sample after the ashing step appears an important parameter, possibly 
because it can increase the chance of recombination to chromium oxide after the flash. 



1064 G. TE~SARI and G. TORSI 

TABLE III.-CATIONIC INTERFERENCES FOR CARBON ROD ATOMIZER 

Ratio 
(interferent)/(Cr) 

A@% 

Signal strength % 

WNWz KMnO, (=O(NQ&. Fe(NW, 

1000 
200 
100 

101 98 102 70 
80 

101 

70 
a3 
90 

Interferences from organic matrices 

In order to investigate the effect of organic materials, chromium as NaaCrO, was 
added to concentrated solutions of sugar and glycine. No interference was detected 
from concentrations of sugar or glycine up to 100 g/l., for 2.5 ,ul of 80-ppM chromium 
solution. 

Calibration curve for chromium in sea-water 

Some difficulties were experienced in the determination of chromium in sea-water 
since Cr(V1) is reduced in this matrix and the species then present, chromium chloride, 
is partially vaporized during the ashing step, unless extreme care is taken to control 
the temperature in order to vaporize NaCl, keeping at the minimum the loss of CrCI,. 
In fact, even when this fractional vaporization was exploited, a large scatter of results 
was obtained. Attempts to transform CrCI, into a less volatile species and to simplify 
the matrix by displacing chloride with concentrated sulphuric acid were unsuccessful. 
In spite of the removal of excess of sulphuric acid during the ashing step large signals 
resulted which were more related to the modified matrix than to the amount of 
chromium in the sample. The formation of a chromium-EDTA complex and its 
thermal decomposition was the procedure finally used to obtain the analytical calibra- 
tion curve. 

The sea-water samples (taken from the shore near Monopoli, Bari, July 1971) 
with known amounts CrCl, added, were boiled with 0.1 y0 EDTA solution for a few 
minutes, and then treated as already described. The means of results of five determin- 
ations on 2.5~,ul samples fell on a straight line with the same slope as the curve obtained 
with standards prepared in pure water. From the plot a Cr concentration of 2 & 1 
ppM was obtained for the sample of sea-water. 

Determination of chromium in blood 
The blood was diluted 1: 1 with water or with Cr(NO), solutions in order to obtain 

blood samples with different chromium concentrations. Volumes of 1 ~1 of each 
sample were slowly preheated under hydrogen gas in order to remove the organic 
material without mechanical loss. The ashing step at 800” was retained and the gas 
flow switched from hydrogen to argon before the thermal flash*. The means of five 
determinations at each concentration gave a linear plot, from which a chromium 
concentration of 15 ppM was estimated for the pure blood sample. This value is 
slightly lower than that reported as normal by Metz3s(20-50 ppM) and was independ- 
ently confirmed on a solution obtained by acid digestion of a lo-ml sample of the 
same blood at 200” for 1 hr. 

* A carbon residue on the rod was removed mechanically after every ten runs. 
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The simplicity, speed in collecting analytical results, and the freedom-at least for 
the matrices investigated-from major interferences make this technique attractive for 
the determination of total content of chromium traces. 

Acknowledgement-We thank Mr. V. Sacchetti and Mr. S. Giodice for co-operative help in the design 
and construction of the atomizer. Partial tinancial support from Consiglio Nazionale delle Ricerche 
is fully acknowledged. 

Zusammenfassuug-Zur Bestimmung von Cr in Wasser, Meerwasser, 
Zucker, Glycin und Blut wird ein Kohlestab als llammenloser Atom- 
erzeuaer verwendet. Die mitgeteilten analvtischen Kurven zeigen, 
daB die quantitative BestimmGng von Cr h diesen Materialiegim 
ppM-ppm-Bereich miiglich ist. Der EinthtB der h&ttigsten anion- 
ischen und kationischen Storquellen wird mitgeteilt. 

R&r&-Gn utilise un atomiseur sans flamme a tige de carborme pour 
le dosage de Cr dans l’eau, l’eau de mer, le sucre, le glycocolle et le sang. 
Les courbes analytiques pr&sent&es montrent que le dosage quantitatif 
de Cr dam ces matrices est realisable dam le domaine ppM-ppm. On 
rapporte l’intluence des agents g&xxnts anioniques et cationiques les 
plus communs. 
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Summary-A new method is described in which the potential of the 
d.m.e. is measured as a function of the concentration of an electroactive 
constituent when a constant current is maintained by adjusting the 
voltage applied to the polarographic cell. Equations are derived de- 
scribing the expected potential change caused by changing the wncen- 
tration of a constituent involved in a reversible or an irreversible 
electrode reaction. Graphical interpretations of the derived equation 
are made, indicating the most suitable conditions for performing 
potential measurements, yielding potential ditferences that greatly 
exceed those obtained by conventional potentiometry, especially when 
the method is applied to irreversible electrode reactions at the d.m.e. 
Experimental evidence is presented, which not only verifies all expecta- 
tions, but also indicates that the method offers a new approach to the 
investigation of some fundamental problems. 

THE POTENTIAL of the dropping mercury electrode, d.m.e., depends on the concen- 
tration of a pure electroactive constituent in solution, when a constant current, 
lower than the diffusion current, is maintained by imposing suitable values of the 
applied voltage to the polarographic cell. It was reported earlier that for mercury(II) 
solutions the applied voltage required to maintain a constant current, depended on the 
concentration of mercury(H), in the range 1o-6-1O-s M, but did not account 
for the theoretical background of such a corre1ation.l 

Figure 1 illustrates this dependence. Each of the lines A-A and B-B is parallel to 
the slope of polarogram a, and gives a constant net current value at its intersection 
with polarograms b and c. Each line yields two values of the applied voltage, which 
are related to a defined current value in the lifetime of a mercury drop (e.g., average, 
maximum or minimum current). The difference between each pair of values of applied 
voltage, related to a constant net current measured at the same instant in the mercury- 
drop cycle, is equal to the difference in potential between the two solutions used 
for depicting polarograms b and c, since the voltage drop is the same (ignoring varia- 
tions of the residual current for each set of values of applied voltage). The measured 
potential differences, obtained for A-A and B-B in Fig. 1, related to average current 
values, are ca. 33 and 120 mV, respectively. This leads to the conclusion that the 
potential difference is a function of the current at which the measurement is made, 
and increases as the current approaches the value of the diffusion current in b. For 
the ratio of concentrations used, l-5: 1, the potential difference expected on the basis of 
direct potentiometry at zero current is only 10.4 mV at 25”, for a one-electron reaction. 
The present method of measurement seems to offer an advantage over conventional 
potentiometry, provided that a proper choice of the current value is made. 
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-E, V. vs. S.C.E. 

FIG. I.-Polarograms of O*lM NaOH supporting electrolyte, (a) alone; (6) 9.50 x 
10-“&f in chromate; (c) 1.425 x 10-SM in chromate. The polarograms were highly 

damped for illustrative purposes only. 

This behaviour is unique to the d.m.e., which is a microelectrode with a periodi- 
cally renewed surface at which electrolysis proceeds without stirring. Under these 
conditions, immediate polarization of the electrode results when the potential is set 
to a value corresponding to the rising part or the plateau of the current-potential 
curve, and is accompanied by a steady flow of current through the polarographic cell. 
Current reproducibility with time is achieved at a defined potential under conven- 
tional polarographic working conditions, as no measurable depletion in bulk concen- 
tration occurs during electrolysis, over a reasonable length of time, and a steady ratio 
of surface activities of the redox couple is established. If various concentrations of a 
pure compound are used, a constant current will cause various ratios of surface 
activities of the redox forms of the reactant to prevail, i.e., various values of potential. 
However, potential is the independent variable whenever conventional polarography 
is used, suggesting that the present method of measurement is not potentiometry in 
the classical sense of the term, as opposed to potentiometry at a constant current 
applied to the d.m.e., in which case the potential is the dependent variable.2 Other 
microelectrodes are usually not as suitable as the d.m.e. because they lack periodic 
surface renewal of the latter and therefore a steady potential is less likely to prevail 
when a constant current is maintained in the absence of stirring. With a macroelec- 
trode, constant current and constant potential can under no circumstances be achieved 
simultaneously. Even potentiometry using the d.m.e. at constant applied current 
is less satisfactory than the present method, mainly on account of potential oscilla- 
tions during the lifetime of the drops. This is shown by the potential-current re- 
lationships obtained with the constant-current polarographic method, developed by 
Ishibashi and Fujinaga.s-6 Contrary to conventional polarographic behaviour (where 
only very slight oscillations in potential are obtained when the current oscillates at 
a given applied voltage), a constant current applied to the d.m.e. produces wide os- 
cillations in potential which increase in magnitude as the applied current approaches 
the limiting current. The reason for these oscillations is the periodic variation in the 
surface area of the electrode. Consider the reduction of chromate ion in sodium 
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hydroxide supporting electrolyte. Early in the drop life, when the diffusion current is 
small, a constant current, higher than the instantaneous diffusion current, drives 
the potential of the drop into the region of supporting-electrolyte discharge and 
simultaneous reduction of chromate and sodium ions occurs during this early stage. 
Then, as the drop grows, the potential returns (through a region over which the 
sodium will be stripped out of the drop) to more positive values, eventually reaching 
the rising part of the chromate reduction wave.2 

In this paper, simple relationships between the potential change and concentration 
have been derived from current-potential relationships, both for reversible and irrever- 
sible electrode reactions at the d.m.e. These relationships permit the calculation of 
the potential difference expected for varying concentration ratios. Graphical inter- 
pretation and experimental verification of the derived equations are presented. A 
discussion of specific applications with a special reference to the irreversible reduction 
of chromate ion in alkali supporting electrolyte is also included. 

THEORETICAL DISCUSSION 

Reversible electrode processes 

The theory of the current-potential relationship for reversible electrode processes 
has been the subject of discussion of numerous papers and books. The explicit treat- 
ment given by Meites ,6 for the various reversible half-reactions occurring at the 
d.m.e., served as a starting point for the present treatment. 

If the diffusion current is proportional to concentration then the potential differ- 
ence at a constant current i, maintained at the d.m.e., for two concentrations of a 
pure constituent involved in a reversible reaction is given by the equation 

-i 
AEd.e. = Wd.e.>a - @d.e.)l = $1, e -i 

The terms appearing in equation (1) have their usual meaning6 and the numerical 
subscripts correspond to the solutions used for measurements. The potential refers 
to the average current value in the lifetime of a drop, for reversible reactions. Equa- 
tion (1) applies to a variety of diffusion-controlled cases, such as the reduction of a 
simple metal ion, complexed metal ion, or cationic groups (e.g. NH,+ and RNHs+) 
forming the corresponding amalgams and also reductions involving only species 
in solution. In the case of the reversible oxidation of dropping mercury amalgams to 
form a simple metal ion, a complexed metal ion or a cationic group, and for oxidations 
involving only species in solution, equation (1) applies in essence, except that the 
anodic currents, denoted by subscript a, have the opposite sign. The equation for 
anodic reactions is 

(2) 

For composite cathodic-anodic waves, each section can be treated independently, 
using either of the equations above. The only exception is the rare case of reversible 
processes involving a solid that is insoluble in mercury and formed by the reduc- 
tion of metal ion. In this case the potential difference is given by: 

RT id.l(id,2 - i) 
A&.,. = yg In id 2(id 1 _ i) 

, * 
(3) 
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It is convenient to substitute new parameters x and y into equations 1, 2 and 3. 

When k,s > &, or (C&s P (Qa.l, then 

and 

Y= p1 (cathodic) 

y = 2 (anodic) 

(y also corresponds to the ratio of concentrations of the solutions). The parameter 
x is defined as the ratio of the current at which the measurement of potential is made 
to the diffusion current of the solution of lower concentration, i.e., 

or 

x = $I (cathodic) 

x=&l (anodic) 

Thus equation (1) can be rewritten for cathodic waves, as 

RT y-x 
Ake. = 2 In l-_x 

and for anodic waves equation (2) may be rewritten as 

RT I-x 
AEd.e. = nF In - 

Y--x 

and equation (3) becomes 

RT 
A&.,. = no ln E) 

(4) 

(5) 

The present treatment will be limited to the case of cathodic waves described by 
equation (4) as, in essence, the same conclusions apply to anodic waves in equation 
(5), and the case of equation (6) is rare. At 25” and when the potential difference 
is expressed in mV, equation (4) may be rewritten as 

59.15 
AE,.,. = n lOgy-x - l-x (7) 

It is seen from (7) that a plot of various measured values of AEd.e. vs. log (y - x)/ 
(1 - x), is a straight line with a positive slope of 59*15/n mV and an intercept of 
zero. The same result is obtained with constant x and variable y as with variable x 
and constant y. Although such plots do not provide a simplification over the conven- 
tional technique of obtaining the same information from a single polarogram, they 
still offer a new alternative. Furthermore, as x + 0, equation (7) reduces to 

59.15 
Ahe. - n log Y (8) 
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In this limiting case, the equation approaches the form of the equation describing 
similar measurements with conventional potentiometry at zero current, provided the 
activity coefficient of the measured solutions remains constant, viz. 

59.15 
AE=- 

rl 
log2 (9) 

However, as x -+ 1, for a constanty unusual amplification of the potential change with 
concentration results, depending on the value of x. A graphical interpretation of this 
concept is given in the family of curves of Fig. 2, in which AEa.B. for a one-electron 
reduction is plotted us x, for various values of y, taken to be constant in each case, 
on the basis of equation (7). From equation (9), the expected potential increment 
by conventional potentiometric methods for a one-electron reaction for e.g., y = 2, 
may be calculated to be 17.8 mV. The potential differences by the present method of 
measurement are expected to be 61.6 mV for x = 0.90 and 102 mV for x = O-98. 
Another interesting graphical interpretation of equation (7) is given in Fig. 3 where 
AE,.,. is plotted vs y, for a constant value of x in each case. A family of curves is 
obtained for various values of x, indicating the advantages of the choice of conditions 
under which y is small for any constant value of X. From equation (9), for a one- 
electron reaction a change of 1% in concentration (or y = l-01), causes an expected 
potential change of 0.26 mV, and from equation (7), under the same conditions, 
changes of 2.5 and 10.4 mV are expected for x = 0.90 and 0.98 respectively. 

Irreversible electrode processes 

Meites and Israel’ developed an equation describing the current-potential re- 
lationship at the d.m.e. for a totally irreversible process, the rate of which is governed 
by a single transfer step. The equation was derived from relationships that were 
previously presented for such an electrode reaction by Kouteck9.s Smith, McCord 

60 

FIG. 2.-Plots of AEd.e.v~. x for a given y; each curve represents equation (7), when 
y = 1.01, 1.10, 1.50 and 240, respectively. 
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Y 

FIG. 3.-Plots of A&.,. VS. y for a given value of x; each curve represents equation (7), 
when x = 0*10,0=50, O-80, 0.90 and O-95, respectively. 

and Hunge examined Meites and Israel’s equation and found its accuracy to be 
sufficient to permit its use in most mechanistic and kinetic applications. This equation’ 
can be expressed, in mV and for 25”, as follows: 

E 
59.15 1*349k,o, 

d.e. =-log7 -- - 0.546 log t (10) 
an 

where D is the diffusion coefficient of the oxidant, GC is the transfer coefficient, 
k&, is the potential-independent rate constant of the forward heterogeneous electrode 
reaction,lO and i and id refer to maximum currents in the lifetime of a mercury drop. 
Equation (10) is conveniently separated into two terms; the second is dependent 
on potential and the first is not. This accounts for including the lifetime of the mercury 
drop, t, in the second term! 

From equation (10) and a similar treatment to that applied above for the case 
of reversible reactions, the potential difference (in mV and for 25”) at constant 
current at the d.m.e. used for a totally irreversible reduction, is described by the follow- 
ing equation: 

54.2 
AE,.,. = cm 

ids-i 
log @ + 0.546 log ? 

1 
(11) 

With the same definitions of y and x as before but noting that i and id refer now to the 
maximum current in the lifetime of the mercury drop, equation (11) becomes: 

54.2 
A&.e. = cm log ye: + 0.546 log ; (12) 

Interpretation of equation (12) is analogous to that of equation (7) and suggests 
that a linear relationship intercepting the origin is expected, with a positive slope of 
54*2/an (in mV at 25”) when a plot of the measured values of AE,.,., for various 
values of X, is made at a constant y us. [log (y - x)/(1 - x) + 0.546 log (rs/tJ]. 
The same results are obtained for the relationship above, if the plot is made with 
variable y and constant X. Both plots provide an alternative method for the calcula- 
tion of the transfer coefficient of the forward reaction. Furthermore, a family of 
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curves is obtained, both when the plot is made for various values of x with constant y 
and vice versa. The general shape of all curves correspond to the curves in Figs. 2 
and 3 for reversible reactions, except for the larger potential differences, obtained under 
identical conditions, in the case of a totally irreversible reaction. The differences 
are also dependent on the value of a, which is always less than 1. For cm = O-35, 
a value reported for the reduction of chromate ion in O*lM sodium hydroxide support- 
ing electrolyte,’ and for y = 2, the expected potential differences are 161.3 and 264-5 
mV for x = 0.90 and 0.98 respectively. For the same transfer coefficient, the expected 
potential differences for y = 1.01 and for x = 0.90 and 0.98, are 6.4 and 27.3 mV 
respectively. It seems that the present method of measurement is especially advan- 
tageous when applied to totally irreversible electrode reactions. 

EXPERIMENTAL 

Analytical-grade reagents were used for the preparation of the standard solutions and the sup- 
porting electrolytes. Argon, after washing with a solution of chromium(H) in dilute sulphuric acid 
kept over amalgamated zinc, was used for the deaeration of the tested solutions. Mercury was cleaned 
by passing it through a pin-hole in a filter paper bubbling air through it for a few days after covering 
it with 8% nitric acid, then washing, degreasing, pin-hole filtering, drying” and double- 
distilling. 

Polarograms were obtained with a Metrohm recording instrument, Polarecord E 261 R, after 
internal calibration of the potential and the current, but often the initial and span voltages were 
measured at the time of experiment with a Honeywell potentiometer model 2730. In some instances, 
the measurements of applied voltage were made by using Metrohm E 446 iR compensator. Experi- 
mental validity of equations (7) and (12) were usually verified by measurements of Ed.e. and AEd.,. 
from polarograms recorded at the slowest scan speed of cu. 1.4 mV/sec for the reversible reduction of 
thallous ion in O*lM potassium chloride supporting electrolyte and at a faster scan speed of cu. 
2.8 mV/sec. for the irreversible reduction of chromate ion in 0.1 M sodium hydroxide supporting 
electrolyte. However, in the more detailed and accurate measurements made for the chromate 
system, either the recording ‘polarograph or the manual polarograph previously described’* was used 
both as a polarizing unit and as an indicator to maintain a constant maximum current, throughout 
a set of measurements. The minimum values of potential (which corresponded to maximum current 
values), were measured, under these conditions, with a Sargent model DR expanded-scale pH meter 
provided with mechanical digital readout corresponding to 0.2 mV/division. The polarographic cell 
used was supplied by Radiometer, and had a separate saturated calomel reference electrode, which 
was connected to the main cell compartment by an easily removable agar agar-saturated potassium 
chloride bridge, which was often replaced after prolonged use with alkaline solutions. The cell was 
immersed in a thermostat maintained at 25 & 0.1”. 

1. RESULTS AND CONCLUSIONS 

Recorded polarograms for two concentrations of standard solution, corresponding 
to a defined value of y, were used for the measurement of AE,.,. as a function x, 
adopting the approach used for Fig. 1. 

The reduction of thallous ion in O*lM potassium chloride supporting electrolyte, 
containing 0*O02°h Triton X-100 as a maximum suppressor, was studied as a re- 
presentative example of the reversible electrode reactions described by equation (7). 
For y = l-36 (6.43 x 1O-4 and 4.73 x 1o”‘M solutions), and x = 0.12-0.94, the 
measured values of AE,.,. g ave a linear relationship with a positive slope of 59.6 mV 
when plotted against log (y - x)/(1 - x , with an intercept of less than 1 mV on the ) 
AE axis. Each of measured values of AEaSe., for x ranging from 0.34 to O-94, was 
used to calculate y, by applying equation (7) in the form 

( A-% e. y = antilog A 59*15 
1 

(1 - x) + x 
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yielding values of y within f3 y0 of the ratio of concentrations used. Other ranges of 
concentrations of thallous ion were also tested, for values of y from 1.20 to 2.26, 
yielding a straight line passing through the origin in each case, and with slopes in 
the range 57-60 mV. 

The validity of equation (12), describing totally irreversible reactions, was tested 
by using the reduction wave of chromate ion in O*lM sodium hydroxide supporting 
electrolyte. For y = 1.50 (1.425 x 10M3 and 9.50 x 10e4M solutions), and x = 
0*12-O-95, the values of AEd.e., were plotted us. [log (y - x)/(1 - X) + 0.546 log 
(t,/t,)] and gave a linear relationship with a positive slope of 147 mV (Fig. 4) corre- 
sponding to an = 0.37, as compared with a value of O-35 obtained previously by ex- 
tremely careful experiment. ’ However, the intercept obtained by extrapolating curve 
a of Fig. 1 yielded a value of 12 mV for AE,.,.. This discrepancy from the expected 
behaviour which is described by the dashed line b in Fig. 4 (calculated for WI = O-35), 
was reproducible, and the calculation of y from the measured values of A,?&+, 
for a totally irreversible reaction, requires the introduction of experimentally deter- 
mined values of the slope, S, and the intercept, a, into equation (12) as follows: 

A&.,. = a + s (Y - 4 log (1 _ x) + 0.546 log; 1 VW 

160- 
> 
E 

0 OS I.0 

Cog(Y-X)/bXH0.546 Cog (t,/t,, 

FIG. 4.-Log plots, corrected for variations of charging current, for the polarograms of 
9.50 X lo-‘A4 and 1.425 x 10-SM chromate in O*lOM sodium hydroxide: (a) no 
gelatin; (6) a theoretical plot representing equation (12) for cm = 0.35; (c) containing 

0.005 % gelatin. 

The occurrence of the intercept, a, was puzzling, and it was suspected that a minor 
maximum might be responsible for the distortion of the current-potential relationship, 
especially since a maximum was developed if the polarographic system was left to 
stand. Evidence for this postulate is given by curve c in Fig. 4. Conditions identical 
to those for curve a in Fig. 4a, were used except that the ratio y was 2 and the solutions 
contained O-005 y. gelatin as a maximum suppressor, A straight line passing through 
the origin was obtained, and had a slope of 185 mV, corresponding to un = O-293. 
Maximum suppressors and other surface-active agents are known to influence kinetic 
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parameters in this fashion, usually decreasing the value of CUZ.~~ A more detailed 
study, with various concentrations of gelatin, was not performed in the present work, 
though such a study should provide information concerning the variation of cm with 
gelatin concentration, and the minimum concentration of gelatin required to obviate 
the maximum without affecting ctn. 

When an external expanded-scale potentiometer was used to measure Edse. for 
various concentrations of chromate in 0-M sodium hydroxide supporting electrolyte, 
after adjustment of the applied voltage to maintain a constant current, the potential 
oscillated during the drop lifetime, yielding minimum potential at the maximum 
current and vice versa. The potential gradient (between minimum and maximum 
values of potential) is reported in Table I, which shows some of the experiments 
performed for various concentrations and currents, in the absence or presence of 
O$lOS% gelatin as a maximum suppressor. From the results in Table I, it is seen 
that the potential gradient is due not only to the iR-drop variation resulting from 
current oscillations, but also to a potential gradient which diminishes upon the 
addition of a maximum suppressor (cJ the results obtained for 1.90 x 10w3M chrom- 
ate solutions, in columns 2 and 4). The latter potential gradient is not only dependent 
on the current magnitude but also on the ratio of i/id for each concentration <cJ 
columns 2 and 3), and is most likely linked with the existence of polarographic max- 
ima. A detailed discussion of the implications of the difference in potential gradient 
in the presence and absence of gelatin is beyond the present paper. However, surface 
coverage of the mercury drop by the adsorption of maxima suppressors, has been 
reported by various authors to lower the surface tension and flatten the electrocapillary 
curves over a wide range of potential. The present study serves not only as an alter- 
native for obtaining n or cm values but also serves as a new tool for the elucidation 
of fundamental problems. 

TABLE I.-THE INFLUENCEOFAMAXIMUMSUPPRESSORONTHEPO~NTIALGRADIENT*INTHELIPETIME 
OF MERCURY DROPS 

Potential gradient, mV* 

- 0.005 % gelatin 

1.90 x IO-S&f l-90 x lo-4M 1.90 x IO-aA 1.14 x 10-3&f 

17.4 4.0 1.1 1.0 
15.4 3.0 0.9 0.8 
13.4 - 0.8 0.7 

10.4 1.8 0.6 7.4 1.2 0.5 8:; 

2.1 0.2 0.1 0.1 
1.9 - - - 

Measured for potassium chromate in O*lM NaOH, using an external expanded-scale potentiom- 
eter for various constant current values. 

* See text. 

To examine the dependence of AE,,_ on y at a constant value of X, the minimum 
values of Ed,e. were measured with an expanded-scale potentiometer for O-95-2.5 mM 
chromate in 0-M sodium hydroxide containing 0*00570 gelatin. Plots of AEd,,. vs. 
[log (y - x)/(1 - x) + 0.546 log (fe/tr)] for each constant value of x were linear, 
and passed through the origin within experimental error. The calculated an values 
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for x varying from 0.12 to 0.90 varied from O-286 to 0.300. These results show that 
application of the method described should prove useful for analytical purposes 
within limited concentration ranges. 

A specific analytical application of the present method is accurate determination, 
especially when irreversible reactions with low cm values are involved. To give high 
accuracy, the method should display a detectable potential change for a slight change 
in concentration. This criterion was fulfilled for chromate ion in O.lM sodium hydrox- 
ide, in the absence of gelatin, when the measurements were made at a high value of 
X, namely 0.9542. The results are given in TableII,y being calculated from (AEd,e.)min, 
according to the following equation, when variations in t are justifiably ignored: 

y = C antilog (AEd.e.)min 1 (1 --x)+x 
s 

where s equals 147 mV, the slope found in the absence of gelatin. The deviations 
calculated in Table II are very low, indicating the suitability of the method for accu- 
rate determinations. Determinations can be made after prior estimation of the concen- 
tration, by measuring the A&.,. of the solution against a standard solution having 
similar concentration. Although such an approach is not analogous to differential 
spectrophotometry, it strongly resembles it. 

TABLE II.-DETERMINATION OF CHROMATE ION FROM 

POTENTIAL DIFFERENCES DUE TO LOW CONCENTRATION 

CHANGE 

y, taken AEmin,m V y, caIc.* Error, % 

1.0020 3.6 l-0027 0.07 
1.0040 6.0 1.0045 0.05 
1.0070 9.5 1.0074 0.04 
1.0100 14.0 1.0112 0.12 

Measurements of minimum potential readings, 
(Ed.e.)min. weremadefor x = 0.9542, usinganexpanded- 
scale potentiometer. AL?,,,, is the difference in poten- 
tial when the measured solutions were compared with 
a 9.5 x lo-* solution of chromate in O.lM NaOH. 

* See text. 

Davis and Shalgosky14 and Davis and Seaborn15 proposed the use of a differential 
cathode-ray polarograph with twin electrodes for accurate and precise determinations, 
using the method of comparative polarography. In the latter, a differential curve was 
recorded by using two cells, one containing the solution to be analysed and the other 
a similar solution of accurately known composition. Using twin electrodes and twin 
cells for direct measurement of AEd.e. resembles the ideas involved in comparative 
polarography, and should prove advantageous for precise determinations. 

The results of the present work agree well with equations (7) and (12), verifying 
the postulates in the theoretical discussion and demonstrating the use of this new 
method in fundamental studies as well as for analytical applications. 
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Zusammenfassung-Bei einem neuen Analysenverfahren wird das 
Potential einer Quicksilbertropfelektrode in Abhiingigkeit von der 
Konzentration eines elektroaktiven Liisungsbestandteils gemessen, 
wobei durch Regelung der an die polarographische Zelle angelegten 
Spannung ein konstanter Strom aufrechterhalten wird. Es werden 
Gleichungen abgeleitet, die die Potentiallnderung bei Anderung der 
Konzentration eines Bestandteils voraussagen, der an einer reversiblen 
oder irreversiblen Elektrodenreaktion teilnimmt. Die abgeleitete 
Gleichung wird graphisch interpretiert; dabei zeigen sich die besten 
Versuchsbedingungen fi,ir die Potentialmessungen. Es ergeben sich 
vie1 griiflere Potentialdifferenzen als bei der herkijmmlichen Potentio- 
metrie, insbesondere, wenn das Verfahren auf irreversible Elektroden- 
reaktionen an der Quecksilbertropfelektrode angewandt wird. Es 
werden Versuchsergebnisse mitgeteilt, die nicht nur alle Erwartungen 
erfiillen, sondem such zeigen, da13 das Verfahren einen neuen Weg 
zur Erforschung einiger grundlegender Probleme weist. 

R&urn&On ddcrit une nouvelle m&hode dans laquelle le potentiel de 
1’6lectrode a goutte de mercure tombante est mesurk en fonction de la 
concentration d’un constituant &ctroactif lorsqu’on maintient un 
courant constant en adjustant le voltage applique I la cellule polaro- 
graphique. On en deduit des equations decrivant le changement de 
potentiel attendu caus& en faisant varier la concentration d’un consti- 
tuant impliqub dans une rbaction d’&ctrode rkversible ou irr&ersible. 
On effectue des interpretations graphiques de l’bquation d&iv&e, indiqu- 
ant les conditions les plus convenables pour effectuer les mesures de po- 
tentiel, dormant des diff&encesde potentiel qui exddent fortementcelles 
obtenues par la potentiomCtrie classique, particuli&rement lorsque la 
m&hode est applique% z% des r&actions d’&ctrode irr&ersibles B l%lec- 
trode rl goutte de mercure tombante. On prbsente des arguments 
exp&imentaux qui non seulement vbrifient toutes les p&isions, mais 
qui indiquent aussi que la mbthode offre un nouvel accts & l’ttude de 
quelques problemes fondamentaux. 
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NOTE 

Nomenclature in thermal analysis-II 

The recommendations in the First Report of the Nomenclature Committee of the International 
Confederation for Thermal Analysis (ICTA)’ have been generally well received and are at present 
being considered for adoption by both the International Union of Pure and Applied Chemistry and 
the International Standards Oraanization. Considerable interest has also been shown bv individual 
scientistsa 

, 

Since these proposals were promulgated, the Committee have drawn up a further report, the 
recommendations in which have been endorsed in Business Session at the Third International Con- 
ference on Thermal Analysis at Davos, Switzerland, in August, 1971. The Council of ICTA have 
therefore directed that this Second Report be also published as a definitive document of ICTA, with 
the recommendation that the conventions set out therein be adhered to in all publications in the 
English language. Background information on the reasons for adoption of certain conventions has 
already been published.* 

The Sub-Committees dealing with the German, Japanese and Russian languages’ have all been 
active and a nomenclature system in Japanese, based on the recommendations in the First Report, 
has now been published.’ 

I. AMPLIFICATION OF FIRST REPORT 

Because of the variety of opinions expressed on, and the different interpretations of, the term 
pyrolysis, the Committee consider the time inopportune to promulgate on thermal decomposition 
and related terms-see First Report, Section I(f>. 

Some confusion appears to have arisen over the term isobaric weight-chaqge determination as 
defined in the First Report, Section IIIB, Sub-section 1. The Committee consider that this confusion 
could be obviated by the following statement. 

In the context of the report published in Tuhmtu, 1969,16, 1227, Section IIIB, Sub-sections 1 
and 2 headed, respectively, Static and Dynamic, these terms refer to environmental temperature. 
It should be noted that the same terms are also used with reference to environmental atmosphere. 

II. DTA AND TG APPARATUS AND TECHNIQUE 

In considering the terms available, certain arbitrary choices have had to be made-q., between 
specimen and sample-but the only term in fairly common use that is rejected is inert material. 

A. DTA 

The sample is the actual material investigated, whether diluted or undiluted. 
The reference material is a known substance, usually inactive thermally over the temperature 

range of interest. 
The specimens are the sample and reference material. 
The sample holder is the container or support for the sample. 
The reference holder is the container or support for the reference material. 
The specimen-holder assembly is the complete assembly in which the specimens are housed. Where 

the heating or cooling source is incorporated in one unit with the containers or supports for the 
sample and reference material, this would be regarded as part of the specimen-holder assembly. 

A block is a type of specimen-holder assembly in which a relatively large mass of material is in 
intimate contact with the specimens or specimen holders. 

The d@rential thermocouple* or AT thermocouple* is the thermocouple* system used to measure 
temperature difference. 

B. TG 

A thermobahznce is an apparatus for weighing a sample continuously while it is being heated or 
cooled. 

* Should another thermosensing device be used, its name should replace thermocouple in these 
terms. 
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The sample is the actual material investigated, whether diluted or undi1uted.t 
The sample holder is the container or support for the sample. 

C. DTA and TG 
The temperature thermocouple* or T thermocouple* is the thermocouple* system used to measure 

temperature: its position with respect to the sample should always he stated. 
The heating rate is the rate of temperature increase, which is customarily quoted in degrees per 

minute (on the Celsius or Kelvin scales). Correspondingly, the cooling rate is the rate of temperature 
decrease. The heating or cooling rate is said to be constant when the temperature/time curve is 
linear. 

In simultaneous DTA-TG, definitions follow from those given for DTA and TG separately. 

III. DTA AND TG CURVES 

The Committee, in reaffirming their decision to use the terms differential thermal curve or DTA 
curve, thermogravimetric curve or TG curve and derivative thermogravimetric curve or DTG curoe, 
recommend disuse of the other terms which have appeared in the literature, such as thermogravi- 
metric analysis curve, thermolysis curve, thermoweighing curve, thermogravigram, thermopondero- 
gram, thermogram, differential thermogravimetric curve, differential thermogram, derivative 
thermogram, polytherm, etc. 

Certain conventions and reporting procedures for DTA and TG curves have already been specifted 
in Anal. Chem., 1967, 39, 543, and in the First Report. The following definitions are to be read in 
conjunction with these recommendations. 

A. DTA 

In DTA it must be remembered that although the ordinate is conventionally labelled AT the out- 
put from the AT thermocouple will in most instances vary with temperature and the measurement 
recorded is normally the e.m.f. output, E, i.e., the conversion factor, b, in the equation AT = bE is 
not constant since b = f (T), and that a similar situation occurs with other sensor systems. 

All definitions refer to a single peak such as that shown in Fig. 1: multiple peak systems, showing 
shoulders or more than one maximum or minimum, can be considered to result from superposition of 
single peaks. 

bT 

T or t -c 

FIG. l.-Formalized DTA curve. 

The base line (AB and DE, Fig. 1) corresponds to the portion or portions of the DTA curve for 
which AT is approximately zero. 

A peak (BCD, Fig. 1) is that portion of the DTA curve which departs from and subsequently 
returns to the base line. 

An endothermicpeak or endotherm is a peak where the temperature of the sample falls below that 
of the reference material; that is, AT is negative. 

An exothermic peak or exotherm is a peak where the temperature of the sample rises above that 
of the reference material; that is, AT is positive. 

* Should another therrnosensing device be used, its name should replace thermocouple in these 
terms. 

t Samples used in TG are normally not diluted, but in simultaneous TG and DTA diluted samples 
might well be used. 
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T or t + 

FIG. 2.-Formalized TG curve. 

Peak width (B’D’, Fig. 1) is the time or temperature interval between the points of departure from 
and return to the base line.* 

Peak height (CF, Fig. 1) is the distance, vertical to the time or temperature axis, between the 
interpolated base line* and the peak tip (C, Fig. 1). 

Peak areu (BCDB, Fig. 1) is the area enclosed between the peak and the interpolated base line.* 
The extrapolated onset (G, Fig. 1) is the point of intersection of the tangent drawn at the point of 

greatest slope on the leading edge of the peak (BC, Fig. 1) with the extrapolated base line (BG, 
Fig. 1). 

B. TG 

All definitions refer to a single-stage process such as that shown in Fig. 2: multistage processes 
can be considered as resulting from a series of single-stage processes. 

A plateau (AB, Fig. 2) is that part of the TG curve where the weight is essentially constant. 
The initial temperature, T,, (B, Fig. 2) is that temperature (on the Celsius or Kelvin scales) at 

which the cumulative weight change reaches a magnitude that the thermobalance can detect. 
The final temperature, T,, (C, Fig. 2) is that temperature (on the Celsius or Kelvin scales) at 

which the cumulative weight change reaches a maximum. 
The reaction interval is the temperature difference between T, and T, as defined above. 
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LETTER TO THE EDITOR 

Ammonium bexanitratocerate(IV) as an oxidizing agent-VII* 
Determination of some carboxylic acids 

SIR, 

Cerium(IV) sulphate has been widely used for determination of organic substances, especially 
acids.‘-0 The procedures generally involve heating the compound with excess of cerium(IV), cooling 
and back-titrating. The stoichiometry does not usually correspond to a definite oxidation path but 
but is fairly constant under carefully prescribed conditions. Formic acid is often an end-product, 
and resists further oxidation. 

The earlier workers-8 used ceric sulphate in sulphuric acid, but Smith and Duke used the more 
powerful perchlorate oxidant. D We have found that ammonium hexanitratocerate(IV) in nitric 
acid medium has a reactivity between that of the sulphato and perchlorato reagents and that it gives 
a fixed stoichiometry for the oxidation of an organic acid over a wide range of temperature and time. 
The rate decreases with increasing nitrate and/or nitric acid concentration, and increases with temper- 
ature. The stoichiometry is highly favourable, ranging from 6 to 14 moles of cerium(IV) per mole 
of acid. Formic acid is not attacked and is usually an end-product. Results for malic, tartaric, 
citric and malonic acids were correct to within 1 ‘A. The main drawback is that the method cannot 
be applied to mixtures of acids, or to determination of the acids in the presence of other species oxi- 
dized by cerium(IV). As the method involves treatment with excess of oxidant, species such as chlor- 
ide etc must be absent. 

The procedure is as follows. O-1 M solution of the reagent in 1 M nitric acid is prepared and stand- 
ardized with oxalate.1° A known weieht of samnle is added to an excess of the oxidant. 5 ml of 10M 
nitric acid are added, and the whole G diluted tb 100 ml and heated at 60” for 30 min- It is cooled, 
dilute sulphuric acid (5N20 ml) is added, and the excess of cerium(IV) is back-titrated with iron 
solution in sulphuric acid, with ferroin as indicator. 

The stoichiometry is 6 moles of cerium(IV) per mole of tartaric or malonic acid, 14 for citric 
acid, and 8 for malid acid, the products being formic acid and carbon dioxide. 

Gatto and Stone” had oreviouslv used ammonium hexanitratocerate(IVl in acetic acid medium 
for oxidation of organic aiids dissolved in glacial acetic acid and concluded that a-keto-acids and 
a-hydroxy-acids with an a-phenyl group are rapidly oxidized at room temperature and be determined 
accurately, that polycarboxylic hydroxy-acids are rapidly oxidized but not determinable, and that 
aliphatic a-hydroxy-acids are slowly oxidized and not determinable. No such dithculties seem to 
occur with the nitric acid system used by us. 

Department of Chemistry 
Andhra University 
Waltair, India 
28 October 1971 

G. GOPALA RAO 

I. suaRAHMANUh4 
B. bfAVHAVA -0 
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FDcr Einfhll van Brucin auf die Red&ion van 
wurde untersucht und tin ncucs Vcr- 

um vor dcr Bestimmung von Strychnin durch 
Red&ion Brucin- und Strych&sulfat zu trcnncn. 
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Talmua, 1972. Vol. 19. pp. 1217 to 1221. ~prrrpdmobhNathanl?ehad 

spcctropllotolnetric detcmimtioo of dimcfhyl tldpiboxitic 

(Received 22 March 1971. Ret&d 9 Fcbtrurry 1972. Accepted 17 F&ntary 1972) 

WORKPK~ with aqueous solutions of d&thy1 sulphoxide (DMSO) has imposed the need for a quick 
and simple method for its quantitative dctem&ation. The existing methods are bnscd either on the 
ability of the sulphoxide group to be oxidized to the sul hone, or on its abili to be reduced to the 
sulphide. Potassium pennanganat&-* and, raxntly, c& oraminc-TJ arc u se! 
titanium(IlI) chloride’ an? tin(U) chloride as red& 

as oxidi&g agents, 

Reduction with iodide m glacial acetic acid folio we4! 
agents. 

but cannot be applied to dilute aqueous solutions. 
by the titration of likrcrtad iodine‘ is suitable 

the determination of the sulphox& dissolved in 
The method of p&ntiomctric titration used for 

acetic anhydride, when the titration is performed 
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with an acetic anhydhde' or dioxan” soIution of pcrchloric acid, cannot b0 applied to such sohti0n~ 
either_ 

400 450 

X hm) 

FIG. L-Spectra of S-0 ml of O-SMFc(Iff) ti in O~lMH,SO,, pH 1.4, diluted to 10 ml 
with water: (u) with 50-o 

75 
of DMSO; (b) with 1009 of DMSO; (c) with 150-O 

mgof MSO,mcasurcdagaimt the $ lank. 
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EXPERIMENTAL 
RerqpmtJ 

ThcDMSOwasreaystallizedthreethaes(n~’”1477)andstoredova~4AM~Skve. 
owednoabmption. Othcrcbuniak were of qt grade quality, except 

-Light pure grade). Doublydistillad water was u&d tbmughout. 
PtWdl1e 

lTmmmpleamtainin upto.#K)~ofDMSOisplacedina10_mlvolumstric~bein 
neutmlkedbyadd&n ofkmnomsolutionordilutcsul huricacidifnuxssuy,beforeadditiono 
ragant. ThcnSmlofthersagant-O5Miron(‘ItIjalum % 

f 
OWaulphurkacid-weaddcdandthe 

solutionisdilutedwithwateftotheimck Aftcr30mintheabsorbmceismewmdinlOslm& 
at 410 nm againat a bl8nk rolution with identical conoemation of the 

?Y 
t.Thet4mpmtureshoukl 

bckcptconstantwithiaf19 TlmmountofDMSOisrcadfromthccali rationaweobta&edun&r 
the same mnditions. Beer’s law is obeyed over the DMSO concentration range up to u)mg/mt. 

RESULTS AND DISCUSSION 
se 

~ThespectraarcgivaninPlg.1. Thea~maximumisat41Onm,andthsrhifttolonget 
wavcla+ with the incxcaw in DMSO concentration is negligible. 

1 

0.31 
I.0 I.2 1.4 I.6 I.8 2.0 

PH 

&.2.-ThedfectofpH05tb~absorlmm: 5mlofO%m(IlI)alumwith1oo.0mg 
of DMSO, diluted to 10 ml. 

[Reoger)t] / [DMSOI 

PK% 3.-Moleratio plot at constant pH (l-4). 
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Effect of time, temperature and pH 

The colour appears instantaneously on addition of the reagent, reaches full intensity in 30 min and 
remainsrtctbkforatleaat24hr. 

Eff2ct of reqent coiuennwion 

sampleJwaatreatodasin~stplrdardproc#iursexocpttht’tbeamountofnagentwar varied 
to give a mole ratio of Fe@) to DMSO ranging from OQ7 to 4. The pH was kept constant. The 
absorbance at&hnxi a constant valw at a magent:DMSO ratio of about 1 (Fig. 3). 

Dimethyi @phide (pure) and dimethyl sulphone ( concentrated ueous solution) do not absorb in 
the visible regmn. In concentrations up to 25 /. that of the DMSO, %eth yl sulphide calls@ no hlter- 
ference. Dimethyl &phone in amounts up to that of the DMSO content is without any effect 
(Table l). 

TABLE I.-E&% of dimethy sulphide @MS) and diithyl sulphone (DMSO,) on 
DMSO determination. 

DMSO taken, DMS added DMSO found, DMSO, added DMSO found, 
mg V w Y? w 

IWO 0 1009 0 100-O 
lOO*O 5.0 100.0 1009 
100.0 25.0 100-O 255: 100-O 
100.0 50.0 103.5 504 1009 
loo.0 75.0 106.0 75.0 100.0 
100.0 100.0 1109 100.0 loo*0 

Cations which interact with DI!&O and especially those havin spectra which are a&ted by 
DMSO, can interfere in the de@xmmation and therefore should be e iminated. f This can be done by 
passin8 the sample through a small column of cation_*changer before addimg the ferric alum. We 
used owex 50-X8 cNa+, 60-100 mesh] at the eatma-exchanger. In one experiment the sample 
contained WO mg of DMSO and I.0 mg each of Ni, Co@), Cr@I), U(VI) and Fe@) sulphates in 
aqueous solution. The dllucnt as well as the water used for rh&g the column were collected in a 
l&ml volumetric flask from which 5 ml were taken for the spcctrophotometric determination. The 
expgiment was repeated ei 

ve? that DMSO is quantitati 
t timas and the mean value of K&O f 1.1 mg obtained. It is evident 

y recovered from the resin, which is in agmement with an earlier finding.1 
and also proves the correctness of the method used for elimination of interfering cations. 

PreciXon and accuracy 

Solutions containing known amounts of DMSO were anaiysed ten times according to the recom- 
mended procedure. Averages and standard deviations were: 49.5 f 0.5 mg (504 mg taken), 
1000 f O-5 mg (1009 mg taken), 149.5 f 0.5 mg (15OG mg taken). 

Sensitivity 

The molar absorptivity ia 3 l.m~le-~.crn-~ at 410 11111. Th t minimum amount detectable (SandelI 
sensitivity”> is 260 ag/cm*. 

Ac&nowh@ement-The authors wish to thank Mrs. D. Nemoda for very valuable technical assis- 
tance, and the Laboratory of Physical Chemistry for use of its recording spectrophotomcter. 

Boris KidriL[ Inshte of Nuclear Sciences Z. DUDAR 
VinEa, Yugoslavia Z. IDJAKOVd 
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S-i-A spectrophotometric method for the determination of 
milligram quantities of dimethyl sulphoxide in aqueous solutions has 
heen developed. The method is based on the medium effect on the 

of metal salt solutions. Out of several com- 
alum was chosen aa most suitable for 

*b’ law is obeyed for dimethyl sulphoxide concentra- 
tions up to 20 mg/ml at 410 am Dimethyl sulphone does not interfere 
and dimetbyl sulphide can be tolerated in amounts 
sulphoxide present. 

uptoU%ofthe 
Possible interferences caused by metal cations can 

be avoided by passing the sampk through a cation-cachpngsr hefore 
adding the reagent. The molar absorptivity is 3 Lmok-‘&n-t at 410 nm, 
and the average relative error f0.5 %. 

Zmmmmfammg-Ein spekwphotometrisclw Verfahren zur Be- 
stimmung van MiH@wnengen Dimeth lsulfoxid 
L&ungen wurde entwmkelt. Es heruht a It? 

in wisrigen 
dem Mediume!fekt auf 

die nichtbaren Absorpio~ van Me~bgen. Unter . 
vcwbdmm umemuchten Verbindumzen wurde EisenGID-alaun 

huchstem 20 mg/ml. DiiykmKo&t~rt nioht und Dimethylstid 
kanninMengenbis25%dessulfoltidsvorhanden8ein. MQliche 
St&ungen clutch Metall-Rationen k&men ven&den we&n, wenn 
IlWbdlChbCVOX 

?I!!2 tauscher laufen wt. 
dm Ragens dmch einen Rationenaus- 

molare Extinktionskoef8zient betr8gt 31 
mol-L cm-1 bei 410 nm, der mittkre relative Fehler fO,S %. 

akaabanr&abi&unem&thode 
dosagedequamitdsdedim&hlsulfoxydede ordredumilhgramme 

m&xl ~tom6triquepour It en sohltions aqueuses. La e est b&e sur P&et du milieu 

culaii cst de 3 I.mole-l.cm-l B 410 nm, et 
est de f0,5 %. 

Perreur relative moyenne 
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TdacU& 1972. Vol. 19, Dp. 1222 u) 1226. FmammPna. PrhtathNorthaaldand 

LlgBtaccrtbcrbq, X-Y -9 eimeatd~and-m 

pW~of~,a~alrthaepdymcr 

(Z&c&& 30 Sepcem&r 1971. ACCCJ& 16 Drcrmbcr 1971) 

THE ~TINO 
P metals from amm 

of dIitoMn have heen -had previously. The separation of transition 
um, thallium, alkali and fdkhmmh mob& which cannot form co-ordination 

*II The present worL 
obtaining a 5bre or a 
they am amorphous.” 

EXPERIMENTAL 
Cat&n-trrcotadpolymcr 

A ZOO-mg portion of &Wan was shaken for 30 min with 50 ml of a 0444M solution of a metal 

and they were used to obtain clear X-rny-Gd 

Light-scattering mcas ~~wascarriedoutatuoinpunbGnzenswithaModd42000 
Mica photometer equipped with Mdrical C&S. The instrument was set to z8ro with dust-free 
beazene havin a Ray* mtio 

/g 
z# -f6~3x104atS46nm. Thenfracthrsindexincmment 

dnldc in 8.5”. form&z actd + O*SM sodium formate at 25’ was deter&M with a B&c-P!wenix 
M&d BP-2tiV diffemntiai e 

&rc taken with a NO&IS qoadruple Ouinler-De Wolff*cam& 
chromator and a double Wder 

, with a quartz &w&crystal &mo- 

monochromator. Copper %a 
camera of the Ouinier-Jagodzimki type with a bent Johansson 

radiation was used. Elemental analysis was carried out with an auto- 
matic F & M Hewlett-Packard analyser, with N-actylglucosamine as mfemnce. Metals were measured 
with a Perkin-Em 305 atomic absorption s~~W$~tometer. 

RESULTS AND DISCUSSION 
L&ht-xattering 

Ths refractive index incrummts were measured at four distinct concentrations of chitosan in 
8.5 % formic acid + OSU sodii formate and at the two wave&ngths 436 and 546 nm; from the 
results the value d&c - @174 ml/g was obtained. Where chitosan solutions in formic acid are 
concerned, -NH,+ group are responsible for the polyekctrolyte behaviour of the polymer, the 
HCCXD- counter-ions hemg free to move. 

At high conc+zntmtions. the polyekctrolyte molecules are close together and the counter-ion3 do 
not leave the moJecular domain. 
molecules. 

At lower concentrations counter-ions diffuse away from the polymer 
The effective charge increases and the structure he&mea more extended: sodium formate 

was added to the SoIvent to reduce this polyelectrolyte effect. 
For each chitosan concentration, the light scattering was measured and the value C~ZUS. sin* 6/2 + 

500 C was plotted (according to Zimm”), in Fig. 1. The form of the graph indicates a d6gree of 
polydispers~on as repor@d previ~usly.~ The extrapolated average molecular weight value wns I.2 x 
KY. 
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Sin’ t + 500~ 

Fm. l.~L@ht-scattcring me8sunmc1lt8 on chitosan in formic acid (acumiing to 
Z&r@). 

Ekntal analysis 

slightly diRuent conditions (di&xing compositions of the dcacetylation mixtws 
In Tabk I results are reported for the nitrogen content of chitin and chitwdg 

* 
method of Brows&w. Chitosan has the higher nitrogen content, which does ‘mt vary with the 
mode of preparation. 

Polymer C H N 

Chitosan (1st prep.) 40.0 6.8 74 
Chitosan (2nd prep.) 39.7 7.4 
Chitosan (3rd prep.) 39.8 f :; 

Chitin 43.5 6.1 :: 
N-AaetylglucoSamillC 435 7.2 6.3 
DE c&doae and PAB cellulose 1.2. 

l CcrtiW by Whatman and Bio-Bad. 

TAEIUX H.-PERCENTAGE COLU!cnON ON -N, CHITIN AND CELL- 
FowDMts 

200 mg of polymer from 50 ml of 044 mM solutions, after one hour stirrin 
Chitosan and chitin 100-200 mesh; Whatman DE 11 and Biu-Rad P & 

cCllUloseS. 

Ion Chitosan Chitin DE Ccl. PAB Cal. 

&i&Cl H=6 
zzYr :: 

27 0 
86 81 12 

;3 

22 3: 
16 

ArseIliC 0 10 0 

Macury 100 95 :: :: ; 

pNG12.5 28 4 4 
zz!= 2; 15 3 I 

Arsenic 100 8 18 : 
M=w 98 12 72 

26 5 5 ;: 
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TAEL~ III.-OBSERVED d VALUES (A) FOR CISTOSAN AND 
CATION-TREATED -SAN 

chitosan chitosan chitosan Chitosan chitosan 
+cuSo, CuCl, CdSO, CdCll 

8.49 6.99 
4-46 6.37 
3.02 5.32 
24a 444 
2.27 3% 
2.06 3.18 
1.90 3.01 
1.86 2.91 

266 
260 
250 
2.44 
239 
2.35 
225 
2.17 
2.13 
2.08 

1.49 
1.42 

5.65 991 
5.41 5.07 
2.74 436 
2.55 3.01 
2.38 2.47 
224 2.27 

2.17 
1.90 
I.86 

9.42 
5.11 
440 
2.45 
2.28 
209 
1.91 
1.87 

collecting transition metal ions, hnlicating that the nitrogen atom is the main site of atmchment. Of 
course contributions of other atoms are also involved as well as steric con6gurations and surface 
areas. ~ir,muchfartttthanothapolymeta,foriastaacotbepatcentagpsforNiandZnin 
Table II are already reached after 10 minutes, while DE Ce1h-e after 10 minutes colkts 22% Ni 
and 10% Zn only, at pH 6. 

X-Roy d$act&n Md in@zred spectraphotometry 
The aBhctba pattcms of chiti and chitosan show some structural resembalana between the 

two polymem. The 
newsharpbandsm 

.&. tterns for chitosan treated with coppar snlphate and copper chloride reveal 
tmg a new highly crystalline structure, as presented in Tabla III. It is a 

well-known fact that when a matrix substance crystalks with a “solute” additive, onecan observe 
either a matrix lattice 
cha=@r-by- l!an 

ammeter alteration, or the formation of a new crystallmo phase which is 
ds in the X-ray diffraction pattern, the latter case occur&g when the 

“solute’* atoms occupy welldelIned positions in the matrix lattice. 
Copper ions occupy d&rite and fixed positions in tho chitosan lattice and a chemical bond is 

established between the chitosan nitrogen atoms and the copper ions. Of course there is also a 
contribution by the hydroxyl groups. An anionic component is not excluded, as it is known that 
chitosan sulphate is crystalline. Chitosan treated with copper chloride yields more difGse X-ray 
dhkaction patterns, but this is due to a partial colla 

The same trend is not observed in the X-ray z 
of the grains at the lower PH. 

raction patterns recorded for chitosan treated 
with other metal ions, e.x., cadmium. Although the cadmium ions are held by dativa bonds, they 
are introduced into the chitosan without altering the crystal structure (Table III). Should a physical 
adsorption occur, a less ordered chitosan structure would be observed; on the contrary a faint now 
band appears. 

The inframd spectra for chitosan treated with various metal ions co&m that copper interacts 
more strongly than other ions. The whole spectrum is altered, instead of only the region around 
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1600 cm-1 as observed with certain other ions. Complexation of copper by the monomer (glucos- 
amine) has been report&‘ and adsorption of copper on chitosan has been observed in chemical 
oceanography studics.~~” 

The crystaliinity of chitomn powder is not lost during chromatography. X-Ray di&action studies 
on samples taken from the tops of the columns which had been used for the adsorption of copper from 
04 mM solutions and subsequent duticm with 091M RDTA show that the crystallinity improves 
as the number of cycles imzascs. This is accompanied by an incmasc in the amount of RDTA 
solution necessary to elute the same amount of copper, as shown in Table IV. 

TABLB IV.-REYCUNQ OF cmros~~ COUIMNS (IOml 0.44mMcopper sulphate and 1OOml of 
water, coun temurmnt at 3 ml/n&r). 

cycle no. 123456789 10 11 12 13 14 
column, c?n 7.3 6.5 6.3 6.3 6.2 5.8 6.0 6.2 64 61 6.0 6.2 6.5 
O.OlM RDTA. ml 76:’ 41 41 46 50 49 51 53 53 54 60 62 67 69 

* The variation in height is due to application of pressure by a pcrktaitic pump. 
cision cohmms were used. 

Whatman pm- 

CONCLUSIONS 
It is clear that &itosan used so far for chroma 

molecule of average molecular weight I.2 x lW an ?Es 
hyofinorganiccompoundsisomacro- 
tsedededdeacatyiationpro&lmson 

chitin from crab shells do not lead to extended +yradation of t&c polymer. 
It~alsoverifiedthatchitooama&ortwtrpnsltwnnretalions~~ofirr~~cantont 

(higherthat7%). onthcotherhandthclimitationsofc&losicc?rchangsrsinaquooussolutiopsarc 
ammo . 

F 
fact. ThechangeintheinfraWlspcuruminthaamino-groupregionmppoptlthe 

kkao achcmWbondbctwecnthe macromokcule and th6 cation. 
chitosan aiso reacts with compk?x anions such as metavanadate, molybdate, umgdate and pos- 

sibly hcxachloroplatinate and tctra&oroaurate.~ 
OnrspsPtedustina~~p~ccolumn,thenystPllinityof~~isnotlost,~inthe 

case of copper it improves. 
These results enwurage the use of chitosan in chromatography, for the fsolation of 

trace metals. l!~Ionpver ligand+xchange chromatography is at pmaent 
treatcdimu&mWm 

totheuwofcoppcr- 
PCid~~(Chelea100orDowsxAl),thrthuthelimitrtionsof~of 

&FEZ”Z carried out on cation-treated allulosss in oraardc &v8nts.l* 
cons&rableshrWngandrctentionofmalpraium Qand~ahromoto6;ipby 

Cbiuman mav be recom- 
mended for this type of chromatography, because the m&l ions on the polymer are availabR for 
interaction with ligands. 

Ac&aot&a+eurs-This work was performed under the auspices of the National Research Councii 
of Italy (Contract No. 70.01602/22) and of the Intcrnationai Atomic l&rgy N, 
Vienna (Con&act No. 895m/RR). The Authors arc grateful to the NRC Laboratory of Photo- 
chemistry and High Energy Radiations, Rologna, for pumission to use the I%rkin-Elmer 225 I.R. 
sp&rophotomctcr. 
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SWnmaIT-MeaS ummentsonchitosm,whichisusedasaselectivc 
chromatographic w in inorganic chromatography, show that 
its moiecuiar wuight IS 1.2 x IW, the nitrogen content is 7.4%. and 
its crystaiiinc structum is not lost after 

adszpu 
‘on of metal ions, which 

areco+rdmatedwiththenitrogcnatoms the-NH,grouI~ofthe 
polymer. Chitosan treated with copper @hate exhibits a new crystal 
smtctumandadistmctivein&aredspsumm,isquitestablcanddoes 
not shrink, and is propo& as a chromatographic support for llgand- 
=ha~ chromstograpby. 

zllsaWr&aM--_~ an chitosan, das als selektivw chro- 
matographischer TrQcr bei der 
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sind mit den Stickstotfatomen dcr 
koordinicrt. Mit Kupfcrsulfat b&an 
KristaEstrukturundoinalldsras 
scbrumpftnidltundwirdals 
danausta~tographfc Y 

il ast tout a 
0 strwt~re cristalline et un spar&c i&a-rouga partblier, 
fait stabi et w se contracta pas, et on le,propusc uumnc 

~2 ~hique pour la chromatographm d&change da 
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AL3iUlpbItOB e detector for gaqbme v, 
tmdagtltemsrwrerncntof-~~veponer 

(Received 10 December 1911. Acceptd 8 February 1972) 

‘Ike m vokuns of work 

or when using a pal chromator, of datauing and de&r&&g all tba spa&s dutud from tha cohu~, 
with only one samp E* @action. A nondastructiva, non-&active dauxtorsucb as the katharomatar, 
p&do~ tbs c&mn and the di&aga, would incraasa the amount of m apparatus and 

This con&niation describes a non-sakctive datector which can bo used simultanaously with the 
emissive detector. Tha detector responds to nanogram quantities of ail substances tested and requiras 
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only a simple modiition to the retkcted-power meter associated with the usual microwave power 
supply. 

EXPERIMENTAL 
Thesystemuscdisinpriaciplethesameasthatdesgibed~o~~u~tthataBaclcmPnDU 

monochromator replaced the Hilger and Watts D292 monochromator. 
An Evans Electroselenium Limited (EEL) model 245 microwave generator was used as the micro- 

wavcpowersupply. Themethodofdet~nconsistedofmeasuriagtlaechangginthenaacted 
microwave power produced by the chromatograpllic &tent entering tbe microwave discharge. The 
EEL 245 generator is ideally suited in this respect because it contains a built-in ret&ted-power 
meter and also the magnetron power supply is current-stabilized, which reduces tbe background 
noise. The output of the mfkcted-power meter was co-, oia a coaxial cable and a backing-off 
system to a multhmge Servo scribe recorder (see Fig. 1). A damping capacitor (40 BF) wasconnected 
~~thtncordaterminalsto~theshort-~noiseontbebackgoundsigul. 

FIQ. I.--lzqmhnmtal arrangement. 
Mg-magnetron valve, D-dimtional coupler, C-cavity, B-column, S-silk tube, 
M-meter, E-EEL microwave generotor, V--45-V battery, R-variable resistance (up 

to 1 MD), P-10 K potentiometer, SK-kkscribe recorder. 

undsignalofcu2OOmVwas 
so that it could be displayed 

onthel0-mVra.n oftherocordaaabaselinewithadriftofleJsth+n3mV/hrandalownoise~l 
was obtained. v$ hen an &ate passed through the discluq, the microwave power was coupled 
more &Iciently, dozasing the rektul power and thus producing a sign1 neak. 

The systeni conditions-were opthni& by using !5-~l‘injectio6 of a’ m&m of 2.12% propene 
and l-25 % n-butene in nitroaen into a l-m Poranak S column at 150’. The effect of microwave wwer 
variation &en using an arg& flow-rate of 35 i/hr is shown in Fi 
and nitrop at the same flow-rate on a 3-m molecular sieve co umn 7 

.2. together with those for-o&& 

obtainable from the microwave generator is limited to 90 W). 
at 25” (the maximum power 

background was also m 
The variation in the r&cted-power 

and found to be linear with respect to applied power. The variation 
of noise proved di@ult to measure acourately, as signal detectmn was variable and limited by drift. 
Hti~w;;i no appreoiable iacrrpseinnoisewasfoundathi~apowasand9oWwasusedthroughout 

The &ct of variations io flow-rate for the same substances is shown in Figs. 3 and 4. The e&t 
of flow-rate changes is considerab~ and is cu. twice as great as for the missive system alone (Fig. 4). 
However, the background drift was found to increase at slower flow-rates, probably as a result of 
mcmased instability in the flow-rate. Hence a non-optimum, but convenient, flow-rate of 3.5 l&r 
was used for the sensitivity studies. 

The retlected power detector could be used simultaneously with, and independently of, the anissive 
detector described in previous studies. Hence the method chosen to measure the ranges of linearity 
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Fxo. z-Tim act of microwave power on dcta?tor raapcwre. 
O-Oxy@m; x-nitro~; Cl-propem; A-n-butane. 

response against that of the emirrive detector. 
From these results the approxhW8 limits of detection were cstio&ed and standafd s01uti0~1~ of 

approximately these cmcentratim were made up and used to obtain more accurate f$ures. The 

0 5 

Flow rate, L/hr 
IO 

ho. 3.-The effect of flow rate on detector response. 
a--Propcne; A-n-b&no; 04xygen; X--nitrogen. 
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03 

Flow de -’ Whr 

Fb3. 4.-The variation of dector response with xX%@mad of flow rate. 
O--oxYgw x--nitrogsn; o-prop=; A-n-butenc; +-prope,withm 

of atomic carbon emission at 247.9 lull. 

RESULTS AND DISCUSSION 

Acetone 
Diethyl ether 
Ethanol 
Isopropanol 
*Propall 
Tolucne 
Ethyl iodide 
Carbon tetrachloridc 
Chloroform 
n-Propyl bromide 
Methyl cyanide 
Thiolhl 

CUlUmll 

F 
P 

Pp 

: 
C 
c 

Retention time, 
min 

2.96 
3.25 
1.92 
3.93 
5.66 
2.91 
0.92 
1.25 
1.05 
0.90 
0.33 
1.30 

Range of linearity,* 
VI= 

2-1000 
2-1000 
2-1000 
2-1000 
2-1000 
2-m 

2-1000 
2-1000 
2-1000 
2-loo0 
2-1000 

C - 0.7-m Chromosorb 101 column. 
P - l-m Porapak S column. 
Both columns were wed at 150°C with an argon flow-rate of 3.6 l./hr. 
* Approximate values. 

10 
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125 - 

100 - 

h 
x 

5 

!i 

E 
0 
= 
e 

z so- 
,o 
A? 
at 
0 
P 

Peak height, carbon emission 

ho. S.--Thsrdative rcspow~~~_. dwctor and the MVO 

+-Ethyl iodide; o-m&ylcyanide; x-tolue~; n-atrbon w; A+_ 
propyl bromide. 

Gas 

oxygtn 
Nitrogen 
H&hull 
HYdrosen 
Carbon monoxide 
Carbnn dioxide 
Nitrous oxide 
Methane 
Ethylene 
propylene 
II-EUtUlC 

TCXXlpWatluW 
Y! cohunIl 

Retention time, 
min 

Limit of &tectlon, 
WlM 

2!5 
2s 
25 
25 
50 
50 
50 
50 

1:: 
150 

1.15 
1.35 
1.00 
I.03 
2.02 
0.73 
1-25 
0.30 
1.21 
0.52 
I.01 

ti 

::; 
2.4 
1.0 
0.9 
0.9 
1.1 

M - 3-m Mokcular Sieve column. 
P - l-m Porapak column. 

The limits of detection and ranges of linearity obtained for the organic compounds and gases arc 
shown in Tables I and II. A comparison with the unissive detector is shown in Fig. 5. The ran 

cf linearity was greater than 500 for all the compounds investigated except ethyl iodide which was a ut 
100. The limits of detection for all compounds 
quantities, and the detector exhibited a particularly 

quite similar, that is IlamYgram 
g o 

to hydrocarbons. 
hydrogen and to a lesser extent 

No special sensitivity to N, S, 0, I, Cl or Br compounds was found. The limits of 
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detection for organic compounds were cu. 10-20 times poorer than those for carbon emission measure- 
ments with the emissive detector.’ However, the limits of detection for helium, hydrogen, oxygen and 
water are superior to those obtained by emission measurement.~~* 

Deportment of Chemistry R. M. DAONALL 
Imperkzl Col&ge, London S. W.7. M. D. SIL~~TER 

T. S. Wasp 
P. WHnuuEAn 

F-i-A non-selective detector is described which can be used in 
conjunction with the microwawexcited emissive argon plasma detec- 
tor. The mode of operation is based on the measurement of re5ected 
power and its use is demonstrated with respect to a ran 
vapours and pumanent gases. The limit of detection or nearly all the tge 

of component 

species investigated is in the nanogram range and the detector 
responded to a5 compounds examined. 

BEin nichtselelaiva Detektor wird beschrkben, 
der in Verbmdung mit dem mikrowekn-ermgten Argon-plasma; 
Emission&tektor vexwendet werden harm. Die Arbeitsweise beruht 
auf der Messung der m5ektkrten Leistung; die Verwendung des 
Detektors wird an wm&&ksw Dlimpsen und permanenten Oasen 
demonstriert. DieNachw&gmnze fur fast ahe untersuchten speaks 
liegt im Nanogrammberekh; der Detektor sprach auf age unter- 
suchten Verbindungen an. 

ar6ponduBtouslescompos&sexami&. 
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THE corwtnuwrro~ describes the analytical appkations of cxqain organic compounds pr 
reagentsfortheaek&eduectkmofbkmluhfJH): is0 
monosulphide (It), eosin (HI) and Ep”f” 

ocyatuc acid (I), tetraethy thi2 “p”d 
mercurochrome(lV). osinand 

5uorescent colour reactions with iron( 
-omealsogiveuseful 
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Br Br 

RcrplhcnrJ 

rr 
t&qwk ~~~~ (A). A 5 % w/v solution in cane. au@- acid. I was obtained by 

the tza and Conkiinc method.” 
Tetruethyitti mono+#h sdiuion (B). A 5 % w/v soh~tiun ‘ti -ona (pmpared by diluHng 

20 ml of 25 % w/v 1.c.L medicinal grade ‘?ktmoWl’* sohltion to 100 ml with acetone). 
Z&&t $&&&a (C). A 03 % w/v solution of the disodh~ salt in water. 
Mevcwuchnra dution (0). A 0.3 % w/v solution of the d&odium salt in water. 

pr@ci?dures 
ii&tt#h with twpcnhioc 

F 
add. Place2dropsof2%putassimniodidas&tiunonospot 

plats, mix with it 1 drop o solution A, add 1 drop of test solution and again stir. Bismuth gives a 
deep red or h~tensely reddish-om~ precipitate. 

Limit o 
mutl 

ahctbn: 1 pg of bismuth: limit of diiutkm: 1 :SO,OOO. 
w&/t te:rwh Itliicrram t?ewaw@&ie. To 2 ml of 2% potasshun iodide solution add 5 

~~~h~oa B, foIi&cd by l--2 ml of the test so@ion (containing S-10 pg of bismuth). A 
q prc+ap$ate mdxatsll baun+$ 

of potassium lodl 
SomcQmcs,~gencral~y m pnsence of large excess 

, a transxcnt biood-red preqntate forms w&h withm seconds become; mtan@y 
reddish~. 

iWnnth with eavia or mercurochrome. To 2 ml of ac4dic test solution (containing >200 fig of 
bismuth) add 2-3 drops of solution C or D, and about 1 ml of WK. ammoaia solution. A heavy, 
bright deep ph& or n&i.sh-pink pncipitata indicates bismuth. 

Iron with eosin or mercurochrome. To l-2 ml of the test solution, add 3-6 drops of SOhdOil 



CorD,andl-2mlofconc. ammonia solution and shake the mixture thoroughly. In presence of 
iron(E) a brownish-omngc or 

RESULTS AND DISCUSSION 

2% nature of products In the tests with I and II 
I and IC.likc many othr nitrogeneous organic bases,.react with biiuth in presence of potassium 

iodide to form coloured oroducts (double iodides) of ucnaral formula Bil.. base. HI. which mav be 
regarded as salts of the b&c with iohobismutbic acid, I&&J. 
of the “acifl 

The literat& contains~many examples 
~TofI,butonlyafew~~ofits”~cbrracter~)uumn.’ Thetest 

for bismuth with I is an additional and unambiguous proof of its basic nature <cJ cin&o&c, quinine. 
quinoline. et& 

The bith teats with I and lI am also specific for iodide. Nitrites, as usual, cause interference. 

The nature of p&ts in tests with Ill and IV 

The charactslistic c&uml 
g of the dyes with the bismuth hy 

roducts in the bismuth test are likely to be %lsorption complexes” 
oxide formed on addition of the ammonia, However, thatammonia 

may be involved in the constitution of the adso+ion co 
test fails if sodium hydroxids is used in place of ammonia. % 

lexas is indicated by the fact that the 
CgreentbiiXtWB’ 

. . 

is also presumed to be an “a&orptkm complex”. This is amfirm& bythafactt&~~~~ 
is obtained when a susp&on of frashly pw ferrous hydroxide [produced by treating an iron@) 
solution with ammonia or sodium hydroxtde] in water is mixed and shaken with a little cosin or 
mcrcurcchrome solution. 

Depmtment of Chemistry 
V.S.S.D. CoUqe 
hkt#Wl-2, India 

G. S. JOEAR 

-IF acid &amino-s4hionE-1,2+dithia?&) 
0,-y uram (,-‘I 0, eu& om), 
and e (i-?Ezz88 Be-w qualitative Ec6lpe for 
bismuth. III and IV am also used for detection of iron(E). A cont. 
sulphuric acid rohstion of I, or an acetone solution of IL, whea treated 
with bismuth in presence of potassium iodide, gives a deep red or 
reddish-orange pmcipitatc. characteristic of bismuth. Bismuth in 
presence of iir & IV’givcs a heavy and chamcmrkticaily bri 

ph pink precipitate on addition of ammonia. With I. 1 rg o 
t deep- 

bismuth 
may be detected with a dilution limit of 1:50,000. SbtUl) and AsfEE 
do not interfere in any of these tests. Iodidcs interfere only when I and 
II are used as reaaents. Pb. 0. and Fe0 interfere with III and 
IV. I and II are &o prop&d as ‘reagents for iodide; nitrites would 
intcrfem. III and IV, with iron on addition of ammonia, produce 
a precipitate with highly intense gracn fluoresa~e. No other common 
cation [including Fe(m)] or anion interferes. The limit of detection is 
3 Pglml. 

Z~Isosupcrthiocytiure (3-Amino-S-Thion-1,2,4- 
Dithiazol) (I), Tetra&lthiuram Monosulphid (‘“fetmosol”) (II), 
Eosin (Ill) und Mercurochrom (lV) we&n als ncue qualitative 
Rc+n&n fUr Wismuth bcnutzt. IIl und IV we&n such zur Fest- 
stcihmg von Eisen(lI) bcnutzt. Eii konz. Schwefelsiiurel6sung von 
I odcr einc AcctonRkxmg von II ergiit eincn tiefroten oder rotlich- 
orangencn, ftlr Wismuth charakteristiscbcn Niedcmchlag, wum mit 
Wismuth in Ciegcnwart von Raliumjodid behandelt. Wiiuth gibt bei 
Vorhandenscin von III odcr IV einen schwcrcn und bei Zuaabc von 
Ammo&k charakteristischcn gl&nmndcn, tiefrosa Ni&rs&ag. Bei 
I kann kann bei eincm Verdiinnungsgrcnzwut von 1: SO,00 1 rg von 
Wismuth entdeckt werden. Sb(lE) und As(lE) storen in kcincm dicscr 
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Teste. Jodidc &&on nut, wenn I und II ala Reagens bcnutzt we&n. 
Pb,Cu@)undFc(llI)st6&nmitIIIundIVI. undIIwcrdanaucbals 
Reagena fIir Jodid vorg~: Niiatc w&den sicb st&end aus- 
wirken. III und IV, mit Eiscn(II) und Zusatz voa Ammonia pro- 
duziercn eincn Ni&rscMag mit s&r intcnsivcr Fluowzenz Kcin 
atdues gcwt%nkhes Kation (ebwbliwlicb Fe(IU)) oder Anion St&t. 
Dcr Grenzwert f&r Feststellung ist 3 @III. 

tat& du b&mutb. III at IV sent aussi utilisds pour la d&c&ion du 

addition d’ammo&que.- Avcc I, on t d&c&r 1 pg de bismuth a& 
unelimitc6diMonde1:50ooo. bmf)etAsfIInM&nentdans r 
aufxndecesamais. 
utiwacomm4~s. Fb,Cu 

s&em&t Idrsque’i et II sent 
Iet 
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ANALYTICAL DATA 

Polvoenphy of Cd-mnlon8Wxalate con@kx 

(Recekd 18 November 1971. Accspted 26 January 1972) 

Lnne attention has been paid to the polarographlc study of mixed ligand vlexes. Schaap 
and M&asters1 were the 5rst to provide a logical extension of the method of DeFord and Home* 
for the study of sufzh mixed specks. 
complexes of cadmium. 

we have applied their method to the study of malonate-oxalate 

SlnceCd’+forms- compkes with oxalate and nmlonate lndlviduillly~* them 
canbeattttlmemixed~~,~3,Cd(XY)andCd(XIY). 

M + iX +jY # MX;Y, 

The DeFord and Hume rxpnssion for F&Q may be extended to give a new function Fn: 

mx Y) = mtilog~~& + log;] 

wlme the symbols have their usual si-. 
From Leden’s approach’ 

F&,Y)=A+BIXJ+ClXl’+DlXl’ 

Thcorigblgraphidmethodnmybea liedtoF,iftheactlvityofoneofthellgandsisheld 
constantwhlkthatoftheotherlsvaried. z* 
A, and 

mterceptontheF,axisintheplotofF,rrs. [xlgives 

FxQ=FII-A 
[xl 

-B+CtXl+D[XP 

ByasimllarplottingofF,,os. ~,Blsobtaln&,andthenCandDbylteratlon. 
From the knowledge of C, the mixed stablllty constant /3,, may be adculated. In order to deter- 

mine g,, and @,,, B must be evaluated at two cohcGntrations of Y. 

EXPERIMENTAL 
All reagents were of 

usal as cumpkxing agents. 
strength constant at 2-l. A 0604 3/. @atin solution was used to suppreu maxiaxa. 
made up in conductivity water. The experimental technique was the same as dca&bed ear&r.’ 

RESULTS AND DISCUSSION 
C%oxakte sysrrm 

The stability constants were determined by the DeFord and Hume method at pH 7-O and 27 f lo. 
They were log B1 = 2.90, log #?I = 4.00, lo B, = 
Schaap and McMasters,’ considering the d d 

508, which agree well with those obtained by 
erence in ionic strengths used. 

Cd-malonate system 

Under the same conditions the stability constants were found to be log p1 = l-63, log pa = 2.36, 
1% B8 = 340 which agree well with those obtained earlier.” 
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The mi&d C&makmate+xa&te system 
The c4nlantration of oxalate was varied while that of the malonate was kept constant, two 

different values of [MalJ being used, intentionally chosen so that the simple Cd-malonate complex 
would contain pr&m&antly one or two malonate ions. 

Solutions containing 6 x 10-Q.f Cd *+, 0*1524M Mal*- and enough potassium nitrate to make 
and 27’, were polarographed at various oxalate concentrations. In each case a 
ditTuaio~~-co~ wave w01 obtphtsd. Tb @a of E OS. log i/(ia - i) were 

linear with sbpc of 32 f 1 mV, sbowiq that the two-electron reduction is reversible. The half-wave 
tentiak 

F” 
-0 more negative with muease in oxalate concentration, indicating mixed complex 

onnation. The mt was repeat& with a malonate conoemmtion of 02286M. 
The plots of E,,, 03. log Cx may be interpreted as thme straight lines, showing succu&=e addition 

of oxalate ioaq one in the oxakte oonowltration 
7 

0*0&@14M, the second in the concentration 
range @1_28Mand the third at concentrations > 28M. 

Ths~A,B,C~D~svliuaOsdasdeaaikdabovqondfromC,log~,,of~~l~ 
Cd(Gx),(Mal) was found to be 4.96. 

Both values of log D (512,510) agme with that of log /?* (5.07) for the simpk Cd-oxalate compkx. 

Acknowl ara due to Prof. R. C. Mehrotm, Head of 
~laboratoryfacilitias. Gmoft&authors(S.C.K.)istha&iX 
of a fellowship. s. c. KHUMNA 
chem&al L&w~oriL?a C. M. GUPTA 
univer$ity OfRajasthan 
Ja@r-4, India 

&luaary-The composition and stablllty constants of mixed malonate 
oxalatecompkxesofcadmiumhavebeendetem&d 
tally. 

polarographi- 
The logarithms of the stability constants of complexes Cd(Gx) 

(Ma&, Cd(Gx)(Mal). sod Cd(Gx)&Ial) were found to be 3.57.3.86 rt 
0.05 and 4.99 & PlO respectively. 

R&um&Gnad&rmin& 
coostantesda&&ilit6 

uement la composition et ks 
makmate-oxalate du 

cadmium. Ona descolutantesdestabi&4 
Ma9, et Cd@xh(_Mal) sent 

respectivement de 3,57; 3,86 f 0.05 et 499 & 410. 
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Fomtatlon of nickel, cobalt, manganese and cadmimn fewcyanides 

(Received 23 November 1971. Accepted 27 December 1971) 

A sysrw~nc STUDY has been made of hexacyanoferra&(II), in order to verify the relationship 
between the proper&s of the metal ion acting as precipitating agent (ionic dimensions, charge, etc) 
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and the nature of the compounds formed on interaction with potassium feelJ The interest 
arises because of the variety of stoichiometric behaviour which can been achieved by the regcting 
system, in dependence upon the actuai reaction conditions. 

Tbe anion Fe(CN),c forms a number of compounds with a variety of metals.* These species have 
sped& colours, low solubility in water and sometirms a marked tendency to produce colioids. As a 
consequence ferrocyanide is often used in the identification of some cationic spa&& as weii as in the 
emxhment of trace dements.*~~ Some authors propose using this reagent quantitativeiy ‘-lo but 
non-reproduciile results are easiiy obtained because of the variety of factors invohvd in the reaction 
with a metal ion.‘** It is therefore IlcccssIuy to know the nature of the products formed under the 
various enper&ntai conditions. 

The types of ferrocyanides formed in solution depend largeiy on the conc@rations of the re- 
agents; the existence of both “normal” and “mixed” ferrocyanides (the latter contain a univalent 
cation such as K+, Rb+, Cs+, Ti+, NH,+ in constant ratio to the other cation) is known from the 
literature.lJ-l* 

A systematic investigation1 of the reaction of ferrocyanide with Cu’+, ZII’+, Pb’+ and Ag+ has 
established the 

“rp”“” 
tal conditions for formation of M,Fe(CN), and iC&[Fe(CN)& for Cu, 

Zn and Pb and o A&Fe(CN), and KAgrFe(CN),. The theory has also been ‘VW. 
The present investigation studies simiiariy the systems formed by lC,Fe( & with Nit+, Co*+ , 

Mn’+ and CdH. which are known to form various ferrocyanides.10~11~1~-17 

EXPERIMENTAL 

The potsntiwzetric methods described earlier’ were used, and the pmcipitaW were analysed for 
metal content by atomic-a bsorption spectrophotometry. 
ized by EDTA titration @mnpos~ 

The cation reagent solutions were standard- 
~0s also checked spectrophotometrically as permanganate). 

The potassium ferrocyanide solution was standardized potentiometrically with zinc. 

RESULTS 

Results for the compiexes are summa&ed in Tabk I. 
of the reactions and indicates the anaiyticai possibiiities. 

Table II gives results for the stoichiometry 

TABLE I.-Co~~rzxes KWND IN THE REACH~N BFIH~EEN K;Fe(cN), and NiO, Coo. 
Mn(II) AND Cd@). 

System T&and Formula PM inOJMK+medium 

49-3.6 
32-1.6 

4.3-3.9 
34-2.8 
2.3-l -6 

4.4-24 
19-1.5 

44-3.4 
3.1-2.6 
2.3-l -6 

36-2.8 
2.4 
3.1 

35-1.4 
3.0-l-4 
4.3-1.6 

KS Co Fe(CN), 

* Studied at 70” because of slow equilibration of potentials at low temperature. 
t Formed in two steps, CdtFe(CN), being formed first. 



Titrand* T&ant Molar ratio 
Pm@k P@Jh IMYCFe(CNV-I Formula 

Found Error 
/uRole % 

NitIf) 

iiLl 
FGW- 
25 
175 
200 
co(n) 

;: 
Fe(cN),‘- 
12.5 
75 

k&Ix) 
99 
147 
742 
F@SNV- 

g 
cd(n) 
15.4 
231 
;$Nv- . 
522 

f;ym’- . 
66.8 
MO 
37.5 
232 
264.6 
FticN),‘- 
99.7 
169 

99.1 
163 
Fa(cN),‘- 
65 
99 
6125 
Mn(II) 
6162 

:z&- 
13.34 
202 
cd@) 
29.3 
598.3 

3:2 
3:2 

3:2 
4:3 
4:3 

3:2 
3:2 

:;: 

4:3 

3:2 

;;; 

6:s 
6:5 

8:7 
8~7 

8:7 
8:7 

49 
100.2 

-2 
f0.2 

259 
174 
198.4 

-:.6 
-0.8 

1496 -0.3 
2533 +1*4 

12.53 +e2 
743 -0.9 

122.3 +0.2 

973 
148.5 
735 

513 
745 

-1.8 
+1*0 
-0.9 

+2*6 
-0.7 

15.2 
230.9 

-1.3 
0 

-19 
f&3 

l In loo ml of aoIution. 

solubilirypKhfllct$ fmd the-c formation fMcrioru 
I& values wemobtaii by conductivity meaa urcmcnts on saturated soIution8 ftw from oxygen 

and carbon dioxide 
‘~~at?bmd25”anreo~~froa~~~data; valucaat30°, 

for K,,Co,~~(CNl,l, and K,CoFe(CN), @acause of their easy alteration). 
Equivalent limiting con 
35’ and 45” were obtained by Walden’s rule.‘* 

EnthaIpiw for the Ni(II) and Co(n) complexes were calculated from 

assuming that the 

[q] at 25”. 

between 20 and 30” may bo identikd with 

For the kn(Il) and Cd@) compk!xea, for which the K,, values am available at tbrec tempera- 
tura, the following rclationsbips were obtained by the least-squares method:” 

AGP - -40.28 - 249 x 10-l (AZ”) + 5.7 x lO+ (AT)’ for K,MnJFe(CN)J. 

AG, = -88.08 - 0.086 (AT’) - 60 x 10-n (AT)’ for K,Mn,[Fe(CN).], 

AG, = -18.34 + &165 (AT) - 7.3 x XI-* (AT)’ for Cd,Fe(CN), 

ACT = -165.1 + 3 x IO-* (A?“) for K,,CdJFe(CN)J, 

Though the use of temperature coefkicnts is sometime advised** for evaluating heats and entropies 
of formation from tbc logarithm of the stability constants, in tbk case we have obtained an unlikely 
dependence of AH on tun 

dp” 
tun for the complexes KI~~~[F~OW,. &MndIWcrr),ls and 

CdlFe(CN),. This may be uc to a limited validity of the expressions derived from only tbrcc points 
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or the large multiplication of experimental error arising from the complexity of the compounds. 
We think that the best vahtes for obtaining AH and AS are those at 35 , first because they are the 
ones least a&ted by limiting conditions and secondly because they are in agmement with the values 
obtained by two other methods. The results show that the -AH sequence of a < 6 < da expected 
for stabilization due to the ligand field*“,P1 is observed for every value of AH for K,MJFe(CN),], 
obtained from the equations written above. 

The results are summan ‘zcd in Table III. 

TU 111.-K,,, AGo* AH0 AND As0 VALUES 

Formula 
Solubility, ’ AQ* AH’. &r;:k’ 

Temp. “C M KE, kcal~mole kcaal~mde K-1 

%~IWcN),L 

CddWWo 

20 670 x 10-a 2.6 x lo-” 
30 1.45 x lo-* 5.0 x 10-J’ 

20 1.31 x 10-s 35 x 1o4* 
20 670 x 10-e 2.5 x lo-“’ 
20 4.46 x lO+ 15 x lo-‘* 
:: 6.05 1.88 x x lo-’ lo-’ 1.9 1.3 x x lo-“’ lo-” 

30 2.83 x lo-’ 1.7 x 104’ 
25 254 x lo-‘ 2.9 x la-‘@ 
35 2.21 x lo-‘ 1.1 x lo”0 
45 254 x lo-‘ 2.9 x lo-*O 
25 6.18 x 10-b 26 x lO-6” 
35 7.0 x 10-S 2.8 x lo-‘* 
45 720 x lo-‘ 4.7 x 10-u 
:z 2.07 4.76 x x 1O-6 IO-” 43 3.6 x x 10-l’ 10-l’ 

45 4.82 x lO-6 4*5 x 10-a 

z 610 350 x x lo-‘ 10-6 8.9 2.4 x x 10-1” lo-“’ 
45 6.90 x IO-‘ 5.3 x lo-i’* 

-45.1 
-43.2 -99.8 

-63.4 - 
-152 - 
-37.3 
-35.9 - 77.6 

-61.3 
-60.5 -84.7 

-40.3 
-42.2 -062 
-43 
--8&l 
-89.5 -261 
-92.2 
-18.3 
-17.4 -23 
-18 
-165 
-164 -173 
-165 

-0.19 

- 

-0.137 

-0.08 

+0*135 

+0206 

+0+19 

-0.03 

Con&fsions 

The stability (AC”) of these ferrocyanides in the sequence Zn > Cu > Ni > Mn - Co leads to 
the disaspearancs ofaimple forms such as MsFe(CN),, mixed spac& containing aome K+ appearing. 
The complex K,M,fFe(CN)& has probably some peculiarly stable stru&uai properties, since its 
existence has been found in all the systems investigated. 

Acknowlu(qcmml--ThtP work was partially supported by the, Consiglio NazkmaR delle Ricer&e 
and was preset& at the C.N.R. meeting l ‘Metodologie Analitiche, equilibri in soluaione e termodin- 
amica &mica,” Rome (Italy). l-3 December 1%9. 

Imtitute of Analytical Chemistty Amos BBLLOMO 
University of Messina -a DE MARCO 
Messha, Itaiy AGAIINO CASTLE 

Summary-Potentiometric and solubility studies have been made of 
the femxyanides of nickel, cobalt, manganeHII1 and cadmium both 
in the presence and absence of potassium. The K,s, AGo, AH0 and 
AS” values are mported. 

-g-Es wurden potentiometrische und L&barkeits- 
untersuchungen an Qanekenverbindungen van Zink, KuppferfII), 
Nickel, Mangan II und Kobalt II sowohl mit uod ohne Vorhandensein 
von Kalium vorgenommen. Es werden die k;,,, AG”, An” und As” 
werteangeguben. 
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maddanodath - of 293-q&o-1 

(Received 20 Jorwrry 1972. Accqted 20 Febrqv 1972) 

tica tba prqmration of 2,3q&&@ithioI (H,qdt) by Morrison and Furst in 19%: moll)r 
publica~~itara8aananalytiadlwgonthavcappcared.~ lnfbmtacionontbepqertiesofthe 
~tlqelfssaucqh owew, and a8 yet there are no pubii&ed data on the ioaixation constants. 

teva&wd and M attempted to obtain these constants by a spectrophotometric method but 
concludcd~thotthcywmtooclosetobed~bysuchmethoda 

In order fo ratk&kc tha analytical procedures and to predict the optimum working conditions, 
the ioniaation constants of Ii&t have been dewmined by potentiometric titration and volubility 
mcasunmmtJ. 

EXPERIMENTAL 
%ents 

2,3Quinoxa&edithioi. Rqaad as dwaibcd previously‘ and purified by dissolving the crude 
product in sodium hydroxide, under a nitrogen atmosphere, reptwipitating it with ac&c acid. and 
repeat@ the process. The product was dried at 100’ under vacuum. Elemental analysis of the puri- 
ficdmatuialgaveC.49*7%; H,3.3%; N,14.2%; S,32+3%C,&N$,requiresC,49-5%; H,3.1%; 
N, 144%; S. 33.0%. 

by mixing Hedt with the calculated ~~hnne of 4M sodium hydroxide and 

volume of aqueous ethanol, filtering, 
The crude product was pmificd by diilving it in the minimum 
and adding a large cxces~ of diethyl ether. 

orange material was filtered off, washed with ether and dried under vacuum. 
The bright vcllow- 

Elemental analy& of the 
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tica tba prqmration of 2,3q&&@ithioI (H,qdt) by Morrison and Furst in 19%: moll)r 
publica~~itara8aananalytiadlwgonthavcappcared.~ lnfbmtacionontbepqertiesofthe 
~tlqelfssaucqh owew, and a8 yet there are no pubii&ed data on the ioaixation constants. 

teva&wd and M attempted to obtain these constants by a spectrophotometric method but 
concludcd~thotthcywmtooclosetobed~bysuchmethoda 

In order fo ratk&kc tha analytical procedures and to predict the optimum working conditions, 
the ioniaation constants of Ii&t have been dewmined by potentiometric titration and volubility 
mcasunmmtJ. 

EXPERIMENTAL 
%ents 

2,3Quinoxa&edithioi. Rqaad as dwaibcd previously‘ and purified by dissolving the crude 
product in sodium hydroxide, under a nitrogen atmosphere, reptwipitating it with ac&c acid. and 
repeat@ the process. The product was dried at 100’ under vacuum. Elemental analysis of the puri- 
ficdmatuialgaveC.49*7%; H,3.3%; N,14.2%; S,32+3%C,&N$,requiresC,49-5%; H,3.1%; 
N, 144%; S. 33.0%. 

by mixing Hedt with the calculated ~~hnne of 4M sodium hydroxide and 

volume of aqueous ethanol, filtering, 
The crude product was pmificd by diilving it in the minimum 
and adding a large cxces~ of diethyl ether. 

orange material was filtered off, washed with ether and dried under vacuum. 
The bright vcllow- 

Elemental analy& of the 
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disodium salt @hydrate) gave C, 35.2%; H, 3.1%; N, 10.1%; S, 23.3 %; Na, 16.8 %. C,&N,&O,- 
Nas requires C, 350; H, 2.9%; N, 1@2%; S, 23.4%; NO, 168%. 

Perchloric acid. 
carbonate. 

Prepad by dilution of the anaiytical grade acid and standard&d with sodium 

Bufer solutions. For the pH range 3+1@5 buffer ~0111tion~ r~~~maxndcd by Albert and ScrjcanF 
were used, and Walpole buffers’ for the pH range 0.7-3.0. 

Procedure 

Sodium salts of Htqdt (lOO-ml portions of @OOl-O.OlMsohuions) were titrated potentiometrkahy 
at 20” under a nitrogen atmosphere with perchloric acid. The titrations were repeated at 25’ and at 
ionic strength 0.1 (added sodium perchiorate) but no sign&ant ditTerences were observed. 

Solubiiity measuramarts were carried out by preparing saturated solutions of Hqdt in @lM 
sodium chloride and OOOSM buffer, equilibrating them by shakin 
tiherin 

for 3 hr at constant temperature, 

as the Zn(qdt)Js- complex, at pH 10 and 390 nm. f 
,measuringtbepHofthtfiltrateanddetenniningtbsHq tinthetiltrateabsorptiomemcal d * ‘Y 

RESULTS AND DISCUSSION 
The sodium salts are much mom soluble than Hqdt in water, e.g., up to 2iU sohttions of the 

disodium salt can be prepared, and Nasqdt.2HsO provides an excellent form of the analytical reagent 
because of its relative stability. 
imk!atesrhcdibaskcbamcw 

Potentiometric titration of @OlM Na,qdt with perchloric acid dearly 
of the reagent (see Fig. 1). 

The region of the titration curve cormsponding to addition of up to one equivalent of acid was 
used directly to obtain 
I. The mean v&e an B 

Ks by the method of Albert and &r&ant. Typical results are shown in Table 
spread found at 20” were 9.95 f @03. 

pKl could not be obtained diiy because H&t precipitated on addition of more than one 
qmvalent of acid. For this region of the titration curve the method of Dyrsseo and Hock: as de+ 
scribed by Ring.* was therefore used. 
curve correspondin 

By applying the condition of electronewaky to points on the 
to a saturated solution of H 

kq 
dt 

product z = VI+1 *“i 
(see Fig. l), a series of vahres for the solubility 

dr] was obtained. Typlca results are shown in Table IL The mean vahm 

PH 

I I 

I 2 

Equivdents of acid 

FIG. I.-Potentiometric titration of 091M2.3quinoxalinedithiol @sodium salt) with 
0482M perchloric acid (20”). 

0 Bxperhnental points 
0 Pomts calculated for pK, = 6.84 

Quecipitation of Hqdt occurred from pH 8.9 downwards). 



Analytical data 

TILE I.-D BlBRWNATlON OF #, OF ~,%QUlNOXALlNE- 

DITIiIOL FROM m mUnON 01 ITS DIWXBIUM SALT 

AT @OlM CON cENTRATION AND 20” (m: O-48W 
-c ACED) 

qdt*- 
Titrant, prascnt, 

ml PH mmob 

i.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 

10.93 O-9378 
10.75 0.8414 
1050 0.7450 
10.30 06486 
10.10 0.5522 
990 0.4558 
9.73 0.3594 
9.0 0.2609 

-0.79 994 
-0.53 997 
-0.32 9.98 
-0.14 9-96 
+0.03 9.93 
+0.21 994 
+@42 9.92 

PK* 

+ oop - hy&oxyl ion activity. 

TABLE ~.-&3XRMINATTON OF THE SOLUMJTY PRODUCC (&) OF 227 Faobs 
#JIBMIoLBIRIc lTlXA7SON OF ITS DISOWJM SALT AT O.OlM CON cENTRATION MD w (lTWNT: 

o482M PBRciiLumc ACLD) 

Hqdt- titrated, mmele 0.1928 02892 @3856 04020 05784 0.6784 

P=s 10.88 10.89 10-95 10.89 1094 10.88 

and aBmpd found for pK, at 20” wet-a 1091 f 094. Tha sohtbility of ut+&sd H,qdt (SJ, mcasumd 
at 20 , was 72 x 10- M. pK, was calculated by usmg the rciattonshtp 

Kl 9= [H+lWqW _ 5 
[Hsqdtl 6, 

The valut found for pKx was 6-80 & OW. Similar results wera obtained from potcntiomctric 
titration of the monosodhnn salt of H, dt. 

Measuranents of solubilitics in b 9 crad solutions showed that the solubility of Hlqdt remains 
constant in tha pH range @7-5.0 and is equal to S,. Above pH 5 thcra is a ma&cd incream in solubil- 
ity. Solubilitiu in the pH ranga 54-85 wcra used to obtain pKr by the m&hod of Krcbs and Spcak- 
~IU,~ also dascribcd by King: The &avant equation is: 

=pH-pK, 

whera S is tha solubility of Hqdt at a given PH. The pK, value obtained gra * 
was 686 at 20’. Above pH 85 H,qdt becomes cxtrcmciy soluble and the sol Jhrcah 

y by this mathod 
ility m&hod cannot ba 

uxd to d&amine K,. 
s The avcraga v ucs of the constants found in the 

*%* dad asscntiaily as the “mix~’ act 
resent work ara p& = 6.84 and pK, = 9.95. 

“YE$$!arHowcvcr as tha datumma 
mnization constants since activity corraxions 

* tions were car&d out in solutions not stronger than 
O.OlM, tha v&t; of the tbdnnoayaMlic constants may not ba signi6cantly d&rent. The two pK 
values arc sufIi&ntly far apart to be dcuxmincd scquauiaily with good pmcision. 

It can ba conch~dcd that Hsqdt behaves as a d&sic acid and is not itself protonatcd at pH values 
not bciow o=I. Lower pH values wcra not investigated. It would be of in&rest to know whether the 
acid protons arc associated with sulphur or nitrogen atoms. The foilowing cxtrcmc structm~ of 
H,qdt arc possible 
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as well as thiol-thione tautomeric forms .l” The absence of any basic (proton-acceptor) properties in 
H,qdt suggests structum (I) as the most probable. Other work carried out in these laboratories.‘e 
particularly infrared spectroscopic and preparative evidence, supports this view, which has bearing 
on the applications of Hsqdt as an analytical teagent. 
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F~~~odium salts of 2,3quinoxallnedithiol have heen pre- 
pared and used for de&mutation of the acid ionization constants by 
potentiometric titration. The fully protonated form of the reagent was 
used in an alternative determination of the first ionization constant 
by a solubility method. The constants are pK, = 684 f 0=04 and 
PKt = 9.95 f 0=03. 

z s wurdcn Natium Salae von 2$Chinoxalin- 
dithiol vorbemitet und zur Ermittlung der S8ureionisationskonstanten 
durch potentiometrische Titrierung benutzt. Dii vollig protonierte 
Form des Reagenz wurde mit einem L&lichkeitsverfahren in einer 
anderen Featstellung der ersten Ionisationskonstante venvandt. Die 
Konstanten sind p& - 684 f 0,04 und pKs = 9,95 f 0,03. 

R&m&-Gn a prepare les sels de sodium du 2.3 uinoxahnedithlol 
et les a utiIi& pour la d&ermination des constantcs I** tonisation acides 
par titrage potentiom&rique, On a utilis6 la forme totalement proton& 
du rdactif dans une autre posaibilit6 de d&uminatlon de la constante 
de pmmiixe ionisation par une m6thode de solubilitd. Les constantea 
sont p& = 6,84 & 0,04 et pK, - 9,95 f 0.03. 
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Summary-A review of the developments during the period 1965-70 
in use of heteropoly acid salts, ferrocyanides and synthetic zeolites 
as ion-exchangers. 

IN PART I1 the ion-exchange properties of hydrous oxides and acidic salts of multi- 
valent metals were described. In this part the progress made during the period 1965- 
1970 in studying the exchange properties of heteropoly acid salts, insoluble ferrocya- 
nides, synthetic aluminosilicates and certain other substances will be reviewed. 

SALTS OF HETEROPOLY ACIDS 

The parent acids of the compounds considered in this section are the IZheteropoly 
acids of the general formula H,XY,,O,,-nH,O (m = 3, 4, 5), where X may be 
phosphorus, arsenic, silicon, germanium, and boron, and Y different elements such 
as molybdenum, tungsten, and vanadium. The basic physicochemical and ion- 
exchange properties of these compounds have been widely described in many earlier 
papers and surveyed in the book by AmphIett. 2 The emphasis during the last five 
years has been on the applications of these compounds, especially the lZmolyb- 
dophosphates. 

Molybdophosphates 

12-Molybdophosphates (MP) of the alkali metals and NHa+, prepared by 
metathesis in acid solutions, are salts with base-equivalent ranging from l-82 to 
2.48 per mole. Nearly neutral salts with base-equivalents of 2.9 are prepared by 
neutralization. The salts of bivalent metals have base-equivalents varying from 2.68 
to 3.10. All compounds examined, although non-stoichiometric, are true compounds 
with the water content generally lower for the alkali metal salts than for the bivalent 
metal salts and their thermal stability follows the order Rb > Cs > K > Na > Li.s 
Anhydrous salts of MP with pyridinium, lutidinium and collidinium cations have been 
described. These salts proved worse exchangers than the corresponding tungsto- 
phosphates.4 Tungstophosphates retained 2H,O of crystallization after drying at 
150”, whereas MP and tungstosilicates became anhydrous. 

Like inorganic tungstophosphates all the MP form normal (X,MP) and acidic 

* Part I-Talanfa, 1972,19,219. 
end of this issue. 
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(X,HMP) salts, but no diacidic (XH,MP) salts. The main factor influencing the 
formation of normal or acid insoluble MP is the original X:Y ratio. The effect of 
hydrogen ions is of secondary importance, but is more decisive for tungstophosphate 
formation.6 The following salts of MP were prepared:5 Tl,MP, Tl,HMP, Cs,MP, 
Cs,HMP, RbaMP, Rb,HMP, (NHJ,MP, (NH,),HMP, K,MP, K,HMP, Hg,MP, 
and AgsMP. The rate of Cs+ and Rb+ exchange in Tl,MP is slower than with the 
NH,+ analogue,6 and because thallium is bound more firmly than the proton the 
exchange is between the alkali metal and hydrogen ions. Caesium is adsorbed more 
easily than rubidium. Highest separation factors for caesium from rubidium were 
found on Tl,HMP. The presence of thallium in the solution substantially depressed 
the caesium adsorption. 6 The preparation and properties of alkali metal salts of 
MP have been reviewed by Thistlethwaite.’ 

Ammonium molybdophosphate. Ammonium molybdophosphate (AMP) was the 
first MP salt to be used for practical separations and to be the subject of basic adsorp- 
tion and physicochemical studies. 

The preparation and properties of neutral and acid salts of (NH,),PMo,,O,, 
and (NH&,HPMo,,O, have been described in detail by Healy5 and Krtil.s Coarse 
AMP which allowed adequate flow-rates in large-scale columns without the need of 
carriers was prepared by Smit* by direct conversion of 1Zmolybdophosphoric acid into 
the ammonium salts. Rapid, irreversible, exchange of NH4+ for Hf occurs in the 
solid and the conversion is accompanied by a phase transition. Each particle of the 
product consists of a stable agglomerate of microcrystals of about 1 ,um diameter. 
The porosity permits a high rate of exchange.* 

The capacity of AMP for caesium was found to be 1.0 meq/g and corresponds to 
the formation of Cs,NH,MP. Caesium is more easily adsorbed by the normal than 
the acidic ammonium salts. On the acidic salts caesium is exchanged only for protons 
at higher acidities. 6 The exchange of caesium for the first equivalent of ammonium 
ion is easier, than that for the second. Smaller alkali metal cations are exchanged as 
partially hydrated ions. s Coetzees studied the sorption properties of AMP by the 
column chromatography method. However, the saturation capacities had no 
direct relation to the stoichiometric exchange of one or two equivalents of NH,+. 
Ammonium ions lowered strongly the sorption of Li+, Na+, K+ and H,O+ but only a 
small effect on the Rb+, Csf and Tl+ exchange was observed. The following affinity 
series was derived: Cs+ = Tlf > Rb+ > Agt > K+ > H,O+ > Na+ > Li+. The 
bonds between Tl+, Ag+ and the molybdophosphate anion are supposed to be partially 
covalent, because the adsorption of Ag+ and Tl+ was much higher than that of alkali 
metal ions of the same size. 

The sorption behaviour of UOZ2+ on AMP was studied under static conditions as a 
function of the HNO,, H&30,, NH,NO, and UOZ2f concentration. The UO,OH+ 
cation was proved to be adsorbed at low acidities .l” The thorium (IV) adsorption 
was examined in HNO, and H,SO, solutions of various concentrations. Linear log 
& vs. log [H+] plots of different slopes were obtained, depending upon ammonium 
ion and proton concentration. l1 The Th4+-NH4+ exchange is controlled by the law of 
mass action and the mechanism was proved to be ion-exchange except for the acidity 
range <O*OlM, where the adsorption process was complicated by hydrolysis. Partial 
irreversibility of Th4+ adsorption and relatively slow adsorption kinetics were ascribed 
to the probable formation of a Th4+-heteropoly-anion complex.ll 

Practical AMP applications are of great interest. AMP has been applied for the 
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concentration and purilication of caesium-137 to give spectrally pure y-sourc@ 
and for the determination of caesium in rain water13 and fast-reactor coolants.14 

Caesim-137 present in the nuclear reactor coolants was separated from lmRu on 
AMP. Ruthenium was only partially retained by this sorbcnt and therefore the 
contamination of caesium by ruthenium increased with increasing ruthenium content 
in the coolant.15 Separation of Rbf, Cs+, K+, Tl+ and Ag+ from acid solutions and 
from Na+ or Li+ has been successfully performed on AMP.12Js Rb+, Tl+ and Cs+ 
were sorbed from 5~4 HNO,, but Na+ and K+ were adsorbed negligibly by the 
exchanger supported on asbestos. Direct Tl+-Cs+ separation at tracer levels by using 
NH,NO, as eluent was very difficult. Rb+ was therefore eluted with 3M NH4N03, 
thallium separated by oxidative elution with 0*05M Br, in 5% HBr and Cs+ eluted 
with 12M NH4NOa.17 Na+-K+-Rb+-Csf mixtures were completely separated on 
AMP with well-distinguished peaks, whereas an organic cation-exchanger (Dowex 50) 
required 250 times the bed depth to achieve such a resolution.12 Up to 0.1 meq of 
K+ can be separated quantitatively from amounts of up to 50 meq of Na+ on a small 
column with 4 g of AMP supported by glass wool and an asbestos mat. Na+ was 
eluted with 0.OlM HNOa and K+ with 0.25M NH,NO a.18 A&tine was co-precipitated 
with Csf, NH,+ and K+ salts of molybdophosphoric acid after oxidation with 
Cr,O,% in HNO, solutions.1° Sorption of Cs+and Rb+ on (NH&MP and (NHk),HMP 
from aqueous alcohol media was higher than from aqueous solutions, but the separation 
of these elements was not affected by this organicaqueous mixture.6 

Membrane electrodes made from AMP were prepared under a pressure of 150 atm 
with polystyrene, polyethylene and polymethacrylate as binders. The membrane 
potentials were measured for two-component systems of NH,+, Na+, K+, Li+ and 
Cs+ and the dependence on the concentration was found to be linear up to 3M.ao 

Tungstophosphates (WP) 

The second most widely studied group of heteropolyacids are the tungstophos- 
phates. The following mixed alkali metal salts of H,PW12040 have been prepared? 
Cs,NaWP, Cs,KWP, Cs,RbWP, Cs,LiWP, (NH,),CsWP, (NH,),RbWP, and 
K,CsWP. Pure sodium or potassium salts are soluble, and alkali metal salts have 
properties similar to the parent dialkali hydrogen heteropoly salts. Other salts 
such as (NH&,WP, Tl,WP and Tl,HWP were described by Krtil.6 Most of these 
preparations exhibit strong base-exchange properties. The mixed salts of H,PW,,O, 
with bi- or tervalent cations were prepared and the following composition was proved 
for them: BaHWP, B+(WP),, Ce(Cs,WP),, Al(K,WP),, Al[(NHJ,WP], and 
UO,(CS,WP),.~~ The salts with quaternary organic cations have interesting pro- 
perties. Pyridinium WP, picolinium WP, lutidinium WP, and collidinium WP salts 
are anhydrous and the positions of the isotherms for a particular exchanging cation 
such as NH4+ suggest that the exchangeability decreases in the order pyridinium 
WP > picolinium WP > lutidinium WP > collidinium WP. The same order was 
proved for the MP salts. The exchangeability of picolinium WP for univalent cations 
decreases in the order NH4+ > K+ > Na+ M Li+,4 and for pyridinium WP in the 
order Cs+ > NH4+ > K+ > Li+ > Na+ .22 The crystal lattice in ammonium tung- 
stophosphate is perhaps too compact to allow the entry of a large cation like col- 
lidinium, but loose enough to allow the pyridinium ion to exchange for NH,+. In 
collidinium WP the channels are no doubt large enough for the entry of NH4+, but 
the collidinium is too firmly bound to be replaced by NH4+.” 
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WP is a specific exchanger for Cs+, with lower capacity than MP, e.g., for ammon- 
ium WP it corresponds to 0.66 meq/g. Ammonium WP was therefore used for Rb+, 
Csf, K+, Tl+ and Ag+ separations. l2 Thallium salts are convenient for 13’Cs deter- 
mination in solutions with high Na+ and K+ concentrations. Recoveries were 99 % for 
extracting r3’Cs from solutions containing G 12%fold excesses of Na+ and < 8-fold ex- 
cesses of K+ relative to the amount needed to replace Tl+ completely from the sorbent.24 
Pyridinium WP is highly specific towards Cs +. The slopes of the isotherms are widely 
different for NH4+, Cs+ and K+ as compared with Li+ and Na+ exchange, suggesting 
that the univalent ions can be separated with the help of this exchanger.22 Csf, NH,+ 
and K+ salts of tungstophosphoric acid were used for co-precipitating astatine.ls 

Other heteropoly acids 

Tungstosilicates (WSi), derived from H,SiW,,O,,, form M,WSi, M,HWSi, 
M,H,WSi, but no MH,WSi salts,5 where M = Rb+, Csf. High resolution NMR 
spectra indicate the tetrabasic character of WSi (and similarly pentabasic character 
of tungstoboric acid). 2s The WS collidinium salt is insoluble, whereas the pyridinium, 
picolinium and lutidinium salts are soluble. Such cations as NH,+, K+, Na+, Lif, 
Sr2+ and AP+ replace collidinium negligibly. Ion-exchange occurs with (CH3)4N+, 
(CH,),NH+ and (CH3)2NH2+ cations and the exchangeability decreases in the series 
(CH,),N+ > (CH,),NH+ > (CH,),NH 2+.4 Whatman No. 4 paper impregnated with 
ammonium WSi was used for chromatographic separations of UOz2+ from Bi3+, 
La3f, Cs+, Eu3f and Co2f, and of Sr2+ from Ya+. This method was designed for 
fission product and uranium ore analysis.26 

Ammonium salts of molybdoarsenic and tungstoarsenic heteropoly acids as high- 
capacity cation-exchangers were applied to Rb+, Cs+, K+, Tl+ and Ag+ separation.12 

The quinine salt of molybdovanadophosphoric acid H,PMo,,,V,0,, was prepared 
as an electron exchanger. The total dynamic oxidation capacity with respect to Fe2f 
and ascorbic acid was found to be 0570 and O-770 meq/g, respectively.27 The 
molybdovanadosilicate of nitron corresponding to the formula (LH),SiMo,,V,O,,* 
H,O also shows electron-exchange properties and was tested for its dynamic electron- 
exchange capacity with respect to K,Cr,O, and ascorbic acid.28 

Oxine and pyridine salts of molybdogermanic acid were applied as thin-layers 
for the separation of uranium and fission products. Separations of Cs+ from Zr/Nb, 
Ru, Sr/Y and Ce were performed in ammonium acetate-EDTA media.2s A separa- 
tion of Cs+-Rbf-K+ and Na+ by thin-layer electrophoresis on these materials was 
successfuLl 

Zsopoly acids 

The ion-exchange properties of isopoly acids, which can be considered as hetero- 
poly acids of hydrogen, 3O have been of limited interest till now. For the univalent 
salts of isopolytungstic acid the NMR spectra suggest the formulae M,,I(OH),Wr203s- 
nH,O and M61(OH),W12036~nH20.26 However, for transition metal salts an 1 l- 
heteropolytungstic structure has been proved by X-ray diffraction measurementsa 
The ion-exchange capacity of the K+ and NH,+ salts of C-phase polymolybdic acid 
is dependent on the cationic polarizability of the ingoing cation.32 

INSOLUBLE FERROCYANIDES 

The ion-exchange properties of a large number of insoluble ferrocyanides of 
various metals, e.g., of Ag, Zn, Cd, Cu(II), Ni, Co(II), Pb, Mn(II), Fe(III), Bi, 
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Ti, Zr, V, MO, W, U(VI), have been studied. Among them the ferrocyanides of 
bivaIent metals, or cations like UOz 2+ and Ti02f, have been the most extensively 

studied materials. 
By mixing of metal salt solutions with H,Fe(CN),, Na,Fe(CN), or K,Fe(CN), 

solutions, precipitates of various composition are formed, depending upon the 
initial ratio of reacting components, acidity, and the order of mixing. Pure compounds 
(or their mixtures) of limiting composition MzI1[Fe(CN),], M~M”[Fe(CN)J and 
M2rM3”[Fe(CN),J2 with various amount of water of crystallization (often not 
stated) are reported for ferrocyanides of bivalent metals. The composition and 
empirical formulae of individua1 ferrocyanides reported to be ion-exchangers are 
summarized in Table I. 

TABLE I.-COMPOSITION AND EXCHANGE CAPACITIES OF VARIOUS FERROCYANIDE 
ION-EXCHANGERS 

Ferrocyanide Composition 
Capacity for 
Cs+, meqlg Reference Notes 

Ag 
Zn 

1.1 
6.1 

54 

Cd 

cu 

AgJWCNh 
ZnJWW6 
I-Wn81F4CN1811 
Na,ZnJFe(CNl& 
K,Zn&WC%.I, 
CslZnFe(CN), 
CdPFe(CN),*7H,0 
5CdsFe(CN),.4KIFe(CN), 
Cu,Fe(CN),%-8H,O 
Cu,Fe(CN), 
H,CuFe(CN), 
Co,Fe(CN), 
K,CoFe(CN), 
H,CoJFe(CN),l, 
AHCo, IFe(CN)& 
A,Co~IWCNJJ, 
Ni,Fe(CN), 
K,NiFe(CN),.3Hs0 
MJWFe(CN1~18 
M,Ni[NiFe(CN)& 

45 

co 4.6 

Ni 5.8 

l*o-1.2 
30-5.0 

4i, 56, 57, 58 
97 
56 
57 
56 
98 
98 
35 
41,42,44,99,100 
99 
34,41,101 
34 
101 
66 
66 
33,41 
36 
47,48 
50, 102 

Mn(I1) 

Fe(II1) 

Mn#Fe(CN), 
H,MnFe(CN), 
MrFerrr [Fe(CN)JnH,O 3.6 

99 
99 
41,103 

TiOV) 
V(V) 

III C&Fe4 [Fe(CN),l,*nH,O 
[(TiO),(OH)(HFe(CN),),4H,Ol, 
V:Fe = 3.86: 1 

2.3 
103 
37 
62 

V:Fe = 1.1 2.3 62 

Mo(VI) [H,Fe(CN),(MoOs(H,0)3,.,-*.,1, 3.85 38 

[H,Fe(CN),(MoO,gr,O)~)~.~-~.~l~ 38 

W:Fe = 1.32: 1 
W:Fe = 2:1-12:l 
U:Fe = 1.6:1 

1.02 

I.25 

67 
60 
65 

A = amine 
A = amine 

M = Rb+, K+ 
M =Na+, 
K+, Rb+, 
NH,’ 

M = alkali 
metal ion 

prepared from 
NaVO, 

prepared from 
voq 

denoted by 
FeMo(I1) 

denoted by 
FeMo(IV) 
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For ferrocyanides of bivalent metals a general formula of M2+[N2+Fe(CN)J 
has been reported by Doleial and Kouilm ,= where M and N may be different metals. 
The N2+ and Fe2+ ions are bound together by CN- groups and the M2f ions are 
placed in the free space of the structural lattice. The M2+ ions are exchangeable. 
The composition of ferrocyanides containing alkali metals is formulated33 as 
A,M,,[NFe(CN),], where A is the alkali ion and x can lie between 0 and 1. Similar 
formulations have been proposedW also for the cobalt ferrocyanides, Co [CoFe(CN),] 
and K,[CoFe(CN),]. 

Few data are available on the structure of ferrocyanide ion-exchangers. A cubic 
lattice has been reported for Cu,Fe(CN),, with a = 10.013 A,35 K,NiFe(CN), with 
a = 10.07 A,36 and titanium ferrocyanide with a = IO.27 A,37 and a tetragonal lattice 
has been reported for K,CuFe(CN), with a = b = 9.85 A and c = 10.50 Aaa 
Infrared and NMR measurements on titanium ferrocyanide?’ indicate the presence 
of free H,O and OH groups in the dried precipitates. No evidence was found of the 
presence of a large amount of free protons in this compound and the maximum ratio 
of exchangeable protons to Fe(CN), groups reached the value of 1. The formula of 
basic salt, given in Table I, was the best representation to fit the infrared and NMR 
data?’ 

X-Ray structural data of molybdenyl ferrocyanides3* with MO: Fe ratio 2-4.5 
indicate a body-centred tetragonal unit cell with a variable c-axis. The unit cell of 
the FeMo(I1) compound (Table I) has a tetragonal structure with c/a > 1 which 
becomes perfectly cubic for the FeMo(IV) compound and again tetragonal at still 
higher MO/Fe ratios, but now with c/a < 1. Continuity in the X-ray spectra and the 
evolution of the unit cell with increasing MO/Fe ratio is an indication that molybdenyl 
ferrocyanides of different composition contain the same structural elements with 
different arrangements in the unit cell. Thus the unit cell of FeMo(I1) contains 
2 [Mo,02,H,,Js+ groups, 5 Fe(CN),“- groups and 36 H+ions, which, inagreement with 
the titration curves,3g corresponds to 12 meq/g. The unit cell of FeMo(IV) contains 
two [Mo,O,,H,,$+, one [Mo,O,,H,~]~+ and four Fe(CN),& groups, bringing the 
total amount of inbuilt H+ ions to 44 [16 are associated with Fe(CN),*- groups] per 
unit cell, corresponding to 12.7 meq/g. The structure of both the forms is relatively 
open, which permits a high rate of exchange reaction and a very fast ionic transfer.3* 
It is suggested that the structure is made up of parallel ferrocyanide-molybdenyl 
sheets 14 A apart, separated by a layer of protonated ferrocyanide ions. Such a 
structure may swell on hydration and resembles to some extent the clay minerals.40 

Ferrocyanide ion-exchangers are stable towards mineral acids; in HCl media 
the optimum stability range is O*Ol-2M HCl. 37*38 In contact with HNO, a slight 
oxidation of Fe(I1) to Fe(II1) occurs, in alkaline media progressive hydrolysis has 
been observed. The most stable exchangers towards HNO, are the ferrocyanides 
of Co,” Ni and Fe(III).41 Cu and Co ferrocyanides are reported to be resistant to 
hard y-radiation.“*42 

Ferrocyanide ion-exchangers act as cation-exchangers with a high affinity for 
heavy alkali metal ions, especially for Cs+. However, copper ferrocyanide also 
exhibits anion-exchange behaviour. 42 The affinity series Cs+ > Rb+ > NH,+ > 
K+ > Naf was found for Cu, Zn, Ni, Fe(II1) and Zr ferrocyanides.33*43 Similar 
affinity series were found for Cu,Fe(CN),Cs+ > Rbf > K+ > Na+ > Lif,44 
Ti ferrocyanide-Csf > Rb+ > K+ > NH$ > Li+,3’ MO ferrocyanide-Cs+ > 
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H+ > Rb+ > K+ > Na* and W ferrocyanide-Cs+ > Rb+ > NH,+ > Na+ > 
H+.45*48 Affinity series for bivalent ions have been reported for Cu,Fe(CN),-Ba > Ca 
> Cd > Zn > M$4 and Ti ferrocyanide-Ba > Sr > Ca > Mg > Be.37 Although 
practically all ferrocyanides are described as highly selective towards Cs+, higher 
selectivity towards Ag+ has been reported for Cu,Fe(CN),.U Similarly, compounds 
of the K,Ni,[Fe(CN)& and M,Ni[NiFe(CN)J, (M = Na+, K+, NH+,) types were 
found to be highly selective for Rb +.476o It is interesting that these compounds 
adsorb Rb+ by molecular adsorption from S042-,51 N0,,52 and Cs042-,51 solutions. 

According to the Mf-M2+ exchange isotherms measured for different ferro- 
cyanides,= the maximum uptake of alkali metal cations increases in the series 
Fe(II1) < Cu < Zn < Ni < Co ferrocyanides. The same series is valid also for the 
uptake of alkaline earth metal cations. It is interesting that the affmity series for 
Co ferrocyanide (derived from the maximum amount adsorbed) is the reverse of that 
(NH4+ = K+ > Rb+ > Cs+ > Na+) for other ferrocyanides. It is assumed% that 
the property which is responsible for the affinity of various ferrocyanides towards 
alkali metal ions is the intensity of the electrostatic field on the surface of the cation 
in the ferrocyanide. The lower the value of this intensity, the higher the affinity for 
alkali metal ions. The lowest value of field intensity is in the case of cobalt ferro- 
cyanide, where the inversion of the alkali metal affinity series occurs.s3 This behaviour 
is formally similar to that of some polystyrene resins with a high degree of cross- 
linking or to aluminosilicate glasses with a high aluminium content, and could be 
explained by an interaction of ionic size, field intensity and hydration energy effects.% 
However, the results of other authors conflict to some extent with these suggestions, 
showing Co ferrocyanide as highly selective towards CS+.~*~~ Also the high Rb+/K+ 
separation factor (390)s does not agree with the above-mentioned affinity series for 
Co ferrocyanide.% 

Exchange capacities of individual ferrocyanide ion-exchangers for Cs+ are sum- 
marized in Table I. They depend strongly upon the method of preparation of the 
exchanger and differ sometimes from batch to batch. Very often the maximum values 
corresponding to the stoichiometrical formulae are not reached.40,41,55 

The ion-exchange mechanism in ferrocyanides seems to be rather complicated and 
not yet quite clear. Thus X-ray data on ferrocyanides of bivalent metals show dif- 
ferences between the compounds of the MsrMnFe(CN), (or MarMan[Fe(CN),],) 
and M211Fe(CN), types. For the former compounds with different M’, the same 
diffraction patterns were found. It has been established that during the Cs+/M+ 
exchange process44*5s only one phase is present. On the other hand, in Cs+ exchange 
on Zn,Fe(CN), the presence of two phases [a mixture of Zn,Fe(CN), and Cs,ZnFe- 
(CN),] was found.55*56 The structural rearrangement in the latter case may also 
explain the rather slower kinetics of exchange reactions on Zn,Fe(CN), in comparison 
with those on M21ZnFe(CN),.57*5s However, more data on exchange kinetics would 
be necessary for deeper understanding of the mechanism of the adsorption processes. 
The exchange-reaction rate on MO ferrocyanide is governed by two processes,59 
film and particle diffusion. The apparent diffusion coefficients show a difference of 
2-3 orders of magnitude between the diffusion in the film surrounding the particles 
and in the solid phase. A difference of about 2 orders of magnitude exists also between 
the reaction rates of 1-1,2-l and 3-l exchange reactions.59 A pure particle-diffusion 
mechanism has been observed for Csf exchange on W ferrocyanide.60 
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More data have been reported on ion-exchange tracer equilibria and exchange 
thermodynamics. The plots of log K, us. log [H+] or log [NH4+] give straight lines 
with the slopes corresponding to the valency of the exchanged cation for Na+, K+, 
Rb+ and Cs+ exchange on Zn ferrocyanide, 61 Rb+ and Csf exchange on V ferro- 
cyanide, IYJ Cs+, Co2+, Sr2+, Fes+ and Ce3+ exchange on MO ferrocyanidesgJJs and 
Na+, Rb+, Cs+, NH4+, Sr2+ and Ce3+ exchange on W ferrocyanide.45*46 The exchange 
equivalence has been proved for the K+-Cs+, Zn2+-Cs+ and Csf-Na+ systems on Zn 
ferrocyanide.5s*57 Thermodynamic equilibrium constants and the corresponding 
AG values have been determined for Na+, Rb+, Cs+, Sr2+ and Ba2+ exchange on 
MO ferrocyanide .40 The only negative AG value was found for Cs+/H+ exchange 
(-560 Cal/mole). All these findings indicate a true ion-exchange mechanism. 
However, very often some irregularities in these dependences have been observed, 
where the slopes of the plots did not correspond to the valency of the exchanged 
cation62*64.75 or the plots were far from linear .64 In the case of Ti ferrocyanide the 
log K, values for Cs + decreased even with increasing PH.~ Furthermore, non- 
equivalent exchange was observed in some systems,34*56*64*66 which has been explained 
by simultaneous adsorption of anions .56 The mechanism of the adsorption of bivalent 
transition metals and some ter5 and quadrivalent metals (forming insoluble ferro- 
cyanides) will be even more complicated and the formation of the corresponding 
ferrocyanide sheets in the sorbent should be considered as in the case of Ni2+ and 
Co2+ adsorption on MO ferrocyanide.40 

The selectivity coefficients and separation factors determined for a series of systems 
and various ferrocyanides43,45,“,62,~,65,67 h ave enabled various separation procedures 
to be worked out. Thus Zn ferrocyanide is suitable for the Na+-K+ and Rb+-Cs+ 
separation@l as well as for the separation of Csf from mixtures5**6s of fission products. 
A rapid thin-layer chromatographic separation of Na+, K+, Rbf and Cs+ on Zn 
ferrocyanide plates has been described .69 A wide range of separation applications has 
been reported for Co ferrocyanides, especially for large-scale column isolation and 
concentration of ls7Cs from fission-product waste solutions,a*53 ls7Cs separation from 
radioactive wastes and sea-water,‘O adsorption of traces of Cs+ from oceanic fall-out,71 
and for the isolation of ls7Cs and its subsequent y-ray spectrometric determination.72 
Ni and Cu ferrocyanides have been used for the treatment of liquid radioactive effluents 
from the Italian nuclear centre at Cassaccia .73 Fe(II1) ferrocyanide has been success- 
fully used as an isotope generator to separate 137mBa from 137Cs.74 The possibility of 
separating fission products (Cs, St-, rare earths, Zr) from uranyl salt solutions as 
well as of Th from U has been mentioned for Ti ferrocyanide.64 V ferrocyanides75-77 
are suitable for Rb+ and Cs+ isolation from acid solutions and in the presence of 
NH,+ salts. The ls7Cs separation from fission products yields radiochemics!!y 
pure 137Cs.77 The possibility of Cs+ co-precipitation with Cu and Fe ferrocyanides 
being suitable for the removal of radiocaesium from low and high activity-level 
waste water’* or for the removal of Cs+ contaminants from simple aqueous solutions79 
has been discussed. Manganese and vanadyl ferrocyanides may also be used as ion- 
exchanging membranes.80~81 

In order to improve the mechanical properties of ferrocyanide ion-exchangers 
for use in column operations, the preparation of the exchangers has been carried out 
by precipitation on solid inert supports, e.g., bentonite, silica gel etc,s2-85 by freezing 
and thawing the precipitated gels,86 or by binding the precipitate particles with 
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insoluble polymers such as polyvinyl acetate. s7 The exchangers prepared in such a way 
behave in general similarly to the mother ferrocyanides, although some differences 
have been also reported,ss such as higher capacity, resulting from the larger overall 
surface area of coarsely-grained supports. 

Ferrocyanide/ion-exchange resins have recently become the most intensively 
studied metal salt/ion-exchange materials. They are prepared by treatment of strongly 
basic anion-exchange resins with metal salt and K,Fe(C!N), solutions. Thus V, Ce, 
Cu, Ni, Co, Fe, Cd, Zn ferrocyanides8*-s4 in combination with anion-exchangers 
AV-17, AN-g, Amberlite IRA-410, IRA-904, IR-45, IRS-50, A-27 and Dowex 
1 x 10 have been prepared. The exchangers behave both as cation- and anion- 
exchangersss,8s and are very stable towards acids, alkalies and hard y-radiation.ss 
The cation-exchange capacity is usually high, which is explained by the presence of 
the negatively charged complexes with the anion-exchanger functional groups of the 

type { [R4NWW612W 4-.w The formation of the complexes has been proved by 
X-ray and infrared measurements .8s*s5 The exchange ability of individual ferrocya- 
nides decreases with decreasing charge on the ferrocyanide complex cation (V > 
Ce > Cd > Zn > Co = Cu > Fe > Ni) and according to the anion-exchange 
resins used, in the order IRA-410 > IR-45 > AN-9.8s 

The resins are specific for 13’Css1 and mutual separation of fission products 
13’Cs, 9oSr, 95Zr, 95Nb, lmRu and l@Ce has been achieved on Cu ferrocyanide- 
Amberlite IRA-904 resin in HCI media. Similar results were obtained with Fe(II1) 
ferrocyanide from HNO, solutions. s3 Removal of caesium from radioactive effluents,ss 
and separation of “‘Cs from 13’Ba for the purpose of 13’Ba preparation,92 have been 
described. 

SYNTHETIC ALUMINOSILICATES 

Synthetic aluminosilicates represent a great family of inorganic ion-exchangers 
which, depending upon their structure, may be divided into three main groups: 
amorphous, two-dimensional layered aluminosilicates (synthetic analogues of clay 
minerals), and aluminosilicates with rigid, three-dimensional structures (zeolites). 
Although the ion-exchange properties of the first two groups have been studied in 
recent years,104-107 attention has been concentrated predominantly on the third 
group of synthetic aluminosilicates, the synthetic zeolites. 

Synthetic zeolites 

During the last 15-20 years, the synthetic zeolites have attracted increasing 
attention because of their molecular- and ion-sieving properties, and have been 
successfully applied in gas-adsorption and catalysis. Some of these synthetic zeolites 
are analogues of zeolite minerals, but many new varieties have been prepared. The 
ion-exchange and ion-sieving properties of both synthetic and natural zeolites have 
been described in many excellent books, reviews and surveys;2J0s-11e the fundamental 
structural and ion-exchange studies are presented in a great number of papers from 
the laboratories of Barrer and Sherry. The developments of the last five years will 
be reviewed in this section. The zeolites are crystalline, cross-linked, polymeric 
aluminosilicates. The basic units of the polymeric macromolecules are Si(O/2)4 
and Al(O/2)4- tetrahedra, where O/2 represents the bridging oxygen atoms. Each 
tetrahedron containing aluminium formally bears one unit of negative charge which is 
compensated by metal cations, such as Na +, K+, Ca2+, Mg2+, Sr2+, etc, present in the 
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interstices of the aluminosilicate framework. These cations are usually mobile and 
are responsible for the ion-exchange properties of zeolites. The remaining space 
in the interstices of the framework is filled by water or solvent molecules.ua Besides 
aluminosilicate zeolites, zeolitic structures containing Ga3+ and C?+ instead of APf, 
and Ge4+, BeU- and Mn4+ instead of Si4+ have also been synthetized.113*11gJ20 

The chemical composition of zeolites is usually expressed by the formula Mzln 
[(AlO&(SiO&]*zH,O, where M = metal cation of valency n and U/X usually varies 
between 1 and 5. The portion in brackets discloses the framework composition.l13 
Chemical composition and some properties of the main types of zeolite are given in 
Table II. 

TABLE IL-SOME ZEOLITES AND THEIR PROPERTIES 

Zeolite Idealized unit cell contents 
- 

Linde X Nass[(A10a)ss(S10s)lo,l.256H10 
Linde Y Na58[(A10s)se(Si01)1401.256Hr0 
Linde A Na,,t(AlO,),,(Si0,),,1.216H,O 
ZK4 Na,t(A10,)B(Si0,)1~1.27H,0 
ZK5 NaJo[(A101)90(SiOP)BBl.gsH%0 
Mordenite Na,[(AlO,),(Si0,),,1.24H,O 
Heulandite Ca,t(AlO,),(Si0,>,,1~24H,O 
Clinoptilolite (Ca, NaZ, K,),[(A10,X(SiOa),ol.24Ha0 
Ferrierite (Na, K)IMgB[(A10B)g(Si0~)~0(OH)~1.18H00 
Stilbite Na,Ca~[(AlO,),,(Si0,),,1.28H,O 
Chabazite Ca,[(A10,),(Si0,),1~13H,O 
Linde T(erionite) Na,[(AlO,),(Si0,),,1.27H,O 
Analcite Na,,[(A10,),,(SiO,),,l.l6H,O 
Wairakite Ca[(AlO,),(SiO,)J2H,O 
Phillipsite (K, Na),,[(A108)10(Si02)821.20Hz0 
Yugawaralite Ca,[(AlO,),(SiO,),,l.l6H,O 

Free diameter Total ion- 
of the largest exchange 

channel, 
A 

capacity, meqlg 
(anhydrous) 

7.4 
7.4 
4.1 
4.1 
3.8 
6.7 
2.4-6.1 
4.1-6.2 

6.34 
410 
7.04 
5.50 
4.57 
2.62 
3.45 
264 
3.39 
4.22 
4.95 
3.43 
4.95 
5.02 
467 
3.57 

3.74.2 
3.5 
2.8 

4.2-4.4 

The structure of the zeolite framework consists of a geometrical arrangement of 
linked (Si, AlO,) tetrahedra forming secondary structural units, including 4-, 6-, 
8-membered rings of tetrahedra, double rings of tetrahedra, several types of chain, 
sheets, and a variety of polyhedra. The larger polyhedra have substantial intra- 
polyhedral free volumes (called cages or cavities) in which guest molecules may reside, 
and where also the mobile exchangeable cations are usually sited. The faces of the 
polyhedral units include 4-, 6-, 8 and 1Zmembered rings (called windows) which 
themselves have free diameters allowing the ions (or guest molecules) to pass into or 
out of the polyhedra. Examples of cages encountered in zeolite structures are shown 
in Fig. 1. Most zeolites have cavities of more than one size and cations are often 
located in all kinds of cavities. The cavities may form one or two independent 
three-dimensional systems of cavities. However, there are some zeolites (e.g., 
mordenite) that do not have three-dimensional cavity systems. In these zeolites the 
large cavities parallel to one axis are interconnected by smaller cavities which are 
not themselves interconnected.l12 

Synthetic aluminosilicates can be roughly divided into structurally defined groups, 
which can be related to their naturally-occurring analogues. For that reason we have 
classified all the material reviewed into the following groups: faujasite-, mordenite-, 
heulandite-, chabazite-, analcite- and phillipsite-like zeolites and other zeolites. 
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FIG. l.-Diagrams of largest cavities in some zeolites. 
A-sodalite, B-chabazite, C-gmelinite, D-erionite, E-Linde A, F-faujasite 

The synthetic zeolites having no analogues in nature are mentioned either in the 
faujasite-like group (Linde A) or in the group of other zeolites. 

Faujasite-like zeolites, zeolite Linde A 

Of the wide range of synthetic zeolites, the zeolites of the faujasite group (Linde X, 
Linde Y) and zeolite Linde A have been the most extensively studied materials during 
the last five years. 

Preparation, structure and chemicalproperties. These zeolites are usually prepared 
by hydrothermal treatment of sodium silicate, aluminate and hydroxide solu- 
tions111*121-126 at temperatures of ~100’, or by mixing sodium silicate, aluminate and 
hydroxide solutions and evaporating till crystallization occ~rs.~~~-~~~~~* Depending 
upon the ratio of reacting components, temperature, alkalinity and some other 
factors (the presence of binders, complexing agents, etc.134-138), products differing 
in chemical composition and properties (pore size, adsorption activity) are formed. 

The faujasite-like zeolites Linde X and Linde Y (for chemical composition see 
Table II) have a common framework of the mineral faujasite and differ in the Si/AI 
ratio. The framework is formed 112 by stacking the cube-octahedra (sodalite cages) by 
linking adjacent rings of 6 tetrahedra in a tetrahedral array similar to a diamond 
lattice. A part of the faujasite lattice is shown in Fig. 2. This arrangement forms 
two networks of cavities.13D*140 One network consists of large cavities, usually called 
supercages, with diameter ~12 A. They are linked in a tetrahedral array by sharing 
rings of 12 tetrahedra. These rings (windows) have a face diameter of 8 A. The 
other network is formed by linking smaller cages, called sodalite cages (diameter 
~7 A) in 2 tetrahedral array, through adjoining rings of 6 tetrahedra, thus forming 
secondary cavities which are hexagonal prisms, between sodalite cages. The rings 
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of 6 tetrahedra form windows (free diameter ~2.5 A) between the sodalite cages and 
supercage. The faujasite lattice is a face-centered cubic lattice with octahedral 
symmetry, with a lattice parameter of 24.9 A for Na-X.r12 However, the values 
of the lattice parameter are changed on changing the Si/Al ratio.141 From the two 
breaks of the plot of lattice parameter against Si/Al ratio for a range of hydrated 
Na-X and Na-Y zeolites it has been concluded that in the Si/Al region between 1 
and 1.4 the X-zeolite phase exists, the region between Si/Al > 1.4: 1 and Si/AI < 2: 1 
represents transition between the X and Y phases, and at Si/Al = 2: 1 the pure 
Y phase occurs. 141 The phase changes are due to changes in the Si-AI ordering in 
the 6-membered rings. 14r These phase-existence regions agree with the Si/Al ratios 
usually reported for the X (Si/Al = 1.1-l-5) and Y(Si/Al = l-5-3.0) zeolites.11s*142 
The Si/Al ratio in the zeolites, especially of the Y type, may be changed in different 
ways. The treatment of NaY zeolite with EDTA solutions leads to the removal of 
up to about 50% of the aluminium from the aluminosilicate. A highly crystalline 
product, with increased thermal stability and sorptive capacity, is thus prepared.143*144 
Also the extraction of Al203 by organic compounds leads to a material with an 
unchanged crystal lattice in which the acidity is characterized by a preponderance of 
sites corresponding to very strong acids. The aluminium sites removed by the extrac- 
tion are those which give the zeolite a weak or intermediate acidity.145 The aluminium 
component that is removable from the framework not only reduces the number of 
anionic sites when it is still present, but also occupies the cationic sites and thus 
decreases the ion-exchange capacity.144 

The framework of the zeolite Linde A (Si/Al = 1-O) as well as of zeolite ZK-4 
(1-O < Si/Al < 1*7)14’j is formed by stacking the sodalite cages in a cubic array by 
linking a ring of 4 tetrahedra of the other cage. Double rings of 4 tetrahedra connect 
two sodalite cages, and the enclosed volume, the supercage, is the truncated cubo- 
octahedron (Fig. 1, E). The rings of 4 tetrahedra are too small to permit passage of 
ions or molecules. Thus the Linde A structure, a part of which is shown in Fig. 3, 
contains only one three-dimensional network of large cavities formed by connecting 
supercages through shared rings of 8 tetrahedra. 112 Isolated sodalite cages open out 
into supercages through shared rings of 6 tetrahedra. 

If the truncated cube-octahedra are linked in 8-fold co-ordination through their 
8 x 6 rings the framework of the zeolite ZK-5 is formed. The bonds then form 
hexagonal prism units. By this arrangement additional 18-hedral cavities are created, 
having 12 x 4 ring and 6 x 8 ring faces.10”s147 

A lot of work has been carried out on investigating the position of various cations 
and water within the framework of these zeolites,113,140*14s which is important for 
understanding the ion-exchange and ion-sieving properties of these materials. In 
the zeolite Na-X there are 38 Naf ions in large cavities and since they cannot be 
located by X-ray technique, they are presumed to be mobile completely hydrated 
counter-ions (Type III). 139~140 The MPR and NMR measurements suggest that these 
ions form with water a so-called “cationic solution ” 149-161 . The hydration number of 
cations in this solution is approximately equal to that in aqueous solutions. A 
further 32 Na+ ions are located near the centre of the rings of 6 tetrahedra which 
interconnect the supercages and the sodalite cages, slightly displacedinto the supercage 
(Type II). These ions are partially co-ordinated with water molecules. The remaining 
16 Nat- ions are located either in the hexagonal prism or in the sodalite cages (Type 
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FIG. 2.-Arrangement of sodalite cages or cube-octahedra to give faujasite type. 
Reprinted from Ref. 112, p. 96, by courtesy of Marcel Deklcer, Inc. 

FIG. 3.-Arrangement of sodalite cages or cube-octahedra to give Linde A. 
Reprinted from Ref. 112, p. 96, by courtesy of Marcel Deklcer, Inc. 

I).139*1m A similar Na+ distribution has been found for the Na-Y zeolite, but the 
majority of cations in the supercages are probably completely hydrated and non- 
sited.139 However, a recent reinvestigation by X-ray diffraction of the Na-X zeolite 
structurels2 as well as the calculations of Madelung’s potentialP led to a little 
different distribution of Na+ ions (see Table III, Fig. 4.). The main difference is in 
dividing the type I Na+ ions into two sites (I and I’), with 9 Na+ ions occupying the 
centres of hexagonal prisms and 8 Na+ ions lying on the inside of the sodahte cage 
opposite site I, near the 6-membered rings. In site II 24 Na+ ions and 8 H,O have 
been found. The number of Na+ ions in this site agrees exactly with the number of 
site II 6-rings that contain three Al3f ions. A rule that has been suggested,152 is 
that three Ala+ ions per 6-ring are required to make partial dehydration and ion-siting 



1258 v. &KkREK and v. VJBEL9 

TABLE III.-LOCATION AND DISTRIBUTION OF Na+ CATIONS AND H,O IN NaX 

Site Reference 140 Reference 152 

I 
I’ 

II 
II 

additional supercage 
sites 

16 Naf 9 Na+ 
0 8 Na+ + 12 H,O 

32 Na+ 24 Na+ + 8 Ha0 
0 26 H,O 

none located 127 HI0 (and Na+) 

Site I-centres of hexagonal prisms 
Site I’-on the inside of sodalite cage opposite site I, near the 

six-membered ring 
Site II-on six-ring faces of sodalite units, on the large cavity side 
Site II’-within the sodalite cage opposite to site II 

II 
FIG. 4.-Schematic illustration of cation positions in Linde X. 

Designation of the sites is the same as in Table III. 

energetically favourable. This rule will probably be valid for all zeolites that are 
sufficiently open to provide a choice between siting of partially dehydrated ions and 
non-localization of fully hydrated cations.ls2 

Similar location of Na+ ions has been found in the Na-A type zeolites. Eight 
Na+ ions were located in the six-membered rings separating the large and small 
cavities (one in each of the 8 rings in a unit ce11,)140~164 the others were not been 
located and were presumed to be “dissolved” in the zeolitic water. However, their 
location has recently been found155 in the plane of the S-membered rings near the 
edge of the opening of the framework cavity. 

Besides X-ray diffraction, ESR,15‘j-15* PMR16s and Mossbauer spectrar60-lB3 
measurements have been applied to the determination of siting of bi- and tervalent 
cations in these zeolites. Generally, the cation siting depends on the nature of the 
cations present, ionic charge and radius, degree of covalent character of the cation 
bonding, and on the water content. 164 The dependence of the various site occupancies 
upon the water content is evident for bivalent-cation faujasitic zeolites, where the 
occupancies of I’, II’ and I sites are a linear function of the site II’ water content.ls5 
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Dehydration of the zeolites causes changes in cation locations,1*179 such as localiz- 
ation of non-located cations1s0~181 and their concentration in sites within the sodalite 
cages. 164.182.l63 

The dehydration of zeolites is thus highly dependent on their ionic forms. Gener- 
ally, the thermal stability increases with enhancement of the Si content in the zeolites. 
For the same type of zeolite this increase depends also on the size of the cation 
present.lM The tervalent rare-earth ions occupy, as partially dehydrated ions, the 
6-membered ring sites in the large cavity of the X-zeolite;l= in the natural faujasites 
all rare-earth ions are in the supercage, with partial occupancy of the site located in 
the centre of the 1Zmembered ring. lsa The CeS+ ions are held in that position by 

hydrogen-bonding of the type Ce-0, 0.1s5 /H\ 

H 

The water content is an important factor in determining the ion-exchange properties 
of the zeolites. The water and the cations in the most open zeolites of faujasite type 
and of Linde A possess many of the properties of an electrolyte solution.l12 This 
solution also contains imbibed neutral salt “molecules.” The imbibement obeys the 
Donnan distribution law.la6 For the largest inclusions the average number of anions 
was between 3 and 4 chloride ions per large cavity of Li+-X. The cations of the 
imbibed salt may occupy certain preferred sites within the zeolite framework and 
would then behave indistinguishably from similarly located lattice cations. The 
number of these preferred sites may be greater than the number of cations needed for 
electrical neutrality. ls6 The majority (about 3) of the water is present as a liquid phase 
of high mobility ls7 tilling the framework cavities. The electrical conductivity of the 
X- and Y-zeolites is comparable to that of aqueous electrolyte solutions and is 
attributed to the cations present in the supercages.ls8 The remaining part of the 
water is bonded with freely-moving or located cations1s7J*9J90 or forms hydrogen- 
bonds with oxygen atoms of the cavity windows.ls7 However, the presence of OH 
groups has also been identified by the infrared spectra measurements. These groups 
are sometimes resistant to high temperatures (~500”) and may be ascribed to surface 
OH groups,189.191.192 cation-deficiency OH groups,lSg*ls3 or defective-site OH 
groups.lsD The dehydrated zeolites contain also OH groups, as Al-OH and Si-OH 
groups. 18g*1g1 The dehydration leads also to a positioning of the residual water.133Jg4 
The partially dehydrated bi-and tervalent ion forms of these zeolites contain also 
structural OH groups, forming the M11-OH+195--200 or M*I-OH2f groups.ls6 The 
presence and positioning of the OH groups is an important factor determining the 
catalytic and adsorptive activity of these zeolites. 

Various cationic forms of the X, Y and A type zeolites are prepared by an ion- 
exchange treatment of the basic Na+ form, 112*201-203 by hydrothermal synthesis in 
the presence of components containing the desired cation,204-206 or by contacting 
mother liquor slurries of the zeolite crystals with a cation-exchange resin in the desired 
cationic form.207 Introduction of various cations into the basic Na+ forms of these 
zeolites causes changes in their lattice parameters,125*20s-210 in window diameters,211*z12 
in pore size,213*214,369 and in electrostatic field strength.215 Sometimes deformation 
and destruction of the crystal lattice occur. 1W.209.211*216 Various cationic forms of the 
same structural type of the zeolite differ in their thermal, hydrolytic, and radiation 
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stability,217-224 as well as in the catalytic and adsorptive activity.130Je4*211*222*2~-M 
The details are outside the scope of this Review. 

Decationized zeolites. The decationized forms of synthetic aluminosilicates 
have been widely applied in catalysis. However, the decationation process is rather 
complicated and the quality of the final products is highly dependent on the mode of 
preparation. The decationation by an ion-exchange process leads to partial zeolite 
decomposition if the conditions for the conversion are not carefully observed or the 
degree of conversion is overstepped. 244 Zeolites of high catalytic activity and of good 
stability have been prepared by selective replacement of the “cage” alkali metals by 
H+, without replacing the “bridge” alkali metal cations.22s In this way the hydroxyl 
groups are formed by replacement of the most readily exchangeable Na+ ions located 
in the sites II and III (elsewhere in the supercage). The destruction of NH4+-form 
zeolites, prepared usually by ion-exchange conversion,24s has been proposed as one 
of the most convenient methods for the preparation of decationized zeolitesil9 
(besides the method of electrodialysis). 

The NH,+-form of the A- and X-type zeolites exhibits maximum adsorption for 
H,O vapour after thermal treatment at 100-150”. The NH,+-form of Y-type zeolite 
exhibits such a maximum on heating of the sorbent to 3oo0.247 The thermal decation- 
ation of an NH,+-Y zeolite leads to the same products as the treatment of an Na+-Y 
zeolite with HCl. Both products exist in the OH-forms. In the completely dehydroxy- 
lated form, 50% of the Al remains in 4-fold co-ordination, shown by a 50% retention 
of its initial ion-exchange capacity. The 3-fold co-ordinated Al is reconverted into 
the 4-fold co-ordinated form by the controlled addition of H,O at elevated tem- 
peratures.24s The maximum concentration of OH groups was obtained by heating 
the NH,+-Y zeolite at 350”. According to Kerr,249 Ward,2so and Uytterhoeven 
et aL361 the hydroxyl groups are the Bronsted acid centres whereas the 3-co-ordinated 
Al atoms formed by a partial dehydroxylation of the zeolite are the Lewis centres. The 
formation of the Bronsted acid sites may be represented by the following reaction.252 

By heating at 480” the Na+-Y zeolite is converted into the Bronsted acid form. 
The concentration of these acidic sites increases linearly with decrease in the Na+ 
content. After 60-70x of the Na+ ions have been replaced, the concentration of 
these Brsnsted acidity sites remains constant.263 

The nature of the hydroxyl groups present in the decationized species was extensively 
studied by infrared spectra measurements. 24**262*2&4-262 Protons freed by zeolite 

0 

decationation react with Si-O-Al bonds to form a trigonal O-Al’ and an adjacent 
\ 

HO 0 ‘0 
\ / 
Si group.2B3 The location of these hydroxyl groups is not exactly known, 

/ \ 
0 0 
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but it is probable that they have different locations in the truncated octahedra 
sections of the structure.2s4 Two or three types of surface hydroxyl groups were 
detected in the decationized Y-zeolite .25Q*260 One type is located on oxygens forming 
the bridge between adjacent cube-octahedra, the second is located on the 6-membered 
ring of oxygen ions in the cube-octahedron. 26s-268 The decationation process leads 
to the easier release of the molecular water of the X- and Y-type zeolites.268 Half the 
protons present in the decationized Y-zeolite correspond to the adsorbed molecular 
water.2sQ High thermal stabilities were found for the fully decationized hydrogen 
zeolites, probably as the result of a general structural rearrangement. Thus the 
hydrogen form of zeolite Y, when heated to 700-800”, contained only 175 Si + Al 
tetrahedra per unit cell as compared with the 192 in faujasite.270 The same zeolite 
may undergo a reaction with ammonia at 500”, yielding a highly stable product.271 
The preparation of an ultrastable form of faujasite free from metal cations is described, 
stable even at temperatures > 1000°.27a 

Ion-exchange equilibria in faujasite-like zeolites. The ion-exchange equilibria in 
the X- and Y-zeolites have been intensively studied, especially for univalent ca- 
tions.13Q~273-275 In the zeolite Na+-X, first the 37 non-located hydrated Na+ ions, 
then the 32 partially hydrated site II Na+ ions, and finally the 16 Na+ ions located in 
the hexagonal prisms or sodalite cages are stepwise exchanged.13Q The ion-exchange 
isotherms of the K+-Na+, Rb+-Na+, and Cs+-Na+ systems show a selectivity reversal 
which is explained as follows: the first 37 (i.e., up to “40% exchange) non-located 
sites, on the basis of the hydrated ionic radii and coulombic interactions, should 
prefer all of the alkali metal cations (except Li+). The selectivity series is thus as 
follows : Ag+ > Tl+ > Cs+ > Rb+ > K+ > Na+ > Lif. The selectivity of the 
other two sites for counter-ions (where no H,O molecules are interposed between 
the fixed anionic sites and the counter-ions) should be the net result of the opposing 
effects of the free energy due to coulombic interactions between the partially de- 
hydrated counter-ion and the negatively charged lattice, and the free energy of partial 
ion dehydration. The selectivity series for the 32-fold set of sites is then Ag+ > 
Tl+ > Na+ > K+ > Rb+ > Cs+ > Li +.139 The 16 Na+ ions in the hexagonal prisms 
or sodalite cages could not be exchanged by Rb+ and Cs+ owing to opening for 
entry being too small for the Rb+ and Cs+ ions to enter the sodalite cage. The 
Rb+-Na+ and Cs+-Naf isotherms thus terminate at 82% exchange139 (or even at 
65 y0 exchange).27s The selectivity series for this set of sites is Agf > Tl+ > Na+ > 
K+ > Li+.13Q The high selectivity towards Ag+ and T1+139*273 is consistent with the 
high polarizability of these ions and indicates strong binding by all types of anionic 
sites. However, some different affinity series have been also reported: Rb+ > 
Csf > K+ > Naf > Li+,276 Cs+ w Rbf > K+ > Na+ > Li+,273 and K+ > Na+ > 
Rb+ > NH,+ > Csf > Lif > (CH,),NH, +.277 The standard thermodynamic func- 
tions for the ion-exchange in the zeolite Na+-X are summarized in Table IV. For the 
AH” values a decrease has been found with decreasing difference in the sizes of the 
exchanging cations. 27* However, the interpretation of the thermodynamic data is 
difficult, owing to the incompleteness of exchange in some systems, and for that 
reason the AH” and AG” values are hardly obtainable. Further, the entropy changes 
given in the Table are composed values, containing terms for ionic hydration entropy, 
net transfer of water into or out the zeolite during the ion-exchange reaction, ion-pair 
formation, change of the ionic hydration and some other factors.112p273*274 The 

2 
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TABLE W.-STANDARD THERMODYNAMIC FUNCTIONS FOR ION-EXCHANGE 
IN NaX AT 25°C 

System 
Max. exchange, AC”, AH”, AS”, 

% kcalleq kcalleq cal/mole/deg Reference 

Li+-Na+ 

K+-Na+ 

Rb+-Na+ 

Cs+-Na+ 

Ag+-Na+ 
TI+-Na+ 
Cat+-Na+ 

Sr*+-Na+ 

Baa+-Na+ 

Ce.*+-Naf 

100 
100 
100 
100 

65 
82 
65 
82 

100 
100 
100 
100 

77 
100 
100 

97 
85 
82 
82 
74 
64 

100 

82-8:oo 
82 
82 

+1*35 
+1.60 
-0.19 
+0*14 
-1.30 
+0.14 
-0.78 
f0.09 
-2.52 
-1.84 
-0.16 
-0.32 

- 

-0.71 
-0.74 
-1.18 

- 

-1.31 
-1.29 
-1.13 

- 

-0.94* 
-1.377 
+ 1.08: 
-2.30 
-1.10 

+1.79 
- 

-1.25 
- 

-1.50 
- 

-1.66 
- 
- 
- 
- 

+1.20 
+0.87 

- 

f0.53 
- 

+1*38 
-0.43 
-0.11 

- 

-0.11 
- 
- 

- 

f1.48 
- 

-3.56 
- 

-0.67 

-&9 
- 
- 
- 
- 

+5.1 
- 
- 

+4-3 
- 

+G 
- 

- 

- 
- 
- 
- 

276 
139 
276 
139 
276 
139 
276 
139 
139 
139 
276 
282 
276 
276 
282 
290 
276 
282 
283 
276 
276 
282 
282 
282 
290 
290 

* -5O”C, refers to complete exchange of all the Na+ ions in all the cavities 
t -5O”C, refers to replacement of only the Na+ ions in the large cages 
$ -5O”C, refers to replacement of only the Na+ ions in the small cages 

contribution of these factors to the total entropy change is mostly distinguishable 
only with difficulty. 

The ion-exchange isotherms for univalent ion exchange in the Na+-Y zeolite 
terminate at ~70’A exchange for Rb+, Cs+, Tlf and NH4+ ions13g.274 indicating 
that these ions are too large to penetrate the sodalite cages. The non-sigmoidal 
shape of the isotherms (up to 68% exchange) indicates no site heterogeneity in the 
supercages and the selectivity thus decreases in the order Tl+ > Ag+ > Cs+ > 
Rb+ > NH,+ > K+ > Na+ > Li+. The sites in the network of small cavities 
exhibit a selectivity pattern typical of a surface which binds ions tightly: Ag+ > 
Na+ > K+ > Li+;13n Ag+ > K+ > Na+ > Li+.274 In contradistinction to the 
Na+-X zeolite, Tlf ions do not replace the 16 Na+ cations in the sodalite cages of 
Na+-Y. This difference in behaviour of Tl+ in the more siliceous form (Naf-Y) 
of synthetic faujasite is attributed to the lattice contraction which occurs when 
SiO, replaces NaAlO,. 13s The values of the standard thermodynamic functions for 
ion-exchange in the zeolite Na+-Y are summarized in Table V. 

The exchange of organic cations, such as MeNH$, EtNH$, PrNH,+, BuNH,+, 
C,H,,N+, C,H14N+, PhNH$, p-C,H,,N+, C,N,N+ and PhCH,NH$ is limited by 
available cavity volume and steric effects. Selectivity due to affinity of zeolite lattice 
for protons dominates over the steric factors. 27g The maximum extent of exchange 
decreased with increasing molecular weight and polarizability of these cations.280 
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TABLE V.-STANDARD THERMODYNAMIC FUNCXIONS POR ION-EXCHANGE 
IN NaY AT 25°C 

1263 

Max. exchange, AC”, AH”, AS”, 
System % kcaljeq kcaljeq ca&wle/deg Reference 

Li+-Na+ 100 +2%6 +1*35 -5.05 274 
100 t-2.70 - - 139 

K+-Na+ 100 -0.37 -1.44 - 274 
100 -0.19 - - 139 

Rbf-Na+ 69 -1.06 1.22 -0.53 274 
68 -1.30 - - 139 

Cs+-Na+ 72 -1.42 -1.61 +0*63 274 
68 -1.46 - - 139 

NH,+-Na+ 
1:: 

-0.66 - - 139 
Ag+-Na+ -1.08 -0.50 +1.94 274 

100 -1.10 
-E8 

- 139 
TI+-Na+ 69 -1.49 +0*37 274 

68 -1.63 - - 139 
Cal+-Na+ 68 -0.42 +0%4 +3*6 282 

65 - +1*04 - 274 
72 to.17 - 274 

SF+-Na+ 68 -0.51 +G4 +6.9 282 
69 +0*13 +0*96 - 274 

Ba2+-Na+ 68 -0.87 -0.35 $1.8 282 
69 -0.39 -0.03 - 274 

The hydrogen forms of zeolites X and Y show irreversible changes of the crystal 
lattice when H+ is exchanged for Na+.281 

The bivalent ion exchange equilibria in the zeolites X and Y have been studied for 
the Ca2+-Na+, Sr2+-Na+, Bas+_Na+,a74~2%s’32--288 Cd%-Na+ and Znf&_Na+%J7 

systems. The ion-exchange isotherms for zeolite Na+-X show 100% exchange of 
Ca2+ and Sr2+ at 25 and 50”, and of Ba2+ at 50”.282 The Ba2+-Na+ isotherms at 25” 
terminate at 82 % exchange for Na+-X,* at 68 % exchange for Na+-Y.282 The same 
value has been obtained also in the Ca2+-Na+ and W+-Na+ systems on Na+-Ya74*sas 
at 25”. Some examples of the exchange isotherms are shown in Fig. 5. The sigmoidal 
shape of the isotherms in the case of zeolite X is interpreted in terms of two different 
equilibrium constants (>l and <l) for the exchange of supercage Na+ ions and 
sodalite-cage Na+ ions respectively. These two constants have been evaluated for 
the Ba2+-Na+-X systemas and are presented (as AG” values) in Table IV. In the 
case of the Sr2+-Naf system an unusual shape of the exchange isotherms has been 
found, which arises from limited miscibility of the end-members Na+-X and Sr2+-X. 
At a fixed aqueous solution composition, two solid phases co-exist.a88 Even if 100% 
exchange has been reached in the zeolite Na+-X, the replacement of the 16 Na+ 
ions in the small cages is very s~ow~‘~*~~ and the hydrated water of the ingoing cations 
should be at least partially stripped before these cations enter the small cages.273*2*a 
The values of the standard thermodynamic functions for bivalent ion exchange in 
the Na+-X and Na+-Y zeolites are summarized in Tables IV and V. It has been 
concluded from the thermodynamic data that in the case of Ca2+-Naf and Sr2+-Naf 
exchange in Na+-X the reactions are entropy-directed and controlled by water-ion 
interactions in the aqueous solution phase. 282 A small enthalpy change in the Ba2+- 
Na+-X system indicates that there is no strong interaction between the Ba2+ ions and 
the framework.- Further, a net transfer of water from the zeolite phase to the solu- 
tion takes place during the Bas+-Na+ exchange. sa2 In the zeolite Na+-Y there is no 
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FIG. S.--Some isotherms for ion-exchange on the Na+-X, Na+-Y and Na+-A zeolites 
at 25°C. 

zu = equivalent fraction of M”+ ion in the solution 
X, = equivalent fraction of MS+ ion in the zeolite 
l-system Ag+-Na+ for Na+-A zeolite.lss 
P-system Tlf-Na+ for Na+-X zeolite.188 
3-system Bag+-Na+ for Na+-X zeolite.‘88 
4-system Tlf-Na+ for Na+-Y zeolite.lSQ 
5-system K+-Na+ for Na+-X zeolite.“* 
&-system Cs+-Na+ for Na+-X zeolite.la* 
ii-system Li+-Na+ for Na+-X zeolite.15* 

ion-siting in the large cages, so hydrated alkaline earth metal cations exchange for 
hydrated Na+ cations.28a 

Reversible isotherms have been obtained by Sherryzsa and AmeszQo for the ex- 
change of Las* in Na+-X and Na+-Y as well as of Ce3+ and y9+ in Na+-X at 25”. 

The 16 Na+ cations per unit cell in the network of small cages could not be replaced 
by these ions at 25”. However, at higher temperatures (> 80”) a complete replacement 
occurred and the rate-controlling step in the replacement of the small-cage Na+ ions 
was stripping of hydration water from the tervalent ions in the large cages.289 

Equilibria in the L&de A zeolites. For the zeolite Linde A, the exchange isotherms 
and thermodynamic functions have been measured in many systems of uni- and 
bivalent cations.154~28P~2Q1-2g5 The ion-exchange in the systems Li+-Na+, Cs+-Na+ 
and Ca2+-Na+ shows very marked energetic heterogeneity which is explained in 
the case of the Li+-Na+ system in terms of two sets of available sites. The first set 
accounts for 35-45 % of all available ions (an average of 4-5 from the total 13 Naf 
ions per unit cell), while the remaining ions are associated with the second group of 
sites. However, larger ions such as Cs+ are excluded for steric reasons from certain 
sites, at any rate from the sites located in or adjacent to the ii-membered rings.2Q1 
Very often an excess of ion-exchange capacity of Linde A occurs owing to trapping 
of the AlO,- anion of the NaAIO, “molecule” occluded in the sodalite cage11a*2s2 
during crystallization of the zeolite. This anion is too large to diffuse through the 
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2.6 A window between the sodalite cage and the supercage. It has been found that 
there is one occluded NaAIOz “molecule” per sodalite cage which, together with the 
12 AlO,- anions needed for the formation of the Linde A unit cell, is consistent with 
the unit cell formula of Na,[12A10,~12Si0,]~NaA10,~29H,0.2 Larger cations such 
as Tlf and Ba2+ are unable to replace Na+ ions from the soda&e cages and thus their 
isotherms terminate at 92 and 97 % exchange.112s154*2W 

The following affinity series have been found for univalent cations : Naf > K+ > 
Rbf > Lif > CS+,~~~ K+ > Na+ > NHa+ > Rb+ > Cs+ > Li+ > (CH,)2NH,+.277 
However, it is difficult to compare the affinity series found by various authors on 
various materials. The cation selectivity is a function of the anion charge-density112 
and thus a function of the anionic site separation distances2@’ As only the AlO, 
tetrahedra bear the negative charge of the framework an increasing Si02 content 
will enlarge the anionic site separation distances and decrease the anion charge- 
density. ~WW Generally, the Na+-A zeolite prefers cations of higher valency, atomic 
weight, polarizability, tendency to form ionic pairs, and ability to form more strongly 
dissociated complexes, but of lower tendency to hydrate in comparison with other 
cations of equal charge.298*29D 

TABLE VI.-STANDARD THBRMODYNAMIC FUNCTIONS FOR ION-EXCHANGE 
IN NaA AT 25°C 

System 
Max. exchange, AG”, AH’, AS”, 

% kcalleq kcal/eq caljmolejdeg Reference 

Li+-Na+ 
Kf-Naf 
Rb+-Naf 
Cs+-Na+ 
Ag+-Na+ 
TI+-Na+ 
Ca*+-Na+ 

Sr*+-Na+ 

Baa+-Na+ 
Co’+-Na+ 

100 
100 

76 
49 

100 
97 

100 
100 
100 
100 
100 

97 
100 

+1*30 
+0.14 
to.68 
+1-98 
-3.93 
-2.32 
-0.14 
-0.73 
-0*8.5 
-1.01 
-1.30 
-1.17 
-1.63 

+2*26 
-2.39 
-255 
-3.80 
-2.78 

- 

$210 
+2.70 

- 

+050 
- 

0 
- 

$3.2 
-8.5 

-11.4 
-19.4 

+3*9 
- 

+7.5 
t-11.5 

- 

$5.1 
- 

+3*9 
- 

291 
291 
291 
291 
154 
154 
291 
154 
327 
154 
327 
154 
301 

The thermodynamic data for ion-exchange in the zeolite Linde A are summarized 
in Table VI. From the thermodynamic data it has been concluded that there is much 
ion-pair formation between cations and the fixed anionic sites in A@-A and Ca2+-A, 
less in Sra+-A, and almost none in Ba2+-A .15* No structural collapse has been found 
for the hydrated Ba2+ form of this zeolitel”sm contrary to other observations,2M 
and no structural changes have been found after the exchange of Co2+ for Na+ 
ions.301 

Zon exchange kinetics. The study of kinetics of processes on synthetic zeolites is 
very important from a practical as well as a theoretical point of view, because zeolites 
are amongst the few solids which show high ion mobility in a rigid and well defined 
crystal lattice. The diffusion kinetics of various cations in these materials show greater 
variety and complexity than they usually do for organic resins and thus attempt 
to correlate the kinetic and thermodynamic data with the nature of the cation, the 



restricting dimensions of the zeolitic framework, and the properties of solvent 
molecules, which is very useful for the deeper understanding of the ion-exchange 
processes on synthetic zeolites. 

The alkali metal ions diffuse very quickly in the X-zeolite, and substantially faster 
than the bivalent cations. The values of the diffusion coefficients increase with 
increasing atomic weight for the elements of the same group.3o2 The values of self- 
diffusion coefficients in the Linde A and X-zeolites for Na+, CsJ- and Srp+ range from 
1 x 1O-B to 5 x lo-’ cm2/sec in aqueous systems at 50”.= Sodium ions are, according 
to Dyer et al., 304 freely mobile between the various sites even at low temperatures in 
the X- and Y-zeolites, but in the case of zeolite A, two unequal structural positions 
for Na+, K+, Rb-+ and Cs+ were proved to exist by Hoi&is et al. from the self- 
diffusion data, even if the diffusion process of Na+ and K+ was extremely fast.W5s306 
In the latter case, the distribution of Na+, Cs+ and Rbf over the different lattice 
types was found to be tem~rature-de~ndent~2* 

The self-diffusion coeflicients of H,O occluded in Nat-X, Ca2+-X and Caa+-Y 
zeolites were determined by pulsed field-gradient spin-echo NMR and corresponded to 
values of 1.34, 1.65 and 1.88 x 10” cm2/sec at 30”. The corresponding activation 
energies for self-diffusion were 6.9, 6.8 and 5.6 kcal/mole, respectively, and 5.04 
kcal/mole for pure water. Thus there appears to be little difference between free 
water and water occluded in the zeolites.307 

The self-diffusion and ion-exchange data for the systems Na+-alkaline earth 
metal cations in X-, Y-, A- and ZK-4-type zeolites show considerable differences, 
which may be explained by the significant solvent-cation association in the case of 
bivalent ions.= The coulombic forces make the major contribution to the activation 
energies of these self-diffusion processes and thus the enhancement in the framework 
charge increases the self-diffusion energy.ss” The progress of a Ca2+, Sr2+ or Ba2+- 
water “complex” through the layer lattice window of the X-zeolite seems to be the 
rate-determining step.166~308 For the Ba2+ ion, the diffusion energy barrier arises 
from the Iarge bare ion moving from site I, through successive hexagonal windows 
out into the supercage. A much higher barrier exists for SrU-, which occupies site 
I’, in the zeolite X. Thus to gain a position in the large cavities, Sr2+ ions first have 
to lose their hydration sheaths before the ion passes through the hexagonal window 
of the sodalite unit.30D Thus the increased values of activation energy would be 
explained by these high-energy barrier+@ increasing for the series Ba2+ < Ca2+ < 
Sra+.sQs On the other hand no ion-size effect has been noted for Sr2+, Ca2+ and Ba2+ 
in this zeolite.166*308 Also the values of entropy of activation can be indications of the 
differences in the diffusion path followed by Sr a-t and Ba2+. The positive value associ- 
ated with Sr2+ migration in zeolite X (137 J~mole~deg) would thus be a reflection of 
its restricted diffusion path and a large ion-water orientation. Conversely the negative 
value measured for Baa+ migration (-66 J/mole/deg) is indicative of a comparatively 
higher degree of mobility and the lack of orientational effect which the ion has upon 
its water environment. The overall activation free-energy changes are nearly identical 
for both ion-diffusion processes (84 and 83 kJ/mole) which would seem to preclude 
structural changes as a contributory factor to Sr2+ self-diffusion in the zeolite X.3ov 
Bivalent cations such as Ca2+, Sr2+ and Baz+ experience difficmlty in replacing a pro- 
portion of Na+ ions, especially those in site I. However, if the tem~rature is raised 
to -2OO”, the effect is to depopulate site I with respect to univalent ions in favour of 
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bivalent ions. In these cases Sr2+ and Baa+ occupy only one-half of the available site 
I positions.m4 The degree of conversion of X-zeolite into the bivalent form seems 
therefore to be the decisive factor for the diffusion phenomena. It has been shown 
that 80% of the exchangeable barium ions and 65 % of the strontium ions have 
very high diffusion velocities in X zeolites, but the remainder diffuse only slowly, the 
diffusion coefficients differing by 4-5 orders of magnitude. The enthalpy of activation 
of the slower process is about twice that of the fast one. This is explained in terms of 
location of the ions in two types of channels, which are supposed to be separated 
from each other, each of them accommodating a certain proportion of the bivalent 
ions 308,310 

Similar studies on bivalent cations were made with the A-type zeolites. In contrast 
to Csf ions, the SP+ and Baa+ distribution in A-zeolite is practically uniform.sOs 
For example, all six Sr2+ ions present per unit cell in zeolite A occupy structurally 
similar positions and the activation energy for self-diffusion was calculated as -13 
cal/mole/deg.311 The self-diffusion measurements for Caa+, Sr2+ and Baa+ illustrate 
the effect of increase in size of bivalent cations on the energy barriers for self-diffusion 
through type-A zeolites. 298 These cations are not completely surrounded by water 
molecules and some coulombic contribution to the energy barrier is of importance.lss 
The rate-determining step for movement of the large Ba2+ ion through zeolites A, 
ZK-4 and chabazite is a sterically hindered process. The movement of Ca2+ and 
Sr2+ ions in chabazite and zeolite ZK-4 could be one in which the ion moves from a 
completely hydrated state through a restricting ring, losing part of its hydration enve- 
lope, and returns to its hydrated state on the other side of the ring.308 Above lOO”, 
the barium ion diffusion became an ideal diffusion process. At sufficiently high 
temperature all exchangeable cations leave their well-defined positions in the frame- 
work and are statistically distributed in the supercage. 

The use of non-aqueous solvents with lower dielectric constants and larger solvent 
molecules than water, has apparently little effect on the rate of Na+ ion migration, 
the rate being extremely rapid even in zeolite A which has relatively small pore 
openings. The use of non-aqueous solvents has a considerable effect on the kinetics 
and thermodynamics of alkaline earth metal cation self-exchange processes.m4 
The rate becomes immeasurably slow in zeolite A, and in zeolite X and Y there is a 
marked reduction in the self-diffusion rate and an increase in the activation energy 
with increasing size and decreasing dielectric constant of the solvent molecules. 
The effect of increasing size in an ion-solvent aggregate is the main cause of increasing 
energy barriers for self-diffusion.284*313*314 

Mordenite-like zeolites 

Natural mordenite [(Ca,K,,Na,)O~Al,O,~lOSi0,~6-7H,O] has a well-known 
synthetic counterpart with a nearly rigid framework in all three dimensions, which is 
thermally stable and has a structure with various degrees of porosity (Zeolite AW-300, 
Zeolon2’*). Alkaline-earth varieties of this high-silica synthetic mordenite were 
prepared hydrothermally3 l&31’ by heating a mixture of SiO, and sodium aluminate 
with aqueous solutions of Na.$iO, at 75-175”. The following formulae have been 
determined: (Na,Ca/2),~A1,Si,0,,~2~8H,0315 and (N~,K,,Ca)A1,Silo.0,*7H,0.316 
Mordenite crystals were prepared by prolonged autoclaving of the solutions with 
sodium silicate at 90-120”. The crystals contained a lower amount of Ca (~1% of 
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CaO) than that of natural mordenites (2-4 % of Ca0).3r* The SiO,/AlsO, and Na+/H+ 
ratios in the mordenites can be changed without destroying their zeolitic structure. 
The Na+- and H+-forms of mordenites were prepared and their composition corre- 
sponded to 1~04Na,O~Al,O,~12~2Si0, and 2~47H,0~0~5AlZ0,~12~2SiOa, respectively. 
Treatment of the Na+-form with acids leads to ion-exchange and de-alumination 
processes. By the de-alumination the zeolite capacity is decreased and non-equivalent 
H+ groups are formed. Heating of mordenite to ~400” causes deprotonation and 
de-alumination.31s 

Sorption phenomena on mordenites are closely related to the structural arrange- 
ment. The volume of two large channels (length -7.52 A) in the elementary unit 
cell of the synthetic mordenite was found to be 477 A3. The ions adsorbed are 
predominantly situated in the IZmembered oxygen windows. From these windows 
smaller channels formed by !&membered windows branch out. The volumes of the 
large and small channels in the sodium (hydrogen) form of mordenite were found 
to be 0*0935(0.0980) and 0.0565 cm3/g, respectively.320 It was reasoned that if the 
zeolites were synthesized with a given ion in place, the structure should conform 
slightly to the spatial needs of the ion in question. If these ions are removed by 
ion-exchange, the zeolite should still retain a “frozen-in” structural preference for 
the original ions and thus an element of selectivity for this ion is built-in.316 A 
strontium-selective mordenite can be prepared by this method.321 PMR and infrared 
studies on synthetic mordenite have been performed.322 

Heulandite-like zeolites 

Naturally-occurring zeolites of the heulandite group are characterized by frame- 
works that tend to be lamellar. The minerals heulandite (CaO~Al,03~6Si0,~5H,0), 
clinoptilotite [(Ca,Nas,K2)0~A1,0,~10Si0,~8H,0], stilbite [(Na2Ca)O*A1203*6Si0,. 
6H,O], and ferrierite [(Na,,Mg)O~Al,03~10Si02~6H20] have well-known synthetic 
analogues~316.317.321,323-329 

Synthetic heulandite of the formula (Na,,Ca)O~Al,O,~7SiO,~H,O gives the same 
X-ray data as the natural mineral. The basic volume of the zeolite is -900 A3.s23 
From NMR studies it is obvious that hydrogen enters the structure in the form of 
OH groups.326 The high-silica zeolites of this group have been the most studied. 

A synthetic heulandite-clinoptilotite zeolite was prepared hydrothermally by 
autoclaving at ~300” a mixture of LiOH, Al(OH), and silica gel in the ratio of 
1: 1: 12. A zeolite with the composition 1 1~5Si0,~A1,0,~0~99Li20~18~9H20 has been 
prepared, with capacities for Sr,+ and Cea+ of 0.46 and 1.16 meq/g, respectively.317,324 
Alkaline earth varieties of high-silica clinoptilolite, e.g., Ca(Na,K),Al,Si,,O,,+ 
24H20,31e can also be prepared hydrothermally and a Ba-clinoptilolite-like phase 
has been prepared reproducibly in this way. 316 Low alkalinity of the solutions favours 
the formation of high-silica compounds. Na+-alkylammonium clinoptilolites were 
prepared by the ion-exchange conversion of Na+-clinoptilolite. The ion-sieve effects 
and the groups of ions which can displace all or only some of the total Na+ can be 
reconciled with the free dimensions of the windows giving access to the two kinds of 
channels in clinoptilolite, if this is assumed to have an aluminosilicate framework 
isostructural with that of heulandite. The kinetics proved fully compatible with 
intraparticle diffusion, but not with intracrystalline or film diffusion.325 As in the 
case of mordenite, selectivity of clinoptilolite for Sr2+ can be incorporated by the 
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localized perturbations of the Al-Si network due to the conformation of this network, 
during formation, to the spatial needs of the exchangeable cation. For the gross 
composition SrO~Al~0,=7SiO~, the separation factor for Sr2+ decreases in the order 
clinoptilotite > mordenite > ferrierite > yugawaralite. The higher separation factors 
for Sr may be explained by their relation to the larger channels of h/6*6 A in the case 
of mordenite and perhaps clinoptilolite. 321 Very low values of ion-exchange enthalpies 
were found for the systems Na+-Sr2+, Naf-Ca2+ and Sr2+-Ca2+.327 

Alkaline-earth high-silica ferrierite-like zeolite was prepared hydrothermally, 
with the composition (Na,K)4Mg2Al$i3,0,2~1 8H20.31S Synthetic products con- 
taining strontium, usually designated as Sr-D, have X-ray characteristics very 
similar to those of natural ferrierite.329 The corresponding Hf, Na+, K+ and Ca2+ 
forms were prepared by the ion-exchange conversion of the Sr2+ form.328 Similarly 
to mordenite and clinoptilolite, the “frozen-in” structures can be incorporated for 
the Sr2+-selective ferrierite preparation.321 

Chabazite-like zeolites 

Chabazite-group minerals possess a rigid three-dimensional framework. Their 
structure may be represented by layer stacking, and the hexagonal prism units can be 
considered as the building blocks. Each zeolite of this group can be regarded as 
a sequence of layers of hexagonal prisms, the layers being firmly bonded to one 
another to give strong frameworks. Synthetic counterparts of natural chabazite 
[ ( Ca,Na~0~A1,0,~4Si0,~6H20], levynite (CaO~A1203=3Si025H20), and especially of 
erionite [(Ca,Mg,Na2,K2)O=A1203~6Si02~6H20] have been described278*322*327*330-340 
From the X-ray studies of hydrated Ca-chabazite at +20 and - 150”, three possible 
ordered arrangements of Si and Al atoms have been proposed.330 

The chabazite-like synthetic zeolite AW-500 contains in its structure ellipsoidal 
cavities ~10 A in free length and 6-7 A in free diameter. Entry of either ionic or 
molecular species into these cavities occurs through one of the 6 eight-membered rings 
which form some of the polyhedral faces of each cavity. These rings are elliptical 
with maximum and minimum free diameters of 4-l and 3.7 A, respectively.339 Free 
energies and enthalpies for the Na +-Cs+, K+-Na+ and K+-Cs+ ion-exchange reactions 
on chabazite-like synthetic zeolite AW-500 are very low and AH values diminish as 
the difference in the sizes of the exchanging cations decreases. The same conclusions 
were reached for the mordenite- and erionite-type synthetic zeolites AW-300 and 
AW-400.278 

ZK-20 zeolite is isostructural with levynite. The composition corresponds to 
the formula R20~Na20~Al,0~-Si02~~H20 with the components in ratios of O=l- 
O-2 : 043-0~9 : 1~0 : 4*0-5*0, where y = l-5 and R is the cation derived from l-methyl-l 
azonia-4-azobicyclo [Z, 2, 2]octane silicate. The synthesis was carried out in the 
presence of sodium aluminate and at 80-120°.331 

The erionite-like zeolite, designated usually as zeolite T, zeolite AW-400, or 
Linde T, has a hexagonal structure with a = 13~25 A, c = 15.12 A and density 
2.07 g/cm3. The dimensions of the &membered windows are 395 x 4*7 A and the 
cavity diameter corresponds to 6.3 A. The number of these cavities is about 8 that in 
chabazite. 335 From the electron-density map it has been concluded that the Na+ 
and Ca2+ cations are placed in the large cavities. 338 Attempts to replace all K+ ions 
from the pure potassium form of this zeolite indicate that 25 % of the total cations, 
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or one of the 4 cations per unit cell, are not exchangeable below 300”. Structural 
conditions make it likely that the non-exchangeable K+ ion in each unit cell is placed 
in the small cancrinite cage. 333 The synthetic erionite of composition 05&05Na,O. 
A1,0,*6-6Si0,+5H,O does not lose its structure after replacement of the Na+ and 
K+ ions by H+.334*936 U nivalent ions are preferred, sorption decreasing in the order 
Cs+ > Rb+ > Ag+ > K+ > NH,+ > Na+ > Li+, with large separation factors 
between adjacent alkali metal ions. It has been concluded that synthetic erionites 
prefer K+ to Bae+ and Ca2f ions.332*333 An inverse relation was noted between 
Si02/A120, ratios and bivalent cation selectivities for the Naf-Sr2+, Na+-Ca2+ 
and Sr2+-Ca2+ ion-exchange equilibria. s2’ Separation of heavy metals is also possible 
on these materials.332 Synthetic erionites are stable up to 800”, which may be explained 
by the relatively high Si: Al ratio .s36 The prolonged treatment of erionite with an 
excess of dilute acids involves de-alumination; the Al lost thus may reach 40%. 
The process is expressed by the equation: 
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Over the temperature ranges 2oo-400’ and 45O-550”, these de-aluminated erionites 
release more water than exists in the starting materials. This is a direct verification of 
the existence of SiOH groups created by de-alumination.336 Covalently bonded OH 
groups were found in the acid centres of decationized erionite. It is interesting, that 
compared with the original phase, an enhanced H,O content in the H-centres was 
detected by PMR.%’ 

Analcite-like and phillipsite-like zeolites 

The analcite group contains two main minerals: analcite (Na20*A120,*4Si02- 
2H,O) and wairakite (CaO~A120,~4Si0,~2H,0). These possess a three-dimensional 
rigid framework and, like phillipsite [(K2,Ca)O~A120,~4Si02~4-5H,O], they are 
characterized by the SiO,/Al,O, ratio usually ranging from 3.18 to 5.26. All these 
minerals have corresponding synthetic analogues.316,327*341--346 Synthetic analcite31s 
has an extremely slow rate of water self-diffusion and very high values of the corre- 
sponding activation energiesm as compared with other zeolites. The extent of 
replacement of Na+ ions by small bivalent or univalent cations exceeding a certain 
size is quite limited.342 Synthetic wairakites31s in the Sr2+- and Ca2+- forms prefer 
the univalent Na+ cations to the bivalent Ca2+ and Sr2+ ions.343 A phillipsite-like 
zeolite was prepared under precise hydrothermal conditions (to prevent the formation 
of faujasite).m Phillipsite is a zeolite closely related to zeolite B, which has the same 
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composition as zeolite X. 345 Three different structures of sodium-phillipsite (Nap) 
synthetic zeolites may exist: (1) with primitive cell, where a > c, and the Li+- and 
Na+-forms are tetragonal and the Mg2+-, Co2+-, Ni2+ and Cu2+-forms are cubic; 
(2) with body-centred cell, where a > c and the K-t-0, Rb+-, Cs+- and Ag+-forms are 
tetragonal ; (3) with body-centered cell, where c > a, and the Ca2+-, Sr2+- and 
Ba2+-(Pb2+)-forms are tetragonal and the Cd2+-form is cubic. The Nap-type zeolite 
containing (K,, Ca)+ and H+ has a structure identical with that of natural phillip- 
site.346 Very low ion-exchange enthalpies were found for the Na+-Sr2+, Na+-Ca2f 
and Sr2+-Ca2+ ion-exchange reactions on synthetic phillipsite.327 

Other zeolites 

In this group there are included the remaining zeolites with counterparts in natural 
minerals, modified types of zeolites, and purely synthetic aluminosilicates without 
natural analogues. 

The synthetic yugawaralite (4CaA12Si5014~4H20)316 and the synthetic zeolite 
Sr-Q32g have X-ray characteristics very similar to those of the natural mineral. 
Potassium analogues of the sodium forms of synthetic sodalite-like zeolite Zh, with 
composition Na20*A1203*2* 1 Si0,*XH20347 cannot be prepared by direct synthesis. 
In the systems Na20-Al,O,-SiO,-H,O with Si/Al ratio 5, the zeolite Zh crystallizes 
at lowest SiO, contents. 122 From the electron-density map it was concluded that 
Na+ ions in the zeolite Zh are placed in the centres of cube-octahedral cavities. No 
ions were detected inside the 6-membered oxygen windows.347 Hydrothermal 
syntheses were undertaken with the systems SiO,-AI(ONaOH-H,O-anions 
for preparing synthetic zeolites which behave as anion-exchangers. Anions were 
formed when the NaOH/Si02 ratio was O&3*0, for orthorhombic nepheline hydrate I 
in the presence of OH- or F-, or with cubic sodalite or one of its derivatives in 
the presence of Cl-, Br- or I-, or with hexagonal derivatives of cancrinite in the 
presence of S042-, CrO,Z, Mo~,~-, WO,“, NOs-, PO,S- or COa2-. Much higher 
values of the NaOH/Si02 ratio caused formation of pure basic sodalite and hydroxypa- 
racancrinite. These zeolites exchange OH- groups with Cl- anions at > 150°.348 
Synthetic boehmite and pseudo-boemmite gels have been hydrothermally aged under 
acidic and neutral conditions. sQg Hydrothermal synthesis in the Li,O-Al,O,-SiO, 
system leads to the formation of new l zeolites. MCP II is an acid-resistant zeolite 
having a characteristic X-ray pattern, while MCP III is a layer-type mineral of the 
montmorillonite type, with possible composition Li20~(2Li20~A1203)~8Si02~xH,0, 
where the Li+ ion appears as the exchangeable ion. 350 Zeolite L possesses a unique 
framework structure which has not been observed in any minerals. The structure has 
been tentatively ascribed to hexagonal p-tridymite. This zeolite has exceptional 
thermal stability and ability to exchange tervalent ions.121 The zeolite of type Z-14HS 
was prepared by the paste method. This product retains a large percentage of its 
surface after steaming at 480-650°.349 Modified zeolites have been prepared by 
treatment with multivalent elements, e.g., zeolites with the general formula (D2inO), : 
MO,: (SiO,), where D = univalent or bivalent metal, NH,+ or H+, n = oxidation 
number of D, x = 0=5-4*0, M = Ti, Zr or Hf, and y = 2-10.351 The zeolites with a 
high degree of NaGubstitution were prepared by multiple treatment with saturated 
solutions of cations of group VI and VIIImetals or the lanthanides and by subsequent 
heating at 140-550°.352 
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Practical ion-exchange applications of synthetic aluminosilicates 

If the field of catalysis is excluded, relatively few interesting applications of the 
synthetic aluminosilicates have been suggested during the last five years. Most of 
these have been concerned with the removal of ions from waste solutions. 13’Cs may 
be recovered from fission-product wastes by zeolite ion-exchangersass Mordenite- 
and erionite-like zeolites have been successful in the column separation of Csf from 
the alkaline supernatant solutions in the Purex-process, desorption being effected by 
3M (NH,J,C03.340 Two MCi of r3’Cs were recovered from Hanford wastes by an 
aluminosilicate ion-exchanger “Decalso”. Natural and synthetic aluminosilicate 
zeolites have been used for the removal of NH,+ in the presence of Ca2+, Mg2+ and 
Na+ ions from agricultural run-off and municipal waste-water.355 Ag+ can be separated 
from aqueous solutions by natural or synthetic aluminosilicates in the Na+, K+, 
or Na+-K+ forms. Ag+ elution by concentrated NaCl or KC1 solutions is possible 
without deterioration of the sorbent’s ion-exchange properties.35s The possibility 
of 13’Cs, gOSr and 91Y removal from solutions containing variable amounts 
of humic acids has been studied on the Na+-X type zeolite.357 The zeolite 4-A was 
examined for adsorption of 13’Cs, 89Sr, 6oCo and 10gRu from NaCl solutions at 
pH>7 .358 Separation of loaRu from 13’Cs, 152Fe, 144Ce and 6oCo on molecular 
sieve 4-A was successfully performed at pH 5. 95s The application of synthetic zeolites 
for removal of ruthenium from radioactive effluents has also been described.360 
Synthetic aluminosilicates MCPl, 2 and 3 were found to be effective adsorbents for 
radioactive waste disposal.350 

Other practical applications are very limited. The cells of a solid-state battery, 
which perform satisfactorily even at 500”, utilize ion-exchanged crystalline zeolites as 
basic materials.361 Papers containing crystalline zeolite particles362 and ion-exchange 
membranes from natural or synthetic zeolites,3s3 which were used for hypefiltration 
and electrodialysis, have also been prepared. Zeolite applications in dissolution364 
and column chromatography s65 techniques are of secondary importance. 

MISCELLANEOUS EXCHANGERS 

Synthetic apatites 

Various apatitic compounds have been studied with respect to their ion-exchange 
properties. Some of the anionic and cationic components of the apatitic structure 
MlO(XO&Y are exchangeable, e.g., where M = Ca, Sr, Ba, Cd and Pb, X = P, 
As, V, Cr(V), Mn(V), Si, Ge and Y = F2, Cl,, Bra, (OH),, 0 and C032-. Hydroxy- 
apatites containing Ca2+ ions and zeolitic water are the materials studied most.370 
Different methods of hydroxyapatite preparation are well known from the liter- 
ature371*372 and single crystals at least 1.4 mm in diameter can be prepared from single 
crystals of chloroapatite. 371 The structure, physicochemical properties, thermal 
stability, infrared spectra and ion-exchange properties of Ca2+, Sr2+ and Ba2f salts 
have been reported. 370 The adsorption of 45Ca tracer on calcium hydroxyapatites, 
has been shown to proceed by a reversible iso-ionic exchange process at laboratory 
temperatures.378 However, the ion-exchange of Ca 2+ for univalent cations such as 
Li+, Na+, Kf and Cs+ was verified though the (CH,),N+ cation was found to be un- 
exchangeable.374 



Synthetic inorganic ion exchangers-II 1273 

Many authors have shown interest in OH-Cl exchange in these compounds. 
At lower temperatures, such an ion-exchange is impossibIe,370*375-377 but at 250” 
and high pressure the exchange process occurs with limited reversibility and is depend- 
ent on the crystallographic parameter a of the sorbent,315s376 on the chloride con- 
centration in the system,375 and on the Sr/(Pb + Sr) and Sr/(Ba + Sr) mole fraction.376 
The mixed Ca 2+-Ba2+ hydroxyapatite adsorbs chloride ions negligibly at higher 
temperatures. However, the process was found to be reversible.377 

The presence of Na+ and Pb2+ ions increases the exchange capacity for Cl-. 
Na+ ions favour the diffusion into the lattice channels by introducing vacancies 
at anionic sites. Pb2+ ions favour the diffusion into tunnels in the lattice as a result of 
the higher polarizability of Pb2+ relative to that of Sr2+ and Ba2f ions.376 On the 
other hand the presence of Na+ ions gives rise to a shortening of lattice parameters 
as well as enhancing the exchange reversibility.378 The compound Sr,Pb,( 4)6(OH)2 

(x+y= 10) sorbed Cl- at room temperature and good reversibility of exchange 
was given by Sr,Pb,(PO,),(OH),. 375 The exchange capacity for Na+ was considerably 
increased by introducing Pb2+ ions into the alkaline earth hydroxyapatite lattice.378 

OH-F exchange on synthetic and natural hydroxyapatites is facilitated by increase 
of the fluoride concentration and decrease in pH370,37s381 and is strongly dependent 
upon the surface. 381 Non-stoichiometric compounds, e.g., calo(Po&@H,F), are 
formed,37g and the exchange process is partially reversible.377 Sodium monofluoro- 
phosphate is a less efficient agent than NaF for fluorinating the hydroxyapatites.381 
The first rapid stage of exchange is surface-dependent and the second slow stage may 
be diffusion-controlled.380 

Two kinds of structural effects must be considered when trying to account for 
adsorption processes of the hydroxyapatites : those which are due to channels around 
the screw axis and those which are connected with the whole lattice. Occurrence of 
channels is connected with anisotropy of ionic conductivity, high diffusion rates along 
the channels, ion-exchange properties, and the ability of the apatitic lattice to fix 
some salts in the channel sites. The whole lattice arrangement enables C032- ions 
to be placed in sites out of the channels.372 

The ion-exchange properties of strontium hydroxyapatites in the systems con- 
taining Na+, Ca2+, Ba2f and Pb2+ ions have been described.378 The OH- content in 
these compounds is lower than the theoretical content and increases with decreasing 
content of Na+ in the systems. 

All problems connected with the synthesis, structure, structural properties and 
single-crystal preparation of fiuoro, chloro and hydroxyapatites have been critically 
reviewed by Monte1.372 

Insoluble sulphides 

The ion-exchange properties of a wide range of insoluble sulphides, e.g., Ag2S, 
FeS, CuS, ZnS, PbS, CdS, NiS, AsgS3 and Sb2S3 have been studied in recent years.382-386 
These materials are usually prepared by precipitation from metal salt solutions with 
H,S or Na,S. Precipitation at low temperatures (7005-253 K) leads to formation 
of granular materials with particle size increasing with decreasing temperature.384*386*387 

The sulphides are selective towards cations forming insoluble sulphides. The 
exchange reaction proceeds primarily through metathetical reactions in which the 
metal of the sulphide is displaced by appropriate ions in the solution.388 The exchange 
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reactions are usually fast and can be carried out in small columns.886*S88~389 Quantitative 
adsorption of Pb 8+, Cus+, Mn2+, Co2+, Nia+ and Tl+ has been reported on ZnS, 
CdS and PbS,3eQ of Pb2+, Cd2+ and Cu2+ on NiS,ss7 and of Cua+ on ZnS and CdS. 
An equivalent exchange of the metal ion from the solution for the metal of the sul- 
phides has been found. 387 The selectivity series for bivalent cations corresponded to 
the solubilities of freshly prepared amorphous sulphidesasr On the other hand, no 
correspondence has been found with the solubilities of sulphide minerals.**sss 
The adsorption of Cu2+ on ZnS has been shown by X-ray measurements to proceed 
uiu formation of CuS. The limiting precipitate composition expressed by the formula 
NiS2CuS has been found for the adsorption of Cue+ on granular NiSsm 

The rate and extent of conversion of the insoluble sulphides are determined by 
rates of diffusion of the pertinent ionic species in the solids. For example, the high 
reaction rates of Ag+ with most sulphides are connected with the large self-diffusion 
coefficient of Ag+ in Ag,S .%s However, some other processes such as physical 
adsorptionSaD and oxidation-reduction processes3@ may accompany the ion-exchange 
reactions in these materials. 

Alkaline earth sulphates 

Special attention has been paid to materials based on the barium sulphate lattice. 
Two main applications of these materials have been studied. The first is the use of 
barium sulphate as a co-precipitation agent, where generally all positive ions of a 
charge >2 and an ionic radius larger than ml.1 A are co-precipitated and can thus 
be isolated from solutions with 99% completeness or better. Although the exact 
adsorption mechanism is not clear, the strict dependence of efficiency on the ionic 
size and charge suggests isomorphous replacement in the BaSO, lattices1 However, 
the field of co-precipitation is well outside the scope of this Review. The second is 
based on the adsorption properties of barium sulphates with artificially introduced 
crystal-lattice defects. 

Thus BaSO, preparations possessing enhanced sorption activity especially for 
Sr2+ have been prepared either by the partial metasomatic transformation of CaSO, 
into BaSO, by contacting the former with solutions of soluble barium salts, or by the 
heat treatment of the mixture of BaSO, and CaSO, above the /? + a transformation 
temperature (above lOO@), where both sulphates are miscible, with subsequent 
rapid chilling of the glowing mass in water. 392*393 These materials can also 
be prepared by the simultaneous precipitation of the insoluble sulphates from 
solutions of soluble barium salts containing salts of other metals, especially 
of calcium.3” By the procedure involving the heat treatment, the me&stable product 
is obtained with calcium sulphate fixed in the BaSO, lattice.3Q2*383 When placed in 
water, the weakly bound CaSO, component is eluted with consequent rapid re- 
crystallization in the whole mass. During this process, ions, the sulphates of whichare 
isomorphous with BaSO,, are rapidly incorporated and thus may be removed from the 
solution. By the recrystallization and by the incorporation of these ions, the existing 
lattice stress is abolished, mixed crystals being formed.392-3Q5 The heat-treated and 
rapidly chilled product exhibits X-ray diffraction patterns and infrared absorption 
spectra characteristic of BaSO, only. No CaSO, features were detected.s@2*996ss97 
At least a part of the CaSO, adopts the space group of the low-temperature (p) 
modification of BaS0,.sga*397 The unit-cell parameters of the heat-treated sorbents 
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(obtained by repeated recycling) are a = 8.480, b = 5397, and c = 6.956 A, which 
are practically identical with the parameters of anglesite? This coincidence of 
lattice parameters was suggested as a possible factor in promoting the selectivity for 
Sr2+ 398 A nearly eutectoid mixture of BaSO,/CaSO, = 60/40 mole % was found 
most convenient for preparation of the sorbents,393~394~397~399 with the optimum cool- 
ing time 30 sec. 4oo Different cooling media were examined, and thermal cycling 
facilitated formation of larger crystals. 4oo*401 Specific surface measurements of different 
preparations have been correlated with the adsorption abilities.4o1 The radiation 
stability of these materials was found to be satisfactory but doses up to 5 x 109 rad 
caused a gradual decomposition into the original components.402*403 Great attention 
has been paid to the sorption of Sr2+ on these materials in the presence of large 
amounts of Ca2+ ions .393-395*399*401 The first stage of Sr2f adsorption is a reversible 
ion-exchange process obeying the law of mass-action. The values of the diffusion 
coefficients and activation energies showed the existence of steric hindrance. The 
final stage of Sr 2+ adsorption is an irreversible process. 392 Trace levels of Sr2f were 
successfully separated from a large excess of Ca2f ions under different condi- 
tions 392,394,395 and practical applications in medicine and in waste-water decon- 
tamination on a pilot-plant scale were realized.23 

CONCLUSION 

In Parts If and II of this Review we have attempted to cover as completely as 
possible the published papers in the field for the period 1965-70, both from the Western 
and Eastern countries, and especially those which are not easily available. 

The number of materials which may be understood as inorganic ion-exchanging 
substances has grown enormously during the period reviewed. However, because 
the ion-exchange processes in many substances are accompanied by other phenomena 
such as physical adsorption, surface adsorption, precipitation and co-precipitation 
processes, lattice defects, etc, it has been difficult to find an exactly limited scope for 
the term “inorganic ion-exchanger.” We have therefore included all the cases where 
at least some features of the ion-exchange process could be distinguished. 

There appears to have been a marked trend towards providing a more exact 
explanation of ion-exchange reactions rather than studying purely practical separation 
applications. The basic studies of ion-exchange mechanisms have been carried out on 
defined crystalline materials, the detailed structures of which, along with the location 
of the exchanging ions in the crystal lattice, are of great interest. This knowledge, 
accompanied by the determination of the main thermodynamic functions, has per- 
mitted a full explanation of the ion exchange process. These studies have till now 
been carried out on synthetic zeolites and some acidic salts of multivalent metals. 
This tendency will probably also be extended to the other materials. 

It is interesting that the ion-exchange process in many substances is connected 
with formation of defined insoluble compounds of the ingoing ion with the “matrix,” 
and that the formation of two distinct solid phases has been detected in some cases. 
These facts together with the other observed phenomena mentioned above suggest that 
the ion-exchange processes in the case of inorganic ion-exchangers are of complex 
character and that the traditional treatment of these processes in terms of pure 
ion-exchange do not fully describe all aspects of the process. 
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Zusannnenfassung-Ein Uberblick iiber die Entwickhmgen w&end 
der Jahre 1965-70 im Gebrauch von Salzen der Heteropolyslure, von 
Cyaneisenverbindungen und synthetischen Zeolithen als Ionenau- 
stauscher. 

Resum&Une revue des developpements durant la p6riode 1965-1970 
dans l’emploi des sels d’heteropoly acides, de ferrocyamtres et de 
zeolites synthetiques comme echangeurs d’ions. 
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Summary~A brief discussion of problems connected with increasing 
the sensitivity of anodic-stripping determinations is presented. A 
new microcell for anodic-stripping voltammetry in solution volumes 
down to about 0.01 ml was constructed. The effect of the solution 
volume, the mercury-drop electrode size, and of the pre-electrolysis time 
and potential on the sensitivity of determinations was studied and the 
reproducibility of results for determinations of lead in mineral acids 
is given. It was found that nanogram amounts of heavy metals can 
easily be determined in this way. In determination of 2 ng of Pb 2+ in 
0.02 ml of solution the results were 2.00 ± 0.13 ng (95~ confidence 
limits), the mean relative deviation being 6.3 ~. For determination 
of copper in KNO3, stripping microanalysis was compared with 
atomic-absorption spectrophotometry. Advantages and disadvantages 
of stripping voltammetry on the macro- and micro-scales are discussed. 

T w o  OF THE MOST IMPORTANT ASPECTS of anodic-stripping voltammetry, as with any 
other analytical technique, are its selectivity and sensitivity. The former was dealt 
with in our previous paper, t The problem of increasing the sensitivity is chiefly that 
of increasing the electrolytic current due to dissolution of the species monitored, 
compared to the background current value. In d.c. voltammetry, the detection limit 
is represented by electrolytic currents of the order of tenths of nanoamperes; at lower 
values, the signal-to-noise ratio is already too low for obtaining unambiguous results. 

One way of improving the signal-to-noise ratio is utilization of a more sensitive 
measuring method (e.g., a.c. voltammetry or square-wave polarography, see for 
example ref. 2). These methods are subject to two serious drawbacks, namely, the 
necessity of employing much more involved apparatus and the fact that with slow 
charge-transfer reactions the gain in" sensitivity is very small and frequently non- 
existent, a,4 Another way is to carry out the stripping process under conditions of 
convective diffusion (stirring, rotating or vibrating electrodes etc, see for example 
ref. 5). The disadvantage of this approach is poorer accuracy and precision, es- 
pecially if solid electrodes arc used. Nonetheless, the application of rotating disk 
electrodes, either solid or mercury thin-layer electrodes, seems to be very promising, e 
T h e  sensitivity may also be improved by using mercury thin-layer electrodes, because of 
a more favourable ratio of the active surface to the volume of mercury (see for ex- 
ample ref. 7). There is an additional advantage in increased selectivity, owing to the 
very narrow peaks obtained. 

If the conventional type of apparatus is employed for anodic-stripping voltam- 
metry, there is still the possibility of varying the sensitivity of measurement by means of 
variations in the solution volume, mercury-drop electrode size, and the pro-electrolysis 
time, the pre-electrolysis potential being usually determined by the selectivity re- 
quirements. The dependence of the anodic peak current, I a, on the experimental 
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conditions is a complex function and according to Stromberg and Zakharovs it may 
be written in the following form: 

1, = a(1 - e-*) 
where 

a = 3K,c,” V 1 
r 

; b = 4rrKer2 f 
V 

Kl being a proportionality constant, K, an electrolytic constant depending upon the 
pre-electrolysis potential and hydrodynamic conditions, c,” the initial metal con- 
centration in the solution, V the solution volume, r the mercury-drop radius, and t 
the pre-electrolysis time. 

From analysis of these equations it follows* that, for small values of b(<O-l), 
when V is sufficiently large and t and r are sufficiently small, the peak height is inde- 
pendent of V and is directly proportional to r and t. The concentration in the solution 
is practically unchanged after pre-electrolysis. For O-1 < b < 3 the peak height 
increases with increasing t and V up to a certain limiting value, while the dependence 
of I, on r exhibits a maximum at b = l-26. For b > 3, when V is sufficiently small 
and t and r sufficiently large, the peak height is independent of t (the metal is practi- 
cally completely removed from the solution during pre-electrolysis), directly propor- 
tional to V and indirectly to r. 

In the present paper we have attempted to show that the conditions in the last 
case (b > 3) are advantageous not only for increasing the sensitivity of the method 
but generally for any stripping determination. 

For work with very small volumes, a special microelectrolytic cell had to be 
constructed, since no convenient microcell has been described in the literature so far. 
Several microcells have been constructed for polarography,+12 amperometric titra- 
tions 10~13-1s coulometry,ls and chronopotentiometry.17 The two microcells which 
have ‘been constructed for stripping analysis, one for volumes of 0.345 rnlls and 
the other for l-2 ml,ls still employ volumes that are too large for our purposes, and are 
actually only miniatures of normal polarographic cells. 

EXPERIMENTAL 

Reagents 

The mercury used was ofpro anarySipurity, further purified by distillation. Water was redistilled 
in a quartz apparatus. 

The mineral acids (HISO,, HCI04) were of pro andysi purity. 
Stock solutions of Cu(NO,), and Pb(NO& (lo-*M) were prepared by dissolving the metals 

(“extrapur”, Soyuzkhimeksport, Moscow) in dilute nitric acid, evaporating to dryness, and dis- 
solving the residue in water. From these stock solutions freshly diluted solutions were prepared 
daily. 

Apparatus 

The PO-4 polarograph (Radiometer, Copenhagen) was used for voltammetric measurements. 
The nitrogen used for deaerating and stirring the electrolysed solutions was freed from oxygen 
by passage through a column containing zinc amalgam and a 0.2 % w/v solution of sodium anthra- 
quinone-Zsulphonate in 1M sodium hydroxide, and its flow-rate was measured with a bubble 
flow-meter. Mercury drops were produced from a l-ml syringe burette (Manostat, USA), readable 
to 0.1~1. In some cases the size of the drops was checked by weighing. The depolarizer solutions 
were measured with the Agla 0.5-ml syringe burette, readable to 0.2 ~1. 

The determination of copper in potassium nitrate by atomic-absorption spectrophotometry 
(AAS) was performed with a Unicam SP 90 spectrophotometer with an air-acetylene flame. 



Sensitivity of anodic-stripping voltammetry 1287 

Design of the microelectrolytic cell 
The types of microcells proposed by Majer for polarography, 9 which basically consist of a large 

mercury surface, onto which a drop of solution is placed, are unsuitable because of the instability 
of the drop and the impossibility of maintaining an inert atmosphere. The best results were obtained 
with the cell shown in Fig. 1. 

The cell consists of a glass U-tube with one arm widened to form an electrolytic space. In the 
bottom of this space is sealed a platinum contact. The other arm is filled with mercury to provide 
electrical contact with the platinum wire. The electrolytic space is closed with a stopper with three 
openings, for the capillary of the salt bridge of the reference electrode, the capillary of the nitrogen 

I 

] SCEiF___ i 

! 
C m  

FIG. 1.--The microelectrolytic cell. 

inlet, and for nitrogen outlet. The cell itself is placed in a larger glass container and fixed in place 
with plastic foam. Under normal conditions, the air mantle thus formed around the vessel itself 
keeps the temperature sufficiently constant. However, if desired, it is very easy to provide the vessel 
with a constant-temperature mantle. 

The vessel makes possible the stripping analysis of as little as 10 pl of solution, using mercury 
drops of various sizes as electrodes. Nitrogen serves both for deaerating the solution and for stirring 
during pre-electrolysis. 

Procedure 
A mercury drop of the desired size is measured and put on the platinum contact in the bottom 

of the electrolytic space. Instead of measuring the drops with a syringe burette as in the present 
paper, it is advantageous to use an ordinary polarographic capillary, which produces drops of fairly 
reproducible size. Then the solution is measured into the cell, passage of nitrogen is begun, and the 
solution is electrolysed at a preset potential for a predetermined time. The passage of nitrogen is 
stopped, electrolysis is continued for a certain time in the quiet solution, and then the dissolution 
peaks are recorded. Owing to the very small volume of the solution, the de.aeration is accomplished 
in a very short time interval and thus can be performed simultaneously with the pre-electrolysis. 
Nitrogen is passed above the level of the solution during the electrolysis in the quiet solution and 
during the potential scan. 

In the present paper, the following conditions were utilized, unless stated otherwise: a mercury- 
drop size of 5/~1, a pre-electrolysis time of 5 rain, 30 sec of electrolysis in a quiet solution, a saturated 
calomel reference electrode (SCE) connected with the cell by a capillary bridge filled with a saturated 
solution of potassium nitrate and closed with an agar plug (the bridge was connected to the electrode 
by a ground-glass joint), a nitrogen flow-rate of 20 ml/min, a potential-scan rate of 800 mV/min, 
a chart speed of 80 mm/min. 

All potentials are referred to the SCE. The measurements were performed at 22 -4- 0-5 °. 
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Notes for work with the microcell 

The capillary for introducing nitrogen should be very fine to prevent splashing of the solution. 
Care should be taken to nrevent contact of the solution with the nlatinum wire and formation of 
gas bubbles between the <latinurn wire and the mercury drop (whidh can happen during passage of 
nitrogen at too high a flow-rate). To prevent formation of air bubbles in the orifice of the capillary 
bridge of the SCE it is advantageous to cover it with a piece of sealed polyethylene tubing when not 
working. It is advantageous to work with several cells so that new samples can be prepared during 
the analysis of those already prepared. 

RESULTS 

The reproducibility of the mercury-drop size was checked by weighing. It was 
found, from ten measurements with S-,~l drops (0.10872 g), that the maximum 
relative deviation was l-33 ‘4, mean relative deviation 0*67x, and the standard 
deviation 8.9 x 10ag. 

Dilute mineral acids (perchloric, sulphuric) were found to be the best base electro- 
lytes, since they contain relatively the smallest amounts of metallic impurities. The 
most suitable concentration of the base electrolyte was found to be about O*lM. 

Dependence of the peak current on thepre-electrolysis time, potential, and the drop size 

It was found that amounts of depolarizer of the order of tens of nanograms in 
tens of microlitres of solution are completely transferred into the mercury drop 
(5 ~1) in about 4 min of pre-electrolysis at the potential of the depolarizer limiting 
current. A typical dependence of the peak current on the pre-electrolysis time is 
shown in Fig. 2. 

On the basis of this result, a 5min pre-electrolysis with a 30-set electrolysis in the 
quiet solution was used in all succeeding experiments. It is obvious that in practical 
applications this value must always be determined for the particular measuring 
conditions utilized. Experiment showed that the precision improved with increasing 
pre-electrolysis time, the optimum time being about 4-5 min. 

I 
O'O 

I I I 
2 4 6 
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FIG. 2.-The dependence of the lead peak-current on the time of prselectrolysis. 
40 ng of Pb*+ in 40 ~1 of O.lM HC104, pre-electrolysis potential, -1.5 V. (The prs 
electrolysis time given in the graph corresponds to the pre-electrolysis in the nitrogen- 

stirred solution; this was followed by a 30-set electrolysis in quiet solution). 
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The dependences of the copper and lead peak-currents on the pre-electrolysis 
potential are shown in Fig. 3. This dependence has the shape usually found in 
stripping analysis, the only difference from that for analysis in larger amounts of 
solutions being that there is no peak-current increase due to the stirring of the solu- 
tion by hydrogen evolving at very negative potentials (cf. curve c in Fig. 3, which 
has been taken from Fig. 1 of our previous paper1). Evolution of hydrogen at higher 
potentials does not increase the peak current since the depolarizer is already com- 
pletely electrolysed into the mercury drop under given conditions so that nothing 
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FIG. 3.raThe dependence of the copper and lead peak-currents on the pre-eleetrolysis 
potential. 

(a) 40 ng of Cu 2+ in 0-1M HzSO4; (b) 40 ng of Pb "-+ in 0-1M HC104; solution volume, 
40/~1; 5 min pre-electrolysis. (c) 10-eM Pb ~+ in an acetate buffer, 15 ml of solution, 

2 min pre-electrolysis, Kemula electrode, x 

can be gained by increasing the rate of stirring of the solution. In practice the 
pre-electrolysis potential may, therefore, be set at any value corresponding to 
complete removal of the depolarizer from the solution under the given working 
conditions. 

The dependence of the lead peak-current on the mercury-drop size is given in 
Fig. 4, and is in agreement with the conclusions reached by Stromberg and Zak- 
harov, s Unfortunately, the active area or the radius of the mercury drop could not 
be found since the shape of the drop is determined by the geometry of the bottom of 
the microcell and only a part of the mercury surface is actually in contact with the 
solution. In any case, it is evident from the dependence that the sensitivity of deter- 
minations increases with decreasing size of the mercury-drop electrode, but that the 
variations in the drop size will have a progressively greater effect on the reproducibility 
of determinations as the drop is made smaller. 

For large volumes of solution (of the order of tens of millilitres) the dependence of 
the peak currents on the mercury-drop size is reversed: the current increases with 
the drop size. ~°-~z On further increase of the drop size, a dependence exhibiting a 
maximum would probably eventually be obtained. Some workers ~°,~3 actually 
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FIG. 4.-The dependence of the lead peak-current on the size of the mercury-drop 
electrode. 

150 ng of Pba+ in 0.03 ml of O*lM HCIOI. 10 min pre-electrolysis at a potential of 
-1.5v. 

found that the peak-current-drop-size dependence reaches a certain limiting value. 
In contrast to the conclusions reached by Stromberg and Zakharov,s direct 

proportionality between the solution volume and the peak current has not been 
found over the volume range O-01-0.1 ml. There is no change in the sensitivity due 
to variations of the solution volume within this interval. Apparently, the drop size 
and consequently the concentration of the depolarizer in the amalgam is the decisive 
factor, and in comparison the effect of the solution volume is negligible in this in- 
terval of very small volumes where all the depolarizer is transferred into the drop 
during pre-electrolysis. 

Reproducibility of results and calibration curves 

The reproducibility with the microcell was studied by using small amounts of 
lead in O*lM perchloric acid. The results are summarized in Table I. It follows that 

TABLE I.-THE REPRODUCIBILITY OF DETERMINATIONS OF LEAD IN O*lM 
HClO,. [2 ng OF Pb*+ IN 20 ~1 OF ~~LIJTION; MERCURY DROP 5 ,ul; 
5min PRE-ELECTROLYSIS AT - 1.5V; lmm CORRWWNDS TO 4 nA 

(1 ,GA FULL SCALE DEFLECTION)I. 

Peak Absolute Relative Standard 
height h, deviation Ai, deviation, 6, deviation, 
h,mm mm Ah,mm mm E, % % s, mm 

8.0 0.0 0.0 
8.5 0.5 6.25 
6.5 1.5 18 15 
8-O o-0 0.0 
7-O 8.0 1.0 0.5 12.5 6-25 0.14 
9.0 1.0 12.5 
8.0 o-0 0.0 
8.0 o-0 o-0 
8.5 0.5 6.25 
8.5 0.5 6.25 
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the reproducibility is good. The lead concentration determined is 4-83 x 10-TM. 
If the same amount of lead were to be determined in 10 ml of solution it would corre- 
spond to 9-6 × 10--X°M which is already below the detection limit of the classical 
stripping determination of lead. There is still the possibility of decreasing by almost 
one order the amount determined by using the microcell, if a higher polarographie 
sensitivity is employed. 

Calibration curves were determined for copper in 0.1M sulphuric acid and for 
lead in 0-1M perchlorie acid in 20 #1 of solution, from 1 to 40 ng and 1 to 150 ng, 
respectively, corresponding to the concentration ranges 7.9 x 10 - 7 -  3.1 x 10-SM 
and 2.4 x 10 --7- 3-6 x 10-SM, respectively. The calibration curves were perfectly 
linear and passed through the origin. The peaks corresponding to these concentrations 
are very well developed. 

Determination of  copper in pro-analysi potassium nitrate 

As an example of a practical application, copper was determined in pure potassium 
nitrate. The following conditions were used: a 12% KNOz solution in 0-1M H~SO4 
was analysed; the analysis was performed in 20 #1 of solution, with a drop size of 
5 pl, pre-electrolysis time of 5 min and potential of -- 1-0 V. The method of standard 
addition was employed, using 0.02 ml of a standard solution containing 0-5 #g of 
Cu~+/ml. From four measurements the value found was 3-30 4-0-12 x 10-4~0 
copper (95 Yo confidence limits). 

A parallel determination in a 6 % KNOz solution by AAS, using an air-acetylene 
flame and standard solutions containing 0-5-0.2/~g of CuZ+/ml, gave a value of 
4-8 x 10-4%. 

The determination by AAS is just at the detection limit under the given con- 
ditions: peaks about 5 mm high were obtained at the maximum sensitivity of the 
instrument. Moreover, the concentration of potassium nitrate cannot be increased 
above 6 % (the producer of the instrument does not recommend analyses of more 
concentrated solutions than about 6 ~o, because of difficulties involved in atomizing 
the entire sample and clogging of capillaries). On the other hand, the stripping 
determination provided peaks 40-80 mm high at a sensitivity of 1/zA full-scale 
deflection. The sensitivity of determination can be further increased by using sample 
solutions more concentrated than 12 %/md by increasing the sensitivity of the current 
measurement. 

DISCUSSION 
As follows from the results above, stripping analysis in very small volumes of 

solution makes possible determinations of substantially smaller amounts of metals 
than conventional stripping voltammetry. Of course, the concentration determinable 
is approximately the same. The dependences of the peak current on the working 
conditions correspond basically to the conclusions arrived at by Stromberg and 
Zakharov. a 

Besides the obvious advantages of the stripping microanalysis, which are the 
possibility of carrying out an analysis even if a very small amount of sample is avail- 
able, and very low consumption of chemicals, there are several general advantages 
over conventional stripping voltammetry. The apparatus is very simple and there is 
no need for any special parts (stationary-drop electrodes, stirrers) in addition to the 
usual type of polarograph. The deaeration of the solution is very fast and effective. 
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The mercury drops for the electrodes can be produced by an ordinary polarographic 
capillary. For this reason, the troubles which frequently occur with the Kemula type 
of stationary-drop electrode, e.g., air bubbles in the reservoir and the capillary, drop 
instability, solution penetration into the capillary etc, are avoided. 

The chief advantage of the microanalysis is that all the depolarizer is transferred 
into the mercury drop during the pre-electrolysis. In this way all sources of error 
stemming from variations in the pre-electrolysis time, potential, stirring rate, and 
temperature are eliminated. The only thing necessary is to find a time sufficient for 
complete electrolysis and to use a safety margin to provide for variations in the 
working conditions. These times are relatively short in analyses of very small amounts. 
Possible defects in the microcell (gas bubbles between the platinum contact and the 
mercury drop) are easily detectable and removable. The time required for an analysis 
is shorter with the microcell. 

During tests with the microcell it was also found that it is very convenient for 
cyclic voltammetry ; very narrow, sharp, and reproducible peaks were obtained. 

Work with the microcell, however, places greater demands on clean and careful 
work. For measurements at very low concentrations it is desirable to use shielded 
leads from the electrodes. A disadvantage also lies in the fact that greater accuracy and 
precision of measuring solution volumes is necessary (as with all micro-techniques). 
If all these conditions are fulfilled, the accuracy and precision are very good and under 
optimum conditions even sub-nanogram amounts of certain elements can be deter- 
mined. 

If the method is compared with AAS it is found that stripping microanalysis is 
more sensitive and precise for certain metals, e.g. Cu, Pb, Cd, and that the 
apparatus is substantially simpler and cheaper. On the other hand, routine deter- 
minations by AAS are faster and the method has a broader application. In many 
cases work with AAS entails fewer difficulties with interferences but, on the other 
hand, stripping analysis more frequently makes possible simultaneous determinations 
of several elements and such determinations can be performed more easily. In 
many cases, stripping analysis makes possible determinations in very concentrated 
matrix solutions while in AAS very concentrated salt solutions cannot be used. 
As can be seen from the discussion, stripping analysis and AAS can often comple- 
ment each other in the broad spectrum of routine determinations. 

Zusammenfassung-Es wird eine kurze Besprechung van Problemen 
gebracht, die mit Steigerung der Empfindlichkeit anodischer 
Abscheidungsbestimmungen verbunden sind. Es wurde eine neue 
Mikrozelle fur anodische Abscheidungsvoltamp&remessung in Losungs- 
volumen bis himmter auf etwa 0,Ol ml konstruiert. Es wurde die 
Wirkung des Losungsvolumens, der Quecksilbertropfengrosse der 
Elektrode und der Zeit und des Potentials vor Elektrolyse auf die 
Empfindlichkeit der Bestimmungen untersucht, und es wird die 
Reproduzierbarkeit der Ergebnisse ftir Bestimmungen von Blei in 
Mineralsluren wiedergegeben. Es wurde gefunden, dass Nanogram- 
mengen schwerer Metalle leicht auf diese Weise bestimmt werden 
kc&en. In Bestimmungen von 2 ng Pba+ in 0,02 ml Lbsung waren 
die Eraebnisse 2.00 f 0.13 ne (95 X Vertrauenssrenzenl. die mittlere 

Y 
. ~. . __ ,- 

relative Abweichung war 6,3’$. Mikroanalyse Ufiir Abscheidung zur 
Bestimmung von Kupfer in KNOI, wurde mit atomischer Absorptions- 
spektralphotometrie verglichen. Es werden Vorteile und Nachteile 
der Abscheidungsvoltamperemessung auf die Grosst- und Kleinstab- 
scheidungen besprochen. 
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R6sum6---On pr6sente une br~ve discussion des probl~mes li6s 
l'accroissement de la sensibilit6 des dosages par dissolution anodique. 
On a construit une nouvelle microcuve pour la voltamm(~trie de 
dissolution anodique dans des volumes de solutions descendant jusqu'A 
0,01 ml environ. On a 6tudi6 rinfluence du volume de solution, 
de la dimension de l'61ectrode A goutte de mercure, et du temps 
et du potentiel de pr~-61ectrolyse sur la sensibilit6 des dosages et 
ron  donne la reproductibilit6 des r6sultats pour les dosages du plomb 
dans les acides min6raux. On a trouv6 que des quantit6s de l'ordre du 
nanogramme de m6taux lourds peuvent ~tre ais6ment d6termin6es de 
cette mani~re. Dans le dosage de 2 lag de Pb ~+ dans 0,02 ml de 
solution, les r6sultats ont 6t6 de 2,00 4- 0,13 ng (limite de confiance 
95 ~o), la d6viation relative moyenne (~tant 6,3 %. Pour le dosage du 
cuivre dans KNOB, la microanalyse par dissolution a 6t6 compar6e ~t 
la spectrophotom6trie d'absorption atomique. On discute des 
avantages et des d6savantages de la voltamm6trie de dissolution aux 
6chelles macro et micro. 

R E F E R E N C E S  

I. L. Zieglerov~i, K. ~tulik and J. Dole~al, Talanta, 1971, 18, 603. 
2. A. M. Bond, Anal. Chem., 1970, 42, 1165. 
3. D. E. Smith, in Electroanalytical Chemistry, ed. A. J. Bard, Vol. 1, p. 31. Dekker, New York, 

1966. 
4. B. Breyer and H. H. Bauer, Alternating Current Polarography and Tensammetry, Interscience, 

New York, 1963. 
5. E. Barendrecht, Nature, 1958, 191, 241. 
6. M. Kopanica and F. Vydra, J. ElectroanaL Chem., 1971, 31, 175. 
7. V. A. Igolinskii and A. G. Stromberg, Zavodsk. Lab., 1964, 30, 656. 
8. A. G. Stromberg and M. S. Zakharov, Metody Analiza Khimicheskikh Reaktivov i Preparatov, 

p. 16. IREA, Moscow, 1963. 
9. V. Majer, Polarografickd rozbory, p. 91. Tech. V~d. Vydav, Prague, 1952. 

10. A. Langer, lnd. En K. Chem., Anal Ed., 1945, 17, 454. 
11. N. M. Vlasco and B. M. Kopytin, Biokhimyia, 1950, 15, 94. 
12. Yu. S. Lyalikov and R. S. Tyurin, Zh. Analit. Khim., 1969, 24, 186. 
13. J. T. Stock, Amperometric Titrations, p. 108. Interscience, New York, 1965. 
14. S. Rosenberg, J. C. Perrone and P. L. Kirk, Anal. Chem., 1950, 22, 1186. 
15. M. N. Petrikova and I. P. Alimarin, Zh. Analit. Khim., 1957, 12, 462. 
16 S. S. Lord, R. C. O'Neil and L. B. Rogers, Anal. Chem., 1952, 24, 209. 
17. R. T. Iwamoto, R. N. Adams and H. Lott, Anal. Chim. Acta, 1959, 20, 84. 
18. L. Underkofler and I. Shain, Anal. Chem. 1961, 33, 1966. 
19. L. Jen~ovsk~, Chem. Tech., 1961, 13, 519. 
20. W. Kemula, Z. Kublik and S. Glodowski, Jr. Electroanal. Chem., 1959, 1, 91. 
21. J. G. Nikelly and W. D. Cooke, Anal. Chem., 1957, 29, 933. 
22. E. N. Vinogradova and G. V. Prokhorova~ Zaoodsk. Lab., 1960, 26, 41. 
23. S. I. Sinyakova and Shen-Yu-Chi, Dokl. Akad. Nauk USSR, 1960, 131, 101. 



Talanta, 1972, Vol. 19, pp. 1295 to 1300. Pergamon Press. Printed in Northern Ireland 

D E T E R M I N A T I O N  O F  A N D  D I F F E R E N T I A T I O N  B E T W E E N  
C A S S I T E R I T E  A N D  S I L I C A T E - B O U N D  T I N  I N  S I L I C A T E  

R O C K S  C O N T A I N I N G  T R A C E S  O F  T I N  

J. AGTERDENBOS a n d  J. VLOGTMAN 
Laboratory for Analytical Chemistry, State University, Croesestraat 77A, Utrecht, Holland 

(Received 5 December 1971. Accepted 10 March 1972) 

SumnmrynA simple, sensitive and reproducible method is described 
for the determination of tin in silicate rocks at the ppm level. By 
applying a selective decomposition it seems possible to differentiate 
between tin present in the silicate lattice, in readily-accessible cassiterite 
(SnO2) and in eassiterite enclosed in the silicate. The final determination 
is made by extraction and photometry with phenylfluorone. Results 
for total tin agree well with those obtained by X-ray fluorescence. 

TIN OCCURS in many silicate rocks, often in concentrations far below 100 ppm. 
Part of this tin may be a constituent of the silicate lattice ("lattice-bound tin") and 
another part may be present in the form of cassiterite, tin(IV) oxide, and knowledge 
of their proportions is useful to geochemists, both for prospecting and for scientific 
studies. 

Some of the methods for the determination of tin in ores have been described and 
compared by Jeffery. 1 With methods such as emission spectrography and X-ray 
fluorescence the total amount of tin is determined without risk of loss due to incom- 
plete destruction, but the results do not differentiate between different types of tin, 
These techniques are not sensitive enough at the lower levels of tin concentration to be 
studied here. 

Other techniques require a decomposition step. For the final determination 
several spectrophotometric procedures have been described. After preliminary 
experiments with Wood's ~ galleine procedure, which did not give satisfactory results 
in our hands, we successfully used the method described by Gilbert and SandellP 
It consists of a separation of tin from other elements (especially germanium) by 
extraction of tin(IV) iodide into benzene, stripping into water and final determination 
with phenylttuorone. Atomic absorption may also be used, 4"5 but was not investigated 
in our study. 

The ignition of sample with ammonium iodide at 406-500 ° (Caley and Burford 6) 
quantitatively converts cassiterite into tin(IV) iodide, but lattice-bound tin is not 
attacked. The silicate lattice may be decomposed by treatment with a mixture of 
hydrofluoric and sulphuric acids, or perchloric and nitric acids. Cassiterite does not 
react with these mixtures. In this way "fresh" tin(IV) oxide is formed, and this may 
then be similarly treated with ammonium iodide to give tin(IV) iodide. "Fresh" 
tin(IV) oxide is also converted into tin(IV) iodide by hydriodic acid solution; cassiterite 
is not attacked by this reagent. These differentiations form the basis of the pro- 
posed method, which allows tin down to 3 ppm to be determined. 

Other decomposition procedures include fusion with sodium peroxide, with 
potassium pyrosulphate and with a sodium carbonate-sulphur mixture. 1 None of 
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these procedures enables tin present as cassiterite and tin present in the silicate lattice 
to be differentiated, and they do not seem useful at tin levels below 20 ppm. Total 
tin may be found by attacking the sample with hydrofluoric-nitric acid mixture, and 
then heating it with ammonium iodide. 

EXPERIMENTAL 
Apparatus 

Destruction unit. Pyrex-tube 2 cm wide and 25 cm long fitted with a 40-cm Liebig condenser. 
Platinum crucibles. About 20 ml capacity. 
Reagents. All reagents were of analytical-reagent grade. 
Destruction mixture. Mix two volumes of 40% hydrofluoric acid with one volume of 65% 

nitric acid. 
Sulphuric acid, concentrated and 0.25M. 
Ammonium iodide. 
Twice-distilled demineralized water. 
Hydriodic acid, 57 % and 2.5M. 
Wash liquid. Ammonium iodide (15 g) dissolved in 20 ml of 25M hydriodic acid. 
Benzene. 
Potassium hydrogen phthalate-hydrochloric acid buffer, pH 2.6. 
Gum arabic solution, I %. Discard the solution when it becomes turbid. 
Phenylfluorone solution, 0.01%. Dissolve 10 mg of reagent in 1 ml of 1.2M hydrochloric acid 

and 100 ml of ethanol. The solution is stable for two months. 
Sodium sulphite solution, 0.3M. 
Standard solution of tin(ZV) 0*1x, in 3M sulphuric acid. Dissolve 050 g of tin in 20 ml of 

concentrated sulphuric acid, cool, add 5 ml of 30% hydrogen peroxide, heat to fumes of sulphur 
trioxide, cool, and dilute to 500 ml, with addition of 65 ml of 18M sulphuric acid. 

Procedures 

Destruction with hydrojuoric-nitric acid mixture. 
crucible and place in a heating-block. 

Weigh 1 g of sample in a weighed platinum 
Add 1 ml of the destruction mixture, and wait until the violent 

reaction is finished. Heat gently on an electric hot-plate, and add 1 ml of the destruction mixture. 
Repeat this until the silicate is dissolved (generally two or three additions are necessary). Heat to 
dryness and fume the residue three times with 2-ml portions of sulphuric acid. Cool and weigh 
the platinum crucible. Transfer the residue into a mortar and grind to a fine powder. 

Decomposition with ammonium iodide. Transfer to the destruction unit an exactly weighed 
amount (as much as possible) of the powder resulting from the procedure above and mix it 
thoroughly with 10 g of ammonium iodide. Place the lower part of the tube (about 6 cm) in an 
electric oven heated at about 480”. Heat for 1 hr, and cool. 

Extraction. Transfer 20 ml of 2.5M hydriodic acid and 5 g of ammonium iodide into the 
destruction unit. After dissolution is complete add 7 ml of benzene and extract for 3 min. After 
both layers have separated, transfer 5 ml of the benzene layer into a lOO-ml separating-funnel, add 
5 ml of wash liquid and shake for 30 sec. After separation, discard the water layer and add 5 ml 
of 0.25M sulphuric acid to the funnel. Shake for 2 min to transfer the tin into the water layer. 

Spectrophotometric determination. Transfer the water layer into a 25-ml volumetric flask, using 
3 ml of water to rinse the separating-funnel. Heat in a water-bath to evaporate any benzene not 
completely removed by the separation. Cool, add some drops of sodium sulphite solution to reduce 
iodine (formed during the destruction). Add successively 10 ml of buffer, 1 ml of gum arabic solution, 
and 5 ml of reagent solution. Dilute to the mark, mix, and after 15 min measure in a l-cm cuvette at 
510 nm against water as reference. Subtract the absorbance of a blank run on the same day. Prepare 
a calibration curve in the usual way. 

Destruction of “fresh” tin(ZV) oxide with hydriodic acid, extraction and determination. Transfer 
an exactly weighed amount (as much as possible) of the powder from the HF/HNO, treatment 
into a reagent tube with ground-glass stopper. Add 6 ml of concentrated hydriodic acid and heat 
in a water-bath for 5 min at 100”. Cool, add 7 ml of benzene, and continue with the extraction and 
spectophotometric determination. 

Note. The procedures given are applicable to samples containing about 3-15 ppm of tin. If 
more tin is present, smaller samples may be used or a smaller part of the benzene layer may be 
transferred into the separating-funnel, or a combination of both modifications may be used. The 
amount of ammonium iodide should be at least ten times the amount of sample and at least 2 g. If 
less than 10 g of ammonium iodide are used in the destruction, a correspondingly larger amount of 
ammonium iodide should be used in the extraction in order to reach the required concentration of 
this reagent. 
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R E S U L T S  

Tin has been determined in some types of geological sample, such as granite, 
biotite and muscovite by the proposed method. The results are given in Table I, and 
compared with those obtained with X-ray fluorescence by van der Weyden. ~ The 
precision of the latter results is reported to decrease from about 5 or 10 ppm at the 
lower tin levels, to about 5 or 10~o at the higher tin-levels. 

TABLE I . ~ R E S U L T S  OF EXPERIMENTS 

Amount of 
tin, ppm 

Sample 

X-ray fluor- Chemical 
escence methods 

1 2 3 4 5 
Tin present in Tin in free 

cassiterite, accessible 
Lattice-bound calculated cassiterito 

Total tin Total tin tin (2 -- 3) 

1 granite 
2 granite 
3 granite 
4 granite 
5 biotite 
6 muscovite 
7 granite 
8 biotite 
9 granite 

10 biotite 
11 granite 
12 biotite 
13 granite 
14 biotite 
15 granite 
16 biotite 
17 muscovite 
18 granite 
19 biotite 
20 granite 
21 biotite 
22 titanite 

80 74; 77; 75 57; 61 ; 62 15 3"2; 2"7; 2"9 
15 20; 22; 18; 20; 18 7-3; 8-4; 7-9; 9-0; 7-5 12 
5 2-4; 4-8; 3"3 2"6 0"9 

18 2 7  ; 2 7  5-1 ; 5-3 22 2-9 
15 ; 20 27 4"7 22 2-7 
70 83 52 31 36 

5 2-9 2"6 0"3 1 "0 
15, 15 20 9-0 11 1.8 
10 12 3.5 8.5 1-4 
40; 40 36 11 25 5"3 

5 11 2-8 8-2 1-2 
55 ; 65 58 28 30 2"6 

5 4-6 3"5 1"1 2"2 
55 ; 65 62 55 7 14 

5 8-2 2"8 5"4 2"2 
30; 35 27 9"0 18 2-2 
40; 50 35 12 23 2-8 
13 34; 30; 30 12 19 11 
440; 425 463; 457 222; 229 234 73 
40 40 14 26 21 
490; 470 440 345 95 109 

32 ; 38 ; 37 8"0 28 11 

The results obtained by treatment with hydrofluoric-nitric acid and subsequent 
ignition with ammonium iodide are given in column 2. Results obtained after treat- 
ment with hydrofluoric-nitric acid with subsequent reaction with hydriodic acid are 
given in column 3 and the results obtained by treating the sample with ammonium 
iodide only are given in column 5. 

D I S C U S S I O N  

Extract ion and spectrophotometric determination 

T h e  e x t r a c t i o n  is p r o m o t e d  b y  a h i g h  c o n c e n t r a t i o n  o f  h y d r o g e n  ions  a n d  i o d i d e  

i o n s  a n d  b y  a h i g h  e l e c t r o l y t e  c o n c e n t r a t i o n .  T h e  d i f f e r en t  d e c o m p o s i t i o n  p r o c e d u r e s  

led  to  d i f f e r en t  c o n c e n t r a t i o n s  o f  t h o s e  spec ies ,  b u t  w i t h  e a c h  o f  the  r e s u l t i n g  

s o l u t i o n s  p r a c t i c a l l y  the  s a m e  c a l i b r a t i o n  c u r v e s  w e r e  o b t a i n e d .  T h e  a b s o r b a n c e  o f  

t he  b l a n k  i n c r e a s e d  w i t h  t i m e  (by  ca. 0 - 1 0 - 0 . 1 5  in  t w o  m o n t h s )  a n d  v a r i e d  f r o m  d a y  

to  d a y  b y  u p  to  0-01. 
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Iodine formed from the hydriodic acid and ammonium iodide used for decomposi- 
tion did not interfere, nor did fluoride up to O*OlM, though higher concentrations did. 
It is important to ensure removal of the bulk of the fluoride if hydrofluoric acid is 
used. 

Decomposition with ammonium iodide 

Caley and Burford6 observed that heating of cassiterite with a lo- or 15fold 
excess of ammonium iodide resulted in complete removal of both compounds. They 
suggested that a determination of tin based on this reaction was possible. 

Wood2 and some others used the method for the determination of cassiterite in 
soils and sediments. Wood used a twofold excess of ammonium iodide, but neither 
he nor later investigators reported recovery figures. Little attention has been given 
to the possibility that the tin(IV) iodide may be lost because of its volatility. An 
exception is Kerr (quoted by Jefferyl), who designed a special apparatus to prevent 
evaporation losses. We performed 25 recovery experiments under various conditions 
with about 20 rg of cassiterite or an equivalent amount of tin(IV) solution, added to 
granite. The results gave bad recoveries (SO-SO% in most cases) if heating was per- 
formed in reagent tubes cooled with moistened cotton-wool and in most cases with 
an ammonium iodide-sample ratio 2: 1. 

Results, given in Table II, were obtained with the procedure described above. 
In these experiments the cassiterite used was supposed to have a tin(IV) oxide content 
between 90 and 95%. It was therefore concluded that the recovery was practically 
quantitative. 

TABLE II.-RECOVERY EXPERIMENTS WITH DIFFERENT AMMONIUM IODIDE-SAMPLE RATIOS. 

Amount of 
granite, g 

Amount of 
ammonium iodide, g 

Ratio, 
ammonium 

iodide-sample Recovery*, % 

0.200 
0.130 

2.0 
first 1-3 

1O:l 
first 10: 1 

90 
91 

0.130 
0.100 

then 0,7 then 5:l 
2.0 15:l 
2.0 2O:l 

90 
89 

* The cassiterite was assumed to contain about 90-95% tin(W) oxide. About 
20 pg of cassiterite were added in each experiment. 

Reaction of tin(ZV) oxide with hydriodic acid 

It was also found by Caley and Burford* that tin(IV) oxide reacts with concentrated 
hydriodic acid at 90-100” as follows: 

SnO, + 4HI -+ SnI, + 2H,O 

Other insoluble oxides do not show any characteristic reactions with this acid. When 
we treated “fresh” tin(IV) oxide with warm concentrated hydriodic acid, no reaction 
seemed to occur, but the solid became voluminous. This phenomenon could be 
explained only by the formation of tin(IV) iodide. Indeed, on shaking the reaction 
product with benzene the solid disappeared instantaneously and tin was detected in 
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the benzene layer. With cassiterite no reaction took place. This difference in be- 
haviour suggested the possibility of  differentiation between cassiterite and lattice- 
bound tin, because as we saw before, lattice-bound tin may be converted into "fresh" 
tin(IV) oxide by hydrofluoric-nitric acid mixture. 

The time of warming the solution was found to be very important .  We performed 
therefore a number  of  recovery experiments with different amounts  of  tin(IV) oxide 
or tin(IV) solution. They only gave good recoveries when the solution was warmed 
for not  much more than 5 min. Some of  the results are given in Table III. The 
reason for the incomplete recovery was not  investigated but it is suggested that a 
partial reduction to tin(II) takes place. 

T A B L E  I I I . - - I N F L U E N C E  OF THE TIME OF W A R M I N G  W I T H  H Y D R I O D I C  ACID ON THE RECOVERY. 

Amount of 
Amount of hydriodic Time of 

Tin added as added tin,/~g acid, ml warming, min Recovery, 

Tin(IV) oxide 40-5 2 60 68 
Tin(IV) oxide 21-9 2 30 86 
Tin(IV) oxide 17-7 2 15 89 
Tin(IV) oxide 18-4 3 5 98 
Tin(IV) oxide 18-4 5 5 103 
Tin(IV) oxide 565-2 5 5 99 
Tin(IV) solution 19-3 2 0 99 
Tin(IV) solution 9.6 2 2 105 
Tin(IV) solution 14-3 2 5 96 
Tin(IV) solution 7-2 6 5 104 
Tin(IV) solution 14.3 2 15 90 
Tin(IV) solution 19.3 2 30 71 
Tin(IV) solution* 5-9 6 5 102 
Tin(IV) solution* 5-9 6 5 91 
Tin(IV) solution* 5-9 6 5 95 

* The tin solution was added to about 1 g of a granite with known content of lattice-tin. Destruction 
with hydrofluoric-nitric acid was followed by the treatment with hydriodic acid. 

After the treatment with hydrofluoric-nitric acid some hydrofluoric acid is left 
in the reaction product  and too large amounts  of  it may interfere. Fuming the residue 
with sulphuric acid is generally applied to remove hydrofluoric acid but it is a well- 
known fact that the resistance to dissolution of  many products is greatly increased if 
they are exposed to high temperatures. Therefore it seemed possible that the fuming 
might influence the reactivity of  the "fresh" tin(IV) oxide. Consequently some 
experiments were performed with known amounts  of  tin added to granite, with fuming 
repeated various numbers of  times. The results showed that  fuming between one 
and five times did not significantly change the recovery, which was close to 100~o. 

Interpretation of  the results 

The replicate experiments for the total tin determination (Table I) show a standard 
deviation of  about  1-3 ppm at the 3.5 ppm level (3 variates) 2 ppm at the 20-40-ppm 
level (n : 10) and 3 ppm at the 75-ppm level (n : 3). For  the lattice-bound tin 
s tandard deviations of about  1 ppm at the 8-ppm level (n = 5) and 3 ppm at the 
60-ppm level (n --  3) were found. The contribution to the total error by the extraction 
and spectrophotometric procedure depends on the final concentration of the sample 
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solution. It varies from about 20 'A for 3 ppm to 4% for 15 ppm and more. The 
absolute values for the total tin should agree with the X-ray fluorescence results. 
Within the limits of error expected the agreement is satisfactory, except for sample 
18. No explanation for the deviation found here can be given, except for an untraced 
error in one of the measurements. 

The figures in columns 4 and 5 would be expected to be equal. In many cases 
rather large deviations have been found, however. To explain this, it should be 
realized that part of the cassiterite may be occluded in the silicate lattice and therefore 
may be inaccessible to the ammonium iodide if the sample is ignited with this reagent. 
It is suggested therefore that the differences between the figures given in columns 4 
and 5 give the amount of cassiterite which is more or less enclosed in the silicate 
lattice. 

We conclude that for the determination of the total tin, the destruction described 
here gives good results and that it may be used at much lower concentrations than 
X-ray fluorescence can. Moreover it may also allow differentiation between the 
various types of tin present in the rock: tin bound in the silicate lattice, tin present as 
cassiterite and readily accessible to reaction with NH,I, and tin present as cassiterite 
enclosed in the silicate lattice. 

For the determination of cassiterite in silicate rocks the procedures using only 
ammonium iodide probably often give low results, because they do not take account 
of the fact that part of the cassiterite is enclosed within the silicate lattice. 

Acknowledgement-We express our thanks to Drs. C. H. van der Weyden of the Vening Meinesz 
Laboratorium voor geochemie en mineralogie of this University. He suggested that we do some 
work on the analysis of tin with a purely chemical method, put at our disposition his results of the 
X-ray fluorescence measurements and had valuable talks with us on the geochemical problems we 
encountered. 

Zusannnenfassung-Ein einfaches, empfindliches und reproduzierbares 
Verfahren zur Bestimmung von Zinn im ppm-Bereich in Silikatgest- 
einen wird angegeben. Durch Verwendung eines selektiven Auf- 
schlusses scheint esmbglich,zwischen im Silikatgittereingebautemzinn, 
zwischen gut angreifbarem Cassiterit (SnO,) und im Silikat eingeschlos- 
senem Cassiterit zu unterscheiden. Die endgiiltige Bestimmung wird 
mittels Extraktion und Photometrie mit Phenylfluoron ausgeftlhrt. 
Die Ergebnisse fur das Gesamtzinn stimmen gut mit denen der 
Rontgenfluoreszenz iiberein. 

R&m&-On d&it une methode simple, sensible et reproductible pour 
le dosage de l’dtain dans des roches aux silicates au niveau de la p.p.m. 
En appliquant une decomposition selective, il semble possible de 
differencier l’etain present dans le r&au de silicate, dans la cassiterite 
aisement accessible (SnO,) et dam la cassiterite enrob& dans le silicate. 
On effectue le dosage linal par extraction et photometric a la 
phenylfluorone. Les resultats pour l’etain total sont en bon accord 
avec ceux obtenus par fluorescence de rayons X. 
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Summary--The atomic-fluorescence characteristics of manganese 
heated on a carbon-filament atom-reservoir (CFAR) are described 
and compared with (a) the atomic-absorption behaviour of the 
element on the same filament apparatus, and (b) its fluorescence 
behaviour in a separated air-acetylene flame. By fluorescence at 
279-5 nm, using 1-/,1 samples, manganese may be determined down to 
0.6 pg (6 × 10-' ppm) by use of an electrodeless discharge lamp 
source (3 pg or 3 x 10 -3 ppm by absorption, and 20 ng or 1 × 10 -~ 
ppm by flame emission at 403 nm). The effects of fourteen represent- 
ative cations and anions examined showed no interference at 10-fold 
and 100-fold levels and serious interference only from magnesium at 
the 1000-fold level, with ca. 10~o suppression from Cr, V, Na and K. 
No fluorescence signals were observed at any wavelength other than 
279-5 nm when the CFAR device was used. 

PREVIOUS REPORTS from this laboratory have demonstrated the advantages of atomic- 
fluorescence spectroscopy (AFS) as a sensitive and selective analytical technique, and 
some applications and advantages of  the carbon-filament atom-reservoir (CFAR) 
have been reported both in AFS and atomic-absorption spectroscopy (AAS). 1 We 
have recently reported the analytical behaviour of manganese in AFS using an air- 
acetylene flame 2 and by AAS using a carbon-filament atom-reservoir. 3 The study of 
the atomic-fluorescence characteristics of manganese in the flame when a high- 
intensity source was used indicated that manganese may be determined with sensitivity 
ca. one order o f  magnitude higher than that attainable by flame emission or AAS, and 
with good selectivity ; only magnesium was found to interfere chemically, and scattering 
interference was observed in the presence of high concentrations of several refractory 
elements. Although the limits of detection obtained when using AAS with the 
carbon-filament atom-reservoir or AFS with the air-acetylene flame corresponded to 
the same solution concentration of manganese, only 5/zl of sample were required for 
the C F A R  and thus a gain of several orders of magnitude in the absolute limit of 
detection was attainable. A study of interferences when the carbon-filament device 
was used, indicated six ions which interfered at the 100-fold excess level and with two 
exceptions, vanadium and magnesium, the interfering ions differed from those reported 
for the flame cell. In this communicat ion the determination of manganese by using 
AFS and a C F A R  is reported, and the results are compared with our earlier reports of 
the determination of manganese to illustrate the advantages of both atomic fluores- 
cence and the carbon filament technique. 

* Present address: Chemistry Department, Makerere University, P.O. Box 7062, Kampala, 
Uganda. 
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Apparatus 

EXPERIMENTAL 

The carbon-filament atom-reservoir, Unicam SP 9OOA and Telequipment storage oscilloscope 
described previously were used.a The a.c. amplification system of the SP 9OOA was replaced by a fast 
response d.c. detection system employing an independent EHT supply and taking the photomultiplier 
output direct to the oscilloscope amplifier as recently reported .4 Both a manganese hollow-cathode 
lamp (Atomic Spectral Lamps Pty, Ltd.) as used in the AAS work with the CFAR,3 and an electrode- 
less discharge lamp, similar to that used in the previous AFS work,* were employed as spectral 
sources. The optical system used for the atomic-absorption studies* was used, with the sole modih- 
cation that the source and lens were moved to be at 90” to the CFAR-monochromator optical axis. 
This was achieved by placing the source and lens above the filament and focussing the light from the 
source down on to the fllament.6 This arrangement, although not ideal, as the lens has to be period- 
ically cleaned to remove deposited carbon, was the most suitable for limited-field viewing. Limited- 
field viewing has been shown, both in this study and previously,6 to decrease interferences greatly in 
the carbon-filament technique. 

Reagents andprocedure 

All reagents were of analytical-reagent grade and the water used was glass-distilled and then 
demineralized. The water used to prepare the solutions, and the reagents used in the interference 
studies, were periodically checked for contamination by manganese. 

The sample pipette and all glassware were treated with “Repelcote” as described previously.E 
The procedure followed in routine determination was the same as that described previously: but 

additionally the EHT was set to a previously determined optimum voltage. 

RESULTS AND DISCUSSION 

Use of a hollow-cathode lamp as excitation source 

Usually hollow-cathode lamps operated at typical powers suitable for AAS 
would not be regarded as sufficiently intense for atomic-fluorescence studies with 
flame cells. However, because of the low background emission of the carbon-filament 
atom-reservoir at the time of measurement of the manganese fluorescence signal, 
appreciable manganese atomic fluorescence was observed when a conventional 
manganese hollow-cathode lamp was used as source. 

The optimum parameters for the determination of manganese by AFS at 2795 nm 
were established. The variation of fluorescence signal with filament voltage, for 2 ng 
of manganese, is shown in Fig. 1. The optimum filament voltage used was ca. 11 V. 
The variation of signal (for 2 ng of manganese) with argon (shielding-gas) flow-rate is 
shown in Fig. 2. The optimum argon flow-rate was shown to be 3.8 l&in. As 
expected, the fluorescence signal at 279.5 nm increased as the hollow-cathode lamp 
current was increased, and the maximum recommended current (30 mA) was used. 
The fluorescence signal also showed a marked increase as the monochromator slit 
was opened. The continuum intensity from the glowing filament increased as the slit 
was opened and therefore the slit-width employed, O-35 mm, was chosen to give 
the most favourable ratio of AFS signal to continuum background intensity. This 
slit-width corresponded to a spectral band-pass of ca. 24 nm. The optimum value of 
the EHT was found to be 900 V, and the time-base used on the oscilloscope was 
100 msec/cm. 

Under these optimum conditions, the detection limits for manganese (signal-to- 
noise ratio 2 : 1) at 279-5 nm were 0.001 ,ug/ml with 5 ~1 of sample and O-003 pg/ml for 
l-p1 samples, i.e., an absolute limit of detection of 3 pg. This limit is of the same order 
as that previously reported (5 pg) for manganese atomic fluorescence, using a hollow- 
cathode lamp and the carbon-filament atom-reservoir, but different instrumentation.’ 

Linear calibration graphs were obtained in the region from 5 to 300 pg of manganese. 
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Filament v&age. V 

Frc. I. -E&ct of filament voltage on manganese atomic-fluorescence signal at 2’79.5 nm, 
using a hollow-cathode lamp souro~ 

The growth mrve for manganese atomic ftuorescence under these conditions is shown 
in Fig. 3. ‘I he growth curve shows that scatter of the source radiation occurs when 
more than t z. O-25 pg of manganese is present. By using the radiation at 283-3 nm 
from a lead amp it was shown that with below 0.25 pg of manganese, scatter was not 
the cause of :he signals noted above and no signal was observed from even 5 x lo-8 g 
of mangane: e at the 283.3 nm lead line. 

FICA 2.- Effect 
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of argon flow-rate on rn~gan~ fiuoreacence 
using a hollow-cathode lamp source. 

signal at 279~5 nm, 
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FIG. 3.-Growth curve for manganese atomic-fluorescence at 279.5 nm, using a 

hollow-cathode lamp source. 

Use of an electrodeless discharge lamp (EDL) as source 

The preparation, operation and characteristics of manganese electrodeless discharge 
lamps have previously been described. 2 The optimum argon shielding-gas flow-rate, 
filament voltage and monochromator slit-width were found to be the same as those 
reported above for the hollow-cathode lamp source. The optimum EHT for best 
signal-to-noise ratio was found to be 950 V. The optimum EDL lamp power was 50 W, 
as previously. The limit of detection (signal-to-noise ratio 2:l) for a 5-,ul sample was 
found to be O-2 “g/ml, i.e., an absolute limit of detection of 1 pg of manganese. 
When a l-p1 sample was used an 6 ng/ml solution corresponded to the limit of detection 
i.e., an absolute limit of detection of O-6 pg. 

The reproducibility of the signals obtained was poorer than that for manganese 
atomic-absorption with use of the filament. It appears that the short-term noise 
from the source contributes an additional factor. The reproducibility (95 % confidence 
level) of the signal obtained from any single solution was f 5 %. 

Fluorescence signals at other wavelengths 

Attempts to observe manganese atomic fluorescence at wavelengths other than 
279.5 nm were unsuccessful with both sources, Particular attention was paid to 
examination at all the lines at which atomic fluorescence was observed when a flame 
cell was used).2 It was not unexpected that fluorescence from the two Mn(I1) triplets 
was not observed. Although the ion line-emission from the electrodeless discharge 
lamp source was present, as shown by our previous observation of ionic fluorescence 
of manganese at 257.6 nm in flames,2 no such emission was observed here because 
the CPAR does not cause ionization of manganese (the first Mn ionization potential 
is 7.4 eV). It was not possible to observe atomic fluorescence at 403 nm because of the 
high continuum intensity from the glowing filament at this longer wavelength; any 
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FIG. 4.-Simplified Grotrian diagram for manganese. 

fluorescence signal could not, with the d.c. instrumentation employed, be distinguished 
from the continuum. Study of the simplified Grotrian diagram for manganese 
(Fig. 4) shows that the fluorescence observed in the flame cell2 at 3045, 357*8 and 
383*4 nm probably arises from thermally assisted resonance fluorescence. In the air- 
acetylene flame sufficient energy exists to provide a small population in the lower 
energy state (a6D2)). It is obvious, however, that the carbon filament does not 
produce sufficient energy (greater than 2 eV is required) to populate this level signifi- 
cantly. This conclusion is in agreement with the estimated temperature above the 
filaments and results obtained for atomic-absorption studies on iron.* . 

Use of nitrogen as shielding gas 

The use of nitrogen as shielding gas was investigated and the signals were compared 
with those obtained with argon. The intensity of atomic-fluorescence signal at 279.5 
nm when nitrogen was used was found to be ca. l/l6 that obtained with argon as 
shielding gas. This is to be expected from the much larger quenching cross-section of 
nitrogen. When a carbon rod is used in the determination of lead in matrices 
prone to scatter, the fluorescence intensity ratio is 13 : 1 between argon and nitrogen- 
shielded rods, and it has been suggested9 that to a good approximation the scatter 
signal could be nullified by subtracting the signal obtained with nitrogen-shielding 
from that obtained with argon-shielding. The results obtained with such matrices in 
this study would strongly support use of such an approach for manganese determin- 
ations. 
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TABLE I.--COMPARISON OF INTERFERENCES FOR MANGANESE DETERMINATION 

Ion or Compound 
species added 

Change in signal (%) from 1000, 100 and lo-fold amounts by weight 

Carbon-filament atom-reservoir 
Separated air- 
acetylene flame 

AFS* -@St AFS§ 

1000: 100: lO$ 1000; loot 10: 1000: 100: 

CG+ 
Cra+ 
Fen+ 
Kf 
?Vlg*+ 
Na+ 
Nil+ 
Si(IV) 
WV) 
Cl- 
NO*- 
PO*‘- 
so,s- 

~a(SOd* 0 0 0 -8 0 0 0 - 
Ca(NtU 0 0 0 +30 0 0 - 
CrCi, -13 0 0 -70 -67 

0” 
0 - 

Fe/HCI 0 0 0 -45 -15 0 - 
KNO, -10 
MgCl, -88 

x 0 -60 -40 8 0 - 
0 -100 -80 0 -39 -11 

NaCl -10 -40 -20 0 0 - 
Ni(NO,h 0 x 8 -60 0 0 0 - 
Si/HF 0 0 

00 
+16 0 0 +5 0 

V/HNOs -7 0 -20 -17 0 $16 8 
HCL 0 0 0 0 0 0 0 0 
HNO, 0 0 0 0 0 0 - 
(NHJSHPO, 0 0 0 0 0 

8 
0 - 

HaSOd 0 0 0 0 0 0 0 - 

* This study, 5 ~1 of 0.04 pg/ml manganese solution. 
t Ref. 3, 5 ~1 of 0.4 pg/ml manganese solution. 
$ Weight ratios 
0 Ref. 2,0*5 pg/ml manganese solution. 

Effects of foreign ions on AFS of manganese at 219.5 nm 

The effects of 14 foreign ions on the atomic fluorescence of 5~1 aliquots of O-04 
&ml manganese solutions (200 pg) at 1000, 100 and IO-fold weight-ratio levels were 
studied. An electrodeless discharge lamp was used as the spectral source. Only the 
fluorescence signal occurring in the range O-O-7 mm above the rod was viewed, by 
using a slit fitted in the manner previously described.3 The effects of these ions are 
listed in Table I as suppressions or enhancements of the manganese fluorescence 
signal at 279.5 nm. Only interferences which result in a change of signal of 5% or 
more were taken to be significant. 

It should be noted that at the 10 and lOO-fold levels no interference was obtained 
from any of the ions studied. This would agree with the conclusion reported earlier,’ 
that the absolute amount of sample is important, rather than the weight-ratio. The 
loo-fold level in this study corresponds to a lo-fold amount by weight at the 2-ng 
level used for absorption studies, at which level no interference with the manganese 
absorption was reported. At the lOOO-fold level interference was observed here for 
five cations, but only that of magnesium (the most serious interference in flame 
atomiofluorescence and non-flame atomic-absorption) was serious. That the other 
cations studied give less interference in atomic-fluorescence than in atomic-absorption 
determinations probably results from the higher filament voltage used in the fluores- 
cence measurements and the faster response of the measuring system employed. It 
was noted that certain oscilloscope traces indicated that effects from elements less 
volatile than manganese were observed after the manganese signal peak had been 
passed. Thus with the fast-response system such interferences can be minimized. 
Advantage might also therefore be expected from the use of this fast-response system 
to minimize interference in the absorption technique. 
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TABLE I I . - - C O M P A R I S O N  OF DETECTION LIMITS FOR MANGANESE DETERMINATIONS AT 279"5 n m  

Carbon-filament atom-reservoir, 
ppm 

5-/4 samples 1-#1 samples 

Separated air- 
acetylene flame 

ppm* 

Atomic-fluorescence spectroscopy 
(1) with electrodeless dis- 0-0002? 0-0006, 

charge lamp source (1 pg) (0-6 pg) 
(2) with hollow-cathode 0.001t 0-003t 

lamp source (5 pg) (3 pg) 
Atomic-absorption spectroscopy 
(1) with electrodeless m 

discharge lamp source 
(2) with hollow-cathode lamp 0-01 § 0-03§ 

source (50 pg) (30 pg) 
(3) with modified d.c. system 0-001 § 0-003§ 

(5 pg) (3 pg) 
Flame emission spectroscopy 
(1) at 279-5 nm 

(2) at 403 nm 

0"001 
(2 rig) 

0"1 
(0-2/,g) 

0"05 
fo.1 ,,.,g) 

O-Ol 
(20 ng) 

* Ref. 2. 
t This study 
§ Ref. 3. 

F rom this interference study it would appear  feasible to improve upon the carbon 
filament determination of  manganese in the presence of  elements which interfere in 
the atomic-absorption technique, by diluting the solution tenfold and then deter- 
minating the manganese by atomic-fluorescence spectrometry, provided that a slightly 
higher coefficient of  variation can be tolerated. 

CONCLUSION 

This study further emphasises the usefulness of  the carbon-filament atom-reservoir 
for the determination of trace metals when only  small amounts  of  sample are available. 
Table II shows a comparison of  the detection limits obtainable in the determination 
of  manganese,  when our apparatus is used with ana i r -ace ty lene  flame and with a 
carbon-filament atom-reservoir. Either the carbon filament or the flame cell can be 
used to analyse solutions of  the same manganese concentration, but the former 
requires only 1 or 5 pl of  solution whereas the flame cell needs 2 ml of  solution. 
Table I shows that  both techniques have good selectivity as well as high sensitivity, 
and that  with the exception of  magnesium even at 1000-fold amounts  by weight o f  
other ions interfere only slightly when the carbon filament is used in the fluorescence 
mode. 

Acknowledgement--We are grateful to the Procurement Executive, Ministry of Defence, for support 
of this work. 

Zamammenfassung--Es werden die atomischen Fluoreszenzeigen- 
schaften von Mangan, das auf einem KohlenfadenAtomspeicher 
(CFAR) erhitzt wird, beschrieben, und sic werden mit (a) dem 
atomischen Absorptionsverhalten des Elements auf dem gleichen 
Heizfadenapparat, und (b) ihrem Fluoreszenzverhalten in einer 
getrennten Luft-Acetylenflamme verglichen. Mit Fluoreszenz bei 
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279,5 nm und l-y1 Mustern kann Mangan mittels einer Lichtquelle 
elektrodenloser Entladung (3 pg oder 3 x lo-% ppm durch Absorption 
und 20 ng oder 1 x 10e8 ppm durch Flammenemission bei 403 pm) 
bis hinunter auf 0,6pg (6 x 10d4 ppm) bestimmt werden. Die 
Wirkungen von vierzehn kennzeichnenden Kationen und Anionen, 
die untersucht wurden, ergab bei IO-fachen und lOO-fachen Stufen 
keinen stiirenden Einlluss und ernste Stiirungseinthisse von Mangan 
bei lOOO-father Stufe, mit etwa zehn prozentiger Unterdriickung von 
Cr, V, Na und K. Es wurden keine Fluoreszenzzeichen ausser bei der 
Wellenllnge 279,5 run wiihrend Benutzung der CFAR Vorrichtung 
beobachtet. 

R&nu%-On d&rit les caracteristiques de fluorescence atomique du 
manganese chauff6 sur un reservoir d’atomes a filament de carbone 
(CFAR) et les compare avec (a) le comportement d’absorption 
atomique de l’element sur le meme appareil a filament, et (b) son 
comportement de fluorescence dans une flamme s&par&e air-acetylene. 
Par fluorescence a 279,5 mn, utilisant des 6chantillons de 1 ~1, on peut 
determiner le manganese jusqu’a 0,6 pg (6 x 1O-4 p.p.m.) en utilisant 
comme source une lampe a decharge sans electrode (3 pg ou 3 x 1O-8 
p.p.m. par absorption, et 20 ng ou 1 x 10-a p.p.m. par emission de 
flamme a 403 nm). Les influences de quatorze cations et anions 
representatifs examines ne montrent pas d’interference a des teneurs 
10 et 100 fois superieures et seul le magnesium apporte une interference 
sbieuse a une teneur 1000 fois suptrieure, avec une suppression 
d’environ 10% provenant de Cr, V, Na et K. On n’a observe de 
signaux de fluorescence a aucune longueur d’onde autre que 279,5 nm 
lorsque le dispositif CFAR est utilise. 
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S u m m a r y m T h e  problems of line b roaden ing  in microwave-excited 
electrodeless discharge lamps for the more volatile elements, P, S, I, 
Se, Zn, Cd and Hg  are discussed in relation to their use in atomic- 
absorption and fluorescence spectrometry. Both theoretical and 
practical implications are considered. 

THE MICROWAVE-EXCITED electrodeless discharge lamp (EDL) has recently received 
considerable attention in the literature and it is not surprising that much of this has 
been concerned with the more volatile elements (As, Se, Hg, Zn and Cd). 1-s These 
elements have their main resonance lines in the ultraviolet and generally provide short- 
lived or less satisfactory hollow-cathode lamps. Furthermore, the detection limits 
by atomic-fluorescence spectrometry (AFS) for these elements are often a considerable 
improvement on those obtained for atomic-absorption spectrometry (AAS) provided 
a suitable high-intensity source ( e g ,  an EDL) is used. Recent trends in AAS towards 
non-dispersive systems, using both interference filters and resonance monochro- 
mators 6'7 have also highlighted the importance of the high-intensity source. The 
resonance monochromator is particularly attractive for routine single element 
determination when expensive apparatus cannot be justified. Again, this system is 
particularly well suited to the more volatile elements although with more elaborate 
apparatus it may be applied to a wider range of elements. Figure 1 shows a spectral 
scan in the region 200-300 nm, obtained by using such a device for cadmium (simple 
quartz reservoir with optical flats, maintained at ca .  500 ° in a furnace, with a side-arm 
to regulate the cadmium vapour pressure at ca .  150°). A typical calibration graph 
obtained by using the device for AAS in conjunction with an EDL and an air-propane 
flame (circular M6ker type burner of path-length ca .  2 cm) is included. 

The recent interest in non-flame .atom reservoirs has enabled very impressive 
detection limits to be obtained for many of these elements, s-ll In addition, the advent 
of such devices has aroused some interest in the direct determination by AAS or AFS 
of iodine, sulphur and phosphorus. 1~ Hitherto the direct determination of these has 
received little attention. Manning and Slavin, 13 and Kahn e t  a l .  ~4 have examined the 
determination of phosphorus at non-resonance lines (213-55[213-62 nm and 214-91 nm) 
and obtained a sensitivity of ca .  290 ppm at the 213-55/213-62 lines when using a 
nitrous oxide-acetylene flame. Although these workers used a hollow-cathode lamp 
as source, Manning and Slavin mention problems encountered because of the very low 
intensity and high background associated with the source. In contrast the EDL 
provides a very high line:background ratio at these wavelengths (Fig. 2) and may 
prove useful in further improving this type of determination. Thompson x5 has exam- 
ined the AAS and AFS of iodine at the 206.1 nm non-resonance line, and concluded 
this to be impracticable; a detection limit of 1.6 mg/ml was obtained by AFS. Using 
non-flame cells, however, L'vov tg has obtained sensitivities (for 1 ~ absorption) in the 

1309 
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FIG. l.-(A) Spectral scan of resonance monochromator used in conjunction with 
Cd EDL; dotted lines indicate the scatter signal (i.e., furnace off). 

(B) Calibration curve obtained using the detector in conjunction with air-propane 
flame; Meker type burner with path length cu. 2 cm. 

Wavelength, nm 

FIG. 2.-Partial emission spectrum of phosphorus EDL; $1 cavity with microwave 
power 30 W. 

region of 10-10-10-12 g for sulphur, phosphorus and iodine, using the main resonance 
lines in the vacuum ultraviolet region. L’vov used a radiofrequency EDL as source 
and indeed it would seem that the EDL (radiofrequency or microwave-excited) would 
be the first choice as spectral source for the resonance lines of such elements. As with 
the other more volatile elements the main problem in using these EDL’s is the critical 
nature of both preparative and operating conditions. Some idea of the magnitude 
of the problems involved may be gained from theoretical considerations. 
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In addition to the natural line width and the Doppler broadening, emission lines 
from EDL’s will be subject to some extent to Lorentz (foreign gas), Holtsmark 
(resonance) and Stark (electric field) broadening. It seems generally accepted, however 
that the contribution from Stark broadening, as with Zeeman (magnetic field) 
broadening, is of little or no significance, 16~17 at least at low total pressures (20 mmHg. 
Furthermore, the contribution from Doppler broadening is not excessive, because the 
lamps operate at a relatively low temperature (probabIy between 400 and 1 loo”, 
depending on the microwave power used). 

Expressions for the half-intensity line widths (nm) have been given as follows,lo* 

AA 
A2 

N =- O A,, 27TC 

= 5.32 x 10-1gIo2A tu 

(1) 

(3) 

AA Total = {(AAD)2 + (AAL + A2H + AAN)2}1’2 (4) 
where subscripts N, D and L refer to the natural, Doppler and Lorentz widths respec- 
tively, R is the gas constant in erg/moI/K, C is the speed of light in m/see, T is the 
absolute temperature, Pr is the pressure of foreign gases in mmHg, MO is the atomic 
weight of the absorbing or emitting species in atomic mass units, MI is the effective 
(average values for gases) molecular weight of foreign gas molecules in atomic mass 
units, A0 is the wavelength of the line centre in nm, a, is the effective cross-section 
for collisional broadening, A,, is the spontaneous probability between the upper and 
lower states and k is the Boltzmann constant in erg/K. The value of AR,, the half- 
intensity width for Holtsmark broadening is obtained from equation (3) by replacing 
Q with oR and P, with Pa, the pressure of absorbing or emitting species, and by 
replacing M, with M,. Ideal gas behaviour is assumed in the derivation of the expres- 
sions for Ail, and Al,. 2on21 Table I shows the theoretical half-intensity widths for the 
resonance lines of certain elements due to natural, Doppler, Lorentz and Holtsmark 
broadening, together with the total half-intensity widths which have been calculated 
from equations (l)-(4). The collisional cross-sections are not accurately known and 
indeed very little information exists regarding optical cross-sections. Winefordner 
et al?* have used quenching cross-sections to calculate the half-widths of various 
absorption lines in flames. The present authors, however, feel that these may lead to 
somewhat low values. The quenching cross-section for argon is generally assumed to 
be zero, whilst the optical cross-section for argon at the Na 589*O=nm line has been 
quoted22 as 1.12 nm2 and at the Hg 253s7-nm line as 0*7-0*9 nm2. Cross-sections for 

* The omission of a factor of 1016 in Winefordner’s expression has been pointed out by Fassel 
et aP 
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TABLE I.-EDL EMISSION LINE-WIDTHS FOR VARIOUS ELEMENTS (Theoretical). 

Line A& Temper- A&, A&, A A&r, A A&, A 
nm A ature A Max. Min. Max. Min. Max. Min. 

P, = 7.9+ P. = 15* 
Cd 228.802 OG3O111 500 0.00430 0.00029 0.00003 0.00440 0%)0018 0.00645 0.00431 

P, = 9.5 Pa = 180 
650 0.00469 0.00032 0.00004 0.04837 0.00193 0.0490 0.00513 

P, = 11.5 Pa = 760 
850 0.00518 0.00035 0.00004 0.1850 0.00740 0.1856 0.00916 

P, = 3 Pa = O.oolT 
Hg 253.652 0*000040 500 0.00357 O-00013 O*OOOOl Max. 0~0000003 0.00357 0.00357 

P, = 3 Pa = 0*001t 
850 0.00430 OXlOO OGOOO1 Max. OGOOOOO2 OGO430 OGO430 

P, = 11.5 Pa = 760 
850 0.00430 0.00041 0*00005 0.17000 0.00680 0.1706 0.00959 

P, = 7.9 Pa = 40 
Se 196.026 0+00068 500 0.00439 0.00023 0.00002 0.01039 0*00041 0.01156 0.00442 

P, = 9.5 P,=700 
650 0.00480 0*00025 0.00003 0.1647 0.00661 0.1651 0.00825 

P, = 7.9 Pa = 2 
Zn 213.856 0.000154 500 0.00527 0.00027 0.00003 0.00067 0.00003 0.00538 0.60527 

P, = 9.5 Pa = 35 
650 0.00576 0.00030 0.00003 0.01078 0.00043 0.01265 0.00579 

P, = 11.5 Pa = 400 
850 0.00635 0.00037 0.00004 0.1117 0.00447 0.1124 0.00788 

* Pressures in mmHg. 
t Vapour pressure taken as that of Hg at 25” i.e., the situation prevailing in an Hg lamp with 

reservoir outside the microwave field. 

Holtsmark broadening are generally accepted as considerably greater than those for 
2 22 foreign gas species, often as great as 5 nm . In view of this uncertainty the line 

widths have been calculated for maximum and minimum values of the optical cross- 
sections, viz 0, max 1.5 nm2, o, min 0.5 nm2, cr* max 5 nm2, a,min 1 nm.2 The lamp 
parameters assumed are a pressure of argon of 3 mmHg at 20”, and that excess of 
element is always present, that is, the pressure of the species concerned is given by the 
vapour pressure at the given temperature (except where stated). 

Obviously at the higher pressures, and indeed at all pressures (of emitting species) 
for which an EDL is likely to be used, there is considerable self-absorption. Very 
little information exists regarding interferometric measurements of resonance lines 
emitted by EDL’s, although some qualitative results has been reported by Kirkbright 
and Sargent% for calcium and thallium sources (prepared from chlorides). Even with 
these less volatile species severe self-absorption and self-reversal were observed. 
L’vovll has reported some results for radiofrequency lamps, but they are rather scanty. 
Typically, he found the line width from a cadmium radiofrequency lamp at 120 mA 
was equal to that of a hollow-cathode lamp at 10 mA, but the intensity was 1000 
times as great. The vapour pressures quoted appear at first sight somewhat high, but 
although an EDL cannot normally be initiated at a pressure much above 10 mmHg, it 
is relatively easy to maintain such a discharge up to a pressure of 1 atmosphere. 
However, even at relatively low pressures the discharge may no longer be homogen- 
eous and self-reversal or quenching of the discharge becomes a problem. The discharge 
shows a steady transition from the so-called “skin effect” through a homogeneous 
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discharge to that of an arc, under which conditions the resonance lines are severely 
self-reversed (Fig. 3). A further contribution which has to be taken into account is 
the shift in wavelength, due to pressure broadening, of both the absorption profile of 
the analyte atoms and the emission profile of the source (AA,). Theory24*25 predicts 
that 

-0a36 (5) * 

This result yields a red shift which is in agreement with reported results26*27 for the 
perturbing species N, and Ar, though the values are somewhat lower and 0.25 would 
appear a more realistic figure. In the case of light perturbing molecules such as H,, 
He and Ne, however, the shift can be to the violet. This has recently been explained in 
terms of the Lindholm theory ? It is apparent that a shift of unequal magnitude or in 
opposing directions, between the emission profile of the source and the absorption 
profile of the analyte atoms within the atom reservoir, will lead to inferior results in 
both AAS and AFS. The magnitude of this effect has been evaluated by graphical 
integration for Gaussian distributions of both emission and absorption profiles and 
for various emission line widths and wavelength shifts. The results for the case of an 
absorption line half-width of 2 pm are shown in Fig. 4. The results indicate that for an 
absorption profile of 2 pm and a shift of ca 05-0~6 pm and a source line width of 
0.45 pm and a shift of ca. 0~05--0*2 pm (see Table I, e.g. Cd EDL at 5007, the separa- 
tion AR,, (of peak wavelengths of the absorption and emission profiles) would be ca. 
O-3-0955 pm and the absorption signal would be depressed by ca. 2-4 %. The situation 
is more pronounced at larger emission line widths, but in these instances it should be 
remembered that the signal is already degraded because the ratio of emission line 
width to absorption line width (a) is no longer <l. For example, in the case of an 

FIG. 4. 

0 0.001 0002 

Emission line holf width, nm 

.-Depression in absorption for various wavelength shifts and emission 
widths; absorption line width assumed to be 0*002 nm. 

line 

+ Although the ratio A&/A& is zero for the Cs/rs term of Lindholm’s expression the van der 
Waals term Ca/rs is dependent on .the total pressure of all uncharged species. 
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absorption profile of 2 pm width and a shift of cu. 0+0*6 pm and a source broadened 
to a line width of 2 pm, (as might be the case for a Cd EDL at 5007, whilst the shift 
remains cu. O-05--0*2 pm the already degraded absorption would be further depressed 
by cu. 20-30x relative to that which would result from a zero shift in the absorption 
profile. 

Hyperjne structure (~$Y)~O 

The presence of hfs in a spectral line (a result of the radiating atoms consisting of a 
mixture of isotopes or of possessing a non-zero nuclear spin) also contributes to an 
increase in line width and to a decrease in analytical signal (in AAS) in addition to 
that predicted from theoretical considerations .21 The presence of hfs in a spectral line 
is analogous to the situation arising when more than one transition falls within the 
spectral bandpass of the monochromator. zs*34 The deviation from the theoretical 
growth curve for peak absorption due to the presence of hfs is somewhat complex and 
varies with the element (and isotope ratios) concerned. Evidence at present suggests 
its effect to be significant. Model calculationP in the case of copper have indicated a 
decrease of 16 % in sensitivity due to the presence of hfs, whilst decreases considerably 
in excess of this could well be expected. However, the presence of hfs has been 
neglected in the line-width calculations concerned in this study. 

Such is the magnitude of line broadening, self-absorption and the shift in wave- 
length when an EDL is used under adverse circumstances, that they may be qualita- 
tively observed by using a conventional (prism) monochromator when operating inthe 
far ultraviolet. Figure 5 shows a series of spectral scans of the selenium 196.026 nm 
line at various microwave power levels and illustrates clearly the effects of self- 
absorption. It is not expected that any self-reversal present would be resolved. Unlike 
EDL’s for many elements, the selenium lamp shows little tendency towards arc for- 
mation even at very high pressures. Figure 6 shows spectral scans of the selenium 
196.026 nm line with and without cu. 50,000 ppm of selenium nebulized into the 
flame (the high concentration was necessary because of gross broadening present in 
the source). The shift in wavelength between the absorption profile and the source 
emission profile may just be observed. The bismuth 195-948 nm emission line was 

Wavelength mcrecsing 

FIG. 5.-dpectral scans of Se 196.026 line at various microwave powers; scan-rate 
0.8 nm/min, spectral slit tOGO5 nm, lamp (Se metal/argon) operated in $1 cavity. 

(A) 50 W; (B) 150 W; (C) 180 W 
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Wavelength increasing 

FIN. 6.-Spectral scans of Se 196026 urn line at 150 W, other conditions as for Fig. 5. 
(A) after passage through flame; (B) on nebulizing cu. 50,000 ppm Se. 

obtained by using a separate EDL as a wavelength guide to facilitate alignment of the 
in~vidually recorded spectra. It is of interest, however, that the absorption profile 
appears to be shifted to a longer wavelength than that of the source. The shift of 
absorption profile in the flame, from equation (5) would be expected to be co. 
045-05 pm and any shift to a longer wavelength in the source would reduce the 
separation. The observation of this separation may well suggest that the source line 
profile has shifted towards the violet. Attempts to observe a shift in wavelength for 
the bismuth line were unsuccessful, though in this instance the emission line would 
not be as readily broadened as the selenium emission. 

Practical implications 

The practical consequences of the ease with which emission lines from EDL’s may 
be broadened or reversed may be considered in two distinct aspects. 

Those ~ppzication~ for which line broadening is ~~untageo~~. Into this class falls 
the technique of line overlap which has received particular attention in AFS and more 
recently in AAS. Such occurrences have been recognized for some time as a source of 
spectral interference in AAS. Iv The importance of line broadening in this technique is 
readily appreciated, owing to the separation which already exists between the absorp- 
tion and emission profiles. There are three reasons for the use of line overlap methods. 
First, under certain circumstances they permit improved sensitivities in AFS as a 
result of an effective higher line intensity from the line overlap source as opposed to 
the more normal source. Such occurrences are, however, rare and so far as the authors 
are aware increased sensitivity has so far only been obtained in the case of the deter- 
mination of bismuth at 206.170 nm, using the iodine 206.163 nm emission linee31 
Secondly, to provide an increased range for a given source. Several workers have 
reported examples, 32*33*34 although sensitivities in AAS (or absolute signal in AFS) are 
invariably lower than those which are obtained when using the more conventional 
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source. Frank et ~1.~~ have determined Mg, Mn, Ni and Cu, using an iron hollow- 
cathode lamp. Fulton et al. 38 have examined the AFS of cadmium (228.802 nm), using 
the arsenic (228.812 nm) non-resonance line and obtained a detection limit of O-0017 
ppm, a factor of only 3 below that more normally obtained by using the same premixed 
flame (air-acetylene) and a cadmium EDL .37 The line separation in this instance is 
(+) O-01 nm which would be further removed from the absorption line profile by any 
shift in wavelength of the arsenic 228.812 nm line. The third reason for the use of line 
overlap procedures, perhaps at first sight rather surprising, is to enable a reduction in 
sensitivity to be obtained when the more normal methods, such as burner rotation, 
sample dilution or the use of a less sensitive line are not possible. As yet this has only 
been reported for calcium.38 

Those applications for which line broadening is detrimental. The requirement of a 
narrow emission line width in AAS (ratio of emission line width to absorption line 
a < 1) is well known. 12n21 Deviation from this requirement will result in decreased 
absorbance values and departure from linearity of the calibration curve.* In AFS, 
however, line width is of less importance because the presence of unwanted radiation 
outside the absorption profile has little or no effect on the analytical signal. Gross 
broadening such that the emission line is effectively a continuum over the absorption 
line profile will of course result in a change in shape of the growth curve39*40 at high 
concentration. However, this effect is difficult to observe before severe self-absorp- 
tion or self-reversal of the emission line (which leads to a decrease in intensity at the 
line centre or over the whole absorption profile) results in a decreased analytical 
signal. The importance of the EDL line widths as regards the analytical situation may 
be seen from Table II which shows the theoretical line widths for various elements 
under various analytical conditions. Calculations in this instance have excluded any 
contribution due to resonance broadening because in an analytical useful situation 
this is negligible in comparison with other causes of line broadening. Comparison of 
Tables I and II indicates that a is by no means always gl. The situation appears 
particularly critical when the sources are used in conjunction with low temperature 
operation of a non-flame cell, under which circumstances non-linearity in AAS would 
be expected. The use of a high-pressure device appears at first sight to rectify this, 
but the shift of the absorption profile would lead to a decrease in sensitivity relative to 
that which could be obtained by improving the source conditions. 

Obviously then, to ensure optimal results for an EDL prepared from volatile 
elements, it must be ensured that the pressure within the EDL is maintained as low as 
possible. A particularly attractive, though often difficult, means of ensuring these 
conditions, is to use the quantity of material within the lamp as the vapour pressure 
regulator.41 Provided sufficiently small amounts of material are introduced into the 
lamp, the sensitivity in AAS, and under certain circumstances the AFS signal, may be 
increased. Table III shows some sensitivities obtained when using various zinc EDL’s. 

* It should be noted that even when the so-called ideal source is used there is some decrease in 
atomic absorbance from the theoretical peak absorption (apart from considerations relating to hyper- 
fine structure) due to the shift in absorption profile of the analyte atoms in the flame or other atom 
reservoir. A truly ideal source would therefore have an emission line shifted in wavelength by the 
same amount as that of the absorption profile whilst still maintaining the condition a < 1. Clearly 
from equation (5), this is not likely to be a practical occurrence. 

The reader is reminded of the other causes of curvature of calibration curves, namely chemical 
interferences (ionization, compound formation) and the non-linear relation between flame gas con- 
centration and solution concentration, due to variation in nebulization efficiency. 
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TABLRII.-ABSORPTION LINE WIDTHS FOR VARIOUS ANALMlCAL CONDITIONS 

(Theoretical). 

Line Atom Temperature, AI.,, A&, A A&, A 
nm reservoir “C A Max. Min. Max. Min. 

Cd 228.802 A 2207 @0080 0.0308 @0019 0.0319 O+IO82 
B 800 0.0051 0.0235 O-0026 0.0242 0.0057 
C 1400 0.0063 0.0188 @0020 0.0199 OGO66 
D 1400 0.0063 0.0944 0.0105 0.0947 0.0124 
E 700 ON)48 0.0244 0*0027 0*0250 0.0056 

Hg 253.652 A 2207 0.0064 0.0360 0.0022 0.0366 OX)067 
B 800 0.0042 0.0272 0.0029 0.0276 0.0051 
C 1400 O-0052 0.0219 0.0024 O-0226 0.0057 
D 1400 0.0052 0.1092 0.0121 0.1092 0.0128 

Se 196.026 A 2207 0.0079 0.0235 00015 0.0249 0.0080 
B 800 0.0052 0.0182 0.0019 0.0190 0.0055 
C 1400 0.0065 O-0146 0.0016 0.0160 0.0067 
D 1400 0.0065 0.0731 0 0081 0.0734 0.0104 

A Slightly fuel-rich air-acetylene flame.lB B,C CFAR*P’~ argon at 1 atmosphere. 
MI = 29*77a, max = 2.0 nm; D L’vov furnace, 1X.19 argon at 5 atmos- 
0, min = 0.5 nm. pheres. 

E Aboveamicrowave-excitedargonplasma, 
using a platinum loop device.d7p48 

TABLE III.--SENS~WTIE~* (ppm for 1% absorption) AT 213.8 nm USING 
VARIOUS ZINC EDL's. 

Lamp 20 w 
Microwave power 

3ow 4ow 5ow 60W 

5 ZnC1, pg - - 0.136 0.095 0.078 
20 ZnCI, pg 0.081 0.055 0.050 0.057 0.095 

100 ZnCI, pg 0.050 0.136 0.110 - - 
tlOOpgZn 0.078 0.110 0.122 0.120 - 

>2000 Zn rg 0.122 0.136 0.157 0.157 - 

* Air-propane flame (ca 10 cm). Lamps prepared with 3 mmHg argon pressure and operated in 
a three-quarter wave cavity. 

Zinc chloride lamps have been included because in this instance the effect is somewhat 
more pronounced (presumably due to the presence of free chlorine) and may be 
more readily examined. Much of the discussion here is of course applicable to EDL’s 
prepared from volatile compounds, with the additional problems that the secondary 
constituent (normally a halogen) affords an increase in total pressure within the lamp. 
This may be an important problem if the constituents do not recombine readily on 
cooling. Furthermore, the collisional cross-sections for the halogens are appreciably 
greater than that for argon22 and thus additional broadening can result from halogen 
present within the lamp. For very volatile elements with sufficient vapour pressure for 
operation at room temperature, long lamps, having a reservoir of the element (or 
compound) well outside the microwave field (which can be maintained at room tem- 
perature or cooled if necessary) can prove useful. The authors have operated such 
lamps some 20-25 cm long for mercury and iodine. The discharge does not fill the 
lamp, but it is normally advantageous to enable the discharge to come into contact 
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with the top of the lamp as this tends to improve stability. A carrier-gas pressure of 
cu. l-3 mmHg is normally required to ensure initiation of such a discharge and is 
essential in the case of iodine. Small diameter (2 mm bore instead of the more normal 
8 mm) lamps used under these conditions can sometimes be useful, owing to a 
further reduction in self-absorption. 

When the vapour pressure at room temperature is insufficient to provide a high 
intensity in long lamps, e.g, sulphur, zinc, then slightly larger lamp dimensions than 
normal (i.e., >3 cm length) can provide a useful improvement in signal, although only 
at the expense of stability and warm-up time. It is best to ensure that the discharge 
fills the lamp, or migration of material to the much cooler portion will result in a 
considerably reduced radiation output. Cooling of the lamp may also be an advantage, 
but unless the air flow is accurately regulated, poor stability will result. Cooling of a 
lamp can seldom result in greater improvement than that which may be readily 
obtained by other means (reduction of microwave power or modification of preparative 
conditions).& The carrier gas normally chosen is argon, although the other inert gases 
have all been examined.12s42*43 In addition to the problem of short lifetime when 
helium is used, the somewhat higher temperature of operation associated with helium 
lamps renders its choice undesirable for volatile species. The use of helium or neon 
could possibly be expected to induce shift in emission profile opposing that of the 
absorption profile in the atom reservoir. However, in view of the low pressure of 
carrier gas involved it is considered that this is likely to be of little consequence. 
Sensitivities obtained in AAS when using helium and argon-filled lamps are generally 
similar, provided both can be optimized with respect to microwave power (Table IV). 

TABLE IV.-SENSI~VITIES* (ppm for 1% absorption) AT 213.8 nm USING 
VARIOUS ZINC EDL’s 

Carrier-gas Microwave power, Sensitivity, 
Carrier-gas? pressure, mmHg W iv 

Argon 1 
Argon 3 
Argon 5 
Argon 8 
Helium 1 
Helium 2 
Helium 4 

* Air-propane flame (ca 10 cm). 

31 0.111 
33 0.114 
32 0.108 
23 0.120 
21 0.120 
21 0.120 
18 0.116 

t Lamps prepared using excess zinc metal and operated in a three-quarter 
wave cavity. 

Because of the comparatively insignificant contribution to line broadening afford- 
ed by the carrier gas (Table I), variation of this parameter can also provide a useful 
means of improving the analytical signal. This would appear to be a result of the 
decreased operating temperature of lamps containing higher pressures of argon. 
Figure 7 shows the effect of argon pressure on the AAS of zinc. As can be seen the 
rate of decrease in absorbance at high microwave powers increases as the pressure is 
decreased. The highest absorbance is obtained at ca. 5 mmHg. Lamps prepared with 
argon pressures of 11 mmHg were comparatively short-lived (10-50 hr), although 
they could be initiated on heating the lamp. Line: background ratios were high in all 
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Pressure, mm Hg 

MicrowcNe power, W 

FIG. 7.-Effect of microwave power on AAS of zinc; nebulizing 5 ppm zinc solution, 
and using EDL’s prepared at various argon pressures. 

(A) 1 mmHg; (B) 3 mmHg; (C) 5 mmHg; (D) 8 mmHg; (E) 20 W; (F) 50 W; 
(G)90W; (H)130W 

instances, ranging between 100: 1 and 2000: 1, depending on the lamp and its operat- 
ing conditions. Optimum AAS performance was normally obtained at line: back- 
ground ratios of 100: l-300: 1. The effect of argon pressure on the AFS signal is more 
markedly dependent on the properties of the element or compound concerned than for 
AAS. For example, a decrease in argon pressure (down to O-5 mmHg) results in an 
increase in AFS signal for zinc lamps (made with zinc metal); this was the lowest 
pressure at which the discharge could be initiated readily. However, some improve- 
ment at higher pressures may be obtained for very highly volatile elements when 
self-absorption/self-reversal is particularly pronounced; in certain instances higher 
pressure may provide a higher line intensity and an increased sensitivity in AFS for 
less volatile species such as TP and Mn.& 

Acknowledgements-We thank Beckman-RIIC Ltd. for the provision of a research grant to one of us 
(DOC) and for the loan of some of the apparatus used in this study. 

Zusanunenfassung_-Die Probleme der Verbreiterung der Linien in 
elektrodenlosen, Mikrowellen erregten Entladungslampen werden 
fiir die fliichtigeren Elemente P, S, I, Se, Zn, Cd und Hg in Bezug auf 
ihre Verwendung in Atomabsorption und Fluoreszenzspektrometrie 
besprochen. Es werden sowohl theoretiscbe wie praktische Begleiter- 
scbeinungen in Betracht gezogen. 

R&urn&On discute du probl&me de l%largissement des raies dans les 
lampes 1 d&harge sans electrode excitks par micro-ondes pour les 
BBments les plus volatils, P, S, I, Se, Zn, Cd et Hg, en relation avec leur 
emploi en spectrom&ie d’absorption atomique et de fluorescence. 
On consid&re les consdquences tant thboriques que pratiques. 

REFERENCES 

1. R. M. Dagnall, K. C. Thompson and T. S. West, Talanfu, 1968,15,677. 
2. Idem., ibid., 1967,14,551. 



1320 D. 0. COOKE, R. M. DAGNALL and T. S. WEST 

3. R. F. Browner, R. M. Dagnall and T. S. West, ibid., 1969, 16,75. 
4. M. S. Cresser and T. S. West, Anal. Chim. Acta, 1970,50,517. 
5. G. B. Marshall and T. S. West, ibid., 1970, 51, 179. 
6. J. V. Sullivan and A. Walsh, Spectrochim. Acta, 1966, 
7. A. Walsh, Pure Appl. Chem., i970,23, 1. 

22, 1843. 

8. J. F. Alder and T. S. West. Anal. Chim. Acta. 1970. 51. 365. 
9. J. R. Mislan, At. Energy Can. Ltd., No. 1941; 1964: ’ 

10. H. Massmann, Spectrochim. Acta, 1968, 23B, 215. 
11. B. V. L’vov, ibid., 1970,24B, 53. 
12. Idem, Atomic Absorption Spectrochemical Analysis, Hilger, London, 1970. 
13. D. C. Manning and S. Slavin, At. Abs. Newslett., 1969, 8, 132. 
14. J. D. Kerber, W. B. Bamett and H. L. Kahn, ibid., 1970, 9, 139. 
15. K. C. Thompson, Spec. Lett., 1970,3,59. 
16. S. Tolansky, High Resolution Spectroscopy, 1st Ed., Methuen, London, 1947. 
17. C. F. Bruce and P. Hannaford, Spectrochim. Acta, 1971, 26B, 207. 
18. M. L. Parsons, W. J. McCarthy and J. D. Winefordner, Appl. Spectry., 1966, 20,223. 
19. V. A. Fassel, J. 0. Rasmuson and T. G. Cowley, Spectrochim. Acta, 1968, 23B, 579. 
20. R. G. Breene, Jr., The Shtft and Shape of Spectral Lines, Pergamon, New York, 1961. 
21. A. C. G. Mitchell and M. W. Zemanskv, Resonance Radiation and Excited Atoms, Cambridge 

* University Press, London, 1961. 
Y 

22. H. G. Kuhn, Atomic Spectra, 2nd Ed. Longmans, London, 1969. 
23. G. F. Kirkbright and M. Sargent, Spectrochim. Acta, 1970, 25B, 577. 
24. W. Lenz, Z. Physik, 1933, 80,423. 
25. E. Lindholm. Arkiv. Mat. Astron. Fvsik.. 1946.32A. No. 17. 
26. S. Ch’en and,M. Takeo, Rev. Mod. Whys:, 1957, 29,20. 
27. T. Hollander, B. J. Jansen, J. J. Plaat and C. Th. J. Alkemade, J. &ant. Spectry. Radiative 

Transfer, 1970, 10, 1301. 
28. W. Behemenburg and H. Kohn, 1964,4, 163. 
29. Z. v. Gelder, Spectrochim. Acta, 1970,25B, 669. 
30. S. Tolansky, Hyperfne Structure in Line Spectra and Nuclear Spin, 2nd Ed., London, 1948. 
31. R. M. Dagnall, K. C. Thompson and T. S. West, Talanta, 1967,14,1467. 
32. D. C. Manning and F. Fernandez, At. Abs. Newslett., 1968, 7,24. 
33. D. C. Manning, ibid., 1967, 6,75. 
34. G. L. Vidale, Gen. Elec. Tech. Inform. Service Rept., No. R605D330. 
35. C. W. Frank, W. G. Schrenk and C. E. Meloan, Anal. Chem., 1966,38,1005. 
36. A. F&on, K. C. Thompson and T. S. West, Anal. Chim. Acta, 1970, 51, 373. 
37. R. S. Hobbs, Ph.D. Thesis, London, 1971. 
38. K. C. Thompson, Analyst, 1970,95, 1043. 
39. H. P. Hooymayers, Spectrochim. Acta, 1968,23B, 567. 
40. P. J. Th. Zeegen and J. D. Winefordner, ibid., 1971,26B, 161. 
41. D. 0. Cooke, R. M. Dagnall and T. S. West, Anal. Chim. Acta, 1971,54,381. 
42. W. E. Bell, A. L. Bloom and J. Lynch, Rev. Sci. Znstr., 1961, 32,688. 
43. M. D. Silvester and W. J. McCarthy, Spectrochim. Acta, 1970,25B, 229. 
44. D. 0. Cooke, R. M. Dagnall and T. S. West, Anal. Chim. Acta, 1971, 56, 17. 
45. L. de Galan and G. F. Samuey, Spectrochim. Acta, 1969,24B, 679. 
46. T. S. West and X. K. Williams, Anal. Chim. Acta, 1969, 45,27. 
47. M. P. Bratzel, Jr., R. M. Dagnall and J. D. Winefordner, ibid., 1969,48, 197. 
48. A. Cummings, R. M. Dagnall and B. L. Sharp, unpublished work. 



Talmta, 1972, Vol. 19, PP. 1321 to 1334. Peaartmt Prcm. Printed in Northern Ireland 

CONTROLLED POTENTIAL COULOMETRY: THE 
APPLICATION OF A SECONDARY REACTION 
TO THE DETERMINATION OF PLUTONIUM 
AND URANIUM AT A SOLID ELECTRODE 

J. B. FARDON and I. R. MCGOWAN 
British Nuclear Fuels Ltd., Windscale and Calder Works, Sellafield, Seascale 

Cumberland, U.K. 

(Received 6 September 1971. Accepted 6 March 1972) 

Summary-A method is described for the simultaneous determination 
of plutonium and uranium in mixed oxides by controlled potential 
coulometry at a gold working electrode in two stages: first a coulo- 
metric oxidation, at 0.73 V us. a silver/silver chloride electrode, of 
Pu(II1) and U(N) to Pu(IV) and U(vI) by a combination of a direct 
electrode reaction and a secondary chemical reaction proceeding 
concurrently, and secondly, a coulometric reduction at O-33 V of 
Pu(IV) to Pu(J.II), leaving uranium as U(V1). The determination is 
carried out in a mixture of sulphuric and nitric acids, and Ti(II1) is 
used to reduce plutonium and uranium to Pu(II1) and U(N) before 
electrolysis. The precision (3~) of pU:U ratio results obtained from 
mixtures containing about 30% and 2% plutonium was 0.5% and 
1.5% respectively. The effect of experimental variables on the time 
taken to complete the coulometric determination is discussed. 

THE FABRICATION of mixed oxide fuel for both thermal and fast reactors has led to a 
substantial analytical requirement for the determination of plutonium and uranium in 
oxides containing approximately 2-30 % plutonium. In order to extend the range of 
techniques available for this purpose, it was decided to attempt the development of a 
coulometric method. 

There are well-established methods for the individual determination of these ele- 
ments by controlled potential coulometry, e.g., plutonium by electrolysis at a platinum 
or gold electrode,l and uranium at a mercury pool electrode.2 A difficulty in the 
way of a method suitable for the determination of both elements is the large difference 
in the potentials of the redox couples involved. Electrolytic reduction of uranium(W) 
to uranium(N) in dilute mineral acid requires a more negative potential than can 
normally be obtained at a platinum or gold electrode without simultaneous reduction 
of hydrogen ion. Advantage is therefore taken of the high hydrogen overvoltage on 
mercury. However, the more positive potentials required for plutonium coulometry 
in mineral acid media would oxidize mercury, and a noble metal must be chosen in 
this case. 

Thus the determination of plutonium and uranium by coulometry normally 
involves two entirely distinct measurements in separate cells equipped with the appro- 
priate working electrodes. It would obviously be beneficial, in terms of convenience 
and economy, to be able to carry out both determinations in a single procedure. 

The formal potential of the plutonium(IV)/(III) couple may be lowered by 
working with a citrate medium so that a mercury electrode may be used for the 
determination3 but in this medium the formal potentials of the uranium and plutonium 
couples are not sufficiently different to allow both elements to be determinedseparately. 
Uranium has been determined by reduction at a silver electrode4 without the concur- 
rent liberation of hydrogen, but this electrode is unlikely to be suitable for use at the 
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potentials required for the plutonium electrolysis. The evolution of hydrogen at a 
platinum electrode has been overcome by using constant-current potential limit 
coulometry5 with addition of bismuth(II1) to the electrolyte and periodically anodizing 
the electrode. Under these conditions plutonium and uranium were determined succes- 
sively at a platinum electrode with a relative standard deviation of &O-2% for each 
element. 

In developing the new method described in this paper, consideration was first 
given to the redox process that might be employed. A conventional coulometric 
procedure for the determination of plutonium6 in which a redox cycle between the 
tervalent and quadrivalent states is carried out by electrolysis at a noble metal electrode 
in a sulphuric acid medium was chosen as the basis for development. The attractive 
features of the method are as follows. 
(a) Plutonium can be determined without interference from uranium(W). 
(b) The presence of nitric acid in the electrolyte can be tolerated, thus nitric acid used 
to dissolve mixed oxide would not have to be removed from the solution. 
(c) It has been demonstrated1 that the time required for electrolysis can be shortened 
considerably by using a gold electrode with a large surface area. 

It was estimated that it would be possible to determine the sum of plutonium and 
uranium by coulometric oxidation provided that these elements were initially present 
as plutonium(II1) and uranium(IV). Despite the much lower formal potential of 
the uranium(IV)/(VI) couple, uranium(IV) is not electroactive at the potential 
required for quantitative oxidation of plutonium(II1). However, the mechanism 
envisaged was electrolytic production of plutonium(W), which would oxidize uran- 
ium(N) to give uranium(VI), and the regenerated plutonium(II1) would again 
undergo electrolytic oxidation until eventually both plutonium and uranium were 
fully oxidized to the quadrivalent and sexivalent states, respectively. 

This proposal requires that the two elements should initially be present as plu- 
tonium(II1) and uranium(IV). An all-electrolytic process would present the basic 
problem of conflicting requirements for electrode materials. It appeared that this 
problem could be circumvented by the use of a chemical reduction treatment to avoid 
the need for mercury cathode electrolysis. However, it would be essential to have a 
sure method for destruction of the excess of reductant without oxidizing any of the 
uranium(IV) or plutonium(II1). Titanium(II1) in a mixture of sulphuric and nitric 
acids was chosen as the reductant on the ground that the solution medium would be 
compatible with the coulometric oxidation stage proposed for the determination of 
the sum of plutonium and uranium. 

The new method was designed on the basis of these concepts, which are amplified 
in the next section. Since the method depends on the secondary reaction between 
uranium(IV) and plutonium(IV), information on the factors which govern the rate of 
this reaction is included, together with a brief review of the published uses of secondary 
reactions in coulometry. This paper covers experimental work carried out to develop 
a satisfactory procedure for mixtures containing more than 2% plutonium, and to 
determine its performance characteristics. 

SECONDARY REACTIONS IN CONTROLLED POTENTIAL COULOMETRY 

Various authors have referred to secondary reactions occurring during controlled- 
potential coulometric analysis. Meites and Morosa in a review of factors which 
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contribute to the magnitude of background-current corrections in coulometry have 
defined a kinetic quantity of electricity which results from cyclic processes involving 
the oxidation and reduction of products of the primary electrode reaction. The 
effect is illustrated by the reduction of vanadium(IV) inducing the reduction of 
hydrogen ions. Geske and Bard9 have presented a mathematical treatment of various 
hypothetical reaction schemes in which secondary chemical reactions occur which 
generate or consume the electroactive material, and methods of calculating the n-value 
of complex secondary reactions are described. Coulometric measurements have been 
used to calculate the kinetics of secondary reactions. For example Rechnitz and 
McLurelO have studied the kinetics of the iridium(III)/chlorate reaction, using steady- 
state controlled-potential coulometry in the presence of excess of chlorate, and 
McCullough and Meitesll have described the disproportionation of the product, and 
the chemical interaction between reactant and product during the coulometric 
reduction of niobium(V). An example of an analytical application is provided by the 
work of Shults12 on a secondary coulometric method for the determination of pluto- 
nium by reducing plutonium(W) with electrogenerated iron(I1). This method was 
designed to overcome the interfering effect of iron on the normal procedure for the 
determination of plutonium. 

No method appears to have been published in which a secondary reaction is used 
to determine two species quantitatively, one species being electroactive and the other 
not. For the determination of plutonium and uranium the following procedure was 
envisaged. 

(a) Chemical treatment of the sample to convert it quantitatively into plutonium 
(III) and uranium(W). 

(b) Coulometric oxidation of plutonium(II1) to (IV) concurrently with which the 
chemical reaction between plutonium(IV) and uranium(IV) would occur, forming 
uranium(VI) and regenerating plutonium(II1). 

(c) Continuing step (b) until the final products of the coulometric oxidation are 
uranium(W) and plutonium(IV). The integrated current measured would correspond 
to the two-electron oxidation of uranium and the one-electron oxidation of plutonium. 

(d) Coulometric reduction of plutonium(IV) to (III) under conditions where 
uranium(V1) remains stable. The integrated current for this step would correspond to 
plutonium alone. 

i.e., Pu(II1) + Pu(IV) Electra-oxidation 
Pu(IV) + U(IV) + Pu(II1) + U(W) Chemical reaction 
Pu(II1) + U(IV) + Pu(IV) + U(V1) Complete electro-oxidation 

Pu(lv) -+ Pu(II1) Electra-reduction 

Information has been published on the conditions suitable for the chemical 
reduction [step (a)]. In the redox titration method described by Corpel and Regnaud13 
plutonium and uranium are reduced to the ter- and quadrivalent states respectively 
by titanium(II1) in a mixture of nitric, sulphuric and sulphamic acids. This medium 
would be suitable for the coulometric procedure, and the reduction system has the 
additional advantage that a pre-electrolysis step could be carried out before the pluto- 
nium is electrolysed to ensure that all of the titanium is in the quadrivalent state. 

It was expected that the efficiency of steps (b) and (c) would be influenced 
by the rate of the chemical reaction between uranium(W) and plutonium(IV). The 
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kinetics of this reaction in perchlorate solution have been studied by Newton14 
who showed that the rate was first-order with respect to uranium(IV) and plutonium 
(IV) and inversely proportional to the square of the hydrogen-ion concentration. 
The presence of traces of sulphuric acid accelerated the reaction. More recent work 
on perchloric acid solutions l5 has shown rates 3-5 times faster than those reported 
by Newton, and rates in nitric acid about half those in perchloric acid. The reaction rate 
has been considered during assessment of the suitability of uranium(IV) as an alter- 
native reductant to iron(I1) in nuclear-fuel reprocessing plants,16 and it was concluded 
that the reaction was sutficiently fast in the aqueous phase to allow complete reduction 
of plutonium(IV) in solvent extraction equipment giving mixing times of l-2 min. 
Although the conditions existing in a reprocessing plant, namely the provision of a 
concentration of uranium(IV) greater than that stoichiometrically equivalent to the 
plutonium(IV), would be different from those expected for the present application, it 
was felt that the reaction between uranium(W) and plutonium(IV) during the coulo- 
metric oxidation would not be inconveniently slow, particularly since as the oxidation 
approaches completion the plutonium(W) concentration would approach its maximum 
value. 

Apparatus 
EXPERIMENTAL 

The controlled-potential coulometer used in this work was similar to that described by Goode et 
aL2 The integrated current readings were made with a digital voltmeter, Dynamco type DM 2001 
Mk. 2. The coulometer was calibrated electrically by substituting precision resistors for the electroly- 
sis cell, following standard practice. The electrical calibration in coulombs per volt was converted 
into weight of plutonium or uranium per volt by using Faraday’s laws. 

The electrolysis cell comprised a flat-bottomed glass vessel 35 mm in diameter and 70 mm high, 
fitted with a polythene stopper (Fig. 1). Through the stopper were inserted two Corning 7930 Vycor 
unflred glass tubes of $ in. diameter, one containing a silver/silver chloride, saturated potassium 
chloride reference electrode, and the other containing a platinum wire spiral, both in 0.5Msulphuric 
acid. The reference electrode sheath was made by plugging a length of polythene tubing, 3 mm bore 
and 1 mm wall thickness, with a short length of Vycor rod. The cell also contained a glass stirrer, 
having a paddle in the form of a disc with corrugations, driven by a 24-V d.c. motor capable of 
approximately 6000 rpm, and a tube to provide an argon purge. The gold working electrode com- 
prised two pieces of 48-mesh expanded sheet, each 2 x 72 cm, spot-welded to a length of 16 S.W.G. 

t Polythene stopper 

Argon inlet -~- 

Vycor tube __- 

Auxiliary electrode 

Electrolyte level 

Reference electrode 

Vycor tube 

Vycor rod 

Working electrode 
(two annuli) 

1. 
\ Stirrer 

FIG. l.-Coulometer cell. 
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gold wire to provide an electrical connection. Each was coiled so as to provide two ring electrodes, 
one of which would fit partly inside the other. 

Reagents 

Solutions were prepared by dissolving plutonium-uranium mixed oxides in 8M nitric acidf005M 
hydrofluoric acid, evaporating to remove the excess of fluoride and then diluting with 1M nitric acid 
to give a total metal concentration of 20-30 mglml. 

Titanium(II1) sulphate solution was prepared by refluxing a mixture of 50 ml of water, 10 ml of 
concentrated sulphuric acid and 5 g of titanium sponge, until the metal had dissolved. The solution 
was stored over a piece of cadmium metal in an atmosphere of argon. 

Procedure 

Transfer the sample solution containing 15-20 mg of plutonium plus uranium to the titration cell, 
together with 5 ml of a 0*25Msulphuric-1Mnitric acid mixture and 1 ml of saturated sulphamic acid 
solution. Set the stirrer at approximately 500 rpm and direct the argon flow over the surface of the 
electrolyte. Add titanium(II1) solution dropwise until present in excess, as judged by a darkening in 
colour of the electrolyte. Allow the chemical treatment to proceed for 10 min. Increase the stirrer 
speed to approximately 5000 rpm and pre-electrolyse the solution at a potential of 0.33 V us. silver/ 
silver chloride until the electrolysis current falls to 20 PA or less. Apply a potential of 0.73 V vs. 
silver/silver chloride to the working electrode and electrolyse until the current falls to a low and con- 
stant value of 25 ,uA or less. The integrated current for this process corresponds to the oxidation of 
the plutonium(II1) to (IV) and the uranium(IV) to (VI). Determine the plutonium by applying a 
voltage of 0.33 V to the working electrode and electrolysing until the current falls to a low and 
constant value of about 10 PA or less. Correct the integrated current at both analytical voltages for 
integrator drift and residual current by the standard procedure. 

Carry out a blank determination using the same quantity of reagents but with the plutonium- 
uranium solution omitted. 

Subtract the corrected integrated current readings for the blank from the corresponding readings 
for the sample at the two voltages, and calculate the weights of uranium and plutonium in the sample 
from the electrical calibration of the coulometer. 

RESULTS 

Preliminary investigation 

The sselection of the working electrode potentials required did not present any 
difficulty since those normally used for the determination of plutonium in a sulphuric 
acid medium would apply. The method chosen for the chemical treatment of the 
sample to produce uranium(IV) and plutonium(II1) did not require any change to be 
made to the electrode potentials. In the chemical treatment the titanium(II1) reduces 
the uranium and plutonium and the excess of titanium(II1) is oxidized by the nitric 
acid presenP3 in the electrolyte. A pre-electrolysis at O-33 V vs. silver/silver chloride, 
which would normally be carried out for a plutonium determination, was also found 
to be suitable to oxidize any remaining titanium(III). After the IO-min reaction time 
allowed in the procedure, pre-electrolysis normally required only 2-3 min and the 
integrated current was usually very small. It did, however, ensure that a reproducible 
starting point was achieved before each run. 

The procedure was tested on a pure plutonium standard. The results obtained did 
not differ significantly from those obtained when the plutonium was determined in 
sulphuric acid electrolyte containing neither nitric acid nor titanium. A precision (30) 
of &O-4% with no detectable bias was obtained on 6-mg quantities of plutonium. 
Solutions containing both plutonium and uranium were analysed and the results were 
compared with those obtained by amperometric redox titration methods in which the 
plutonium was determined by reduction from plutonium(W) to (IV) in sulphuric acid 
by iron,l’ and uranium by the oxidation of uranium(IV) to (VI) in phosphoric- 
sulphuric acids by dichromate. l* Results are shown in Table I. 

6 
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TABLB I.-RESULTS FOR PLUTONIUM AND URANIUM BY COUL~METRY AND REDOX TITRATION, 

Method 
Plutonium, 

mglml 
Uranium, Ratio, 

mglml 100 x Pu/(Pu + U) 

Coulometry 2*86,, 2.85, 15.55, 15.54 15.56, 15*61 
Redox titration 2.86, 15.54 15.5, 
Coulometry 4*98,, 4*994 12.44, 12.46 28*5,, 28*61 
Redox titration 5.00, 1244 28.6, 

With the large surface-area gold electrode the coulometric oxidation of plutonium 
(III) and uranium(N) [which includes the secondary reaction between plutonium(N) 
and uranium(N)] at O-73 V us. silver/silver chloride was complete in 5-6 min and the 
coulometric reduction of plutonium alone required 2 min. However, when solutions 
of low plutonium-uranium ratio were analysed, the time for the oxidation was increas- 
ed to about 20 min for samples containing 15-20 mg of plutonium and uranium. It 
became apparent that with solutions of low plutonium-uranium ratio (about 5 %) the 
rate of oxidation was controlled by a rate-limiting process, presumably either the 
rate of generation of plutonium(N) at the working electrode or the rate of the chemical 
reaction between plutonium(N) and uranium(N). The rate of the electrode reaction 
is influenced primarily by the cell parameters, that is by the size of the working elec- 
trode, the volume of electrolyte and efficiency of stirring, whilst the rate of the chemical 
reaction is enhanced by increase in the concentration of plutonium(N) and uranium 
(IV), and by decrease in the concentration of acid. 

In controlled-potential coulometry where a single electrode reaction occurs under 
limiting current conditions the overall effective constant k is given in the expression 
ir = i, e+ where i,, and i, are the current at time zero and t. Figure 2 shows current- 
time curves for plutonium and plutonium-uranium mixtures. Curve 5 corresponds to 
the electrolysis of 2 mg of plutonium, and from this curve a value for k of O-07 set-l 
was calculated. This value is in good agreement with others reported for high-speed 
coulometry.1*7 When plutonium-uranium solutions were analysed, the shape of the 
current-time curves depended on the plutonium-uranium ratio of the sample and the 
total quality of plutonium and uranium in the cell. Examples are discussed below. 

Emphasis was placed on obtaining optimum conditions for a rapid coulometric 
oxidation step for two reasons, first to reduce the overall time for the determination 
of plutonium and uranium to a minimum in the interests of analytical convenience 
and economy, and secondly, because the corrections (due to residual current and 
integrator drift) to be applied to the integrated current reading for the electrolysis are 
smaller the shorter the electrolysis time. 

The determination of plutonium and uranium 

High plutonium-uranium ratio. For analysis of solutions of high plutonium- 
uranium ratio (greater than about 15 ‘A), the time required for the electrolytic oxida- 
tion was approximately the same as that for solutions of pure plutonium in quantities 
that gave an equivalent total integrated current. Curve 1 in Fig. 2 shows the current- 
time characteristics of a mixture containing 4.05 mg of plutonium and 14.47 mg of 
uranium, [Pu/(Pu + U) = 21.9x)]. The rate of the reaction was found to be un- 
affected by a small variation in the acidity of the electrolyte or plutonium and uranium 
concentration. When the concentrations of uranium and plutonium were decreased 
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FIG. 2.--CurrenGtime curves for plutonium and plutonium-uranium mixtures. 

markedly but the same plutonium-uranium ratio was maintained, the electrolysis 
time was increased and a negative bias appeared in the result. This effect is illustrated 
by curve 3 in Fig. 2, where O-19 mg of plutonium and O-71 mg of uranium were 
electrolysed [pu[(Pu + U) = 21.9 %]. The electrolysis of less than 1 mg of plutonium 
would be expected to be complete within 1 min (cJ curve 5) The plutonium-uranium 
ratios calculated from the determinations corresponding to curves 1 and 3 were 21.9 % 
and 21.4 % respectively. 

Solutions prepared from sintered plutonium-uranium mixed oxides were analysed 
by the coulometric procedure, and the results were compared with those obtained by 
redox titration and by X-ray spectrometry. These results are shown in Table II. For 
coulometry, samples containing 15-20 mg of plutonium plus uranium were used. 

The agreement between these results is good, especially in view of fundamental 
differences in the character of the methods. The X-ray method, for example, is wholly 
dependent upon the integrity of the plutonium-uranium standards used for its cali- 
bration, whereas the coulometry results were calculated from the electrical calibration 
of the coulometer and were independent of plutonium-uranium standards. 

TABLE II.-PLlJToNIUh-URANIUM RATIO RESULTS ON hUXED OXIDES. 

Coulometry 
Redox titration 

100 x Pu/(Pu + U) Precision (34 Number of 
X-Ray spectrometry 

100 x Pu/(Pu + v) 100 x Pu/(Pu + u) 
Mean % determinations 

1546 0.8 11 15.56 
23*9* 0.7 10 23.9, 2G, 
28+64 0.5 10 28.6, 28.5s 
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Lowplutonium-uranium ratio. Current-time curves for samples of low plutonium- 
uranium ratio are illustrated for a 2 ‘A mixture in Fig. 2, curves 2 and 4. A comparison 
of curves 1 and 2 which represent samples of similar plutonium plus uranium content, 
and hence similar integrated currents for the oxidation process, shows the effect of 
plutonium-uranium ratio on the electrolysis time. When a series of solutions contain- 
ing about 2 % plutonium was analysed by the procedure described, that is with a sam- 
ple of about 15 mg of plutonium plus uranium, the results showed a poor precision 
(30 = 4.7 %) and also a negative bias of about 2 % when compared with results from 
the redox titration and X-ray spectrometry methods. The negative bias was shown to be 
related to the effect already noted on high plutonium-uranium ratio samples, by 
varying the quantity of plutonium plus uranium in the cell. It was found that as the 
size of the sample was increased from 15 to 100 mg the bias disappeared and also the 
time for the electrolysis to be completed was reduced (cJ curves 2 and 4 in Fig. 2). 
Accurate results were obtained when the sample contained more than about 1 mg of 
plutonium. With low plutonium-uranium ratio samples this resulted in relatively 
large quantities of uranium in the cell, but as shown by curve 4, Fig. 2, the overall 
coulometric oxidation was completed within a convenient time. An improvement in 
precision for low plutonium-uranium ratio results was obtained by modifying the 
basic procedure. It follows that since uranium(V1) does not interfere with the normal 
coulometric method for the determination of plutonium by reduction and oxidation of 
the plutonium(IV)-(III) couple, the plutonium may be determined first before 
titanium(II1) is added to reduce the sample to plutonium(II1) and uranium(IV). The 
recommended modification to the basic procedure is as follows. 

Transfer a portion of the sample solution containing 1-2 mg of plutonium to the titration cell 
together with 5 ml of a 0.25M sulphuric-1M nitric acid mixture and 1 ml of saturated sulphamic acid 
solution. 

Set the stirrer at approximately 5000 ‘pm and purge with argon for 5 min. Pre-electrolyse the 
solution at 0.33 V us. silver/silver chloride until the current falls to about 10 PA. Zero the integrator 
then apply a potential of 0.73 V and eleetrolyse until the current falls to about 10 ,uA. The integrated 
current for this step corresponds to the oxidation of plutonium(II1) to (IV). 

Proceed with the addition of titanium(II1) and carry out the basic procedure. 

More precise results for plutonium were obtained by using this modification, and 
so the precision of the plutonium-uranium ratio was improved. The improvement 
was brought about primarily by the effect of the modification on the size and precision 
of the titration blank. When the modified procedure was used, the blank correction 
amounted to 2.0 y0 of the integrated current for the electrolysis of 2 mg of plutonium, 
and the precision (3a) of the blank calculated from results accumulated over several 
weeks was 22.2%. The lower limit imposed by the blank on the precision attainable 
for the plutonium determination was thus 0.45 %. When the determination was carried 
out as described in the experimental section, that is on less than O-5 mg of plutonium 
for a 2% plutonium sample, and plutonium was determined after the coulometric 
oxidation step, the precision of the blank limited the precision attainable for the 
plutonium determination to about 3 % (30). 

In the modified procedure developed specifically for the analysis of low plutonium- 
uranium ratio samples, the time required for the coulometric oxidation step was not 
affected by small changes in the plutonium or uranium concentration or in the acidity 
of the medium. The results obtained on four different solutions prepared from 
plutonium-uranium mixed oxides are shown in Table III. 



The determination of plutonium and uranium 

TABLE III.-PLUTONIUM-URANIUM RATIO RESULTS ON hUXED OXIDES. 

1329 

Sample 

1 
2 
3 

4 

Coulometry 
100 x Pu/(Pu + U) 

1.99, 
1.550 
1.806, 1.82,, 1.82, 
l-80,, 1.82, 
l-80,, 1.806, 1.79, 
1.79,, 1.79, 

X-Ray spectrometry 
100 x Pu/(Pu + U) 

1 a996 
1.55, 
1.81, 

1.80, 

The precision of the coulometric method is l-5 % (3~7) at this level, and the bias 
between the coulometric and X-ray spectrometry results is insignificant. The time 
taken for the coulometric oxidation step in these samples was about 15 mitt, and the 
plutonium determination required less than 2 min. 

Maintenance of the working electrode 

For the determination of plutonium and uranium a large surface-area gold 
electrode was chosen to ensure a high rate of electrolysis and thus a short analysis 
time. For analysis of pure plutonium solutions an occasional cleaning by immersion 
in chromic acid sufficed to keep the working electrode in good condition. With 
plutonium-uranium solutions it was more important that the electrode should be 
treated with chromic acid daily to maintain high initial electrolysis currents and short 
titration times. This effect is presumably related to the strong reducing treatment 
which the electrode is subjected to during the chemical reduction of the sample with 
titanium(II1). Although it would be possible to reduce the sample and then introduce 
the electrodes after the excess of titanium(II1) had been oxidized by the nitric acid, it 
was considered more convenient to carry out all steps in the procedure directly in the 
titration cell. The first run carried out each day was usually found to be anomalous in 
either the result obtained or the titration time, probably because of adsorption of 
chromic acid, and for this reason two or three blanks were normally run first to ensure 
reproducibility of the cell conditions. This type of behaviour is frequently encountered 
in coulometric work and in electrometric titration end-point detection systems. 
When not in use the electrode was stored in chromic acid. 

Interferences 

At an early stage in this work a coulometer cell was used in which the reference 
electrode comprised a silver/silver chloride electrode in saturated potassium chloride 
in a Vycor tube, which was immersed directly in the electrolyte. It was found that 
chloride diffusing through the Vycor tube adversely affected the precision of the 
results, particularly with low plutonium-uranium ratio samples. The diffusion of 
chloride into the electrolyte was greatly reduced with a reference electrode having the 
design shown in Fig. 1. The tip of the reference electrode is plugged with a short 
length of Vycor rod, which has a much lower leakage rate than Vycor tube, and the 
electrode is enclosed in a Vycor tube containing 0*5M sulphuric acid. It is likely that 
the chloride affected the reproducibility of behaviour of the gold working electrode. 
Fluoride on the other hand did not interfere in the quantities present from the dis- 
solution of samples of mixed oxides in 8M nitric acid405M hydrofluoric acid. Some 
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of this fluoride would be Iost during dissolution, but when the sample taken comprised 
0.5 ml of the acid mixture, the result for the plutonium-uranium ratio agreed with 
that obtained from a second portion of the sample which had been treated with a few 
drops of sulphuric acid and evaporated to fumes of sulphur trioxide to remove fluoride. 
Iron was found to interfere quantitatively with the result for plutonium, but not with 
uranium. Iron is likely to be the major metal impurity in mixed oxides, and the effect 
of other impurities at much lower concentrations would not be significant. 

DISCUSSION 

Throughout this work emphasis was placed on establishing conditions such that 
the coulometric/chemical oxidation of plutonium(II1) and uranium(IV) should 
proceed rapidly and quantitatively so that the overall time for the determination might 
be reduced to a minimum. This involved optimizing both the rate of electrolysis and 
the rate of the chemical reaction. The former was shown to compare favourably with 
other reported high-speed coulometric studies. RechnitzlO has reviewed the conditions 
which must be fulfilled in order to determine the rate of a secondary chemical reaction 
proceeding in opposition to a primary electrode reaction. This author has determined 
the rate constant for the second-order reaction between iridium(III), electrogenerated 
from iridium(IV), and chlorate, having established conditions where a steady state 
existed, i.e., the rates of the eIectrode reaction and the chemicai reaction were the 
same. This condition was manifested by the appearance of a constant electrolysis 
current following the initial exponential decay which is expected in controlled-potential 
coulometry. Because of the slowness of the iridium-chlorate reactionrO (k = 1.92 x 
10-s l.mole-%nin-r the electroIysis current had decayed appreciably before the onset of 
a constant current, and furthermore the concentration of chlorate did not change 
appreciabIy as a result of the chemical reaction. In the present work the secondary 
reaction between plutonium(W) and uranium(W) obviously proceeded very rapidly. 
Although some of the current-time curves exhibited a plateau, no evidence was found 
for a decay in current occurring before the plateau was established, as would be 
expected if the rate of regeneration of plutonium(II1) by chemical reaction were rate- 
limiting. In addition, the oxidation of uranium(IV) was obviously proceeding rapidly 
in the plateau region. Newton14 has reported that the second-order rate constant for 
the uranium(IV)-plutonium(IV) reaction is 5.3 x lo2 l.mole-l.min-l in 2Mperchloric 
acid at 20”. The addition of a trace of sulphuric acid (2 x lO-3M) increased the rate 
of reaction by a factor of about 50. 

Some rate measurements on the reaction between plutonium(W) and uranium(IV) 
were made in the present work. The conditions were by no means rigorously controlled, 
and the observations served only to establish approximately the rate under the experi- 
mental conditions used for the coulometric analysis. The reaction was carried out in 
the titration cell by adding known amounts of plutonium(W) to a solution of uran- 
ium(IV) which had been formed by the titanium(II1) reduction procedure. After 
varying intervals of reaction time, the residual plutonium(IV) was determined by 
coulometric reduction to plutonium(III). Errors would be introduced by this measure- 
ment technique because of the finite time required for the reduction of the plutonium 
(IV), but by choosing conditions where the residual plutonium(IV) concentration was 
small, the majority of it was reduced within the fist few seconds of electrolysis. The 
measurements were carried out in a mixture of 03M sulphuriol M nitric acids, with 
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4 mg of plutonium and 2-6 mg of uranium, and a second-order rate constant of 
about 2 x lo6 I.mole-l.min-l was obtained. This reaction rate is approaching the 
theoretical maximum value measurable for secondary chemical reactions by steady- 
state coulometry with a high-speed titration cell. lo It was concluded therefore that 
any limitation in the rate of coulometric oxidation of plutonium(II1) and uranium(N) 
in the present application resulted from the electrode reaction generating pluto- 
nium(N). This observation is supported by two further factors. 

(a) A short appraisal had been made of the suitability of a coulometric cell having 
a small-area platinum working electrode to be used in conjunction with a potentiostat 
having a limited current-handling capacity. The platinum electrode cell produced 
initial electrolysis currents of about 50 mA in comparison with 250 mA or greater 
from the gold cell when used for the coulometric oxidation of plutonium and uranium. 
Table IV shows results obtained, using both of these cells, for the time taken to attain 
a residual current of 25 PA or less when analysing samples of high and low plutonium- 
uranium ratio. 

TABLE IV.-COMPARISON OF PLATINUM AND GOLD WORKING ELECTRODE CELLS. 

Time to reach a residual current of <25 PA, min 
Working electrode Coulometric oxidation of Codometric reduction 100 X pU/(pu + u) 

plutonium + uranium of plutonium 

Large gold 5 2 21.90 
5 2 21*8, 

Small platinum 

Large gold 
Small platinum 

14 
13 
15 

Only 65 % complete after 
25 min 

5 21.8; 
6 21.7, 
1 2.0, 

These results confirm that the time for the overall oxidation of plutonium(II1) and 
uranium(N) is very dependent upon the electrolysis cell parameters and consequently 
upon the rate of electrogeneration of plutonium(R). The design of stirrer and speed 
of rotation used in the present work are not usual in controlled-potential coulometry, 
but the arrangement was found to give smoother and more efficient stirring than a 
conventional paddle at slower speeds in the present application. 

(b) The importance of apparatus and equipment design was exemplified further by 
primary coulometric reactions carried out on large quantities of sample. In Fig. 2, 
curve 4 represents the oxidation of about 100 mg of plutonium plus uranium. The 
integrated current for this oxidation is equivalent to that from the oxidation of about 
200 mg of plutonium. Because of experimental difficulties associated with handling 
200 mg of plutonium in the cell, the measurement of a current-time curve for this 
quantity of sample was not possible, but iron may be oxidized and reduced under 
similar conditions to plutonium in a sulphuric acid electrolyte and was used as a 
convenient alternative. The current-time curve obtained for 48 mg of iron, which is 

equivalent in integrated current to about 206 mg of plutonium, is shown in Fig. 3. Its 
characteristics are very similar to those of curve 4, Fig. 2, confirming that the exponen- 
tial decay of electrolysis current obtained with small samples does not hold when 
determining large samples with the same cell design. 

It was concluded that the chosen electrolyte was a suitable medium for a rapid 
chemical reaction during the coulometric oxidation of mixtures of plutonium(III) and 
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FIG+. 3.-Current-time curve for iron (48 mg). 

uranium(IV). It was advisable on principle to limit the amount of acid added in the 
sample to be analysed, but no differences were found in the plutonium-uranium ratio 
results or the titration time when the acidity of the sample was equivalent to 1 ml of 
4M or 1 ml of lit4 nitric acid. As an alternative to the use of titanium(II1) as reductant 
for the chemical pretreatment of the plutonium-uranium sample, the use of electrolysis 
at a mercury pool was considered. This procedure would have the advantages that the 
addition of extraneous metal ions would be avoided, it could be carried out directly in 
sulphuric-nitric acid mixtures, and it would be possible to electro-deposit iron, the 
major interference in the plutonium determination. It would have the disadvantage, 
however, of greater complexity of apparatus and manipulations involved, and there 
would be uncertainty associated with quantitative transfer of sample to the coulometer 
cell and ensuring that no oxidation of the plutonium(III)-uranium(IV) mixture 
occurred during transfer. 

A general advantage of the ability to determine both plutonium and uranium by 
one analysis in a single sample is that when only the plutonium-uranium ratio is 
required, no elaborate sample handling is needed. An accurate weight of plutonium- 
uranium mixed oxide need not be taken for analysis, nor need the sample be trans- 
ferred quantitatively to the titration cell. For the coulometric method it is necessary 
to ensure only that the sample contains about 15 mg of plutonium plus uranium for 
high plutonium-uranium ratios, and about 100 mg for low ratios, the significant point 
being that the sample should contain at least 1 mg of plutonium. 

The controlled potential coulometric procedure for the determination of plutonium 
and uranium is to the authors’ knowledge the first reported procedure in which two 
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major components in a mixture are determined quantitatively by a sequence of the 

typeA+B,B+C -+ D + A where A and B are electroactive and C and D are not 
at the potentials used. Reported work which is similar in principle has not been 
designed to achieve quantitative reaction of both components. The application is not 
restricted to plutonium and uranium. Iron may be used instead of plutonium so that 
the determination of uranium may be carried out conveniently in sulphuricjnitric acids 
at a solid electrode. This procedure may have advantages over the conventional 
determination at a mercury pool in some circumstances, e.g., with a large solid electrode 
it is likely to be faster if a favourable iron-plutonium ratio is used, even though the 
method would be a two-stage procedure. In addition the determination would be 
more tolerant to nitric acid than the mercury pool method, and might be less prone to 
error from interferences, e.g., ruthenium, which lowers the overvoltage for hydrogen 
evolution at mercury. 

Zusammenfamung--Es wird ein Verfahren zur gleichzeitigen Bestim- 
mung von Plutonium und Uranium in Mischoxyden durch geregelte 
Potentialcoulombmessung an einer goldenen Betriebselektrode in 
zwei Stufen beschrieben: erstens eine coulombmetrische Ox dierung 
bei 0,73 V versus einer Silber/Silberchloridelektrode von Pu III) und r 
U(N) auf Pu(IV) und U(V1) durch eine Kombinierung einer direkten 
Elektrodenreaktion und einer deichzeitip: erfolgenden, sekundaen 
chemischen Reaktion, und zweit&s, eine c&lomb;$etrische Reduktion 
von I%(N) auf Pu(II1) bei 0,33 V, die Uranium als U(VI) hinterlast. 
Die Bestimmung wird in einer Mischung von Schwefel- und 
Stickstoffsalzen durchgefiihrt und Ti(II1) wird zur Reduktion von 
Plutonium und Uranium auf Pu(II1) und U(IV) vor Elektrolyse 
benutzt. Die Genauigkeit (3~) der Ergebnisses des Pu: U Verhlltnisses, 
das sich aus Mischungen mit 30 % und 2 % Plutonium ergab, war 0,5 % 
bzw. 1.5X Die Wirkune exnerimenteller Veriinderlichen auf die , I” 

beanspruchte Zeit zur Bee&g&g der coulombmetrischen Bestimmung 
wird besprochen. 

R&urn&-On d&it une m&hode pour le dosagesimultan& duplutonium 
et de I’uranium dans des oxydes mixtes par coulom&rie & potentiel 
contrb18 en deux stades sur une Electrode de travail en or: d’abord une 
oxydation coulom&rique, B 0,73 V par rapport & une &&ode 
argent/chlorure d’argeit, de Pu(II1) et *U(IV) & Pu(IV) et U(VI) par 
une combinaison d’une r&action directe & l’&ctrode et d’une r&action 
chimique secondaire se dbveloppant concuremment, puis une reduction 
coulomdtrique ii 0,33 V de Pu(IV) en Pu(III), laissant I’uranium g 
l%tat U(V1). Le dosage est men& dans un mClange d’acides sulfurique 
et nitriqbe,.et Ti(II1) e’st utilid pour reduire le plitonium et l’uraniim 
en Pu(III) et U0V) avant Clectrolvse. La ur&ision (3~) des r&hats 
des rabp&ts P;:e obtenue B pa;tir de &langes c&&ant environ 
30 % et 2 % de plutonium a BtB de 0,5 % et 1,5 % respectivement. On 
discute de i’itiuence de variables exp&imentales sur le temps 
n&essaire pour rbaliser le dosage coulom&rique. 
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Summary-The use of a sequential determination of uranium and 
plutonium in a single sample solution results in a saving in analysis 
time and apparatus requirements. The method starts with U(IV) and 
Pu(III) in a mixture of sulphuric and nitric acids. Titration with 
dichromate, using amperometry at a pair of polarixable electrodes, 
produces two well-defined end-points corresponding to the sequential 
oxidation of U(IV) to U(VI) and Pu(III) to Pu(IV). The quantitative 
oxidation of U(IV) to U(V1) is achieved via the action of Pu(IV) as 
intermediate, and is dependent upon establishing conditions which 
favour rapid reaction between U(IV) and Pu(IV). The method is 
precise and accurate. With Pu-U mixtures containing between I5 
and 30% plutonium the precision (3~) of the Pu:U ratio results is 
&O-6% on samples containing 100-120 mg of plutonium plus uranium. 
Iron and vanadium interfere quantitatively with plutonium, copper 
interferes non-quantitatively with uranium, and gross amounts of 
molybdenum mask the uranium end-point. 

REDOX TITRATION methods are widely used for the determination of plutonium and 
uranium in plutonium-uranium mixed oxides. The methods in use for this purpose 
fall into two categories. 

(a) Methods for the determination of plutonium where uranium does not interfere, 
and for uranium where plutonium does not interfere. The results from two separate 
determinations thus give the required information on the mixed oxide. Such methods 
are typified by those developed at D.E.R.E.; plutonium was determined, by 
Drummond and Grant: by potentiometric titration of plutonium(VI) with iron(U) 
in a mixture of sulphuric and nitric acids, and uranium, by Davies and Gray,2 by the 
oxidation of uranium(N) to (VI) in phosphoric acid with dichromate to an end-point 
indicated by a redox indicator. Variations on these methods, in which amperometric 
end-point detection is used,3*4 are in regular routine use at Windscale. 

(b) Methods in which one of the variations in (a) is used in conjunction with a 
method which determines total plutonium plus uranium. An example is that described 
by Waterbury et aL5 in which plutonium alone is determined by reduction of plu- 
tonium(V1) without interference from uranium, and the plutonium plus uranium, by 
cerimetric oxidation of plutonium(II1) and uranium(N) in a mixture of hydrochloric 
and sulphuric acids. A similar approach has been described by von Baeckmann et al.6 
Again the results of two separate determinations give the information required. 

A saving in time and effort and a reduction in the number of facilities required 
would result from a method capable of determining plutonium and uranium se- 
quentially in one sample. In principle the formal potentials of the plutonium(IV)-(III) 
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and uranium(VI)-(IV) couples are sufficiently different for a sequential determination 
of the two elements by oxidation or reduction titrations to be considered. The 
difficulty in obtaining a reliable sequential determination by oxidation is probably 
associated with slowness in attainment of equilibrium during the oxidative titration 
of uranium(IV) to uranium(VI), since the analysis of pure uranium solutions is 
frequently carried out by adding an excess of dichromate to oxidize the uranium(IV) 
and back-titrating the remaining excess with a reductant after a waiting period,’ or by 
adding an excess of iron(II1) and titrating the iron(I1) formed, with an oxidant.g It is 
significant, however, that uranium(IV) may be titrated directly with standard iron(II1) 
solution, and good titration curves are obtained provided that favourable solution 
conditions and end-point detection methods are selected. Thus Florence and 
ShirvingtonlO titrated uranium(IV) in 0*2&f sulphuric acid at room temperature and 
recommended the use of amperometry with a dropping mercury electrode. The low- 
acid medium was chosen because it enhanced the rate of the uranium(IV)-iron(II1) 
reaction, the rate being inversely proportional to the square of the acid concentra- 
tion.lO*ll Since the formal potentials of the iron(III)-(II) and plutonium(IV)-(III) 
couples are very similar in sulphuric acid solution it was thought that acidity would 
be an important factor in the sequential oxidation of uranium(IV) and plutonium(II1). 
This paper shows that plutonium(IV) behaves as an oxidizing intermediate during the 
titration of uranium(IV) and plutonium(II1) with dichromate, and that the quantita- 
tive determination of uranium is strongly influenced by the acidity of the titration 
medium. Dichromate was used as oxidant because it is a reliable widely used standard; 
it is stable in water and therefore suitable for maintaining low-acid titration conditions. 
The chemical conversion of samples into the uranium(IV) and plutonium(II1) 
oxidation states was achieved by the titanium(II1) reduction method in sulphuric- 
nitric acids8 for its convenience, reliability and tolerance to nitric acid, the latter point 
being a desirable feature because this acid is commonly used for dissolving mixed 
oxides. Both potentiometric and amperometric indication of equivalence points were 
investigated. 

Under the conditions described, two equivalence points, corresponding to the 
quantitative oxidation of uranium(IV) to (VI) and plutonium(II1) to (IV), are 
detected with high sensitivity. The method is suitable for the determination of plu- 
tonium and uranium in mixed oxides having compositions encountered in fast- 
reactor fuels, and the results produced are free from bias as judged by the analysis of 
plutonium-uranium standards. 

EXPERIMENTAL 

Apparatus 

Titrations were carried out in a lOO-ml beaker equipped with a glass stirrer driven by a 6-V d.c. 
motor. Dichromate solutions were delivered from either a glass burette (10-ml, A grade), or a 
polythene weight burette. The weight burettes were made from 2-02 polythene bottles by sealing a 
polythene tube with a fine tip to the neck of each bottle. An Agla micrometer syringe (O-5 ml capacity) 
was used for the precise location of end-points. 

Potentiometri’c measurements were made with a calomel electrode and a platinum foil electrode 
(T’ype EPT 23, Electronic Instruments Ltd.) approximately 1 cm square. The potential was measured 
with a Pye Dynacap pH meter. For constant-current potentiometry, two EPT 23 electrodes were 
used, polarized by current supplied by a 90-V battery connected through a suitable megohm resistor 
(Fie. 1). . Y 

The amperometric indicator circuit employed the same two platinum electrodes connected to a 
1-5-V battery through a MOO-ohm potentiometer and 2200-ohm fixed resistor. The potential applied 
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FIG. l.-Polarizing circuit. 

El =9OV ES = 15V 
R1 = various tixed resistances, 36-45 Ma 
R, = 1,OOOQ R, = 2,200 R 

across the electrodes was varied by adjusting the potentiometer, and measured with the pH meter. 
The indicator current was measured with a Cambridge spot galvanometer having a sensitivity of 12 
scale divisions per ,uA (Fig. 1). 

The electrodes were cleaned before use by immersion in chromic acid. 

Materials 

Uranium(V1) nitrate standard solution. Reactor-grade uranium dioxide with known total im- 
purities was heated in air to U,O,. A known weight of the U,O, was dissolved in 8M nitric acid, and 
the solution was diluted to 2N acidity to provide a weight standard (about 150 mg/g, 200 mg/ml). 

Plutonium(ZV) nitrate standard solution. A purified plutonium nitrate solution was assayed by ig- 
niting weighed aliquots in air at 1250” and weighing as stoichiometric plutonium dioxide. The solution 
was prepared as a weight standard (about 180 mg/g, 300 mg/ml) in 12M nitric acid, and the concen- 
tration was corrected for weight changes (due principally to radiolysis) on storage. 

Plutonium-uranium standards. These were prepared by mixing the standard uranium and plu- 
tonium solutions in the required quantities. They were stored as weight standards (about 120 mg/g, 
150 mg/ml) in 2M nitric acid solution and weight-change corrections were applied to these solutions. 

Potassium dichromate standard solutions. Two solutions were prepared from P.V.S. grade po- 
tassium dichromate (Hopkin and Williams Ltd.) They were adjusted so that for the tirst, 1 g of 
solution was equivalent to 20.00 mg of uranium (about 0*17N, solution A) and for the second, 1 g 
was equivalent to 10.00 mg of plutonium (about 0*04N, solution B). 

Titanium(ZZZ)sulphatesoIution. Titanium sponge (5 g) was warmed with a mixture of concentrated 
sulphuric acid (10 ml) and water (50 ml) until it had dissolved. The solution was stored in a 2-02 
polythene bottle fitted with a dropper. 

SuIphamic acid solution, 10% w/v. 

SampIe preparation 

A weighed portion, about 0.5 g, of the mixed plutonium-uranium oxide sample was dissolved in 
20 ml of 8Mnitric acid/0+05Mhvdrofluoric acid mixture. The volume of solution was reduced to about 
3 ml, then it was transferred toa tared flask, diluted to about 10 ml with 2M nitric acid and weighed. 
Weighed portions of the solution were taken for analysis. 

Procedure 

To provide a basis for development trials the procedure described by Corpel and RegnaudB was 
followed. The sample was transferred to the titration beaker and diluted to 40ml with an acid 
mixture comprising 1M nitric-O-5M sulphuric-O*25M sulphamic acids. An excess of titanium(II1) 
solution was added and the mixture was allowed to stand for 10 min to allow oxidation of surplus 
reductant to occur. The sample was then titrated with dichromate solution, potentiometry or 
amperometry being used to locate end-points for uranium and plutonium. In the preliminary study 
of the sequential oxidation, the dichromate solution was added from ordinary burettes; as titration 
conditions became established and data on precision and accuracy were needed, weight burettes were 
used. The weight burettes were used during the approach to the end-points, which were located 
precisely by further titration with dichromate delivered from the Agla Syringe. 
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RESULTS 

Preliminary evaluation of end-point detection systems 

Potentiometry. A brief study of the oxidation of uranium(IV) and plutonium(II1) 
mixtures, using potentiometry with platinum and calomel electrodes and volumetric 
burettes, showed that only a single end-point was obtained. Variation in the acidity 
of the titration medium produced an ill-defined separation into two end-points at low 
acidity, but the titration was unsuitable for quantitative analysis. These results agree 
with other work.s 

The titration of uranium(IV) and plutonium(II1) separately, using constant- 
current potentiometry, gave good end-points for both species, and the titration curves 
were very different in character. It was found that a polarizing current of about 5 ,uA 
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FIG. 2.-Constant-current potentiometry of FIG. 3.-Constant-current potentiometry 
separate uranium and plutonium samples in of uranium-plutonium mixtures in 0.2M 

1M HNO,-O.SM H,SOk. HNO+2M HaS044*2M NH$OsH. 

produced a well-defined titration curve for plutonium while one of 15 PA was needed 
for the uranium titration. Figure 2 shows curves for the separate titrations of plu- 
tonium(II1) and uranium(IV) in a 0.5.M sulphuric-1M nitric acid mixture. When 
mixtures of uranium and plutonium were titrated, two separate end-points were 
obtained, with the general shape expected from a knowledge of the individual uranium 
and plutonium titrations, but the uranium curve was markedly shifted on the voltage 
scale. A low-acid titration medium improved the quality of the two end-points, and 
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Fig. 3 shows the titration of uranium(N) and varying amounts of plutonium(II1) in 
0.2Msulphuric-O.2M nitric acids. A polarizing current of I5 ,uA was used. Although 
two separate end-points were obtained, the reproducibility of the determination of 
uranium and plutonium in mixtures was poor. A series of determinations on 
standards containing 15% plutonium showed a variation of several percent in the 
plutonium-uranium ratio results. 

Amperometry. Solutions of uranium, plutonium and of mixtures of plutonium 
with uranium were titrated with dichromate solution, using a pair of electrodes 
polarized with a potential of about 200 mV. The titration of uranium(IV) produced 
no response in the indicator circuit at the titration equivalence point, as might be 
expected during the reaction of the two irreversible couples. The titration of plu- 
tonium(II1) gave rise to an indicator current which increased to a maximum value, 
fell towards zero at the equivalence point and remained at a low constant value as 
further additions of dichromate were made. This behaviour is conventional for the 
titration of a reversible couple with an irreversible titrant, exemplified by plu- 
tonium(IV j(II1) and chromium(VI)-(III). When mixtures of uranium(N) and 
plutonium(II1) were titrated, a sharp rise in indicator current followed by a fall 
towards zero was observed for each addition of dichromate, at a stage well before 
the uranium equivalence point had been reached. The fall towards zero current was 
sluggish for titrations carried out in 05M sulphuric-1M nitric acids, but became 
more rapid when the acidity of the medium was lowered. Since it had been shown 
that an indicator current flowed only when both plutonium(IV) and plutonium(II1) 
were present in the titration mixture, it was concluded that plutonium(IV) was formed 
during the titration before all of the uranium(IV) had been oxidized by the dichro- 
mate. The fall in current on standing presumably resulted from disappearance of the 
plutonium(IV) by interaction with uranium(IV), so that plutonium(IV) behaved as 
an important intermediate during the oxidation of uranium(IV) to (VI). It followed 
that the success of the sequential determination of uranium and plutonium would 
depend upon establishing conditions where the uranium(IV)-plutonium(IV) reaction 
was rapid and quantitative, to ensure precise location of the uranium end-point. The 
kinetics of this reaction have been studied,12sU and the most important feature of the 
reaction rate for the present application is its inverse dependence upon the square of 
the hydrogen ion concentration. The importance of the acidity of the titration medium 
in controlling the definition of the uranium end-point was thus established by the 
amperometric indicator system. After the uranium end-point had been passed and 
plutonium(IV) persisted during the titration with dichromate, stable indicator 
currents were produced and these current readings were used to locate the uranium 
end-point. After all the uranium had been oxidized, the plutonium(IV) concentration 
progressively increased and hence the current increased. The uranium end-point was 
given by the point of intersection of the (extrapolated) horizontal and rising lines of the 
titration curve. 

The role of plutonium(N) was demonstrated by using a standard solution of 
plutonium(IV) as titrant for a mixture of uranium(IV) and plutonium(II1). Figure 4 
shows the uranium end-point, which was within about 1% of that expected. After 
the uranium end-point had been passed, the total plutonium(III), i.e., that present in 
the sample plus that formed by reaction of uranium(N) with plutonium(IV), was 
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, I ( I I I I 

004 006 0.12 016 0.20 C-24 

ml 0.043lM Pu(lV) 

FIG. 4.-Amperometric titration of 
uranium(IV) with plutonium(IV). 

U=BOmg 
E=200mV .d 
NH2S0,H =0.2N 

I 0.2N HNO,-0.6N H,SO, 

II 005N HNO,-0.2N H,SO, 

DI 0.05N HNO,-O.O5N H,SO, 

I I I I I I I 
0.04 008 0 12 0.16 0.20 024 0.26 

ml -0 04N Cr(vl) 

FIG. 5.-Effect of [H+] on the uranium 
end-point. 

titrated with dichromate. The plutonium-uranium ratio result which was calculated 
for the sample was again within about 1% of that expected. 

In view of the suitable response of amperometry to the plutonium(N)--(III) 
couple, this technique was studied further. 

Examination of amperometric titration variables 

E$ect of acidity. The effect of acidity on the uranium titration suggested that as 
low an acidity as possible would be an advantage. The acidity of the medium was 
found to be important for two other reasons. 

(a) The reduction of the sample to the uranium(N) and plutonium(II1) oxidation 
states by titanium(III) requires a solution which is about 1N in both sulphuric and 
nitric acids.s The sulphuric acid controls the rate of oxidation of the excess of 
titanium(II1) by nitric acid to ensure that quantitative reduction of the uranium and 
plutonium occurs. It was found that the chemical reduction could not be performed 
satisfactorily in a low-acid medium, and that it was necessary to reduce the sample in 
a small volume of 0.5M sulphuric-1M nitric acid, and then dilute the mixture to 
lower the acidity before titration. 

(b) The extent to which the acidity of the medium could be lowered was limited by 
the quality of the plutonium end-point. Experiments in which the titration medium 
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was less than 0-W in both nitric and sulphamic acids and free from sulphuric acid 
showed that the plutonium end-point became impossible to locate, presumably 
because of disproportionation of the plutonium(N). The addition of a small amount 
of sulphuric acid gave a much improved plutonium end-point. A medium comprising 
0*05M nitric-0.025M sulphuriM2M sulphamic acids was found to be satisfactory 
for both uranium and plutonium end-point definition, and variation in the range O-2- 
0.4N total acidity had little effect. The effect of acidity on the uranium titration curve 
is shown in Fig. 5, and typical uranium and plutonium titration curves are shown in 
Fig. 6. Under these conditions stable indicator currents were obtained l-2 min after 
a dichromate addition had been made in the vicinity of the uranium end-point, but 
after this had been passed and plutonium(IV) persisted in the solution, current 
readings were stable within 30 sec. 

Efect of applied voltage. During the development trials an arbitrarily chosen 
200 mV had been applied across the electrodes. This value was confirmed as being 
most suitable by following titrations with different applied potentials. Figure 7 shows 
the effect of applied potential on the uranium end-point during the titration of mixtures 
having a plutonium-uranium ratio of about 15%. The plutonium end-point was also 
well-defined under these conditions. 

Titration ofplutonium and uranium standards. The titration of plutonium standards 
alone gave results showing a precision (30) of &-O-4% with 40-50 mg of plutonium. It 

15- 

Pu E.F 

mlwO.04N Cr(VI) 

Pu=25mg 

006 0 IO 

U -8Omg 

mV 

I I I I I I I 
0.04 0.06 0.12 016 0.20 024 026 

ml ~0.04N Cr(VI) 

FIG. 6.-Typical end-points for uranium 
and plutonium. 

FIG. I.-Effect of applied voltage on the 
shape of the uranium titration curve. 
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was not possible to obtain comparative data on uranium standards because of the 
inability of the amperometric end-point method to respond in the absence of an 
electrode depolarizer. Accordingly a plutonium-uranium standard containing about 
15% plutonium was used to assess precision and accuracy. When the titration was 
carried out after the reduced sample had been diluted to lower the total acidity of the 
medium it was found that the uranium results obtained were lower than those expected 
for the standard by about 1%. Experiments in which the solutions were purged with 
inert gas to remove air gave results which were also low, and it was thought that 
atmospheric oxidation of the uranium(N) was not the cause of the negative bias. A 
more likely explanation, although it was not proved, was that some disproportionation 
of the uranium(N) occurred in the dilute acid. Whatever the cause of the bias, it was 
possible to minimize it by titrating part of the uranium(IV) with dichromate before the 
solution was diluted. Bias-free results were obtained when sufficient dichromate was 
added to oxidize about 90% of the uranium, the titration then being completed after 
dilution. To oxidize about 90% of the uranium presupposes knowledge of the uranium 
content of the sample. In the present application this did not create any special 
difficulties because plutonium-uranium mixed oxides are normally close to the speci- 
fied plutonium-uranium ratio. 

The procedure for the determination of uranium and plutonium would thus 
involve the sequence : reduction of the sample in 0.5M sulphuric-1M nitric acids, 
partial oxidation of the uranium(IV) with dichromate, dilution to reduce acidity, 
completion of the uranium titration, then titration of the plutonium. The full 
procedure is as follows 

Recommended procedure for the determination of plutonium and uranium 

If only the plutonium-uranium ratio of the sample is required then the oxide weight, solution 
weight and aliquot weight need not be measured accurately, but the same size of sample should be 
taken. 

Weigh accurately into a lo-ml beaker an aliquot containing lOO-150mg of plutonium plus 
uranium. Add concentrated sulphuric acid (3 drops), evaporate just to fumes and dissolve the residue 
in warm 1Mnitric acid (2 ml). Allow to cool, add 1Msulphamicacid (2 ml), followed by titanium(II1) 
sulphate solution dropwise until the solution darkens in colour. This is usually accompanied by the 
evolution of nitrogen. Allow to stand for 10 min, during which time weigh the weight burette 
containing dichromate solution A to ho.1 mg. Add sufhcient of this solution to oxidize about 90% 
of the uranium estimated to be present, then transfer the sample solution to a lOO-ml beaker with a 
solution of 1M sulphamic acid (8 ml) and water (30 ml). Start the stirrer, insert the electrodes and 
apply a potential of 200 mV across them. Stir for 5 min, after which time the initial high current will 
have fallen to a low value approaching zero. Continue dropwise addition of solution A until the 
indicator current shows a sharp rise followed by a slow fall to the original value; reweigh the weight 
burette. 

Fill the Agla syringe with dichromate solution B and adjust the reading to zero. Mount it so that 
the tip just dips into the solution in the beaker. Add O.Ol-ml increments and record the galvan- 
ometer and Agla readings after each addition. Allow 2 min between additions until the uranium end- 
point is passed, when the current begins to rise and stabilizes within 30 sec. Plot a graph of gal- 
vanometer deflection us. volume added from the Agla and estimate the reading corresponding to the 
equivalence point, which is taken as the intersection of the horizontal and rising portions of the graph. 
Leave the Agla syringe in position with the tip immersed in the solution, fill a second weight burette 
with dichromate solution B and weigh to kO.1 mg. Add this solution dropwise, when the current 
rises to a maximum and then begins to fall sharply. When the galvanometer deflection has fallen to 
100-120 record the reading and reweigh the burette. Continue the titration with the Agla syringe, 
recording the Agla and galvanometer readings after each addition until the current falls to a constant 
value close to zero. Allow 30 set between additions. Plot a graph of galvanometer deflection us. 
volume added from the Agla and note the reading corresponding to the equivalence point. Calculate 
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the weights of uranium and plutonium in the sample as follows:- 

U = (20 Wa + A1 X 4.98) mg 

Pu = lO[Ws + (A, - A,)] - x mg 

where WA = weight of dichromate solution A 

WB = weight of dichromate solution B 

A, = Agla reading (ml) at uranium equivalence point 

As = Agla reading (ml) at plutonium equivalence point 

x = mg of Pu equivalent to the iron content of the titanium used 

The uranium and plutonium content of the solid sample is obtained by multiplying each result by 

weight of sample solution in 10 ml flask 
weight of oxide specimen taken x weight of solution analysed 

These calculations are made on the assumption that 1 g of solution A is equivalent to 20.00 mg of 
uranium and that 1 g of solution B is equivalent to 4.98 mg of uranium and 10.00 mg of plutonium 
In practice, the appropriate factor must be used. 

Performance of the method 

Results on plutonium-uranium mixtures. Plutonium-uranium standards were 
analysed by the recommended procedure and the results obtained are shown in Table I. 

The experimental results are calculated on the basis of dichromate as a primary 
standard. The agreement with the theoretical results shows that the method is free 
from bias at the plutonium-uranium ratios for which the method was designed, 
namely greater than about 15% plutonium. No results were obtained on mixtures 
intermediate between the 15% and 7% standards, hence the plutonium-uranium ratio 
at which the bias becomes significant is not known. The bias on the 7% mixture is most 
likely due to a combination of the plutonium-uranium ratio of the sample and the low 
concentration of plutonium present during the titration. It is possible that the use of 
a larger sample size would improve the results obtained at low plutonium-uranium 
ratios, but in a number of experiments where this was tried, difficulty was found in 
keeping the total acidity below the limit recommended. It was concluded that the 
optimum sample size under the conditions used was about 100 mg of plutonium plus 
uranium. 

Two samples which were prepared from plutonium-uranium mixed oxides were 
analysed and the results compared with those from other methods in use in the 
Department. These results are shown in Table II. 

The agreement between these results is good, particularly in view of the different 
physical bases of the methods. 

E$ect of impurities. From a knowledge of the plutonium assay method based on 
reduction by titanium(III)* it was expected that interference would be caused by iron, 
molybdenum, vanadium, arsenic and antimony. The most serious interference in the 
present method would thus be from iron, since this is likely to be the major impurity 
in plutonium-uranium oxides. Trials showed that iron interfered quantitatively with 
the plutonium but not with the uranium result. The effect of other elements is shown 
in Table III. High proportions of added element were employed to obtain an easily 
measurable effect. They were added at the sulphuric acid fuming stage of the method. 

Molybdenum in the quantity added made the uranium end-point impossible to 
locate, and the total quantity of dichromate added to the plutonium end-point was 
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Plutonium and uranium in mixed oxide fuels 

TABLE ~I.-thfPARIsoN OF PLUTONIUM-URANIUM RATIO RESULTS 

1345 

Sample 
Sequential redox 

titration Coulometry X-Ray spectrometry 

1 0*2394,0*2393 0*2391,0.2396 0*239.5,0.2397 
2 O-2347,0*2352 0*2347,0.2350 0.2355,0*2358 

equivalent to the oxidation of the uranium and plutonium plus a one-electron oxida- 

tion of molybdenum. 
Titration blank. It was found difficult to determine a true titration blank for the 

whole method. This was largely associated with the destruction of titanium(III) by the 

small amount of sulphuric-nitric acids used in the method when the amount of 
titanium(II1) added in the blank was the same as that used for a plutonium-uranium 
sample. It was found however that titanium made a much greater contribution to the 
blank than any of the other reagents, and this contribution arose from iron as an 

TABLE III.-EFFECT OF IMPURITIES 

Element Amount, mg 

Manganese 5 
Tin 10 
Tungsten 25 

Copper 

Molybdenum 
Vanadium 
Simulated mixed 

fission products 

5 

10 
10 
* 

Effect 

None 
None 
Precipitate, which dissolved on dilution. No 

interference 
Precipitate, which dissolved on dilution. Low 

uranium result 
Masked uranium end-point 
Quantitative interference with plutonium 
None 

+ The amount of inactive simulated mixed fission product added was equivalent to the quantities 
expected to be associated with 100 mg of plutonium plus uranium irradiated to 5 % bum-up and cooled 
for 6 months. 

impurity. Results from the chemical analysis of the titanium solution showed that 
the quantity of titanium(III) normally added during a determination would contain 
32 ,ug of iron. The plutonium results quoted in Table I have been corrected for this 

quantity of iron. It was found necessary to determine iron in each batch of titanium- 
(III) sulphate solution prepared. 

Behaviour of the indicator electrodes. Recommended procedures vary widely for 
the pretreatment of electrodes in polarized indicator circuits to ensure reproducibility 
and sensitivity. Some authors recommend electrolytic treatments (e.g., ref. 10) while 
others prefer chemical procedures (e.g., ref. 14). The choice of the most suitable 
pretreatment method appears to be largely associated with the particular system 
being studied, and a procedure which is suitable for electrodes which are exposed to 
strongly reducing conditions during a titration may not be suitable for those which 
experience strongly oxidizing conditions. In the present application the electrodes 
were treated initially by cleaning with hot chromic acid. Before use they were immersed 
for 5 min in a solution of 0.25M sulphamic acid containing a few drops of saturated 
iron ammonium sulphate solution. After each titration they were again immersed 
in this iron(I1) solution then rinsed with water before the next titration. The elec- 
trodes were stored overnight in sample solution which had been titrated beyond the 
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plutonium end-point. When their performance began to deteriorate the procedure 
was repeated. The behaviour of the electrodes during a series of 20 runs is illustrated 
by the uranium titration end-points shown in Fig. 8. The results of the first two runs 
were normally discarded. 

~A 

to 

.o.,o.o,.o.o,~ 

0 I I I t I 
0 0,04 0"08 

14 

r 2 0  

U = 9 0 m g  

P u = 1 5 m g  

I I l 
0.12 

mL ~O.04N C r ( V l }  

FIG. 8.--Performance of the electrodes in a series of titrations after thorough cleaning. 

D I S C U S S I O N  

The method, which was developed for the sequential determination of plutonium 
and uranium, was found to be rapid and convenient to perform. Starting at the 
solution stage it may be completed within about 1 hr, which represents an appreciable 
saving in analysis time compared with separate redox titration methods for plutonium 
and for uranium in mixed oxides. The sequential procedure has the added advantage 
that when only a plutonium-uranium ratio result is required on the mixed oxide, the 
complete assay procedure is not needed. The precise weighing of the solid sample and 
quantitative preparation of solution may be eliminated, and the sampling arranged so 
that the portion of solution taken for analysis contains 100-120 mg of plutonium plus 
uranium. 

An important feature of the sequential method, namely its reliance on the reaction 
between plutonium(IV) and uranium(IV), is common to the controlled potential 
coulometric method developed in this Department. 15 A difference between the two 
methods however is the smaller dependence upon acidity of the reaction medium in 
the coulometric method. This is related to other factors influencing the rate of the 
uranium(IV) plutonium(IV) reaction in coulometry, primarily the concentration of 
plutonium(IV). In the coulometric method plutonium(IV) is continuously generated 
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at the working electrode so that the final products of electrolysis are uranium(VI) and 
plutonium(IV). At no time do the concentrations of both uranium(IV) and plu- 
tonium(IV) tend towards zero, as they do during the redox titration method. Pre- 
sumably at the uranium equivalence point in the redox method the rate of reaction 
between uranium(IV) and plutonium(IV) becomes very small as the concentrations of 
these species attain the low values defined by the equilibrium constant. The degree of 
rounding of the amperometric end-point for uranium is typical of many other redox 
systems. A better redox-titration analogy of the coulometric method would be the 
oxidation titration of uranium(IV) and plutonium(m) to uranium(VI) and plu- 
tonium(IV) followed by the reduction titration of plutonium(IV) to (III). 

The amperometric indicator circuit was found to be useful in gaining information 
on the oxidation of uranium and plutonium mixtures and it provided sensitive and 
reproducible indication of the end-points. The constant-current potentiometric 
procedure was examined only briefly but it would be unlikely to be as satisfactory as 
amperometry. The electrode reactions giving rise to the observed potential changes 
were clearly complex, and the modification to the uranium titration curves caused by 
plutonium suggests that the latter was being oxidized or reduced at the electrodes. 
It is conceivable that in a complex system of reversible and irreversible couples, 
biased results may be obtained. In the worst case, for example, where the oxidation 
of plutonium(III) at one electrode is not accompanied by an equivalent reduction of 
plutonium(IV) at the other, the electrolysis resulting from the passage of a 20 #A 
current during a titration lasting 40 rain would cause a bias of about 0.7% on 15-mg 
quantities of plutonium. 

Zanmmmenfassung--Die Benutzung einer Folgebestimmung von 
Uranium und Plutonium in einer einzigen Musterl6sung bringt 
Ersparnis in der Analysezeit und Apparatebeanspruchung. Das 
Verfahren beginnt mit U(FO und Pu(III) in einer Mischung yon 
Schwefel- und Stickstoffsalzen. Titrierung mit Bichromat mit 
Amp6remessung an einem Paar polarisierbarer Elektroden ergiebt 
entsprechend der Folgeoxydierung yon U(IV) auf U(VI) und Pu(llI) 
auf Pu(IV) zwei gut erkennbare Endpunkte. Die mengenmassige 
Oxydierung yon U(IV) auf U(VI) wird tiber die Wirkung yon Pu(IV) 
als Zwischenprodukt erreicht und hrmgt yon der Griindung yon 
Bedingungen ab, welche schnelle Reaktion zwischen U(IV) und Pu(IV) 
begiinstigen. Das Verfahren "ist prazise und genau. Bei Pu-U 
Mischungen mit einem Gehalt zwischen 15 und 30yo Plutonium ist die 
Prazision (3a) der Verhaltnisergebnisse Pu:U :/: 0,6~o fiir Muster 
mit 100-120mg Plutonium plus Uranium. Eisen und Vanadium 
wirken mengenmassig st6rend auf Plutonium ein, Kupfer wirkt, 
nicht mengenmassig, st6rend auf Uranium ein, und grosse Mengen 
yon Molybd~in verhtillen den Uranium Endpunkt. 

R6sum6---L'emploi d'un dosage s6quentiel de 1'uranium et du 
plutonium dans une seule solution d'6chantiUon a pour r6sultat une 
6conomie dans le temps d'analyse et les exigences instrumentales. La 
m6thode part de U(IV) et Pu(III) darts un m61ange d'acides sulfurique 
et nitrique. Le titrage au bichromate, utilisant ramp6rom6trie sur une 
paire d'61ectrodes polarisables, produit deux points de fin de dosage 
bien d6finis correspondant /~ roxydation s6quentielle de U(IV) en 
Up/I) et de Pu0IO en pu(IV). L'oxydation quantitative de U(IV) en 
U(VI) est r6alis6e via raction de Pu(IV) comme interm6diaire, et 
d6pend de r6tablissement de conditions qui favorisent la r6action 
rapide entre U(IV) et Pu(IV). La m6thode est juste et pr6cise. Avec 
des m61anges Pu-U contenant entre 15 et 30~  de plutonium, la 
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precision (3~) des r&hats des rapports Pu: U est de ho,6 % pour les 
echantillons contenant lOO-12Omg de plutonium plus uranium. Le 
fer et le vanadium interferent quantitativement avec le plutonium, le 
cuivre interfere de maniere non-quantitative avec l’uranium, et de 
grandes quantites de molybdene masquent le point de fin de dosage de 
l’uranium. 
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Summary-Fluoride is determined by an integration technique with a 
flow calorimeter. All samples are absorbed on an anion-exchange 
resin before being brought into the calorimetric system. The reac- 
tion between hydrofluoric acid and sodium hydroxide is used in the 
determinations. The method is applied to samples with between 7 pg 
and 5 mg of fluoride. The confidence limit is f2.5 pg for small 
samples and l 25 rg for large samples. The enthalpy of the reaction 
H+ + F- + HFo,, was found to be 13.77 f 0.08 kJ/mole. 

THE ENTHALPIMETRIC determination of fluoride has been described in a previous artic1e.l 
Samples of 6-8 mg of sodium fluoride could be determined with an injection technique 
and 4o-400 ,ug with a flow calorimetric technique. With the method presented here 
the amounts are not so restricted and the range is 15 ,~g-10 mg of sodium fluoride. 

In an enthalpimetric titration with a flow calorimeter of the heat leakage type, two 
calorimetric liquids are brought together in a mixing cell where heat effect is produced. 
If the temperatures of the solutions before the reaction are equal and constant, and the 
flow rate is kept constant, the heat effect is also constant during the experiment. 
The electrical output from the thermocouples is proportional to the heat effect,2 
which is caused by various factors including friction, dilution and reaction. When one 
of the solutions is in stoichiometric excess, the heat of reaction between them is pro- 
portional to the concentration of the other solution. 

Zero adjustment of the output is done with a blank solution. When this is ex- 
changed with a sample solution, the temperature in the cell rises until a steady state is 
reached.s This means that the heat leakage from the cell is equal to the heat entering 
the cell. When the sample is delivered into the blank solution as a normally distributed 
concentration gradient, the output signal will not refer to a steady state. However, 
the output signal will often closely resemble the real concentration curve. The inte- 
gral of the output signal is then proportional to the amount of the sample. If the molar 
heat of reaction depends on the concentration, the integrated voltage as. sample 
curve can still approximate to a straight line for narrow concentration ranges. 

A problem in enthalpimetric measurements is to achieve good selectivity. With 
the usual technique a contaminant can give an error in the signal without being dis- 
covered. However, if the sample is separated from disturbing contaminants by a 
chromatographic process, it is possible to measure the amount of substance by in- 
tegrating the output voltage. The slope of the signal on the recorder will indicate if 
there are any contaminants in the reacting substance. 

As fluoride ions are easily separated from many other anions by anion-exchange, 
they may be determined conveniently by the integration technique. When the eluent 
is hydroxide solution, the alkaline fluoride solution is best converted into a dilute 

* Present address: Statens Livsmedelsverk, Stockholm 60, Sweden. 
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hydrot l~odcc ac'cd s o ~ t ~ o a  w'cth a cat~oct-e~:c~t~ge c~s~a ~a H~--~ocm. T h e  r~o.c~imx 
measured  in the f low cell is then a s imple ac id -base  react ion.  

W h e n  t h e r m o d y n a m i c  proper t ies  are to  bc measured ,  the in tegra t ion  technique is 
no t  very sui table  since the  values  depend  on  the sample  concent ra t ion .  The  A H  o f  
dissociat ion of  hydrofluoric acid  was therefore measured by the usual  steady-state 
technique.  

E X P E R I M E N T A L  

Quantitative determination of fluoride 

Reagents. The sample solutions were prepared from sodium fluoride of Suprapur quality (Merck), 
and sodium carbonate, chloride, phosphate, sulphate and sulphide all of pro analysi quality. In the 
oxygen-0~d: c . m ~ t ~  ssmTL~z <3f 2-~ ~ g  <~f f-  ~ r ~ o x ~  ~ , ~  ~f ~ ~ , ~  q~u~-  ~¢¢¢ ~ .  
The eluent in the anion-exchange was sodium hydroxide solution prepared from a concentrated, car- 
bon dicx~fe,-teree so(uffo~t. Tfi~ an~on-eg~dang,e resfias ,~re  r e ~ r a . ~  w(ffl ,(~f ~,~f(~t~ 6 . ~ . ( ~  
and the cation-exchange resins with 3M hydrochloric acid. The reagent solution in the enthaipimetric 
measurements was 0.1M sodium hydroxide. 

Oxygen combustion. The p-fluorobenzoic acid samples were wrapped in a paper sample carrier. 
Two drops of dodecyl alcohol and 2 mg of potassium chlorate were added as combustion aid and the 
carrier was enclosed in a platinum basket attached to a platinum wire on a rubber stopper. The 
paper was ignited and put into a 500-ml Nalgene polycarbonate flask 4 which had been flushed with 
oxygen. The flask ~lso coutainext 5 m[ of 0-05M so4~um hy4rox~de. The res,.~ng s ~ l ~ m  ~tuo~i~l~ 
solution was adjusted to pH 5-2 with 0.003M nitric acid and purged with carbon dioxide-free nitrogen 
for 15 rain. The solution was then handled according to ion-exchange procedure II. 

manner to that previously described. ~ Samples containing 1.000 mg of sodium fluoride and an 80- 
fold excess of carbonate, chloride, phosphate, sulphate and sulphide wore put on a glass column with 
2.5 g off Dowcx l × 8.200-400 mesh in OH-lotto. The flow-rate in the ahso~otion stqn waslxtq/min. 

After a wns~n w~n 63s~hvb wa~vr, '~ne ~uvr~Se was e~u~v5 w'j~n i).2~O sob~vm ~yhro~b~ ~ 3 m)) 
min. "Ihe ~s ' t  2~) nfi o~ eifi-uent dd6 not contain any t~uoride an6 were re'jec~ed. "~he fo~iow'mg 3D m~ 
contained all the fluoride and were passed through a Teflon column with 5 g (dry weight) of Dowex 
50 W × 8, 20-50 mesh in H+-form, and after that through 1 g of the resin in Na+-form. The resulting 
sodium fluoride solution was adjusted to a p H  of 5.2 with 0-003M nitric acid and purged with carbon 
dioxide-free nitrogen for 15 min. Samples containing carbonate were also adjusted to pH 5.2 and 
purged with nitrogen before the ion-exchange procedure. The ion-exchange resins were regenerated 
and washed with distilled water before the next sample was introduced. 

When the amounts of other anions are in the range <0.05 mmole, procedure I is not necessary 
and the 5~qernSna~3on van 're bone 8~rec~y ~3"~rou~,~a prvcebv~e 3~. ~ any o~ ~'~ co~m'~w~,s b ~  
pass through during the integration time it is easily detected on the recorder signal. 

Procedure I was not used in direct connecton with the calorimetric step for the following reasons: 
(a) the flow-rate of the eluent, which was controlled by the pressure from a nitrogen cylinder, could 
not be reproduced with good precision, (b) the fluoride concentration peak was too broad, (c) the 
concentration of carbonate ions was relatively high in spite of the precautions taken. 

nected with a 5-ram diameter PVC tube filled with 3 g of Dowex 50 W x 8 resin, 20-50 mesh in 
H+-form. Sodium hydroxide (0.1M) was pumped through the anion-exchange resin to elute the 
fluoride. The nitrate ions remained in the resin. The solution passed through the cation-exchange 
resin and the sodium ions were exchanged for hydrogen ions. The resulting hydrofluoric acid passed 
on to the calorimeter. Calibration samples with 15 pg-10 mg of sodium fluoride were also treated as 
in p r o ¢ . ~ ,  g~. 

The ar~on-vx~'nan3~ r ~ n s  were re3enem~e5 ~ ~ s ~ m ~ y h r o ~ b b e  anb w ~ v b  ~ ~ s ~  
water. The cation-exchange resins were regenerated with 3M hydrochloric acid and washed with 
distilled water after every third sample. 

Calorimeter. A commercial instrument, the LKB 10700-1 was used ~ (Fig. 1). This calorimeter is a 
twin hea~-~ea~age ¢n.~or3me~er u1~6~3ng ~ v o ~ 6 u ~ g  ~bermot~ovp~v p}a~r~ Yor measm'em~s o~ ~)~e 
heat flow. The mixing cell was made of a gold spiral and had an internal volume of 0.6 ml. An 
LKB 10200 and an LKB 12000 Perspex Pump were used to pump the reagent and the sample solu- 
tions through the reaction cell. The signal from the thermocouples was fed to a I~ithley 150 B 
Ampl.ificr with the input signal measured in the 3-mV range. 
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The time-voltage curve was followed on a Servogor RE 511-recorder. The integration unit con- 
sisted of an electronic integrator. The integrated signal was measured on a Dynamco DM 2006 
Di~'tal Voltmeter in the ranges 100 mV, 1 V and 10 V, depending on the amount of fluoride in the 
sample. 

Calorimetric procedure. The reagent solution of 0.1M sodium hydroxide in the calorimetric step 
was pumped into the calorimeter at a rate of 32.2 ml/hr. The blank solution was 0.1M sodium hy- 
droxide. It  was first passed through an anion-exchange resin in the OH--form which absorbed the 
carbonate ions and then through a catinn-exchange resin in the H+-form at a rate of  33-5 ml/hr. When 
a steady state was reached, the output signal from the amplifier was adjusted to zero. Then the anion- 
exchange resin was exchanged with the sample resin and procedure II was followed. About 15 

15 

I, ,H 
° 1 12 II 

FIG. 1.--Equipment for the fluoride determination. 

1,2. Bottles with 0.1M sodium hydroxide. 
3. Ion-exchange resin Dowex 1 × 8 with 

fluoride sample. 
4. Ion-exchange resin Dowex 50W x 8. 
5. Peristaltic pumps. 
6. Calorimeter. 

7. Temperature adjustment. 
8. Calorimetric cell. 
9. Reference cell. 
10. Amplifier. 
11. Recorder. 
12. Integrator. 
13. Voltmeter. 

N2 

1 
8 

2 

min after the anion-exchange resin with the sample was connected, the hydrofluoric acid reached the 
calorimetric cell and reacted with the sodium hydroxide solution. The output signal increased and 
reached a maximum about 5 rain later, and after 20 rain the signal had returned to the zero level. The 
temperature in the calorimeter was 25 ° . 

Determination of the enthalpy change for the acid-base reaction 
The enthalpy change of the reaction between sodium fluoride and 0.2M hydrochloric acid was 

measured for different concentrations of the salt. As a comparison, the enthalpy change of the reac- 
tion between hydrochloric acid and sodium hydroxide was also measured. 

Reagents. Hydrochloric acid solutions with concentrations between 0-005 and 0-01M were made 
from concentrated acid, and the reagent solution 0"IM sodium hydroxide made from a concentrated 
carbon dioxide-free solution. 

Calorimeter. The same equipment was used as in the quantitative determinations. The heater in 
the reaction cell had a resistance of 49.816 ~.  The Keithley 150 B Amplifier was used on the 300-#V 
range and the output measured with the Dynamco DM 2006 Digital Voltmeter on the 100-mV range. 
The temperature of the calorimeter was 25 ° . 
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Calorimetric procedure. 
cell. The liauids were O.lM 

An electrical calibration was performed with the heater in the reaction 
sodium hydroxide and distilled water. The output voltage was measured 

for calibratibn currents between 3 and 10 mA. The flow-rates were the same as in the quantitative 
measurements, 335 ml/hr for the distilled water and 32.2 ml/hr for the sodium hydroxide. The 
distilled water was then replaced with hydrochloric acid. 
ent acid concentrations. 

The output voltage was measured for differ- 
The hydroxide was then exchanged for distilled water and the heat of dilu- 

tion was measured for different concentrations of the acid solutions. Then the output voltage was 
measured for different concentrations of fluoride reacting with 0*2M hydrochloric acid. 

RESULTS AND DISCUSSION 

The reaction between hydrogen fluoride and hydroxide consists of two steps: 
the dissociation of hydrogen fluoride and the reaction between hydrogen ions and 
hydroxide ions. The dissociation of hydrogen fluoride decreases with increasing 
concentration. Because the heat of dissociation, as shown later, is relatively high, the 
molar heat of reaction between hydrofluoric acid and hydroxide increases with in- 
creasing concentration of the acid. It is obvious that the voltage-time curve on the 
recorder must be the same for different determinations of the same amount of fluoride 
if reproducible results are to be obtained. This was achieved in the procedure de- 
scribed. Since the molar heat of reaction is different for different concentrations of 
fluoride, the plot of integrated voltage vs. amount of sample is not a straight line, but 
over short intervals, approximates to one, and the precision of the method in different 
concentration ranges could be calculated by regression analysis. For an unknown 
sample in duplicate the amount of fluorine could be determined within the ranges 
shown in Table I (95 % confidence limits). 

TABLE I.-PRECISION OF FLUORIDE DETERMINATION. 

Fluoride taken, 

mg 

Precision at a 
confidence limit 

of 95% Number of 

W determinations 

0.007-0.02 &to*0025 7 
0.02-0.3 rtO.0065 7 

0.3-2 ~OGO65 13 
2-5 &to*025 14 

The best relative precision is given in the concentration range O-3-2 mg of fluoride. 
For larger amounts the reproducibility is not so good. The reason could be that the 
samples are absorbed on a larger area of the ion-exchange resin and therefore give 
less reproducible time-concentration curves in the elution step. Since the molar heat 
of reaction is dependent on the concentration, the integrated voltage can then differ 
for the same amount of fluoride. 

In Table II results from the oxygen-flask combustion experiment are shown. 
The value of the integrated signal from the calorimetric procedure is used to calculate 
the amount of the fluorine, from the calibration curve in the O-3-2 mg range. 

The source of the recorder signal is easily identified through a spot test.6 It is also 
possible to absorb the fluoride on an anion-exchange resin after it has passed through 
the reaction cell and then let it go through the calorimetric procedure once more. 

The microcalorimeter can possibly also be used as a detector in other chromato- 
graphic processes, e.g., liquid partition chromatography. 
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TABLEIL-DETERMINATION OF FLUORINE IN~FLUOROBENZOIC 
ACID. 

F added, mg 

F found from 
calibration curve 

mg Error, mg 

0.2719 0.2660 -0.0059 
0.3064 0.3102 t-O.0038 
0.4927 0.4979 + 0.0052 
0.4996 0.4906 -0~0090 
0.5499 05500 +0*0001 
0.6007 0.5978 -0~0029 
0.6110 0.6101 -0GOO9 

TABLEHI.-DETERMINATION OF FLUORIDE IN THE PRESENCE OFOTHERANIONS. 

F added, mg 

F found, from 
Other anions, calibration curve, 

0_5iU, 2 ml of each mg Error, mg 

0.452 POa’-, s*- 0.455 -toGO 
0.452 PO,S-, S’- 0.450 -0.002 
0.452 CO*8-, Cl- 0.452 *0 
0.452 so**-, CI- 0.455 +0.003 

Enthaby change determination 

The output voltages for calibration currents used here (3-10 mA) were directly 
proportional to the heat energy RI 2. A straight calibration line was established for 
output voltage VS. energy. 

The heats of the actual reactions could be calculated from the calibration line. 
In the hydrochloric acid-sodium hydroxide reaction, the enthalpies at concentrations 
of the acid between 0405M and O*OlM and ionic strength O*lM were measured. 
The values for infinite dilution were then calculated. c The enthalpy of the ionization 
of water at infinite dilution was 56.03 f 0.26 M/mole. This is in fairly good agreement 
with values in the literature.8s8 

Table IV shows the molar enthalpies measured at ionic strength O*lM for the 

TABLE IV.-MOLAR ENTHALPIEB FOR NaF+ HCI REACTION AT DIFPERENT 
SALT CONCENTRATIONS. 

WaFl, M AH, kJ/mole 
AH at infinite dilution, 

kJ/mole 

0.0050 13.38 13.78 
0.0050 1340 13.80 
0.0067 13.36 13.80 
O-0067 13.49 13.93 
0~0100 13.28 13.63 
0~0100 13.26 13.67 
0~0100 13.28 13.70 
0.0233 13.26 13.85 

reaction between sodium fluoride (at different concentrations) and hydrochloric 
acid, including the heat of dilution of the fluoride solution. The concentration of 
HF,- formed is <3 x 10-4. [HF].’ The heat of formation of HF,- was calculated 
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f rom Heple r  et al. ~ to  be -~16 k J/mole. The  influence o f  this on the resul ts  was there-  
fore  neglected.  

The  en tha lpy  o f  the  reac t ion  H + + F -  --+ HFt~q> a t  infinite d i lu t ion  and  25 ° is 
then 13.77 4- 0"~08 k J/mole,  which is ra ther  different  f rom the value  given by  Heple r  
et al. ~ o f  13.31 4- 0-06 k J/mole. 

Acknowledgement--I wish to thank Dr. K. J. Karrman for valuable help during this work and Miss 
Birgitta Rees for performing the oxygen-flask combustions. I am also thankful to the Swedish National 
Research Council for defraying the cost of the calorimeter. 

Zesamnumfassung--Fluorid wird in einem Durchflul~kalorimeter mit 
Hilfe eines Integrationsverfahrens bestimmt. Ehe die Proben ins 
Kalorimetersystem gebracht werden, werden sic an einem Anionen- 
austauschharz adsorbiert. Bei den Bestimmungen wird die Reaktion 
zwischen Flul~s~ure und Natrinmhydroxid ausgenutzt. Das Verfahren 
wird auf Proben mit 7 pg bis 5 mg Fluorid angewandt. Die Vertrauen- 
sgrenze betrigt -4- 2,5 pg bei ideinen und ±2,5 pg bei grol3en Proben. 
Ffir die Enthalpie der Reaktion H + + F -  --+ HF(aq) wurde der Weft 
13,77 ± 0,08 10/Mol gefunden. 

Rq~um~---On dose le fluorure par une technique d'int6gration avec un 
calorim~tre/t 6:oulement. Tousles ~hantillons sont absorb6s sur une 
r~sine 6changeuse d'anions avant d'etre introduits dans le syst~me 
calorim6trique. On utilise la r6action entre l'acide fluorhydrique et 
la soude dans les dosages. La m~thode est appliqu~ ~t des ~chantiUons 
contenant entre 7 pg et 5 mg de fluorure. La limite de confiance est de 
±2,5 pg pour les petits b:_ hantillons et ±25 pg poru les gros ~chan- 
tillons. On a trouv6 que I enthalpie delar~tctionH + + F -  ---* HF (aq) 
est de 13,77 ± 0,08 kJ/mole. 
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SYNTHESIS AND ION-EXCHANGE PROPERTIES OF 
CERIC ANTIMONATE 

SEPARATION O F  H g  ~+ FROM Zn 2+, C d  "+, P b  z+ A N D  T I + ;  Cu 2+ FROM 
Mn"+; Fe z+ FROM AlS+; AND Zr 't+ FROM Th 4+ 

J. S. GILL and S. N. TANDON 
Chemical Laboratories, University of Roorkee, Roorkee (U.P.) India 

(Received 25 February 1972. Accepted 5 April 1972) 

Snmmary---Ceric antimonate has been prepared under varying 
conditions of precipitation. Its properties and ion-exchange behaviour 
have been studied. Separations of Hg ~+ from Zn z+, Cd ~+, Pb 2+ and 
TI+; Cu 2+ from MnS+; Fe z+ from AP+; and Z# + from Th *+ have 
been achieved with this material. 

IN THE LAST DECADE a good deal of interest has grown in synthetic inorganic ion- 
exchangers, t This is mainly because of their greater power to withstand higher radia- 
tion doses and temperatures than the commonly-used organic-based resins. Inaddition 
to this they sometimes exhibit highly specific properties which might permit improved 
separations under ordinary conditions. A large number of insoluble salts formed from 
multivalent metals and polybasic acids have been investigated as inorganic ion-ex- 
changers. Although most of the work deals with studies on zirconium phosphate, 
other phosphates, arsenates, antimonates, tungstates, molybdates and hydrous oxides 
have also been studied as potential ion-exchangers. Amongst the antimonates of 
quadrivalent elements which form an equally promising series, zirconium 9'3 and 
tin(IV) 4 antimonates have already been investigated by earlier workers. In continua- 
tion of  our systematic studies on some new inorganic ion-exchangers s'6 eerie anti- 
monate was explored for its ion-exchange properties. 

The present report summarizes our findings on the preparation, properties and 
ion-exchange behaviour of eerie antimonate. The conventional method of precipitating 
eerie antimonate with potassium pyroantimonate gives a product unsuitable for 
column operation. But the samples prepared with antimonic acid can be conveniently 
used in columns. Not only this, they also exhibit higher exchange capacity. The 
distribution ratios for 21 different metal ions have revealed that the exchanger is more 
or less specific for Hg 2+, which has been separated from closely associated elements 
such as Zn ~+, Cd ~+, Pb 2+ and from TI + which is of interest in nuclear reaction studies. 
Besides this, other separations of analytical importance such as Cu ~+ from Mna+; 
Fe a+ from Ala+; Zr 4+ from Th 4+ have also been achieved on this material. 

EXPERIMENTAL 

Reagents 
Ceric ammonium sulphate and potassium pyroantimonate were used without further purification. 
Ambcrlite IR-120 ion-exchange resin (H + form) was used for preparing antimonic acid. 
Z0aHg, 65Zn, mmCd, 58Co, t°4TI, '5+6gFe and slCr radioisotopes were used for the determination of 

distribution ratios. 
All other reagents used were of analytical grade. 
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Preparation of ceric antimonate 

All the samples of ceric antimonate were prepared by methathesis of Ce4+ and [Sb(OH),]- 
(K[Sb(OH),] or H[Sb(OH),]) at room temperature (14 f 3”). Details of precipitation are summar- 
ized in Table I. The precipitate was allowed to settle at room temperature for 4 hr. It was filtered off, 
washed thoroughly with demineralized water and dried in air at room temperature. The samples 
obtained with potassium pyroantimonate were sieved to 100-200 mesh. The precipitation with anti- 
manic acid yielded gels which were broken to smaller particles by immersion in water. In cases where 
the gel did not break down to the desired particle size it was ground in a porcelain mortar and sieved 
to 100-200 mesh size for batch operation and 50-100 mesh size for column operation. To convert the 
ion-exchanger into the hydrogen form, it was immersed in l-2Mmineral acid for 2-3 days with inter- 
mittent shaking and renewal of acid. It was then washed several times with demineralized water 
and dried in air. 

TABLEI.-METHODS OF PREPARATION, COMPOSITION AND EXCHANGE CAPACITY OF 
THE CBRIC ANTIMONATE PRODUCTS (dried at room temperature, 14 f 3°C). 

Concentration of 
reagents in mixed 

Sample Initial pH solution Volume of Hydrogen Hydrogen 
liberation 

no. of Ce4’ 
mixed solu- Sb(V)/Ce(IV) 

Ce4+, [Sb(OH)&, tion, ml 
absorption 

capacity, capacity, 
M M rwlg meqk 

1A 2.0 0.025 0,025 200 o-30 0.69 0.63 
2A 1.5 O-025 O-025 200 0.30 0.71 O-69 
3A 1.0 0.025 0.025 200 0.31 0.83 0.80 
4A 0.75 0.025 0.025 200 0.32 0.88 0.82 
5A* 0.75 0.025 0.025 200 0.32 1.22 1.12 
6B’ 0.75 0.025 0.025 200 0.33 1.23 1.18 
7A* 0.75 0.025 0.050 200 0.32 1.20 1.09 
8A+ 0.75 0.050 0.025 200 0.31 1.17 1.08 

* Samples prepared by precipitating with antimonic acid. 
A-Antimonate solution added to ceric solution. 
B-Ceric solution added to antimonate solution. 

Composition of ceric wtimonate 

Known amounts of ceric antimonate samples were dissolved in hot concentrated hydrochloric 
acid. In one portion cerium was estimated’ as Ce(II1) spectrophotometrically at 254 nm and in another 
portion Sb(V) was determined gravimetricallys by precipitation as Sb&. Ce(IV) and Sb(V) ratios 
are reported in Table I. To test the accuracy of the method of determining cerium:antimony ratios, 
control experiments and blanks were run. 

Properties 

All samples were yellow in colour. The samples obtained from potassium pyroantimonate were 
powdery, those from antimonic acid were in the form of a gel and could be sieved to the desired mesh 
size. The thermogravimetric curve of a typical sample (5A) recorded at an average heating rate of 
S”/min shows a continuous loss in weight up to about 400”. 

The chemical stability of sample 5A in various solutions was examined with the following results. 
(a) All mineral acids up to 4M have no effect in the cold, but on heating the ion-exchanger starts 

dissolving. 
(b) Alkalis of all concentrations have no effect. 
(c) The ion-exchanger was stable in water, alcohol, benzene, acetic acid, O*lN oxalic acid and in 

solutions of NaCl, KC!, LiCl, NH,Cl, BaCIB, CaCl, and MgCl,. 

Determination of exchange capacity 

The exchange capacity, which is generally taken as a measure of the hydrogen ion liberated by a 
neutral salt, is found to depend upon the concentration and volume of the eluent for column operation. 
Therefore, to determine the most suitableconcentrationand volume, the elutioncurves of thehydrogen 
ion were found for various concentrations of eluent. The hydrogen ion eluted from the column was 
titrimetrically determined, with Methyl Orange as indicator. The results obtained with O-1 and l.OM 
sodium chloride are shown in Fig. 1. Although the hydrogen ions were still liberated even after 
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FIG. l.-Elution curve of hydrogen ion. Continuous lins-eluent l.OMNaCI; dotted 
line-&tent 0.M NaCl. 

passage of 100 ml of theeluent, theexchangecapacity was calculated from the amount of hydrogen ions 
liberated by 100 ml. The effect of concentration of neutral salt and time of equilibration on exchange 
capacity in batch operation, determined by the standard method,O is shown in Figs. 2 and 3, respec- 
tively. These studies were done on the typical sample 5A. 

A constant value was obtained for concentrations of sodium chloride solution greater than 1Mand 
it required practically 48 hr for complete equilibration. The capacity of different samples (I-I+ form) 
is tabulated in (Table I), as is the value of hydrogen absorption capacity of different samples in Na+ 
form. For checking the reproducibility of the method, the capacity of different samples from the 
same batch was determined for Na+ ion. It shows a standard deviation of ltO.02. The batch repro- 
ducibility was checked by measuring the capacity of samples from different batches. It shows a 
standard deviation of kO.038. The exchange capacity for Na+ ion varies very little with initial pH 
(- flO%). 

Since the sample 5A has the highest exchange capacity, the effect of the size and charge of the 
exchanging ion was studied with this sample only (Table II), as was the effect of drying temperature 
on exchange capacity (Table III). 

The change of hydrogen liberation capacity in the course of regeneration cycles (Table IV) was 
studied for up to 6 cycles with different concentration of hydrochloric acid as regenerant. 

1.4- 

FIG. 2.-Exchange capacity of ceric antimonate (5A) as a function of concentration of 
Na+. 

8 
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FIG. 3.-Effect of time of equilibration on exchange capacity of ceric antimonate (5A). 

TABLE&--EFFECT OF SIZE AND CHARGB OF EX- 
CHANGINGION ON THE CAPACITY OF SAMPLE 5A. 

Exchanging ion 

Li+ 
Na+ 
NH,+ 
K” 
BaS+ 
Caa+ 

Exchange capacity of ceric 
antimonate, meqlg 

0.91 
1*22 
1.25 
l-27 
0.95 
l-20 

TABLE III.-EFFECT OF DRYING TEMPERATURE ON 
EXCHANGE CAPACITY OF SAMPLE SA. 

Drying temperature, Capacity, 
“C meek 

14 f 3 1‘22 
50 I.19 

100 1.18 
200 0+?6 
300 0.49 
400 0.36 

TABLEIV.-THE CHANGE OF CAPACITY IN THE COURSE OF 
ABSORPTION-REGENERATION c(CLES. 

Cycie 

Hydrogen liberation capacity 

Regenerant I%4 HCl Regenerant 2*OM HCl 
eluent l*OM NaCl eluent l*OM NaCl 

1.22 1.24 
1.19 1.22 
1.17 1.20 
1.17 1.19 
1.14 1.17 
1.10 1.12 



Ceric antimonate 1359 

TABLEV.-DISTRIBUTION COEFFICIENTS FOR SOME CATIONS ON 
CERIC ANTIMONATE. 

Cation Taken as K+, m&- 

TM) 
HgUI) 
Zn (II) 
Cd(H) 
Co(H) 
Ni(IIj 
Mn(I1) 
Mg(H) 
Ba(I1) 
WW 
Cu(II) 
Pb(I1) 
Tl(II1) 
AI(II1) 
FeoII) 
Cr(HI) 
La(III) 
ThW) 
ZrOv) 
uo*z+ 

Nitrate 
Nitrate 
Nitrate 
Sulphate 
Nitrate 
Sulphate 
St&hate 
S&hate 
N&ate 
Nitrate 
Sulphate 
Nitrate 
Nitrate 
Sulphate 
Nitrate 
Nitrate 
Nitrate 
Nitrate 
Nitrate 
Acetate 

26.3 
898 
23.3 
56.2 
31.6 

3.8 
1.0 

19.2 
6.1 
7.6 

27.1 
23.7 
18.6 

9z 
18.5 
3.2 
3.8 

80.0 
22.2 

Distribution coeficient 

Distribution coefficients of metal ions were determined by batch operation, by radiometric, 
spectrophotometric and complexometric titration methods. About 100 mg of the exchanger (sample 
5A) was loaded with 20 ml of OGOSM metal ion solution. The initial pH of the metal solution was 
adjusted to 2-3 with perchloric acid. The results are reported in Table V. 

Separation of Hg*+ from Cd*+, Zn’+, Pb’+ and Tlf was carried out in a column (5.0 cm x O-19 
cm*) containing 50-100 mesh ceric antimonate. The column was loaded with 20% of the breakthrough 
capacity for each metal ion and the elution was started after 20 min at a flow-rate of No-15 ml/min. 
Cd’+, Zn”, Pb*+ and Tlf were separately eluted with water; Hg*+, which remained on the exchanger, 
was then eluted with 0.5M NH&l + 0.IM HCI (Fig. 4). Separations of Cu*+ from Mn*+, Fe’+ 
from Al*+ and Zr’+ from Th4+ were carried out in a column 8.6 cm x 0.19 cm’ (Fig. 5). 

RESULTS AND DISCUSSION 

The initial pH of the ceric solution is observed to have an effect on the exchange 
capacity of the products. With decreasing pH values higher exchange capacity is 
obtained. The pH of investigation was limited to between 0.75 and 2, since it is not 
possible to obtain a good product below pH O-75 and above pH 2 cerium(IV) starts 
hydrolysing. The samples obtained with potassium pyroantimonate are not suitable for 
column operation, whereas those obtained with antimonic acid can be conveniently 
used in columns. The latter not only have better particle size but also a higher ex- 
change capacity. The ratio and concentration of the mixing reagents seem to have 
negligible effect on the composition of the exchanger and its ion-exchange capacity. 

The exchanger is apparently stable in water, alcohol, benzene, acetic acid, alkali 
solutions, different electrolyte solutions and mineral acids. Therefore, it can be used 
in these media without suffering deterioration in ion-exchange properties or break 
down of the particles. 

As regards the effect of concentration of the neutral salt and the time of equili- 
bration on capacity determination by batch operation, a constant value of the capacity 
for Na+ ion was obtained at 1M or higher concentration, after 48 hr of equilibration. 



1360 J. S. GEL and S. N. TANDON 

Effluent collected, ml 

FIG. 4.-Separations on c&c antimonate column 5.0 cm x O-19 cm*, flow-rate 
+O*lS ml/min. 
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FIG. X-Separations on ceric antimonate column 8-6 cm x 0.19 cm2, flow-rate 
4.15 ml/min. 

Elution curves also reveal that at least 100 ml of IM effuent is required for experi- 
mentally complete elution. The release of H+ ions in the beginning is fast, then 
sharply decreases, and finally becomes insignificant after 100 ml of effluent. After 
100 ml, it is not practical to continue the elution. The effect of pH on exchange 
capacity is practically negligible. Ceric antimonate in the acid form gives a buffer 
system of pH 2-3 and its exchange capacity remains unaltered at temperatures up to 
100”. This suggests its possible use for buffering aqueous systems at higher tempera- 
tures. The exchange capacity seems to be negligibly affected by the size and charge 
of the exchanging ion, except for Li+ and Ba2+ which show comparatively lower 
exchange capacity. The exchanger has a fairly good regeneration power. 

The Kd values suggest the exchanger to be partly specific for Hg2+ ions and to pro- 
vide a good method for its separation from other closely associated metal ions. Other 
separations of analytical importance have also been found possible. 

Acknowledgement-The authors are grateful to Professor W. U. Malik, Head of the Chemistry 
Department, for research facilities. The financial assistance of C.S.I.R. (U.P.) and U.G.C. (India) is 
gratefully acknowledged. 
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Zusatnmenfaasun8-Cer(IV)-antimonat wurde unter verschiedenen 
Fiillungsbedingtmgen hergestellt. Seine Eigenschaften und sein Ionen- 
austauschverhalten wurden untersucht. Mit diesem Material wurden 
Hg*+ von Zn*+, Cd*+, Pba+ und Tl+; Cu*+ von Mna+; FeS+ von A13+ 
sowie Zr4+ von Th4+ getrennt. 

R&urn&-On a prepare l’antimoniate Cerique dam des conditions de 
precipitation variables. On a etudie ses proprietb et son comportement 
B l&change d’ions. On a realid avec ce produit les separations de 
Hgs+ de Zna+, Cd=+, Pba+, et Tl+; Cua+ de Mn*+; Fea+ de Ala+; et 
Zr”+ de Th4+. 
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DETERMINATION OF TRACE METALS IN 
WATER USING X-RAY FLUORESCENCE 

SPECTROMETRY 
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Summary-A simple, rapid and accurate method for water analysis 
is proposed. The analytical procedure for the determination of Fe, 
Mn, Zn, Cu, Cd, As, Pb and Se in water in concentrations as low as a 
few ppM involves precipitation with a carrier of the metals by diethyl- 
dithiccarbamate (DDTC) or l-(2-pyridylazo)-2-naphthol (PAN) and 
filtration through a Millipore filter. The precipitates collected on the 
filter disc are examined by X-ray fluorescence analysis. PAN is excellent 
for the determination of several metal ions at the ppM level, and DDTC 
can be used with tartrate as a masking agent if water samples contain 
large amounts of iron(II1). 

A LABORATORY engaged in making a large number of determinations of trace elements 
has a particular need for a rapid, simple and accurate method of analysis, especially 
in the field of quality control of natural waters. In this field, many spectrophoto- 
metric and atomic-absorption spectrometric methods are currently used. They are 
excellent for the determination of specific elements but they usually do not permit 
the simultaneous determination of several elements in water and they also lack 
sensitivity in the determination of trace metals below the O-1 ppm level. Very few 
analytical methods allow the determination of several elements in microgram amounts 
in a single concentrate from water samples. 

Neutron-activation, optical-emission and mass-spectrographic analysis have been 
successfully employed for the simultaneous determination of trace elements but 
these are time-consuming methods and their precision is rather poor. The X-ray 
fluorescence spectrometric method is excellent for the simultaneous determination 
of metals if a simple preparation of samples for X-ray measurement is established. 
Although this method has seldom been applied to water analysis, owing to its appar- 
ently low sensitivity, several workers have attempted to improve this sensitivity by 
developing a suitable method in which the trace elements are isolated before the 
X-ray analysis, using some physical or chemical method of separation,l-’ including 
evaporation, precipitation, ion-exchange and solvent extraction. 

Luke8 and Ptischels*10 have already reported that the precipitation of trace elements 
with some organic chelating reagents from water and the subsequent quick filtration 
of the precipitates with a Millipore filter were excellent for the determination of 
trace elements. Luke* has established the conditions for the determination of many 
trace metal ions with sodium diethyldithiocarbamate (DDTC), and PtischeP has 
recommended I-(2-pyridylazo)-2-naphthol (PAN) as a precipitant. Such a chelating 
reagent, which forms insoluble metal chelates, can be used to recover the trace elements 
from water by isolating the trace elements as a thin uniformly dispersed precipitate 
in a low atomic-number matrix of relatively large area. The matrix absorption and 
enhancement are virtually negligible and hence the accuracy and the sensitivity of the 

l Present address: Muroran Institute of Technology, Muroran, Hokkaido, Japan. 
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analysis is high. A single paper disc could permit the determination of several trace 
elements simultaneously. 

In the present study (based on the works of Luke and Piischel) an attempt was 
made to establish a practical method for the simultaneous determination of several 
elements such as Fe, Mn, Cu, Zn, Cd, Pb, As and Se, which are always encountered in 
water analysis. The results clearly show that the X-ray method can be successfully 
applied to the determination of metal ions at ppM levels in water. The method is 
simple, rapid and sensitive. 

EXPERIMENTAL 

Apparatus 

A Philips Universal Vacuum Spectrograph Model PW-1540/05 was employed. A chromium- 
target, thin-window X-ray tube operated at 50 kV and 28 mA was used in the determination of 
cadmium. A tungsten-target tube- operated at 50 kV and 50 mA was used for all other elements 
tested. An EDDT analysing crystal was employed for cadmium and an LiF(220) crystal was used 
for the other metals. The diffracted radiation at each characteristic angle was measured with a 
gas-flow proportional counter, operated at about 2100 V in conjunction with pulse amplitude dis- 
crimination (Philins Pulse Heieht Amnlifier. Model PW 4280) ontimized for each element. 

The filterYe&pment was rhe samk as described by Luke .* ‘It consists of a Pyrex filter holder 
supplied by the Millipore Corporation of Bedford, Mass. and includes a reservoir, a 17-mm circular 
fritted glass support and a metal clamp. The filter paper discs used were white 25-mm Millipore 
paper discs of 1.2 pm pore size. After insertion of the disc and clamping on of the reservoir, the 
solution was filtered under suction. The paper disc was held between two aluminium rings to prevent 
curling up on drying in an oven at loo”, and was then mounted in an aluminium sample holder that 
had a Mylar-film base through which the primary X-ray beam irradiated the precipitates on the paper 
disc. A pressed disc of pure cellulose, which had a diameter slightly smaller than the inside diameter 
of the aluminium holder and had a thickness of 5 mm, was inserted into the holder to keep the disc 
flat. 

Reagents 

Metal ion solutions were prepared from high purity metals or metal oxides (tOGO % impurity). 
Thev were dissolved in an appropriate acid solution and then diluted with doubly distilled water to 
the desired concentration. The fhral acidity of the solutions was about O*llN. dther reagents used 
were of analytical grade. Several buffer solutions were prepareBr and purified by the following precipi- 
tation method: 100-200 pg of copper and 50 mg of DDTC wereadded to the buffer solution, and the 
precipitates formed were removed by filtering through a Millipore filter. Both the citrate and the 
tartrate solutions were muified in the same manner. The buffer solution of DH 10 nrenared from 
ammonia and ammonium chloride was purified with a chloroform solution of PAN. PAN itself was 
purified by dissolving in chloroform and washing the solution with O.OlM EDTA solution at pH 10 
and with doubly distilled water. The chloroform was then evaporated. 

All glassware, beakers and pipettes were immersed in nitric acid (1 + 1) and washed with doubly 
distilled water before use. 

Procedure 

In most experiments 50 ml of sample solution were transferred to a beaker and 5 ml of 2% DDTC 
solution (freshly prepared and filtered) were added. The acidity of the solution was adjusted with a 
buffer solution, and if necessary with suitable amounts of hydrochloric acid or sodium hydroxide 
solution. The precipitate was allowed to stand for 5 min and filtered off on the Millipore filter. 
When PAN was used as a precipitant the sample solution was gently boiled for about 20 min on a 
hot-plate after the addition of 0.1% methanol solution of PAN and of pH 10 buffer solution. PAN 
chelates tend to float on the surface of the solutions and climb up the wall of the beaker, so several 
drops of surfactant solution (1% sodium lauryl sulphate) were added. 

The intensity of each characteristic line was measured for 1 min except for cadmium, lead, 
arsenic(II1) and selenium, which were counted for 2 min. Both sample and spectrometer chambers 
were evacuated to a pressure of less than 0.5 mmHg. The analytical lines used for X-ray measurement 
are summarized in Table I. 
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TABLE I.--LINES USED IN X-RAY MEASURE- 

MENTS. * 

Element 
28 angle 

Peak Background 

Mn 
Fe 
cu 
Zn 
Cd 

As 

Pb 

Se 

Km 95.19” 97.00 
Km 85.71” 87.00” 
K, 65.54” 65.54” 
KG 60-56” 60.56” 
La1 53.41” 54.40” 

52.40” 
Km 48.78” 47.80” 

49.80” 
La1 48.73” 47.90 

49.56 
Kor 45.70” 45.70” 

* LiF analysing crystal, tungsten target 
(w), except for Cd, where an EDDT crystal 
and a chromium target were used. 

DDTC as precipitant 
RESULTS 

In water analysis the following metal ions are most often determined: Fe, Mn, 
Cu, Zn, Cd, Pb, As and Se. For the precipitation of these elements in one step a 
rather non-specific organic reagent must be used. Among the precipitants that have 
been investigated DDTC would appear to be a good choice. The results obtained by 
Luke were confirmed for the precipitation of the elements Fe, Cu, Zn, Cd, Ni, Pb 
and Mn, atomic-absorption spectrometry being used to examine the filtrates. Nickel 
and copper were precipitated completely between pH 1 and 11. Zinc, cadmium, lead 
and iron(II1) began to precipitate at pH l-2 and precipitation was complete at pH 
above 4. Thus the pH of the solution should be kept above 4, and in the present 
work pH 5 was chosen. However, unsatisfactory results were obtained with man- 
ganese, over the whole pH range examined, because of incomplete precipitation. 
The recovery of manganese was improved by the addition of 50 pg of copper as a 
co-precipitant but recovery was never complete. Therefore the use of DDTC is 
unsuitable for the determination of manganese. Luke has recommended the use of 
50 ,ug of copper or 100 pg of iron(II1) as the co-precipitants at pH 9 for the recovery 
of manganese; however, both iron and copper are always primary elements to be 
determined in water analysis, which precludes their use. 

The recovery of arsenic(II1) was examined by using X-ray fluorescence. The 
results are shown in Fig. 1, where the ordinate is the ratio of the counts obtained at 
various pH values to those obtained at pH 5.0. Luke* reported that the recovery of 
arsenic(III) as the diethyldithiocarbamate was quantitative only at pH 4. However, 
these results indicate that the pH for arsenic(II1) must be in the range 5-0-5.5. There- 
fore, in this experiment pH 5.1 was chosen for the precipitation of arsenic@). 

Calibration curves. On the basis of the results described above calibration curves 
were made by precipitating and determining from 0 to 50 ,ug of each of the elements. 

Over the range examined, a linear relationship was obtained between the amount 
of element taken and the ratio obtained by dividing the net count of each sample by 
that of a reference sample. The reference chosen was the median of eleven samples 
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Fm. l.--Influence of pH on the recovery of 5 pg of As(II1) with DDTC, expressed as 
the ratio of the intensity determined at various pH values to that determined at pH 5.0. 

examined over the concentration range. This linearity suggests the complete pre- 
cipitation of each element. On the basis of these calibration curves the 95% con- 
fidence limit was calculated by the least-squares method, for the sample with 
concentration C yielding a ratio R = I. The results are shown in Table II. The limit 

TABLE II.-SENSI~MTY AND PRECISION USING DDTC. 

Sensitivity, Limit of 95 % confidence 
countsjsecl detection, limit of C for 

Element 
Background, 

Carrier KY counts/see P,x R* = 1.0, pg 

Fe cu 98 129 0.03 5.15 f 0.25 
Zn cu 72 182 0.05 5.47 f 0.30 
Cd cu 25 0.06 5.18 f 0.06 
Zn Ni 58 13944 0.06 5.10 f 0.34 
Fe Ni 102 101 0.03 5.26 f 0.36 
cu Ni 99 400 0.06 6.08 f 0.35 
Pb Ni 19 51 0.10 25.10 & @28 
As Ni 20 50 0.10 20.30 & 0.20 
Se Ni 19 12 0.12 25.05 f 0.60 

* R = a + bC; R represents the ratio of determined intensity to that of the reference 
standard, and C the concentration. 

of detection at the 95% confidence level, D, was calculated from the relationship 

D N 3Cfi/M, where M is the slope of the calibration curve and B the background 
intensity based on a 2-min counting period. l2 The backgrounds for zinc and selenium 
were determined by making measurements on blank samples at the appropriate line 
peak. From this table it is seen that the precision of this method is quite good. Five 
pg of Fe, Zn, Cd and Cu can be determined with a precision of fO*3 pg. If 50 ml 
of solution contains 5 ,ug of an element it is then possible to determine O-1 ppm of 
the element to within f0406 ppm. 

Two calibration curves for zinc were established, for two sample sizes, 50 ml 
and 250 ml. In both cases a linear relationship and the same slope were obtained. 
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The precision can be expressed in concentration terms for the samples containing 
5 pg of zinc as follows: 50 ml sample-0~1 f 0406 ppm, 250 ml sample-0~02 f 
04015 ppm. It is apparent from Table II that cadmium can be determined with the 
greatest accuracy. This is probably due to the low background in the vicinity of 
the cadmium La, line. 

As shown in Table II, satisfactory results were also obtained for the determination 
of arsenic(III), selenium(N) and lead. Unfortunately their sensitivities are inferior 
to those of the the other elements. 

Copper or nickel was used as the carrier metal ion in these experiments. There 
seems to be a slight difference in their efficiencies. Since copper is an important 
element in water analysis, nickel is recommended as the carrier element. 
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FIG. 2.-Effect of iron on the determination of Zn with DDTC (5 rg of Zn, pH 5.0, 
50 ,ug of copper as carrier), expressed as the ratio of the intensity determined at various 

iron concentrations to that where iron was absent. 

InJuence of foreign ions. Another problem to be solved was the influence of other 
metal ions on the determination of a specific element. Iron is a common element 
found in natural waters and its concentration varies widely, depending on the geologi- 
cal locality. Some well-waters often contain IO-20ppm or iron. If the method described 
here is used directly for the analysis of such waters the result will be erroneous because 
the precipitate will be too thick. This was tested on solutions containing 5 rug of 
zinc, 50 (ug of copper and various amounts of iron(II1). In Fig. 2, the ordinate shows 
the ratio between the net count of samples containing various amounts of iron(II1) 
and that of the reference which contains no iron. Iron clearly interferes if large 
amounts of iron co-exist, but quantities up to 100 pg can be tolerated without appreci- 
able error in the determination of zinc. Assuming 50 ml of sample solution, the 
concentration of iron should be below 2 ppm. 

The determination of arsenic (III) is influenced by the presence of lead, and vice 
versa. The K, line of arsenic(II1) appears at the same 28 angle as the La, line of 
lead, as shown in Table I, making it impossible to identify and determine both 
elements simultaneously. However the separation of both elements is feasible, as 
discussed later. 
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Masking of iron(lll). The concentration of iron in most river waters is usually 
below 2 ppm. For higher iron concentrations this method cannot be applied without 
some modifications. Iron could be separated before the analysis, but it was considered 
impractical to do so because the analytical procedure would lose its simplicity and 
rapidity. Thus, the only remaining approach was to mask the iron, thereby avoiding 
the addition of other analytical steps. 

When copper is determined with DDTC, it is well-known that EDTA has strong 
complexing abilities with respect to iron(III), manganese, zinc and cadmium,13 
making it possible to separate these elements from copper. Therefore EDTA cannot 

FIG. 3.-Effect of pH on the separation of Zn and Fe with DDTC (5 ,ug of Zn, 5 rg 
of Fe, 0.1&f tartrate). 

be used for the determination of zinc and cadmium in the presence of iron. In the 
next experiment it was confirmed that iron(II1) is masked with tartrate or citrate,” 
while zinc and cadmium are precipitated in the presence of these reagents. The 
influence of tartrate and citrate on the precipitation of zinc, cadmium and iron(II1) 
is shown in Figs. 3 and 4 (atomic-absorption spectroscopy was used to determine 
the metal ions in a filtrate). This effect was confirmed by the examination of the 
precipitated metals by X-ray fluorescence. The recovery of zinc was also examined in 
the presence of 0*05M tartrate and various amounts of iron(I11) (Fig. 5). Tartrate 
increases the tolerance for iron tenfold. Under the same conditions cadmium is 
also quantitatively precipitated although it is not shown here. Thus, if 50 ml 
of sample are taken, 20 ppm of iron(II1) could be tolerated in the determination of 
zinc and cadmium. A borate buffer solution must be used for adjusting the pH of 
the solution to 95 or higher. Experiments showed that up to 275 pg of copper, 
250 pug of manganese and 40 mg of calcium could be tolerated without any appreciable 
effect on the recovery of zinc. 

In Table III the influence of nickel on the recovery of Cd, Zn and Cu is also shown. 
Quantities of nickel below 100 pg have no effect on the determination of these elements 
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TABLE III.-INFLUENCE OF Ni ON THE 
DETERMINATION OF 5pg OF Cd,Zn AND 

CU WITHDDTC (IN 501~31). 

Element 
Ratio 

Niadded,pg 
50 loo 200 

Cd 1.00 1 *Ol 0.66 
Zn 1.00 1.02 1.04 
cu 1.00 0.98 0.94 
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and hence the amounts of copper or nickel to be added as a carrier do not have to be 
precise. Sodium, calcium and magnesium are always found in natural water but 
as they do not react with DDTC no interference would be expected. 

When the concentration of iron is very high the simultaneous determination of 
iron and other trace elements is impossible and the sample must be divided into two 
portions. Large amounts of iron can be determined by using a smaller sample. 

It is generally accepted that citrate is a more powerful masking reagent for iron(II1) 
than tartrate.14 Zinc can be separated from iron(III) by using citrate, as shown 
in Fig. 4. The pH of the solution should be kept within the range 8-8.5. Under 
these conditions cadmium also can be completely isolated from iron(II1). Therefore 
citrate could well be used as a masking reagent for iron as well as tartrate, but no 
further experiments were carried out. 

InpUence of sample volume. Table IV shows the influence of sample volume on 

TABLE IV.-EFFECT OF SAMPLE VOLUME ON THE DETERMINATIONOP 

CADMIUM AND ARsEMC(III) WITH DDTC. 

Cd 5.15 /g 

As 20.3 /g 

Sample size. ml 

50 
100 
500 
500 
300 

50 
100 
200 
300 
500 

Ni added, ~18 

50 
50 

1z 
* 
50 
50 
50 
50 
50 

Ratio 

1.00 
0.54 
0.18 
0.33 
0.98 
1.00 
1.01 
0.81 
0.24 
0.02 

* Nickel replaced with 50 pg of copper as carrier. 

the determination of cadmium and arsenic(II1). It is apparent that the recovery of 
cadmium and arsenic decreases with increasing sample size and hence DDTC cannot 
be used with the nickel carrier for samples larger than 50 ml for Cd and 100 ml for 
As(II1). However when copper is used as a carrier the cadmium can be recovered 
quantitatively from volumes up to 300 ml. Other experiments indicated that cadmium 
could be completely recovered from volumes up to 200 ml by using the nickel carrier 
if the time of precipitation was extended to 30 min before filtration. As shown in 
Table II, zinc was determined with good precision from a 250-ml sample. Although 
no further experiments were carried out on the recovery of lead and selenium, these 
form very stable complexes with DDTC. l*ls The metal ions which form the most 
stable complexes with the precipitant are easily and completely recovered. 

PAN as a precipitant 

As a non-specific organic reagent, PAN was proposed by Piischels for the deter- 
mination of trace metals by X-ray fluorescence. DDTC is an ineffective reagent for 
the determination of m?nganese and in this respect PAN is superior. The most 
suitable pH for the determination of Fe, Mn, Cu, Zn and Cd was 10. In the pro- 
cedure of Ptischel metal ions were precipitated as the metal-PAN complexes from 
about 20-60 ml of solution to which 3 ml of pH 10 buffer solution and 5 ml of @lx 
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methanolic PAN solution had been added. For the precipitation of Iess than 10 pg 
of metal ions in the presence of 50 ,ug of nickel, 1 ml of 0.1% PAN solution was more 
than adequate. 

However PAN has some undesirable properties. The first of these is that PAN 
itself is only slightly soluble in water and hence the excess of reagent is also recovered 
on filtration. This causes an increase in the volume of the precipitates and results 
in the cracking and peeling of the precipitates from the Millipore filter on drying. 
The second drawback is due to the properties of the precipitates formed. They often 
float on the surface of the solution and tend to adhere to the walls of the beaker, 
necessitating the addition of several drops of surfactant solution. 

Calibration curues. To establish the calibration curves for each element, 1 ml of 
0.1% PAN solution was added to 50 ml of the sample solution, which contained 
50 pg of nickel and O-10 ,ug of one of the elements to be determined. The solution 
was adjusted to pH 10 with 3 ml of ammonia buffer and several ml of 1M sodium 
hydroxide. The solution was heated gently to boiling on a hot-plate for about 
20 min to complete the reaction. The slower reaction of metal ions with PAN than 
with DDTC makes the analysis time longer. 

In Table V the results of the calibration curves for the elements are summarized. 

TABLE V.-SENSITNITY AND PRECISION USING PAN WITH NICKEL CARRIER. 

Element 

Sensitivity, 
couttts/sec/ 

w 

Background 
counts/set 

Limit of 95 % confidence 
detection, limit of C for 

Iv R* = 1.0, pg 

69 42 0.03 5.15 f 0 20 
104 392 0 05 6.30 f 0.16 

Cd 32 34 0.05 5.05 It 0.13 
Fe 78 19 0.02 5.07 f 0.26 
Zn 30 25 0.05 5.11 f 0.23 

* R = u + bC; R represents the ratio of determined intensity to that of the 
reference standard, and C the concentration. 

It is apparent that each element can be determined with PAN with a better precision 
than with DDTC. 

I@uence offoreign ions. At the 5-,ug level, cadmium, zinc, copper and manganese 
were quantitatively recovered without a carrier. However only 95 % of the iron was 
recovered. When nickel was used as a co-precipitant all the metals were completely 
recovered although quantities larger than 100 ,ug of nickel reduced the net count 
for cadmium. Thus the nickel carrier should be below 100 pg. In fact the addition 
of less than 5Opg of nickel is recommended to improve the ease of filtration of 
precipitates. 

The influence of other elements is shown in Table VI. It is evident that 100 pg of 
Fe, Mn or Cu, when present individually, do not cause interference but the total 
amount of these metals in an aliquot should be below 100 pg when PAN is used as 
the precipitant. At least 24 mg of calcium could be tolerated without interference. 

Influence of masking reagents. The effect of some masking reagents is summarized 
in Table VII. It has already been reported ls that PAN can be used as an extractive 
spectrophotometric reagent for the simultaneous determination of cobalt, nickel and 
iron in a slightly acid solution without any interference from other elements if EDTA 
is used as a masking reagent. However, in basic solution EDTA is not selective and 
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TABLE VI.-INFLUENCE OF SOME ELEMENTS ON THE DETERMINATION OF 
5 pg EACH OF Fe, Mn, Cd, Zn AND Cu WITH PAN. 

Ratio 
Element added, pg 

Zn Cu Fe Mn Cd 

Reference 1.00 1 .oo 1.00 1.00 1.00 
Fe 45 1.02 0.98 0.98 1.01 

90 0.97 1.01 0.99 1.01 
180 0.96 0.90 0.97 0.94 
270 0.92 0.89 1.00 0.84 

Mn 50 0.99 1.02 1.03 O-96 
100 0.98 0.97 1.03 0.97 
200 0.83 0.91 1.00 0.88 
300 0.90 0.88 l-01 0.85 

cu 50 1.01 1.01 0.99 1.03 
100 1.06 1.04 1.01 0.97 
200 0.97 1.04 1 .oo 0.89 
300 1.02 1.07 0.99 0.83 

TABLE VII.-EFFECT OF SOME MASKING REAGENTS ON THE DETERMINATION OF 
5 pg OF Cd, Zn, Mn AND Fe WITH PAN AT pH 10. 

Masking reagents added 
Cd 

Ratio 

Zn Mn Fe(III) 

TEA*, 0.054M 
NTAt, 0.004M 
Pyrophosphate, 0*0056M 
Pyrophosphate, 0*0056M 

and TEA 0.054M 
Tartrate, 0*02M 
Citrate, 0.01 M 

1.00 1.00 1.00 1 .oo 
0.95 0.99 O-98 0.91 
0.43 O-014 0.004 0.88 
0.99 0.87 0.103 0.94 

0.98 0.82 0.049 0.93 
0.97 0.96 0.95 0.95 
l-01 1.00 0.60 O-89 

* Triethanolamine. 
t Nitrilotriacetic acid. 

consequently cannot be used. Table VII shows that none of the reagents tested was 
effective in masking iron(II1) since zinc and cadmium were also masked. In this 
respect PAN is inferior to DDTC. 

Injlunce of sample size. A series of experiments was performed to determine the 
efficiency of the recovery from larger sample volumes, using 50 pg of nickel as carrier. 
It is interesting that copper, zinc and cadmium are completely recovered even from 
1000 ml of solution. This means that less than one ppM of these metals can be 
determined if large aliquots are taken. In this respect PAN is superior to DDTC. 

When the sample size is increased to 500 or 1000 ml the carrier must always be 
used, contrary to Ptischel’s recommendation that no carrier be used. Without a 
carrier, only 84 y0 of the manganese and 89 ‘A of the iron was recovered from samples 
of 500 ml. This may be attributed to the low stability constants of the iron and 
manganese complexes with PAN. 

Application of the method to water analysis 

As a test of the method, a series of 25-200 ml portions of river water (Ottawa 
River) was analysed. The comparison of results obtained by using X-ray fluorescence, 
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atomic-absorption and absorption spectrophotometry is given in Table VIII. The 
iron was determined calorimetrically with 1, IO-phenanthroline, and the other metals 
were determined by atomic absorption after extraction with DDTC into methyl 
isobutyl ketone. l6 These results indicate that the proposed analytical method is 
satisfactory. All the water samples taken were acidified with 6M hydrochloric acid 
and gently boiled for 30 min before analysis. 

TABLE VIII.-ANALYSIS OF O~AWA RIVER WATER. 

Method 
L&l 

Cu Fe Mn Zn 

Absorption 
spectrophotometry 

Raw* - 
EWuentt - 

162 - - 
61 - - 

Atomic absorption Raw 
Effluent 

240 157 - - 
27 65 - 4.2 

X-Ray DDTC Raw 
Efilucnt 

235 165 - 
30 59 - G 

PAN Raw 244 160 10.6 
Effluent 31 58 8.7 3< 

* Raw water at the inlet of a filtration plant. 
t Effluent water at the outlet. 

DISCUSSION 
The X-ray method proposed here has certain advantages. Many current methods 

of water analysis do not permit the simultaneous determination of several metal ions 
and the sensitivity is comparatively low. Thus, for the determination of heavy 
metal ions at the ppM level some preconcentration must be carried out and solvent 
extraction has often been used for this purpose. In this respect, the same situation 
arises in the X-ray method, but the precipitation makes the procedure relatively so 
simple that the method established in this study has a wider applicability than others, 
especially in the determination of trace metals below 50 or 100 ppM in water. 

Some workers have recommended ion-exchange6*ls and solvent extraction1*2 for 
preparing the X-ray sample, but these methods are not simple and are time-consuming 
because of the complexity of the preparation of films in which trace metals are 
isolated and concentrated. 

In the present method some problems remain. One is in the X-ray working con- 
ditions for the determination of cadmium. For the measurement of the L=, line of 
cadmium, the chromium target and EDDT analysing crystal must be used, instead of 
the tungsten target and LiF(220) crystal, which are used for other elements. Since 
two different counting conditions must be utilized for cadmium and other elements, 
there is no possibility of determining cadmium simultaneously with other elements by 
a scanning technique. Another problem is the precipitant. Neither DDTC nor PAN 
can be used for the analysis of all kinds of waters. DDTC does not recover the trace 
elements from large samples and low ppM levels of metals cannot be determined. 
On the other hand, PAN cannot be applied to the samples containing large amounts 
of iron because there are no suitable reagents to mask iron and to permit the precipita- 
tion of zinc and cadmium. 

There is a problem in the determination of arsenic(II1) and lead because the K, 
line of arsenic appears at the same 20 angle as the La1 line of lead. To avoid the 

9 
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mutual line interference, both elements must be separated. The first method is 
based on the fact that PAN does not react with As(II1). The lead-PAN complex can 
be recovered with other elements, except for selenium(W), under the conditions 
indicated in the procedure. On the other hand, As(II1) is not precipitated by DDTC 
in basic solution. As shown in Fig. 1, arsenic(II1) precipitates only in the pH range 
W-5.5 and it does not precipitate at above pH 7. Therefore, DDTC permits the 
recovery of lead at pH 9.5 as well as zinc and cadmium. Hence both elements could 
be isolated and determined independently if their concentration was at least 10 pg/l. 
Although DDTC can precipitate the seven elements, except manganese, at pH 5, two 
separate precipitations must be carried out in order to avoid the mutual line inter- 
ference between lead and arsenic. If PAN is used as a precipitant, six elements 
(except arsenic and selenium) can be recovered at pH 10 and subsequently arsenic 
and selenium are precipitated from the filtrate with DDTC at 5.1. In both cases two 
precipitation steps are needed, especially when arsenic and lead must be determined. 

It has already been reported by some workerP3 that the stabilities of the chelates 
of each element with DDTC increase in the order Mn < As(III), Zn < Fe(II1) 
< Cd < Pb < Ni, Co < Cu. Hence, the reason for the incomplete recovery of 
manganese with DDTC must be attributed to the low stability of its chelate. The 
arsenic chelate with DDTC also exhibits low stability, thus arsenic(III) is also difficult 
to precipitate quantitatively, if the pH of the solution is not controlled precisely 
between pH 5.0 and 5.5. On the other hand, the precipitation of selenium(IV) is 
complete at pH 5. Although the influence of pH on the precipitation of selenium(IV) 
with DDTC was not examined in this experiment, Bodel’ has already reported that 
selenium(R) could be extracted with DDTC into carbon tetrachloride at a pH 
between 4 and 6.2. The selenium complex with DDTC seems to have greater stability 
than that of arsenic(III). 

Finally, it is concluded that the advantages of the method lie in its rapidity, 
simplicity, relatively good precision and general sensitivity, since the preparation of 
sample for X-ray measurement is simple and reproducible. 

Zusammenfassung-Eine einfache, rasche tmd genaue Methode zur 
Wasseranalyse wird vorgeschlagen. Das analytische Verfahren zur 
Bestimmung von Fe, Mn, Zn, Cu, Cd, As, Pb und Se in Wasser bei 
Konzentrationen von einigen ppM besteht in einer Triigerfalhmg der 
Metalle mit Diathyldithiocarbamat (DDTC) oder 1-(ZPyridylazo)-2- 
naphthol (PAN) und Filtration durch em Millipore-Filter. Der auf 
der Filterscheibe gesammelte Niederschlag wird mittels Rontgenlluor- 
eszenz untersucht. PAN ist ausgezeichnet zur Bestimmung mehrerer 
Metallionen im ppM-Bereich gee&net und DDTC karm mit Tartrat 
als Maskierungsmittel benutzt werden, werm das Wasser groDe Mengen 
Eisen(III) enthalt. 

R6sum&On propose une methode simple, rapide et precise pour 
l’analyse de l’eau. La technique analytique pour le dosage de Fe, Mn, 
Zn, Cu, Cd, As, Pb et Se dans l’eau a des concentrations aussi faibles 
que quelques p.p.m. comprend la precipitation des metaux avec un 
entralneur par le diethyldithiocarbamate (DDTC) ou le 1-(2- 
pyridylazo) 2-naphtol (PAN) et la filtration sur un tiltre Millipore. 
Les prkcipitds recueillis sur le disque de filtre sont examines par analyse 
de fluorescence aux rayons X. Le PAN est excellent pour le dosage de 
plusieurs ions metalliques au niveau de la p.p.m., et l’on peut utiliser le 
DDTC avec le tartrate comme agent dissimulant si les 6chantillons 
d’eau contiennent de grandes quantites de fer(II1). 
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Summary-Five water-insoluble compounds of chromium(III) have 
been synthesized by mixing O.lOM solutions of chromic chloride and 
the appropriate sodium salts in the volume ratio of 1:2, at pH 6-7. 
Their ion-exchange characteristics have been compared. The tungstate 
has the highest chemical stability and the arsenate has the highest ion- 
exchange capacity. Chromium(II1) molybdate columns have been used 
to separate Pb 8+ from numerous metal ions. 

NUMEROUS ion-exchangers have been synthesized and the mechanism1*2 of separation 
has been studied for some of them. The ion-exchange properties of a material are 
considerably influenced by the chemical composition of the ion-exchanger.3 They 
also depend on the method and the conditions of preparation. It is therefore not 
always possible to compare the ion-exchange properties of the same materials syn- 
thesized in different laboratories and it would be interesting and instructive to prepare 
inorganic ion-exchangers with the same cation but with different anions and to com- 
pare different preparations. Szirtes et aL4 made a comparative study of zirconium, 
titanium and chromium phosphates. While our work on stannic arsenate was in 
progress we noticed that chromium(II1) is irreversibly adsorbed on stannic arsenate.5 
We therefore decided to synthesize chromium(II1) arsenate and to compare its ion- 
exchange properties with other insoluble compounds of chromium(II1). The present 
paper summarizes the results of such a study. 

Reagents 
EXPERIMENTAL 

Chromic chloride hexahydrate, sodium molybdate, sodium tungstate and sodium arsenate hepta- 
hydrate were used. Antimony pentachloride solution (s.g. 2.30) was diluted with 4M hydrochloric 
acid to obtain solutions of the required concentration. All other reagents were of analytical grade. 

Apparatus 

A Philips conductivity bridge PR 9500, Sargent Oscillometer type (V) and Aminco thermoanalyser 
were used for conductimetry, high frequency titrations, DTA and TG respectively. All other instru- 
ments were those used in our earlier studies.*,’ 

Preparation 

The chromium(II1) compounds have been synthesized under similar conditions to facilitate com- 
parison (Table I). The reagents given in column 2 were mixed in the volume ratios given in column 3. 
The pH of the reaction mixture was found to be 6-7 in the case of arsenate, molybdate and tungstate, 
and was adjusted to 6.80 in the case of antimonate by adding ammonia solution dropwise with con- 
stant shaking. Chromium hydroxide has also been prepared by adding ammonia solution to aqueous 
O*lOM chromic chloride. The gelatinous precipitates obtained were washed by decantation, filtered 
off, washed again with distilled water and then dried at 40”. Aging always affects the properties of 
this type of inorganic ion exchanger. 8 Therefore all the precipitates were kept for 24 hr with reaction 
mixture at room temperature. The dried product was immersed in 1M nitric acid (approximately 
40 g of the exchanger in 100 ml of 1M nitric acid) to remove the foreign ions adsorbed during the 
preparation. Some dissolution of the compound was observed during this process. Finally the 
exchangers were washed with demineralized water to remove the excess of acid and again dried at 
40”. 
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Ion-exchange studies 

Saturation ion-exchange capacity and the pH-titration curves were obtained by the method de- 
scribed earlier.e*7 The &values for inorganic ions have been determined on the hydroxide,antimonate, 
molybdate and tungstate of chromium(III), and on chromium arsenate without shaking,’ at pH 3-4. 
The loading of cations8 for the system was less than 3 % of the experimental ion-exchange capacity. 
The equation used was 

I-F 50 
Ka = F x 03 d/g 

where I is the volume of 0.002M EDTA needed to titrate the original cation solution and F is the 
volume of 0.002MEDTA needed for titration after equilibration. The total volume of the equilibrating 
solution was 50 ml (concentration of each cation solution was ~7 x IO-&M) and the amount of the 
exchanger taken was 0.50 g. 

Column preparation 

For separation studies a 30 x 0.39 cm bore glass column was used and l-50 g of chromium molyb- 
date was put in the column with a glass-wool support. The column was washed with demineralized 
water and the amount of cation added to the column was less than 3 % of the experimental ion-exchange 
capacity of the exchanger. The flow-rate of the effluent was 8-9 drops/m& All the cations other than 
lead were eluted with O-234 ammonium chloride and finally lead was eluted with 1M ammonium 
chloride in 0.1M nitric acid. The amount of chromium and molybdenum dissolved in O*lM nitric 
acid was found to be 0.00 and 15.2 x lo-‘ g/l. respectively. The cations were determined by EDTA 
titration and no interference due to the dissolved molybdenum was observed. All other details were 
similar to those reported earlier.6-7 

Physical measurements 

X-Ray photographs were taken with nickeMltered CuKa radiation by the powder method. 
For infrared studies the KBr disc method was used. For thermoanalytical studies O-20 g of the ex- 
changer in the hydrogen form was heated at 6”/min. High-frequency and conductimetric titrations of 
chromium(II1) with arsenate, molybdate and tungstate were performed under conditions similar to 
those used for the synthesis of the respective compounds, i.e., for high-frequency titrations 2 ml of the 
O*lOM solution of sodium arsenate, molybdate or tungstate were taken in the cell and a 0*10&f solu- 
tion of chromic chloride was added from the burette. For the conductimetric titrations 5 ml of the 
solution were taken in the cell. The reverse titrations were not possible, owing to continuous change 
in the conductivity of the chromic chloride solution. 

Analytical procedure 
A 0.20-g portion of the exchanger was oxidized in a porcelain crucible with sodium peroxide and 

the cbromium(II1) was titrated volumetrically with ferrous ammonium sulphate.l” Another 0.20-g 
portion was dissolved in hydrochloric acid, and arsenic was precipitated as sulphide and determined 
by Volhard’s thiocyanate method.’ Antimony was also precipitated as the sulphide and determined 
with potassium iodide.” Tungsten and molybdenum were determined as lead tungstatell and molyb- 
dateIs after removal of chromiurn(II1) as the hydroxide. 

To determine the solubility of the chromium(III) compounds, 0.50 g of the exchanger was shaken 
for 8 hr with 100 ml of the solution concerned, in a temperature-controlled shaker. The undissolved 
exchanger was filtered off and in the filtrate chromium was determined spectrophotometrically as 
dichromate.” Arsenic, antimony, molybdenum and tungsten were also determined spectrophoto- 
metrically by the molybdenum-blue ,’ Rhodamine B,’ potassium thiocyanate** and sodium thio- 
cyanatell methods respectively. 

Physical properties 

RESULTS 

Some of the properties of chromium(III) compounds are recorded in Table I. 
All the compounds remain as stable gels in water, except chromium arsenate which 
disperses on shaking. The equilibrium pH of the system consisting of water and the 
hydroxide, arsenate, antimonate, molybdate and tungstate gels was found to be 35, 
3.6, 4.6, 3-5 and 3.2 respectively. The gels crack on immersion in water, with slight 
evolution of heat. 
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TABLE II.--sOLUBILITY OF HYDROXIDE, ARSENATE, ANTIMONATE, MOLYBDATE AND 

TuNGSTATB OF CHROMIUM(~), q/l AT 30 f 1°C. 

Water 4M HCl 4M HNOs 

Cr X Cr X Cr X 

CrOH 2.25 - 
CrAs 0.0 5.00 
CrSb 4.25 1.75 
CrMo 0.0 1.20 
CrW 3.00 0.40 23.0 

dc 
dc 
dc 
dc 

5.50 

21.8 

11.3 

dc 
dc 

dc 
38.0 

5.0 

dc = dissolves completely, X = arsenic, antimony, molybdenum or tungsten. 

Chemical properties 

The saturation ion-exchange capacity and the change in colour of the exchangers 
dried at 40,200 and 500” are recorded in Table I. The ion-exchange capacity of chro- 
mium hydroxide at pH 0*75,7*00 and 12.00 is l-32 (anion-exchange capacity), 090 and 
1.64 meq/g (cation-exchange capacity). 

Separation studies 

The Kd values obtained are recorded in Table III. The ionic radii are those tabu- 
lated by Cotton and Wilkinsonl* and reported by Templeton and Dauken.15 On the 

TABLE III.-DISTRIBUTION COEFTICJENTS OF METAL IONS ON HYDROXIDE, ARSENATE, 
ANTIMONATE, MOLYBDATE AND TUNGSTATE OF CIiROMIUM(III) AT 33 f 1”. 

Cations Ionic radius, 
A" CrOH CrAs 

& values, ml/g 

CrSb CrMo CrW 

Mg=+ 0.65 3 0 9.0 x 108 0 0 
Ca*+ 0.99 0 3 9.0 x 102 0 0 
Sr2+ 1.13 13 3 4.6 x lo3 6 6 
Baa+ 1.35 1.0 x lo* 37 11 x 10’ 48 48 
Nia+ 0.69 11 5 5.2 x 10s 0 0 
cop+ 0.72 19 23 11 x 108 7 5 
cua+ 0.96 9.7 x 102 40 8.3 x 10’ 2 2 
Mna+ 0.80 17 36 3.2 x IO* 56 0 
Pb2+ 1*21 3.0 x 108 1.8 x lo2 15 x 10’ 2.0 x 108 2.3 x lo* 
VO”f - 6.2 x 10’ 4.1 x 102 2.9 x lOa 71 50 
Zn2+ 0.74 27 18 2.5 x 10’ 1-o x 10” 13 
Cd*+ 0.97 6.6 x 10” 0 6.0 x 10’ 32 14 
HgZ+ 1.10 5.6 x 10’ 45 2.0 x 10s 17 20 
AP+ 0.50 2.6 x lop 29 2.2 x 10’ 29 0 
Gas+ 0.62 1.8 x 10s 4.3 x lo* 2.0 x 10’ 5.2 x 1Oa 2 
Ins+ 0.81 1.1 x 10’ 5.2 x 1Oa 2.4 x 10’ 59 9 
Ya+ 0.93 49 7 6.6 x 108 12 7 
La*+ 1.15 53 16 6.0 x 10s 22 1.1 x 10” 
Ces+ 1.03 78 33 7.9 x 10% 19 0 
PrS+ 1.01 60 13 7.5 x 108 1 1 
NdJ+ 1.00 66 1.1 x 10’ 8.2 x 10’ 7 25 
Sma+ 0.96 71 2 6.3 x 10’ 0 2 
Fe’+ 0.75 7.4 x 108 3.2 x lOa 4.1 x 108 0 0 
Tll’+ - 1.9 x 108 5.7 x 102 4.9 x 10’ 100 40 x 10’ 
ZrO’+ - 6.1 x 10’ 1.5 x 108 6.1 x 1Oa 5.2 x lO* I.6 x 10’ 
HfOl” - 3.0 x 108 3.0 x 10’ 3.0 x 10s 3.0 x 108 3.0 x 103 
sea+ 0.81 1.1 x 10’ 1.4 x 10” 7.1 x 10s 25 44 
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TABLE IV.-SEPARATION OF Pb”+ FROM Ni’+, Co’+, Mn’+ AND Cu”+ ON 
CHROMIUM MOLYBDATE COLUMNS. 

Mixture separated 
Volume of 
effluent, ml Taken, ~g Found, /e Error, % 

Nia+ 

PbB+ I 

80 220 222 +0*9 

130 776 776 coa+ 1 100 223 225 +8.8 
Pbs+ 130 776 791 4-1.7 
Mna+ 

I 
110 207 211 t1.9 

Pb”+ 120 776 781 +0.7 
cl?+ 

1 
100 239 236 -1.3 

Pb2+ 130 776 781 +0*7 

basis of the Kd values, Pb2+ has been separated6 from Ni2+, Co2+, Mn2+ and Cu2+ on 
chromium molybdate columns (Table IV). In addition to the separation already 
achieved, some possible separations on the basis of Kd values for chromium(II1) 
compounds are given in Table V. 

TABLE V.--POSSIBLE SEPARATIONS OF CHROMIUM~) COMPOUNDS. 

Compound Possible separations 

CrGH 

CrAs 
CrSb 

CrMo 

CrW 

Pb*+ from numerous metal ions; Al’+ from Gas+ and In*+; La*+ from SC*+ 
and Th4+; and SC*+ from Y”+ and Ca*+. 
Mg+ from Ala+ and Sea+; HfO@+ from Th’+; and Sm*+ from Nd*+. 
Mg*+ from Ban+, Cu*+; Gas+ from Ba*+; Mn*+ from CO’+, Ni*+, Cu’+, 
Ala+, VG*+ and Feaf; and La*+ from Ca’+. 
Bas+ from Mg*+ and Ca*+; Ga*+ from In’+, Al*+ and Fe*+; and HfO*+ 
from ZrG*+. 
HfG*+ from numerous metal ions; La*+ from Cea+, Prs+ and Sm’+; and 
Pb*+ from Mnlf, Cu*+, Nip+, Co’+ and Fea+. 

Physical studies 
X-Ray powder photographs show that all five compounds in the hydrogen form and 

dried at 40” are amorphous. 
Infrared spectra of the five compounds dried at different temperatures are similar 

and resemble those reported for antimonic acid and sodium antim0nate.l Therefore a 
similar band assignment may be given as follows. The bands with maxima at about 
3300, 1380 and 1610 cm-l are characteristic of the stretching vibration of interstitial 
water and OH groups [vr(H,O or OH)], the M-OH deformation vibration [6,(OH)] 
and the deformation vibration of interstitial water [6,(H,O)] respectively. The band 
with maxima at about 600480 cm-r is due to the stretching vibration of M-O 
[y2(Cr-0)] and the deformation vibrations of anions [6,(AsOJ]. 

The thermoanalysis results are shown in Figs. 1 and 2. 

DISCUSSION 

All the five salts of chromium(III), reported here, were first prepared under varying 
conditions. The conditions of preparation finally chosen were those which appeared 
to give reproducible and fairly stable products. These conditions were adhered to in all 
preparations to facilitate comparison. The results of chemical composition of arsen- 
ate, molybdate and tungstate of chromium(II1) obtained by electrometric titrations 
are in good agreement with those obtained by chemical analysis (Table I). Chromium 
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25 

+ Chromium 

c Chromium Antimonote 

- Chromium H‘ydroxide 
-X- Chromium Arsenate 

-k- Chromium Tungstote 

Temperature, OC 

FIG. l.-TGA graphs of chromium(II1) compounds. 

AT -- R, Chromium Tungstate 

+- &Chromium Molybdate 
--- I?, Chromium Antimonate 
- &Chromium Arsenate 
-- Rs Chromium Hydroxide 

400 600 
Temperature, OC 

600 lOOa 

FIG. 2.-DTA graphs of chromium(II1) compounds. 



Studies on chromium(U) 1383 

antimonate has a composition different from that of the other compounds studied. 
The great tendency of antimony pentachloride to hydrolyse even in dilute mineral 
acids, as distinct from arsenate, molybdate and tungstate, is responsible for this devia- 
tion. Nitrogen was not detected in the hydroxide and antimonate of chromium(III), 
and there is therefore no possibility of either NH, or NH4+ being present in these 
compounds. 

The infrared spectra show that the band at 1610 cm-l is absent in the compounds 
dried at 200” except in the case of chromium antimonate in which it is absent if the 
compound is heated to 500”. The intensity of the bands located at 3300 and 1380 
cm-l is also diminished as the drying temperature increases. At 500” the bands ob- 
served correspond to the respective oxides. The sequence for the thermal stability of 
the exchangers on the basis of infrared studies is CrSb > CrAs > CrOH > CrMO > 
CrW. It is also clear from the infrared spectra that all the compounds under study con- 
tain free water molecules as well as OH groups. The hydrogen ions attached in the form 
of OH groups are responsible for the ion-exchange capacity. These chromium(II1) 
compounds are probably formed as a result of condensation of chromium hydrox- 
ide with the hydrated oxides of arsenic, antimony, molybdenum and tungsten. 
The monofunctional behaviour and cation-exchange capacity data (Table I) support 
these conclusions. Thermoanalytical results (Figs. 1 and 2) show that the weight loss 
% is in the order CrOH > CrSb > CrMo z=- CrAs > CrW, but because the formula 
weights differ so much, this is not a guide to the degree of hydration, which is in the 
order CrSb > CrW > CrMo > CrAs > CrOH. The TGA and DTA curves are 
similar to those reported for zirconium phosphate.ls The exothermic peak at 380” 
in the DTA curve of chromium hydroxide, not found for other compounds, may be due 
to the conversion of chromium hydroxide into the oxide. At above 500” the weight 
of all the compounds is almost constant. Therefore the endothermic peaks at 170- 
190” seem to be due to the loss of either free water or water formed by the condensation 
of OH groups, and the exothermic peaks at higher temperatures are due to the forma- 
tion of the corresponding oxides. The gradual change in the colour and the ion- 
exchange capacity of the compounds with increase in drying temperature (Table I) 
confirm these conclusions. 

On the basis of these observations and the reportedl’ species 

( 1 

YOY 
/ \o/ \ 

the following tentative structure, similar to that of titanium antimonate3 and hydrated 
chromium sulphate,l* may be postulated for the chromium(II1) compounds. Con- 
sider the case of chromium antimonate. 

The Cr: Sb ratio by chemical analysis is 1: 2.95. On heating, the oxides are produ- 
ced, which should be in the same mole ratio. Allowing for experimental error, this 
may be rounded off to a 1:3 ratio. Therefore the empirical formula weight for 
Cr,03*3Sb,0, is approximately 1122. The total weight loss on heating is 26%, 
so if n is the number of moles of water per mole of “mixed oxide”, 

18OOn/(1122 + 184 = 26 and n = 21.9. 
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Again allowing for error in the TG work, we can write the formula as 

Cr,0,*3Sbz05*22H,0, 

formula weight 1442. The cation-exchange capacity on the basis of two protons per 
formula weight is 2000/1442 = 1.39 meq/g. 

Therefore the structure of chromium antimonate may be written as: 

r FT.0 H,O 6HaO Hz0 

where the protons marked with an asterisk are those considered responsible for the 
ion-exchange. 

For the other compounds we have Cr,O,*4H,O, Cr,O,*2As,O,*9H,O, Cr,O,- 
4Mo0,*12H,O and Cr,O,.4WO,*15H,O, which may be written as Cr(OH),*H20, 

Cr,O,~$AsOJ,*3H,O, Cr,O,(&MoOJ,.8H,O and Cr,O,(&,WOk),*l lH,O. The 
hydroxide groups attached to chromium do not appear to have exchangeable protons 
whereas those attached to arsenic, antimony, molybdenum or tungsten do. The ion- 
exchange capacity calculated as above is always greater than the experimental ion- 
exchange capacity given in Table I. The amorphous nature of the compounds, i.e., 
non-availability of all the exchange sites at neutral pH, may be responsible for this 
deviation. 

The important sequences for the various chromium(III), tin(IV) and titanium(N) 
compounds are given in Table VI. It is obvious from Table VI that the properties of 
the exchangers depend upon the composition of the material, i.e., the tungstate is the 
most stable in nitric acid, the antimonate has the highest thermal stability and ion 
uptake, while the arsenate shows the greatest ion-exchange capacity. These facts 
support our earlier work on exchangers containing tin or titanium instead of chro- 
mium(II1) (Table VI). 

Like other hydroxides, 31*23 chromium hydroxide strongly adsorbs those cations 
which are prone to hydrolysis, e.g., VOW, AP+, Gas+, Ins+, Feaf, Th4+, Zr02+, 
HfOw and Sc3+ and it shows a lower uptake for bivalent cations at neutral pH 
(Table III). The molybdate and tungstate of chromium(II1) are selective as they have 
high Kd values for certain metal ions only. The corresponding arsenate and anti- 
monate show high uptake for all cations (Table III). Therefore the insoluble chro- 
mium compounds may be used to achieve separations and to soften water, though 
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toxicity studies would be necessary for the latter application. Their chief advantage is 
that they are inexpensive and are easily prepared. Their disadvantage is that they are 
not very stable in acids. It is unfortunate that Szirtes et aL4 did not report the chemical 
stability of their chromium(III) phosphate. Our results suggest that it should not be 
very stable. 
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Zusamtnenfassnq-Ftlnf wasserunlijsliche Chrom(III)-Verbindungen 
wurden durch Mischen von 0,lOM Chrom(III)-chloridlbsungen und 
LBsungen der entsprechenden Natriumsalze im Volumenverhaltnis 
1: 2 bei pH 6-7 hergestellt. Ihre Ionenaustausch-Eigenschaften wurden 
verglichen. Das Wolframat besitzt die groOte chemische Stabilitgt, 
das Arsenat die hiichste Ionenaustauschkapazititt. Chrom(III)-molyb- 
dat Saulen wurden zur Abtrennung von Pb’+ von zahlreichen Metal- 
lionen verwendet. 

R&stnn&-Qn a synthetise cinq composes insolubles dam l’eau du 
chrome(III) en melangeant des solutions O.lOM de chlorure chromique 
et des sels de sodium appropries dans le rapport de volumes 1:2, a 
pH 6-7. On a compare leurs caracteristiques d&change d’ions. Le 
tungstate a la stabilite chimique la plus &levee et l’arseniate ii la plus 
forte capacite d’echange d’ions. On a utilid des colonnes de molybdate 
de chrome(III) pour &parer Pb*+ de nombreux ions metalliques. 
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Sammary_-A review is given of the chemistry and analytical appli- 
cations of dioxime complexes from metals. 

VICINAL cr-dioximes have been used as analytical reagents for transition metals, 
especially nickel and palladium, since Tschugaeffr in the beginning of the 20th century 
discovered and outlined the selective properties of the dioximes. The most studied 
and used dioxime is dimethylglyoxime, which with nickel forms a characteristic scarlet 
precipitate, slightly soluble in water. Other widely used dioximes are a-furildioxime, 
where R = R’ = C,H,O (see Fig. l), and the ring-stabilized 1,2_cyclohexanedione- 
dioxime and 1,2-cycloheptanedionedioxime (nioxime and heptoxime respectively), 
where RCCR’ (Fig. 1) is cyclohexane and cycloheptane respectively. These reagents 
are as selective as dimethylglyoxime and have the advantage of being more soluble 
in water.a 

Many investigations have been carried out to study the complexation properties 
of dioximes. Most transition metals form some kind of stable complex with these 
compounds. Usually the metal ion is co-ordinated to the functional group C(NOH)- 
C(NOH) of two dioxime molecules, as shown in Fig. 1, because the formation of four 
chelate rings will increase the stability of the complex. 

With the aim of finding useful analytical reagents, the effect on the precipitation 
of several transition metals when the substituents in a dioxime are changed has been 
studied.s*4 Dioximes prepared from large-ring diketones have thus been reported 
which precipitate bismuth, nickel and palladium. 5 For some dioximes used as analyti- 
cal reagents, an attempt has been made to find a correlation between the electronic 
structure parameters (net r-electron charge on the oxygen atoms) and some thermo- 
dynamic quantities. 6 The results are, however, too meagre to allow a theoretical 
selection of dioximes for the determination of a certain metal. 

Extensive reviews have previously been written by Babko,’ Banks,s-lo Dyrssen,ll 
and Burger.12 The present review deals mainly with the investigations related to the 
solution chemistry of the most common dioximes and their metal complexes that have 
been published and recorded in abstracts from January 1963 up to October 1971. 
It therefore constitutes a supplement to the review by Dyrssen.” Analytical proced- 
ures are summarized in condensed form only. 

SEPARATION AND IDENTIFICATION OF DIOXIME ISOMERS 

Orientation of the hydroxyl groups 

Besides cis and tram configurations (see next section) the hydroxyl groups can be 
oriented in three ways relative to each other, Fig. 2u, c, d. The anti isomer (a-form) 
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O----&_-O 

b__-_H___-6 

FIG. I.-The structnre of metal dioximes, M(HA),. 
or aromatic radicals. 

R and R’ denote H, aliphatic 
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FIG. 2.-The isomers of dioximes, H,A. 

is known to form complexes with metal to ligand ratio 1:2, whereas the amphi 
isomer (r-form) forms 1: 1 complexes. The syn isomer (/?-form), for steric reasons 
forms no complexes, The synthesis of an aromatic cr-dioxime usually yields /?- and 
y-isomers as by-products, but there is little evidence of the formation of /?- and y- 
isomers in the preparation of aliphatic and alicyclic dioximes.13 The mixed aliphatic- 
aromatic dioximes and the chlorodioximes are, however, known to exist as both anti 
and amphi isomers, see, e.g., Toul et a1.14 and Ungnade et a1.15 The isomers are usually 
identified by chromatographic or spectroscopic methods, which have replaced such 
chemical methods as colour of solid metal derivates and isomerization with acids and 
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bases. Thin-layer chromatography (TLC) has successfully been used by Toul et al?’ 
to separate and identify benzilmonoxime, benzildioxime, furilmonoxime, furildioxime 
and their isomers, and dimethylmonoxime in dimethylglyoxime. Fractional recrys- 
tallization has been utilized by Burakevich et al. l6 to isolate three isomers of phenyl- 
glyoxime. The anti-, amphi- or syn-structures were identified by TLC and reactions 
with nickel(H) ions. Isomers have also been identified by using the ultraviolet and 
infrared spectra of the dioximes15 or the ultraviolet and visible spectra of metal deriv- 
atives in solution.17-1g 

Nuclear magnetic resonance (nmr) spectroscopy seems to be a useful tool for 
identifying the isomers of a dioxime. Different chemical shifts, depending on the 
orientation of the oxime groups, are obtained for the protons in substituents adjacent 
to the oxime groups and for the hydroxyl protons. As the chemical shift of the hydroxyl 
proton is concentration-dependent, the chemical shifts of the protons in the substitu- 
ents have been used in developing criteria for the different isomers in carbon tetra- 
chloride and deuterated chloroform media. A shift independent of the concentration 
is, however, obtained in dimethylsulphoxide (DMSO), if the solution contains less 
than 5 mole % of the dioxime. 2o Guette et aI.= have calculated theoretically the chem- 
ical shifts of the hydroxyl protons of some dioximes and ketone oximes in DMSO 
in relation to the polarities and the configurations of the substituents of the rest of the 
molecule. The calculations are in fairly good agreement with experimentally obtained 
data. Tanaka et aZ.22 have reported an analytical application of nmr, using the chemi- 
cal shifts assumed to be due to the different isomers of benzil- and furildioxime. It 
was also shown that commercially available furildioxime may be a mixture of a- and 
y-furildioximes. 

Cis and trans isomerism of the a-oxime groups 

The oxime groups can be cis or trans to each other, Fig. 2a, b. Crystalline gly- 
oxime% and dimethylglyoxime 2~5 have been shown to have the trans configuration. 
The configuration in the metal chelate must, however, be cis. It has been discussed 
whether the configuration of aliphatic anti-dioximes is cis or tram in solution.26 
From an infrared investigation of glyoxime it has been concluded that this compound 
must have a trans configuration in solution. 27 Theoretical calculations on the V- 
electron systems of the cis and trans configurations of dimethylglyoxime have been 
made by Roos,~~ and Bossa and Morpurgo. 29 The absorption bands in the ultraviolet 
region and the oscillator strengths have been calculated for each configuration and 
compared with experimental data. The investigators have used different parameters 
for their calculations. The results by RooP indicate that dimethylglyoxime has a 
cis configuration, whereas Bossa and Morpurgo 2g claim that the configuration must 
be trans. The trans configuration is supported by an extensive study of dipole measure- 
ments of dimethylglyoxime and other dioximes in dioxan.% The ultraviolet spectra of 
ethylmethylglyoxime, and its singly and doubly charged anions have been determined 
by Egneus.30 These results fit with the molecular calculation on the cis configuration 
by ROOS.~ The solvent effect may, however, be important. 

Cyclic dioximes cannot have a trans configuration, as the oxime groups are fixed 
by the aliphatic ring in the cis position. Measurements of the maximum molar 
absorptivity in the ultraviolet region have shown that cyclic dioximes have a lower 
value than other, non-cyclic, dioximes. 31 The maximum molar absorptivities of the 
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complexes between a metal and various dioximes are, however, nearly the same,l 
irrespective of the configuration of the dioxime in its uncomplexed form. 

ACID AND BASIC BEHAVIOUR OF DIOXIMES; 

DECOMPOSITION IN ACID MEDIUM 

Spectrophotometric investigations 

In alkaline solution the dioxime splits off one or two protons according to equa- 
tions (1) and (2). 

\ \ 
C==NOH C==NO- 

I P I + H+ (1) 
C==NOH C==NOH 

/ / 

\ \ 
C==NO- C=NO- 

I + -t H+ (2) 
C==NOH C===NO- 

/ / 

The dissociation constant for equation (1) is generally about 1O-1o.6 and for equation 
(2) about N-l2 (see ref. 2 and Table II). 

The nitrogen atom of the oxime group has weak basic properties, and a protonation 
according to equation (3) takes place in acid medium. 

\ \ 
C==NOH + H+ f C==N+HOH (3) 

/ / 

The protonation causes a bathochromic shift of about 20-30 run from the maximum 
absorption wavelength of the neutral dioxime, with little or no change of the molar 
absorptivity. 31 The protonation constant can thus be determined spectrophotometri- 
tally. The protonation constant for dimethylglyoxime was found by Ellefsen and 
GordonS2 to be O-1 15 in hydrochloric acid at 25”. Shlenskaya et al?l obtained a value 
of O-172 in perchloric acid at 25”. The decomposition that takes place in acid solution 
was considered in both works. The investigation by Shlenskaya et aL31 indicates that 
alicyclic dioximes, e.g., nioxime, have higher protonation constants than aromatic 
dioximes, e.g., cc-benzildioxime. 

Alybina and Peshkova= have spectrophotometrically investigated the decomposi- 
tion of dioximes in acid media with respect to time and concentration of hydrogen 
ions. The stability decreases in the following order: a-benxildioxime > dimethyl- 
glyoxime > heptoxime > nioxime. It seems as if a dioxime with lower protonation 
constant is less readily decomposed than a dioxime with a higher protonation constant. 
This implies that the first step of the decomposition is a protonation. The ultraviolet 
spectrum of nioxime in 5M hydrochloric acid measured after 5 hr shows the same 
features as the spectrum of the corresponding diketone. The decomposition may thus 
be a hydrolysis of the dioxime according to the reactions in equation (4). 

\ \ 3 \ 
GNOH + H+ q+ C==N+HOH _ C-NHOH e 

/ / 
2, I 

\ \ 
C(OH)-N+H,OH += c--o + N+H*OH (4) 

/ / 
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Polarographic investigations 

The polarographic behaviour of dimethylglyoxime in acid solution has been studied 
by Spritxer and Meites. s4 A single well-defined wave is obtained at pH values below 
35. A new wave appears at a more negative potential at pH values between 3.5 and 
5.5. At pH values above 7 only an ill-defined wave at a very negative potential is 
obtained. The reduction product at pH values below 3.5 has been identified as 2,3- 
diaminobutane. The decomposition involves two protonation steps, but only one of 
the protonated intermediates is reduced. The rate-determining step is supposed to be 

CH&.J==NHOH+ CH,-C-NHOH + 
I + H+ + e- + 

CH,-C==NOH CH LNHOH a- 1 (9 
The overall reduction is suggested to proceed according to 

CH+C=NHOH+ CH8-CH--NH*+ 

CHs&NOH 
f 9H+ + Se- + I + 2H,O (6) 

CH*-CH-NH,+ 

Burger et al.85 have determined the dissociation constants for the two protonated 
species, equations (7) and (8). 

CH,-C==NHOH+ CHs&NOH 
I P I + H+ (7) 

CH,&NOH CH,&NOH 

CH,+NHOH’+ CH+J=NHOH+ 
I + I + H+ 09 

CH,-C==NHOH CH,&NOH 

The overall reaction in equation (6) was found to take place. However, the polaro- 
graphic data obtained can only be explained by assuming that both the protonated 
species are reduced. The values of the dissociation constants are 10-5’O” and 1V2’ 
respectively. The value obtained for equation (7) is much lower than that determined 
spectrophotometrically.s1~s2 

The reduction of dimethylglyoxime with stannous chloride in acid medium with 
molybdate as catalyst, has been proposed as proceeding through the formation of 
diacetyl. 36 The tinal reduction products have been identified as ammonia and acetoin 
[CH,CH(OH)COCH,]. 

The decomposition of dimethylglyoxime in hydrochloric acid has been studied by 
polarographic measurements. wxx The decrease of the concentration of dimethyl- 
glyoxime is proportional to the concentrations of unreacted dioxime and hydrogen 
ions.s* The value of the decomposition rate constant is 1.13 x 10-s Lmole-r.sec--l in 
0. 1M sodium chloride-hydrochloric acid medium containing 15 % ethanol. Different 
decomposition products have been proposed; 2,3-dinitrobutane was identified from 
its infrared spectrum,84 and polarographic data indicated hydroxylamine and di- 
acetylmonoxime. 36 No diacetyl was found in the reaction mixture.8dJ@ 

It should be observed that usually the protonation and the decomposition of 
dioximes need not be considered in the formation of metal complexes, unless the hydro- 
gen ion concentration is high and the equilibrium time is long. Practically, it is only 
the formation of palladium complexes that can be affected. 
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The polarographic behaviour of dimethylglyoxime in alkaline medium has been 
suggested to be due to a four-electron process. 37 A dihydroxylamine might be the 
reduction product. 

The polarographic behaviour of a-furildioxime has been studied in detail by Gelb 
and Meites3* The reduction proceeds in two distinct steps, both consisting of several 
stages. The first step involves six electrons. The product obtained will undergo 
transformation at a rate that depends on the hydrogen ion concentration. Further 
electrons may then be accepted. The final reaction product will depend on the hydro- 
gen ion concentration at the different stages of the reaction. Under most conditions 
eight electrons are consumed and the reaction product has been identified as 1,2-bis- 
(2-furil)ethylenediamine (c$ dimethylglyoxime). 

STRUCTURE OF METAL COMPLEXES 

X-ray analysis of simple complexes 

Many 1:2 complexes of bivalent transition metals with a-dioximes have been 
isolated. The crystal structure has been determined by X-ray spectrometry for a 
number of them. A collection of crystal data is given in the review by Dyrssen.ll 
The characteristic feature of a 1: 2 dioxime complex is the co-ordination of the four 
nitrogen atoms to the metal atom (central atom), Fig. 1. The nitrogen-metal bonds 
are usually in nearly the same plane and are almost of the same length (145-1.96 A). 
The distances between the neighbouring oxygen atoms (hydrogen bonds) in a molecule 
are short; the measured valuesll are between 2.33 and 3.03 A. The intramolecular 
hydrogen bonds between these oxygen atoms give an increased stability to the 
complex through the ring formation (see Fig. 1). The positions of the hydrogen 
atoms have not been definitely located, and it is still unknown whether the hydrogen 
bonds in dioxime complexes are linear or not. The long hydrogen bond in platinum(I1) 
dimethylglyoximate (3.03 A) has been queried by Schlemper,3Q who has found shorter 
oxygen-oxygen distances in similar nickel and platinum compounds. 

A refinement of the structure of copper bisdimethylglyoximate has been made by 
Vaciago and ZamboneIli,40 using three-dimensional data obtained at room tempera- 
ture. The crystal data differ little from those obtained earlier by Frasson et aL41 who 
used low temperature and two-dimensional data. It could be argued40 that cyclic 
delocalization of the electrons in the carbon-nitrogen bond might take place. Several 
resonance forms would then contribute to the stability. From the lengths of the 
copper-nitrogen bond it has, however, been concluded that no delocalization is likely 
to occur. 

The crystal structure of copper dimethylglyoximate dichloride has been determined 
by Svedung .42 The copper atom is co-ordinated by two nitrogen atoms within a 
molecule and the fifth co-ordination is offered by a chlorine atom of an adjacent 
molecule. The dimers thus formed are held together by two copper-chlorine-copper 
bridges. The triclinic structure is built up by chains of dimers, which are held to- 
gether by intermolecular hydrogen bonds between pairs of oxygen atoms. 

Many of the most studied nickel and palladium complexes43 are isomorphous with 
nickel dimethylglyoximate. In these complexes the metal atoms are stacked above 
each other. Metal-metal chains, which were first proposed for nickel dimethyl- 
glyoximate, 44 have been proposed as a common property of these nickel and palladium 
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dioximates. However, X-ray investigations show that nicke1,45*48 palladium4’ and 
platinumM glyoximates are not isomorphous with nickel dimethylglyoximate. None 
of these complexes has any appreciable metal-metal bonding. Nickel ethylmethyl- 
glyoximate, which exists in the two modifications CC- and #?- (according to the 
nomenclature of Anex and Krist4?, in its /?-form is isomorphous with nickel 
dimethylglyoximate. The a-form is isomorphous with nickel glyoximate. The nickel- 
nickel distances are 4.74 and 4.196 A respectively45B50 compared to 3.4 and 3.25 A 
for Bnickel ethylmethylglyoximate51 and nickel dimethylglyoximate.44 No metal- 
metal interaction is thus possible in cc-nickel ethylmethylglyoximate. A method of 
calculating the densest molecular arrangements of layers in crystals has been developed 
by Zorkii et aI.62 The predicted packing for nickel dimethylglyoximate is very close to 
that found experimentally, though it does not attain the highest possible density. 

X-ray analysis of binary complexes 

The structures of binary (mixed) dimethylglyoxime complexes containing two of the 
metals nickel, palladium and platinum, have been determined by X-ray diffraction by 
Lindoy et a1.53 The difference between the cell constants of the simple nickel, pallad- 
ium and platinum dimethylglyoximates is sma11.53 The binary complexes are iso- 
morphous with the simple ones and have themetal-metal distances 3.23-3.25 f 0.02 A. 
The X-ray data have shown that, e.g., two nickel and two palladium atoms in the unit 
cell occupy four equivalent crystallographic positions. The mixed complexes can 
therefore be supposed to built up in such a way that the metal atoms alternate in the 
metal chain extending through the crystal lattice. A disordered stacking sequence is, 
however, necessary to get a structure isomorphous with the simple complexes.53 
The close relationship between the structures of different bivalent transition metals 
explains the possibility of interfering co-precipitation of nickel, palladium and plati- 
num dimethylglyoximates with each other in analysis.54*55 

Spectrophotometric investigations of crystals in the ultraviolet-visible waveIength region 

Several spectral investigations have been made of single crystals of some metal 
dioximates, particularly nickel dimethylglyoximate. Both polarized and unpolarized 
light have been used to make clear the interaction between the central atoms in the 
crystals. It was first reported by Yamada and Tsuchidas6 that crystals of nickel and 
palladium dimethylglyoximate have an anomalous dichroism and show characteristic 
absorption bands around 500 nm that are not present in the spectra of the corre- 
sponding solutions. These facts have been taken as support for the weak metal-metal 
interaction first proposed by Godycki and Rundle.U Banks and Barnurns have sup- 
ported the metal-metal bond theory from their investigation of the absorption spectra 
of several solid nickel and palladium dioximates supposed to have metal-metal inter- 
actions. The characteristic absorption band for a metal complex in colloidal solution 
will shift to a longer wavelength when the metal-metal distance increases.57 The posi- 
tion of the band will also depend on the central metal ion and the crystal structure. 
The absorption band of single crystals of nickel dioximates, in plane polarized light 
at about 500 mn, shows “abnormal”dichroism when the nickel-nickel distance is short. 
Normal dichroism occurs when the nickel-nickel distance is long.67 
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A possibility of verifying or disproving the intermetallic bonding theory is offered 
by studying the two modifications of solid nickel ethylmethylglyoximate (cJ above). 
Anex and Krist4g have made an extensive investigation on the spectra of single 
crystals, solid Glms and solutions of cc- and b-nickel ethylmethylglyoximate, nickel 
dimethylglyoximate and nickel heptoximate. From their results they have concluded 
that the characteristic band is of an intramolecular nature. 

Another explanation, given by Ohashi et al.@ is that the odd absorption band of the 
solid phase is due to a transition within the nickel ion. The intensity of the band is 
probably increased by an interatomic charge-transfer excitation in the crystal. Ohashi 
et aZ.& calculated the ground state stabilization energy to be 5 kcal/mole for nickel 
dimethylglyoximate. This is considerably less than the value of 10 kcal/mole for the 
strength of the nickel-nickel bond calculated from solubility data by Banks and 
Anderson.s9 A molecular orbital study by IngrahamW on nickel dimethylglyoximate 
has shown no strong nickel-nickel interaction. However, in general, the molecular 
orbital calculations suffer from the disadvantage of dependence on the parameters 
used. Thus the quantitative aspects of these calculations are somewhat uncertain. 

Basu et al.” have investigated the temperature dependence of the absorption spectra 
of the solid, mixed, binary complexes of copper, nickel, palladium, and platinum 
with dimethylglyoxime. The absolute intensity is measured. No evidence for metal- 
metal bonds is obtained. On the basis of these experiments it is suggested that dioxime- 
complexes with the metal atoms stacked on top of each other (dimethylglyoximates of 
nickel, palladium and platinum) owe their crystal structure more to a favourable 
packing than to intermolecular bonds. 

From a molecular orbital treatment of the absorption bands of copper bisdimethyl- 
glyoximate Roe@ has given a theoretical explanation of the dimerization of the com- 
plex in the solid state. A covalent bond can be formed between a filled metal orbital 
of a molecule and an empty orbital of another molecule. The dimer should be further 
stabilized through the electrostatic interaction between a negatively charged oxygen 
atom and a positively charged copper atom. 

Spectrophotometric investigations of metal complexes in solution in the 
ultraviolet-visible wavelength region 

Much information about the bonds and the co-ordinations within a complex dis- 
solved in various solvents is given by the ultraviolet and visible absorption spectra. 
Satisfactory assignments of the bands require, however, theoretical calculations com- 
bined with experimental data. Copper( cobalt(I1) and iron(H) dioximates, which 
have preferably octahedral or distorted octahedral or square pyramidal configuration, 
have been investigated to study the effects on the ultraviolet-visible absorption spec- 
trum by adduct formation, replacement of ligands, substitutions in theligands, solvent 
interactions and changes in the bond strength, etc. Nickel(II), palladium(H) and 
platinum(I1) dioximates have a square planar symmetry and a small tendency to be 
co-ordinated with axial unidentate ligands, in contrast to the cobalt(H), copper(I1) 
and iron(I1) complexes. 

The ultraviolet-visible absorption spectra of copper- and nickel dimethylglyoxi- 
mates and nickel ethylmethylglyoximate have been recorded by Caton and Banks6* 
Copper dimethylglyoximate exhibits significant solvent shifts, which have been assigned 
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to changes in the nature of the copper-nitrogen bonds, due to an interaction between 
the complex and the solvents. No shift is observed for the nickel complexes. This 
partly reflects the inability of nickel dioximates to form adducts. A theoretical 
investigation of the normal (isolated molecule) and the excited states of copper di- 
methylglyoximate and its adducts with water and amines has been made by Roos.~~ 
The experimental data obtained by Dyrssen and PetkoviCB3 were used. The resultssl 
show that a configuration interaction takes place between the ligand field and the 
charge-transfer transitions in copper dimethylglyoximate. This fact should be con- 
sidered when interpreting spectral data from metal complexes with strong r-bondings. 
From the best agreement between theoretical data, calculated for a five- or six- 
co-ordinated copper ion, and experimental data, 63 the adducts with amines (B) and 
water are found to be Cu(HA),B and Cu(HA),(H,O), respectively. 

Iron(I1) dioximates with the composition Fe(HA),(pyridine), have a strong absorp- 
tion band between 510 and 570 nm, which has been assigned to the metal -+ dioxime 
charge-transfer.- The position of this absorption band is correlateda to the 
C-N stretching band at 1500 cm-l and the vibration band for Fe-N in the region 
650-500 cm-l. The charge-transfer band and the C-N stretching band of these 
complexes shift towards longer wavelengths in the order dimethylglyoxime < ni- 
oxime < a-benzildioxime < a-furildioxime, while the Fe-N vibration band will 
shift towards shorter wavelengths .64 It is thus seen that in this type of iron(I1) com- 
plex the absorption wavelength shifts are related to the increasing effect of the donor 
v-bond. The ultraviolet-visible spectra of bisdimethylglyoxime(pyridine)copper(II) 
resembles those of the corresponding iron(I1) compound, and the same absorption 
ranges have been found.= 

The influence of substituted pyridines on the ultraviolet-visible spectra of iron(H)- 
nioxime-pyridine complexes has been studied by Sanders and Day.g7 The solvent 
effect for the bisnioxime(bispyridine)iron(II) complex has also been investigated. 
The charge-transfer absorption bands are iron(H) -+ dioxime (~525 mn) and 
iron(I1) + pyridine (~0 nm, -295 nm). Electron-donating and electron-with- 
drawing substituents in the pyridine ring shift the 400-nm band to shorter and longer 
wavelengths respectively, relative to methyl substituents in the same position. The 
metal + dioxime band (525 run) is, however, displaced in the opposite direction, 
thus showing an influence by the donor v-bond. The iron + pyridine absorption 
bands show a marked solvent effect. The iron --t dioxime absorption band is only 
slightly affected by the solvent. The solvent effects are due to both the dielectric con- 
stant and the hydrogen-bonding power of the solvent. However, the large solvent 
shift for the 400-nm band may also be caused by the rotation of the pyridine rings 
around the z-axis, as no dissociation of the complex has been observed. Solvents more 
basic than pyridine have not been used. 

Co(II1) compounds with the composition Co(HA),B,+, where H,A = a-dioxime 
and B = substituted anilines, have been investigated by Matsumoto et a/.@*69 The 
characteristic absorption bands are found between 300 and 375 nm, and 340 and 400 
nm. The latter band is assigned to aniline * metal charge-transfer, because a linear 
correlation is found between the absorption frequencies and the ionization potential 
of the substituted aniline. The position of the band will shift when different substituted 
anilines are used. No effect is observed when the structure of the dioxime molecule is 
changed. The band between 300 and 375 mu is assigned to the metal + oxime 
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charge-transfer and moves towards longer wavelengths in the order dimethylglyox- 
ime < nioxime < a-benzildioxime < a-furildioxime (cJ the system iron(II)-dioxime- 
pyridinesM6). 

The absorption spectra of palladium complexes with dimethylglyoxime, nioxime, 
heptoxime and cr-furildioxime have been recorded in various solvents by Alimarin 
et ~1.‘~ The spectra have been resolved into their bands and the oscillator strength 
of the different resolved absorption bands has been determined. For analytical pur- 
poses it may be interesting to note that the molar absorptivity of palladium cr-furil- 
dioxime is considerably higher than that of the other complexes investigated. 

In acid solution a neutral dimethylglyoxime molecule may be co-ordinated to a 
copper ion. Babko et ~1.‘~ have recorded the absorption spectra of acid solutions 
containing dimethylglyoxime and Cu(I)Cl or Cu(II)Cl,. The spectra differ from those 
of the corresponding acid copper chloride solutions without dioxime. The complexes, 
proposed to be Cu(I)H,ACl and Cu(II)H,ACl,, are only formed in acid solutions. 
Corresponding complexes of copper(I) with other anions than chloride do not seem 
to be formed. Some of the lanthanides have been claimed to form similar complexes,72 
e.g., Ln(III)H,ACI,(H,O),Cl. From the ultraviolet-visible spectral data it can be 
observed that the interaction between the metal and the dioxime is very weak. The 
difference between the spectra of the uncomplexed and the complexed species is very 
small both with respect to the absorption wavelengths and the intensities. 

Infrared investigations of metal dioximes in solidphase and solution 

Most infrared investigations have been focused on the stretching frequencies of 
the hydroxyl groups and the hydrogen bonds that are present in all known bivalent 
transition metal dioximates with the ligand to metal ratio 1:2, see e.g., Blinc and 
HadZi,73 Burger et al. ,74 Caton and Banks.75 

A more complete assignment of the chelate ring vibrations has been made by Bigotto 
et ~1.~~0~’ The spectra for the solid glyoxime and dimethylglyoxime complexes with 
some transition metals have been investigated between 4000 and 200 cm-l. The 
assignments of the bands are done on the basis of the potential energy distribution. 
By this method it is found that the bands in the 2200-2700 cm-l region originate from 
pure O-H-O stretchings and that the bands near 1700 cm-l are due to almost pure 
O-H-O bendings. The asymmetric C-N stretching band is found between 1500 
and 1600 cm-l and the symmetric C-N stretching band between 1300 and 1400 cm-l. 
These bands show, however, coupling with other vibrations, e.g., C-C. Several of 
the vibration bands below 800 cm-l are associated with the metal-nitrogen stretching 
mode. This is especially marked for the bands near to 500 cm-l. An approximation 
of the force constants has been done so that good agreements are finally obtained 
between the observed and the calculated frequencies for all the investigated complexes. 
The force constants of the metal-nitrogen bonds decrease in the order Pt(I1) > 
Pd(I1) > Cu(II) > Ni(I1). A comparison between the stability constant9 of copper, 
nickel and palladium dimethylglyoximates shows a decrease in the same order 
(cJ Table II). 

Caton and Banks7s have made an extensive infrared study of the hydrogen bonds 
in copper and nickel dimethylglyoximates, nickel ethylmethylglyoximate and their 
deuterated analogues. The infrared spectra of the crystalline compounds and their 
chloroform solutions were recorded. The crystalline copper bisdimethylglyoximate has 
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two different oxygen-oxygen distances, 40 2526 and 2.694 A, and two absorption bands, 
2382 and 2650 cm-l respectively, have been assigned to the O-H-O stretch@. 
The hydrogen atom is symmetrically located between the two close oxygen atoms, 
but the deuterium atom is not, according to the “abnormal isotope effect”.‘s A very 
small wavelength shift is obtained upon deuteration, because the increased bond 
strength will counteract the increased mass. Between the farther apart oxygen atoms 
both the deuterium and the hydrogen atoms are expected to be located unsymmetri- 
cally. The frequency shift in this case (from 2650 cm-l to 1977 cm-l) is in accordance 
with the increased mass. The oxygen-oxygen distances of the nickel complexes 
investigated are so short 44*5o (2.40 and 2.33 A respectively) that both the deuterium 
and hydrogen atoms are supposed to be symmetrically located between oxygen atoms. 
The infrared spectrum of copper bisdimethylglyoximate in solution exhibits only one 
OH stretching band, which is in the same region as that for the nickel complexes. 
It is thus concluded that the oxygen atoms rearrange in solution and yield equal lengths 
for the oxygen-oxygen bonds.75 

The infrared spectrum of crystalline copper dimethylglyoximate dichloride42 
shows two absorption bands at above 3000 cm-l that can be assigned to hydroxyl 
stretchings of associated hydroxyl groups. The crystal structure indicates that one 
intermolecular hydrogen bond exists between two oxygen atoms close to each other. 
The other bond is an intramolecular interaction between the chlorine atom, bound to 
one copper ion, and the nearest oxygen atom that is involved in the intermolecular 
hydrogen bonding. The absence of a distinct C-N stretching band is puzzling and 
has not received a proper explanation. Mikhel’son and Evtushenko7s have obtained 
the same spectrum of crystalline copper dimethylglyoximate dichloride but have given 
a different interpretation. They have suggested that a tautomeric transformation 
takes place. The hydrogen atoms should thus be attached to the nitrogen atoms and 
the copper ion should be co-ordinated through the oxygen atoms. The bands ap- 
pearing at above 3000 cm-l have, however, the same position as in dimethylglyoxime, 
showing the presence of associated hydroxyl groups. 

Burger et al. 74 have recorded the infrared spectra of several metal dioximates. 
The nature of the hydrogen bonds and the existence of a metal -+ C=N donor 
r-bond are discussed on the basis of the data obtained for C=N and O-H-O 
stretchings. 

Electron paramagnetic resonance investigations 

Electron paramagnetic resonance (epr) can be used to determine the co-ordination 
in a metal complex. The epr data also give information about the covalent or the 
ionic character of the bonds. The method is especially advantageous when applied to 
copper complexes with ligands containing nitrogen atoms, because epr signals are 
obtained from both the copper and the nitrogen atoms. Schtibel and LutzeSO have 
calculated the epr parameters for copper methyl-, dimethyl- and ethylmethylglyoxi- 
mate dichloride and copper bisethylmethylglyoximate, assuming the complexes to be 
planar. The experimental data were obtained from spectra measured at 77 K and 
300 K in ethanol and pyridine. The influence of the ligand exchange can be observed 
in the spectra of complexes with one co-ordinated neutral dioxime molecule. The 
influence of the solvent can also be studied. so The low-temperature and room- 
temperature epr signals of copper bisdimethylglyoximate in different solvents have been 



1398 BIRGITTA EGNEUS 

studied by Falk et al. ‘l The epr parameters calculated from experimental data are 
compared to the theoretically calculated epr parameters. Dyrssen and Hennichs** 
had earlier proposed that in a neutral aqueous solution of copper bisdimethylgly- 
oximate two water molecules are co-ordinated to the complex and that in the pH 
range around 10 one proton will be removed from Cu(HA),(H,O),. The epr data’l 
co&m that at pH ~10.5 a new species will appear, probably Cu(HA),(H,O)OH- 
(HaA = dimethylglyoxime). However, when the pH is increased to about 11.6, the 
epr data show that the chelate structure is broken and that the copper ion becomes 
co-ordinated to only two nitrogen atoms. The structure is probably CuA(H,O),(OH),~- 
with x + y 5 4. Above pH 14 the epr spectrum has the same characteristics as that of 
copper sulphate dissolved in sodium hydroxide. The signals are probably caused by 
Cu(OH)$-. In the epr spectra of 0.1 M pyridine and copper bisdimethylglyoximate in 
chloroform and benzene solutions where the adduct Cu(HA),C,H,N is formed,” four 
equivalent couplings of dioxime nitrogen atoms to copper are discernible. The epr 
data show no appreciable coupling to any axial nitrogen. In order to calculate the 
adduct formation constant of copper bisdimethylglyoximate with pyridine in benzene,@ 
the shift in the epr spectra (g-values at constant field strength) with increasing 
concentration of pyridine has been measured. The complex formation between 
molybdenum(V), obtained by reduction with tin(II), and nioxime and heptoxime was 
investigated by Marov et al. 84 They have concluded that an MoO(HA)$ complex is 
formed. 

Nuclear magnetic resonance investigations 

The use of nmr spectroscopy to study metal dioximates has been restricted to 
cobalt(II1) complexes. The cobalt(II1) complexes of the type Co(III)(HA),LX, 
where H,A = dimethylglyoxime, L = pyridine or triphenylphosphine and X = 
Cl-, Br, I-, CN-, NO,-, Me, Et, n-Pr or CH,CFS, have been thoroughly investigated 
by Hill and Moralle. s5 The effect of the ligand (L) on the cis or truns position of the 
different anions or groups (X) was studied. The protons of dimethylglyoxime and the 
ligand (L) give chemical shifts that could be attributed to ground state cis and truns 
effects depending on the nature of the ligand X. A correlation has been found between 
the chemical shifts of the methyl protons and the Hammett a,,,-function of the ligand 
X, which may be related to a ground state cis effect due to the changes in the electron 
density of the cis-ligands in these complexes. It has been noticed by Naumberg 
et aZ.*6 that cobalt(II1) complexes of the type Co(III)(HA),RB, where R = an alkyl 
group and B = a base, show a magnetic non-equivalence between the dioxime methyl 
groups, confirming the presence of an asymmetrical nitrogen atom. 

Mhsbauer investigations 

Massbauer spectroscopy has been used by Burger et aZ.s7*88 to study the structure 
and bonding relations of iron(I1) and iron(II1) complexes. The spectrum of solid 
iron(I1) dimethylglyoximate shows that the complex must be polynuclear, as iron(H) 
has two bonding states. The crystals are thus built up”’ by molecules of NaFe(HA),OH 
and Fe(HA), in the ratio 2: 1. The isomeric shifts of iron(I1) and iron(III) dimethyl- 
glyoximate are nearly identical, showing that the s-electron density for both iron nuclei 
must be the same. The isomeric shift for the iron(H) cr-furildioxime complex is smaller 
than for other investigated dioximes,@ indicating that the s-electron density is relatively 
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high compared with the other complexes. It has been pointed outs9 that an iron(I1) 
spectrum must be measured under anaerobic conditions. A composite spectrum of 
signals from both iron(I1) and iron(II1) is otherwise easily obtained, like the one re- 
ported for iron(salicylaldoxime. s7 The strength of the v-bond has been studied 
in the complexes Fe(II)(HA),B,, where H,A = dimethylglyoxime and B = a sub- 
stituted pyridine. Q” Methyl groups in a- and y-positions of the pyridine molecule 
strengthen the n-bonds by attracting the charge from the iron(I1) atom. A methyl 
group in the /?-position weakens these bonds. A greater effect is thus obtained in the 
spectra of the complexes with B = a- and y-substituted pyridines than in the spectrum 
of the complex with B = b-substituted pyridines. 

Miscellaneous investigations 

A great number of composite complexes, especially of cobalt(III), have been 
prepared and analysed. In Table I references are given to some papers containing 
information on the preparation and characterization of Co(HA)XY compounds. 
As the aim of the investigations has often been to study the mechanism of substitution 
reactions, e.g., the exchange of the ligands X and Y in Co(HA)&Y, the determination 
of the structure of the compounds by the methods mentioned above is in most cases 
of secondary importance. With few exceptions composite complexes have not been 
utilized for analytical purposes. Adduct formation has, however, been used in the 
determination of iron(I1) and cobalt(I1) with dimethylglyoxime (see Table III), and 
Zolotov and VlasovaQ1 have studied the ion-pair extraction of the Co(III)(HA), 
(pyridine),’ ion with different anions. Bearing in mind the possible analytical use of 
the composite cobalt(II1) complexes in the future, it seems worthwhile to give a short 
summary of some investigations. 

The associated water molecule in cobalt(III) complexes of the type CoX(HA),H,O 
with X and H,O in tram positions (H,A = dimethylglyoxime, X = Cl-, Br, OH-, 
NO,-, H,O, NH, and amines) can dissociate124*12s according to 

CoX(HA)~HIO + CoXOH@J.A)t- + H+ (9) 

Palade et al.lz have shown that the degree of dissociation is dependent on the influence 
of the ligand X in the tram position. The more trans-active X is, the lower the dissoc- 
iation constant. The tram effect was found to diminish in the order OH- > NO,- > 
Br > Cl-. The proton may also be dissociated from the dioxime according to 

CoXY(HA),- + CoXY(HA)(A)*- + Hf (10) 

with Blc, CN- and NOz- as X and Y ligands. The dissociation constant has been 
determined spectrophotometrically by Birk et al. 12~ Additional X and Y ligands (e.g. 
NH, and aromatic amines) have been investigated by others.127*12s The replacement of 
iodine with water has been determined for dimethylglyoxime complexes with the 
composition CoXI(HA),, where X = Cl-, Br, I-, NO,-, SCN-, N,O. The values of 
the equilibrium constants for the reaction 

CoXQH& + HI0 s CoX(HA),(H,O) + I- (11) 

have been determined by Dubinskii .I29 The value will increase with the increasing 
tram-activity of the ligand X in the order I- < H,O < Cl- < Br ( NO,- <SCN-. 

In a recent work Burger et al. 130 have used Co(HA),(solvent),+ as a reference 
acceptor for studying the donor strengths of different solvents. The iodide ion was 
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found to be the most advantageous ligand for the displacement of the solvent molecules. 
The substitution of the first solvent molecule, according to 

co(HA)Bsp+ + I- + COINS + s (12) 

where S denotes the solvent molecule, is promoted by the electrostatic interaction 
between the iodide ion and the complex cation. The equilibrium constant for equation 
(12) can be correlated with the donor strength of the solvent. The displacement of the 
second solvent molecule according to 

CoI(I-IA),S + I- P CoIP(HA),- + S (13) 

can be related to the dielectric constant of the solvent. The dissociation of CoI,(HA),- 
will increase with increasing dielectric constant, mainly on the basis of the easier solva- 
tion of the iodide ion. Several dioximato compounds of rhodium(II1) have been 
prepared in analogy with the corresponding cobalt(II1) complexes.131--133 The 
similarity in the X-ray diffraction patterns of [M(HA),(NH&]C1*5H,O where 
H,A = dimethylglyoxime and M = Co, Rh, indicates that the compounds are iso- 
structural.132 The dissociation constant in aqueous solution for the reaction 

I~oIA)~(NH*)*l+ + fi(=V(A)(NH& + I-I+ (14) 

has been determined.131 The value is log K = -7.10, which is considerably higher 
than the value for the corresponding cobalt(II1) compound (-10.5 according to 
Yamano et aZ.127). 

When the mixed complex between Co(II), dimethylglyoxime and the anions Cl-, 
Br, I- and SCN- is formed, only one proton is removed.as135 The composition 
is CoX,(HA)(H,A)-, whereas it iP CoX,(HA),- for X = SeCN-. In a similar study 
of Fe(I1) only the complexes with the composition FeX,(HA),- have been found. 
The stability constants for both Co(II)-and Fe(II)-dimethylglyoxime-X complexes 
increase in the order Cl- < Br < I- < SCN- < SeCN-. The co-ordination of 
SCN- and SeCN- is believed to take place through the sulphur and selenium atoms,13’j 
because in the infrared spectra of the complexes the CEN stretching band appears at 
increased frequencies in the order SCN- < Co(SCN)+ < CoSCN(HA),-. A co- 
ordination through the nitrogen atom should cause a decrease of the C!=N frequency. 
The same behaviour has been found for the corresponding complexes with SeCN-. 
When Co(II)(HA), is oxidized in aqueous solution, a cobalt(II1) complex with 
Co :HA- ratio 1: 3 is formed.136 Spectrophotometric data have shown that Co(HA), 
does not co-ordinate SCN- and hence the oxidation of Co(HA), to a Co(II1) complex 
can be inhibited by the addition of SCN-. It is believed that the oxidation takes place 
through the complex CoOH(HA),-, which is less readily formed than the compound. 

CO(SCN),(HA),~-. 

The stability constants for the following reactions between cobalt(I1) and di- 
methylglyoxime or nioxime have been determined for different ionic strengths.13’ 

Co(HA)(H,A)+ + I- + CoI(HA)@I,A) (15) 

CoI(HA)(H,A) + I- t CoI,(HA)(H,A)- (16) 

As the iodide ions replace co-ordinated water molecules, the stability constants can 
be correlated to the water activity (ionic strength). The values of log Kr for equation 
(15) increase with increasing ionic strength, i.e., the water molecule is more easily 
substituted at low water activity. 137 The formation of a neutral complex probably also 
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promotes the co-ordination of the first iodide ion. The ratio between the stability 
constants Kr [equation (15)] and K2 [equation (16)] increases with increasing ionic 
strength. The co-ordination of the second iodide ion to form the negatively charged 
complex CoI,(HA),- may be hindered by the increasing concentration of anions. 

THE SOLUTION CHEMISTRY OF METAL DIOXIMES 

Formation constants 

The selectivity of a dioxime can be interpreted in terms of the stability constants 
for the metal complexes. The following reactions may be considered in addition to 
the H,A equilibria: 

Ma+ + HA- + MHA+ (17) 
MHA+ + HA- P M(HA), (18) 

M@%(s) + M(HA), (1% 

WW&q) + MGWdorg) (20) 

The equilibrium constants are Kr (= @, K,, K,, and Kn, respectively. The techniques 
used for the determination of the constants are, e.g., potentiometric titration, spectro- 
photometric determination, solubility and distribution experiments. Sometimes 
competing equilibria with other ligands are used. 

Dyrssen* has made a compilation of the stability constants for dioximes and their 
metal complexes up to 1964. In Table II the values of the stability constants deter- 
mined since 1964 are given for the most common uic-dioxime complexes. 

Table II shows that the values of K,, K. and pZ (= K&J for the metal complexes 
change with the dioxime. Generally it can be said that the value of K, is higher than 
statistically expected, owing to the stabilization brought about by the formation of the 
hydrogen bonds (Fig. 1). The relative distribution of the metal species in solution 
with various concentrations of dioxime anions is shown in Fig. 3. It is evident that in 
the case when K’ < K, the range for M(HA)+ is rather small compared to the ranges 

005 

-2 -I 0 I 2 

FIG. 3.-The distribution of the species M I+, M(HA)+ and M(HA), as a function of 
log v = log (HA-1 + ) log /?I. 
- /?J/?, = KJK, = 0.1 
------&'~/9, = KJK,= 1 
-I---- p1”//3, = KJK, = 10 
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for M2+ and M(HA),. This means that the separate determination of K1 and K, is 
difficult to carry out accurately, and that the dominating reaction, with excess of diox- 
ime anion, can be expressed as 

Ma+ + 2HA- + M(HA), (21) 

with the equilibrium constant /la. This will simplify the treatment of dioxime equilibria 
in analytical chemistry, since only one complex needs to be considered. 

The thermal stability of some metal dioximes has been investigated by Burger 
et ~1.~58 The results show that the stronger the co-ordinate bond is, the lower is the 
initial decomposition temperature. This shows that the metal-nitrogen bonds in the 
chelate ring do not rupture first, but some other bond weakened by the co-ordinate 
bond. A comparison between the thermal stability and the value of log p2 is, however, 
only possible for metal complexes with the same dioxime. 

Solubility 

The marked difference in the solubilities of metal dioximes in aqueous solution, 
especially nickel and palladium us. copper dimethylglyoximate, has met with much 
interest. The low solubilities and solubility products of the nickel and the palla- 
dium complexes in water have often been related to metal-metal bonds in the 
crystals.4s*44~61~s7~62 A determination of the solubilities in water of a- and #?-nickel 
ethylmethylglyoximates has shown that a-nickel ethylmethylglyoximate, in spite of its 
longer nickel-nickel distance, has a lower solubility than /Xckel ethylmethylgly- 
oximate.lM This supports the view that the solubility is more dependent on the crystal 
packings4 than the proposed intermolecular metal-metal bonds.44*61 The distance 
between two successive molecular planes decreases in the order /?-nickel ethylmethyl- 
glyoximate, a-nickel ethylmethylglyoximate and nickel dimethylglyoximate. The 
aqueous solubility of the complexes diminishes in the same order. On the basis of these 
data an attempt has been made to express the aqueous solubility of nickel dialkyl- 
dioximates (R and R’ being alkyl groups in Fig. 1) as a function of the distance between 
the molecular planes and the number of CH, groups in the complex.lU It is suggested 
that the forces between the molecular planes can be neglected when the interplanar 
distance is more than 4 A. The solubility would then depend mainly on the number of 
CH2 groups. 

The effect on the solubility of metal dioximates due to the ligand, the metal and 
the solvation power of the solvent has been discussed for the copper and nickel com- 
plexes of dimethylglyoxime and ethylmethylglyoxime.145 The decrease in solubility 
noted for copper bisethylmethylglyoximate in water compared to copper bisdimethyl- 
glyoximate may be explained by the increased hydrophobic character of the ligand, 
which should diminish the adduct formation with water that has been shown to occur 
for copper bisdimethylglyoximate.81**2 The “loosening” effect in the solid phase 
caused by the increased number of CH, groups is discernible in the nickel complexes, 
because nickel dimethylglyoximate has a lower solubility than nickel ethylmethylgly- 
oximate in all solvents studied .‘j2 Further increase in the number of CH, groups will, 
however, probably decrease the aqueous solubility, in spite of the “loosening” effect.lU 

It can be noted that palladium complexes can be precipitated from acid solutions 
owing to the very high formation constants and the low solubility constants. A 
gradual rise in pH will, however, increase the solubility, as the hydroxy-complex 
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Pd(HA),OH- is formed.ls7 

1411 

Pd(HA), -k OH- + Pd(HA),OH- (22) 

A similar reaction occurs with the copper complexessa but not with the nickel com- 
plexes. 

Distribution 

The distribution constant can be estimated from the ratio of the solubilities in 
organic solvents and water. Chloroform is usually chosen as organic solvent for 
the extraction of metal dioximates, owing to its ability to form hydrogen bonds with 
the oxygen and nitrogen atoms of the oxime groups. The extraction of nickel is easily 
carried out from neutral or slightly alkaline solutions with the dioximes mentioned 
in Table II. No water molecules are associated with the nickel complexes with dime- 
thylglyoxime and a-benzildioxime in the chloroform phase.lss Palladium is best ex- 
tracted from acid solutions,142*167 thus avoiding the formation of Pd(HA),OH- and 
any interference from copper and nickel. The distribution constant is lower for 
palladium dimethylglyoximate than for nickel dimethylglyoximate, which may be due 
to a slight tendency of Pd(HA), to co-ordinate water molecules. 

The distribution constants determined for copper dioximates are rather low, owing 
to the solvation of Cu(HA), in the aqueous phase (adduct formation with H,O). 
For copper the distribution constant for the ethylmethylglyoxime complex is higher 
than would be expected from the constant for the dimethylglyoxime complex. The 
introduction of two CH, groupslr should increase log Kn, by l-2, but the observed 
difference is l-47. This may be attributed to the lower solvation of copper bisethyl- 
methylglyoximate in the aqueous phase. When the total concentration of copper 
exceeds 0*33mM, the extraction is markedly increased by the dimerization of the copper 
complex in the organic phase.145 

The solvent extraction of Cu(II) with a-benzildioxime into benzene has been in- 
vestigated by Einaga and Ishii. lss Two neutral extractable complexes have been found 
with metal to ligand ratios 1: 1 and 1:2. The 1: 1 complex is formed with excess of 
copper and can only be extracted in the presence of ammonium nitrate. The extracted 
species might thus be the ion-pair Cu(HA)+NOs~. The 1: 2 complex is formed with an 
excess of dioxime and the extraction constant K,, (= KD2j92KelaK~a-2) has been 
determined for the reaction 

Cu*+ + ZH,A(org) P Cu(HA)l(org) + 2H+ (23) 

The iron(II1) complex with nioxime can be extracted with chloroform or n- 
pentanol, but the overall reaction is very slow. 14D~160 The extraction curves for the two 
solvents are quite different, but in both cases the extracted compound is supposed to 
be Fe(III)(HA),. The possibilities that iron is reduced and extracted as Fe(HA), 
by chloroform or is extracted as an ion-pair Fe(HA)Z+C104- with n-pentanol have, 
however, not been considered. 

Adduct formation 

The ability of copper complexes to form adducts in the organic phase can be used 
to increase the distribution of copper. Hitherto only the adduct formation with copper 
bisdimethylglyoximate has been investigated. 63,83 Chloroform and benzene have been 
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used as organic solvents. The difference in the formation of adducts with pyridine, 
aniline and aliphatic amines is minor. 83 The formation seems, however, to be steri- 
tally hindered for tertiary amines. 

It is well known that complex formation between iron(I1) and dioximes takes 
place. The simple compound iron(I1) dimethylglyoximate has, however, not been 
isolated. On the other hand, if an organic base is added to a solution containing iron(I1) 
and a dioxime, isolation of the resulting compound can readily be achieved. The 
complex formation and extraction in the iron(II)-dioxime-amine (ammonia) system 
have been studied by Babko and co-workers .66*66 The iron(H) complexes with 
dimethylglyoxime and nioxime can be extracted from pyridine solution with chloro- 
form, but not from ammoniacal solution. 65*66 Spectrophotometric measurements 
indicate that the equilibrium in aqueous solution containing dimethylglyoxime, 
ammonia, pyridine (py) and iron(I1) is 

WW2W20)py + NH8 + lW-WdHaOWHs + py (24) 

The extracted complex is probably Fe(HA),(py),. The iron(H) complexes with a- 
benzildioximeeB and a-furildioxime1s9 are best extracted from ammoniacal solutions. 
The addition of pyridine will in this case lower the extraction, in contrast to the extrac- 
tion of iron(I1) dimethylglyoximate. Bases other than ammonia and pyridine do not 
give extractable compounds. The results thus indicate that only ammonia and pyridine 
can enter the co-ordination sphere of the complex,@ probably for steric reasons. 

Some reactions of metal dioximes in solution 

In the gravimetric determination of, e.g., nickel as nickel dimethylglyoximate the 
use of precipitation from homogeneous solution (PFHS) gives more perfect and larger 
crystals than those prepared by conventional methods. 160~161 In the reaction sequencenu 
diacetyl + hydroxylamine + diacetyl monoxime +hJ’drovlsmir dimethylglyoximez 
[yellow soluble complex] ----f red nickel dimethylglyoximate precipitate, a yellow col- 
our appears, which is normally not obtained in conventional precipitation. The 
yellow species can be extracted with chloroform. The ultraviolet-visible absorption 
spectrum of the yellow chloroform solution is the same as that of the conventionally 
formed nickel dimethylglyoximate dissolved in chloroform. The yellow colour is 
assumed to be caused by undissociated nickel dimethylglyoximate, a “monomeric” 
species which can be present in concentrations several hundreds times the equilibrium 
concentration just before the formation of the red precipitate.163 Boiling of the red 
precipitate in ammoniacal solution gives the yellow colour, i.e., separated molecules 
are supposed to exist. An explanation of this behaviour based on the ligand field 
theory is given by Magee and Gordonl@ and the statements have been verified experi- 
mentally. 

Yellow soluble nickel complexes with glyoxime, dipyridyl- and dihydroxyglyoxime 
can be formed in ammoniacal solution .lU An anionic form of nickel dihydroxygly- 
oximate, Ni(HA),-, is suggested on the basis of data obtained by the method of 
continuous variation. Though an octahedral configuration is unlikely for a nickel- 
dioxime complex, this has been suggested for Ni(HA),-. As dihydroxyglyoxime is a 
considerably stronger dibasic acid164 (pKal = 681 and pK,, = 8.66) than dimethyl- 
glyoxime139 (pK,, = 10.57 and pKaz = 12*05), alternative explanations to Ni(HA),, 
e.g., Ni(HA)A-, should be tested. 
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When an oxidant is added to nickel dimethylglyoxime in alkaline solution an 
intense red colour will appear. I*165 The reaction is complicated to explain, as both the 
dioxime and the nickel ion can be oxidized. Polarographic investigations have shown 
that a reversible two-electron reaction 164*168-l@@ takes place. The nickel ion is supposed 
to be in a quadrivalent state in the oxidized nickel dimethylglyoxime complex. The 
highest ligand to metal ratio found (3: 1) was determined spectrophotometrically.184*1@@ 

Ion-exchange studies indicate that in alkaline solution with the total concentration 
of H@A > the total concentration of Ni a+, both neutral and doubly charged anionic 
complexes are present, as NiA, and NiA@@- respectively. The formation constant for 
the reaction 

NiAa + As- + N&*- 

has been determinedfs@ to be log K@ = 3*02. 

(25) 

In the preparation of red oxidized nickel dimethylglyoximate in Osl-1M potassium 
hydroxide, a yellow colour appears before the oxidation starts. If no oxidant is added 
and the reaction solutions are kept free from air, the yellow colour persists, and nickel 
remains in oxidation state two. The solution is supposed to contain 1: 1, 1: 2 and 1: 3 
species of Ni@+: A@- in equilibrium. r70 The yellow solution can be oxidized by air,l’O 
Pb0i66 and iodine.l@@ When iodine is used, the red solution is formed only when iodine 
is present in the minimum molar ratio Ni:H@A:I@ = 2: 6: 5. Polarographic studies 
have shown that dimethylglyoxime reacts with iodine in the ratio 2: 1, and that a 
compound that can be isolated appears before the reaction with nickel will take place. 
The iodine is, however, not likely to be a part of the red oxidized complex.l@@ 

In a recent work Ksenzhek et al .171 have studied the absorption of oxygen by 
alkaline solutions of nickel dimethylglyoximate. An absorption of oxygen, which 
can be removed by physical methods, takes place first, and is followed by an irrever- 
sible oxidation when the original complex decomposes. The results do not show any 
oxidation of the nickel ion. 

The hydroxyl protons in copper and nickel dimethylglyoximates have been reported 
to be very unreactive towards methylmagnesium iodide.17a*173 This has been claimed 
to be due to the formation of strong hydrogen bonds. A recent investigation by Uhlig 
and Dorn174 shows that methylmagnesium bromide does react with the hydroxyl 
groups in metal dioximates. Methane is evolved quantitatively if the metal complex is 
dissolved in xylene or pyridine. No reaction occurs if the metal dioxime is in the solid 
state (or suspended in a liquid). 

ANALYTICAL PROCEDURES BASED ON DIOXIME REAGENTS 

In Table III the determinations of some metals have been listed together with 
condensed information on the type of dioxime, method, range of metal concentration 
and precision, interferences, applications, etc. 

The analytical problems that have been solved and the techniques that have been 
used can briefly be summarized as follows. Dioximes have mostly been used for the 
determination of nickel and rhenium in for example metals, minerals, ores, rocks, 
soils and biological materials. The nickel complex is usually determined after prior 
separation either by precipitation or chloroform extraction, i.e., the low solubility of 
the nickel complex in aqueous solution is utilized. It has been noted that when nickel 
is precipitated in the presence of cobalt and iron,l@l precaution must be taken against 
the oxidation of nickel(I1) to nickel(IV). The dioxime should thus be added to an 
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acidified solution at pH < 4, which is then made slightly ammoniacal. The precipitate 
can be dissolved in acid and analysed by, e.g., Rollet’s method,211 extraction or titra- 
tion procedures. The determination of nickel by extraction can be made rather speci- 
fic by the use of masking reagents and a carefully chosen pH. The final determination 
is preferably carried out spectrophotometrically because of the higher sensitivity 
obtained. Either the organic phase is used directly or Rollet’s methoda applied, after 
a back-extraction from the organic phase. Rhenium is determined spectrophotometri- 
tally by the sensitive reaction in acid solution between perrhenate, reduced with 
stannous chloride, and an added dioxime. The serious interferences caused by 
molybdenum and platinum seem to be best avoided by extraction with pyridine 
followed by ion-exchange. l” These comments show that no really new method has 
appeared in the determination of metals with dioximes. 

Several of the procedures quoted in Table III do not deal with any special analytical 
problems, but are included because the reactions investigated can be used for different 
analytical purposes, as often suggested by the authors. Some of these works will be 
mentioned in the following. Precipitation from homogeneous solution (PFHS) makes 
it possible to handle up to 200 mg of metal in the sample compared with 30 mg 
usually recommended in the conventional precipitation of nickel and palIadium.189 
Small amounts of nickel and palladium dioximates can be separated by co-precipitation 
with various compounds, e.g., metal dioximates,s5~18s*2M.205 magnesium hydroxidelsS 
and 2,4-dinitroaniline.202 Studies of the precipitation of nickel have shown that, owing 
to supersaturation,l@ the procedure is not quantitative for nickel unless amounts of 
more than 0.5 mg are used. Trace amounts of nickel as nickel dimethylglyoximatelse 
can be detected by mass spectrometry. However, the quantitative determination may 
be a problem, owing to difficulties in the standardization. Several spectrophotometric 
methods have been devised for cobalt, iron and manganese, using different diox- 
imes,176,is2,1E3 though the applications have not been fully outlined. 

Dioximes have also been used in the analysis of other compounds than those 
containing transition metals. The reaction between rhenium and cr-furildioxime has 
been applied to an indirect spectrophotometric determination of 3-5 ppm of nitrate.212 
Perrhenate and nitrate form a complex that is not reducible by stannous chloride in 
acid medium. Excess of rhenium is reduced and complexed with a-furildioxime. 
Urea in small amounts can be determined in blood213*214 and urine213 by the colour 
reaction with dimethylglyoxime in strongly acid solution. The advantage is that only 
small volumes are required for the quantitative determinations214 

Some reactions not used for analytical determinations are, e.g., the increased 
extraction of copper and iron(H) bisdimethylglyoximates when an adduct-former is 
added to the organic phase, and the extraction of anions as ion-pairs with cobalt(II1) 
and iron(II1) bisdimethylglyoximate cations or vice versa. An ion-exchange resin has 
been prepared by condensation of a-furildioxime with formaldehyde and pheno1.215 
The following transition metals can be sorbed from different media, Pd2+ (0-M 
hydrochloric acid), Co 2*, Ni2+, Zn2+(NH3) and Cu2+ (acetate buffer, pH 5.2). 

Subjects not much studied are the development of suitable indicators for the com- 
plexometric titrations of transition metals, e.g., by introducing chromophoric and 
hydrophilic groups into the dioxime molecule, and the preparation of ion-specific 
electrodes, especially for the nickel ion. It does not seem possible to prepare a good 
electrode from nickel dimethylglyoximate.216 
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A somewhat unusual dioxime, biacetyloximeazine [C(NOH)-C=N-N==C- 
C(NOH)] has been synthesized because of its structural relationship with dimethyl- 
glyoxime.217 The complex formed with nickel is slightly soluble in water. The complex 
molecule in the solid state is a dimer consisting of two nickel atoms and two oxime- 
azine molecules. No hydrogen bonds are formed between the oxime groups of the 
two ligands. The nickel ions may be more exchangeable than in nickel dimethylgly- 
oximate and the complex may be useful for the preparation of a nickel-selective 
electrode. Many unusual dioximes have been prepared as model substances for the 
study of biochemical (enzymatic) processes. This is only one aspect of the co-ordina- 
tion chemistry of dioximes; the analytical application of such investigations will, 
however, probably be of minor importance. 

Acknowledgement-Very grateful acknowledgement is due to Professor David Dyrssen for helpful 
discussions of this review and the material presented in it. 

Zusammenfassung-Es wird eine Ubersicht iiber die Chemie und 
analytische Anwendungen von Metall-Dioximkomplexen gegeben. 

R&mm&-Gn presente une revue sur la chimie et les applications 
analytiques des complexes de dioxime avec les m6taux. 

REFERENCES 

1. L. 2. Tschugaeff, Z. Anorg. Allgem. Chem., 1905,46,144. 
2. D. Dyrssen, Trans. Roy. Inst. Technol., Stockholm, 1964,220. 
3. E. Uhlig and E. Mann, Z. Anorg. Allgem. Chem., 1963,325,209. 
4. L. S. Bark and D. Brandon, Talanta, 1969,16,497. 
5. J. Basset, G. B. Leton and A. I. Vogel, Analyst, 1967, 92,279. 
6. G. St. Nikolov and N. Tyutyulkov, Inorg. Nucl. Chem. Letters, 1970, 6, 697. 
7. A. K. Babko, Nauk Zapiski Kievsk, Univ. im. T. G. Shevchenka., 1956,241. 
8. C. V. Banks, Analytical Chemistry 1962, Proc. Intern. Symp., Birmingham, 1962, Ed. Ph. W. 

West, A. M. G. Macdonald, and T. S. West, p. 131. Elsevier, Amsterdam, 1963. 
9. C. V. Banks, 16th Annual Summer Symposium on Analytical Chemistry, Tucson, U.S.A. 

19-21 June 1963. 
10. C. V. Banks, Rec. Chem. Prog., 1964,25,85. 
Il. D. Dyrssen, Svensk Kern. Tidskr., 1963,75,618. 
12. K. Burger, in H. A. Flaschka and A. J. Barnard, Jr., Chelates in Analytical Chemistry, Vol. II, 

p. 179. Dekker, New York, 1969. 
13. D. Monnier and W. Haerdi, Helv. Chim. Acta, 1958,41,2205. 
14. J. Toul, J. Padrta and A. Ok&?, 1. Chromatog., 1971, 57, 107. 
15. H. E. Ungnade, G. Fritz and L. W. Kissinger, Tetrahedron, 1963,19, Suppl. 1,235. 
16. J. V. Burakevich, A. M. Lore and G. P. Volpp, J. Org. Chem., 1971,36, 1. 
17. K. Shinra and K. Ishikawa, Nippon Kagaku Zasshi, 1953,74,271. 
18. K. Yamasaki and T. Matsumoto, ibid., 1955, 76, 569. 
19. K. Yamasaki, T. Matsumoto and R. Ito, ibid., 1957,78, 126. 
20. G. G. Kleinspehn, J. A. Jung and S. A. Studniarz, J. Org. Chem., 1967,32,460. 
21. J.-P. Guettt, J. Armand and L. Lacombe, Compt. Rend. Ser. C, 1967,264,1509. 
22. M. Tanaka, T. Shono and K. Shinra, Anal. Chim. Acta, 1969,46,125. 
23. M. Calleri, G. Ferraris and D. Viterbo, Actu Crust., 1966, 20, 73. 
24. L. L. Merrit, Jr. and E. Lanterman, ibid., 1952, 5, 811. 
25. W. C. Hamilton, ibid., 1961, 14, 95. 
26. C. Pigenet, J. Armand and H. Lumbroso, Bull. Sot. Chim. France, 1970,2124. 
27. E. Bore110 and M. Colombo, Gaze. Chim. Ital., 1957,87, 615. 
28. B. Roos, Acta Chem. Stand., 1965, 19, 1715. 
29. M. Bossa and G. Morpurgo, Ric. Sci., 1967,37, 1131. 
30. B. Egneus, Anal. Chim. Acta, 1968,43, 53. 
31. V. I. Shlenskaya, T. I. Tikhvinskaya and A. A. Biryukov, Vestn. Mosk. Univ. Ser. ZI, Khim., 

1970,337. 
32. P. R. Ellefsen and L. Gordon, Talanta, 1967, 14,409. 
33. A. N. Alybina and V. M. Peshkova, Vestn. Mosk. Univ. Ser. ZI, I&m, 1970,260. 



1416 BIRGITTA EGNEUS 

34. M. Spritzer and L. Meites, Anal. Chins. Acta, 1962,26, 58. 
35. K. Burger, G. Syrek and G. Farsang, Acta Chim. Acad. Sci. Hung., 1966,49,113. 
36. A. Narayanan and P. R. Subbaraman, Indian J. Chem., 1967,5,153. 
37. V. Bossa, G. Morpurgo and L. Morpurgo, Ric. Sci., 1967,37,402. 
38. R. I. Gelb and L. Meites, J. phys. Chem., 1964,68,2599. 
39. E. 0. Schlemper, Znorg. Chem., 1969,8,2740. 
40. A. Vaciago and L. Zambonelli, J. Chem. Sot. (A), 1970,218. 
41. E. Frasson, R. Bardi and S. Bezzi, Acta Cryst., 1959,12,201. 
42. D. H. Svedung, Acta Chem. Scand., 1969,23,2865. 
43. C. V. Banks and D. W. Barnum, J. Am. Chem. Sot., 1958, 80, 3579. 
44. L. E. Godycki and R. E. Rundle, Acta Cryst., 1953,6,487. 
45. M. Calleri, G. Ferraris and D. Viterbo, ibid., 1967, 22, 468. 
46. R. K. Murmann and E. 0. Schlemper, ibid., 1967,23,667. 
47. M. Calleri, G. Ferraris and D. Viterbo, Znorg. Chim. Acta, 1967,1,297. 
48. G. Ferraris and D. Viterbo, Acta Cryst., 1969, B25,2066. 
49. B. G. Anex and F. K. Krist, J. Am. Chem. Sot., 1967,89,6114. 
50. E. Frasson and C. Panattoni, Acta Cryst., 1960,13,893. 
51. A. G. Sharpe and D. B. Wakefield, J. Chem. Sot., 1957,281. 
52. P. M. Zorkii, M. A. Porai-Koshits and V. S. Psalidas, Zh. Strukt. wlim., 1966, 7, 577. 
53. L. F. Lmdoy, S. E. Livingstone and N. C. Stephenson, Znorg. Chim. Acta, 1967, 1, 161. 
54. G. Basu, G. M. Cook and R. L. Belford, Znorg. Chem., 1964,3,1361. 
55. K. Takiyama, Y. Tanigawa, Y. Yamada, T. Maehera, H. Sakashita, M. Mizukai and M. 

Tsubota, Bunseki Kagaku, 1970,19,1264. 
56. S. Yamada and R. Tsucbida, BUN. Chem. Sot. Japan, 1954,27,156. 
57. C. V. Banks and D. W. Barnum, J. Am. Chem. Sot., 1958,80,4767. 
58. Y. Ohashi, I. Hanazaki and S. Nagakura, Znorg. Chem., 1970,9,2551. 
59. C. V. Banks and S. Andersson, J. Am. Chem. Sot.. 1962.84. 1486. 

. . 60. L. L. Ingraham, Acta Chem. &and., 1966,20,283: 
61. B. Roos, ibid., 1967, 21, 1855. 
62. J. E. Caton, Jr. and C. V. Banks, Talanta, 1966,13, 967. 
63. D. Dvrssen and D. Petkovic, Acta Chem. Stand., 1965, 19, 653. 
64. C. Matsumoto, Y. Yamano and K. Shinra, Nippon Kagaku Zasshi, 1968,89,44. 
65. A. K. Babko. P. B. Mikhel’son and S. A. Romanenko. Zh. Neowan. Khim.. 1968. 13. 731 

(Russ. J. Znorg. Chem., 1968,13,382). 
” I ,_ 

66. A. K. Babko, P. B. Mikehl’son, E. P. Lyubchik and P. S. Dzyuba, ibid., 1969,14,1302 (Russ. 
J. Znorg. Chem., 1969, 14, 681). 

67. N. Sanders and P. Day, J. Chem. Sot. (A), 1969,2303. 
68. C. Matsumoto, T. Kato and K. Shinra, Nippon Kagaku Zasshi, 1965,86,1266. 
69. C. Matsumoto, I. Masuda and K. Shinra, ibid., 1967, 88,46. 
70. I. P. Alimarin, A. A. Biryukov, T. I. Tikvinskaja and V. I. Shlenskaya, Zzv. Akad. Nauk SSSR, 

Ser. ZUtim., 1969,45. 
71. A. K. Babko, P. B. Mikhel’son, L. V. Karpova and N. N. Karpus, Zh. Neorgan. Khim., 1969. 

14, 124 (Russ. J. Znorg. Chem., 1969,14, 65). 
72. V. H. Galgali, V. R. Rao and D. D. Khanolkar, Zndian J. Chem., 1969,7,825. 
73. R. Blinc and D. Had%, J. Chem. Sot., 1958,4536. 
74. K. Burger, I. Ruff and F. Ruff, J. Znorg. Nucl. Chem., 1965,27, 179. 
75. J. E. Caton, Jr. and C. V. Banks, Znorg. Chem., 1967,6,1670. 
76. A. Bigotto, G. Costa, V. Galasso and G. De Alti, Spectrochim. Acta, 1970,26A, 1939. 
77, A. Bigotto, V. Galasso and G. De Alti, ibid., 1971, 27A, 1659. 
78. R. E. Rundle, J. Phys., 1964,25,487. 
79. P. B. Mikhel’son and N. P. Evtushenko, Zh. Neorgan. Khim., 1970,15,1539, (Russ. J. Inorg. 

Chem., 1970,15,790). 
80. W. Schtibel and E. Lutze, Z. Angew. Phys., 1964,17, 332. 
81. K.-E. Falk, E. Ivanova, B. Roos and T. Viinngard, Znorg. Chem., 1970,9,556. 
82. D. Dyrssen and M. Hennichs, Acta Chem. Stand., 1961,15,47. 
83. D. Dyrssen, K.-E. Falk and E. K. Ivanova, Acta Chem. Stand., in the press. 
84. I. N. Marov. E. S. Gur’eva and V. M. Peshkova. Zh. Neorpan. Wim., 1970, 15, 3039 (Russ. 

J. Znorg. Chem., 1970, 15, 1583). 
85. H. A. 0. Hiil and K. G. Morallee. J. Chem. Sot. (A). 1969.554. 
86. M. Naumberg, K. N. van Duong, F. Gaudemer and ‘A. Gaudemer, Compt. Rend. Ser. C, 1970. 

270,130l. 
87. K. Burger, L. Korecz, I. B. A. Manuaba and P. Mag, J. Znorg. Nucl. Chem., 1966, 28, 1673. 
88. K. Burger and E. Papp-Molnfrr, Acta Chim. Acad. Sci. Hung., 1967,53, 111. 



Dioximes and their metal complexes 1417 

91. Yu. A. Zolotov and G. E. Vlasova, Zh. Anaiit. Khim., 1969,24,1542. 
92. G. P. Syrtsova and N. Z. Lyong, Zh. Neorgan. Khim., 1970, 15, 1027 (RUSS. J Inorg. Chem., 

1970.15.523). 
93. 

94. 

ii: 
97. 

98. 

1’0’0: 
101. 
102. 

103. 
104. 
105. 
106. 
107. 
108. 

109. 

110. 

111. 

112. 
113. 
114. 

115. 
116. 

117. 
118. 
119. 

120. 

121. 
122. 
123. 
124. 

A. V: Ablov,-N. M. Samus and 0. A. Bologa, ibid., 1963,8,860 (Russ. J Znorg. Chem., 1963, 
8,440). 
A. V. Ablov, 0. A. Bologa and N. M. Samus’, ibid., 1968, 13, 3269 (Russ. J. Inorg. Chem., 
1968, 13,1685). 
Z. Finta, J, Zsako and Cs. Varhelyi, Z. Phys. Chem., 1969,242,200. 
T. I. Malinoskii, Yu. A. Simonov and B. M. Shchedrin, Kristaiiogrrafiya, 1969,14,995. 
A. V. Ablov and G. P. Syrtsova, Zh. Neorgan. Khim., 1965, 10, 1980 (Russ. J. Inorg. Chem., 
1965,10,1079). 
N. Maki, Bull. Chem. Sot. Japan, 1965,38,2013. 
N. Maki and S. Sakuraba, ibid., 1969,42, 1908. 
A. V. Ablov, N. M. Samus’ and A. A. Popova, Zh. Neorgan. Khim., 1971, 16,411 (Russ. J. 
Znorg. Chem., 1971, 16,215). 
Cs. Varhelyi, J. Zsak6 and Z. Finta, Monatshefr. 1970, 101,1013. 
A. V. Ablov, D. G. Batyr and M. P. Starysh, Zh. Neorgan. Khim., 1970, 15, 1713 (Russ. I. 
Znora. Chem., 1970,15,880). 
Cs. ~arhelyi -arid Bi B&m, Stud. Univ. Babes-Bolyai, Ser. Chem., 1964, 9,55. 
R. Ripan, Cs. Wrhelyi and E. Libal, ibid., 1965, 10, 33. 
A. V. Ablov, B. A. Bovykin and N. M. Samus, Dokl. Akad. Nauk SSSR, 1965,163,635. 
A. Soo, C. V&rhelyi and A. Sipos, Stud. Univ. Babes-Bolyai, Ser. Chem., 1968, 13, 79. 
R. Ripan, Cs. V&rhelyi and E. Kekedy, ibid., 1965, 10, 19. 
A. V. Ablov, D. G. Batyr and M. P. Starysh, Zh. Neorgan. Khim., 1971, 16, 690 (Russ. J. 
Znorg. Chem., 1971,16,368). 
V. N. Evreev, V. A. Golub and S. V. Murashko, ibid., 1971, 16, 716 (Russ. J Inorg. Chem.. 
1971,16,382). 
N. N. Proskina, A. V. Ablov and V. N. Shafranskii, ibid., 1969,14,3034 (Russ. J. Inorg. Chem., 
1969,14,1599). 
A. V. Ablov, N. N. Proskina and Ch’ang T’hi Tam Tang, ibid., 1971, 16,699 (Russ. J. Znorg. 
Chem., 1971, 16,373). 
Cs. Wrhelyi, Z. Finta and J. Zsakb, Z. Anorg. Al&em. Chem., 1970,374,326. 
Cs. Viirhelyi and L. Szotyori, Rev. Roum. Chim., 1965,10,1049. 
0. G. Mikhailova and I. P. Ryazanov, IN. Vyssh. Ucheb. Zaved., Khim. i Khim. Tekhnol., 
1970,13,1393. 
Cs. Xirhelyi, L. Szotyori and I. Edler, Rev. Roum. Chim., 1966, 11, 497. 
N. Z. Lyons and G. P. Syrtsova, Zh. Neorgan. I&m., 1971, 16, 704 (Russ. J. Iiwrg. Chem., 
1971, 16, 376). 
R. Ripan, Cs. V&rhelyi and L. Szotyori, Stz4d. Univ. Babes-Baiyai, Ser. Chem., 1967, 12, 133. 
Zdem, Z. Anorg. Ailgem. Chem., 1968,357,149. 
R. Spacu, M. Brezeanu and D. Roman-Vacarescu, An. Univ. Bucaresti, Ser. Stiint. Nat., 1963, 
12,63. 
A. V. Ablov, N. M. Samus’ and 0. A. Bologa, Zh. Neorgan. Khim., 1969,14,3320 (Russ. J. 
Znorg. Chem., 1969,14,1751). 
G. P. Syrtsova, ibid., 1970,15,1308 (Russ. J. Znorg. Chem., 1970,15,671). 
R. Ripan, Cs. V&rhelyi and R. Boehm, Stud. Univ. Babes-Boiyai, Ser. Chem., 1965, 10, 87. 
V. Borodulina-shvet, I. P. Rudakova and S. F. Dymvoa, Zh. Obshch. Khim., 1970,40,703. 
A. V. Ablov, B. A. Bovykin and N. M. Samus’, Zh. Neorgan. Khim., 1966,11,1832 (Russ. J. 
Znorg. Chem., 1966,11,978). 

89. J. L. K. F. de Vries, J. M. Trooster and E. de Boer, J. Chem. Sot. (D), 1970,604. 
90. A. V. Ablov, V. I. Gol’danskii, R. A. Stukan and E. F. Makarov. Dokl. Akad. Nauk SSSR, 

1966,170,128. 

125. D. M. Palade, T. N. Volokh, N. A. Breslavskaya and T. N. Golyshina, ibid., 1970,15,2698 
(Russ. J. Inorg. Chem., 1970, 15,140l). 

126. J. P. Birk, P. B. Chock and J. Halpem, J. Am. Chem. Sot., 1968,90,6959. 
127. Y. Yamano, I. Masuda and K. Shinra, Inorg. NucI. Chem. Letters, 1968,4,581. 
128. I. Masuda, M. Sakano and K. Shinra, Bull. Chem. Sot. Japan, 1969,42,2296. 
129. V. I. Dubinskii, Zh. Neorgan. Khim., 1971,16,696 (Russ. J. Inorg. Chem.. 1971,16,371). 
130. K. Burger, B. Zelei, G. Sz&ntho-Horvath and T. T. Binh, J. Znorg. NucI. Chem., 1971, 33, 

2573. 
131. G. P. Syrtsova and T. S. Bolgar, Zh. Neorgan. Khim., 1969, 14, 2425 (Russ. J. Inorg. Chem. 

1969,14,1272). 
132. Zdem, ibid., 1970, 15, 1714 (Russ. J. Znorg. Chem., 1970, 15,881). 



1418 BIR~~ITA EGNEUS 

133. P. Powell, J. Chem. Sot. A, 1969,241s. 
134. K. Burger, I. Ruff and F. Ruff, Mum. Kern. Folyoirat, 1964,70,394. 
135. K. Burger and B. Pint&, J. Znorg. Nucl. Chem., 1967,29,1717. 
136. K. Burger and I. Ruff, Acta Chim. Acad. Sci. Hung., 1964,41,75. 
137. K. Burger, B. Pinter, E. Papp-Molnlr and S. Nemes-K&a, ibid., 1968,57, 363. 
138. G. C. S. Manku, Z. Anorg. Allgem. Chem., 1971,382,202. 
139. V. M. Savostina, E. K. Astakhova and V. M. Peshkova, Vestn. Mosk. Univ. Ser. ZZ, Khim., 

1963,18,43. 
140. Z&m, Zh. Neorgan. ZUtim., 1964,9,80 (Russ. J. Znorg. Chem., 1964,9,42). 
141. E. K. Astakhova, V. M. Savostina and V. M. Peshkova, ibid., 1964, 9, 817 (Russ. J. Znorg. 

Chem., 1964,9,452). 
142. A. A. Biryukov, V. I. Shlenskaya, I. P. Alimarin and T. I. Tikvinskaya, ibid., 1966, 11, 1679 

(Russ. J. Znorg. Chem., 1966,11,897). 
143. P. B. Mikhel’son and L. V. Kalabina, Zh. Analit. Z&m., 1969,24,261. 
144. B. Egneus, Anal. Chim. Acta, 1969,&I, 291. 
145. R. Dias Cadavieco, M. P. C. de Dias, D. Dyrssen and B. Egneus, Trans. Roy. Inst. Technol., 

Stockholm, in the press. 
146. A. N. Alybina, E. K. Ivanova and V. M. Peshkova, Vestn. Mosk. Univ. Ser. ZZ, Khim., 1969,93. 
147. V. I. Shlenskaya, T. I. Tikvinskaya, A. A. Biryukov and I. P. Alimarin, Zzv. Akad. Nauk SSSR, 

Ser. Khim., 1967,214l. 
148. F. Manok, Cs. Varhelyi and S. Kiss-Rajhona, Rev. Roum. Chim., 1969.14, 1251. 
149. E. K. Astakhova, V. M. Savostina and V. M. Peshkova, Zh. Fiz. Khim., 1964,38,2299. 
150. V. Peshkova, V. Savostina and E. Astakhova-Ivanova, in Solvent Extraction Chemistry, Proc. 

151. 

152. 
153. 

154. 

155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 

163. 
164. 
165. 
166. 
167. 
168. 

169. 

170. 
171. 

172. 
173. 
174. 
175. 

Intern. Conf., Gothenburg, Sweden, 27 August-l September 1966, (Ed. D. Dyrsseh, J.-O. 
Liljenzin and J. Rydberg), p. 66. North-Holland, Amsterdam, 1967. 
I. P. Alirnarin, T. I. Tikhvinskaya, V. I. Shlenskaya and A. S. Biryukov, Zzu. Akad. Nauk SSSR, 
Ser. Khim., 1968,2675. 
P. B. Mikhel’son and V. I. Kozachek, Zh. Analit. ZUtim., 1966,21,1255. 
V. M. Peshkova, V. M. Savostina, E. K. Astakhova and N. A. Minaeva, Tr. Komis.po Analit. 
Khim. Akad. Nauk SSSR, Inst. Geokhim. i At&it. Khim., 1965,15,104. 
T. I. Tikvinskaya, A. A. Biikov, V. I. Shlenskaya and N. K. Gordynskaya, Zh. Neorgan. 
Khim., 1970,15,128 (Russ. J. Znorg. Chem., 1970,15,65). 
H. Eiiga and H. Ishii, Bull. Chem. Sot. Japan, 1970,43,2970. 
G. Liptay, E. Papp-Molnar and K. Burger, J. Znorg. Nucl. Chem., 1969,31,247. 
K. Burger and D. Dyrssen, Acta Chem. Stand., 1963,17,1489. 
R. L. Motley and C. E. Meloan, Sep. Sci., 1968, 3,279. 
P. B. Miiel’son, A. K. Boryak and L. T. Moshkovskaya, Zh. Anaht. ZGtim., 1971, 26, 787. 
E. D. Salesin and L. Gordon, Talantu, 1960,5,81. 
K. Takyiama and L. Gordon, ibid, 1963,10,1165. 
R. J. Magee and L. Gordon, Proc. SAC Conf. Nottingham, I965 (Ed. P. W. Shallis) p. 378 
Heffer, Cambridge, 1965. 
E. D. Salesin, E.-W. Abrahamson and L. Gordon, Talanta, 1962,9,699. 
M. A. Bambenek and R. T. Pflaum, Znorg. Chem., 1963,2,289. 
A. P. Rollet, Compt. Rend. Ser. C., 1926, 183,212. 
D. J. Davis and E. A. Boudreaux, J. Electraanal. Chem., 1964,8,434. 
M. K. Boreiko and I. I. Kalinichenko. Zh. Analit. Khim.. 1968. 23. 1662. 
I. I. Kalmichenko and M. K. Boreiko, Zh. Neorgan. Z&m.,-1969, 14, 766 (Russ. J. Znorg. 
Chem., 1969,14,401). 
M. K. Boreiko, E. I. Kazantsev and I. I. Kalinichenko, ibid., 1967, 12, 269 (Russ. J. Znorg. 
Chem., 1967, 12, 522). 
M. K. Boreiko and I. I. Kalinichenko, Zh. Analit. Khim., 1968,23,1359. 
0. S. Ksenzhek, L. S. Burachenko, I. 0. Volodina, F. E. Dinkevich and G. G. Motyagina, Zh. 
Neorgan. Khim., 1971,16, 1064 (Russ. J. Znorg. Chem., 1971, 16,566). 
L. Brady and M. Muers, J. Chem. Sot., 1930, 1599. 
D. Fleischer and H. Freiser, J. Phys. Chem., 1962,66,389. 
E. Uhlig and D. Dorn, 2. Chem., 1971,11,187. 
K. Kodama and N. Kodama, Nagyoyashi Kogya Kenkyusho Kenkyu, Hokoku, 1966, 35, 1; 
Chem. Abstr., 1968,69,48971u. 

176. E. N. Pollock and L. P. Zopatti, Anal. Chim. Acta, 1965, 32,418. 
177. H.-G. Dijge and H. Grose-Ruyken, Mikrochim. Acta, 1967,98. 
178. M. Koziicka, M. Wojtowicz and I. Adamiec Chem. Anal. (FVarsuw), 1970,15,701. 
179. G. V. Nikolaevna and I. A. Stolyarova, Tr. Vses. Nauchn.-Zssled. Geol. Inst., 1964,117, 89. 
180. K. S. Bergstresser, U.S. At. Energy Comm. Rept., LA-3213, 1965. 



Dioximes and their metal complexes 

181. J. C. MuJJer and C. Ferradini, Radiochem. Radioanal. L&t., 1969,2,273. 
182. N. Masuda and M. Kajiwara, Bunseki Kagaku, 1968,17, 1353. 
183. Zdem, ibid., 1970, 19, 1613. 
184. K. Burger and I. Ruff, Acta Chim. Acad. Sci. Hung., 1965,45,77. 
185. J. L. Jones and J. Gastfield, Anal. Chim. Acta, 1970, 51, 130. 
186. S. J. Lyle and R. MagJrzian, Talanta, 1969,16,1535. 
187. E. Kentner, D. B. Armitage and H. Zeitlin, Anal. Chim. Acta, 1969,43,343. 
188. T. E. Green, Anal. Chem., 1965,37,1595. 
189. L. Gordon, P. R. EJJefsen, G. Wood and 0. E. HiJeman, Jr., Talanta, 1966,13,551. 
190. S. J. Lyle and R. Maghzian, ibid., 1967, 14, 1021. 
191. A. Claassen and L. Bastings, Analyst, 1966,91,725. 
192. K. Jzutsu, Y. Tanigawa and K. TaJciyama, Talanta, 1965.12, 179. 
193. V. Ya. DoroshJcov and V. T. CheriJco, Khim. Tekhn., 1968, No. 13, 69. 
194. M. V. Korothun, Zm. Vyssh. Ucheb. Zaved., Khim. i Khim. Tekhn., 1969, 12,1296. 
195. P. Luis and C. N. Carducci, Microchim. Acta, 1971, 124. 
196. A. E. Jenkins and J. R. Maier, Talanta. 1967, 14, 777. 

1419 

197. M. M. BarJing and Ch. V. Banks, Anal. Chei., i964,36,2359. 
198. V. M. Peshkova, E. K. Astakhova, I. F. Dolmanova and V. M. Savostina, Acta Chim. Acad. 

Sci. Hung., 1967, 53, 121. 
199. V. M. P&&ova and N. G. Ignat’eva, Zh. Analit. Khim., 1962,17,1086. 
200. D. E. Bodart, Z. Anal. Chem., 1969,247,32. 
201. A. L. Wilson, Proc. SAC Con/, Nottingham, 1965 (Ed. P. W. Shallis) p. 361. Heffer, 

Cambridge, 1965. 
202. K. S. PaJchomova, L. P. VoJkova and V. V. Gorshov, Zh. Analit. Khim., 1964,19,1085. 
203. G. H. Ayres and J. B. Martin, Anal. Chim. Acta, 1966,35, 181. 
204. Z. Marczenko, Chim. Anal. (Paris), 1964,46,286. 
205. Z. MarczenJco and M. Krasiejko, Cbem. Anal. (Warsaw), 1964,9,29J. 
206. J. A. Velazquez and 0. E. HiJeman, Jr., Talanta, 1968,15,269. 
207. 0. M. Ivonina, Zh. Analit. Khim., 1964,19,644. 
208. Z. Gregorowicz, F. B&J and Z. KJima, Chem. Anal. (Warsaw), 1965, 10,1043. 
209. V. I. Kuznetsov and V. A. Marugin, Zavodrk. Lab., 1970,36,13 18. 
210. N. V. Benediktova-LodochniJcova, Zh. Analit. Khim., 1963,18,1322. 
211. E. B. Sandell, Calorimetric Determination of Traces of Metals, 3rd Ed, p. 668. Interscience, 

New York, 1959. 
212. R. A. BJomfJeld, J. C. Guyon and R. K. Murmann, Anal. Chem., 1965,37,248. 
213. N. M. Petrun and N. K. LitvinchuJc, Lab. Delo, 1969,414. 
214. V. A. KJu-amov and N. J. Narbutovich, ibid., 1969, 439. 
215. W. Szczepaniak and G. K&era, Chem. Anal. (Warsaw), 1970,15,1009. 
216. S. Morazzani-PeJJetier and M. A. Bather, J. Chim. Phys., 1965, 62,429. 
217. W. J. Stratton and P. J. Ogren, Znorg. Chem., 1970, 9,2588. 



Talanta, 1972, Vol. 19, pp. 1421 to 1427. Pamuuon Press. Printed in Northem Ireland 

NEW MASKING PROCEDURE FOR SELECTIVE 
COMPLEXOMETRIC DETERMINATION OF 

COPPER(H) 

RAJINDER PAL SINGH 
Department of Chemistry, Panjabi University, Patiala, India 

(Received 22 March 1971. Revised 14 April 1972. Accepted 23 April 1972) 

Summary_-A study has been made of a new masking procedure for 
highly selective complexometric determination of copper(E), based 
on decomposition of the copper-EDTA complex at pH 5-6. Among 
the various combinations of masking agents tried, ternary masking 
mixtures comprisiig a main complexing agent (thiourea), a reducing 
agent (ascorbic acid) and an auxiliary complexing agent (thiosemicarba- 
xide or a small amount of l,lO-phenanthroline or 2,2’-dipyridyl) have 
been found most suitable. An excess of EDTA is added and the 
surplus EDTA is back-titrated with lead (or zinc) nitrate with Xylenol 
Orange as indicator (pH 5-6). A masking mixture is then added to 
decompose the copper-EDTA complex and the liberated EDTA is 
again back-titrated with lead (or zinc) nitrate. The following cations do 
not interfere: Ag+, Hg I+, Pb8+, Nil+, Bi8+, Ass+, AP+, Sbn+, .W+, Cd’+ 
Co’+, C1.B+ and moderate amounts of Fe*+ and Mna+. The notabld 
feature is that consecutive determination of Hg*+ and Cu’+ can be 
conveniently carried out in the presence of other cations. 

As the direct complexometric methods for the determination of copper are not 
selective it is usually determined in the presence of some other cations by performing 
two separate titrations. The sum of all the cations including copper is first determined 
by back-titration of a known excess of EDTA with lead nitrate, with Xylenol Orange 
as indicator (pH 549, then in the second aliquot copper is masked by thiourea and 
the sum of the remaining cations is determined by a similar titration. The difference 
in the two titration results corresponds to copper. 

A convenient method of determining copper selectively however, is to decompose 
the copper-EDTA complex (I) with a suitable masking agent and determine the 
liberated EDTA by back-titration. Only a few masking agents have been proposed 
for this purpose, which decompose I by displacement. 1 ,lO-Phenanthrolinel in acidic 
medium and thioglycollic acid* in alkaline medium have been used but both lack 
selectivity. Cystein3 has also been proposed as the masking agent but cadmium, 
bismuth and mercury interfere. Budevsky and Sirnova have recommended the use of 
thiourea in strongly acidified solution for masking but as the EDTA complexes of 
other bivalent metals also decompose at this low pH, the method suffers from the 
serious interference of cadmium, mercury, manganese and cobalt. The method is 
also time-consuming and inconvenient. 

The present study was undertaken to develop a convenient masking procedure for 
fast and selective decomposition of I at the pH (5-6) at which the back-titration with 
lead (or zinc) nitrate is carried out with Xylenol Orange as indicator. Obviously 
more selective masking would be obtained by reduction of I to yield copper(I) and 
complexation of that with a masking agent such as thiourea or sodium thiosulphate. 
This, however, presents a difficult problem as these masking agents have little effect on 
I at pH 5-6, first because of the lowering of the redox potential5 of the C$+/Cu+ 
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system and secondly, and more importantly, because the copper(U) is surrounded by 
a large saturated ligand and electron transfer is sluggish. A detailed study was there- 
fore undertaken, in which common masking agents were tried in various com- 
binations to decompose I (Table I). It was found that although certain binary mixtures 
give quite satisfactory results, fast and smooth decomposition is best brought about 
by ternary mixtures. Each mixture, in general, comprises an auxiliary complexing 
agent (a small amount of l,lO-phenanthroline or 2,2’-dipyridyl and thiosemicar- 
bazide), a reducing agent (ascorbic acid) and the main complexing agent (thiourea, 
sodium thiosulphate or thiosemicarbazide). 

TABLB I.-EFFECT OF VARIOUS MASKINO AWN-IX ON 
THE DlKXMPOSITION OF COPPER-EDTA COMPLEX 

(at pH 5-53). 

Masking agent(s)* 

TU, hype 
AA 
TU, hype + AA 
TSC 
T&Z + AA 
FUCzw% + phen Wpy) 

TU + TSC + phen (dipy) 
TU + AA + TSC 
Hype + TSC 
Hypo + TSC + phen (dipy) 
Hy-po+AA+TSC 
Hype + AA + phen (dipy) 
TU + AA + phen (dipy) 

Decomposition 

Almost nil 
Slight 
Slight 
Incomplete 
Incomplete 
Incomplete 
Completet 
Comp1ete.t 
Complete, fast 
Complete, slow 
Complete, slow 
Complete, fast 
Incomplete 
Complete, fast 

* TU = thiourea; hypo = sodium thiosulphate; 
AA = ascorbic acid; TSC = thiosemicarbazide; 
phen = l,lO-phenanthroline (small amount); 
dipy = 2,2’-dipyridyl (small amount). 

t Slightly slow near the end-point. 

On the basis of experimental findings and the stability constant9 of the various 
complexes involved, the catalytic effect of a small amount of 2,2’-dipyridyl or (l,lO- 
phenanthroline) on the masking of I in the presence of a mixture of thiourea and 
ascorbic acid can be explained as follows. 

A small amount of copper(I1) is withdrawn from I by the auxiliary masking agents 
as these form stronger complexes with it. 

CuY” + 3 dipy = Cu(dipy)a2+ + Y” (1) 
(log K = 12.2) (log K = 17.85) 

As the copper ion is now surrounded by a large unsaturated l&and instead of the 
saturated EDTA ligand the exchange of electrons can be much faster.’ The new 
complex is, therefore, readily reduced by ascorbic acid to the corresponding copper(I) 
complex. 

Cu(dipy)32+ + e = Cu(dipy)2+ + dipy (2) 

As thiourea forms a more stable complex with copper(I) the auxiliary complexing 
agent is finally liberated from its copper(I) complex by the excess of thiourea 

Cu(dipy)z+ + 4 tu = Cu(tu),+ + 2 dipy (3) 
(log K = 14.2) (log K = 15.4) 
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and is thus made available for further decomposition of I. In this three-stage process 
each stage is brought about by an individual constituent of the masking mixture, the 
cumulative effect of which leads to the fast and complete decomposition of I. When 
sodium thiosulphate and thiosemicarbazide are used in the masking mixture in place 
of thiourea, the addition of the auxiliary masking agents (1,l O-phenanthroline or 2,2’- 
dipyridyl) does not enhance the speed of decomposition of I, because the thiosulphate 
and thiosemicarbazide complexes of copper(I) are too weak (log K = 13.8 and 11.2 
respectively) to liberate the auxiliary masking agent by the displacement reaction (3). 
The presence of ascorbic acid in the masking mixture is essential as the redox potential 
of the Cuz+/Cu+ system, although favourably affected by the presence of auxiliary 
complexing agent,s is nevertheless apparently not sufficiently high to enable thiourea 
alone to bring about the reduction [equation (2)]. 

As thiosemicarbazide is an important constituent of some masking mixtures, it was 
considered necessary to study its role in the masking of free copper(I1). In the 
literature9 thiosemicarbazide has been recommended for the masking of mercury and 
mercury-EDTA complex only, and copper(I1) has been found to interfere seriously 
by forming an intense blue colour. In the course of the present study it was noted that 
the blue complex Cu(TSC) 2s+ which is formed at low pH undergoes partial self-reduc- 
tion slowly as the pH is raised to 5-6. This reduction to colourless Cu(TSC),+ is 
made instantaneous by the addition of ascorbic acid. Thus this mixture can be 
conveniently used for masking of free copper(I1) at pH 5-6. The masking of I by 
ternary masking mixtures with thiosemicarbazide as a constituent is thus also a three- 
stage process as described above. Here thiosemicarbazide behaves similarly to 2,2’- 
dipyridyl or l,lO-phenanthroline, the only difference being that the amount required 
is comparatively larger, although much smaller than required in binary mixtures for 
masking free copper(I1). Unlike the ternary mixture with l,lO-phenanthroline or 
2,2’-dipyridyl the presence of ascorbic acid in this masking mixture is not necessary, 
because reduction is facilitated by thiourea itself. In the binary mixtures of thiosemi- 
carbazide and ascorbic acid the former has a dual function in the first and the third 
stage of the masking. 

EXPERIMENTAL 

Reagents 

EDTA, 0.OJM. Standardized against pure zinc, with Eriochrome Black T as indicator. 
Copper nitrate @05M. Prepared from analytical grade copper metal. 
Lead nitrate and zinc nitrate, @OSM. Prepared from reagent grade salts and standardized with 

0.05M EDTA, Xylenol Orange being used as indicator. 
XyIerwl Orange. Aqueous solution, 0.1%. 
Thiourea and sodium thiosulphate. Aqueous solution, 1%. 
Ascorbic acid. Aqueous solution, 5 %. 
1 JO-Phenanthroline and 2,2’-d$yridyl, 0.1%. Prepared by dissolving the compounds in a little 

ethanol followed by dilution with demineralized water. 
Potassium@wide. Aqueous solution, 20%. 
Hexamine. Reagent grade nitrates of the cations were used for studying interferences. 

Determination of copper in the presence of other cations 

To an acidic aliquot of the sample solution containing not more than 30mg of copper, add 
excess of 0.05M EDTA, dilute the solution to about 50400 ml with demineralized water and adjust 
the solution to pH 5-55 with solid hexamine. Add su&ient Xylenol Orange indicator and back- 
titrate the excess of EDTA with WOSM lead (or zinc) nitrate to a sharp colour change from green- 
yellow to violet-blue or red-violet. Add 10 ml of 10 % thiourea, about 5 ml of 5 % ascorbic acid and 
5 ml of 10% thiosemicarbaxide for each 12 mg of copper, or 4-5 drops of 0.1% l,O-phenanthroline 
(or 2,2’-dipyridyl) irrespective of the amount of copper. Shake till the solution becomes yellow and 
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back-titrate the liberated EDTA with 0.05&Z lead (or zinc) nitrate to a sharp colour change from 
yellow to red-violet. Adjust the pH to 5-6 near the end-point, if necessary. 

RESULTS AND DISCUSSION 

Determinations of copper(I1) were made with use of five different masking 
mixtures comprising thiourea, ascorbic acid and thiosemicarbazide; thiourea, 
ascorbic acid and 1,l O-phenanthroline ; thiourea, ascorbic acid and 2,2’-dipyridyl; 
sodium thiosulphate, ascorbic acid and thiosemicarbazide; and a mixture of thiourea 
and thiosemicarbazide. On the basis of detailed study the minimum amounts of the 
various constituents of these masking mixtures for the determination of 12 mg of 
copper were found to be 4-5 ml of 1% thiosemicarbazide solution, 8-10 ml of 10% 
thiourea solution, 10 ml of 10% sodium thiosulphate solution and 4-5 ml of 5 % 
ascorbic acid solution, whereas 4-5 drops of 0.1% l,lO-phenanthroline or 2,2’- 
dipyridyl solution were found sufficient to catalyse the masking irrespective of the 
amount of copper determined. These amounts of a constituent may be varied slightly 
if larger amounts of the other constituents of the mixture are taken. When the binary 
mixture of thiourea and thiosemicarbazide is used, the amount of thiourea should be 
larger than normally required in the ternary mixture. Larger amounts of the masking 
agents do not affect the accuracy of the results. Although the order of addition of the 
masking agents does not appear to effect the speed of the masking process, in general 
thiourea was added first followed by ascorbic acid and l,lO-phenanthroline (or 2,2’- 
dipyridyl or thiosemicarbazide). As the constituents of the masking mixtures reinforce 
each other’s effect on the decomposition of I they should be added at the beginning of 
the titration; their addition in lots during the course of the titration slightly slows 
down the masking. 

Both lead and zinc nitrate can be used as back-titrants when thiosemicarbazide is 
used as one of the constituents of the masking mixture. In the masking catalysed by 
l,lO-phenanthroline or 2,2’-dipyridyl lead nitrate is somewhat more suitable as back- 
titrant; with zinc nitrate the results are slightly higher and the end-point is sharp 
only at pH 5.5-6. With the masking mixture containing sodium thiosulphate, only 
zinc nitrate should be used as the back-titrant and the pH at the end-point should 
preferably be between 5-5 and 6.0 for a sharp end-point. 

The rate of masking is affected by the pH of the solution; lower pH makes the 
masking process faster. It is, therefore, preferable to carry out the masking at about 
pH 5 and adjust the solution to pH 5-6, if necessary, near the end-point. At the 
upper limit of the pH range the masking is somewhat slow but it is completed in the 
normal course of the titration (about 2 mm). Accurate results are obtained with all 
the masking mixtures, and therefore the results are not given in separate tables. 

Temperature has no appreciable effect on the rate of masking, and the titrations 
can be done at 15-35”. Too high a temperature makes the solution slightly turbid. 

Interferences 

Although Ag+ is readily reduced to the metal by ascorbic acid and forms inter- 
fering precipitates with thiosemicarbazide, no interference is encountered if thiourea 
is added before the other consitiuents of the masking mixtures; transitory white 
precipitates are formed which dissolve on the addition of excess of thiourea to form a 
stable, soluble and colourless complex. Even large quantities of silver have no effect 
on the titration. 
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ZI?+, Pb2+, Ni2+, As3f, Sb3+ and Bi3+ do not interfere. A13+ does not interfere at 
room temperature. Cd2f and moderate amounts of Co” can be tolerated, but large 
amounts affect the quality of the end-point in the second back-titration. Zn2+ is a 
better back-titrant with larger amounts of Cd Z+. Large amounts of CrS+ can also be 
tolerated. A small excess of EDTA should be added before the first back-titration 
otherwise the results are slightly high. As Mnw is only partially complexed at the pH 
used it tends to affect badly the sharpness of the end-point. Up to 10 mg of MnZI- can 
easily be tolerated by maintaining the pH at the end-point at about 6 in both back- 
titrations. Tin, when present, can easily be removed as tin(R) oxide by boiling with 
nitric acid. 

As mercury(H) and mercury-EDTA complex are also masked readily by the 
masking agents used for masking copper(I1) or I, they provide main interference in 
the determination of copper. A notable feature of the present method is that not only 

TABLE IL-CATION INTERFERENCE STUDY IN THE 
DETERhSINATION OF COPPER (135mg). 

(EXPECTED VOLUME OF O*OSM EDTA LIBBRATED 
= 4.25 ml). 

Ion(s) added, 
mg 

@05M EDTA liberated, 
ml 

- 

Ag+ 107 
Ala+ 24 
Asa+ 80 
SbS+ 24 

48 
Ni*+ 70 
Zn’f 65 
Bis+ 40 
Cr*+ 20 

30 
10 

Cd’+ 44 
Co”+ 18 
Hg*+ 25.6 

50.9 
Mn4+ 5 

10 
Sn”+, Ni8+ * 
Fes+, Zr?+ and Pb*+ 

4.25 
4.26” 
4.25 
4.25 
4.25 
4.25 
4.23 
4.25 
4.25 
4.25 
4*25b 
424b 
4.22” 
4.266 
4*26# 
4~25~ 
4.26” 
4.26 
4.27 

4.24 

Zinc as the back-titrant, masking catalysed with 
1 JO-phenanthroline. 
With about 0.5 ml of the EDTA added in excess 
before the first back-titration, the masking mixtures 
comprising 10 ml of TU, 20 ml of AA and 5 ml of 
TX (or 4 drops of phen or dipy). 
With about 2 ml of the EDTA added in excess under 
the conditions for b. 
End-point is from orange to brown-red, but is very 
sharp. 
After preliminary selective determination of Hg*+ 
with only thiourea as the masking agent. 

* Copper alloy (TISCO) containing 86.5% copper, 
8.77% tin, 040% iron, 1.50% zinc, 1.16% nickel 
and 1.48 % lead. 
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TABLE III.-INTERPERENCE OF IRON IN THE DETERM~NA~ON OF COPPER (12.83 mg), 
(EXPECTED VOLUME OF 0*05&f EDTA LIBERATED = 4.04 ml). 

Masking mixture 
Iron a.1 % 0*05&f EDTA 

added, 10% TU, 1% TSC, phen, 5%‘N liberated, 
W ml ml drops ml ml End-point* 

3 10 - 5 4 4.04 S 
5 10 - 5 4 - N.S. 

15 4 4.04 S 
10 20 q 4 : 4.04” S 

5 15 
: z 

5 4.04 S 
10 20 2 4.04” S 

15 3 - 2 4.05 N.S. 
15 5 - 5 N.S. 

15 15 6 - - 4G S 
;:+ 20 10 8 5 - - - 4 4*03b 4.03 S 

30t 10 5 - 5 4.01 z 
10 - 5 4 4.01 S 

* S = sharp; N.S. = not sharp. 
t Masking with KF before the addition of the masking mixtures. 
a First appearance of red colour should be taken as the end-point. 
* Titration slightly slow near the end-point. 

can the interference of mercury(I1) be avoided but it is also possible to carry out the 
consecutive determination of mercury and copper in the presence of other cations by 
successive masking with thiourealO and the present masking mixtures. 

Typical results for the determination of copper in the presence of the cations 
mentioned, by using a masking mixture of thiourea, thiosemicarbazide and ascorbic 
acid with Pb2+ as the back-titrant, are recorded in Table II. As identical results were 
obtained with masking catalysed by l,lO-phenanthroline no separate table is con- 
sidered necessary for those results. The determination is, however, not selective with 
the masking mixture containing sodium thiosulphate, where Cds+ and Pb2+ give a 
drawn-out end-point and Ag+ causes serious interference owing to its reduction. 

Small amounts of Fe3+ (up to 10 mg) can be tolerated by using the minimum 
amounts of ascorbic acid in the masking mixtures. Larger quantities of ascorbic acid 
impair the quality of the end-point. The ternary masking mixture with thiosemicar- 
bazide as a constituent gives a better performance than the one with 1 ,lO-phenanthro- 
line (or 2,2’-dipyridyl). With preliminary masking of Fe3f with potassium fluoride, 
either of these masking mixtures can be used. The binary masking mixture of thiourea 
and thiosemicarbazide is especially suitable for tolerating moderate amounts (up to 
20 mg) of Fe3+ without any preliminary masking, with accurate results, but the 
titration is a bit slow near the end-point (Table III). 

Acknowledgement-~ofessor Nazar Singh, Head of Chemistry Department, is thanked for providing 
research facilities. 

Zusammenfaasrq-Eine neue Maskierungsmethode zur hochselek- 
tiven komplexometrischen Bestimmung von Kupfer(II) wurde unter- 
sucht. Sie beruht auf der Zemetzung des Kupfer-EDTA-Komplexes 
bei pH 5-6. Unter den verschiedenen ausprobierten Kombinationen 
von Maskienmgsmitteln bewiihrten sich tern&e Maskierungsgemische 
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mit einem Haupt-Komplexbildner (Thioharnstotf), einem Reduktions- 
rnittel (Ascorbins&re) und einem Hilfs-Komplexbildner (Thiosemi- 
carbaxid oder eme . kleine Menge l,lO-Phenanthrolin oder 2, 
2’-Dipyridyl) am besten. Ein UberschuB von EDTA wird zugegebenund 
die tiberschtissige EDTAmit Blei-(oderzink-) nitrat und Xylenolorange 
als Indikator (pH 5-6) zurticktitriert. Dann wird Maskierungsgemisch 
xugegeben, um den Kupfer-EDTA-Komplex zu xerlegen; die freige- 
setxte EDTA wird wiederum mit Blei- (oder Zink-) nitrat zurtick- 
titriert. Folgende Kationen stiiren nicht: Ag+, Hgs+, Pb*+, Ni*+, Bi*+, 
As’+, Al”+, Sb’+, Sn’f, Cd*+, Co *+, Cr*+ sowie nicht zu gro8e Mengen 
von Fe*+ und Mn*+. Beachtlich ist, da8 Hg*+ und Cup+ in Gegenwart 
anderer Kationen bequem nachelnander bestimmt werden k&men. 

R&sum&On a effectu6 une etude d’une nouvelle technique de 
dissimulation pour le dosage complexom&ique hautement selectif du 
cuivre(II), bas6e sur la decomposition du complexe cuivre-EDTA a 
pH 5-6. Parmi les diverses combinaisons d’agents dissimulants 
essay& les melanges de dissimulation ternaires comprenant un agent 
complexant principal (thioume), un agent r&lucteur (acide ascorbique) 
et un agent complexant auxiliaire (thiosemicarbazide ou une petite 
quantit6 de l,lO-phenanthroline ou de 2,2’-dipyridyle) ont Bte trouv&s 
dtre les plus convenables. On ajoute un exc&s d’EDTA et le surplus 
d’EDTA est dose en retour par le nitrate de plomb (ou de zinc) avec 
1’Orange Xylenol comme indicateur (pH 5-6). Un melange 
disslmulant est alors ajoute pour decomposer le complexe cuivre-EDTA 
et I’EDTA lib&e est de nouveau dose en retour avec le nitrate de plomb 
(ou de zinc). Les cations suivants n’interferent pas: Ag+, Hg*+, Pb’+, 
Ni*+, Bi8+, Asa+, Ala+, Sba+, Sn4+, Cd’+, Cos+, Cfl+, ainsi que des 
quantites mode&es de Fe *+ et Mn*+. Le caractere remarquable est 
que le dosage cons6cutif de Hg*+ et Cua+ peut i?tre commodement 
men6 en la presence d’autres cations. 
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Summary-A new nitrite titration method is presented. The titration 
is performed in the presence of a standard solution of 4,4’-sulphonyl- 
dianiline and diphenylamine, which is used as an internal indicator. 
An intense red colour develops during the titration as a result of a 
simultaneous diazotization and coupling process. A very sharp end- 
point is given by a colour change to yellow. The titration is performed 
at a temperature of about 45” in the presence of large amounts of 
nitrate. The method is specific and precise. It is suitable for the direct 
volmnetric determination of various easily diazotized primary aryla- 
mines, sulphonamides and other amino-compounds which can be 
determined by nitrite titration. It is suitable also for the indirect 
determination of nitrites. The method is applicable on the semimicro 
and macro scales. 

MOST OF THE early work on arylamine determination was done in the dyestuff industry. 
Diazotization by direct nitrite titration is also the method of assay for most of the 
pharmaceutical drugs which have a free primary arylamine group and for those drugs 
which yield a free amino-group by hydrolysis or reduction. 

In the standard methods the end-point is detected either visually with starch- 
iodide as an external indicator1 or electrochemically (the dead-stop technique).a 
Different external indicators are recommended by various investigators. Some of these 
are tolusafranine,3 rivanol,4 leuco Methylene Blue,6 and a mixture of brucine, benzidine 
and phosphoric acid.6 

Attempts have been made to find suitable internal indicators for the visual detection 
of the end-point. Acriflavine was used by Frost ,’ diphenylbenzidine disulphonic 
acid by &ren,3 Orange IV by Vasiliev,9 ferrocyphen by Schilt,l” and by Banick and 
Valentine.ll The potentiometric titration method was proposed by Singh andAhmed.12 
La Rocha and Waters,13 McNaughton et al. l4 have reported that the method seems to 
give better results than those obtained when using indicators, but it is time-consuming. 

Sholten and StoneI used an amperometric method and their results indicate that 
the method has some advantage over both visual and potentiometric methods. They 
state, however, that the end-point is somewhat sluggish and cannot be easily detected. 
This method (dead-stop end-point) has been introduced recently into standard 
methods. 

The object of this investigation was to find a simple, specific, rapid and precise 
method, which eliminates the disadvantages and difficulties of other methods. The 
experiments were started with “dapsone” (4,4’-sulphonyldianiline) and diphenylamine, 
reagents proposed for the calorimetric determination of nitrites.ls It was observed 
that a yellow colour develops when a small amount of sodium nitrite is added to an 
acidified solution of dapsone and that on further nitrite addition the colour fades 
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almost completely. It was observed also that the diazotization and coupling is a 
simultaneous process, when a very acid solution of dapsone and diphenylamine is 
used at various temperatures. The resulting reddish-violet azo dye has an intense 
tinctorial power and is not photosensitive.la 

EXPERIMENTAL 
Solutions containing dapsone and diphenylamine were titrated in the presence of various amounts 

of nitric acid and the stability of nitrous acid was investigated, on the basis of the experiments of 
Jones and Lee.” The standard sodium nitrite solution was added slowly to the samples with contin- 
uous stirring. The variables were the amount of nitric acid and the temperature. When a large 
amount of nitric acid was present, no loss of nitrous acid was found even when the temperature of the 
sample solution was increased to 50”. 

The addition of nitric acid alters the pH conditions. It was replaced with sodium nitrate which is 
preferable as it is available free from nitrite. The amount of hydrochloric acid and sodium nitrate 
necessary for optimal reaction conditions was established experimentally. About 45” was found to be 
the optimal temperature for colour development, speed of reaction and end-point detection; there is 
no risk of losing nitrous acid. The amount of dapsone and diphenylamine required to create an 
indicator solution which develops the best colour effect during the titration and at the end-point was 
also experimentally established. 

Reagents 
Standard dapsone solution 0*05M. Dissolve 12.5 g of reagent grade desiccated 4,4’-sulphonyldi- 

aniline in approximately 2M hydrochloric acid and make up to 1000 ml. The solution is stable 
indefinitely. 

Diphenylaminesolution. Dissolve 0.05 g of reagent grade diphenylamine in 100 ml of alcohol (95 %). 
Standard sodium nitrite solution O*lM. Dissolve 7.1 g of reagent grade sodium nitrite in deminer- 

alized water, add a few drops of O.lM sodium hydroxide, make up to 1000 ml, and standardize by 
dead-stop titration against sulphanilic acid. 

Hydrochloric acid 6M. Mix equal volumes of reagent grade hydrochloric acid and demineralized 
water. 

Dapsone-diphenylamine (indicator) solution. Mix 10 ml of diphenylamine solution with 100 ml of 
standard dapsone solution. The solution is stable for several weeks if kept in darkness. 

Procedures 
Amine determination. Take a sample weighed to fO.l mg which contains 0.2-2 meq of amine, and 

dissolve it in 20 ml of 6M hydrochloric acid in a 250~ml titration vessel. Alternatively, take an aliquot 
of sample solution containing O-2-2 meq of amine, and make it about 6M in hydrochloric acid. Add 
20 ml of sodium nitrate solution and dilute to about 100 ml. Add from a pipette 5 ml of dapsone- 
diphenylamine solution, heat the sample to 45” (12”) and titrate it with O.lM sodium nitrite. Use a 
burette with lengthened tip dipped well under the surface of the solution, and stir continuously with a 
magnetic stirrer. Continue the titration slowly, as the initially developed raspberry red colour turns 
violet. Just before the end-point, as the colour begins to fade, add the nitrite solution in 0.05~ml 
increments or less, at intervals of 10-20 sec. The end-point is detected by a colour change from 
orangeyellow to greenish-yellow. Make a blank titration using the same volumes of reagents, water 
and exactly the same volume of dapsone-diphenylamine solution. Subtract the volume of the standard 
nitrite solution used in the blank from the volume of the nitrite solution used in the titration of the 
sample. Calculate the content. 

The method can also be applied on the semimicro scale. In thii case the volume of the sample 
solution and of the reagents should be reduced to half of that described in the procedure. Only 
2 ml of dapsone-diphenylamine solution are added and a microburette or micrometer syringe should 
be used. 

Nitrite determination. Weigh an amount of sample containing 25-500 mg of sodium nitrite, and 
make UD with water to 100 ml. Take a volume of O-20 ml* of 005M dansone solution in a 250-ml 
titration vessel, add 20 ml of 6M hydrochloric acid, 20 ml of sodium n&rate solution and 5 ml of 
dapsonediphenylamine solution. Dilute to about 80 ml. Slowly add 25 ml of the sample solution 
from a pipette to the prepared solution, while stirring. Heat the reaction mixture to 45” (f2”). 
The red colour developed indicates the presence of an excess of the dapsone reagent. If the colour 
obtained is yellow, it is a sign of miscalculation (insufficient dapsone) and the determination should 
be repeated with a more dilute sample solution. Titrate the excess of dapsone with O*lM sodium 

* It is not necessary to add dapsone solution to determine less than 25 mg of sodum nitrite, 
since the amount of dapsone already present in the 5 ml of dapsone-diphenylamine solution is 
sufficient for the determination of these amounts. 
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nitrite as described for the amine determination. Make a blank titration with the same amount of 
dapsone and dapsonediphenylamine solution, using 25 ml of water instead of the sample solution. 
The determination can be performed also on the semimicro scale. 

Calculate the sodium nitrite content from the equation 

(ul - us) x f x 4 x 0.069 x 10 = (uI - us) x f x 2.76 = A 
W W 

where Y, is the volume of the nitrite solution used in the blank titration (ml) 
uI is the volume of the nitrite solution used in the sample titration (ml) 
f is the factor of the standard nitrite solution 

O-069 is the weight of 1 m mole of sodium nitrite (g) 
W is the weight of the sample (g) 
A is the amount of sodium nitrite found (%). 

RESULTS 

The reliability and accuracy of the method were verified on the macro and semi- 
micro scales by titration of sulphanilic acid (purity N 99.9 %). 

A purity of 99%lOO*O% was found in 5 determinations when 1.2-1.8 meq were 
taken (macro method), the maximum error being 0.1%. For the semimicro method 
OG4-0~05 meq was taken. The maximum error was 0.4% and the relative standard 
deviation 0.15 % (5 determinations). 

Tables I and II list the amine compounds which were determined by the procedure 
given. 

TABLE I.-DYBSXJFF INTERMEDIA'IXS. (VALUESOBTAINEDFROMATLWT 
4 DETERhfINATIONS). 

Rel. std. devn., % Max. error, % 

CAminoacetanilide 
I-Amino-1,3,6naphthalene trisulphonic acid 
Di-(4aminophenyl) ether 
m-Nitroaniline 
o-Nitroaniline 
p-Nitroaniline 
5-Nitro-o-toluidine 

0.15 -1-0.6 
1.2 +2 
0.15 +o*s 
0.08 +0*3 
0.07 +O-25 
0.08 +O-2 
0.2 +0*4 

TABLE II.-REAGENTSANDDRUGS. (VALUESOBTAINEDFROMATLEAST 4 
DET?XMINATIONS). 

N-Acetylsulphanilamide 
N-Amidinosulphanilamide (Sulphaguanidine) 
p-Aminobenzenesulphonamide (Sulphanilamide) 
o-Aminobenzoic acid 
p-Aminobenzoic acid 
p-Aminobenzoyldiethylaminoethanol 

hydrochloride (Procaine hydrochloride) 
p-Aminosalicylic acid 
5-Amino-3-sulphosalicylic acid 
N-(3,4-Dimethyl-5-isoxazolyl) sulphanilamide 

(Sulphisoxazole) 
Ethyl aminobenzoate 
N-(6-Methoxy-3-pyridazinyl)sulphanilamide 

(Sulphamethoxypridazine) 
N-(4Methyl-2-pyrimidyl)sulphanilamide 

(Sulphamerazine) 
N-2-Pyridylsulphanilamide (Sulphapyridine) 
2-Sulphanilamidopyrimidine (Sulphadiazine) 
N-2-Thiazolylsulphanilamide (Sulphathiazole) 

Rel. std. devn. % Max. error, % 

0.10 +0.15 
0.05 +0.15 
0.06 +0*2 
0.08 +0.2 
0.10 f-O-25 
O-18 40.5 

(semi micro determination) 
0 10 +0.2 
@OS +0*2 

0.15 +0.35 
0.08 +0*2 

O-18 +0.3 

0.15 +o-3 
0.12 +0*2 
0.10 +0.15 
0.12 1-o-2 
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A very sharp end-point was detected in all these determinations, except in the 
titration of S-amino-1,3,6naphthalene trisulphonic acid, where the colour turns to 
orange-yellow at the end of the titration. In this case the error is about f 1%. 

DISCUSSION 

In Scheme 1 is shown the course of the reactions when dapsone-diphenylamine 
solution is titrated under the conditions given in the procedures. 

Reactions 

Phase 1. Dapsone is diazotized. The reaction process is accelerated by heating. 
The product is a yellow tetra-azonium salt. 

Phase 2. Most of the tetra-azonium salt is hydrolysed in the course of the titration 
and 4,4’-dihydroxydiphenylsulphone forms (probably), which is colourless. A very 
small part of the yellow tetra-azonium salt is coupled at the same time with diphenyl- 
amine. The coupling process is faster than the hydrolysis and the intense raspberry 
red bis-diphenylamino-4,4’-azodiphenylsulphone forms.16 

Phase 3. The dye product splits slowly into diphenyalmine and 4,4’-dihydroxy- 
diphenylsulphone. The effect is that the colour fades towards the end of the titrations. 

Phases 4-5. The liberateddiphenylamine is oxidized by the nitrous acid to diphenyl- 
benzidine (colourless) then to diphenylbenzidine violet near the end of the titration, 
consequently the colour of the sample solution turns to bluish-violet. 

Phase 6. The diphenylbenzidine violet is nitrosated to the yellow dinitrosidi- 
phenylbenzidine.16 (End-point.) 

These reactions take place also when a primary arylamine is titrated in the presence 
of the dapsone-diphenylamine solution. If the amine is easily diazotized, phase 1 is a 
simultaneous diazotization of both the amine product and of the dapsone. Phases 2-6 
take place in similar stages and have the same velocity. The end point is also similar. 

The amount of O*lM sodium nitrite required to produce a colour change from 
bluish-violet to yellow is O-03 ml, if 5 ml of dapsonediphenylamine solution are taken, 
and only O-012 ml when 2 ml are taken (semimicro determination). It was found 
experimentally also that these calculated amounts of nitrite are necessary to produce 
the ultimate colour changes. 

Effect of nitrate and of temperature. It was found that it is necessary to add nitrate 
in order to prevent loss of nitrous acid. It was observed that the presence of nitrate 
has a second and very important effect. 

Dapsone-diphenylamine solutions, and also amine samples in the presence of 
dapsonediphenylamine solution, were titrated in the absence of sodium nitrate. It 
was found that not only a loss of nitrite occurs, but the ultimate phases (see Scheme I) 
do not take place. The violet colour of the sample does not disappear and consequently 
a precise end-point cannot be detected. This phenomenon can be explained by the 
fact that under the conditions of the procedure the diphenylamine is easily oxidizable 
only in the presence of large amounts of nitrate ion. The diphenylbenzidine violet is 
not nitrosated to the yellow nitroso product in the absence of nitrate ion. 

Experiments were made with diphenylamine solutions acidified with hydrochloric 
acid. When no nitrate ion was present in the solution, no colour developed after the 
addition of nitrite either at room temperature or at about 45”. In the presence of a 
sufhcient amount of sodium nitrate a violet colour develops slowly, which intensifies in 
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a few minutes and turns grey, greenish-grey and than greenish-yellow (at room 
temperature). The colour development is faster at higher temperatures; in this case 
the violet colour appears instantaneously and begins to fade in a few seconds and turns 
greenish-grey and then to greenish-yellow in less than one minute. The same colour 
developments also take place when an amine is determined by the procedure described. 

Effect of dapsone. Experiments were made to determine sulphanilic acid under 
the conditions described in the procedure, but omitting dapsone. No colour develop- 
ment occurs in phase 1. A pink colour develops in the course of the titration and the 
colour turns to bluish-violet and then to grey near the end of the titration, but it is not 
possible to detect a precise end-point. 

APPLICATION OF METHODS, CONCLUSIONS 

The determination of colourless or slightly coloured amino compounds is un- 
complicated and rapid by this method. The sensitivity is high, so it is possible to 
determine with accuracy also small amounts of samples. The method is less suitable 
for the determination of naphthylamines, where an intense colour may be developed 
during the diazotization process. The method is not applicable for samples which are 
coloured owing to the presence of impurities or of decomposition products. Nitrites 
are easily determined by the procedure described. The determinations are not affected 
by the presence of reductants such as sulphurous acid, formic acid, hydroquinone, 
nor by alcohol or acetone. 

Oxidizing agents must be absent. Bromide does not interfere even if present in 
large amounts, but the use of potassium bromide as catalyst is not necessary, since 
the velocity of the reactions is quite satisfactory. 

Zusanunenfassuug-Es wird eine neue Nitrit-Titrierungsmethode 
gebracht. Die Titrierung wird mit einer normalen Losung von 
4.4’~Sulfonyl-Dianilin und Diphenylamin durchgeftihrt, welche als 
innerer Indikator benutzt wird. W&rend der Titrieruna entwickelts 
sich eine kraftige rote Farbung infolge der gleichzeitigen Diazotierung 
und 
sich 

des Verbindungsprozesses. Durch Farbwechsel auf gelb ergiebt 
ein sehr scharf ausgesprochener Endpunkt. Die Titrierung 

erfolgt bei einer Temperatur von etwa 45” in Gegenwart von grossen 
Nitratmengen. Das Verfahren ist definitiv und genau. Es ist zur 
direkten Restimmung von Volumen von verschiedenen, leicht 
diazotierten, prirniiren Acrylaminen, Sulfoamiden und anderen 
Aminoverbindungen gee&net, welche durch Nitrittitrierung bestimmt 
werden konnen. Es ist such zur indirekten Restimmung von Nitriten 
gee&net. Das Verfahren kann in semi-mikro und Gr6sstniederschlagen 
verwandt werden. 

R6sum&-On pr&sente une nouvelle methode de dosage au nitrite. Le 
titrage est men6 en la presence dune solution tit&e de 4,4’-sulfonyldi- 
aniline et diphenylamine, qui est utilisQ comme indicateur interne. 
Une coloration rouge intense se developpe durant le titrage comme 
resultat d’un processus simultan6 de diazotation et copulation. Un 
point de fln de dosage tres net est fourni par un virage de coloration 
au jaune. Le titrage est realis a une temperature d’environ 45” en la 
presence de grandes quantit6s de nitrate. La methode est specifique et 
precise. Elle convient au dosage volumetrique direct de diverses 
arylamines primaims aisement diazotees, de sulfamides et d’autres 
composes amines qui peuvent &re determines par titrage au nitrite. 
Elle convient aussi au dosage indirect des nitrites. La methode est 
applicable aux 6chelles semimicro et macro. 
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SHORT COMMUNICATIONS 

Arsemuo III and its analogaes-VII. Colour reactions of the 

rare earth elements with a new reagent-Carboxynit 

(Received 28 November 1969. Revised 26 July 1970. Accepted 21 October 1971) 

SPECTROPHOTOMETRIC methods are widely used for the determination of the rare earth elements,’ 
mono- and 2,7-bisazo-derivatives of chromotropic acid being extensively employed.8-4 Almost all 
well-known reagents react with all the rare earths, but small differences, observed in some cases,6 
may enable one element to be determined in the presence of the others. 

In this paper the new reagent carboxynitrazo-the 2,7-bisazo-derivative of chromotropic acid-is 
suggested for the determination of the rare earth elements. 

This reagent has been recommended for the determination of strontium, barium and sulphate.e*7 
With it some rare earth elements give coloured reaction products with very different analytical 
characteristics. The difference is greatest for the elements of the cerium and yttrium subgroups. 

Reagents 
EXPERIMENTAL 

Carboxynitrazo-2,7-bisazo-chromotropic acid. The synthesis, purification, checking of purity and 
properties of Carboxynitrazo have been reported earlier, E.7 as have the acid dissociation constants.8-10 
In the present work 05 x 10-8M and 0.25 x 10-sM solutions of reagent were prepared and passed 
through a cation-exchange column, KY-2, in the H-form, to remove possible impurities such as 
calcium and other elements. 

Rare earths. The solutions of the rare earth elements were prepared by dissolution of exactly 
weighed amounts of the metals (La, Pr, Nd and Y), or oxides (Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb) in 
hydrochloric acid. The concentrations were checked spectrophotometrically and complexometrically. 

RESULTS 
Spectrophotometric investigation of the complexes of carboxynitrazo with the rare earth elements 

The relevant absorption spectra, conditions for reactions and optical constants are given in 
Figs. l-4 and Table I. 

TABLE I.-SOME CHARACTERISTTCS OF COLOUR REACTIONS OF CARBOXYNITRAZO WITH 
RARE-EARTH ELEMENTS 

~mmar.~ = 560 nm. Arnax.nea = 730 nm. Ail = 170 nm 

Composition 
Element Optimum pH Molar absorptivity, I.mole-‘.cm-’ Me:R 

La 2-35 1.56 x lo6 1:2 
Ce 1.8-3.1 1.60 x lo6 - 
Pr 2.2-3.5 1.55 x 106 1:2 
Nd 2.2-3.5 1.63 x lo5 - 
Sm 2.7-4.2 1.27 x lo6 I:2 
Eu 34.5 1.22 x 10” 1:2.4 
Gd 3.54.8 1.16 x lo5 - 
Tb 4.0-4.4 - - 

DY 
Ho 

?b 
no reaction 

Y 
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FIG. l.-Absorption spectra of Carboxynitrazo and its complexes. Reagent (1) and in 
the presence of Y, Yb (l), Er, Ho, Dy (2), Tb (3), Gd (4), Eu (5), Sm (6), Nd, Pr (7). 
La (8), Ce (9) at pH 3.0 Concentration: [R] = 1 x 1O-6M; [Me] = 0.5 x lO+M; 

IO-mm cell; recorded against water. 

500 600 700 600 

nm 

FIG. 2.-Absorption spectrum of Carboxynitrazo (1) and its complexes with f_a at 
various Me : R ratios : 

2-Me:R = 1:2; 3 and4-Me:R = 1:4. 
1, 2 and 4 recorded against water, 
3 recorded against two parts of reagent. 

[M] = 0.5 x 10-6M, pH 3.0. 
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The influence of temperature, time and ad&t&a of some organic solvents 

The absorbance of the complexes usually varies with time, especially for 20 min after preparation 
of the solutions. With Ce, La, Pr and Nd the absorbance reaches a Constant value in ~30 mm, with 
the other elements which form wlours the reaction takes l-2 hr. For the solutions containing Y, 
Yb, Er, Ho and Dy wlour development is not observed even after 24 hr. Heat% of the solution 
and addition of organ& solvent (acetone, ethanol, propanol) results in a decrease of the absorbance 
of the solutions at 730 nm. 

0.6 i 

A 

0.2 

0 2 3 4 5 6 ? 

FIO. 3.-The effect of pH on the wlour reaction between rare earth elements and 
Carboxynitrazo. 

[RI = 2 x 10-6A4, [Me] = 0.4 x 10-sM, 1 = 730 nm. 

Sm 

--k---- 

Fro. 4.-The effect of the concentration of Carboxynitraw on the colow reaction with 
the rare earth elements. 

IMe] = 0.5 x 10-nAf([Sm] = 1 x IO-“M), pH 2%-3~0; A = 730 mn. 
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0 7.0 14.0 21.0 26.0 
pL9 La (I,21 

I I I I I 
0 66 172 258 344 

pg 'fC (3,4,5,6) 

FIG. 5.-Colour reactions of Carboxynitrazo with La at various concentrations of Yb. 
[R] = 3 x 1O-6M. 

I-La variable, pH 2.0 and 3.0 
2-La variable, 173 pg of Yb, pH 3.0 
3-Yb variable, 10 ,ug of La, pH 2.0 
4-Yb variable, pH 2.0 
5--Yb variable, 7.7 ,ug of La, pH 3.0 
6-Yb variable, pH 3.0. 

Mutual influence of elements of the Y- and Ce-groups 

The curves for A vs. pH (Fig. 3) and A vs. [RI (at constant [Me]) (Fig. 4) show a possibility of the 
determination of the Ce-group elements in presence of the Y-group elements. We checked such a 
possibility by using a lanthanum-ytterbium mixture as an example. Measurements were made at 
pH 2.0 and 3.0, which is the range for the maximum colour reaction for lanthanum, whereas the 
absorbance of the ytterbium solutions is equal to that of the reagent itself. 

However, at 730 nm the absorbance of the solutions containing both ytterbium and lanthanum is 
greater than. that of the analogous solutions of ytterbium-fret?lanth&um. This effect is more 
pronounced at pH 3.0 than at pH 2.0. For example, at the ratio Yb:La N 2:l the increase in ab- 
sorbance. amounts to almost 50% at pH 3.0 but only 7-10% at pH 2.0. The absorbance at 730 nm 
increases with increasing ytterbium concentration only up the ratio Yb:La - 2: 1 (Fig. 5). The 
caIibration curves at DH 3.0 in the nresence and absence of vtterbium (Fie. 5, curves 1. 2) have 
different slopes. At pG 2.0 these cur& almost coincide with eadh other and p&nit the determination 
of lanthanum in the presence of ytterbium. So a 2%fold excess of ytterbium does not interfere with 
the determination of 10 ,ug of lanthanum if water or reagent solution are used as reference solutions, 
and a 40-fold excess can also be dealt with if the reagent and Yb is used as a blank. The permissible 
concentration of the ytterbium can be increased provided that the pH is decreased, although in this 
case the sensitivity of the lanthanum determination is slightly decreased. 

Probable mechanism of reactions 

It has been noted that the colour reactions of alkaline earths and some other elements with 
2,7-bisazo derivatives of chromotropic acid are of three basic types.6.” Each of these types can take 
place for the same pair of the components (metal and reagent) depending on conditions (pH, con- 
centration of the components, with or without organic solvents, etc). 
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From consideration of the spectral characteristics, and also the influence of temperature and 
additions of organic solvents on the spectra, it can be noted that the reactions of rare earths with 
Carboxynitrazo described in this paper resemble reactions of the alkaline earths with analogous 
reagents, proceeding according to the third type of reaction. 

On this basis the structures of the corresponding complexes are expected to be similar. 

V. I. Vernadsky Institute of Geochemistry 
and Analytical Chemistry 

U.S.S.R. Academy of Sciences 
Moscow 

S. B. SAWIN 
T. V. PETROVA 

P. N. ROMANOV 

Sununar~--A new reagent, Carboxynitrazo, gives a colour reaction 
with some rare earth elements. For the individual rare earth elements 
the sensitivities of the reactions are very different. The difference is 
greatest for the elements of the Ce- and Y-subgroups. For the first 
subgroup the molar absorptivities are about 16 x 10’ 1. mole-r cm-‘, 
whereas most of the elements of the Y-group do not give any colour 
reaction. A possible procedure for the determination of lanthanum 
in the presence of ytterbium is discussed. 

Zusanunenfassung-Ein neues Reagens, Carboxynitrazo, gibt eine 
Farbreaktion mit einigen seltenen Erden. Fiir die einzelnen seltenen 
Erden ist die Emptindlichkeit der Reaktion sehr verschieden. Am 
grijDten ist der Unterschied bei den Elementen der Cer- und Yttrium- 
Untergruppen. Bei der ersten Untergruppe liegen die molaren Ex- 
tinktionskoeffizienten urn 16 * lo* 1. mol-’ cm-l, wogegen die meisten 
Elemente der Y-Gruppe gar keine Farbreaktion gel&i, Ein mijgliches 
Verfahren zur Bestimmung von Lanthan in Gegenwart von Ytterbium 
wird diskutiert. 

R&snm~Un nouveau reactif, le Carboxynitrazo, donne une r&action 
colored avec quelques elements des terres rares. Pour les elements 
individuels des terms rares. les sensibilitts des reactions sont tres 
differentes. La difference est la plus grande pour les elements des 
sous-groupes Ce et Y. Pour le premier sous-groupe, les coefficients 
d’absorntion moleculaire sont d’environ 16 x 10’ l.mole.cm-‘. tandis 
que la &part des elements du groupe Y ne donne pas de reaction 
colors%. On discute d’une technique possible pour le dosage du 
lanthane en r&sence d’ytterbium. 
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Application of photon-counting in atomic-absorption spectrophotometry 

(Received 14 Jamwy 1972. Accepted 16 February 1972) 

PHOTON-C~UNTINCS is usually employed for the detection and measurement of very weak radiation 
levels, where the stability and integral nature of the method make it superior to other te&niques.1 
It can, however, be used in the presence of quite high radiation levels, provided that the pulse rate 
does not exceed the linear counting range. An excellent example of this is in atomic-absorption 
spectrometry where pulse pile-up* is not a problem because the number of photons striking the 
detector actually decreases during the signal period. Mahnstadt et al.* demonstrated the application 
of photon-counting to solution absorption spectrophotometry and gave statistical equations relating 
the signal:noise ratios to the count-rates. These equations however, as this study shows, are not 
valid in their simplest form for atom&absorption spectrometry where extra noise factors such as 
flame flicker and variations in nebulization are present. 

EXPERIMENTAL 

Apparatus 

The photon-counting system used for this work has been described elsewhere4 and incorporates 
a cooled (-40”) high-gain photomultiplier coupled directly to a frequency meter. This has advantages 
over the more conventional system consisting of a photomultiplier, amplifier, discriminator and 
frequency meter.a*s Cadmium was chosen for atomic-absorption measurements, as hollow-cathode 
lamps for this element are usually quite stable and have high line-to-background ratios. The dis- 
persive system used was a Hilger and Watts D330 monochromator having a grating with 1200 
lines/mm blazed at 330 nm. A hydrogen/argon/air diffusion flame stabilized on a 5-cm slot burner 
fitted to the nebulizer of a Perkin-Elmer 290 atomic-absorption spectrometer served as a free atom 
reservoir. The flow-rates and pressures were: hydrogen 8.0 l./min at 3 psig, argon 4.0 l./min at 
30 psig. Radiation from the hollow cathode lamp was focussed at the centre of the flame cu. 4 cm 
above the burner slot. The image was refocussed on the entrance slit of the monochromator, which 
was set to transmit the 228.8~nm resonance line of cadmium. 

Direct current measurements. Direct measurements were made by connecting the output of the 
photomultiplier (all atomic-absorption measurements were made with the photomultiplier cooled) 
directly to a Servoscribe recorder having a 100 kfl load resistor across its input. 

An attempt to determine the optimal slit-width showed that the signal:noise ratio increased 
steadily as the slit-width was increased. Drawing large currents from a photomultiplier results in 
energy trapping in the photo-cathode (which causes increased dark-current and noise) and therefore 
the slit-width was set so that the output current did not exceed 10 ,uA. The cadmium hollow-cathode 
lamp was operated at 3 mA via the lamp supply of a Perkin-Elmer 290B atomic-absorption spectro- 
photometer. The power supply had a 50-Hz modulation which was monitored by the recorder and 
proved to be the limiting noise component of the d.c. signal. The recorder gain was set so that the 
chart represented 0-100’~ transmission. A working curve was constructed for concentrations of 
0.0%10.0 ppm Cd; the linear range was @05-4.0 ppm Cd and the detection limit was 0.05 ppm Cd. 
The concentration range studied was limited by the difficulty of making precise readings on a simple 
de. system at high absorbances (10 ppm Cd zz 0.76 absorbance units). 

Photon-counting measurements. The error in reciprocal transmission l/T is given by the equation : 

(Sk)* = (gg* + (g)* (1) 

where S, is the standard deviation of the i*h variable, N,, is the referencebeam count-rate and Nt 
is the transmitted-beam count-rate. 

The equation shows that the precision of l/T can be increased either by increasing the count- 
period or the count-rate. Based on this criterion the slit-width was set so that with the longest 
counter gating-time of 10 set the register would be nearly filled. The reference-beam count-rate in 
most of our experiments was ca. 897OO/sec, which corresponded to a slit-width of 0.03 mm, compared 
with 0.05 mm used for the d.c. measurements. 
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First, an analytical working curve was constructed for concentrations of O-05-100 ppm Cd, the 
linear range being 0*05-30.0 ppm Cd (36.0 ppm Cd ZG 0.76 absorbance units) and the detection 
limit 0.02 ppm Cd. The lower detection limit obtained by photoncounting can be attributed to the 
integral nature of the method, which effectively removes the noise component derived from the 
50-Hz lamp modulation. Thirty IO-set readings of the reference-beam count were taken and analysis 
yielded the following results; average count 896317, standard deviation 2841, and relative standard 
deviation 0.32 %, which shows that in terms of a IO-set period the lamp was quite stable. 

“Normal” statistical populations have the property that the standard deviation of the sample 
mean decreases as the square root of the number of samples taken increases. In counting experiments, 
the number of samples taken is equivalent to the count period so that the precision of measurement 
is inversely proportional to the square root of the count period. The signal-noise ratio will therefore 
be proportional to the square root of the count-period t: 

signal N,t’l’ -= 
noise (Ne + 2NJ”’ 

where Ns = N,, - Nt. 
An experiment was carried out to investigate whether in practice the signal:noise ratio increases 

in proportion to t llr. Repetitive spraying (30 times) of solutions containing 1-O ppm Cd, for wunt 
periods of 0.1, 1.0 and 10.0 set yielded the following results; for the 0.1~set count signal:noise 
ratio was 420.6, for the l+sec count 2199 and for the IO-O-set wunt 2243. The large increase in 
signal:noise ratio which occurred between the 0.1 and I-O-see count-periods can be attributed to the 
increasing noise contribution of the lamp modulation at short count-periods. Once the count-period 
had reached 50 times the modulation period (i.e. 1 set) the results showed an increase in the signal : 
noise ratio somewhat less than that predicted by theory. This has also been our experience’ when 
studying atomic-fluorescence signals, with unmodulated sources. The reason for this is the 
dilhculty of maintaining experimental conditions constant during the longer count-periods, and 
during the whole sampling time which amounted to 30 min for the lO*O-see count-periods. Drift in 
the source and monochromator, etc, is a serious limitation in obtaining precise results from integral 
measurements, because the error is cumulative. Random interference, e.g., electrical and cosmic 
radiation, is also a problem, because although it may prove to obey Poisson statistics, the time-scale 
is so different from that of photon arrival that a particular interference may be a unique event in 
terms of a sampling period. 

The unorthodox use of a modulated reference beam for d.c. and integral measurement was de- 
liberate, since it clearly demonstrated the ability of photon-counting (and other integration techniques) 
to improve significantly measurements made on signals having poor short-term stability, particularly 
if the instability is periodic in nature. 

RESULTS AND DISCUSSION 

Error analysis for atomic absorption 

Atomic-absorption measurements by photon-counting can be made in two ways; at low absorb- 
antes (less than about 0.07) the concentration is directly proportional to the number of absorbed 
photons, whilst at higher absorbances it is necessary to plot absorbance us, concentration to obtain 
good linearity. In the&t instance the analysis of the results is the same as that for atomic-fluorescence 
and emission spectrometry, the signal:noise ratio being given by equation (2). 

When the noise is somewhat worse than that predicted by counting statistics, it is necessary to 
measure the standard deviation of N. experimentally. For values of absorbance Malmstadt et al.’ 
defined the error in absorbance ( % EA) as : 

“/ EA = log (1/T-+ &,d - log (l/T) 
0 

log (WY 
x 100 

where &,, can be derived from equation (1) which is quite general and not specific to counting 
statistics. The value of EA has a shallow minimum at about 1-O absorbance units and high precision 
can be obtained in this region. Table I shows the error, calculated by the various methods described, 
for the l-O-ppm Cd solution, using 1.0 and O-l-set count-periods. It is clear that certain conclusions 
can be drawn from this table. 

1. As expected, the error predicted by counting statistics is apt to be low, especially for systems 
exhibiting a large experimental error (e.g., 0.1~see count-period with 50-Hz lamp modulation). 

2. The experimental values show good correlations between the various methods, but some 
comment can be made with regard to the method of derivation. Values for absorbance errors depend 
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on the ratio IO/Z,, whereas errors in NB depend on the difference I0 - Zt. Over the experimentally 
useful ranges of I0 and absorbance calculations show that ZO/Zt is less sensitive than Z,, - Zt to changes 
in I0 and therefore greater precision can be expected from absorbance measurements (on single-beam 
instruments). 

TABLE I.--COMPARISON OF RELATIVE STANDARD DEVIATIONS. 

Relative standard Relative standard . . 
deviation of N,, y0 deviation of absorbance, % 

I-set O.l-set 1 *O-set 0.1-set 

Counting statistics 
Experimental 
From equations (1) and (3) and the 

experimental values SN, and SNt 

4.91 14.2 3.95 14.0 
4.55 23.8 4.74 19.9 

- - 6.53 18.6 

In conclusion, great care must be exercised when predicting errors from photon-counting in 
atomic spectrometric experiments. Equations calculated on the basis of simple Poisson statistics 
are usually inadequate because they relate to only one noise component, which is not normally the 
dominant one in these experiments. Previous work in this laboratory” has shown that noise contri- 
butions from sources such as flame flicker, variations in the solution sampling (either by nebulizers 
or one-shot devices such as a platinum filament) and apparatus drift, can be several times greater 
than Poisson or shot noise. Under these conditions it is necessary to measure the precision experi- 
mentally, at least initially, in order to determine what the noise contributions are, and whether the 
simple and convenient equations of counting statistics are applicable. 

Acknowledgement-We wish to thank the Science Research Council for the award of a studentship 
to one of us (B. L. S.) and for a research grant to purchase apparatus used in this study. 
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Summary-An analysis is given of the statistics of photon-counting 
as a means of making measurements in atomic-absorption spectrom- 
etry. It is concluded that the simple application of Poisson counting 
statistics may give an over-optimistic estimate of the error, since other 
sources of error, such as flame flicker and variable nebulization rate, 
may be more significant. 

Zusammenfaasung-Es wird eine Analyse der Statistik iiber Photonzlh- 
lung als ein Mittel zur Durchfiihrung von Messungen in Atom- 
absorption Spektrometrie gebracht. Man kommt zu dem Schluss, 
dass die einfache Anwendung von Zlhlstatistiken nach Poisson eine 
tlberoptimistische Schatzung des Fehlers ergeben konnte, da andere 
Ursachen fiir Fehler, wie Flickern der Flamme und veranderlicher 
Zerstlubungsgrad bezeichnender sein k&men. 

R&sum&-On donne une analyse des statistiques de comptage de 
photons comme moyen de faire des mesures en spectrometrie d’absorp- 
tion atomique. On en conclut que la simple application des statistiques 
de comptage de Poisson peut donner une estimation par trop optimiste 
de l’erreur, car d’autres sources d’erreur, telles que le vacillement de 
la flame et la vitesse de nebulisation variable peuvent etre plus import- 
antes. 
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Some new applications of ferroin as redox indicator in 
titrations with dichromate 

(Received 11 February 1972. Accepted 22 February 1972) 

DESPITE the advantage of being a primary standard, potassium dichromate has found limited applica- 
tion as an oxidizing titrant. This has hitherto been attributed to the low oxidation potential of the 
system under normal conditions,l but recently it has been shown* that some reactions with dichromate 
may fail for kinetic rather than for thermodynamic reasons; further the reported conditional potential3 
of the Cr(VI)/Cr(III) system is shown to be useless for calculations of equilibrium constants of di- 
chromate reactions. Ferroin is close to an ideal reversible indicator with excellent indicator properties; 
unfortunately its slow reaction with dichromate has prohibited its use as an indicator in dichromate 
titration of reducing agents other than iron(H). A critical study of the behaviour of ferroin in the 
iron(II)-dichromate titration’ has revealed some interesting points. The catalytic effect of iron 
on the indicator oxidation is utilized in a procedure for the dichromate determination of arsenic(III), 
and it is also possible to use ferroin as redox indicator in the dichromate titration of hydroquinone, 
ferrocyanide, uranium(IV) and molybdenum(V) by suitable choice of conditions. 

Arsenic(III) reacts rather sluggishly with cerium(IV) or permanganate; and hence either osmium 
tetroxide& or iodine monochloride is used as catalyst in titrimetric procedures based on these reactions. 
The reaction between arsenic(II1) and chromium(V1) seems to proceed through the following inter- 
mediate steps: 

Cr(vI) + As(III) -+ Cr(IV) + As(V) (1) 

2Cr(IV) i- As(W) -+ 2Cr(III) + As(V) (2) 

Step (2) is slow and probably more complex. However this reaction is used to induce the rapid and 
complete oxidation of manganese(I1) and cerium(II1) under suitable experimental conditions;’ these 
reactions are believed to proceed through reaction steps (1) and (3), the latter being faster than step (2). 

Cr(IV) + Mn(I1) + Cr(II1) + Mn(II1) 

Cr(Iv) + Ce(II1) --+ Cr(II1) + C&IV) 
(3) 

In view of the sluggishness of the reactions involved, arsenic(II1) is usually determined by oxidation 
with excess of dichromate and titration of the excess with iron( 

Spitalsky* first described the determination of chromate with arsenite solution, but the method 
has been little used because so many other simple methods exist. Later, Kolthoff and SandelP” applied 
the method to the rapid analysis of chromium-vanadium steels, but permanganate was used to deter- 
mine the unreacted arsenic(II1) and it is believed that in acid solution chromium(W) is selectively 
reduced by arsenic(II1) added to a mixture of chromium(VI) and vanadium(V). Szabb and Cs&nyill 
have made a determination of chromium(W) by titrating directly with arsenic(III), using a catalyst 
mixture containing potassium iodide and manganese(I1) sulphate, and diphenylamine as indicator; 
however the colour change towards the end of the titration seems to be slow, requiring a S-mm wait 
at the end-point to make sure that it has been reached. SwiftI used an immiscible solvent as indicator 
for detecting the end-point in the titration of arsenic(II1) with potassium dichromate, adding a small 
amount of iodine monochloride to the titration mixture before the start of the titration; this extended 
Andrews procedure requires the hydrochloric acid concentration not to fall below 8M near the end- 
point. The present communication describes experimental conditions for arsenic(III)-chromium(V1) 
titration with a sharp and reversible colour change at the end-point. 

EXPERIMENTAL 

Reagents 

Arsenic(ZZZ) solution, approx. 0.1 N. Prepared from analytical-reagent grade arsenious oxide, 
according to Vogel.18 

Potassium dichromate. O-1 N. 
Ferroin, O-025 and O&W. 
Hydroquinone, @05N. Prepared in 0.5M sulphuric acid and standardized with ceric su1phate.r’ 
Potassium ferrocyanide, 0*05N. 
Uranium(ZV), 0.05N. Prepared and standardized according to Kolthoff and Lingane.r5 
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Molybdenum(V), O.OSM. Prepared by reduction in a mercury reductor and standardized according 
to Furman and Murray.l” 

Iodine monochloride. Add 25 ml of OGIM potassium iodide and 40 ml of 12M hydrochloric acid 
to 20 ml of 0*025M notassium iodate. Add a few ml of chloroform and titrate with iodate or iodide. 
as needed, until a b&ely perceptible iodine colour remains in the organic solvent after shaking and 
settling. The aqueous phase is NO*017M in iodine monochloride. 

Zron(ZZZ) alum solution, approx. lo%, in 1M sulphuric acid. All other chemicals used in this invest- 
igation were of analytical-reagent grade. 

Recommended procedures 

Arsenic. To 4-10 ml of ^O~OSNarsenic(III) solution, add 20 ml of iron(II1) alum solution (~10 %) 
and enough hydrochloric acid to make the titration solution 2&3*OM in hydrochloric acid near the 
equivalence point. Dilute to N45 ml and add a drop or two of (NoO17M) iodine monochloride. 
Titrate with potassium dichromate, using a drop of 0.025M ferroin as indicator. The colour change 
at the end-point is from orange-red to intense greenish-yellow. An indicator correction of 0.02 ml of 
O.OSN dichromate is applied. 

Hydroyuinone (HQ). To 5-10 ml of 4.05N HQ add 20 ml of ferric alum solution and make the 
mixture 1.53M in sulphuric acid or 1-2M in hydrochloric acid when diluted to -45 ml. Add a 
drop of 0.01 M ferroin and titrate with dichromate. 

Ferrocyanide. The tinal ferricyanide concentration must be at least 0.005M. 
in the presence of 3N sulphuric or hydrochloric acid. 

Titrate the ferrocyanide 
The end-point is ~1.0 ‘A short of the equivalence 

point, so that it is essential to standardize the dichromate against ferrocyanide under the same 
conditions. 

Uranium(ZV) and molybdenum(V). Use the same conditions as for hydroquinone. 

RESULTS AND DISCUSSION 

Iodine monochloride is known to speed up the reduction of ferriin by arsenic(III) in dilute 
hydrochloric acid solution, but this catalytic effect diminishes with increasing concentration of 
hydrochloric acid. On the other hand, oxidation of ferroin by chromium(V1) is slow under similar 
experimental conditions but becomes rapid with increasing concentration of hydrochloric acid. 
With these opposing experimental conditions for rapid oxidation and reduction of the indicator, it 
has not proved possible to prescribe a working optimum condition for ferroin to serve as a satisfac- 
tory indicator, over the entire range of hydrochloric acid concentration studied (0.5-8.OM). At lower 
hydrochloric acid concentrations the equivalence point is overstepped and at higher concentrations 
the slow colour change of the indicator necessitates dropwise addition of titrant even at the beginning 
of the titration. 

Iron(II1) is reported to increase the speed of oxidation of ferroin by chromium(VI).O In --008M 
iron(II1) media this indicator reaction is fast enough, even in a solution which is only 2.OM in 
hydrochloric acid; the reduction of ferriin by arsenic(II1) in the presence of a drop or two of iodine 
monochloride solution also being fast under the same experimental conditions, it is observed that 
the indicator works satisfactorily under such conditions. The behaviour of ferroin is completely 
satisfactory if the titration solution is 2*0-3*OM in hydrochloric acid, and can tolerate a further 
variation of 0.5M in the acid concentration (i.e., 1*5-3*5M), provided the titrant is added dropwise 
with a 30-set wait between additions towards the close of titration. The titration is continued until 
the red colour of ferroin in the yellow of iron(I11) chloride is completely discharged. 

The reverse titration of chromium(V1) with arsenic(II1) under similar experimental conditions is 
found to be equally satisfactory. The titration is continued until a permanent bright orange-red 
colour is obtained in the titration solution; the indicator correction is negligible. Typical results for 
both titrations are given in Table I. 

Amounts of 250 mg of iron(III), 9 mg of chromium(II1) and 295 mg of manganese(H) have been 
found not to interfere. Vanadium(IV), vanadium(V) and antimony(II1) interfere in the titrations. 

Kolthofflr prescribed an elevated temperature for dichromate titration of hydroquinone, pre- 
sumably because of the sluggishness of the indicator reaction. The ferriin-HQ reaction is fast over a 
wide range of sulphuric acid concentration and the ferroin-Cr(V1) reaction becomes fast in 5M 
sulphuric acid. The titration is satisfactory in the latter medium if the temperature is not allowed to 
rise as a result of dilution of the acid, and the final quinone concentration is less than 0.002M. Use 
of iron(II1) to catalyse the indicator reaction obviates the need to cool during the titration and permits 
the tlnal quinone concentration to be up to 0.005M. 

Ferricyanide catalyses the oxidation of the indicator, but ferrocyanide does not induce the oxida- 
tion as iron(I1) does. It is not necessary to add iron(II1) as catalyst. 
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TABLE 1 

Amount of arsenic(III), mmole Amount of chromium(vI), mmoie 

taken found taken found 

0.1050 0.1052 0.06426 0.06436 
0.1313 01316 0.07230 0.07240 
0.1575 0.1574 0.08033 0.08028 
0.1838 0.1835 0.08836 0.08845 
0.2100 0.2104 0.09640 O-09636 
0.2363 0.2368 
0.2625 0.263 1 

Uranium(IV) and molybdenum(V) can both be titrated in 3-3%4 sulphuric acid. At lower 
acidities the indicator oxidation is slow, and at higher acidities (above 4M sulphuric acid for MO) 
the ferroin colour is either prematurely discharged (in uranium titrations) or the reduction of ferriin 
is slow (molybdenum titrations). Molybdenum can be titrated in 4-5M hydrochloric acid, but the 
indicator reactions are too slow at other acidities. Uranium can be titrated in 3-4M hydrochloric 
acid. Chromium(VI) induces reduction of ferriin by uranium(IV) but the uranium does not induce 
oxidation of ferroin by chromium&I). Iron(ILI) as catalyst permits use of a wider range of working 
conditions, i.e., l-5-3.5M sulphuric acid or l-3M hydrochloric acid. 

Department of Chemi3try K. SRIRAMAM 
Ana%ra University Postgraduate Centre 
Guntur-5, Andhra Pradesh, India 

Summary-Working conditions for the titration of arsenic(III), 
hydroquinone, ferrocyanide, uranium(IV) and molybdenum(V) with 
dichromate in sulphuric acid and hydrochloric acid media have been 
established, with ferroin as the redox indicator. 

Zusammenfassun8-Es sind Arbeitsbedingungen fur 
mit Ferroin als Redoxanzeiger, von Arsen(IIl), 
Cyaneisen, Uranium(IV) und Molybdln(V) mit 
Schwefel- und Salzsaure Medium festgelegt worden. 

die Titrierung, 
Hydrochinon, 

Bichromat in 

R&urn&-On a etabli les conditions de travail pour le dosagedesarsenic- 
(HI), hydroquinone, ferrocyanure, uranium(IV) et molybdeneor) avec 
le bichromate en miiieux acide sulfurique et acide chiorhydrique, avec 
la ferrome comme indicateur redox. 

1. 
2. 
3. 
4. 
5. 
6. 

7. 

8. 
9. 
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A note on successive complexometric determination of thorium and rare earths 

(Received 2 March 1972. Accepted 25 March 1972) 

IT IS WELL KNOWN’ that in spite of a sutBcient difference between the stability constants of the thorium- 
EDTAcomplex and the rare-earth complexes (log &hY = 23.2, log KLaY = 15.50, log KnvY = 17*9), 
the rare earths (RE) cannot be titrated at pH 5-5.5 after thorium, when Xylenol Orange (X0), 
Pyrocatechol Violet, Methylthymol Blue etc. are used as indicators, because of the formation of 
coloured ternary complexes such as Th-EDTA-X0, at pH 4. EDTA does not saturate all the 
co-ordination sites of thorium. A few years ago we proposed’ as titrants diethylenetriaminepenta- 
acetic acid (DTPA) and triethylenetetraminehexaacetic acid (TTHA) for these successive titrations. 
DTPA and TTHA complexes of thorium do not react with Xylenol Orange (the best indicator for 
this purpose) at higher pH. Because of shortage of material at that time we studied only the first 
lanthanides, from lanthanum to neodymium. Later this procedure was extended to all RE bv 
Mukherji.” Gupta and Powell3 confirmed the original procedure and in addition for the titration of 
RE replaced DTPA by N-Hydroxyethylethylenediaminetriacetic acid (HEDTA). In all these pro- 
cedures Xylenol Orange was used as indicator. 

Because these volumetric reagents, especially TTHA and HEDTA, might not always be available, 
we have tried to improve the EDTA method. In principle the formation of the coloured Th-EDTA- 
X0 complex has to be prevented by addition of another complex-forming compound. We have found 
that acetylacetone (acac) is very suitable for this reaction. We assume that the colourless ternary 
complex TH-EDTA-acac is formed instead of Th-EDTA-X0. This makes possible a reliable 
determination of RE after thorium titration. The whole procedure is very simple, as described below. 

EXPERIMENTAL 

Reagents 

EDTA, O.OSM. Standardized with O.OSM lead nitrate, with Xylenol Orange as indicator. A 
0.02M solution was made by appropriate dilution. 

Rare earth solutions, 0.05M. Prepared by dissolving the nitrates in water or the oxides in nitric 
acid, and standardized by EDTA titration at pH 5-5.5, with Xylenol Orange as indicator. 

Acetylacetone-acetone mixture (1: 1). 

Saturated hexamine solution. 

Xylenol Orange solution, 0.5%. 

Procedure 

Dilute the sample solution, containing not more than 35 mg of thorium and 40-50 mg of RE, 
to 250-300 ml. Adjust the pH carefully to 2 & 0.1, with sodium hydroxide or nitric acid. (Chloro- 
acetic acid buffer is not suitable for thorium titration.) Add a few drops of Xylenol Orange indicator 
and titrate slowly with 0.02-0.05&f EDTA to the colour change from the intense red colour to lemon 
yellow. Then warm the solution to 35-40”, add 20 ml of acetylaceton+acetone mixture and mix 
thoroughly (magnetic stirrer). Add saturated hexamine solution dropwise till an intensely red-violet 
colour appears and add a few drops of hexamine in excess. Titrate slowly with EDTA to a pure 
yellow or slightly orange-yellow. The amounts of EDTA used correspond to the thorium and the 
total RE respectively. Typical results are summarized in Table I. 
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TABLE L-DETERMINATION OF THORIUM AND RARE EARTHS. 

1449 

Taken, mg Found, mg Difference, mg Stability constants 
Th RE Th RE Th RE log KT~Y - log&~y 

6.02 

5.95 

12.04 
24.07 
36.11 
60.18 
12.04 
12.04 
12.04 
6.02 

23.80 

6.02 
2407 
Il.90 
35.71 

5.95 
11.90 
11.90 
59.71 

5.95 
41.66 

- 
- 
- 
- 

41.80 

- 
7.44 La 

Er 

37.20 La 
52.07 La 
74.39 La 
35.91 Ce 
35.91 Ce 
41.09 Sm 

4.11 Sm 
34.49 Gd 

8.36 

7.62 Tb 

Er 

38.09 Tb 
76.18 Tb 
38.95 Dy 

3.90 Dy 

5.92* 
12.06* 
24.02 * 
36.08* 

8.70: 

6@33t 
11.95 
11.95 
12.07 
5.92 
5.92 

24.04 
11.83 
35.62 

24.02? 

6.26 
11.95 
12.41 
60.91: 

5.92 
41.65 

- 
- 
- 
- 
- 

7.43 Lag 
36.26 La 
52.23 La 
72.9-73 61 La 

39.64 

36.43 Ce 

E; 

36.50 Ce 
41.05 Sm 

4.20 Sm 
34.67 Gd 

7.71 Tb 
38.54 Tb 
75.17 Tb 
39.16 Dy 

8.11 

4.06 Dy 

Er 

-t-h10 
+0*02 
-0.05 
-0.03 
+@25 
-0.09 
-0*09 

+1.75 

+0.03 
-0.10 
-0.10 
-0.03 
-0.07 
-0.09 
+0.31 
+0.05 
+0.51 

+0.22 

7L1.20 
-0.03 
-O*Ol 

- 
- 
- 
- 
- 

-0.01 
-0.94 
+0.16 7.7 
-1.49-0.79 
i-O.52 

-1.16 

+0.59 

4.35 

7.22 
-0@4 
+0*09 6.10 
+@18 5.83 
+0*09 

-0.25 

5.30 
+0.45 
-0.99 
+0.21 4.9 
$-O-16 

11.90 37.35 Yb 235: - +11*10 - 3.70 
35.71 3.74 Yb 37.01: 2.88 +1.30 -0.86 

* After the titration, acac was added and pH adjusted with hexamine: no colour appeared. 
t On addition of acac and adjustment of pH, slight formation of Th-EDTA-X0 complex. 
§ End-point from violet to pink not sharp. Insticient amount of acac (see Remarks). 
$ Co-titration of RE, end-point sluggish and not sharp. 

Remarks 

The amount of thorium is limited to 3540 mg in the volume stated. Higher concentrations of 
Th-EDTA complex need larger amounts of acac for suppressing the Th-EDTA-X0 complex 
formation and this interferes with the subsequent titration of RE. Use of a higher temperature (40”) 
accelerates the dissolution of the acac-acetone mixture and makes the indicator colour change 
sharper. 

Methylthymol Blue or Byrocatechol Violet are not suitable for this procedure because of indistinct 
and sluggish end-points. 

DISCUSSION 

The proposed method is suitable for the determination of thorium and those rare earths haying a 
sufficiently lower stability constant for their EDTA-complexes [lathanum up to erbium (log KBrY = 
lS.SS)J. Thulium (log KTmy = 19.51) and lutetium (log KL”~ = 19-83) were not available, but we can 
assume that both will be partly co-titrated with thorium. 

As an auxiliary complex-forming compound for RE titration, and masking of alummium, iron, 
etc, Chernikhov et aI.* proposed sulphosalicylic acid and titrated thorium with EDTA at pH 1.5 
and then RE at pH 4.5, using Xylenol Orange as indicator. The method is limited to smaller amounts 
of thorium (up to 15 mg) and smaller amounts of RE. The colour change of Xylenol Orange is 
much less sharp than in the method described above. 

Analyrical Laboratory 
J. Heyrovskj Polarographic Institute 
Czechoslovak Academy of Sciences 
Prague 1, Jilskd 16, Czechoslovakia 

RUDOLF P&BE 
vLADIMfR w!.SEL* 
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S--An improved method for successive determination of 
thorium and rare earths is described. It is based on the EDTA 
titration of thorium at pH 2 (Xylenol Orange as indicator) followed 
by addition of acetylacetone+acetone mixture, adjustment of the pH 
to S-55 with hexamine, and by further EDTA titration of rare earths 
with the same indicator. 

Zusanunenfassung-Ein verbessertes Verfahren zur Bestimmung von 
Thorium und seltenen Erden nacheinander wird beschrieben. Es 
beruht auf der EDTA-Titration von Thorium bei pH 2 (Indikator 
Xylenolorange), anschlieBender Zugabe eines Acetylaceton-Aceton- 
Gemisches, Einstellung des pH auf 5-5,5 mit Hexamethylentetramin 
und Weitertitration der seltenen Erden mit EDTA und dem selben 
Indikator. 

R&aun&C)n de&t une methode amelior&e pour le dosage successif 
du thorium et des terms rares. Elle est ba&e sur le titrage ir. I’EDTA 
du thorium ii pH 2 (Orange Xylenol comme indicateur), suivi de 
l’addition d’un melange ac&ylac&one-a&one, ajustement du pH ii 
5-5,5 par l’hexamine, et nouveau titrage a I’EDTA des terres rares 
avec le meme indicateur. 

REFERENCES 

1. R. PEbil and V. VeselL, Talanta, 1962,10, 899. 
2. A. K. Mukherii, ibid., 1966,13, 1183. 
3. A. K. Gupta &d J. A. Powell, ibid,, 1964,11, 1339 
4. Yu. A. Chemikhov, R. S. Tramm and K. S. Pevzner, Zavodsk. Lab., 1960,26,921; Anal. Abstr., 

1961,8, No. 1433. 
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Spectrophotometric study of the reaction of bismuth@) with Xylenol Orange 

(Received 16 July 1971. Accepted 16 February 1972) 

XYLENOL ORANGE forms complexes with bismuth(III), which can be used for spectrophotometric 
determination of bismuth.l-B It is generally believed that only the 1: 1 Bi:XO complex is formed, 
but the system has not been fully studied. Our study shows that several complexes are formed. 

EXPERIMENTAL 

Reagents 

Xylenol Orange solution 1.00 x 10-sM. The purity of the reagent was checked by elemental 
analysis. 

Bismuth perchlorate solution 1.00 x lO-BM. Dissolve spectrally-pure metal in nitric acid, add 
perchloric acid and evaporate the solution. Dilute to volume (the pH should be ~1.3). 

The pH of solutions was controlled with perchloric acid and sodium hydroxide. All investigations 
were carried out at a constant ionic strength of 1.0 maintained by the addition of the required amount 
of sodium perchlorate. The reagents used werepro analysi grade. 

RESULTS AND DISCUSSION 

The absorption spectra of bismuth(II1) and Xylenol Orange (X0) solutions of various concentra- 
tions and pH are shown in Fig. 1. In acidic medium X0 has an absorption maximum at 440 nm 
(curve 8). The addition of bismuth(II1) gives rise to an absorption maximum at about 550 run 
(curve 7). When X0 is in excess in slightly acidic medium this maximum decreases and a new one 
appears at 500nm (curves 1 and 6). These changes are associated with the formation of different 
complexes, the composition of which was established by the isomolar series and mole-ratio methods. 
The complex formed over the pH interval from -0.2 to 1.0 has a 1: 1 composition, but the one formed 
at pH > 1 .O has a 1: 2 composition. 
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FIG. l.-Absorption spectra 
1-3, cai = 4.00 x lo-6M, cxo = 8.00 x lo-6M; I, pH = 4.0; 2, pH = 20; 3, 

pH = 0.8. 
4-5, csi = 2+0 x lo-*M, Cxo = 400 x 1O-6N; 4, pH = 0.4; 5, pH = 1-O. 

6, Csi = 4.00 x 1O-BW, Cxe = 2GO x IO-&M, pH = 3.0. 
7, Cgi = 290 x lo-&M; Cxo = 4-00 x lW+M, vH = 1-O. 8; Cxe = 4.00 x lo-%& I 

f-5 and 

pti-= 1.8. 

8, water blank; 6 and 7, X0 blank. 

-.____-_ _-._-._,-~_-___j__-- 

I 2 3 4 

PH 

FIG. 2.-Absorbance as a function of pH, at 550 mn 
CBI: I, 4@0 x 10-6M; 2, 8.00 x 10-&M; 3,24XJ x lo-“M; 4 and 5,400 x 10-sM. 
Cxo: 1,2and 3,4+0 x 10dM; 4, WJO x lo-“M; 5,2*00 x 10-W; 6,4@0 x 10-5M. 

X0 blank. 

pff-absorbance curves of various mixtures of bismuth(III) and X0 (Fig. 2) have been used to 
determine the composition and dissociation constants of the complexes. 

The dissociation constants of Xylenol OrangelO and those of the hydroxo-complexes of Bi(III),‘l 
suggest that the formation of the complex in the pH range from -0.2 to 1 can be expressed by 

Bi(OH)tz, f &R(m-*” + [Bi(OH),_,H,,R]‘rC’-6-n)+ + nH+ (1) 

The number of hydrogen ions (n) involved was determined by using the dependence of -log A 
on nH: 

A = [Bi(OH),_~H,_,R] = 
cBi(Dmax - 0’) - (dh,x - D’) 

D,,, * D’ *~BI(oBI~_~ *f H,,B (2) 
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where D,., is the maximum absorbance at pH 08-1.0 when the concentration of X0 is constant 
(Cxo = 4.00 x 10-6M) and the ratio [Bi]/[XO] is greater than 2, Csi and Cxe are the total analytical 
concentrations of Bi and X0, a = Csj/Cxo when Bi(II1) is in excess and Cxe/CnI when X0 is in 
excess,f~,n = C~O/[H~R],~BI(OHI~_~ = C,,/[Bi(oH),_,]. The absorbance D’ of the mixture at 550 nm 
has a contribution from X0 which must be allowed for. 

The plot of -log A against pH is a straight line with slope n = 3. Consequently, the complex has 
the composition [Bi(H,R)]. It is possible to calculate its dissociation constant from the values of A 
bv using the eauation : . Y 1 

KBI,B Rl = W+1tH8R”-1 A .~H,R 
zz- 

s tBiO&RII ~H,R 

The values of this constant have been calculated from curves l-5 in Fig. 2. After a statistical 
treatment of the results the value of ~KBI(IQR) is found to be 980 f 0.03. 

The formation of the 1:2 complex can be expressed by 

Bi(HBR) + H,R’+6)+ + [Bi(H,+,_,R,)]‘m-s-n)+ + nH+ (4) 

In the interval from pH 1-O to 3.0, where the 1: 1 complex is changed into the 1:2 complex 
H,R- begins to predominate. 

The dependence of log B against pH has been used to determine the number of hydrogen ions 
involved in reaction (4) : 

(5) 

where Dmin is the minimum absorbance at pH > 3.0 when the concentration of Bi(II1) is constant 
(CB~ = 400 x 10-6M) and Cxe/Cn, > 2. 

m 

H 

I I 
2 3 

PH 

FIG. 3.-Dependence of log B on pH at 550 nm, Dmin = 0.133. 
1, CBi = 4.00 X 10-6fd; cxo = 8.00 X lo-‘&f. 

2, CBi = 4.00 x lo-‘kf; CxO = 2.00 x lO-4&f. 

The number of protons released varies with pH (Fig. 3, curve 1). It is evident that with the in- 
crease of pH, bismuth(II1) forms complexes with various ionic groups on X0. 

pH IO-l.7 n = 0.5 

2Bi(HJR) + 2H,R- + [Bi(HIR)& + [Bi(H,R)(H,R)la- + H+ (6) 
pH 1.7-2.4 n=l 

Bi(H,R) + H,R- + [Bi(H,R)(H,R)Iz- + H+ (7) 
pH > 2.4 ?I=2 

Bi(H,R) + H&R- + [Bi(HsR)#- + 2H+ (8) 
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As H,R- and H4Rx- co-exist, the number of hydrogen ions involved can be determined if H,RB- 
takes part in the reaction between bismuth(II1) and X0 (Fig. 3, curve 2). The result for n also con- 
firms the conclusion about the composition of the complex compounds. 

pH < 2.4 n=O 
Bi(I-I,R) + H,R*- P [Bi(H,R)(H,R)]*- (9) 

pH > 2.4 If=1 
Bi(HIR) + H,RB- + [Bi(H,R),13- + H+ (10) 

It is seen that from curves 4 and 5 in Fig. 2 that at pH > 3.0 bismuth(II1) is completely bound as 
[Bi(H3R)3]s-. This enables its dissociation constant to be calculated from the equation 

KBi,a R, = [Bi3+l~H3R*-lP = KBIIH~R) - CXO -~E,R 
3 3 [Bi(H3Wz13- B *fa,a 

The value of p#&i[n,~& is 15.53 f @03. 

Department of Analytical Chemistry DONKA 

(11) 

KANTCHEVA 

Higher Institute of Chemical Technology and Metallurgy 
Sofia-56, Bulgaria 

PETRANA NENOVA 
BORI~LAV KARAMKOV 

Summary-The reaction between bismuth@) and Xylenol Orange 
(X0) has been investigated by spectrophotometry. It has been 
established that bismuth(II1) and Xylenol Orange form complex 
compounds with compositions Bi(III):XO = 1:l (up to pH 1) and 
Bi@I):XO = 1:2 (above pH 1) which have absorption maxima at 
550 and 500 nm respectively. The formula of the 1 :l complex is 
[Bi(H,R)] whereas the 1:2 complex can take.one of the following 
grms: [Bi(HIR)J1-, [BI(H,R)(H,R)]*- and [BI(H,R),]~-. 

KBI,H B, = [si*+lDW3-l 
3 [Bi(H3RII 

and KB,fH R, = [~i3+l[H8R3-l* 
3 3 tBiW3W,13- 

the values for pK~im,a) and ~KBI(I~RBI, respectively are 9.80 f 0.03 
and 15.53 f 0.03 at a constant ionic strength of 1-O. 

Zusammenfassung-Die Reaktion zwischen Wismuth(III) und Xylenol 
Orange (X0) ist mit Spektralphotometrie untersucht worden. Es ist 
festgestellt worden, dass Wismuth(II1) und Xylenol Orange Komplex- 
verbindungen mit Bi(III):XO = 1: 1 (bis zu PHI) Verbindungen und 
Bi(III) : X0 = 1: 2 (tiber PHI) bilden, weiche Absorptionsmaximums 
von 550 bzw. 500 nm haben. Die Formel der 1: 1 Komplexverbindung 
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Si 

K 
[Bi*+] [HsR*-] [Bi*+] [HIRa-la 

Bi(H&) = [Bi(H,R)] et KBi’HsB)a = [Bi(H,R)$- 

les v~eUrspOurP~~i(~~~etP~~i(~~~)~ sont respectivement 9.80 f 0,03 
et 15,53 f 0,03 ii une force ionique constante de l,O. 
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Radiochemical separation of zirconium and hafnium from other radionuclides 

(Received 17 February 1972. Accepted 3 March 1972) 

NEUTRON-ACTIVATION techniques have been used for the determination of zirconium and/or hafnium 
in a variety of materials .lsa 
periods to form 

Most methods employ thermal neutrons and relatively long radiation 
lslHf (tllr = 42.5 d) and 06Zr (tl12 = 65.5 d). After a suitable cooling period for the 

decay of short-lived activities, zirconium and hafnium are separated from other activities and gamma- 
counted (usually the 0*482-MeV gamma-ray for Hf and the O-722 + 0.754 MeV gamma-rays for Zr). 
The method is quite sensitive for hafnium owing to its relatively high cross-section but is less sensitive 
for zirconium. Koch* gives sensitivities of 40 pg for hafnium and 6 ng for zirconium. Because of 
interferences from other gamma-emitters, a radio-chemical separation is usually necessary before 
counting. 

Many methods have been recommended for the separation of zirconium and hafnium from other 
radionuclides.g Most of them are lenthy and tedious. A recent method devised by Brook@ utilizes 
precipitation with mandelic acid, a highly selective reagent for zirconium and hafnium6*6 for 
separation from all activities except those of YSc and zssPa. Solvent extraction with cupferron in 
chloroform separated zirconium and hafnium from scandium, and the protactinium was removed by 
scavenging with niobium pentoxide in acid solution. 
the oxide for weighing and counting. 

The mandelic acid precipitate was ignited to 

The method proposed in this paper represents an improvement over Brook’s method since it 
eliminates the solvent extraction step and removes both protactinium and scandium simultaneously 
in a single, simple scavenging operation in which the precipitate is dissolved in sodium carbonate 
solution’ and barium carbonate subsequently precipitated. Ignition to the oxide is also eliminated 
since zirconium and hafnium tetramandelate may be weighed directlyP 

Reagents 
EXPERIMENTAL 

Zirconium standard (l*OOmg/ml). A known weight of “Specpure” ZrOCl,*8H,O (Johnson, 
Matthey and Co.) was dissolved in a known volume of 1N sulphuric acid prepared with distilled 
demineralized water, and the solution standardized gravimetrically by the mandelic acid and cupferron 
methods. Standard solutions could be made with an error of &3-O% by direct weighing of the 
ZrOCl,*8H,O (3.533 mg of ZrOCl,.8H,O is equivalent to 1.000 mg of Zr). 

Hufnium standard (l-00 mg/ml). Similarly prepared (from “Specpure” HfOCl,*8H,O) and 
standardized. Preparation by direct weighing (2.294 mg of HfOCl,*8H,O is equivalent to l-000 mg 
of Hf) again gave +3.0’? error. 
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Zirconium carrier (approx. 10 mglml). Prepared by dissolving commercial xirconyl chloride in 
1M hydrochloric acid, heating and filtering. Standardized by precipitating zirconium mandelate as 
in steps 14 of the procedure, collecting on a sintered-glass filter with the aid of 95 % ethyl alcohol 
or acetone, drying at 110-120” for 1 hr, cooling and weighing. 

Mvtdelic acid solution, 15 % w/v. 
Barium nitrate solution, 2 % w/v. 

(1) Place 1 ml of zirconyl chloride carrier in a 40-ml centrifuge tube, then add a measured amount 
of the sample to be analysed. The sample should be in hydrochloric acid solution. Fluorides, phos- 
phates, oxalates, nitrates, and strong oxidizing agents should be absent since they interfere in the 
precipitation of zirconium tetramandelate. Adjust the volume to approximately 15-20 ml and the 
concentration of hydrochloric acid to 5-1OM. 

(2) Heat to at least 90” in a boiling water-bath, then add 10 ml of mandelic acid solution. Stir 
thoroughly, continue heating with occasional stirring until the precipitate has completely settled 
(approx. 30 min), then remove the tube and let stand until cool (about 30 min). 

(3) Centrifuge, discard the supernatant liquid, stir the precipitate with 5 ml of 2% mandelic 
acid solution in 4M hydrochloric acid, centrifuge, and discard the washings. 

(4) Stir the precipitate with 10 ml of distilled water, wash the stirring rod and sides of the tube 
with about 1 ml of 95 % ethyl alcohol to wet any floating hydrophobic precipitate. Centrifuge and 
discard the washings. 

(5) Add 3 ml of l&f sodium carbonate solution and stir to dissolve the precipitate. Do not heat 
the mixture to hasten dissolution, as this will decompose the soluble carbonate-complexes of zir- 
conium and hafnium. 

(6) Wash down the sides of the tube with about 2 ml of distilled water, then add 1 ml of barium 
nitrate solution dropwise and with vigorous stirring (otherwise scavenging is less effective). 
and decant the supernatant solution into a clean tube. 

Centrifuge, 

(7) Cautiously add six l-ml portions of cont. hydrochloric acid, allowing effervescence to subside 
between additions. Cautiously stir to expel carbon dioxide, then place the tubes in a boiling water- 
bath for 5-10 min. stirring vigorously from time to time to eliminate all carbon dioxide. 

(8) Repeat steps 2-7, ihen proceed to step 9. 
(9) Add 10 ml of distilled water to the urecinitate. stir vieorouslv. then wash down the stirrine 

rod-and the sides of the tube with about i mlbf 95’% ethyl &oh&. Centrifuge and discard thi 
washings. 

(10) Add 10 ml of 95 % ethyl alcohol and stir vigorously. Centrifuge and discard the washings. 
(11) Transfer the precipitate to a tared planchet with about 1 ml of 95 % ethyl alcohol. Dry for 

15-30 min under an infrared lamp or in an oven at 110-120”. Let cool, weigh, and count. If the 
gamma spectrum indicates contamination, the dried sample may be dissolved in sodium carbonate 
and the procedure repeated, starting with step 5. 

DISCUSSION 

Choice of carrier 

Tracer experiments with OsZr and i*lHf and with pure hafnyl and zirconyl chlorides as carrier 
demonstrated quantitative recoveries of both radionuclides. Commercial xirconyl chloride was chosen 
as carrier since it also contains hafnium (about 2%) and trace impurities such as rare earths, em, 
which would function as holdback carriers. With two scavenging steps, excellent carrier recoveries 
were obtained, ranging from 80 to 90% 

Separations 

Studies with various tracers contirmed Brook’s observations that precipitation of zirconium 
mandelate separates zirconium and hafnium activities from all radionuclides except protactinium 
and scandium. Without scavenging, approximately lO-20% of the two latter activities were carried 
down with the zirconium. After scavenging, no detectable protactinium activity remained, but about 
lO-8% of the original scandium activity remained. 

Testing the method 

The method was checked by analysing a dilute solution of commercial zirconyl chloride for both 
zirconium and hafnium, and by analysing the standard rock samples G-l and W-l. Samples and 
standards were weighed into silica ampoules, sealed, then irradiated in a reactor with a thermal 
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neutron flux of 5 x lOI* n/cmQec for a period of either one or two weeks. After a cooling period of 
about two weeks the samples were dissolved and analysed. 

Measurements were made with a 3O-cm* co-axial Ge(Li) detector coupled to a 2000-channel 
PDB-8/gamma-spectrometer system. Excellent resolution was attained and both photopeaks of 
zirconium, at O-722 and O-754 MeV were clearly resolved. 
and the 0.482-MeV peak for hafnium. 

The 0*722-MeV peak was used for zirconium 
Results are compiled in Tables I and II. 

TABLE I.-ANALYSIS OF COMMERICAL ZIRCONYL CHLORIDE. 

Sample 
Zr found, 

N 

Hf found, 

N 

Total Zr + Hf Total Zr + Hf 
Hafnium, taken, found, 

% fcg IY 

1 10.9 0.22 2.0 II.9 11.1 
2 20.1 0.40 2.0 20.2 205 

(Irradiation for 1 week) 

Discussion of results 

No analyses were available for the commercial zirconyl chloride. The results must be judged 
from the precision of the hafnium determinations and from the total zirconium plus hafnium 
recovered, compared with that taken. 

TABLE II.-DETERMINATION OF ZIRCONIUM AND HAFNIUM IN STANDARD ROCK SAMPLES. 

Zr, ppm 

Recommended 
Sample* Found value 

G-l (a) 231 210 
(b) 201 210 

W-l (a) 103 100 
(b) 107 100 

* Irradiated for (a) 1 week, (b) 2 weeks. 

Hf, ppm 
Recommended 

Found value 

6.0 6 
5.8 6 
2.6 2 
2.3 2 

About 100mg of standard rock were fused with a mixture of sodium hydroxide and sodium 
peroxide in nickel crucibles, by the procedure recommended by Brooks.’ Carrier was added before 
fusion by adding 1.0 ml of zirconyl chloride carrier to an excess of 6M ammonia solution in the 
crucible, and evaporating to dryness. After fusion the cake was treated with water and digested at 
90” for about 30 min to ensure complete removal from the crucible. The residue was centrifuged 
down and the alkaline supernatant liquid discarded. The residue was washed once with hot water, 
then dissolved by heating with 15 ml of cont. hydrochloric acid. This solution was used for the 
zirconium and hafnium determinations. 

Duplicate analyses given in Tables I and II are results from separate irradiations using new, 
different standards, to eliminate systematic errors arising from the preparation of standard and from 
the irradiation. 
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Summary-Radiozirconium and radiohafnium may be separated from 
all other radionuclides except scandium and protactinium by precipita- 
tion with mandelic acid from 5-IOM hydrochloric acid, using 
commercial zirconyl chloride as carrier. Scandium and protactinium 
are removed by dissolving the precipitate in sodium carbonate, then 
adding barium nitrate to precipitate barium carbonate which acts as 
a scavenger. Zirconium mandelate is finally reprecipitated and the 
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sample weighed and counted in this form. The method was checked by 
analysing commercial zirconyl chloride and standard rock samples for 
zirconium and hafnium by neutron-activation analysis. 

Zusannnenfassung-Radiozirkonium und Radiohafnium kann von 
allen anderen Radionukliden ausser Scandium und Protaktinium durch 
Niederschlag mit Mandels&rre aus 5-1OM Salzsiiure mittels 
handelsiiblichem Zirkoniumchlorid als Trlger getrennt werden. 
Scandium und Protaktinium werden durch Aufliisen des Niederschlags 
in Natriumkarbonat und dann Zufiigung von Barium&rat zum 
Niederschlagen von Bariumkarbonat entfernt, Welch letzteres als 
Spillmittel fungiert. Zirkoniummandelat wird schliesslich wieder 
niedergeschlagen, und das Muster wird gewogen und in dieser Form 
berechnet. Das Verfahren wurde durch Analysieren von gewerblichem 
Zirkoniumchlorid und normalen Gesteinmustern von Zirkonium 
und Hafnium mittels Neutronaktivierungsanalyse geprtift. 

R&ann&-On peut &parer le radiozirconium et le radiohafnium de tous 
les autres radionuclides li l’exception du scandium et du protactinium 
par precipitation avec l’acide mandelique a partir d’acide chlorhydrique 
5-lOM, en utilisant le chlorure de zirconyle commercial comme 
entralneur. On Blimine le scandium et le protactinium en dissolvant le 
precipite dans du carbonate de sodium, puis en aioutant du nitrate de 
baryum pour precipiter le carbonate dd baryum qui agit comme un 
fixateur. Le mandelate de zirconium est tlnalement renr&cinite et 
l’echantillon est pese et comptd sous cette forme. On a’con&le la 
methode en analysant le chlorure de zirconyle commercial et des 
Bchantillons de roche Btalon pour le zirconium et le hafnium par 
analyse par activation de neutrons. 
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Determination of phosphorus in phosphazenes and phosphines* 

(Received 24 April 1972. Accepted 1 May 1972) 

IN RECENT YEARS organic polymers have grown in importance, owing to their many uses and diverse 
properties. Among the newer polymers are the polyphosphazenes and polyphosphine oxides which 
are unique because of their hieh nhosnhorus content and chemical resistance. The chemical and 
physic&properties of these polymers preclude the use of ordinary methods of elemental analysis. 
This is especially true in the initial step of decomposition and dissolution. 
can be accomplished by using the techniques described in this paper. 

However, accurate analysis 

In the past, phosphorus has generally been determined in organic compounds by decomposing 
the sample, converting the phosphorus into orthophosphate, and measuring the orthophosphate in 
one of several ways. Decomposition of the organic material has been done by an acid digestion with 
nitric and perchloric acids,’ nitric and sulphuric acids, 8--4 
sulphuric andperchloricacidsP 

fuming nitric acid6 and a mixture of nitric, 
None of these acid mixtures was adequate when used on phosphazenes 

* This work was supported by the United States Atomic Energy Commission. 
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and phoshines. The method of Boos and Corm,? consisting of a sodiumcarbonate fusion, did not give 
a complete recovery of phosphorus. The same result was obtained when sodium peroxide was 
used in a Parr bomb as described by Burton and Riley .* 
technique) has been used by several 

Oxidation in an oxygen flask (Schoniger 
,O-la but the method did not work on these polymer samples. 

Very poor combustion was obtained, even on very small samples. 
Measurements of the orthophosphate resulting from the decomposition of a sample has been 

done in several ways. The classical Loret@ procedure based on the precipitation of phosphorus 
as ammonium phosphomolybdate has been used extensively. A drawback of this method is that an 
empirical factor is used in calculating the weight of phosphorus in the amount of precipitate collected; 
therefore, carefully defined conditions for precipitationmustbefollowed. Acolorimetricmethod based 
on the reduction of phosphomolybdic acid to molybdenum blue has been described.‘” Quinoline 
has also been used as a precipitating agent .1s*16 Precipitation of the orthophosphate as magnesium 
ammonium phosphate” provided the best results in this investigation. 

Procedure 

EXPERIMENTAL 

Place a sample containing about 10 mg of phosphorus in a lo-ml Kjeldahl flask. Add 1 ml of 
cont. sulphuric acid and 0.5 ml of red fuming nitric acid, and heat gently with a micro-burner until 
foaming ceases. Increase the heat and boil the solution until it turns black. Continue adding fuming 
nitric acid, a few drops at a time, and heating until all of the black colour is gone and an amber 
solution remains. Heating must be strong enough to break down the organic material, but not 
severe enough to produce sulphur trioxide fumes. Add 4 drops of perchloric acid and heat the flask 
until the green colour is gone-but no longer. As the flask cools, acid condensed in the neck will 
drain into the solution and a colour, either green or brown, may reappear but will do no harm. 

When the contents of the flask are cool, transfer them into a beaker, add 4 ml of concentrated 
nitric acid, and carefully dilute the solution to 80 ml with distilled water. Cover the beaker with a 
watch-glass and heat gently for 1 hr on a hot-plate. Neutralize the solution by adding ammonia 
solution. While the sample is still warm, add 10 ml of freshly filtered magnesia solution (55 g of 
magnesium chloride hexahydrate, 140 g of ammonium chloride, 350 ml of cont. ammonia solution, 
diluted with water to 1 litre) with stirring. After precipitation has started, add 20 ml of cont. 
ammonia solution. Allow to age for a minimum of 2 hr, filter off on an ignited and weighed lA2 
Berlin crucible, and wash with 100 ml of 20% v/v ammonia solution. Dry the precipitate at 105” 
for 1 hr, ignite in a mutIle at 1000” for 1 hr, cool, and weigh. The gravimetric factor is O-2783. 

DISCUSSION 

Since no standard polymers containing phosphorus were available, compounds of known com- 
position and with similar phosphorus linkage were substituted. Triphenylphosphine was used exten- 
sively. 

Decomposition of the sample and conversion of the phosphorus into orthophosphate was the 
most difficult part of the analysis. Of the many decomposition procedures tried, acid digestion was 
the only one which appeared promising. Refluxing in perchloric acid for 24 hr did not give quan- 
titative recovery of phosphorus. Fuming nitric acid used alone did not completely decompose the 
samples. A mixture of sulphuric, nitric and perchloric acids was tried on triphenylphosphine, but 
results were about 5 % (relative) low. The ignited Mg*P,O, obtained was often discoloured. Higher 
digestion temperatures were tried but resulted in losses by volatilization. 

Substitution of red fuming nitric acid for cont. nitric acid gave good results; however, the amount 
of acid and the sequence of addition became significant. Most published methods require a small 
sample size, but a larger amount of polymeric material provided both a more representative sample 
and better accuracy. A sample size large enough to provide 30 mg of Mg%P,O, gave sufficient accu- 
racy and was representative of the material tested. About 100 mg of triphenylphosphine were used 
and the amount of sulphuric acid varied from 0.5 to 5.0 ml. Best results were obtained with 1 ml; 
decomposition was ditBcult with more, and phosphorus was lost with less. 

The addition of red fuming nitric acid was made as soon as the sample was mixed with the sul- 
phuric acid: 0.5 ml worked best for the initial digestion; more than that slowed the reaction. When 
the straw colour was reached, the perchloric acid was added and the sample heated until the greenish 
colour disappeared. Earlier addition of perchloric acid causes foaming and does not accelerate the 
reaction. With this digestion technique, complete decomposition was always obtained regardless of 
sample composition. Also, the ignited product was always snow-white. _ 

Preciuitation with maanesia solution was slower when done hot, but a more easily filterable 
precipitite was obtained. ?he precipitate was aged for a minimum of 2 but not more than 24 hr, since 
the glass container was apparently attacked on prolonged aging and high results were obtained. 
Filtration was conveniently done with lA2 Berlin crucibles. 
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Results 
BDH standard triphenylphosphine was used to evaluate the procedure. Results obtained 

from eight determinations are shown in Table I. 

TABLE I.-ANALYSIS OF TRIPHENYL- 
PHOSPHINE (BDH). 

Run Phosphorus, % 

1 11.71 
2 11.86 
3 11.77 
4 II.97 
5 11.88 
6 11.94 
7 11.91 
8 11.86 

Average 11.86 f 0.09% 

The average value of 11.86% compares well with the theoretical value of 11.81% for triphenylphos- 
phine, thereby establishing the accuracy of the method. Precision, as shown by a standard deviation 
of 0.09 %, was acceptable. Several Eastman chemicals similar to phosphines and phosphaznes were 
analysed by this procedure and the results shown in Table II illustrate the precision and accuracy of 
the method. 

TABLE II.--P CONTENT OF VARIOUS EASTMAN CHEMICALS. 

Compound 

Carbomethoxymethylene- 
triphenylphosphorane 

Tri-m-tolyphosphine 
Benzyltriphenylphos- 

phonium chloride 
Triphenylphosphine 

oxide 

% P (theory) % P (found) No. of runs Std. devn. % P 

9.26 9.42 XtO.06 
10.18 10.14 47 f0.07 

7.96 8.02 4 ztO.08 

11.13 11.27 4 f0.10 

A polyphosphazene, synthesized by J. Holovka, Sandia Laboratories, was analysed by the pro- 
cedure and the results are shown in Table III. The precision, as shown in Table III, was excellent. 

TABLE III.--PHOSPHORUS CONTET 
OF PHOSPHAZENE POLYMER. 

Run P. % 

1 26.76 
2 27.10 
3 26.96 
4 26.95 

Average 26.94 & 0.14 

Although no direct teat for accuracy could be made in this case, it could be shown indirectly. A 
phosphamne has one nitrogen atom bound to each phosphorus atom; therefore an estimation of the 
accuracy of the phosphorus method can be based on analysis of the polymer for nitrogen. Nitrogen 
values obtained by the Kjeldahl technique yielded 12.1 f 0.1 %.I@ The 1: 1 correspondence of nitro- 
gen to phosphorus demands that the phosphorus content be 26.8 f 0.2%. Comparison of this 
value with the 2694 f 0.14% phosphorus shown in Table III provides a strong argument for the 
accuracy of the method. 
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SANPORD L. ERICKSON 

Stntnna~-An improved technique for the determination of phosphorus 
in organic phosphazenes and phosphines is described. An acid 
digestion using a mixture of fuming nitric, sulphuric and perchloric 
acids converts the organically bound phosphorus into orthophosphate. 
The orthophosphate is precipitated as magnesium ammonium phos- 
phate, which is ignited to magnesium pyrophosphate. With this 
technique phosphorus was determined in several compounds. The 
results establish both good accuracy and precision for the method. 

Zusammenfassung-Es wird ein verbessertes Verfahren zur Bestimmung 
von Phosphor -in organischen Phosphazenen und Phosphine; 
beschrieben. Eine Sauredieestion mittels einer Mischune von 
rauchenden Stickstoff, Schwzfelund Perchlorsluren verwandzt den 
organ&h gebundenen Phosphor in Orthophosphat. Das Ortho- 
phosphat wird als Magnesium-Ammonium-Phosphat niederges- 
chlagen, was ZUP Verbrennung in Magnesiumpyrophosphat erhitzt wird. 
Mit diesem Verfahren wurde Phosphor in mehreren Verbindungen 
bestimmt. Die Ergebnisse bezeugen gtinstige Genauigkeit und 
Pr&zision mit diesem Verfahren. 

R&&-Gn d&it une technique amelior&e pour le dosage du 
phosphore dans les phospha&nes et phosphines organiques. Une 
digestion acide utilisant un melange d’acides nitrique fumant, 
sulfurique et perchlorique convertit le phosphore lie organiquement en 
orthophosphate. L’orthophosphate est precipit6 a l’etat de phosphate 
ammoniaco-magnesien, qui est calcin6 en pyrophosphate d’ammonium. 
Avec cette technique, on a dose le phosphore dans plusieurs composes. 
Ces resultats etablissent tant la bonne precision que la bonne fidelite 
de la methode. 
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New tests for the detection of azide 

(Received 10 January 1912. Accepted 17 February 1972) 

FEW TESTS are available for the analysis and identification of azides.‘-T The classical Werner test,’ 
modified by Sommer and Pincus,2 and by Fe@* is based on the complete destruction of nitrate by 
azide in the presence of dilute acid (HN, + HNO, + He0 + NaO + N,); the reaction, however, 
invariably requires a blank test. The ferric chloride test’ for azides, giving the red colour of soluble 
ferric azide, Fe(N,),, is subject to interference by thiocyanate. The detection of azide ion by pre- 
cipitation with nitron, followed by infrared spectroscopy on the precipitate6 is only possible for high 
azide concentrations and even then has not always been found feasible. The test for azide with silver 
chromate-impregnated papers lacks rapidity and suffers from interferences. The uranyl nitrate- 
ascorbic acid test for nitrite’ is also useful, but to a limited extent, for the detection of azide and its 
differentiation from nitrite. 

The present communication describes two simple, rapid, and reliable colour tests for the detection 
of azide; neither is subiect to interference by thiocyanate. The first is based on the interaction of 
azide with ally1 isothiocyanate in aqueous medium, forming a novel heterocyclic compound 
I-allyl5tetrazoline-5-thione (I), which forms a deep yellow precipitate with bismuth. Addition of 
pvridine enhances the colour intensity, or turns the precipitate yellowish-oranae. This test can be 
bbne in a test-tube, on a spot-plate, or on filter pap&. A’ mod&ation of the Test starts with allyl- 
amine, which is converted into ally1 isothiocyanate by treatment with carbon disulphide and hydrogen 
peroxide in presence of a little diethylamine.8 

The second test is based on the reaction of azide with carbon disulphide in aqueous acetone to 
form 1,2,3,4-thiatriazoline-Qhionate (II); the latter gives a yellow precipitate with copper(B) or 
bismuth. The colour intensity of the copper precipitate is slightly increased on addition of pyridine; 
the bismuth precipitate turns yellowish-orange or deep orange on treatment with pyridine. 

I--,-; } M+ 

N 
I 

CH-CH=CHa 

@f ) M+ 

(M = a univalent cation, 
e.g., Na+, K+, NHo+) 

I II 

Both tests are highly specific for azide, as no other anion gives these tests. 
azide can be detected by these tests. 

Milligram quantities of 
The tests are, however, applicable only to water-soluble azides; 

heavy metal azides which are practically insoluble in water fail to give a positive response. 

EXPERIMENTAL 

Reagents 

Hydrogen peroxide, 20-vol. 
Bismuth nitrate solution, 1% w/v in dilute nitric acid. 
Copper subhate solution, 0.5 % w/v. 

Procedures 

Ally1 isothiocyanate test. Take 3 ml of water in a test-tube, add 2 drops of ally1 isothiocyanate 
and ~20 mg of test solid or 1 ml of aqueous test solution (the azide content in either test material 
should be S-10 mg). Heat the tube in boiling water for 2-3 min. A clear colourless solution is 
obtained. Remove the tube and proceed in any of the following ways. 

(a) To 1 ml of bismuth nitrate solution in a separate test-tube, add No.5 ml of the test solution. 
Azide is indicated by formation of a fine canary yellow precipitate. On addition of 1 or 2 drops of 
pyridine the precipitate turns very deep yellow, and becomes coarser and may adhere to the walls of 
the tube. Sometimes a transient precipitate is obtained but becomes permanent on addition of more 
test solution. 
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(b) Place a drop of bismuth nitrate solution in a depression on a spot-plate and add two drops of 
test solution. If azide is present, a canary yellow precipitate appears. 

(c) Place a drop of bismuth nitrate solution on a filter paper, and add one drop of the test solution. 
A yellow spot indicates azide. 

Allylamine test via the formation of ally1 isothiocyanate. Take 3 drops of allylamine, 2 drops of 
carbon disulphide, and 1 drop of diethylamine in a test-tube, and carefully add 4 or 5 drops of 
20-vol hydrogen peroxide. A brisk exothermic reaction ensues which soon subsides. This reaction 
forms ally1 isothiocyanate, which has the sharp characterictic smell of mustard oil. Add a little of the 
solid or aqueous test sample (containing 5-10 mg of azide) and 2 ml of water, and then proceed further 
as described above. (In this test, the sample may be added even at the start.) 

Carbon disulphide test. Take 3 ml of water in a test-tube, add 3 drops of carbon disulphide, 
-20 mg of test solid and 1.5 ml of acetone. Heat the tube in boiling water for l-2 min until a clear 
colourless solution is obtained. Prolonged heating must be avoided. Remove the tube and proceed 
in any of the following ways. 

(a) To 1 ml of copper sulphate solution in a separate tube, add several drops of the test solution. 
A yellow precipitate which turns fairly deep yellow on addition of a drop of pyridine indicates azide. 

(b) To 1 ml of bismuth nitrate solution add 0.5-1.0 ml of test solution. A yellow precipitate 
which turns yellowish-orange or deep orange on addition of 1 or 2 drops of pyridine indicates &de. 

(c) Place a drop of bismuth nitrate solution on a filter paper and add a drop of test solution. A 
deep yellow spot indicates azide. 

RESULTS AND DISCUSSION 

Effect of pH 

Both the ally1 isothiocyanate and carbon disulphide tests are to be conducted at pH h7.0. At lower 
pH, the azide is likely to be decomposed and completely expelled (even at fairly low temperature, 
ca. 37”) in the form of hydrazoic acid, HNs. 

Interferences 

None of the tests described suffers from interference by Cl-, Br-, I-, F-, SOQz-, SOat-, NO,-, 
POf-, CN-, and SCN- ions. Nitrite does cause some interference in the carbon disulphide test, 
but only when present in larger amounts. Sulphides cause serious interference as the product is 
masked by the simultaneous formation of black copper sulphide in the carbon disulphide test and 
black bismuth sulphide in both the ally1 isothiocyanate and carbon disulphide tests. This interference 
can be avoided by preliminary oxidation of the neutral or alkaline test solution with several drops of 
hydrogen peroxide.’ Hydrogen peroxide treatment also removes thiosulphates. 

Negative results 

Heavy metal azides, being practically insoluble in water, yield a negligible quantity of azide ions 
in solution, and so fail to give any of the tests reported here. 

Nature of the product in the allyI isothiocyanate test 

The interaction of azide with organic isothiocyanates in solution is known to give l-substituted 
2-tetrazoline-5-thiones.D-‘S Generally a heating period of 4-8 hr is required for complete reaction. 
The reaction rate of a large number of isothiocyanates (aromatic and aliphatic) with azide has been 
studied, but only with ally1 isothiocyanate is the reaction rapid. For qualitative purposes the reaction 
goes sticiently within 2 min, giving I-allyl-2-tetrazoline-5-thione (I). This compound has been 
described earlier11.14 as I-allyl-5-mercaptotetrazole. 

A quantitative study of a different tetrazolinethione compound (l-phenyl-2-tetrazoline-5-thione) 
with bismuth has been reported by Stevancevic. 16--17 We have studied the reaction of a number of 
l-substituted 2-tetrazoline-5-thiones with bismuth,‘* and established that an internal bismuth complex 
is formed in all cases. The complex is invariably yellow. The ally1 isothiocyanate test for azide is 
based on these facts. We have found that when reacted with a solution of bismuth nitrate l-allyl-2- 
tetrazoline-5-thione gives a complex having the formula Bi(L)*NOII, which on treatment with pyridine 
gives Bi(L)aNOs.Py. The metal and sulphur analysis confirms a 1:2 (metal:ligand) ratio in these 
complexes. Found: Bi, 37*2%, S, 11.8%; required for Bi(C,H,,N,O&): Bi, 37-7x, S, 11.5%. 
Found: Bi, 32.4x, S, 10.7%; required for Bi(CZSHr6Nr008SB) or Bi(L)$NOs.Py: Bi 33-O%, S, 
10.1%. 
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A study of the infrared absorption spectra (Perk&Elmer Model 521, KBr discs) of the yellow 
complexes of bismuth, made on the pattern reported earlier, l*-l* showed that the metal ion is co- 
ordinated through both the thiocarbonyl sulphur atom and a nitrogen atom of the Iigand. In coo- 
sistence with these findings, III is proposed as the most probable structure for the bismuth l-allyI-% 
tetmzoline&thione complex pyridine adduct, i.e., bis(l-alIyl-2-tetrazoline-5ne-S-thionato)pyridino- 
ni~atobismu#~~). 

IIE 

Nature of the product ita the carbon disu@hide test 

Somxner~7 was the first to observe that the interaction of azide with carbon disulphide results in 
the formation of azid~i~~~nate ions (IV). This view was accepted by some other workers,8s-g* 
but later Lieber et aZ.sO-sz rejected the previous view, and confirmed that the product is undoubtedly 
1,2,3,4&iatriazoline&thionate(II). Our findings on the elemental and infrared spectroscopic 
analysis of pure 1,2,3,4-thiatriazoline-S-thione, prepared by the method described in the literature,88 
contirm this view. The negative charge on the thiatriazolinethionate ions is considered to be de.. 
localized over the entire heterocyclic ringaa 

The yellow product obtained in the carbon disulphide test has been found to be a co-ordination 
complex of copper@) with 1,2,3,~t~a~i~ol~e-5-t~onate. The elemental analysis confums a 
1:2 (metal:ligand)ratio. Found: C,79%,H,O*O%,S,42~3%,Cu,208%; requiredforCu(CpNeSJ: 
C, 8*0x, H, O-O%, S, 42*6x, Cu, 21.1%. The infrared absorption bands of the copper complex 
nearly matched those reported by Beck and Fehlhammer 
thiatriazoline-S-thione (triphenylphosphine adduct). 

as for the paIladium(I1) complex of 1,2,3.4- 

From these tidings, V is proposed as the likely structure for the copper complex, i.e., bis(l,2,3,4- 
th~triazo~n~5-thionate)cop~(II). This substance slowly decomposes on storage, 

IV V VI 

It was not possible to analyse the yellow product obtained by the action of bismuth nitrate solution 
on 1,2,3,4-thiatriazoline&thionate formed in the carbon disulphide test, because the product always 
underwent decomposition with dangerous detonation, during attempts to dry it. However, it seems 
probable that it will be the bismuth analogue of the copper complex just described, and VI is 
tentatively proposed as its formula. 

Department of Chemistry G. S. JOHAR 
V.S.S.D. College 
Kampur-2, India 

Summary-Two new, simple, reliable, and specific colour tests are 
described for the detection of azide. In one, the azide is heated with 
ally1 isothiocyanate and water to form I-allyl-2-tetrazoline-S-thione 
in solution; the latter gives a yellow precipitate on treatment with 
bismuth nitrate solution. Py ‘d’ n me enhances the intensity of the 
colour. The ally1 isothiocyanate can be produced in situ by treating 
allylamine with carbon -disulphide, diethylamine and hydroge; 
peroxide. In the other test the azide is heated with carbon disulvhide. 
water and acetone, resulting in the formation of 1,2,3&thiatria~oline~ 
S-thione which gives a yellow precipitate with Cu(H) or Bi(HX). 
Pyridme again enhances the colour. The method is applicable to 5- 
10 mg of soluble azides, but insoluble azides cannot be tested. CN-, 
SCN-, and other common anions do not interfere. Only S’- interferes 
by masking the colour (black CuS or B&S, is pr~ipi~t~). NO%- in 
Iarger amounts interferes in the second test. 
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Zusanunenfassang-Es werden zwei neue, eiufache, zuverlttssige und 
bestimmte Farbenteste zur Feststellung von Azid beschrieben. 
In einem wird das Azid mit Allyl-Isothiocyanat und Wasser erhitzt, 
um I-Allyl-2-Tetrazolin&Thion in LBsung*zu bilden. Letzteres gibt 
bei Behandlung mit Wismuthnitratlosung einen gelben Niederschlag. 
Pyridin verst%rkt die Intensitiit der Farbe. Das Ally1 Isothiocyanat 
kann in ursprtinglicher Lage durch Behandlung des Allylamins mit 
Karbonbisulfid. Diathvlamin und Wasserstoffsuneroxvd nroduziert 
werden. In ddm and&en Test wird das Azid &it Karb&rbisulfid, 
Wasser und Aceton erhitzt, wodurch sich 1,2,3,4-Thiatriazolin-5-Thion 
bildet, was einen gelben Niederschlag mit Cu(I1) oder Bi(II1) gibt. 
Wieder verstarkt Pyridin die Farbe. Das Verfahren kann bis zu 
5-10mg liislicher Azide verwandt werden, unliisliche Azide kiinnen 
jedoch nicht geprtift werden. CN-, SCN- und andere iibliche 
Anionen haben keinen storenden Eintluss. Nur Sa- hat durch 
Tarnung der Farbe (schwarzes CuS oder Bi,S, wird niedergeschlagen) 
storenden Einlluss. NO, hat in grosseren Mengen einen stijrenden 
Einfluss in dem zweiten Test. 

R&sum&-On decrit deux nouveaux essais color& simples, stirs et 
sn&i6aues Dour la detection de l’azide. Dans l’un. I’azide est chauffe 
abet l’iiothibcyanate d’allyle et l’eau pour former lal-ally1 Ztetrazoline 
5-thione en solution; cette derniere donne un pr&cipite jaune par trai- 
tement avec une solution de nitrate de bismuth. La pyridine exalte 
l’intensite de la coloration. L’isothiocyanate d’allyle peut &tre produit 
in situ en traitant I’allylamine par le sulfure de carbone, la didthylamine 
et l’eau oxyg&?e. Dam l’autre essai, l’azide est chauffe avec du sulfure 
de carbone, de l’eau et del’acetone, avec Dour consequence la formation 
de 1,2,3,4_thiatriazoline 5-thione -qui donne un p&pit& jaune avec 
CulII) ou BXII). La uvridine exalte de nouveau la coloration. La . , 
methode est applicable’b 5-10 mg d&ides solubles, mais les azides 
insolubles ne peuvent &tre essay&. CN-, SCN- et autres anions com- 
muns ne g&rent pas. Seul S*- gZne en dissimulant la coloration (il 
preCipite CuS ou B&S, noirs). NOB- en quantites plus importantes 
ggne dans le second essai. 
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Potentiometric titration of beterocyclic nitrogen bases in non-aqueous media 

(Received 15 February 1972. Accepted 24 May 1972) 

PERc~ul~lc ACID has been widely used for potentiometric titration of heterocyclic nitrogen bases 
in acetic acid and other non-aqueous media, with various electrodes.+B We have now examined 
the use of chlorosulphonic acid as titrant in methyl ethyl ketone-acetic acid medium, for the same 
purpose, in continuation of our work with this titrant.QO 

EXPERIMENTAL 

Methyl ethyl ketone. 
Acetic acid. Purified by refluxing with acetic anhydride for 8 hr and then distilling. 
Chlorosulphonic acid. 
Quinoline. Dried over anhydrous magnesium sulphate and then distilled. 
Isoquinoline. Distilled at reduced pressure. 
Picolines. Purified by the method recommended by Vogel.ll 
2,6-Lutidine. Distilled. 
Acridine. 
Sodium acetate trihydrate. 
The purity of the liquid bases was checked from precision density values and boiling points. 

Procedures 

Preparation of titrant. Approximately 1M chlorosulphonic acid in acetic acid was prepared by 
adding about 250 ml of acetic acid to about 7 ml of cooled chlorosulphonic acid. This solution was 
then diluted with methyl ethyl ketone to obtain a solution of the desired concentration, which was 
standardized by titratibn with sodium acetate in methyl ethyl ketone-acetic acid (1: 1) medium 
either potentiometrically (glass and calomel electrodes) or with Methyl Orange indicator. Earlier 
works had shown that up to 1% of water does not affect the potential change at the end point. The 
amount of hydrated sodium acetate used introduces only about 0.1% of water into the system, so 
there is no interference. 

Preparation of base solutions. Solutions of the bases (0*5M) in acetic acid were prepared. Aliquots 
of these were successively diluted with methyl ethyl ketone to yield a series of concentrations. 

Potentiometric titrations. Titrations of 0*5M acridine with O-1 M chlorosulphonic acid were done 
(glass and calomel electrodes) in a mixed solvent of methyl ethyl ketone and acetic acid in 1: 1, 5: 1, 
1O:l and 2O:l v/v ratio. The slope of the potentiometric curves in the vicinity of the end-point 
increased with increase in the proportion of methyl ethyl ketone, but with high concentrations of 
the ketone the potential during the initial stages of titration did not conform to regular Nernstian 
behaviour. The 1: 1 medium was therefore preferred. The glass electrode gave a steeper slope at 
the end-point (30 mV/O*l ml) than the chloranil or quinhydrone electrodes (both 18 mV/O*l ml). 

RESULTS AND DISCUSSION 

The end-point was determined by the calculation method. Ia The results are given in Table I, and 
show that semimicro quantities of heterocyclic nitrogen bases can be determined in this way with an 
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Rapid determiuation of selenium and tellurium by atomioabsorption 

spectrophotomeby 

(Received 13 March 1972. Accepted 7 May 1972) 

FOR THE PAST few decades, the literature of applied geochemistry has described the possibility of 
volatile elements forming “halos” around precious and base-metal mineralization.’ The elements 
commonly considered in this context are mercury, arsenic, selenium and tellurium and it is assumed 
that such “halo” or “pathfinding” elements would present an indirect but larger target for geochemical 
exploration using either soil or vegetation sampling techniques. 

A suitable analytical method for these elements, except mercury, should allow for the determination 
of concentrations as low as 0.1 ppm and at a rate of at least fifty samples per day. 

Because scattering problems are particularly serious at the short wavelengths of the most sensitive 
resonance lines of selenium and tellurium (ca. 200 MI), it is seldom possible to determine these elements 
directly by atomic-absorption spectrophotometry and therefore a separation step* is essential. Such 
a separation step should remove all possible interfering species, thereby allowing the use of the low- 
temperature nitrogen-hydrogen flame. This flame affords greater sensitivity for selenium and tellurium 
than the conventional a&acetylene flame. 

A rapid methods has recently been developed for determining selenium in geological materials. 
This method involved co-precipitation of selenium with an arsenic carrier. Further work was carried 
out with a view to determining arsenic, selenium and tellurium in the same solution by a co-precipita- 
tion technique followed by atomic-absorption analysis of the redissolved precipitate. Although it 
was not possible to obtain quantitative recoveries of all three elements, good results were obtained 
for selenium and tellurium when arsenic was employed as a carrier. The method so developed is 
reported in this paper. 

Apparatus 

EXPERIMENTAL 

The atomic-absorption measurements were done with a Techtron AA5 unit using the following 
conditions : 

Source: standard ASL hollow cathode lamps 
Lamp currents: Se-5 mA, Te-7 mA 
Wavelewths: Se-196.0 nm. Te-214.2 nm 
Slit widtk 0.2 mm . 
Burner: standard lo-cm laminar burner 
Photomultiplier: R106 (Hamamatsu TV. Co.) 
Gas mixture: nitrogen, flow-rate 7.5 scale units (15 psig) 

hydrogen, flow-rate 3.5 scale units (2 psig) 
Scale expansion: up to x 8. Damping was not used. 

Reagents 

Analyticalgrade perchloric acid (60 %). 
Analyticalgrade nitric acid (s.g 1.42). 
Hydrochloric acid, 6M. 
Hypophosphorous acid, 30 % w/v aqueous solution. 
Arsenic solution. Dissolve 250 me of arsenic trioxide and 2 e of sodium hvdroxide in water and 

dilute to 200 ml. 
, 

Stanakrd selenium solution. Dissolve 50 mg of selenium in hot cont. nitric acid and dilute to 
500 ml with water (100 ppm Se). 

Standard tellurium solution. Dissolve 0.0625 g of tellurium dioxide with 2 g of sodium hydroxide 
in about 100 ml of water and make up to 500 ml (100 ppm Te). 



1468 Short communications 

Digestion of geological samples 

One-g samples of soil, rock, gossan or sulphide ore were digested with 15 ml of a 1: 1 mixture of 
nitric and hydrofluoric acids in polypropylene beakers, at 80” over a water-bath, and then evaporated 
to dryness (in about 4 hr). 

Digestion of biological sampIes 

One-g samples of dried vegetation (leaves, twigs, bark or wood) were digested with 10 ml of a 
4: 1 mixture of nitric and perchloric acids in test-tubes (20 x 150 mm). These tubes were placed in 
close-fitting recesses in a thermostatically-controlled aluminium heating block. One glass bead and 
one drop of kerosene were added to each tube and digestion was begun at 70”. After 8 hr, the temper- 
ature was increased to 130”. wherebv all the nitric acid was boiled off overnipht. The solutions were 
then allowed to cool. Thd bead &d kerosene were used to prevent bum&g and frothing of the 
digestion mixture. 

Separation of selenium and tellurium 

The residues were leached with 20 ml of hot 6M hydrochloric acid for 15 min and the mixtures 
were then transferred to SO-ml centrifuge tubes. The solutions were centrifuged for 3 min, and 
decanted into clean test-tubes, thus discarding the siliceous residues. Two ml of arsenic solution 
were added to each tube, and after mixing, were followed by 8 ml of 30% hypophosphorous acid. 
The tubes were placed for 15 min in a hot water-bath (SO”) and were then allowed to cool and stand 
for at least 8 hr to allow complete flocculation of the brown-black arsenic precipitate. 

The next stage of the procedure was complete removal of the supernatant liquid by means of 
suction through a glass tube drawn out to a capillary. The precipitate was washed with 10 ml of 6M 
hydrochloric acid, centrifuged, and the supematant phase removed as before. This residue was 
dissolved in 2 ml of 1.6M nitric acid, which was most easily accomplished by adding O-2 ml of cont. 
(16M) nitric acid to dissolve the precipitate, then adding 1.8 ml of water. For larger quantities of 
selenium and tellurium (>lOO ,@ 20 ml of 1.6M acid are added to ensure complete dissolution. 

Atomic-absorption determination of selenium and tellurium 

For routine samples, standards comprised l-5 and 10 ppm selenium and tellurium in 1.6M nitric 
acid. For higher concentrations of these elements, standards containing 10,20,40,60 and 100 ppm 
were used. Beer’s law was obeyed up to 10 ppm. Under the routine instrumental conditions, sensi- 
tivity for both selenium and tellurium is better than 0.7 ppm. 

RESULTS AND DISCUSSION 

Digestion of plant material 

It is certain that significant losses of selenium, at least, would occur on dryashing vegetation. 
Hence wet-ashinp with a nitric-nerchloric acid mixture is essential for determination of total selenium 
and/or tellurium~concentratio& 

During the digestion stage for plant material, 10 ml of a 4: 1 nitric-perchloric acid mixture are 
adequate to digest most vegetation samples (12 ml of nitric acid may be necessary in some cases) 
provided the nitric acid is not boiled off too quickly, as charring and loss of volatile elements may then 
result. All nitric acid must be removed before the addition of the hypophosphorous acid in the 
reduction step and hence a two-stage digestion process is used, the second stage being at temperatures 
above the boiling point of nitric acid (121”) though lower than the temperature of the constant- 
boiling mixture of perchloric acid and water. 

Recoveries of selenium and tellurium 

Experiments were carried out to determine the relationship between the amount of arsenic added 
and the recovery of added selenium and tellurium. Recovery of added selenium and tellurium 
ranging from 1 to 100 ,ug was complete when 2 ml of arsenic solution (- 1800 rg of As) were used 
for the separation procedure. However, recoveries were only about 75 % when settling times shorter 
than 8 hr were used. Recovery tests were carried out by adding known amounts of both elements 
(O-200 @ to a number of soil samples of known composition and with non-detectable amounts of 
selenium and tellurium. Full recovery of both elements was achieved even when iron was present 
in high concentrations. 

Reproducibility and accuracy of the method 

Table I summarizes analytical data for selenium and tellurium in a standard sulphide ore,4 and 
for replicates of five other selected samples chosen for their variable range of selenium and tellurium 
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concentrations. The results show that the reproducibility is more than adequate for geochemical 
prospecting. The agreement with values obtained by other workers using different methods indicates 
that the accuracy of this method is also satisfactory. The results appear to be the first for selenium 
and tellurium in the C.A.A.S. standard sulphide ore. 

TABLEI.-REWLTS OF REPLICATE D~RMINATIONS OF SELENIUM AND TELLURIUM 
IN GEOLOGICAL AND PLANT SAMPLES. 

Sample 
Selenium, ppm Tellurium, ppm 

No.of 
determinations 

Mean Range Mean Range 

Acacia leaves (Aust.) 4 130 121-146 < 0.1 
Acacia twigs (Aust.) 4 34 32-38 < 0.1 
Argentiferous quartz (N.Z.) 4 9.3 8.8-9.8 1850 1800-1950 
Auriferous pyrite (Aust.) 3 

2Et 
5.5-5.7 2.5* 24-2.6 

C.A.A.S. sulphide ore’ 12 18-22 2.0* 1*9-2.1 
(Canada) 

Uranium ore (U.S.A.) 12 4700 4000-4900 < 0.1 - 

* A colleague (Mr. K. Arundale) employed a distillation method6 for the determination of tellur- 
ium, and obtained a mean of 1.8 ppm for the auriferous pyrite and 1.86 ppm for the C.A.A.S. 
sulphide ore. 

t Dr J. H. Watkinson, Ruakura Research Centre, using his calorimetric method: obtained an 
average of 23.8 ppm Se for the C.A.A.S. sulphide ore. 

Limits of detection 

If limit of detection is defined as a signal equal to twice the noise level, the method appears to 
have a detection limit of about 0.1 ppm for selenium and tellurium, with a conventional burner. 
This should be improved considerably by using theflame-in-tube method.’ 

Conclusions 

It is concluded that the method has the required rapidity, reproducibility, and sensitivity for 
geochemical prospecting. For vegetation samples containing background selenium levels* (i.e., 
0.05 ppm on the dry weight), theflame-in-tube method would have to be used for the atomic-absorption 
part of this procedure. 
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Summary-A rapid method has been developed for the determination 
of selenium and tellurium in geological and biological samples. It 
involves acid dieestion of the samnle with mineral acids. addition of 
arsenic as a carrTer, reduction of ar’senic to co-precipitate selenium and 
tellurium, dissolution of the precipitate in dilute nitric acid and sub- 
sequent determination of selenium and tellurium by conventional 
atomic-absorption spectrophotometry. Selenium and tellurium have 
been measured on a routine basis, down to 0.1 ppm. 

Zusammenfassung--Es ist eine Schnellmethode zur Bestimmung von 
Selen und Tellur aus geologischen und biologischen Mustem entwickelt 
worden. Sie umfasst Sauredigestion des Musters mit Mineralsauren, 
Zusatz von Amen als ein Trlger, Reduktion von Amen auf zusammen 
fallbares Selen und Tellur, Aufliisung des Niederschlags in verdtinnter 
Salpeterslure und darauffolgende Bestimmung von Selen und Tellur 
durch tibliche atom&he Absorptionspektralphotometrie. Selen und 
Tellur sind auf iiblicher Grundlage bis auf 0,l ppm hinunter gemessen 
worden. 
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RCum&-On a &labor6 une m6thode rapide pour le dosage du selenium 
et du tellurium dam des echantillons g6ologiques et biologiques. Elle 
comprend la digestion acide de 1’6chantillon avec des acides mineraux, 
l’addition d’arsenic comme entraineur, la reduction de l’arsenic pour 
coprecipiter le st%nium et le tellurium, la dissolution du precipite en 
acide nitrique dilue et la determination subs6quente du s6lenium et du 
tellurium par spectrophotometrie d’absorption atomique classique. 
On a mesure le selenium et le tellurium de man&e courante jusqu’a 
0,l p.p.m. 
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Developments in indicators 

(Received 30 September 1971. Revised 11 February 1972. Accepted 18 March 1972) 

IN RECENT years narrow-range pH indicators have been introduced.1.8.s In addition, a pH indicator 
changing through three distinct colours has been recommended.4 a-Aminonaphthaleneazoantipyrine 
changes from a light colour to a dark one, and then to a light one again.5 Complementary tristimulus 
calorimetry has been used for calculating the ratios of the individual components of mixed indicators, 
necessary for the formation of a transition co10ur.~ 

Very weak acids which cannot be titrated successfully with alkali in aqueous solution, may be 
titrated in basic non-aqueous solvents. This approach offers many new possibilities but is also not 
without some difficulties. Methods are known based on the principle that if the stability constant of 
a complex is too low, it may be possible to add some substance that will increase the conditional 
constant.’ In this way boric acid, which is too weak to be titrated directly, can be transformed into a 
stronger acid by adding mannitol, and glycine can be titrated after addition of copper sulphate, with 
Methyl Red as indicator. 

Metal-metallochromic indicator complexes can be employed as acid-base indicators, when the 
formation of a complex is accompanied by the release of more than one proton per indicator mole- 
cule. Such an indicator can provide a whole range of pH indicators by variation of the metal ion 
used.8 

This paper describes the application of such indicator systems to the titration of weak acids. 
When an alkali is used as titrant, and a metal indicator together with a metal salt as the acid-base 
indicator, the colour change occurs at a definite pH, the acid form of the indicator turning not into the 
alkaline form but into a complex. Some of the possible applications of this principle are illustrated. 

l-(2’,4’-Dinitrobenzene)-2-acetyl hydrazine (DBAH) forms green complex with Cua+, Cu+ and to a 
slight extent with Ni 2+. Copper forms a 1: 1 complex in aqueous medium; the stability constant was 
determined spectrophotometrically at pH 8.5 as log b = 8.5 (Z = 0.1.) The complex is stable at 
pH 78-9.0.D 

In a conventional acid-base indicator the transition interval is about 2 pH units. In the case of 
a metal-metallochromic indicator having iminodiacetic acid groups where n protons could be re- 
leased at the same time, the pH interval for the complete colour change would be 2/n.* In the copper- 
DBAH indicator system the colour change does not occur over a pH range because the complex 
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forms sharply at a definite pH, e.g., at pH 7.62 the colour of the indicator is pale yellow (the complex 
being not yet formed) but at pH 780 the colour is green, being that of the complex. 

Figure 1 shows the pH-absorbance curve for the DBAH complex of Cd+. On the basis of Fig. 1 
the pKvalue of DBAH-Cu indicator in the case of r = 1 is 7.7. The pKvalue changes relatively only 
to a slight extent with change in the concentration of the free metal ion present. 

60 -. 
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FIG. 1 .-The pH-absorbance curve for the DBAH-Cu complex. 

Titration of weak acid, using Cu-DBAH complex as indicator 

Dissolve about 1 mequiv. of benzoic acid in 5 ml of ethanol, add 30 ml of water, 0.2 ml of @OlM 
(0.024%) ethanolic DBAH, O-2 ml of O*OlM copper sulphate and titrate with O*lM aqueous sodium 
hydroxide. The acid colour of DBAH is pale yellow, the alkaline one is orange and the copper 
complex is green. Cu-DBAH complex indicator is not suitable for the titration of weak acids forming 
complexes with Cup+, e.g., hydroxycarboxylic acids. 

For the titration of weak acids giving a complex with Cu*+ as well as having a high pK value 
the magnesium complexes of nitronic acids can be utilized. Axe Violet is a well-known nitronic acid 
giving a green or blue lake with Mgs+ in alkaline medium. The apparent stability constant of the Axe 
Violet-magnesium complex is K,O’ = 107’O and the logarithmic stability constant is log K,, =18*26 
at pH 12.10 in sodium hydroxidsglycine buffer.@ 

The magnesium complex of Axe Violet can be used for titrimetric purposes. The precipitation 
of the complex depends on the alkali and magnesium concentrations. In Fig. 2 the formation of 
complex is plotted as a function of pH. The formation of the Axe Violet-magnesium complex is not 
complete, because of the formation of a magnesium hydroxocomplex and magnesium hydroxide. 

The colour change occurs here also within a very small pH range, e.g., at pH 1 l-31 the colour of the 
indicator is yellow, at pH 1144 the colour is green (a mixture of the yellow indicator and the blue 
complex), at pH 1157 it is blue (the colour of the complex in solution) and at pH 11.8 the blue 
complex precipitates. 

Figure 3 shows the pH transition range for the titration of glycine, as a function of magnesium 
concentration. The pK value of the Axe Violet-magnesium complex indicator corresponds to the 
pH value for 50% complex formation, pKcomprex = 
nesium concentration. 

11.45, which increases with decrease in mag- 
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FIG. 2.-Formation of the Mg-Azo Violet complex as a function of pH. 
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FIG. 3.-Transition pH of titration of glycine, as a function of magnesium concen- 
tration. 

Titration of weak acids using Azo Violet-magnesium complex as indicator 

Dissolve 0.1-0.2 g of glycine in 50 ml of water, add 6 drops of 0.1% acetone solution of Azo 
Violet, 2 ml of O*lM magnesium sulphate and titrate with O.lM aqueous sodium hydroxide. At the 
equivalence point the indicator changes its colour from yellow to green. With this indicator system 
0.1 g of phenol or of o-cresol can be titrated (when 1.5 ml or 0.4 ml of O.lM MgSO, respectively is 
added to the Axe Violet). Table I illustrates results obtained with the indicators Cu-DBAH and 
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Mg-Azo Violet used in titrations with O+lM sodium hydroxide. For comparison the Cu-DBAH 
titration was repeated with phenolphthalein as indicator. The absolute error is generally less than 
1%. The relative error in the titration of benzoic acid or of glycine is @2%. (The volume of O.lw 
sodium hydroxide required to raise the pH from 11.31 to 1144 is 05 ml for 70 ml of solution, equiva- 
lent to titration of 2 mequiv. of glycine in 50 ml.) 

TABLE I.-TITRATION OF WEAK ACIDS (100% PURE). 

Acid Medium 

Benzoic aqueous ethanol 

Benzoic aqueous ethanol 

Glycine water 

Phenol water 

Indicator 

Cu-DBAH 

Phenolphthalein 

Mg-Azo Violet 

Mg-Azo Violet 

Recovery in titration, 

% average 

100.2 
100.0 100.2 
100.5 
100.1 
100.8 100.4 
100.3 
100.3 
100.4 100.3 
100.1 
100.5 
99.2 
99.3 99.4 
99.8 

Nitrokdmia Works 
FiizfGgydrteIep 
Hungary 

L. L&Rx&D1 

Summary-The use of metal ion-metallochromic indicator complexes 
as narrow-range pH indicators is shown to be advantageous for the 
titration of weak acids in aqueous media. The Cu-DBAH and the 
Mg-Azo Violet complexes with apparent pK values of 7.7 and 115 
have been used for the titrations of benzoic acid and of glycine and 
phenol, respectively, with good precision. 

zUsammenfassnng-Es wird gezeigt, dti zur Titration schwacher 
Stiuren in warigen Medien die Verwendung von Komplexen aus 
Metallionen und Metallfarbindikatoren als Indikatoren fur enge pH- 
Bereiche Vorteile bietet. Die Komplexe Cu-DBAH und Mg-Azoviol- 
ett mit scheinbaren pK-Werten von 7,7 und 11,5 wurden fur Titra- 
tionen von Benzoessiure bzw. von Glycin und Phenol mit guter Gen- 
auigkeit verwendet. 

R6sume-Gn montre que l’emploi de complexes ion metallique- 
indicateur metallochrome comme indicateurs de pH a zone etroite est 
avantageux pour le titrage d’acides faibles en milieux aqueux. On a 
utilise les complexes Cu-DBAH et Mg-Azo Violet avec des valeurs de 
pK apparentes de 7,7 et 11,5 pour les titrages de l’acide benzo?que, et 
du glycocolle et du phenol, respectivement, avec une bonne precision. 
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Nouvelle microcolorimbrie des nitrites 

(Recu le 23 novembre 1971. AcceptC le 5 avril1972) 

LA L~RATURE scientifique fait &at, pour le dosage de faibles quantites d’ion nitrite, de colorim&ries 
obtenues ii I’aide de divers reactifs organiques. La plus utilisee, connue sous le nom de Griess,1-6 
est fond&e sur la diazotation de l’acide sulfanilique et la copulation du se1 de diazonium forme avec 
la 1-naphthylamine. La sensibilitt de la reaction est de l’ordre de 0,Ol rg NO,-/ml. L’acide sul- 
fanilique diazott peut, suivant des methodes voisines, Btre condense sur la N-(1-naphthylethylene 
diamine)’ ou le 1-naphthol.* D’autres couples de reactifs ont et6 retenus: p-diaminodiphenylsulfone 
et diphenylamine,D acide p-sulfanilique et l-naphthylamine,10 p-nitraniline et guaiazulene,ll ou 
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montrent des maximums vers 206,280 et 437 nm caracteristiques du groupe azo, suivant les donnees 
de la litterature.al 

A, nm 

FIG. 1 

Les bandes de vibration, caracteristiques du spectre infrarouge a 1460, 970-980 et 750cm-’ 
ne sont pas en d&accord avec cette don&e, les bandes 3350 et 3450 cm-l identifiant un groupe 



1474 Short communications 

REFERENCES 

1. J. K. Sugden, Chem. Znd. London, 1967, 115. 
2. M. Singh and J. K. Sugden, ibid., 1968, 845. 
3. B. K. Razdan and J. K. Sugden, ibid., 1970, 685. 
4. M. Singh and J. K. Sugden, ibid., 1967, 1322. 
5. B. Vecerek, Z. Masek and J. Vecerkova, Chem. Listy, 1970,64,83. 
6. M. Zahradnicck, Cesk. Farm., 1964,13,489. 
7. B. Ekhtnd and A. Ringbom, Finska Kemistsamfindets Medd., 1962,71,53. 
8. R. A. Chalmers and F. I. Miller, Analyst, 1971, 96, 97. 
9. L. Legradi, Z. analyt. Chem. in the press. 

10. Zdem, Magy. Kern. Folyoirat, in the press. 

Talanta, 1972. Vol. 19, pp. 1474 to 1477. Pergamon Press. Printed in Northern Ireland 

Nouvelle microcolorimbrie des nitrites 

(Recu le 23 novembre 1971. AcceptC le 5 avril1972) 
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amino, Avancant l’hypothese de la structure suivante (I) pour le compose forme 

I II * 

HzN&NzN&NH* 

(I) 

on peut supposer dam un premier temps l’oxydation de l’o-tolidine avec formation d’un derive 
nitroseBa 

CHI CHs CHI CH, 

HsN&&NHr + 4HNOI -+ HaN-&-ND + 4NO + 3Hz0 

puis la reaction de celui-ci sur une autre molecule d’o-tolidine 

CH, CHa CHI CHs 

HsN-&$NO + HsN&-NHs -+ I 

La colorimetrie des nitrites par l’o-tolidine est perturbke par la presence de divers ions: 
CrlO,*-(>l &ml), Cu’+(>500 &ml), Fesf(> 100 &nl), IO,-(>20 &ml), IO,-(>0,5 &ml), 
avec formation dune coloration bleue. D’autres ions apportent Bgalement une gene UOna+(>l 
pug/ml), SbpO,*-( > 1 &ml) = coloration jaune. 

Le pH optimum pour effectuer la reaction est compris entre 3,5 et 4,5 ainsi que le montrent les 
variations de l’extinction en fonction du pH (Tableau I). 

TABLEAU I.-L’E~NCTION EN FONCTION DE pH. 

PH 
NW, 

p’g 2,5 390 395 4,O 495 590 595 690 

095 0,015 0,026 0,034 0,034 0,035 0,041 0,055 0,072 
190 0,054 0,060 0,069 0.070 0,070 0,073 0,081 0,106 
390 0,182 0,190 0,213 0,216 0,214 0,230 0,242 0,256 
6.0 0,372 0,402 0,432 0,431 0,434 0,445 0,463 0,495 

1::: 
0,495 0,550 0,579 0,582 0,590 0,596 0,608 0,635 
0,632 0,703 0,720 0,721 0,723 0,735 0,743 0,870 

RPactif 
PARTIE EXPERIMENTALE 

Solution m&e de NOINa contenant 0,3728 g de nitrite de sodium pour 250 ml (1 ml z 1 mg 
NO,-). La solution, conservee en verre jaune, est stable plusieurs mois. 

Solutions dilrkes de NO,Na obtenues par dilution extemporanke. de la solution mere pour obtenir 
0,25-10 pg NO,-/ml. La stabilite n’exckde pas quelques jours. 

Solution d’o-tolidine obtenue en dissolvant 1 g do-tolidine purifiQ dans 10 ml d’acide acktique 
pur et diluant a 100 ml avec de l’eau. Come&e en verre jaune, la solution est stable pendant deux 
mois. 

Solution de fluorure d’ammonium; solution aqueuse a 10%. 

Gamme d’&alonnage 

A 1 ml des solutions dilukes de NOINa soit 0,25-10 pig NO*-, on ajoute 1 ml de solution de 
fluorure d’ammonium, 1 ml de solution d’o-tolidine et compkte A 5 ml avec de l’eau. Lecture A 437 
nm en cuve de 1 cm aprks 10 minutes (la coloration est stable jusqu’8 40 minutes aprbs &action). 

Dosage des nitrites dans les eaux potables et les eaux mihales 

L’eau a analyser (10-50 ml) est place dans une capsule de verre, neutralid et evapore a set au 
bain-marie. Le r&idu est repris par 3 ml d’eau puis on ajoute 1 ml de solution de fluorure 
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d’ammonium, 1 ml de solution d’o-tolidine. Lecture apres 10 minutes a 437 nm apres centrifugation 
tventuelle et report a la courbe d’etalonnage. Plusieurs resultats sont consign& dans le Tableau II, 
montrant que I’erreur relative moyenne est &I% ainsi que la comparaison avec la methode par 
diazocopulation solon Greiss. 

TABLEAU II. 

Prise 
d’essai, 

ml 

NOa- 
ajoute 

@ 

NO,- 
trouve 

p,X 

Difference 

rug 

/~g NOa-/ ml 
Erreur 

relative, methode a mtthode de 
% I’o-tolidine Greiss 

15,oo - 1,62 - - 10,s 10,2 
15,oo 1,oo 262 0,oo -0,o - - 

25,00 - 2,45 - 998 10,o 
25,00 l,oo 3,50 0,05 +2,0 - - 

25,OO - 2,50 - - 10,o 10,2 
25,OO 2,00 4,52 0,02 +0,8 - - 

Laboratoie de Chimie Analytique 
de la Facultd de Pharmacie de Iassy 

Roumanie 

CAMELIA GHIMICESCU 
VASILE DORNEANU 

R&sum&On propose, pour la determination des nitrites, une micro- 
methode fondle sur une reaction avec l’o-tolidine, avec formation d’un 
compost azorque color& en jaune-orange, permettant la spectrophoto- 
mttrie. La sensibilite de la reaction est de 0,05 pg NO,/ml. La 
methode est applicable a la determination des nitrites dans les eaux 
potables et les eaux minerales, avec une erreur relative moyenne de 
+l%. 

Summary-A micromethod for determination of nitrite is based on a 
reaction with o-tolidine, forming a yellow-orange product suitable for 
spectrophotometry. The sensitivity is 0.05 pg of nitrite/ml. The 
method is suitable for analysis of potable and mineral waters, and has 
a mean relative error of 1%. 

Zasammenfassung-Eine Mikromethode zur Bestimmung von Nitrit 
beruht auf der Reaktion mit o-Tolidin, wobei sich ein ftir die Spektral- 
photometrie geeignetes gelb-orangefarbiges Produkt bildet. Die 
Empfindlichkeit betrlgt 0,05 ,ag Nitrit/ml. Die Methode ist zur Anal- 
yse von Trink- und Mineralwasser geeignet und weist einen mittleren 
relativen Fehler von 1% auf. 
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Analytical application of the urease method for determination of urea in the 
presence of biuret 

(Received 25 August 1970. Revised 8 March 1972. Accepted 1 May 1972) 

IT IS WELL KNOWN that urease acts on urea to catalyse the reaction 

CO(NH), + 2H,O = (NH&CO, 

and a method for determination of urea has been developed on the basis of this reaction. 
Many opinions have been published regarding the specificity of the reaction. According to some 

authors the urease also acts on biuret,l according to others the activity of urease towards biuret is 
only apparent and is due to small amounts of urea in the biuret.a 

Our preliminary investigations showed that the pH of a solution of pure biuret does not change 
during more than an hour in the presence of crystal urease or an alcoholic extract of the enzyme. 
It was therefore decided that mixtures of urea and biuret could be analysed according to the 
procedure described in the literature.8 

EXPERIMENTAL 

An alcoholic extract of urease was prepared from soya beans .8 
pentoxide was heated at about 90”. 

A mixture of urea and phosphorus 
The products of the reaction4 contain nitrogen in various forms, 

which can be determined by appropriate methods: total nitrogen-according to Kjeldahl;* ammonia 
nitrogen-according to ref. 5; urea nitrogen-according to the procedure given in ref. 3; biuret 
nitrogen-by the calorimetric method.B 

All reagents were of analytical grade. 

RESULTS AND DISCUSSION 

A series of solutions was prepared containing different ratios of urea and biuret (Table I). It 
was found that the alcoholic extract of urease catalyses the hydrolysis reaction of the urea and not that 
of the biuret. 

TABLE I.-EFFECT OF BIURET ON THE DETERMINATION OF UREA 

BY THE UREASE METHOD. 

Urea, 
% 

Biuret , 
% 

Urea nitrogen, % 

calculated found 

0 100 0.0 o-0 
25 75 11.6 11.6 
50 50 23.2 23.2 
75 25 34.9 34.7 

100 0 46.5 46.5 
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The analytical application of the urease method was verified by analysis of the products of 
the reaction of the mixture of phosphorus pentoxide and urea heated at about 90” (Table II). The 

TABLEII.-DETERMINATIONOF NITROGEN IN PRODUCTS OBTAINED 

BY HEATING A MIXTURE OF UREA AND PHOSPHORUS PENTOXIDE. 

Nitrogen, % 

Total Ammonia Urea 
Biuret 

calculated found 

31.4 2.4 22.1 69 6.9 
35.1 1.2 29.3 4.6 45 
37.6 1.9 29.0 6.7 6.7 

results for the biuret nitrogen found by the calorimetric method compare favourably with those 
calculated. 

Chemico-Technological Institute 
Sofia 56, Bulgaria 

P. BOZADZIEV 

E. BALABANOVA 

L. ILCHEVA 

Summary-Biuret does not interfere in the unease-catalysed hydrolysis of 
urea. 

Zusammenfassung-Biuret stijrt nicht bei der Urease-katalysierten 
Hydrolyse von Harnstoff. 

R&un~Le biuret n’interfere pas dans l’hydroiyse de 1’urQ catalysee 
par I’urease. 
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Determination of gallium in an iron-aluminium matrix 
and flame emission spectroscopy 

by solvent extraction 

(Received 7 March 1972. Accepted 15 May 1972) 

GALLIUM is readily determined by flame emission spectroscopy (FES) in a variety of flames, and 
under optimized conditions this technique has been shown to give detection limits superior to those 
obtainable by atomioabsorption spectroscopy. t The application of FES to the determination of 
gallium in matrices such as soil or rock fusion fluxes, which may contain very substantial excesses of 
iron and ahuninium, is limited1*2 by the increase in background emission attributable to the concomi- 
tant elements, even when a spectral band-pass as low as 0.04 nm is employed.a For aqueous solu- 
tions, extraction of the 8-quinolinolates*” or pyrollidinedithiocarbamates has been recommended as a 
pm-concentration technique before flame spectroscopic analysis, and the addition of organic solvents 
has been suggested6 as a method of enhancing the sensitivity of the determination. Methods commonly 
used’ for the extraction of gallium are susceptible to co-extraction of iron(III), however. Sandell 
overcame* this problem by reduction of iron(II1) to iron(I1) by filtration through silver powder, 
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followed by the immediate extraction of the gallium chloro-complex into diethyl ether from hydro- 
chloric acid solution. The method described here involves the use of titanous sulphate as a reductant, 
which obviates the need for filtration and, by maintaining a reducing environment, for immediate 
extraction. Methyl isobutyl ketone,O which is a particularly suitable solvent’ for the flame spectros- 
copic determination of gallium, is employed as an extractant. 

Reagents 
EXPERIMENTAL 

GuZliumfIII) solution, 1.00 mg/ml Dissolve 1.00 g of gallium metal in the minimum necessary 
volume of reagent-grade constant-boiling hydrochloric acid; dilute to 1 litre. 

Diverse ions. Stock solutions were prepared for a range of elements from the metals as above, or 
from suitable metal salts. 

Titunium(II1) subhate solution, 15 % w/v. 

Apparatus 
Flame emission/atomic absorption spectrometer. 

slot-burner was used in the emission mode. 
A Unicam model SP9OOA with S-cm air-acetylene 

Procedure 
Evaluation of the 

aliouots of 50 .&ml 
eflect of hydrochloric acid concentration on extraction eficiency. Twenty-ml 

gallium solutions in hydrochloric acid (0-6M w.r.t. HCl in 6nal solution) were 
extiacted with.5~ml of methyl isobutyl ketone. The organic phases were nebulized into a fuel-lean 
air-acetylene Same, and the intensity of the gallium emission at 417.2 mn was measured. 

Procedure in thepresence of large excesses of Fe(ZZZ) and Al(ZZZ). To suitable aliquots of neutral 
or near neutral test solutions and standards, were added 10 ml of concentrated hydrochloric acid 
and 2 ml of titanium(III) sulphate solution. The solutions were diluted to 20 ml, shaken, and extracted 
with 5 ml of methyl isobutyl ketone. The emission intensity was measured for the organic phase, 
methyl isobutyl ketone previously saturated with hydrochloric acid being used to set the instru- 
mental zero. Linear calibration curves could be prepared over the range O-l and O-12 &ml (gallium 
concentration in aqueous phase). The variation in standard deviation and related parameters with 
gallium concentration (based on ten determinations) is shown in Table I. 

RESULTS AND DISCUSSION 
Figure 1 illustrates the effect of acid concentration on the gallium emission intensity. Acid 

digestions of 5-ml aliquots of organic phase, and evaporation of lO-ml aliquots of aqueous phase to 
dryness followed by dissolution of any residue in 10 ml of 1M hydrochloric acid, indicated quanti- 
tative extraction of gallium over the acid concentration range 4*3-7-2&f, within the limits of experi- 
mental error (i.e. >98 % extraction). Over this acid concentration range, atomic-absorption spectros- 
copic analysis indicated that iron(II1) was virtually quantitatively co-extracted, whereas aluminium 

ot 
0 2 4 6 8 

HCI Molarity 

FIG. I.-The influence of hydrochloric acid concentration on the emission signal 
from SO-pg/ml gallium solutions after extraction into methyl isobutyl ketone. 

was not extracted to any measurable extent. The interference of iron(II1) was found to be eliminated 
by reduction to iron(D) with titanous sulphate. This procedure was found to be effective in dealing 
with 5000-fold excesses (the largest investigated) of iron in the determination of gallium concentration 
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TABLE I.-PRECISION OF RESULTS. 

Gallium 
concentration, Signal Mean Standard Relative standard 

rglml range signal deviation deviation, % 

1.0 72-80 77.7 0.9 1 
0.2 10-20.5 16.0 1.0 6 
0.05 -1-8.5 4.0 1.0 25 

of 2 pg/ml in aqueous solution, i.e., 0.5 pg/ml in the aqueous phase when using a 5-ml aliquot for 
analysis. Thousand-fold excesses of the following elements caused no measurable interference in the 
determination of the same concentration of gallium; Al, Ba, Ca, Cd, Co, Cr, K, La, Li, Mg, Mn. 
MO, Na, Ni, Pb, Sr, Ti, Tl, V and Zn; copper, which is partially co-extracted under thesecondi- 
tions, was found to give rise to appreciable spectral interference. At the level mentioned, which is 
at least an order of magnitude greater than that likely to be encountered in soil samples, this caused 
a 50 % enhancement in-the gall&m signal. 

To obtain some indication of the inhuence of other acids likely to be encountered after digestion 
procedures, on the determination of gallium at the 50 yg/ml le;el, solutions were prepared-which 
were 5*7M with respect to hydrochloric acid, and also 2.ON with respect to sulphuric, nitric and per- 
chloric acid: At this level sulphuric acid gave an enhancement of 3 %, whereas nitric and perchloric 
acids caused suppressions of 62 y0 and 77 % respectively. Although the interference of nitric and per- 
chloric acids may be ignored provided samples and standards are carefully matched with respect to 
acid concentration, both acids were found to impede the quantitative reduction of iron(II1) to iron(I1) 
with titanium(II1) sulphate. The result obtained for sulphuric acid indicates that the sulphuric acid 
content of the titanium(II1) sulphate solution is not critical. 

Department of Soil Science M. S. CRESWR 
University of Aberdeen J. TORRENT~ASTELLET 
Scotland 

1. 
2. 
3. 

4. 
5. 
6. 
7. 

8. 
9. 

Summary-Solvent extraction of gallium(II1) into methyl isobutyl 
ketone from hydrochloric acid solutions containing titanium(II1) 
sulphate provides a rapid method for separation of gallium from an 
iron/aluminium matrix and may be employed to eliminate the inter- 
ference of these elements in the flame emission spectrometric determin- 
ation of gallium. 

Znsannnenfassung-Losende Ausscheidung von Gallium(II1) in 
Methylisobutylketon aus Salzslureliisungen mit Titanium(II1) Sul- 
phatgehalt stellt eine schnelle Methode zur Trennung von Gallium aus 
einer Eisen/Aluminium-Grundmasse dar und kann benutzt werden, 
die Interferenz dieser Elemente bei der Flamrnenausstrahlung 
spektrometrischer Ermittlung von Gallium zu eliminieren. 

R&un&--L’extraction par solvant du gallium(II1) en m&hylisobutyl- 
c&one a partir de solutions en acide chlorhydrique contenant du sulfate 
de titane(II1) fournit une methode rapide pour la s6paration du gallium 
dune matrice fer/aluminium et peut &tre employee pour eliminer 
l’interference de ces elements dans le dosage spectrometrique du gallium 
par emission de flamme. 
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ANALYTICAL DATA 

Complexes of some rare earth metals with 1-amino-4-hydroxyanthraquinone 

(Received 7 February 1972. Accepted 5 March 1972) 

THE FLWORESCEIKE SPECXRA of beryllium and tho~um-l~ino4hy~oxy-ant~aq~one complexes 
were studied by White et ai.,” but no systematic study has been made of the complexes of l-amino4 
hy~oxyanthraquinone with metal ions. The present paper deals with the lanthanum, cerium, 
praseodymium, neodymium and samarium complexes. 

EXPERIMENTAL 

Reagents 

l-Amino-4-hydroxyunthroifuinone (ANA). The reagent was prepared by the direct condensation 
of phthalic anhydride and ~ia~tylp~minophenol in the presence of an anhydrous alu~nium 
chloride-sodium chloride melt.* The product was purified by thin-layer and cohuun chromatog- 
raphy, and used as a solution in methanol. 

Lanthanide chloride solutions. Prepared as methanol solutions. 

Nature of the complex 

AHA immediately gives a reddish-violet colour with Las+, Ce8+, Pla+, Nds* and Sm8+. The 
colour remains unch~~d for 3 or 4 days. 

Vosburgh and Cooper’s method8 showed that only one type of complex was formed. The absorp- 
tion maximum was at 530 nm for AHA and at 605 nm for La, Pr and Sm and 610 nm for Ce and Nd. 

The method of continuous variations,P mok-ratio,6 and slope ratio0 methods all showed the 
complexes to be 1: 1. 

Evaluation of stability constants 

The stability constants were determined from the absorbauces measured in the Job’s method 
by using Banerji and Dey’s formula’ 

K= ,x 
(a, - x)(b, - x) = (a8 - x;(b, - x) 

where at and a* are the total concentrations of metal, b, and b, the total concentrations of AHA and 
x the concentration of the complex at equilibrium. 

TAIKE I.-STABILITY CONSTANTS AND FREE ENEROY OF FORMATION OF VARIOUS 
METAL-AI-IA COMPLEXES AT 30°C. 

Complex 
R max 

nm log K Method 
AGO, 

kcaljmole 

LafIIIf-AHA 605 5.16 f 008 
526 & 002 

Ck(III)-AHA 610 5.25 f 0.10 
5.33 & 003 

Pr(III)-AHA 605 536 Lt 008 
5.42 f 004 

Nd(III)-AHA 610 540 f 014 
5.45 & 003 

Sm(III jAHA 605 5.25 Ifr 006 
5.46 i 004 

;; 
(a) 

(b) 

::; 
(a) 
(b) 

- 
7.34 f OO3 

7.40 - f 0.02 
- 

757 f 0~05 

7.60 - & 004 
- 

7-62 + 006 

(a) Banerji and Dey method.’ 
(b) Mole-ratio method. 
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The mole-ratio method was also used by means of the equation 

l-a 
K=x 

where C is the concentration of the complex and a is the degree of dissociation, given by 

where A,,, is the absorbance of the complex when excess of AI-IA is present and A, is the absorbance of 
the complex at the equivalence point. 

The free energy of formation was calculated from K. The results are summarized in Table I. 
The stability constants are very similar, increasing as the size of the cation decreases. 

Acknowledgement-The authors are grateful to Prof. R. C. Kapoor, Head of the Chemistry Depart- 
ment for providing the necessary facilities. 
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S. P. GARO* 

Stunmary-La, Ce(III), Pr, Nd and Sm(II1) form very stable reddish- 
violet 1: 1 complexes with I-amino-4-hydroxyanthraquinone in 
methanol. The stability constants are very similar. 

Zusammenfasung-La, Ce(III), Pr, Nd und Sm(II1) bilden mit l- 
Amino-4-Hydroxylanthrachinon in Methanol sehr bestlndige riitlich- 
violette 1: 1 Komplexverbindungen. Die Resistenzkonstanten sind 
sehr ihnlich. 

R&aun&La, Ce(III), Pr, Nd et Sm(II1) forment des complexes violet- 
rougeatres 1: 1 tres stables avec la l-amino 4-hydroxyanthraquinone 
en methanol. Les constantes de stabilite sont tres similaires. 
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ANNOTATIONS 

A study of the evaporation of gold solutions 

(Received 2 March 1972. Accepted 26 March 1972) 

Tnzax have been several reports in the literature, referring to losses of gold by volatilization on 
heating of gold solutions. Mizuike and Takatal reported the loss of the trace elements 61Cr, %o, 
@%, ll”Ag, 1°*Au and sosHg when solutions were evaporated to dryness at 100”. Gilchrist* found 
as much as 2 % loss of gold as gold chloride upon heating to dryness, presumably through volatili- 
zation. On the other hand, some authors have not considered the possibility of gold losses. Plaskin 
and KayukhovaJ did not consider gold losses in their determination of gold by hydrazine hydro- 
chloride, which involved repeated evaporation with hydrochloric acid at temperatures not over 
60-70”. In cocrystallization experiments with 2-mercaptobenzimidazole, Weiss and Laid did not 
consider the possibility of gold volatilization occurring during the several hours of boiling required. 
A calorimetric method by BrodigatY ignored any loss of gold during an evaporation to a volume of 
1-2 ml. The calorimetric method by Gachevs required the boiling of a gold solution to dryness but 
gave no consideration to any possible gold loss. Novikovar showed that the process of dissolving 
gold is temperature-dependent but did not discuss possible gold losses. 

Chapman, Marvin and Tyrees reported specifically on the volatilization of elements in solutions 
of mixed hydrofluoric and perchloric acids heated to dryness by an overhead heating unit kept at 200”. 
They concluded that under these conditions there was no loss of gold. 

Owing to the seemingly contradictory information available an investigation was undertaken of 
the losses of gold during evaporation of various aqueous gold solutions. 

EXPERIMENTAL 

Gold-195 (tt 180 days) was produced by cyclotron irradiation of a l-cm* platinum foil with 25 MeV 
protons for approximately 2 hr. The foil was dissolved in aqua regia and the nitrogen oxides were 
expelled by heating to dryness several times in the presence of small amounts of concentrated 
hydrochloric acid. The residue was dissolved in 3Mhydrochloric acid containing 2 drops of phosphoric 

FIG. 1 .-Evaporation beaker and chimney. 
1483 
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TABLE I.-DISTRIBUTION OF losAu AFTER SOLUTION EVAPORATION. 

Activity of 
gold taken, 

CPS Solution 

Activity, in chimney 
after evaporation, cps 

Temperature, Side 
“C Bottom 0” 2” 4” ” 6 

1477 
1478 
1476 
1051 
1041 
1061 
1216 
3903 

10 ml HCI (cont.) 
20 ml HCl (cont. j 
30 ml HCI (cont.) 
10 ml HCl (concj 
20 ml HCl (cont.) 
20 ml 6M HCl 
20 ml 1M HCl 
20 ml 6M HCl 

78 
78 
78 
90 
90 
90 
90 
78 

315.5 
345.8 
457.0 

0.5 % NaCl + 20 ml 6M HCl 
l.Oo/, NaCl + 20 ml 6M HCl 
4.5 2 NaCl + 20 ml 6M HCl 

0.5% CuCl, + 20 ml 6M HCl 
1.0% CuCl, + 20 ml 6M HCl 
4.5 % CuCl, + 20 ml 6M HCl 

78 
78 
78 

603.0 
580.5 
551.0 

78 
78 
78 

118.1 0.5 % KC1 + 20 ml 6M HCl 78 
158.3 1.0% KC1 + 20 ml 6M HCl 78 
118.5 4.5 % KC1 + 20 ml 6M HCl 78 

208.5 0.5 % FeCl, + 20 ml 6M HCI 78 
233.5 1.0% FeCl, + 20 ml 6M HCl 78 
264.3 4.5 % FeCl, + 20 ml 6M HCl 78 

1475 
1478 
4735 
5243 
5179 
1282 

78 
78 
78 
78 
78 
90 

1242 
1981 
891 
681 

1 mg AuCl, + 10 ml HCl (cont.) 
2 mg AuCI, -+ 20 ml 6M HCl 
1 ,ug AuCl, + 20 ml 6M HCl 
11 ,~g AuCl, + 20 ml 6M HCl 
111 pg AuCI, + 20 ml 6M HCl 
111 ,ug AuC& + 20 ml H,O 

20 ml HNO, (cont.) 
20 ml 7.8M HNO, 
20 ml l.OM HNO, 
20 ml aqua regiu 

90 
90 
90 
90 

731 20 ml H,SO, (cont.) 125 
783 20 ml 8.9M H,SO, 125 
941 20 ml l.OM H,SO, 125 

1317 50% ethanol:50% 6M HCl 78 

1897 20 ml 6M HCl + 2 drops “Triton-X” 78 

1442 20 ml 6M HCl + 1 .O% agar agar 78 
1623 20 ml 6M HCl + 0.5 % agar agar 78 
2213 20 ml 6M HCl + 2.5 % agar agar 78 

3858 20 ml 6M HCl* 78 
3809 11 pg AuCI, + HCl (cont.)* 78 

483 20 ml 6M HCl* 78 
1304 20 ml 6M HClt 78 
2537 20 ml 6M HClt 78 

1.4 1.3 0 0 0 
15.8 7.8 7.6 0 0 
15.5 9.8 9.1 2.5 0 

6.3 2.6 2.2 0 0 
8.7 7.5 6.4 0.6 0 

24.2 12.4 12.1 0.8 0 
8.1 5.7 3.3 0 0 
6.7 5.9 5.3 2.8 1.2 

4.1 2.5 1.3 1.0 0.5 
3.8 1.8 0.8 0.7 0.1 
1.0 1.0 1.0 0 0 

2.3 0.8 2.4 0.5 0 
1.3 1.0 0.8 0 0 
0.5 0.5 0 0 0 

0.8 0.5 0 0 0 
1.3 1.1 1.3 0 0 
3.0 2.0 1.8 - - 

13.0 6.4 3.6 1.5 0.5 
0.7 3.3 2.2 0.9 0.4 
2.3 1.8 2.8 0 0 

0 0 0 0 0 
0 0 0 0 0 
3.5 1.8 2.8 1.0 0.8 

34.1 22.4 11.7 0.5 0.6 
4.2 4.6 4.0 1.7 0 
4.7 2.9 2.2 0 0 

6.4 2.8 2.2 0.8 0 
6.6 3.8 4.7 0.5 0 

10.5 5.0 5.0 0 0 
11.8 5.0 2.7 0 0 

34.1 13.1 12.7 0 0 
6.7 3.8 2.5 0 0 

11.8 4.8 2.6 0 0 

5.2 2.8 2.4 0 0 

2.4 4.2 0 0 0 

0.3 3.5 0.4 0 0 
0 0 0 0 0 
0 0 0 0 0 

1.7 0.7 0 0 0 
1.4 0.6 0.8 0 0 

0 0 0 0 0 
0 
0 

* Chimney separated from beaker by 2 mm, as a capillary action check. 
t Cooling coil used directly above beaker but not in contact. 
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acid and the solution was extracted several times with equal volumes of ethyl acetate. The combined 
extracts were evaporated to dryness, decomposed with nitric acid and hydrogen peroxide, and 
then evaporated to dryness several times in the presence of concentrated hydrochloric acid. The 
auric chloride thus obtained was dissolved and made up to 10 ml with 2M hydrochloric acid. The 
radiopurity of the stock solution was contirmed by y-spectrometry. 

Special beakers were made from 34/35 ground-glass joints (Fig. 1) for the experiment. 
Samples were prepared containing 1 ml of rpsAu solution. The conditions were varied by adding 

various volumes and strengths of acids, salts, inhibitors, desurfactants and non-radioactive gold, 
as shown in Table I. The beaker and chimney were assembled and put on a steam-bath, and the 
temperature noted. In some cases a water-bath or a hot-plate was used. After evaporation to dryness, 
the activity at the base of the chimney and the activity at different heights in the chimney were 
recorded as in Table I. Counting errors amount to approximately 2 cps. Any activity on the chimney 
was washed down into the beaker with the acid required for the next experiment and the chimney 
checked for residual activity. 

As a check for capillary action, some experiments were run with the chimney separated from the 
beaker by 2 mm, and the solutions were evaporated to dryness. Several solutions were also evaporated 
to dryness with a cooling coil placed just above but not in contact with the beaker. As shown by 
the results in Table I, there was no appreciable activity on the cooling coil or chimney. 

Some of the experiments which showed a significant migration of gold were repeated with various 
concentrations of inhibitors such as agar agar or salts or substances such as “Triton-X” or ethanol. 

DISCUSSION 

The results indicate that gold does not volatilize appreciably from aqueous solutions but that 
it does have a significant ability to creep. The use of salts, non-radioactive gold and agar agar 
signiticantly suppresses the creeping of gold solutions, whereas the use of more volatile solvents does 
not seem to have any signilicant effect. When concentrated acids are used the degree of creeping 
seems directly related to the viscosity of the acid. The absence of significant activity on the separated 
chimney and the absence of gold on the cooling coil show that gold is not volatile under the various 
conditions used. The results also indicate that while losses as high as 2 or 3 % may occur via creeping 
when submicrogram amounts of gold are used, the presence of even microgram amounts of gold is 
suthcient to suppress the loss significantly. 

Thus because of creeping, it is necessary to use particular care in washing the beaker walls to 
ensure that a quantitative recovery of gold is obtained after any procedure involving the evaporation 
of a solution containing gold. The losses formerly attributed by some authors to volatilization were 
probably due to di&ulties caused by creeping. 

Acknowledgement-The authors wish to thank the National Research Council of Canada for its 
financial support and Johnson Matthey and Mallory Ltd. (Toronto, Canada) for providing the 
gold used. 
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University of Manitoba A. CHOW 
Winnipeg, Canada 

Summary_-The study indicates that despite several reports to the 
contrary, gold does not volatilize appreciably during the evaporation 
of aqueous solutions. Gold solutions were shown to have a tendency 
to creep significantly in solutions of various metal concentrations, acid 
content and salt content, and that careful washing must be carried out 
to obtain quantitative recovery. 

Zusanunenfassung-Die Untersuchung zeigt, dab entgegen mehreren 
Angaben Gold w&rend des Eindampfens wtiriger Lbsungen nicht 
merklich fllichtig geht. Es wird gezeigt, da0 Goldliisungen in ver- 
schiedenen Metallkonzentrationen, Siiure- und Salzgehalten betriicht- 
lich zum Kriechen neigen und daB daher sorgfaltig gewaschen werden 
mu& urn quantitative Ergebnisse zu erhalten. 

R&anu&-L’etude indique que, malgre plusieurs indications contraires. 
l’or ne se volatilise pas de maniere appreciable durant l’evaporation de 
solutions aqueuses. On a montre que les solutions d’or ont une 
tendance B “grimper” de man&e importante dans des solutions de 
concentrations en metal, teneur en acide et teneur en se1 diverses, et qu’il 
wnvient de proceder a un lavage soigne pour obtenir une recuperation 
quantitative. 
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Modifications of the computer programme SCOGS 

(Received 13 December 1971. Accepted 20 January 1972) 

THE COhmJTER PROGRAMME SCOGS*a was developed to extract “best-fit” equilibrium constants for 
acid dissociation or metal-complex formation from pa-titration data. On the basis of some experi- 
ence in the use of this programme we offer the following comments and modifications. 

The programme is designed to generate or utilize “mixed” acidity constants of the type K. = 
H[A]/[HA], where H = lo-P8 Similarly, expressions for formation constants of protonated metal 
complexes contain H, and those of deproionaied species, including products of hy&olysis of metallic 
ions, contain OH = 10rH-pJ%. Many workers, including the authors, prefer to express these quan- 
tities as concentration quotients, and we have accordingly modified the computer progmmme for this 
purpose. To do so we required some rationale for converting pH value into hydrogen-ion concen- 
trations. In the original descrintion of SCOGS this was accomulished bv means of an anuronriate 
value for the activity wefficient’of hydrogen ion; 
coefficientfh. 

this appears to have be& a suitable me& a&ivity 
Subsequent users of the programme introduced thenotion that, since this conversion 

factor (F = H/[H]) could not strictly be evaluated on theoretical grounds, it be treated as an ad- 
justable parameter within the computer programme. 
minimum standard deviation in titre (SDT). 

The most suitable value of F was that leading to 

of known hydrogen-ion concentration,P~s 
Alternatively, F can be directly evaluated with solutions 

and this is the authors’ practice. 
It is also advantageous to express Ka as a concentration quotient, Kcr. Where appropriate data 

are available the value of Kcw can be estimated from values of Ka and the factor ywen/an,9.’ Where 
such data are lacking, K,, can be found by suitably combining the results of pH measurements in acid 
and alkaline solutions of known composition6 

The changes required in the original SCOGS programme then become: 

(1) Main programme, card 0094 
-use value of ionic concentration product 
-use value of F appropriate to the solvent medium 

(2) Main nroeramme, card 0105 . 
-from 1% UXS (K) = lO**U(K) 
-to 129 UX%K) = lO**U(M*F 

(3) Subroutine CGGSNR, card bd39 
-from HO = HO/F 
-to DELETE THIS CARD 

The extensive capabilities of SCOGS are achieved at the expense of a fair amount of computer 
time. The authors have found that savings in central processing-unit time of about 3040% can be 
achieved by the use of the FORTRAN H compiler (rather than FORTRAN G). Further saving in 
compiling time is achieved by having the programme produced as an object deck, or alternatively by 
storing the object module on a direct access tape or drum. The authors would be pleased to supply a 
listing of the modified programme on request. 

The original description of the programme fails to make clear that formation constants for any 
deprotonated species are incorporated or produced in the form appropriate to a proton-releasing 
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H[A]/[HA], where H = lo-P8 Similarly, expressions for formation constants of protonated metal 
complexes contain H, and those of deproionaied species, including products of hy&olysis of metallic 
ions, contain OH = 10rH-pJ%. Many workers, including the authors, prefer to express these quan- 
tities as concentration quotients, and we have accordingly modified the computer progmmme for this 
purpose. To do so we required some rationale for converting pH value into hydrogen-ion concen- 
trations. In the original descrintion of SCOGS this was accomulished bv means of an anuronriate 
value for the activity wefficient’of hydrogen ion; 
coefficientfh. 

this appears to have be& a suitable me& a&ivity 
Subsequent users of the programme introduced thenotion that, since this conversion 

factor (F = H/[H]) could not strictly be evaluated on theoretical grounds, it be treated as an ad- 
justable parameter within the computer programme. 
minimum standard deviation in titre (SDT). 

The most suitable value of F was that leading to 

of known hydrogen-ion concentration,P~s 
Alternatively, F can be directly evaluated with solutions 

and this is the authors’ practice. 
It is also advantageous to express Ka as a concentration quotient, Kcr. Where appropriate data 

are available the value of Kcw can be estimated from values of Ka and the factor ywen/an,9.’ Where 
such data are lacking, K,, can be found by suitably combining the results of pH measurements in acid 
and alkaline solutions of known composition6 

The changes required in the original SCOGS programme then become: 

(1) Main programme, card 0094 
-use value of ionic concentration product 
-use value of F appropriate to the solvent medium 

(2) Main nroeramme, card 0105 . 
-from 1% UXS (K) = lO**U(K) 
-to 129 UX%K) = lO**U(M*F 

(3) Subroutine CGGSNR, card bd39 
-from HO = HO/F 
-to DELETE THIS CARD 

The extensive capabilities of SCOGS are achieved at the expense of a fair amount of computer 
time. The authors have found that savings in central processing-unit time of about 3040% can be 
achieved by the use of the FORTRAN H compiler (rather than FORTRAN G). Further saving in 
compiling time is achieved by having the programme produced as an object deck, or alternatively by 
storing the object module on a direct access tape or drum. The authors would be pleased to supply a 
listing of the modified programme on request. 

The original description of the programme fails to make clear that formation constants for any 
deprotonated species are incorporated or produced in the form appropriate to a proton-releasing 
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reaction, e.g., 

M+H,O=MOH+H 
M + L + H,O = MOHL + H, etc. 

There is also a contradiction in the published account’ concerning the significance of the residual Ri. 
The statement on p. 1398 is at variance with the instruction on card 0161 of the main programme; 
the residual is, in fact, the calculated titre minus the actual titre. Since modification or introduction 
of new trial equilibrium constants as input data is often based on interpretation of the signiticance of 
individual residuals, it is important that the sign of each residual be correctly understood. 

Department of Chemistry W. A. E. MCBRYDB 
University of Waterloo J. L. MCCOURT 
Waterloo, Ontario, Canada 

Stnnma~-The computer programme SCOGS has been modified to 
accept and yield all equilibrium constants involving proton transfer, as 
concentration quotients. Signiticant savings in operating time are 
achieved through use of the FORTRAN H compiler. 

Zusannnenfaas~~~K-Das Rechnerprogramm SCOGS wurde abgeln- 
dert, urn alle Gleichgewichtskonstanten aufzunehmen oder zu liefern, 
die mit Protoneniibergiingen zu tun haben, und zwar in der Form 
von Konzentrationsverhahnissen. Betrachtliche Einsparungen an 
Bedienungszeit werden durch Verwendung des FORTRAN H-Kom- 
pilierers erzielt. 

RCt&-On a modi le programme de calculatrice SCOGS pour 
accepter et rendre toutes les constantes d’equilibre impliqu6es dam le 
transfert de proton, comme les quotients de concentration. Des 
economics importantes darts le temps d’op6ration peuvent &e rt%lis?es 
par l’emploi du compilateur FORTRAN H. 
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Summary-In the determination of elements in the ppM range in 
inorganic and organic matrices, solution techniques are useful 
because they simplify calibration problems and improve the limit of 
detection. The author reviews, in the light of his own experience, 
some 350 publications concerned with methods for the preparation 
and dissolution of samples and for the isolation of trace elements 
before their determination. The errors in these methods, made more 
difficult to reduce because of the additional operations required, 
are compared with those associated with the more direct methods. 

WHILE micro- and ultramicro elemental analysis1s2 is concerned with the determination 
of major and minor constituents (1(k2%) in small samples (<lo mg), the aim of 
trace analysiss-lg is to detect the elements in an amount of matrix material at least 
104 times as great, i.e. at the ppm or ppM level. Thus in microanalysis the small 
amount to be determined is dictated by the small amount of sample available, but in 
trace analysis by its very low concentration in the matrix. 

Confusion has arisen through the unfortunately frequent inconsistent usage of 
the terms “micro-” and “trace-“, particularly in connection with literature documenta- 
tion. For this reason one ought to characterize the techniques of trace analysis 
according to the concentrations which can be handled, in the same way that those of 
microanalysis are classified according to size of sample.21-22 Thus instead of “trace 
analytical techniques” we should say ppm-techniques (1 ppm = lo-l%), and instead 
of “ultra- or micro-trace techniques” ppM-techniques (1 ppM = IO-’ %). The former 
are nowadays in routine use; this review is to deal with the ppM-techniques and 
also ppm-techniques applied to samples of limited size-so-called ppm-microtech- 
niques. The absolute amounts of the elements which can be determined by methods 
presently at our disposal lie in both cases in the ng and upper pg ranges, and in a 
few cases even lower. 

The extremely low limits of detection required for methods that are to cope with 
such small amounts (Table I) are often raised by several orders of magnitude, depend- 
ing on the matrix and the trace element, by the high concentration of the matrix 
element. For this reason one can rarely avoid the necessity of separating or at least 
concentrating the trace elements sought in cases of extreme trace analysis. In addition 
to the specialized vaporization procedures involving direct excitation of the sample 

* For reprints of this Review see Publisher’s announcement near end of this issue. 
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TABLE I.-biI3THODS FOR THE DETERMINATION OF SMALL AMOUNTS OF ELEMENTS 

Method 
Limit of 

detection,* 
g 

Remarks 

Titrimetric methods 10-u electrometric indication 
Spectrophotometry lo-‘0 
Fluorimetry lo-” 

capillary cells 

X-ray fluorescence 10-O 
capillary cells 

Electron-probe microanalysis 10-14 
bowed crystals 
calculated 

Polarographic methods IO-‘0 
Gas chromatography lo-‘a 

stripping methods 
ECD or FID 

Atomicabsorption spectroscopy lo-‘3 
Emission spectroscopy IO-‘0 

non-flame technique 
solution methods 

Catalytic methods 10-13 
Isotope-dilution and radiochemical methods lo-l2 substoichiometric extraction 
Neutron-activation analysis 10-14t 
Mass spectroscopy 

large cross-sections, short half-lives 
10-16 calculated 

* Favourable limit of detection for a particularly easily determined element. These can only be 
very approximate estimates for reasonably favourable conditions, and may be very readily 
influenced by many experimental factors. 

t For neutron flux of 10’” neutrons/cm3/sec. 

in spectroscopic analysis, there are procedures with good limits of detection (1O-g- 
IO-l4 g) which can be applied to the analysis of small volumes of more concentrated 
solutions. Some techniques well suited to this approach include solution spectros- 
copy,2- inverse voltammetry,s1*s2 and gas chromatography.sss3 Traces, enriched 
on the surface of a very small target, can also be excited by laser-, electron-, or ion- 
beam irradiation for spectrographic analysis. 

The increased expense and the propagation of errors occasioned by the additional 
manipulation and handling steps in the preconcentration procedures have to be 
accepted. The separation problems are frequently very difficult, being made even 
more so by the variety of matrices which may be encountered. 

The matrix is sometimes a single element, as in the analysis of high-purity ma- 
terials such as metals,16J8*34 semiconductors,7J3J6*35 and reactor materials,as-as 
but more often is a combination of elements (compounds, mixtures, alloys, elc) as in 
the case of geologicalSg and lunatil samples and organic and biological mate- 
rials.17*2s,S0 Foodstuffs 4o water,414 and ai#- are increasing in importance as 
matrices with the mounting concern about the environment. 

We regrettably know little about the causes of the numerous predominant syste- 
matic errors in extreme trace analysis. The literature gives only rough generalized 
rules for reducing them, and it cannot be too strongly emphasized that these rules 
must not be used uncritically, since chemically similar species can show marked 
differences of behaviour under similar conditions. For this reason, each individual 
step of a procedure under development for extreme trace analysis-the preparation, 
weighing, dissolution, separation or concentration of the trace element-must be 
carefully investigated for sources of error and their causes. 

This, the first of two parts of a review article, will go into the problems met with 
in extreme trace analysis in the processes of dissolution, separation and preconcentra- 
tion. 
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RELIABILITY, DETECTION CRITERIA AND CALIBRATION 

The reliability of a trace analytical method is characterized by its “reproducibility”, 
depending on statistical errors and precision, and its accuracy, depending on 
systematic errors. Both terms have been clearly defined in the literature.4s-s1 In the 
case of microanalytical techniques for the determination of major or minor compo- 
nents in small samples, reproducibility is of great importance; systematic errors can 
be relatively easily avoided when working with concentrations >lo-SM. In trace 
analysis good reproducibility is of course desirable, but a lower accuracy of deter- 
mination of lower concentrations must be accepted. Thus for example trace element 
concentrations in biological and geological materials are in any case subject to 
enormous variation,62 or again, the quantity to be determined may be only just above 
the limit of detection for the particular method (see next section). Great attention 
must be given to avoiding systematic errors in trace analysis methods which involve 
dissolution and separation. The problem of calibration must be considered carefully, 
in particular when dealing with ppM techniques. 

Statistical errors, limits of detection and determination 

With all instrumental techniques, even in the supposed absence of the element to 
be determined there is a statistical variation of the analytical signal-the so-called 
noise-level, or blank value. This can be caused by variations in operating conditions 
of sources or detectors (e.g., noise in the electronics, voltage fluctuations) or by 
impurities being carried into the excitation cell. When various procedures are 
combined in a method-weighing, dissolution, preconcentration, and determination- 
the individual blank values are combined according to the law of propagation of 
errors.ss The amount of an element to be determined must therefore be greater than 
the total blank value and its variation, 

Kaiser suggested Ks-66 that a signal (X) could be considered with reasonable 
confidence to be different from the blank value when it is at least as great as the mean 
blank value X,,,, p lus three standard deviations of the blank value (So,,,,): 

x = Jftw + 3S_&) 

The limit of detection thus determined can be given with greater confidence if a larger 
number (N) of determinations of the blank value X,,(N) is made. At least 20 measure- 
ments of the blank value should be used.s4 

According to this criterion the smallest amount of the element which might be 
detected, is done so with a probability of only 0.5. FeigP preferred to define a limit 
of determination-which has been discussed at some lengthls-which implies, for 
homogeneous samples, Kaiser’s “limits for the guarantee of purity”:54 

Ehrlich has indicated the difference between the two concepts when applied to 
inhomogeneous samples.ls 

The relative standard deviation for an analytical procedure in the vicinity of the 
limit of determination is >33°/0.58 Mathematically speaking, the sensitivity of a 
method can even better be applied as a guarantee of the highest possible purity.‘s 
Piischel describes a linear relationship between the concentration of the determinand 
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and the reproducibility over the range 104-100%. This proportionality remains to 
be tested for lower concentrations. 

Systematic err0r.P 

Even if reproducible blank values and small statistical errors are inherent in a 
method, the analytical results may deviate in either direction from the true values. 
This may be the case, for example, when the standardization and the analysis are not 
carried out in exactly the same manner. It is, however, very difficult to work out 
such comprehensive instructions for a trace analysis procedure, since the sources of 
error vary from one sample to the next and cannot always be anticipated. The rele- 
vance of systematic errors is best illustrated by an example. 

In the spectrophotometric determination of selenium in effluents (selenium concen- 
tration ~0.02 ppm) traces of selenium can be lost by irreversible adsorption on the 
surface of the container even during very short storage periods. The degree of adsorp- 
tion is dependent on the nature of the surface material, its pretreatment, the pH of 
the solution, the contact time, and a number of other parameters. Another portion 
of the selenium can be lost by evaporation during boiling down of the aqueous 
sample or mineralization of the residue, or can again be lost by adsorption. Loss of 
selenium can also occur during separation from interfering elements, or the chromo- 
phoric reagent may have undergone some change during the time between the calibra- 
tion and the analysis. Values that are too high can be encountered when glassware 
contaminated with selenium is used, or when the selenium content of a reagent has 
increased. 

Piischel’s relationship between concentration and reproducibility for levels above 
1 ppm does not hold with any certainty for lower concentrations. The difficulty of 
eliminating systematic errors becomes increasingly greater with decreasing levels in 
the ppM region, and eventually the principal problem. 

In extreme trace analysis, standard samples are simply not available, and for this 
reason it is no longer possible to compensate for systematic errors by calibration. 
Other ways must be found, as follows. 

(1) A carefully chosen sample is investigated by at least two or three different 
methods involving different sources of systematic error. However, even if enough 
different procedures are available, and each has good reproducibility, no agreement 
may be found between the results. 

(2) Varying amounts of the same sample are analysed or varying amounts of 
standard solution of the determinand are added to a constant amount of sample 
before analysis. The results are plotted against sample weight or concentration 
added, and only when the curve can be extrapolated through the origin, is systematic 
error absent. Even so, for the extrapolated region itself, nothing can be said about 
the systematic errors. It is also possible that the added element is present in a different 
oxidation state or in a more reactive compound than it is in the sample, and thus 
behaves differently. 

(3) If the element to be determined has a radioactive isotope with convenient 
half-life and decay pattern, then the systematic errors can be reduced by using isotope 
dilution analysis. 59-66 A small amount of the radioactive isotope is added to the 
sample before the analysis, and the activity is followed till the end of the procedure. 
The result is then corrected according to the radiochemically determined yield. 
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(4) By far the best solution lies in optimizing the procedure so that the systematic 
errors are reduced to a minimum. Comprehensive statistically significant yield 
determinations are rather laborious, but always worthwhile. Whenever possible, 
radiochemical tracer methods 6B,61-83*6s should be used. In applied extreme trace 
analysis the goal is generally reached by a combination of routes. 

Calibration problems 

The majority of direct instrumental methods of trace analysis are matrix-depend- 
ent, and rely on comparison with analysed standards. But if the concentration 
levels are very low, reliably analysed samples of similar composition to that of the 
unknown are generally not available. Only in a few cases can high-purity materials 
such as water, gases, mercury, aluminium, germanium and arsenic be doped to make 
suitable standards and even then the homogeneity of the product is always open to 
doubt. Standard addition procedures and the use of internal standards have their 
limitations, as already mentioned. A further possibility is to calibrate by using very 
small samples, weighed on an ultramicrobalance, of accurately analysed standards 
with relatively high contents of the element sought. By using such a procedure it is 
possible to calibrate a method for the determination of carbon in high-purity iron, 
with ordinary steel samples as standards. 

In contrast, methods of determination combined with separation techniques are 
much easier to calibrate. Standard solutions around 103-1vM and prepared from 
high-purity materials, may be handled with ultramicro pipettes or burettes’ readable 
to 0.01 ,ul, allowing most solution techniques such as emission spectrography, 
atomic-absorption spectroscopy and inverse voltammetry to be calibrated for many 
elements even in the picogram range, in some cases with statistical errors ~2%. In 
this way separation and determination methods can compete in many cases with 
direct determination methods of high sensitivity such as neutron activation analysis 
and solid-source mass spectrometry. 

SOURCES OF ERROR AND MINIMIZATION OF ERRORS 

As a general rule the blank value (impurities introduced by reagents, apparatus 
and laboratory air) primarily affects the reproducibility and limit of detection of an 
analysis while adsorption and volatilization tend to affect the accuracy. The order of 
magnitude of the individual errors varies greatly from element to element, and from 
one dissolution and separation procedure to another, so that the following considera- 
tions can only be considered as generalizations. 

The laboratory 

Special standards of cleanliness must be adhered to in laboratories where extreme 
trace analysis is to be carried out.10-12~14*18.1*.19*67 I n addition to the particularly 
common elements in air, such as Si, Al, Fe, Ca, Na, K, Mg, C, Ti, Cl, P and S, the 
atmosphere in densely populated areas also contains less common elements including 
Pb, V, Zn, Ni, Cr, Cu, Br and F at concentrations above O-1 ~g/m3.6s*se In labor- 
atory air these and other elements such as mercury may be present at much higher 
levels. The dust in laboratories contains many unusual elements at low levels, 
depending on the type of work normally being carried out. Thus Ag, Au, Ga, In, Tl, 
Bi, As, Sb have all been found in relatively high concentrations.14 The sources of all 
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these impurities, which should be sought both outside and inside the laboratory, 
include building and industrial dust, rust, exhaust fumes and gases from motor 
vehicles and factories, as well as natural materials such as pollens. Thus micro- 
particles of the most diverse compositions may be derived from wear on floors, walls 
and ceilings, from clothing and from the skin of persons working in the laboratory. 
Air-dried healthy skin has been shown to contain typically about 6 ppm Zn, O-7 ppm 
Cu, O-03 ppm Ag, O-77 ppm As and 0402 ppm Au. ‘O Traces of silver and gold may be 
derived from articles of jewellery, and traces of zinc from cosmetics. 

Corroding constructional materials considerably increase the levels of Fe, Cr, Ni, 
and MO, and increased levels of Cu and Zn may be traced in many cases to heating 
equipment such as water-heaters, steam-baths, sand-baths and gas burners. The 
evaporation of solvents from floor polishes can add to the C and P levels of the atmos- 
phere, and also cause periodic variations in these levels. Gas flames contaminate 
the air heavily with S; detergents and cleaning materials introduce Na, Mg, B, P, C, 
S etc.l 

The use of plastic glove-boxes which can be flushed with purified air or an inert 
gas, helps to reduce all sources of contamination very considerably.14JsJs*71 Special 
arrangements have also been described’l for working with a dry atmosphere. Instead 
of work in the open laboratory for the dissolution of samples or evaporation of 
solutions, completely sealed vessels are used,1*6*72v73 or the whole analytical procedure 
takes place in a closed, programmed system in which the sample is protected from 
contamination from the air at all stages except the first one of transfer to the system. 

Nowadays, however, even more stringent purity conditions can be achieved. 
The development of high-capacity air filters has progressed so far in recent years that 
whole rooms may now be maintained substantially free from dust and suspended 
particles.74*75 Such “clean rooms” are flushed with a laminar flow of clean air, 
either horizontally or vertically, and may only be entered through air-locks, with 
specially dust-free protective clothing being worn. There are three standards of 
cleanliness.7s In class I rooms-those with the highest standard-there should be, 
per cubic metre, fewer than 3.5 x 103 particles with size above 0-5 pm, and none 
greater than 5 pm. When planning our own laboratories for the analysis of high- 
purity materials, we adopted a slightly less stringent but nevertheless very effective 
approach. In clean rooms of class III (non-laminar flow; 3.5 x 106/m3 and 25 x 
103/m% for 0.5-5 pm and 5 ,um particles respectively) “clean benches”76 have been 
set up. They have the dimensions of normal fume-cupboards in chemical laboratories, 
and are flushed with filtered air according to the laminar-flow principle (Fig. 1) in 
such a way that chemical vapours can be sucked outside the clean area altogether. 
This concept permits all chemical stages of sample preparation, up to introduction 
of the sample into the instrument, to be done on the “clean benches”, and also the 
instruments such as spectrographs, gas chromatographs, etc, to be kept in a state of 
highest cleanliness, and with full air-conditioning. For work in a metal-free environ- 
ment the inside of the “clean bench” should be completely lined with polypropylene. 

The residual dust-particle count in a clean-room, and the particle-size distribution 
must be continuously monitored by light-scattering measurements in order to detect 
leaks or sources of turbulence in good time. The rooms should be laid out and equipped 
so that at least 25 m2 are allowed per person working there. The sole source 
of heat in these rooms should be electrical elements sealed into quartz. 
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Fzo. l,--Cross-section of a “clean bench” working on the principle of laminar flow 
downwards displacement. (South London Electrical Equipment Co. Ltd., London, 

S.E. 13) 

By working with a “clean bench” instead of a glove-box in the dete~nation of 
silicon in high-purity materials, it has been possible to reduce by a factor of more 
than ten, the blank value due to contamination from laboratory air.” 

Exchange processes between solutions and vessels 

Even highly polished glass and quartz surfaces possess a much higher active surface 
area than their apparent geometrical surface area would suggest, since they still 
possess quite a marked surface structure, in terms of irregularities of the order of 
0.1 pm depth or less. This results in pronounced adsorption and desorption exchange 
reactions taking place between the surface and the solution. As a rule, such effects 
first become noticeable at concentrations below lOaM, as slow time-dependent chan- 
ges in concentration. In very dilute solutions, however, the decrease in ~on~n~ation 
can be quite rapid. On the other hand high purity acids, alkalis, and solutions of 
complex& agents tend to dissolve impurities out of the surface (see below) and 
both effects could be operative. 

Adsorption. Very few measurements on adsorption of ions from aqueous solutions 
on to surfaces in common use for trace analysis can be usefully compared, since a 
multitude of parameters such as container material, nature of the ions, con~nt~tions, 
pH values, other ions present, contact time, and, not least, the manufacture and pre- 
treatment of the surface all complicate the investigations. In addition, the processes of 
ion-exchange must be considered. ‘a The losses would seem to amount to something 
of the order of 10-B-10-1a m o e cm2. 1 1 In many cases the effects decrease for the se- 
quence of materials borosilicate glass, soda glass, platinum, silica, polythene, poly- 
propylene, Teffon. ‘S--S? But there are many exceptions. For example, C&, Bes+ and 
LaS+ are more weakly adsorbed onto glass than onto polypropylene from aqueous 
solutions,84 and the same has been shown to hold for phosphate.*6 For aqueous 
s°Co(II) solutions (2 x 10W6M) increasing adsorption was found, in the sequence 
silica, Teflon, polythene, glass, at pH 9, but at pH l-5 silica adsorbed more strongly 
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FIG. 2.-Adsorption of Wo(I1) ions on different materials at pH 9 as a function 
of time. 

-A- Glass G20, polished 
-Cl-- fused silica 
- O- polythene 

- -O- - fused silica, grinded 
-•-- Teflon 

than Teflon (Figs. 2 and 3). Studies with 6SZn(II) at the same concentration and under 
the same conditions showed adsorption increasing in the sequence Teflon, polythene, 
silica, glass at pH 9, whereas at pH 1.5 silica adsorbed more weakly than polythene.*‘j 

The dependence of the adsorption on the nature of the ion may be gathered from 
the following examples : Pb2+ and Hf are more strongly adsorbed on glass than are 
Cu2+, Ba2+ and K+.s7 Silver ions show a pronounced tendency to be adsorbed from 
aqueous solutions onto glass,7s as do Th4+ ions from uranyl nitrate solution.78 Zinc 
is adsorbed much less strongly than cobalt. 86 Long-term studies with the ions of SC, 
Fe, Zn, Co, Pb, Ag, In, Sb, Cs, U and Sr in aqueous solutions have shown differences 
in their behaviour towards polythene and Pyrex glass.s8 A change in oxidation state 
of an ion also affects the adsorption properties.8s 

The adsorption of one ionic species can be strongly affected by the presence of 
another in the same solution; for example, the adsorption of aluminium on silica is 
strongly reduced in the presence of sodium chloride. so Generally speaking, metal ions 
are less strongly adsorbed from acid solutions than from alkaline or neutral ones. 
In the case of 6oCo(II) and 65Zn(II) ions, adsorption increased markedly above pH 8 
on Teflon and polythene, and even more so on glass. Depending on the contact time, 
the adsorption is 10-20 times as great at pH 9 as at pH 5.8s Naturally the dependence 
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Time. hr 

RG. 3.-Adsorption of Wo(II) ions on different materials at pH 1.5, as a function 
of time.*& 

(same symbols as in Fig. 2.) 

on pH is much greater in the case of glass or silica, and not only are there small 
variations, but completely different dependences, as exemplified by thorium adsorp- 
tion glass and polythene. 8g Cations which tend to form colloids (e.g., T13+, UOz2+, 
y3+, Ru3+) exhibit a maximum adsorption at a pH dependent on the isoelectric 
point.1g*20 

Reproducible adsorption of an ionic species presupposes that the surface remains 
the same, and hence the processing and pretreatment of the surface of the apparatus 
play an important role. Chromium is very strongly adsorbed onto glass surfaces from 
chromic acid: glassware to be used for trace analysis must therefore not be cleaned 
with this reagent. Treatment of glass surfaces with silicones brings about little improve- 
ment; the films are not resistant to alkali, and in any case tend to introduce other 
impurities into the system.84 

For most purposes it is recommended that apparatus be degreased with acetone, 
and left standing for some time in acid. The particular effectiveness of the acid 
treatment is attributable to the strong bonding of hydrogen ions to glass surfaces.87 

Comparative experiments using 6oCo(II) solutions and glass or silica surfaces 
showed that adsorption was reduced much more by soaking for one hour at room 
temperature in 2% hydrofluoric acid, or boiling out with 6M hydrochloric acid, or 
soaking for five hours in hot 2M sodium hydroxide, than by simple steam treatment. 
Minimum adsorption was found to occur after boiling with 6M hydrochloric acid.86 

Most ionic species are retained by filter paper in amounts depending on the nature 
and concentration of the ion, the paper, and the pH, but varying between lo4 and 
lo--’ g/cm2. Adsorption on to pure asbestos, glass-wool, and cotton-wool is of the 
same magnitude. lg Because of this, if at all possible filtration should be avoided in 
cases when the ions sought are those remaining in solution after a precipitation; 
An exception is the separation of elements by co-precipitation; here the 
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important factor is interference from foreign ions introduced by the material of the 
filter (see below). 

As our present knowledge of the adsorption behaviour of ionic solutions is so limi- 
ted when compared to what we know about the materials used in trace analysis, the 
results just presented should in no case be generalized; in the investigation of any new 
separation procedure for trace quantities, studies on adsorption must be included. 
The adsorption of water and gases depends on more than just the humidity or the 
partial pressure, as the case may be, and the temperature; it is also strongly dependent 
on the nature of the material and the previous treatment of the surface. The amount 
of water adsorbed on glassl-depending on the type of glass-varies at room tempera- 
ture between 0.3 and 20 pg/cm2. Simple soda glasses, 91 silica and platinum show rather 
little adsorption, but in contrast, agates2 can adsorb up to 160 pg/cm”. Silicate-rich 
soda-lime glasses adsorb less than high-alkali ones. Artificial aging by steam treatment 
is said to diminish the adsorption of water. s2 This is an important source of error in 
the determination of trace amounts of water and oxygen in high-purity materials, and 
one which controls the limit of detection in all conventional methods for the deter- 
mination of oxygen, if the oxygen content of the adsorbed water or the oxide film on 
the sample is of the same order of magnitude as that of the sample itself. In such cases 
it is only possible to obtain an accurate value by using the temperature gradient 
methods3 or activation analysis.94*s5 

Desorption. Since neither completely pure nor completely inert materials are 
known, great difficulties are encountered in the preparation, storage, and usage of not 
only corrosive acids, alkalis, and solutions of complexing agents but also high-purity 
water, without the introduction of contaminating residues from the materials of the 
containers. Errors in trace analysis, from these sources, are increased by long storage 
and use of high temperatures. Here only the question of storage of high-purity reagents 
will be discussed. Yet again our experience is severely limited, as the procedures used 
depend on the particular reagent being investigated, and the methods are very tedious. 

For long-term storage of reagents only vessels of quartz, Teflon, and in some cases 
polythene or polypropylene s8 should be used. Results are available from long-term 
studies on these materials exposed to hydrofluoric, hydrochloric and nitric acids, and 
also to pure water. 16fs7 Twenty-two elements were sought spectrographically. The 
levels of twelve were below the limits of detection (Bi, W, Ga, In, Au, Ag, MO, Sn, 
Sb, Tl, Ta and Zn). The amounts of Al, Fe, Ca and Mg in the acids stored in Teflon 
and polythene vessels changed very little during the thirty days storage. Nitric and 
hydrochloric acids took only a very small amount of magnesium from silica. When 
high-purity water with Ca, Mg, Ti and Cu contents in the range 107-10-10% was 
stored in Teflon or polythene for thirty days, these levels increased by factors between 
five and ten, and in addition small amounts of Al, Fe and Cr were found. After 
prolonged storage only the concentrations of Cr and Cu showed any further increase. 
It follows, then, that water remains pure only when stored for short periods. The 
advantageous adsorption and desorption properties of high-pressure polythene 
(low-pressure polythene is entirely unsuitable) and of Teflon towards inorganic ions 
should not be allowed to obscure the fact that other types of interferences may be 
introduced. Polythene especially, even after suitable treatment, releases organic 
reducing substances with the result that ions in higher oxidation states (e.g., CrOd2-, 
MnO,-, Ce*+, BrO-) are rapidly reduced. It is also known that solutions of ammonia 
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stored in polythene become more dilute with time. Impurities found in solutions that 
have been kept in polythene sometimes cause interferences in ultraviolet spectro- 
photometry:* and in many electrochemical methods of analysis.” High phosphorus 
blank values have been recorded when silicomolybdic and phosphomolybdic acids are 
shaken with butanol in polythene vessels.ss 

More than twenty elements have been found to occur as impurities when low-ash 
filter papers are used, being either desorbed from the filter paper or introduced by 
dissolution of the ash during analysis, The major contaminants are Si, Ca, Mn, Pb 
and ZnJs 

Reagents 

In extreme trace analysis of solutions, the greatest care and attention must be paid 
to the reagents used, as the degree of purity obtainable varies very much from one 
reagent to another, and from element to element. The levels of the commonly 
encountered contaminants Si, Mg, Al, Ca, Mn, Fe, Ni, Cu and Pbls may, by approp- 
riate procedures, be reduced to around 10-7-10-so~, and for less common elements 
even lower levels may be achieved. The preparation of reagents in a dust-free atmos- 
phere may reduce the contamination by more than an order of magnitude. The 
commercially available “Suprapur” reagents as a rule do not satisfy the standards 
required by extreme trace analysis, since the control of impurities is usually restricted 
to only a few elements, and also since introduction of impurities from the storage 
vessel will proceed uncontrolled. The only way to be sure of the purity of a reagent is 
by regularly checking it, and therefore it is best whenever possible, to use only a few 
easily purified reagents such as, in addition to water, hydrochloric, hydrofluoric 
and nitric acids, aqueous ammonia, ammonium chloride, and some organic sol- 
vents.1~3~s~1z.17.1g.s7 Often it is sufficient to remove only the interfering impurity; 
special purification procedures may be devised based on combination of distillation, 
co-precipitation, liquid-liquid extraction, adsorption, etc. see Separation of the matrix, 
below. 

One can reach particularly high purities with gaseslOO-such as oxygen or 
hydrogen-which are particularly suitable for destruction of organic material (see 
Decomposition methods) or-such as helium, nitrogen and argon-are used as carrier 
gases. 

One major problem is the storage and stability of very dilute standard solutions. 
The best storage conditions should be determined beforehand (see above). In addition 
to the phenomena of adsorption and desorption, the effect of exposure to light and to 
heat should be considered.lol It is advisable to keep such standard solutions as 
relatively concentrated stock solutions, and to dilute them by using calibrated pipettes 
and standard flasks (of silica) immediately before use, or, better, to use solutions with 
concentrations > 104M in microburettes with attached storage compartments.1 
The surfaces of all the apparatus should be equilibrated with the solution by shaking 
for some hours with a portion of the solution, discarding that portion, and filling up 
with a second portion for storage and use. It is good practice to keep the same 
apparatus always for the same concentrations of the same solutions, as they are then 
permanently equilibrated. 

The purest reagents may be kept for long periods deep-frozen at -25” without 
undergoing any change. lo2 What has been said about attainable purity of reagents and 
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solutions applies equally to electrode materials, e.g., mercury and graphite for use in 
electrochemical separation procedures and inverse voltammetry, or to graphite and 
high-purity metals (Al, Cu, Au) to be used as electrodes for solution spectrography. 
It may be assumed that graphite used for electrodes contains, apart from some silicon 
and boron traces, no impurities in its core. Surface contamination is best removed by 
heating for a short time in an inert atmosphere in an induction furnace at 2500- 
27000.103 

Loss and volatilization 

Even at room temperature, solutions of mercury(B) containing reducing agents 
lose mercury to the atmosphere. This loss can be prevented by adding a small excess of 
some oxidizing agent such as permanganate.lo4 

Volatile chlorides of, for example, Hg 2+, Sb3+, A$+ and Se* tend to be lost from 
hydrochloric acid solutions, and in contrast, Ct3f tends to be lost from perchloric 
acid solutions at temperatures above 150’ through formation of chromyl chloride. 
Slight differences in volatility of chlorides are found when samples are fumed with 
perchloric or sulphuric acid, for example with As3+, Sn2+, Ru and Oslo In some cases 
the fluorides and bromides behave differently. When metals are dissolved in non- 
oxidizing acids, some elements, including Si, P, As, Sb and S, may escape as hydrides. 
Traces of boric acid volatilize even evaporation of aqueous solutions, but the loss can 
be reduced by addition of mannitol or glucose. lo Of course the problem of loss by 
volatilization is one which becomes much more serious when methods of dissolution 
and attack at high temperature have to be employed and in such cases must be given 
due consideration, 

PREPARATION OF SAMPLE 

In principle all stages in the preparation of the sample, including sample-taking, 
transport, storage and processing, should be considered in an assessment of the sources 
of error. The following example will illustrate the problem of storage. The carbon 
content of metal powders can be increased markedly when they have been stored for a 
length of time in plastic foil; the carbon in the plastic migrates on to the very large 
surface area of the metal powder. lo6 The same applies to the chlorine, sulphur and 
antimony contents after storage in plastic foils containing these elements, or in 
rubber.lo6 

Mortars and grinding vessels made of porcelain, agate and sintered corundum etc, 
contaminate samples as a result of wear;16*10 only vessels made of crystalline corundum 
or boron carbide are effectively resistant to wear. 67 Solid samples should therefore at 
most be broken into coarse pieces, and never pulverized, even if this results in a 
much longer digestion being needed to dissolve the sample. Larger metal samples are 
best broken up in a spark-erosion machine, with electrodes made out of the sample to 
be analysed, or by irradiation with a laser beamlo or, if they are very hard, by cutting 
with a diamond saw. Brittle materials should be wrapped in polythene film and crushed 
with a few hammer blows. The coarse pieces must then be etched with purest hydro- 
chloric, hydrofluoric or nitric acid (or their mixtures), depending on the sample, in 
order to loosen and remove impurities trapped on the surface during the crushing.lo2 
Care must be taken during the final rinsing with high-purity water, and drying, that 
no contamination is introduced from impurities in the air. Surfaces can also be cleaned 
by bombarding them with noble gas ions, usually argon. 
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Organic samples such as biological material or food should not be ground up, but 
if this is unavoidable, the sample should be deep-frozen, and ground in a silica mortar 
cooled by liquid air. Liquid samples such as blood, vaccine and urine may be con- 
centrated by freeze-drying.lW-llo 

OPENING-OUT PROCEDURES 

Before enrichment or separation of the trace elements sought, the sample must be 
brought into solution, and decomposition methods are usually used. The optimum 
conditions for decomposition are a favourable ratio of the sample amount to surface 
area of crucible, only a small excess of reagents which can be easily purified, and work 
in a clean atmosphere, Volatilization of elements must be prevented, or allowed to 
proceed quantitatively so as to provide a means of separating these elements. Ex- 
change reactions between the melt or the solution and the vessel surfaces should be 
mini~zed. Volatil~ation of many elements, whether as such or as halides, oxides or 
hydrides, is conveniently studied by use of radioactive isotopes.11’*lZ2 

The dissolution or fusion of inorganic matrices is naturally associated with more 
problems than for organic materials, which is evident from the sometimes completely 
different procedures used. 

When dealing with the opening out of inorganic matrices account must be taken of 
the numerous matrix elements and their possible combinations, with the result that a 
great variety of methods has to be used. 16~111*348 Most pure substances will dissolve in 
acids or mixtures of acids (Table II) though some will volatilize in the process, 
allowing determination of trace elements in the residue.67 In some cases a metal matrix 
may be separated very elegantly by volatilization as an organome~~c compound as for 
example aluminium213 in determination of traces of the alkali metals in pure alumin- 
ium. Conversely, volatile trace elements may be separated from a non-volatile 
matrix by distillation in a quartz or Teflon apparatus and transferred with or without 
the aid of a carrier gas to a receiver, as for example, Si,s6*114 Cl,11s*116 Re,l17 OS, 
Ru 118-120 As,~~*~~ or Se.121 Gas evolution methods have proved themselves suitable 
al& in determinations of sulphur16 and of arsenic?6*12a*123 

Much more difficult is the opening out of acid-insoluble materials such as quartz, 
silicates, many minerals and ores, which can only be brought into solution by fusion 
or sintering methods (Table III). Very high blank values are often introduced by the 
solid fusion mixture, which can only be purified with difficulty, and which attacks the 
crucibles at the high temperatures used. The crucible material must also be carefully 
chosen as it may sometimes react with the trace elements. Losses as spray or from 
spitting can be avoided by taking special precauti0ns.l 

Fusion and sintering procedures have very limited usefuIness in extreme trace 
analysis, and decomposition in the gas phase (Table IV) is much more important. 
Gases can be prepared in a very high state of purity, and the very pure silica used for 
the reaction vessels (Fig. 4) shows little tendency to react with the volatile reaction 
products. Only in a few cases- mainly at very high temperatures-do products 
diffuse into the silica surface. 

Special decomposition procedures are used in the conventional determinations of 
gases, carbon, sulphur, etc in high-purity metals. Samples are melted or burned in 
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FIG. 4.-Arrangement for gas-phase distillation. 81o The volatile element or a volatile 
compound of the element is driven off from the sample by heating in a suitable atmos- 

phere. 

1505 

an atmosphere of pure carrier gas in tubes made of silica or “Pythagorasmasse” 
(a high-temperature porcelain), sometimes with flux added. As container materials 
and fluxes can raise blank values substantially, it is preferable, in order to achieve 
very low limits of detection, to use high frequency (3-6 MHz) induction heatingss or to 
fuse the sample without a container by suspending it free in a specially shaped high- 
frequency field.lB4 

Organic matrices 

The majority of organic materials, being composed of only a few elements, are 
readily ashed dry, or according to procedures outlined in Table V.112*126-127*a4s 
About half of the procedures in the literature use liquid reagents and relatively low 
temperatures to achieve decomposition, so that losses through volatilization, adsorp- 
tion and reaction with vessel materials are limited to only a few elements. For this 
reason, substances particularly difficult to decompose are occasionally not completely 
mineralized, or require such a large amount of reagent that the blank value exceeds 
the permissible limit. 

Of the reagents under consideration nitric acid and hydrogen peroxide are available 
in highest purity. Detailed instructions have been published which effectively ensure 
that easily volatile elements are retained, and that a minimum amount of reagent is 
required.1a*s99*Ms 

The oldest and simplest method of dry ashing by heating in a muffle furnace at 
400-800” in the presence of air can lead to more or less loss of many elements, including 
Hg, B, Pb, Zn, Cd, Ga, In, Tl, As, Sb, Fe, Cr and Cu. The addition of fluxes such 
as sulphur, phosphates, or sulphuric acid, reduces the losses in many cases,‘I but mag- 
nifies the risk of raising the blank value. Interaction between the flux and the vessel- 
such as formation of insoluble silicates from silica and porcelain-and the formation of 
difficultly insoluble oxides, cause losses which, together with the other disadvantages, 
render these procedures unsuitable for extreme trace analysis. 

Combustion in the 12~ls2 oxygen-flask offers advantages when readily volatilized 
elements such as halogens, S, Se, P, B, Hg, As and Sb are to be determined. But for 
complete combustion of 1 g of material a flask of about 10 1. is required, and hence 
there is a serious increase in the magnitude of the adsorption errors. A modification of 
the so-called static combustion procedure, well-tried in micro-elemental analysis, 
permits the determination of many elements, both volatile and non-volatile, in the 
nanogram region in samples weighing less than @3 8.133 

Up to 2 g of organic matter may be burned in a 200~ml calorimeter bomb filled 

2 
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TABLE V.-WET-ASHING PROCEDURES POR ORGANIC MATRICES 

Reagents Matrix Remarks 

H&30, + HNOI 

H&30, + H,O, 

HNO, 

HNOa + HaOs 

HCIO, 

H$iGO, + HCIO, 

HNO, -t HCIO, 

HpSOd + HNOB + HCIO, 

HCI + KCIOl 

H20s + Fe*+ 

plants 

plants 

biological 
samples 

biological 
samples 

biological 
samples 

biological 
samples 

protein and 
carbohydrate 
(no fats) 

universally 
applicable, even 
fats and soot 

biological 
samples 

widely used 

sscc{itf;;* 

pIa& and 
carbon) 

The most common procedure; danger of loss 
of As, Se, Hg and others by volatihzation.a 

Pb is lost by co-precipitation with CaSO,.aal 
Ge, As, Ru and Se are also lost.*** 

HNOI is easily purifted; decomposition temper- 
ature of 350”.@ Short reaction time, metal 
nitrates are soluble.~~1~6~a*a-as6 In a PTFE- 
bombaS&3a0 

A rapid decomposition method for small samples 
at low temperature.s86 

Catalysts such as (NH,),MoO, may be added.a@ 

Only suitable for small samples.e+J48 
Explosion danger! 

Less danger of explosion; no loss of Pb.8J1p 

No danger if the temperature is carefully 
controlled. As, Sb, Hg, Au, Fe and some 
other elements are volatile; ashing should be 
done under reflux.6~11’~886~*a6 

Not suitable for trace analysis as too many 
elements may be lost by volatihzation.e 

Ashing occurs through formation of OH 
radicals, and at about loo”, so there is minimum 
danger of loss through volatilization. Partic- 
ularly useful for large samples, and in control 
of environmental radioactivity.3*7 

with oxygen to a pressure of 30 atmospheres. With this apparatus, 1 ,ug of selenium 
has been recovered quantitatively by releasing the pressure very slowly after the 
combustion and passing the gaseous products through a suitable absorption trainlsr 

Combustion in a stream of oxygen, so widely employed for determinations of 
elements forming volatile oxides and other products, requires that a slow, controlled 
combustion be achieved in order to minimize problems associated with the absorption 
of the products. Significant improvements on the simple arrangement of silica or 
Supremax combustion tubes1ti*‘3s are offered by the principle of controlled combustion 
rate developed by Rademacher and Hoverath.138 

Special apparatus has been described for handling the combustion of inflammable 
liquids such as petrol and paraffin.ls7,1s8 

Far and away the best conditions for extreme trace analysis are offered by “low- 
temperature ashing ” 13s-142 . The sample is slowly burned in a stream of oxygen at a 
pressure of 2-5 mmHg, excited by a high-frequency field of 300 W at 1356 MHz, 
with the temperature between 100 and 200”. Elements still volatile at these low tem- 
peratures, such as Ag, Au, Hg, Se and I, may be trapped in a suitable receiver. 

This principle has been further adapted by the author and his co-workerP 
to the peculiar requirements of extreme trace analysis: the combustion is carried out 
in a special, small silica reagent tube fitted with a cold linger (Fig. 5). Excitation of the 
oxygen is achieved in a microwave resonant cavity operated at 2450 MHz with variable 
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FIG. 5.-Decomposition vessel for cold-ashing of organic matrices before the determin- 
ation of extremely small amounts of trace elements.14s 

1 Water inlet 3 Water outlet 
2 Oxygen stream 4 Vacuum 

power up to 200 W (Fig. 6). With this source, practically allorganicmatrices, including 
plastics, slimes, soot and so on, in amounts up to 1 g, can be completely decomposed, 
and nanogram amounts of volatile elements may be recovered with yields >98%, 
With a slightly different apparatus it has proved possible to obtain recoveries of 
mercury above 91%, also at the nanogram level. This procedure is thus an ideal 
decomposition technique which, in combination with very sensitive methods of 

FIG. 6.Schematic arrangement of the apparatus for cold-ashmg of organic matrices. 
1 Oxygen cylinder 
2 Needle valve 

5 Resonant cavity 

3 Bleed capillary and air tilter 
6 Cold trap 
7 Mercury manometer 

4 Decomposition vessel 8 Vacuum pump 
9 Microwave generator 
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determination, should find wide application in the field of extreme trace analysis 
applied to forensic and medical science. 

Combustion in an oxy-hydrogen tlamel*le is widely employed in determination 
of traces of halogens, sulphur, selenium and nitrogen. Pyrolytic decomposition in 
hydrogen is also becoming more widely used, for example, before determination of 
traces of carbon, nitrogen, phosphorus and sulphur.147-14e 

SEPARATION OF THE MATRIX OR THE TRACE ELEMENTS 

From what has so far been said it can be seen that there is only some point in 
carrying out a separation of the matrix material, or of the trace elements, when the 
method of physical measurement does not itself offer adequate selectivity, when cali- 
bration problems arise through non-availability of suitable standards, or when the 
determination of a large number of trace elements in one sample-particularly in 
ppm ~~roan~ysis-is calfed for. In the last case separation schemes which isolate 
each individual element are necessary. Separation procedures are also indispensible 
when traces of elements are to be determined by rather unselective chemical techniques 
such as kinetic methods, or when the limit of detection can be significantly lowered 
through the use of multiplication techniques1wJ51 as in the determination of titanium,ls2 
silicon,rs3 or phosphorusl” in terms of the molybdenum in the corresponding hetero- 
pol~olybdate. 

The ideal separation method should offer a large distribution coefficient, rapid 
equilibration, minimal interferences at the phase boundary, and low blank values. 
Only a few typical examples can be given here, from the many possible combinations 
of decomposition and separation methods which are now in use. 

These methods are particularly attractive because of the very low associated danger 
of contamination from reagents. Usually separation occurs simultaneously with the 
decomposition step. 

The matrix element can be separated by evaporation (organic solvents, water, 
sulphur, iodine, mercury, etc) by formation of volatile organomet~lic compounds 
(e.g., aluminium~13 gallium ,165 beryIIiuml~) or oxides (B, C, Se, Re, OS, Ru) or by 
distillation of chlorides (Si, Ge, Se, Te, P, As, Sb, Sn, etc).8’J5’ Traces can be separ- 
ated as the element (Hg ,158J6g,160 In, Cd,158), as volatile compounds (GeCl,, AsCl,, 
SeO,, CrO,Cl,, As,O,,~J~~J~~ as bromides of Sn, As, Sb, Se and Re,lsz) as oxides 
(OsO,, RuO,,lXg Mn,O,,lBS) or as gaseous compounds (BF,, SiF,, H,S, SO,, H,Se, 
CO%, ASH,, PH,, NH,, etc) 1*161 The dete~ination of nitrogen in high-purity niobium 
will serve as an exampie of how experimental conditions may be optimized.lse 

With the normal Kjeldahl method a limit of detection somewhat over 1 ppm may 
be achieved,lOl mainly because of high blanks from reagents and the laboratory air, 
and the rather large volume of solution resulting from the steam distillation of the 
ammonia. The limit of detection may be reduced by almost two orders of magnitude 
when the sample is attacked in a nitrogen-free argon atmosphere with a mixture 
of hydrofluoric acid (purified by distillation in a Teflon apparatus) and hydrogen 
peroxide. A closed-circuit distihation apparatus (Fig. 7) was developed for the final 
separation of the ammonia. The steam for the distillation is produced in the absorp- 
tion vessel. Specially purified absorption solution and sodium hydroxide solution 
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Fro. 7.-Closed-circuit distillation apparatus for the separation of very small amounts 
of ammonia after a Kieldahl decomuosition.lsO 

I 

1 Magnetic stirrer 9 Inlet foi 30% NaOH soln. 
2 Generator electrode (Pt) 10 Joint for absorption tube 
3 Indicator electrode 
4 Aluminium block 

11 Tube for removal of sample 
12 Buffer soln. (KBr, Na*B,O,) 

5 Titration vessel (side view) 13 Holes for heater elements 
6 Alumimum block (top view) 14 Hole for titration vessel 
7 Sample vessel 
8 Solvent inlet (0-W HISO,) 

15 Cooling water pipe 
16 PTFE capillary tube. 

are taken through magnetically-operated valves direct from storage vessels protected 
from the atmosphere, so that the very low blank value may also be kept constant. 
The volume of the absorption solution is kept constant at about 2 ml during and after 
the distillation by balancing the heating of the two flasks. The ammonia is determined 
directly in the distillation apparatus by coulometric titration with bromine generated 
in situ, with biamperometric end-point detection. As the standard deviation is less 
than 10 ng, nitrogen at the 1 ppm level may be determined with reasonable accuracy 
in lOO-mg samples. 

Precipitation methods 

Few successful applications of precipitation as a means of separating a matrix 
without at least partial co-precipitation of trace elements have been described.67 
A systematic investigation has been made of silver as a matrix.le4 The ions of other 
metals which normally tend to be absorbed on silver halide precipitates-such as 
Pi”, Cd2+, Hg”, Pt2+, Pd2+, TV and Tl&t-will not be co-precipitated if they can be 
masked as sufficiently stable undissociated molecules or complexes, and quantitative 
separation of traces of Cd, Pd and Hg from Ag is in this way made possible. The 
separation of traces of mercury succeeds only under carefully controlled conditions.lB6 
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One of the exceptions concerns the electrolytic deposition of a number of matrix 
materials (e.g., Cu, Pb, Zn, Cd, Ni, Co and Fe) at controlled potential on a mercury 
cathode.67J66-1sa Trace elements, including Be, Al, Ti, Zr, Hf, U, Nb, Ta, W, B, S 
and P, remain quantitatively in the solution. Conversely, of course, trace elements may 
be separated from matrix elements of the second group, by electro-deposition on plat- 
inum,8’J*” graphite”O or mercury cathodes, 67 before their subsequent determination. 

Radiochemical yield determinations have shown that over 90% of nanogram 
amounts of Zn, Co and Fe in Nb, Ta and W matrices (in amounts over 100 mg) 
can be deposited on a mercury cathode and recovered by vacuum distillation of the 
mercury.171 Noble metals, either as traces or as matrices, can be deposited on mercury 
or other less noble metals without the application of any external potential.67*172J73 

Co-precipitation of traces of elements on suitable collectors has been well 
studiedY*67*s7J61J74 Co-precipitation may usually be attributed to co-crystallization 
adsorption, colloid-interactions, or occlusion. 161~174 The collector material-generally 
a metal sulphide or hydroxide, or an organic reagent-should co-precipitate the trace 
ion quantitatively but not interfere in the subsequent determination, and should 
itself be selectively precipitated, in the presence of complexing agents if need be. 
Organic collectors composed, for example, of a large dyestuff cation (Methylene 
Blue or Rhodamine B) and a large dyestuff anion (Methyl Orange) offer a number of 
advantages. The salts are only sparingly soluble in water, they co-precipitate many 
heavy metals quantitatively and, as they are purely organic, they are readily destroyed 
and completely removed by mineralization. 17K~176 The separation factor (again readily 
determined by radiochemical tracer methods) depends on the type of collector and 
the amount used, the presence of foreign ions and complexing ligands, the order of 
addition of reagents, the acidity, the time of standing of the precipitate, and the 
temperature. All of these factors should be optimized for a given problem. The well- 
established theory of precipitation processes allows suitable choice of collector and 
precipitation conditions. 

Liquid-liquid extraction procedures 

Solvent extraction methods6*67J57J61J77-1*sJQ’J rank among the most important and 
most widely used separation methods, partly because the Nernst distribution law is 
obeyed by most systems down to very low concentrations,lsl and also because nearly 
every ionic species can form at least one extractable entity such as an undissociated 
compound, solvated species, ion-pair, chelate, and so on. Synergic effects178Js2Jg3 
which have been shown to occur in some combinations of solvents, add to the number 
of possibilities. 

Matrix elementslg4 or traces can be separated, either in groups or individually, and 
in extremely low concentrations.6*67*1s5~~7 I n contrast to precipitation methods, adsorp- 
tion at phase boundaries presents no problem in extraction methods and furthermore, 
equilibrium is usually attained very rapidly. When the distribution coefficient is 
sufficiently large, large volumes of aqueous solution may be extracted with very small 
volumes of organic solvent, thus effecting a considerable gain in concentration. 

The extracted elements can be submitted to quantitative determination after evapor- 
ation of the organic solvent, or following a back-extraction into an aqueous solution. 
Occasionally small amounts of organic solvent remaining can cause interferences in 
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electrochemical determinations, and in such cases they must be destroyed by fuming 
with nitric and perchloric acids, 

The selectivity of certain reagents together with the possibilities offered by varia- 
tion of oxidation state, pH, solvent, and addition of masking reagents allow the crea- 
tion of numerous separation schemes lgG202 by means of which up to forty components 
can be completely separated from a single mixture, so as to permit their subsequent 
determination. Such procedures are indeed valuable in ppm-microanalysis when many 
elements must be determined in just one 100- mg sample.203 

Solvent extraction methods can of course be combined with other separation 
procedures, particularly co-precipitations7*204-20s and ion-exchange.210-211 

If the extractable ion is also coloured a direct spectrophotometric determination 
becomes an obvious choice.17s Sometimes it is possible to determine ions directly in 
the organic phase polarographically after addition of a suitable electrolyte. Sub- 
stoichiometric extraction methodss4 are finding increasing application in activation 
and isotope-dilution analysis. 

Ion-exchange procedures 

These procedures67*212-223 are universally applicable to the separation of ions of 
opposite charge (cation-anion separations) and of like-charge ions (ion-exchange 
chromatography) both for matrix-trace separations and for handling mixtures of 
trace ions. Cation- and anion-exchangers based on organic polymers are to be 
preferred, used either in columns or as impregnated papers224*225 and with aqueous 
or organic solvents. 222 Anion-exchanger resins make possible good separations of 
transition elements as anionic complexes. 226 Combined ion-exchange-extraction 
procedures in which some species out of a group of ions are selectively held on a resin 
and then eluted into an organic phase have proved useful in certain problems.223 
Liquid ion-exchangers offer further possibilities.178*227 

Small beads of ion-exchange resin of reproducible size and loaded with one parti- 
cular ionic species are useful as a means of standardizing trace analytical procedures.228 
Redox exchangers 228 have been used for the preparation of oxygen-free water, and for 
the removal of peroxides and metal ions from organic solvents. 

Chelating ion-exchange resins 22s have many applications in trace analysis, though 
only a few extensions to extreme trace analysis have been described, such as for ex- 
ample, the enrichment of gold in natural waters.ssO The same can be said for ion- 
exchange resin membranes,231 which have been used for the separation of traces of 
boron in silicon,232 or of trace elements in biological samples.233 

When ion-exchange resins are used to extract only the trace ions, a large volume 
of sample solution can be poured through a relatively small column with low exchange 
capacity, or just filtered through a paper impregnated with ion-exchange resin. 
In addition to separation, enrichment is achieved by eluting with a small volume of 
solution. In such cases it should be remembered that the distribution coefficients of 
the trace ions between solution and resin are appreciably smaller in the presence 
of large amounts of other ions than for pure, dilute solutions. 

In the case of retention of the matrix ions by the resin the trace ions will remain 
in a rather large volume of solution and will have to be concentrated by boiling down 
the solution, which in turn adds to the sources of error. In addition, when large 
amounts ofmatrix material are held on the resin, the capacity is rapidly exhausted and 
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the distribution coefficient falls. The answer to this problem lies simply in the use of 
sufficiently large columns of adequate capacity. 

The use of ion-exchange resin in extreme trace analysis is limited by two sources 
of error: irreversible adsorption of small quantities of material, and contamination 
of the eluate by the resin (traces of iron, for example, or organic material such as the 
resin itself). Organic impurities particularly affect electrochemical methods. Some- 
times the interferences can be reduced by pretreatment of the column with suitable 
acids or bases, by a change of elution conditions, by use of radio-active isotopeF 
(dilution analysis), by ashing the resin and determining the trace ions in the ash (e.g., 
by use of oxygen gas excited by a microwave dischargeB6) or by direct excitation of the 
absorbed elements on the resin, e.g., with X-ray fluorescence analysis.236-29s 

Specialized separation procedures 

While those techniques already discussed are as applicable to separations of macro- 
from micro-components as to further separations of groups of trace elements, thin- 
layer, paper, and gas chromatography and related techniques are certainly 
microchemical in scope. 

Practically all ions can be separated on a sub-micro scale by thin-layer chromatog- 
raphy.240-242 Extremely thin films of metal oxides (less than 20 pm thick) deposited 
by evaporation in uacuo (e.g., of In20,243 ) or by anodic oxidation of metal plates such 
as aluminium, have been used for thin-layer chromatographic separations of sub- 
microgram amounts of many ions. 240-242 Metal chelates such as dithizonates and 
dithiocarbamates have been separated and determined in picogram amounts on 6-pm 
thick alumina films.244 The limit of detection can be lowered even further by proced- 
ures such as the following: metal chelates with polychlorinated xanthates (e.g., 
hexachlorobicycloheptene derivatives) may be separated by conventional thin-layer 
chromatography, and the metals determined indirectly after thermal decomposition 
of the chelates, as the polychlorinated alcohol is detected by GLC with an electron- 
capture detector, with sufficient accuracy even at levels of less than 1 ng.245 

The possibilities of paper chromatographic and electrophoretic separations of 
elements in microgram amounts will not be discussed in this review. Usually the limit 
of detection for these techniques is no lower than 100 ng. The ring-oven technique246 
and others developed from it are well suited to rapid separations of trace elements247*24* 
when the matrix has already been removed by some other method. Under certain 
circumstances the technique may be coupled with the use of isotope exchange reactions 
to permit determination of elements in nanogram amounts.249-251 A paper chromato- 
graphic separation employing a specialized techniqueB2 permits the separation of 
trace elements from a matrix with an enrichment factor of 104. 

Though gas chromatographic separations of metal chelates33s255-25‘J and of non- 
metals in the form of compounds formed from anions257*as are possible, separations 
at the nanogram level are beset by many problems. On the other hand isolated deter- 
minations such as those of beryllium25a-281 and chromium262 with trifluoroacetyl- 
acetone,25s-261 nickel, zinc and others with polychlorinated xanthates,245 selenium as 
selenate esters formed from SeO, and certain polychlorinated alcoholsas or as 
5-chloropiaselenol,24 can be achieved either directly or indirectly by use of special 
detectors after separation by gas chromatography.= 
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In choosing the type of column precautions should be taken to avoid any irrever- 
sible exchange reactions with the stationary phase. Special techniques are necessary 
for concentrating, evaporating, and injecting ,~l volumes of solutions on to the 
column.245 

Gas chromatographic methods are of great importance in the determination of 
very low levels of impurities in gasesM5 and of gases and non-metals (H, C, 0, N, S, 
P and others) in solids such as metals and semiconductors. Gases (e.g., H,, N2) 
isolated from the matrix or gaseous reaction products such as CO, CO, SO,, H20, 
NH,, H,S, efc95s@---268~346 may be separated by gas chromatography and determined 
in amounts less than a nanogram with suitable detectors.28’271 

A number of separation procedures based on selective freezing out, absorption or 
diffusion (e.g., of hydrogen through palladiumlO” or of helium through silica or 
certain glasses272) complete the range of techniques available for gaseous samples. 

Zone-refining 27s has been shown in recent years to offer interesting possibilities for 
the enrichment of trace impurities in high-purity materials without the use of addi- 
tional reagents,2sa*274 and also, in contrast, for the separation of “impurity” metal 
chelates from large excesses of the pure reagent, 27ss276 for example, from 8-hydroxy- 
quinoline. 
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Zusammenfaasung_-Bei der Bestimmung von Elementgehalten im ppM- 
Bereich in anorganischen und organ&hen Matrices helfen Liisungs- 
verfahren, Eichprobleme zu vereinfachen und Nachweisgrenzen zu 
senken. Der erste Teil des Ubersichtsreferates behandelt unter 
Berticksichtigung von ca. 350 Literaturstellen und Erfahrungen des 
Autors auf diesem Gebiet die vielfatigen Methoden zur Proben- 
vorbereitung, zum L&en der Proben und zur Isolierung von Spuren- 
elementen vor ihrer Bestimmung und die Problematik der 
Fehlerreduzierung bei diesen gegentlber direkten Bestimmungsver- 
fahren zusltzlichen Operationen. 

R&sum&Dam le dosage d’elements au niveau de la ppM dam les 
matrices minerales et organiques, les techniques en solution sont utiles 
parce qu’elles simplitient les problemes d’etalonnage et amlliorent la 
limite de d&&ion. L’auteur passe en revue, 21 la lumiere de sa propre 
experience, quelques 350 publications traitant de m6thodes de 
preparation et de dissolution d’6chantillon.s et de l’isolement d’&ments 
a p&at de traces avant leur dosage. Les erreurs dans ces mbthodes, 
rendues plus ditliciles ii r&luire il cause des operations supplementaims 
exig&es, sont comparees a celles associees aux methodes plus directes. 
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Summary-The complexity of the subject and the problems involved 
in the estimation of water in the many materials required to be tested 
are explained. The various methods available are classified, their 
techniques summarized, and their applications and limitations in- 
dicated. In many materials the determination of absolute moisture is 
impossible and a compromise must be accepted. Trade and industry 
require rapid results for many processes and products, and optical or 
electronic methods are increasingly used in conjunction with reference 
methods. For official purposes the method of determination must be 
agreed and stated in detail. More progress in international standard- 
ization is very desirable. 

A KNOWLEDGE of the water or moisture content of a substance is a matter of universal 
importance because it is required not only by research workers but by various author- 
ities and firms processing chemicals, foods and other materials. The water content will 
often determine the nature, consistency and keeping quality or storage properties of 
a material and will play a large part in the economics of a process, water being the 
cheapest raw material other than air. 

The estimation of water is usually required as part of a general analysis and the 
water may vary from a trace amount to a quantity approaching 100 ‘A; the substance 
to be tested may be solid, liquid or gas. The method used will depend on the following 
factors. 

I. Availability of the sampIe and its physical state. 
2. Stability of the sample to heat. 
3. Presence of volatile material other than water. 
4. Retention of water by sample. 
5. Amount of water present. 
6. Time available and frequency of testing. 
7. Cost of estimation. 
8. Accuracy required. 

It is impossible to determine the absolute water content of the majority of compos- 
ite materials. Many foods and other organic materials begin to decompose towards 
the end of a heat-drying process and there may be a slow continuous loss of weight due 
to substances other than water. Quantity, time and temperature have to be fixed to 
give a result close to the true water content. Such a result is empirical but usually 
adequate for the purpose required. The difficulty lies in obtaining agreement between 
different laboratories, and authorities, and because of this there are many “official 

* For reprints of this review see Publisher’s announcement near the end of the issue. 
t Formerly Chief Analyst, J. S. Fry & Sons, Bristol (Cadbury Bros. Ltd.) 
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methods” for specified materials (see section on Reference Methods). These methods 
and associated apparatus are published in detail and if closely followed will give repro- 
ducible results. There is a very extensive literature dealing with water or moisture 
determination. A symposium was held by the American Chemical Society in 1951 ,r 
and an International Symposium on humidity and moisture was held in Washington 
D.C. in 1963.2 Geary (British Scientific Instrument Research Association) reviewed 
methods for determining moisture in solids in 1956 and again in 1970.3 Many other 
reviews deal only with particular materials, e.g., honey.* 

The present review places emphasis on the practical rather than the theoretical 
side. References to instruments illustrate principles or indicate types available and 
imply no special recommendations, being indicative only of the author’s experience. 

SAMPLING 

Results are meaningless if samples are not uniform and representative. Recog- 
nized methods of mixing and bulking may be followed but moisture may be lost by 
evaporation, or gained if the material is hygroscopic. Official tests will give some 
guidance. Problems occur when solid materials have to be milled or pulverized. Pre- 
cautions can be taken or a correction made for moisture gain or loss, as the result of 
trials. Enclosed mixers for blending and grinding are used which utilize high-speed 
multi-bladed stainless-steel rotary cutters. The general capacity is about 1 litre but 
much larger ball mills are available. Micro hammer-mills will deal effectively with 
small samples.6 Other apparatus can combine grinding with extraction with a solvent 
such as methanol (see section on titrimetric methods). 

Closed containers are required to hold the samples before testing. Liquids are 
easier to deal with but in sampling them care must be taken to distribute and include 
sediment or crystals if it is desired to know the water content of the whole. This may 
be troublesome, for example, with bulk containers of partly crystallized honey or 
highly concentrated syrups. 

The water content of a substance is usually given as a direct percentage of the 
material as sampled and tested but in some trades the water may be required for 
practical considerations as a percentage relative to the weight of the dry substance, 
for example, textiles and wood. 

Water retention 

Water in solid materials may be held in various ways. It may be present as water 
of crystallization, e.g., lactose hydrate in milk products. Many pure chemicals exist 
as hydrates. Water can be held chemically bound in association with protein as in 
plant cells or organic matter, or absorbed as in fibres; it can exist in pores or as 
“free” or surface moisture. These are some factors which will influence the choice of 
method of estimation. In rocks and minerals, water may be loosely bound “inter- 
stitial” water, removable at temperatures little above lOO”, or chemically bound 
“constitutional” water, which may be retained in part even at temperatures up to 
1000”. Rock analysis is dealt with in the Appendix. 

CLASSIFICATION OF METHODS 

The diversity and overlapping of parts of methods make scientific classification 
difficult. Some are more or less direct methods; others are indirect. Some require 
other procedures for calibration. 
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Classification may be based on physical, chemical, electrical and radioisotope 
methods, but the following is used in this survey of the more usual methods. 

Drying methods (range of estimation approx. O-100 %) 
By desiccant 
By freeze drying 
By heat at atmospheric pressure 
By heat under reduced pressure 

Distillation with immiscible liquid-Dean and Stark (range of estimation O-100 % 
approx. but lower accuracy for water > 20%) 

Titrimetric-Karl Fischer (range of estimation usually O-l 5 % but can be extended 
to 100%) 

Optical 
Refractometric (range of estimation approx. 15-100 % for specified solutions) 
Infrared absorption (range of estimation approx. O-100 “/,) 

Vapour pressure 
Equilibrium relative humidity (E.R.H.) and relative humidity (R.H.) 
(limited ranges of estimation for specified materials) 

Electronic 
Conductance and capacitance (limited ranges of estimation) 
Microwave attenuation (range of estimation approx. O-100%, more usually 

5-35 %) 
Nuclear magnetic resonance (NMR) (range of estimation approx. O-100%) 
Nuclear radiation (range of estimation approx. O-100 %) 

Miscellaneous 
Apparatus and methods for specified purposes (various ranges of estimation) 

Drying methods 

These depend on recording the loss of weight of a solid or liquid after drying or 
on the gain in weight of a desiccant (gases). 

By desiccants. These are among the oldest methods. Drying is carried out, at room 
temperature for heat-sensitive materials, in a desiccator over concentrated sulphuric 
acid, sometimes with a supported upper layer of sodium hydroxide flakes, and with 
or without the application of vacuum. Anhydrous phosphorus pentoxide, calcium 
sulphate or calcium oxide may also be used, as applicable. Drying is very slow 
with some materials and the method is not of general use except for isolated investi- 
gations of heat-sensitive material. 

Techniques are also used whereby dry air or nitrogen is passed over the sample 
and through a desiccant in a weighed U-tube and the gain in weight is related to water. 
Heat is used where possible. This procedure may be useful for large samples holding 
but little water as the U-tube can be weighed very accurately. Gases are tested in like 
manner if they themselves have no reaction with the desiccant. 

Freeze-drying. Drying from the frozen state is often the only safe method of re- 
moving water from heat-labile biological substances without producing undesirable 
chemical changes. Tappel has described a laboratory freeze-drying apparatus.6 Water 
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is removed under high vacuum from the frozen test substance by sublimation, the 
receiver being cooled by “dry ice”/acetone or liquid nitrogen (lyoph~~a~on). Cell 
walls are broken down and the water released. The final traces can often be removed 
by other methods of drying without decomposing the material. 

By heat at atmospheric pressure. These methods have the widest application for 
many solids and liquids, and require relatively cheap apparatus. The results are often 
recorded as “10s~ at lOOa.” WiIlitsl reviewed the basic problems of oven-drying, in 
1951. The suitably prepared sample is spread over the bottom of a “moisture bottle”- 
a flat-bottomed shallow dish with ground-glass cover which is used to close the dish 
before and after the drying process to avoid moisture change during weighing. It is 
essential that the bottom surface be flat for a drying procedure dependent on heat, so 
that the heat gain is uniform when a number of vessels are used. 

For many purposes flat-bottomed seamless dishes with close-fitting slip-on lids made 
of nickel, stainless steel or aluminium may be used. The diameter is usually between 
4 and 8 cm. Official methods always quote dimensions. Modern aperiodic balances 
reduce weighing time and minimize moisture pick-up after drying. For batch-testing 
the lids and dishes are numbered. Some workers stand the moisture dish inside its 
inverted lid in the oven and if the bottom of the dish and the lid give a flush fit with each 
other and the shelf there is usually no influence on the result, but official procedure 
is to pa&y remove the lid or lean it adjacent to the dish in the oven. A British Standard 
Method’ for liquid milk is exceptional in requiring the bottom of the dish to be in- 
sulated from the shelf. After drying, the dish is closed with its lid and allowed to cool 
to room temperature in an anhydrous calcium chloride (or calcium oxide or sulphate 
or silica gel) desiccator before reweighing. Half-an-hour of cooling may be required, 
depending on the number of dishes, but the minimum time should be allowed. 

About 5 g is taken for a test as this amount gives the required accuracy when using 
a “milligram” balance. Limitations on weight may be set by bulkiness, or water- 
retention properties. Official tests will always state the weight, which may be I-10 g 
or even much more. 

ReproducibiIity is better than O-1 % for many materials, which is satisfactory for 
most purposes, but refined sugar for example will have a water content as low as 
O-02 % and results are required to the second decimal place. Weighing then must be 
more accurate. 

The traditional oven had a jacket of boiling water but this type has largely been 
displaced by insulated ovens with thermostatically controlled electric elements in the 
base and sometimes the sides, with a fan for circulating the air so that the temperature 
anywhere on the shelves remains practicalIy constant. A British Standards sets out 
conditions for laboratory drying ovens and pays particular attention to temperature 
variation and ventilation. 

Drying time may vary from 2 hr to overnight or longer-this being subject to a 
knowledge of the properties of the test materials. Many official tests require redrying 
to “constant weight”- often defined as further loss not exceeding 5 mg. Some stip- 
ulate a further loss not exceeding 2 mg (0.5 mg for milk products). This provides a 
check on the ventilation and possible overloading of the oven and is always necessary 
when testing new substances. 

Drying at 100” at atmospheric pressure is not suitable for many substances with a 
glue-like or syrupy nature, where water-retention properties are strong and where a 
skin or crust can form. The difficulty can be overcome in some cases by dispersal as 
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a solution on weighed, dried and purified pumice granules or sand in the moisture ves- 
sel. The British Standard Method for liquid milk stipulates predrying for 30 min on 
a steam-bath before final drying in an oven at 100’ ; evaporated and sweetened 
condensed milk (weighed) is mixed first with water by means of a glass rod and then 
with dry sand (both weighed) in a moisture dish, the mixture being predried with 
stirring on a steam-bath before final drying at 98-100”.D The object is to produce 
an aerated mixture for the final drying and not a hard cake. 

Temperatures above 100” are also used. The British Standard (B.S.) for milk 
powder requires 102-103”.10 The B.S. for gelatine is 105” for 18 hr after a predrying 
process to produce a uniform film, by dissolving 1 g in water in the moisture dish and 
drying on a steam-bath.ll 

There may be shelf-to-shelf variations with individual ovens and it is advisable to 
make preliminary multiple tests with a uniform sample, placing the moisture vessels 
in various parts of the oven. Even when an oven with a fan is used, it is possible for 
results to differ by as much as O-6 % in testing milk powder at a nominal 102”. Temper- 
atures tend to be higher at the sides of the ovens and lower near the doors. 

There are several variations of the simple oven. The Imperial Tobacco Co. OverP 
was designed to handle very large numbers of tobacco samples. The steam- 
jacketed oven is suitable for any material to be tested for “loss at lOO”.” The steam 
is condensed and the condensate returned to the electric boiler in the base of the appar- 
atus. Air is aspirated through the central support in the circular chamber and across 
each shelf before leaving the exit tube. The test-samples are carried on a lo-tier cir- 
cular rack within the heated jacket and can be removed from the top by lifting back 
the hinged head of the oven. Heat-gain is constant as all vessels are exposed to the 
same degree of conduction and radiation and the oven meets the requirements of a 
uniform temperature of 100” with adequate removal of moist air. For many substances 
4 hr drying is sufficient and 80 test-samples can be accommodated. 

Moisture in tobacco is legally defined as the loss in weight when tobacco is dried 
at 212°F and the standard is fixed by the U.K. 1952 Customs and Excise Act as 14% 
for calculating refund of duty. The Laboratory of the Government Chemist makes 
150,000 tests per annum, using Air Flow Ovens 13 based closely on the principles of 
the original I.T.C. oven. The test-samples are dried for 17 hr with an air-flow of 12.5 l./ 
min. Tobacco is bulky and for this reason perforated lids are used which are left on 
the moisture vessels, even throughout the drying period, to avoid spillage. On removal 
from the ovens the vessels are not placed in desiccators to cool but are stacked one 
above the other in special racks so that the holes are covered, the top vessel being 
empty. 

The Brabender OverG4 is a combined oven and balance. Each dish must be exactly 
the same in weight but there is the advantage that no time is lost in waiting for the 
dishes to cool in the desiccator. The oven is provided with forced hot-air circulation. 
A circular support carries 10 aluminium dishes for simultaneous drying and by turn- 
ing a central knob each dish can be brought over the balance in turn for weighing in 
situ without interrupting the drying, which may be prolonged for a further period if 
desired. Some workers use the oven at 105” for 1 hr, finding that this gives reasonable 
agreement with reference methods for many common commodities. Bauerlb deter- 
mined the optimum temperature and time for various pharmaceutical products for com- 
parison of results with those given by vacuum drying and the Karl Fischer technique. 

The Mytron 0ven16 is similar in principle to the Brabender oven but the apparatus 
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is of more recent development. The volume of predried air blown into the drying chamber 
can be regulated and during the drying process the disc holding the 10 moisture vessels 
is rotated to give uniform conditions. A switch coupled to the balance controls this 
rotation and a safety device ensures there is no movement of the disc during weighing. 
Ten-gram samples are normally tested and the results for loss on drying are projected 
onto a screen. Thermostatic control is obtained over the range 50-150”. A repro- 
ducibility of foal% is claimed. 

The Carter Simon OvenI is relatively simple and useful for some products which 
have to be tested regularly throughout the day for process control. It holds three test 
vessels in line and a freshly weighed one is pushed in through a flap at 5-min intervals. 
As one goes in it ejects another through the opposite flap so that each spends 15 min 
within the oven, which is ventilated with preheated air. Such rapid drying demands 
a high temperature and results are merely empirical. The thermostat must be set for 
each material, to obtain results as close as possible to those given by a suitable 
reference method (examples from the author’s laboratory are: starch 5 g at 155”, 
wafer biscuit 2 g at 120”). After the initial delay for cooling, results follow at 5-min 
intervals-time enough for weighing and calculating results. 

Radiant Lamp (Infrared) Moisture Testers are usually based on a sample being on 
a balance pan and heated from above by means of an infrared lamp. They usually 
have the advantage possessed by the Brabender oven, of following the weight loss with- 
out interrupting the drying process, which enables time and heat to be standardized 
to give “moistures” values before loss by decomposition increases unduly. They are 
useful for routine testing of materials which give up their moisture readily, but the 
heat of the lamp can be affected by aging and voltage variation and there is no thermo- 
stat to correct for this. 

Some testers incorporate a voltage controller and this is used to adjust the lamp 
intensity, thus avoiding adjustment of the lamp height. Analysis in random order of 
samples with widely-differing water content introduces errors, as low-moisture samples 
will be heated for longer than it takes to drive the water off, whereas high-moisture 
samples may not lose all their water in the fixed time interval, and so the calibra- 
tion for a fixed lamp-height (or voltage) and time holds only for a particular range 
of moisture contents. 

Results obtained by infrared drying are also affected by the thermal history of the 
apparatus and may become progressively higher as determinations progress through- 
out the day. Thermal equilibrium is not reached immediately the lamp is switched 
off, thus starting temperatures are variable unless a fixed sequence is adopted. Never- 
theless if due regard is given to these factors when calibrating, moisture testers using 
infrared lamps can serve a very useful industrial purpose. 

Recording Balances are designed so that the sample can be hung from the rear pan 
of a precision balance of the aperiodic type and be heated in any suitable oven, the 
weight-loss vs. time curve being recorded on a chart for up to several days if required. 
Rate of loss of free water can be followed and steps on the chart will show the exist- 
ence of hydrates and transition points-useful for preliminary investigation. Double 
pen recorders for both weight and temperature are available.la 

Some tests on hydrates with recording differential thermogravimetric balances have 
been described by Waters.ls 

By heat under vacuum. As indicated above, many substances will not yield up all 
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their water under the simple application of heat, owing to their strong water-retention 
properties. During the drying process at atmospheric pressure the vapour pressure 
of the material decreases and the rate of drying is greatly retarded. Complications are 
introduced by crust formation producing low results, with decomposition working in 
the opposite direction to give high results. Fructose (laevulose) will decompose at 100’ 
to give high moisture results for materials containing it, such as honey and invert sugar. 
Drying under vacuum at a lower temperature can overcome some of the problems if 
significant amounts of volatiles are not present, and the method is usually quicker. 
Vacuum drying is now included with officially recognized tests for some materials. 
Commercial laboratories use vacuum ovens because of their wide general application 
and the speed with which results can be obtained with otherwise slow-drying samples. 
Ovens can be obtained either with heated shelves or heated jackets.20 

It is not easy to obtain an accurate knowledge of the temperature under vacuum 
as there is a drop in the observed reading, due to slight expansion of the thermometer 
bulb. A sleeve overcomes this but the temperature indicated is lower than that of the 
test material. As part of the preliminary testing the thermometer bulb should be 
placed in the test material in the dish in contact with the heated shelf. Electrical ther- 
mistors are best for checking. Under the shelf is a sliding tray which may contain 
silica gel desiccant. Vacuum is applied by means of an external pump. An oven may 
hold 10-15 dishes, depending on their size. One pump can exhaust and maintain sev- 
eral ovens under vacuum.21 Most mechanical ones are fitted with oil traps and non- 
return valves and some with phosphorus pentoxide moisture-traps. Generally the 
water evolved by samples under test is not sufficient to cause trouble with modern 
rotary pumps and the degree of vacuum need not be high. It is best to standardize on 
a degree of vacuum-some workers prefer 20 mmHg, others obtain more consistent 
results with pressures of 5 mmHg. A Cartesian-type manostat is used for this purpose 
in the vacuum line between the pump and the oven(s). Once preset it will allow 
the pump to exhaust down to the desired pressure and not lower. An accurate 
barometrically-compensated dial manometer reading directly o-100 mmHg is required. 

The door of the oven is clamped, and made air-tight by a rubber gasket which must 
be maintained in good condition. Some leak will nearly always be present and this is 
not a matter for concern provided the pump can cope, as an air-bleed is desirable 
and some workers introduce one to make sure that there is some flow through the 
oven. Some official tests require a “bleed” of dry air. 

The drying temperature chosen is usually between 60” and 80”; 70” is preferred 
by some as giving consistent results in a reasonable time without decomposition. Two 
hr drying may be satisfactory but 4 hr is often used in a standardized procedure with 
a mixed lot of test-materials. Also for convenience, overnight drying may be used 
without results being materially different. When the vacuum is first applied, care 
must be taken that materials do not spatter or foam, and when air is finally admitted 
it is usual to proceed slowly to prevent powders being blown about. Once started, 
the vacuum must not be “broken “or aerated materials may collapse and lose the 
open texture so necessary for the free evaporation of water. 

Some materials need pretreatment for successful results to be obtained. Viscous 
materials such as jams, honey, caramel, nougatine, boiled sweets, require dispersion as 
a solution on dried, purified sand or 4-8 mesh pumice for results consistent to the 
first decimal place to be obtained. There are various techniques employed, based on 
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weighing the sample into a moisture dish containing a short glass stirring rod and 
previously dried (ignited) sand or pumice. Hot water is added and the weighed test 
substance slowly dissolved for dispersion on the sand or pumice, the stirrer being 
left in the dish. The mixture is partially predried on a steam-bath with occasional 
stirring, before final drying under vacuum. A hard skin must not be allowed to form, 
neither should the mixture be so moist as to spatter under vacuum. Results of mul- 
tiple tests on the same sample will show if the correct technique is being used. 

The Infrared Vacuum OverP is useful where single results are required quickly 
under factory conditions, provided vibration is not excessive, as a test can be completed 
in about 10 min. The apparatus uses a variable-temperature infrared lamp and a 
single-pan torsion balance, both enclosed in a chamber which can be evacuated. A 
5-g sample is spread on a foil disc and placed on the pan after removal of a counter 
weight. Very viscous materials may require spreading with a polytetrafluoroethylene 
roller, followed by re-adjustment of weight. The cover of the apparatus, usually pre- 
heated, is closed and clamped and the vacuum applied, The balance beam is restored 
to its original null position as indicated by an index pointer, by rotating a drum or 
wheel calibrated directly in percentage moisture. This can be done at the end of an 
agreed standard time or while drying continues and so its progress followed. The test 
is an empirical one as with all infrared drying methods, but conditions can be chosen 
to give results close to “standard” ones. 

As practical examples, carbon black heated on heat scale No. 5 attains 140” in 8 
min, and drying is complete; application of 80 V for 20 min at 10 mmHg will give a 
satisfactory result with nougatine. Caramel spatters, however, and this method is 
unsuitable. For uniform testing it is best to use a constant-voltage transformer if there 
are mains variations. 

Distillation methods-entrainment or azeotropic distillation 

The procedure is to heat the sample in a flask with a liquid immiscible with water 
so that water vapour is carried into a reflux condenser with vapour from the boiling 
solvent. The condensate is collected in a graduated tube where the water separates 
and the volume can be read. The Dean and Stark apparatus= is much used with immis- 
cible liquids lighter than water, such as heptane, toluene or xylene (b.p. 98”, Ill”, 
and 140” respectively). The entrainment liquid overflows from the water trap and 
returns to the original flask while boiling continues. Usually less than 1 hr is suf- 
ficient to transfer all the water from the test-sample to the graduated receiver. 

With 100-g samples results can be read to a satisfactory degree of accuracy, depend- 
ing on the water content and correct selection of receiver, but 50 g and often less may 
taken for test. Some types of apparatus have a draw-off tap for the moisture trap and 
this extends the range for testing materials with high water-content; emptying and 
cleaning the apparatus at the end of each test is then not necessary. 

The method is suitable for butter, petroleum, oils and fatty materials in general, 
but not for those which do not disperse in the boiling liquid. Syrups and sugary mate- 
rials which settle and stick on the bottom of the flask will burn. Fetzerl recommended 
that such materials should first be dispersed on dry diatomaceous earth. Anti-bumping 
aids, e.g., dry asbestos, can also be used. 

The distillation method has the advantage that the water can be seen and the separ- 
ation observed throughout the test. Volatiles soluble in the water-immiscible solvent 
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do not interfere. The condenser and receiver must be kept very clean to avoid droplets 
of water adhering to the glass surfaces. It is possible to detach droplets from the 
condenser and make them join with the water in the graduated part of the receiver 
with a glass rod or by spray tube at the end of the test. Barr and YarwoodU recommend 
baking silicone oil on the apparatus before use. A B.SJ6 gives details of the Dean and 
Stark apparatus. Immiscible liquids heavier than water, such as carbon tetrachloride, 
perchloroethylene and tetrachloroethane, may also be used, the upper part of the 
receiver being graduated. Excess of entrainment liquid flows from the bottom part back 
to the original flask. These solvents have the advantage of being non-inflammable. 
The most suitable liquid will depend on the material to be tested. Fetzerl preferred 
toluene, but benzene (b.p. SO’) if the material was heat-sensitive. Meredith er aLz6 
compared the distillation method with the Karl Fischer and vacuum methods for 
cereal grains and by-products and found toluene very satisfactory. Hare1 and Talmia7 
reported that xylene removed free water and water of crystallization from gypsum, 
but benzene did not, and thus suggested a means for examining hydrates. 

The determination of water down to 0.01 ml in some plastic materials by use of 
xylene and downward condensation of the vapours was described by Alsop and 
Wadsworth.ss The method avoids droplets of water remaining in the condenser. 

Titrimetric methods-Karl Fischer titration 

The titration method published by FischeP in 1935 has been widely adopted and is 
in use in many laboratories. It is convenient and rapid for the accurate estimation of 
small amounts of water (up to 100 mg) where there is no interference with the reagent 
by other chemical compounds. The Karl Fischer (K.F.) reagent consists of iodine and 
sulphur dioxide in pyridine-methanol solution and it reacts with water according to 
the equations :a0 

SO2 + I, +H,O + 3 C,H,N + 2 C,H,N*HI + C,Hr,NSO, (1) 

Cr,H,NSO, + CH,OH -+ C,H,NHSO,CH, (2) 

Only reaction (1) involves water; (2) completes reaction of the intermediate pyridine- 
sulphur trioxide complex. One molecule of iodine is theoretically equivalent to one 
molecule of water but in practice the K.F. reagent must be standardized against a 
known amount of water. Excess of iodine is shown by the colour but the end-point 
is nearly always obtained electrometrically by the “dead-stop” technique using a 
microammeter which indicates a sudden increase in current when the platinum elec- 
trodes are depolarized. Various types of apparatus have been designed to do this and 
to make the titration semi-automatic.31 

The K.F. reagent is hygroscopic and very sensitive to moisture, and the reagents, 
solvents, burettes, titration vessel etc., must be guarded by silica gel tubes (containing 
a water-sensitive indicator to show when their desiccant capacity is exhausted). Other 
ancillary glass apparatus is dried at 100” before use. 

Anhydrous methanol is used as a sample solvent but a 4: 1 mixture of methanol and 
pyridine is better for many materials. Some workers use other mixtures such as 7 : 3 
methanol-formamide, or 3 : 2 : 1 formamide-chloroform-methanol which are preferred 
for dissolving or dispersing sugar products, but formamide tends to give high blanks 
(author’s laboratory). The K.F. reagent has a titre equivalent to approx. 5 mg of 
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water per ml and a methanol solution of water with this concentration is used as a 
means of back-titrating to give a sharper end-point. A typical apparatus has 2 bur- 
ettes connected to an enclosed titration vessel fitted with a magnetic stirrer. The 
solvent mixture added to this vessel is titrated to the null-point for each series of tests. 
The powdered sample is added through a side tube and titrated after allowing time 
for dispersion or dissolution to take place. This may take 5 min, but generally a titra- 
tion is completed in less than 10 min, and the method is a rapid one providing all is 
ready, but it is essentially a laboratory method and not suitable for use under factory 
or field conditions. 

The K.F. reagent must be standardized daily, usually with distilled water added to 
the titration vessel from an “Agla” or other micrometer-syringe. Hydrates such as di- 
sodium tartrate dihydrate and sodium acetate trihydrate are also employed for stand- 
ardization, O-2-0-6 g being added to the solvent in the titration vessel and titrated 
with the K.F. reagent. The theoretical water content of these hydrates must be checked 
by drying at an appropriate temperature (e.g., 150” for the tartrate, 130” for the corre- 
sponding acetate). 

The methanol can be purchased specially dried. A B.S. for the Karl Fischer method 
of water estimation gives details of apparatus and reagents.32 

Some materials cannot be dispersed to give up all their water in the titration vessel 
and it is best to give a preliminary treatment with a solvent mixture in a flask with 
heating, or boiling under reflux if necessary, and then transfer the mixture or an ali- 
quot to the titration vessel. To give an example, taking caramel as a “difficult” sub- 
stance, O-5 g is refluxed with 8 ml of 4: 1 methanol-pyridine mixture, cooled, and 
added to the K.F. vessel, followed by 2 ml of rinsings, all (including the condenser) 
being guarded by silica gel. 

The cost of the reagent and solvent can be appreciable for a long series of tests 
and some workers use the K.F. titration as a reference method or for special investi- 
gations, using other procedures for multiple routine testing. Some object to the 
smell-it is not desirable to breathe the vapours of methanol and pyridine for long 
periods. Mitchell1 examined substances which interfere with the K.F. reaction and 
suggested means of prevention. Vitamin C interferes, being oxidized to dehydro- 
ascorbic acid. The K.F. titration estimates total water, including water of hydration. 
It is valuable for testing explosives. 

Peters and Jungnickel 33 found that methylcellosolve in place of methanol in the 
K.F. reagent gave greater stability and that direct titration of water in ketones and 
some aldehydes was possible if a mixture of ethylene glycol and pyridine was used as 
solvent. 

Modified reagents are available for interfering compounds, and a catalyst, N- 
ethylpiperidine, speeds up the estimation and improves the accuracy.34 

Duncan and Brabson36 determined free and total water in fertilizers. Free water 
was obtained by extracting with 1,4-dioxan and titrating the extract with K.F. reagent. 
Total water was found by azeotropic distillation with n-pentanol and titration of the 
distillate, the difference being “hydrate water.” 

Heslop et al.38 described how fertilizers and materials insoluble in methanol may 
be ground in a closed vessel with a high-speed cutter, followed by direct K.F. titration 
in the same vessel. Moisture estimation by oven-drying is not suitable when ammo- 
nium nitrate is present. 
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A semi-automatic timed end-point K.F. titrator for liquids and gases is described 
by Cope, and uses a relay in place of a microammeter.s7 A coulometric micro- 
determination of water in the range 0.1-2 mg has been described.% Archer et ~1.~ rec- 
ommended voltage measurement as being more sensitive than current measurement. 
They also described a totally enclosed titration cell to prevent pick-up of water and 
avoid end-point drift. A sensitive double electrode system is the subject of a British 
Patent.do 

Optical methods-refractometric and infrared 

Refractometric methods. The refractive index of a solution can indicate its water 
content, and refractometers of various types are in regular daily use in industries deal- 
ing with syrups, such as the sugar, glucose, jam and confectionary trades. The re- 
fractive index of water at 20” is l-3330 and that of an aqueous solution will be increased 
according to the amount and nature of the dissolved solids. Tables are available, the 
most often used being those for sugar, to show the “concentration,” i.e., percentage 
dissolved solids corresponding to a particular refractive index. The water content of 
clear solutions is given by the difference from 100’?. Undissolved material does not 
affect the refractive index, the refractometer giving only the concentration of the syrup 
phase. When crystallized sugar or other undissolved material is present the water 
content found by difference will be too high. For clear syrups the refractometer is 
extremely useful as it requires only a few drops of sample and a reading is obtained 
at once with only a minimum of preparation and cleaning. Slightly different values 
are given by dextrose, fructose, honey and invert sugar. The Corn Refiners’ Associ- 
ation Inc.41 has published corrections for corn syrup, which contains dextrins, accord- 
ing to its dextrose equivalent and mineral matter content. 

Tables for sucrose and other sugars are published internationally4* and various 
reference books include tables for many other aqueous mixtures.@ 

Readings are usually taken at 20”, which means that hot syrups have to be cooled 
down to this temperature; alternatively a correction based on temperature can be 
applied. The Abbe refractometer is a general-purpose instrument incorporating a 
water-jacket and thermometer to make temperature correction easy. It may have a 
sugar scale calibrated O-95 %, capable of estimation to 0*1x, but in practice high- 
boiled solutions approaching the highest concentrations will set hard very rapidly 
unless kept at a high temperature. Sugar alone at 20” will begin to crystallize at con- 
centrations above 65%. A more practical range for confectionary syrups of mixed 
sugars is up to 85% concentration, corresponding to a refractive index of approx. 
1.503 at 20”. 

To correct for the temperature of the refractometer prisms, at 15” 0.4% is added 
to the per cent of water, and at 25” 0.4% is subtracted. Refractometric tables are 
based on the mean sodium D lines but instruments have an adjustable white-light 
compensator so that they can be used under ordinary conditions of illumination. The 
Abbe instrument can be checked for correct calibration by using pure water at 20’ in 
conjunction with a test-piece of glass of known refractive index. The instrument can 
have a flow-through cell which is very useful for fast repetition testing of low-concen- 
tration solutions in an industrial process. 

Simple pocket instruments are available without stand or temperature control, 
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which will give results to about O-5 % for soft drinks, cordials, wines and malt extracts. 
Various scales are offered to suit the products to be tested. 

The Projection RefractometeflA4 was designed for on-the-spot testing of products 
regardless of colour and the presence of solid pip-like material, the sample being 
merely spread onto the horizontal surface of the glass prism set in a robust rectangular 
instrument using the principle of internal reflection. The critical angle borderline, 
observed through a glass window, intercepts the scale reading directly in terms of sugar 
concentration or “soluble solids.” Scales can be read to O-2 % but dark opaque prod- 
ucts (e.g., containing cocoa) cannot be read accurately. 

Temperature control, with the instrument in a room at 20” or at constant temper- 
ature, is not usually required, because of the weight and bulk of the instrument in 
relation to the small amount of sample. 

Pipeline Refractometers employ the same principles as the projection refractometer 
but are designed for direct installation in pipelines to give continuous readings. They 
must withstand considerable pressure and are hydraulically tested to ensure prisms 
cannot be blown out. Allowance is made for temperature which may be very high in 
in-line process control. 

Immersion Refractometers differ from the Abbe in that the prism is dipped in the 
test liquid, which is convenient for larger samples. The accuracy is high and the range 
is correspondingly restricted, but full application may be covered by using interchange- 
able prisms. A small cylindrical chamber which holds the solution to be tested fits 
over the prism at the bottom of the instrument. The critical angle borderline due to 
the difference in refractive index between the prism and the liquid sample is observed 
on a scale through the eyepiece. 

The same instrument can be obtained with a water-jacketed prism box for temper- 
ature control, which requires only a few drops of sample. Another option is a small 
auxiliary prism which can be attached to the main prism to enable liquids of high 
optical density to be tested, only one drop being required. Another alternative is a 
flow-cell attachment to provide continual monitoring or rapid measurement of separate 
samples. 

Di$erential Refractometers are now available with split cells. One half holds a ref- 
erence solution while the other is used for the test-liquid. The difference in refractive 
index is measured and this provides greater sensitivity and overcomes the necessity for 
temperature corrections, if reference and test solutions are at the same temperature. 

Infrared absorption. Infrared or near-infrared spectroscopy may be used for water 
estimation with transmitted or reflected radiation. Making use of reflectance is a 
fairly recent development and instruments are expensive at present, but there is no 
physical contact with the test material and continuous monitoring is possible for solids, 
liquids and gases. 

A standard form of instrument will measure up to 30 % water but by use of different 
filters measurements to almost 100% are feasible, a flow-through cell being used for 
liquids. 

The principle is that of absorption by water of infrared radiation of specific wave- 
length, principally 1.93 pm, the extent of absorption on reflectance being compared by 
photo-cell with a reference beam at a different wavelength (l-7 pm) to compensate to 
some extent for other factors such as fat. A twin-beam infrared spectrophotometer is 
used with an attenuator which can control a digital voltmeter to read water content. It 
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is an empirical method, but under best conditions with a tine light-coloured powder, 
sensitivity can be good (0*05”/,). The apparatus is in use for paper manufacture. 
Results are not affected greatly by temperature variations within fS’, but particle 
size and chemical composition affect results. Swift45 and Slight46 have reported on 
such an instrument.” Keyworth@ found a wavelength of l-9 pm most suitable for 
the measurement of water in methanol, isopropanol, dioxan, glycols and polyols by 
direct spectrophotometry. He used a differential spectrophotometer with ethylene 
glycol of known water content to test anti-freeze mixtures. Goulden and Manning9 
determined water in methanol extracts at I.93 pm and found a coefficient of variation 
of O-4 % and detectability down to 0.01%. These limitations could be further reduced, 
if required, by modifications in instrumental technique. Calibration was done by 
adding known amounts of water to methanol. They proposed the method for dairy 
products. Uses are very diverse; infrared radiation can be used to measure the water 
present in steam at high temperature and pressure.2 

Vapour pressure methods 

Indirect and non-destructive methods based on vapour pressure or determination 
of equilibrium relative humidity (E.R.H.) are in use. Absolute humidity is the mass 
of water per unit mass of dry air; relative humidity (R.H.) is the ratio of the water 
vapour pressure in the air to the saturated water vapour pressure, expressed as a per- 
centage. The vapour pressure of the air over a substance in an enclosed space will 
come into equilibrium with that of the vapour pressure of the substance, as a result 
of moisture transfer to or from the substance. The change in water content of the 
substance is negligible, as the mass is usually large in relation to that of the air. In 
practice the relative humidity of the air in the head space is measured after time has 
been allowed for equilibrium to be reached. Paper, boards and textiles are often ex- 
amined in this way. A dial hygrometer can be used over a test-sample in a container 
and observed through glass. The sample can be large, which is an advantage with 
paper and similar materiak where water distribution is not uniform and very small 
samples may be unrepresentative. The equilibrium point is easily observed but it may 
take 30 min to reach for paper and very much longer for other materials. Each type 
of material will have its own E.R.H./water relationship and this must be determined 
by a reference method. The E.R.H. method in terms of water content is not very ac- 
curate and is useless at the extremes of the range as there is only a small change in 
vapour pressure for a comparatively large change in moisture. Also it is only the free 
moisture and not that chemically bound which can be measured. Chipboard with 
E.R.H. about 65 % will have 6-8 % water while strawboard at the same E.R.H. will 
possess 8-12 %. A manufacturer or user of paper and board is usually more concerned 
with E.R.H. and does not necessarily want to know the water content. It is important 
that paper and board are “normalized” to the ambient humidity around 65 % to avoid 
curling or warping. A sword-type hygroscope-a stainless-steel sheath with hair ele- 
ment and a dial-is available for testing stacks. The “sword” is simply inserted be- 
tween layers of material and the E.R.H. noted when it reaches a steady value. This 
will give the water content after suitable calibration and allowance for temperature. 

Wet and dry temperature elements (psychrometer) will determine relative humidity 
and are much used in air-conditioning plants and for testing atmospheres but are not 
of general apphcation. 
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Much research has been directed to E.R.H., water activity, and vapour pressure 
measurements, for food materials for comparison with other methods. The mano- 
metric, volumetric, sorption isotherm, sorption rate, and dew-point method have all 
been tried for special cases, taking advantage of their non-destructive nature, but are 
slow and require laboratory apparatus and technique. Smiths0 has reviewed the liter- 
ature. Hickmans has also reviewed the subject of humidity measurement. 

A 1969 directory lists 62 suppliers of hygrometrical instruments, the types including 
Assmann, dew-point, diffusion, electrolytic, capacitance, frost-point, hair-type, micro- 
wave, and wet and dry. 62 One of the problems associated with relatingwater to E.R.H. 
measurements is the hysteresis effect shown by some materials whereby for a given 
water content the E.R.H. may differ according to whether the sample approaches this 
water content by taking up or giving off moisture. 

Dial hygrometers using hair or parchment elements require frequent calibration. 
A far more accurate measurement can be obtained by employing an electrical hygrom- 
eter. 

Electrical Hygrometers were reviewed by Weaver1 in 1951 and Smiths0 in 1971. The 
earlier instruments measured the conductivity of a hygroscopic salt solution, lithium 
chloride. Some time is required for this to attain equilibrium with the head-space to 
be tested and developments were directed towards reducing the amount of salt solution 
and obtaining maximum exposure at the sensitive end of the moisture probe. One type 
uses glass-fibre yarn impregnated with lithium chloride but response is non-linear and 
limited to a range of 25-90% R.H. The temperature coefficient is large but can 
be compensated. Aging is also a factor. Anodized aluminium sensors and ferric 
oxide/chromic oxide films have now been produced for instruments which are more 
robust, quicker to respond, and possess a smaller temperature coefficient. A thin por- 
ous oxide layer on an aluminium rod responds to changes in humidity and can be used 
with conductance or capacitance instruments. Stability is improved by impregnating 
the oxide layer with sodium tungstate. Details of the construction, properties, theory, 
and application of the anodized aluminium hygrometer were given by Jason.2 

The oxide layer is only a few ym thick and dynamic equilibrium is achieved between 
the liquid water in the pores and the external water vapour pressure. The sensitivity 
depends on the thickness of the oxide film and can be very high, but limited to a top 
range of 90% R.H. Pore size and structure are also important.63 

The electrical hygrometer will give rapid indication of the R.H. in a gas and hence 
the water vapour pressure and dew-point when the temperature is known. Published 
tables will show the amount of water per unit volume. 54 Electrical hygrometers are 
widely used in air-conditioning installations. 

Modern aluminium oxide types are less affected by temperature, dust, and age, 
but like lithium chloride hygrometers, must be checked in atmospheres of known R.H. 
This is conveniently done by using the head-space over various saturated salt solutions. 
Tables are available covering the range 12-98% R.H. over a temperature range of 
5-40°.66 Alternatively, sulphuric acid solutions of known concentration are used. 

Where a number of hygrometric moisture meters are in use in an industrial concern 
it is common practice to check these quickly with a master meter which is laboratory- 
calibrated. 

When testing solids, the measurement of R.H. is delayed by the time required to 
obtain correct E.R.H. in the head-space over the sample. This may vary from 15 min 
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to more than a day, depending on such factors as weight and size of sample, diffusion 
rate within the sample, surface area. 

The E.R.H. and R.H. can be obtained with a high degree of accuracy, but when 
related to solids and liquids the accuracy in terms of water percentage is poor for most 
materials and the range is limited although often suitable for some kind of process 
or storage control. 

Electronic methods 

A large and growing number of instruments is now available, designed either for 
general use or for more specific purposes to meet the demand of industry and com- 
merce for rapid results for process and storage control. Such instruments are called 
moisture-meters rather than water-meters-the latter meaning flow-recorders. Elec- 
trical hygrometers were discussed in the preceding section. Electronics can produce a 
continuous read-out and sound-alarm or provide servo action if required. The cost 
varies a great deal-from less than ;ElOO to several thousand pounds, depending on 
the degree of sophistication, flexibility, and accuracy required. None determines the 
absolute water content, all have to be calibrated by some reference method for the 
material to be tested, and zero, scale and other instrument adjustments made. Claims 
may be made that the accuracy is f0.1 ‘A when what is meant is that this is the extent 
of repeatability. 

Development of the earlier types based on conductance or capacitance has slowed, 
but it is still early days for microwave, N.M.R., and radioisotope techniques. Future 
development lies mainly with the electronics engineer and not the chemist. The latter 
can state the problem and give help, while industry will indicate the demand on effici- 
ency and economic grounds. 

Conductance or capacitance methods. Moisture meters of this class are relatively 
simple and cheap. They can be mains-operated but many use batteries to make them 
completely portable, as speed and portability are among their main advantages. 

Conductance-type instruments are based on the fact that electrical resistance in the 
presence of an electrolyte decreases as the water content of non-conducting solids 
increases. The first electrical instruments were based on this, using Wheatstone bridge 
circuits for measuring the resistance. A limit is reached when sufficient free water is 
present to conduct current along a path between the electrodes. The resistance de- 
creases at higher frequencies and an optimum is chosen for the material and range of 
water content. Temperature correction is necessary. The measurement of resistance 
or conductance is employed where electrodes have to be clamped or make close con- 
tact with materials in bulk such as sheets, planks, timber, i.e., materials in a form 
difficult to sample on a representative basis, or that at best involve procedures which 
are very time-consuming. The electrodes are designed for specific purposes and may 
be needle, hammer or probe types. Roller or profile electrodes are used on conveyor 
bands, or moving webs of materials. 

Calibration may be of an arbitrary scale or in terms of moisture as found by 
some other method. Repeatability may be only to within f 1 y0 but the large number 
of results which can be obtained in a short time, or continuously over a bulk of mate- 
rials, will average to give a good practical result. Certainly, variations are corrctly 
indicated provided the effective range of the instrument is not exceeded. 

A range of special electrodes has been produced for batch or continuous testing 

4 
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of tobacco at various stages of processing; many other commodities may also be 
tested. Resistance is measured by a milliammeter in a special circuit using a cathode- 
coupled tube voltmeter with a current amplifier and automatic temperature compen- 
sation. It is claimed that this circuit is very stable and that the instruments do not 
require recalibration even after years of use. 

Extracts from soil can be tested for electrical resistance. Soil is shaken with pure 
isopropanol and the fall in specific resistance of the filtered extract (saturated with dry 
sodium chloride) measured to give water content. Accuracy to within 1% absolute 
is claimed over a wide range, and with a variety of soils. Calibration is carried out 
by adding water to oven-dried soil. 66 Industrial applications of resistance measure- 
ment for continuous moisture determination have been patented recently for wood 
veneer, paper web, board, 57 and cotton, silk and man-made fibres.ss 

With capacitance-type instruments the estimation of moisture in a sample is not 
so limited as is the case with conductance, and utilizing the electrical property of capa- 
citance widens the scope of the instruments. Capacitance is less affected by variations 
in salt content and enables a greater range of water contents to be covered for many 
materials. Water has a very high dielectric constant (81) and when dry matter absorbs 
moisture its dielectric constant is considerably increased. Plastic (“Perspex”) cells 
between plates act as condensers to which a high frequency current is applied. The 
cells are removable and may be in various sizes. Two balanced oscillating circuits are 
used, one fixed at say 18 MHz while the other, which includes the test cell, can be ad- 
justed to balance with the fixed oscillator by use of a variable condenser, the balance 
being indicated by the brightness of a neon lamp or by a milliameter. 

Replacing the air in the cell by the test-sample changes the capacitance, thus requir- 
ing adjustment of the variable condenser. Each manufacturer has his own favoured 
circuits for particular products. General-purpose instruments may have various fixed 
condensers in the circuits, operated by push-buttons to provide several ranges of 
readings. The dielectric constant for a given frequency will vary according to the 
water present only within limits and each manufacturer will recommend suitable ranges 
up to about 60 %, based on water calibrations, for various types of materials. Outside 
these ranges the results may be useless, but otherwise repeatability can be good, to 
within O-1-0*2%. The error, as shown by comparing results with standard gravi- 
metric methods, may be O-5 %, however, for a range of samples even of the same 
type. Precautions must be taken even to obtain this. Texture, and degree of packing 
of the material in the cell, are important factors, and so is temperature. It is normal 
to weigh the sample, although the weight may not be very critical, and use a compres- 
sion device or plunger for the cell for granular materials or powders such as starch 
and dried milk. Repeatability and accuracy are reduced in the higher ranges. 

Cells commonly hold about 100-400 g. The instruments may record directly in terms 
of moisture but as the relationship of electrical properties to water-content is different 
for various types of material, interchangeable plastic moisture scales are used-some- 
times multiple ones for convenience on the same instrument. The moisture for a given 
electrical reading may differ by as much as 3 ‘A for different cereals. Closer agreement 
can be obtained by coarse-grinding the sample as a preliminary. 

Variations in density are more important than temperature. Compensation for 
sp&ic materials (e.g., flour) can be made by using a radioactive probe designed to 
measure density, thus circuit correction for particle size and packing makes possible 
in-line process control, at extra cost. 
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New apparatus has been designed to measure conductance and capacitance at 
three separate frequencies simultaneously. One or more of the electrical parameters 
is related to water, the others compensate for variables such as fat.6e 

Microwave attenuation methods. Development of these methods followed that of 
the conductance and capacitance instruments and research is still active to improve 
response specifically for water and to produce satisfactory designs for industry for 
sample-testing or continuous recording60 

The microwave principle is based on the absorption by water of high-frequency 
radio energy generated by a klystron oscillator. Electromagnetic microwaves of fre- 
quency 10s-106 MHz (wavelengths 30 cm-3 mm) can be absorbed and reflected like 
light. The distance of the receiver from the transmitter is an obvious variable to 
standardize. 

One instrument consists of a transmitter with a frequency of 10,680 MHz operat- 
ing through waveguides ending in a 3-in. square horn and an attenuator with crystal 
detector. Microwave absorption is much greater with “free” moisture than with dry 
substances and so the degree of attenuation can be related on a linear basis to moisture 
as determined by reference methods, due correction being made for temperature. In 
actual use for sample-testing, a “Perspex” cell is placed between the transmitter and 
the receiver, these two parts being fixed on a stand at a predetermined distance. Fol- 
lowing the usual adjustments for zero, scale deflection, etc., the degree of attenuation 
produced by the sample is obtained within seconds in terms of decibels. Slide-rule 
calculators covering the ranges of temperature (found by thermistor), weight of sample 
and degree of attenuation, are calibrated for water for the type of material undergoing 
test. The error is of the order of 0.5 % absolute for baked goods (cakes) and Incc and 
Turnefll found that texture and density were more important than recipe change. 
Closer results were obtained for nougat (author’s laboratory) by using a 2&in. deep 
cell, 5&-in. diameter, taking due note of the weight to compensate for air inclusion. 
It should be noted that these are rather difficult materials to sample representatively 
for more orthodox testing, and the microwave apparatus has an important industrial 
future as more applications are found. The instrument can be calibrated directly in 
terms of moisture for tied installations and the product (e.g., milk powder, cereals, 
and foods in general) can be continuously monitored without contact, damage or loss 
if passed through “Perspex” pipes between the transmitting and receiving horns. 

Temperature and salt content influence microwave attenuation but compensation 
can be made for both, by using thermistors and conductivity circuits, and research 
on this is proceeding. *6 Maximum accuracy for water measurement lies within 
the signal range 7-40 decibels and wavelengths can be selected to bring the attenu- 
ations within these limits. 

Microwaves have been employed to measure water variations in concrete and brick 
walls, by using portable battery-operated instruments.2 Air can be used to fluidize a 
controlled feed of powder or granular material to maintain a constant density for con- 
tinuous testing.62 

NMR methods. Nuclear magnetic resonance is a later development of non- 
destructive electronic testing (since about 1950). The apparatus produces two magnetic 
fields simultaneously-a strong field very slowly oscillating about a mean value and 
a weak constant radiofrequency field perpendicular to the other. Hydrogen nuclei in 
the liquid phase of a sample absorb energy from the radiofrequency field and at a 
certain value of the strong field strength the rate of absorption is at a maximum in 
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relation to the particular frequency and the nuclei are said to be in a state of resonance. 
Nuclei in solids are immobile and cannot resonate. The field strength and frequency 
of the apparatus can be arranged so that only hydrogen nuclei resonate. 

Hydrogen nuclei in foods and similar materials are primarily in the oil, fat, or 
water present but those in carbohydrates and protein will respond if these substances 
are in the liquid phase. High-resolution instruments are required to distinguish be- 
tween hydrogen in fat and water. NMR is proving very useful for the direct monitoring 
of fat in food manufacturing processes (e.g., chocolate) but in the case of water alter- 
native cheaper methods are available. Research continues and there may be worth- 
while applications for high-moisture materials where other electronic methods are not 
suitable, also where the oil content is low, or known and constant. The NMR signal 
is calibrated against results obtained by reference methods. The use of NMR appar- 
atus is quick and simple but the equipment and theory are complex.2 

A portable high-resolution broad-line NMR spectrometer has recently been intro- 
duced.63 The test-material is weighed into a sample tube and the NMR signal calcu- 
lated per gram for reference to moisture tables. NMR apparatus has been used with 
static andmoving beds of coal and coke for water measurement with an error of about 
1 %.a NMR may be used to distinguish between free and bound water, if the temper- 
ature is reduced to below freezing point. 

Electrolytes may affect NMR readings and when soils are tested the leaching out 
of electrolytes over a period can introduce errors. 

Nuclear radiation methods. Fast neutrons emitted from a radioactive source in a 
probe are slowed down by elastic collisions with the hydrogen nuclei of water in a 
moist material, which results in the formation of a cloud of slow neutrons, the density 
of which (as measured in counts/set) can be related to the water content. This is 
known as neutron moderation or scattering. The atomic nuclei of matter in general 
will cause scattering but to a much lesser extent. Water indication is by proportion 
by volume of the moist substance and to determine proportion by weight it is necessary 
to correct for density, usually with a gamma-radiation source and detector. A dual 
neutron-gamma instrument will combine the output signals from both detectors to 
give water percentage by weight. The inclusion of such a compensating probe can 
reduce errors to about 1%. 

Although nuclear-radiation gauging can be used for testing many materials the 
greatest application has been in the examination of soil. It offers greater precision 
than standard gravimetric methods because of the large test sample (a cubic yard- 
about 1 ton) which can be tested in situ without disturbance. 

The effect of soil composition is significant, as the detector is for hydrogen nuclei 
and is not specific for water; nevertheless, for known areas the instrument can be 
valuable and it is simple to make tests at varying depths. 

The difficulties of calibration (laboratory, field, and by simulation) for soil were 
discussed at the U.S.A. 1963 Symposium. 2 When composition and density remain 
constant, either a neutron or gamma gauge can be used for monitoring water content. 
Soane65 reported results of tests using dual (high and low) energy gamma-ray trans- 
missions for simultaneous measurement of water content and dry bulk-density of soil. 

The Institute of Hydrology has developed with the Atomic Weapons Research 
Establishment, Aldermaston, an instrument using the neutron-scattering technique for 
soil-moisture measurement. Besides the probe there are a shielded transport carrier 
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and a ratemeter. The standard aluminium alloy access tube immersed in water shows 
about 850 counts/set, while in air it is about 5 counts/set. The effect of temperature 
variation between - 10 and +40” is claimed to be insignificant (less than 2 counts/set). 

The probe carries 50 mCi of americium/beryllium and a slow-neutron detector, 
E.H.T. generator and pulse-shaping circuits, powered by a battery so that the instru- 
ment is easily portable .@ The use of radiation gauging for water monitoring is being 
extended where there are special industrial problems with such materials as coal, coke, 
iron ore, sinter mix, concrete. 

Instruments have also been designed for food testing.s7 

Miscellaneous methods 

The foregoing shows the main groups of methods and techniques employed for 
water measurement but for every type of material for which a knowledge of the water 
content is required there will be found a specific method devised with a view to obtain- 
ing a quick result under non-laboratory conditions. All are empirical and rely on 
reference methods carried out under closely controlled laboratory conditions. Unfor- 
tunately, this is not always understood by semi-skilled workers using the instruments, 
who tend to have implicit faith in the dial readings and neglect the apparatus or delay 
too long the recalibration made necessary by wear and the deterioration produced by 
time. 

Much literature has been published on various methods of testing soil, sand, gravel, 
coal, and similar materials because of their commercial importance and the problem 
of reducing such bulky and variable materials to the small representative samples 
which are normally required by the conventional reference methods. Loss of weight 
after heating in a non-volatile oil and after evaporating the water with burning alcohol 
have been used. Water present will influence to some extent a material’s physical, 
chemical, or electrical properties and each type of substance will have one or more 
parameters suitable for relating to water to give a result satisfactory for commerce. 

Density or specific gravity methods are much used for solutions of simple substances 
such as sucrose, salt, and soluble chemicals in general, and tables relating to aqueous 
mixtures are published together with temperature corrections. As an alternative to 
hydrometers or pycnometers a “moisture balance” will accurately determine density 
or specific gravity by the buoyancy principle, using a plummet suspended in the test- 
solution. If the test-substance is in the solid state, it may be weighed in a liquid of 
known specific gravity (Archimedes’ principle). Success with the latter method pre- 
supposes no pores or voids in the solid substance, and insolubility in the liquid. 

For general testing of insoluble composite material the water can often be extracted 
with ethanol or methanol and a result calculated from a change in density or boiling 
point, or the extract may be used for a Karl Fischer titration. Acetone, isopropanol, 
dioxan, dimethylformamide and glycerol are other extractants which have been used 
and the possibilities are numerous as the extracts can be tested by many of the methods 
previously mentioned and the result calculated back to give the water-content of the 
original solid. 

Gases can be simply tested in the laboratory by passage through weighed U-tubes 
containing phosphorus pentoxide, calcium sulphate or calcium oxide desiccant, alter- 
natively by the Karl Fischer method, or by G.L.C. using a thermal conductivity de- 
tector. Dew-point can also be determined accurately and is used to standardize other 
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techniques, but industrially, wet and dry bulb hygrometers or hair-type hygrometers 
are used for immediate measurement and continuous recording. Electrical hygrom- 
eters have become very important because of their versatility. 

Mis~l~a~eous methods include application of rise in tem~ratnre due to chemica1 
reaction with sulphuric acid, thermal conductivity, specific heat, surface tension 
or suction and the use of absorbent blocks. The last two are made use of for measure- 
ments of water in soil. The reading produced by a buried porous pot filled with water 
and connected to a vacuum gauge will indicate water-content, although infiuenced by 
soil particle-size and degree of packing. 68 Saturated soil will show a reading of 30- 
60 mmHg; drought conditions are indicated by over 300 mmHg. Watson@ has de- 
scribed a modern field tensiometer. 

Absorbent blocks can be buried in soil and the weight at equilibrium made to give 
the water content, but more conve~ent~y the blocks may be tested in situ for electrical 
resistance. 

One well-known method based on chemical reaction is that using calcium carbide. 
It is popular for “field testing” because of its cheapness, speed and convenience. The 
sample is weighed and shaken with calcium carbide in a sealed pressure vessel fitted 
with a dial pressure gauge, the maximum pressure produced by the acetylene gener- 
ated being related to water by suitable calibration. 70 There are variations using this 
chemical method, e.g., the volume of the gas may be measured, or the Ioss in weight 
determine. 

Various workers have sought an alternative to the K.F. titration. When dissolved 
in ethylenediamine, water acts as an acid and can be titrated under a nitrogen atmos- 
phere.71 

The use of G.L.C. is proposed for low amounts of water in gases and liquids. 
Columns with SO-100 mesh Porapak at 140” with hydrogen as carrier-gas are claimed 
to give optimum results, but sensitivity can change and fresh calibration is required.72 

Water in air and natural gas can be estimated down to 50 ppm by using polytetra- 
fluoroethylene column packed with Porapak Q and employing a thermal conductivity 
detector.7s 

The cloud-point or critical solution temperature of a two-component system such 
as dry methanol in n-hexane is dependent on traces of water, and thus common sdvents 
such as methanol, ethanol, acetone, ethyl methyl ketone and dioxan may be tested for 
water content by using this technique with controls. Test samples may be lo-50 ,~l in 
vohnne but the number, amounts and identity of the components must be known for 
calibration to be appIicable.‘~ 

Pande76 has described a new micro-determination based on hygrophotography. 

REFERENCE METHODS 

Standardized reference methods are published by various official bodies (see list 
below) only for specified materials-there can be no one all-embracing method, as 
this review will have made clear. Where there is no official reference method for a 
product of commercial importance, firms or their Research Associations will often 
have agreed upon one. The most favoured, as being of widest application, is a drying 
method with or without vacuum, subject to limitations as described in the appropriate 
section above. At one time there was reluctance to include vacuum procedures with 
reference methods, as this meant stipulating some particular manufacturer’s vacuum 
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oven, with obvious objections, but this has now been overcome by setting out the 
precise conditions required. Drying has the advantage that in most cases it can be 
investigated so that conditions can be set to yield a result close to the “true” water 
content, and the apparatus is simple and cheap, apart from the balance, which is part 
of the general laboratory equipment anyway. Also any range of water can be meas- 
ured and almost any amount of sample taken. 

The Karl Fischer method comes closest to measuring absolute water content, and 
will cover any range, although accuracy is reduced at high levels because aliquots 
have to be taken to keep the amount of water within the best range for titration. There 
is not wide adoption of the Karl Fischer test as an official one, but there is a present- 
day trend toward this, or it is given as an alternative method. Earlier policy with 
official tests has always been to keep them simple for the widest possible use by all 
concerned. The K.F. test serves a very useful purpose in deciding the conditions 
necessary for the more simple drying methods. 

Distillation by the Dean and Stark method has been taken as an official method 
for some materials and it has obvious claims in this respect. 

Refractometric methods are taken as “standard” in some trades but their use is 
obviously restricted. 

Various physical properties, when accurately measured under laboratory condi- 
tions, can estimate absolute water but under conditions so restricted,that these methods 
are never adopted as official although of course, like the K.F. test, they can serve an 
important function in checking the accuracy of other accepted methods. 

None of the electrical methods can be used as official tests as they are dependent 
on calibration by other procedures. 

The following publish official methods in either the U.K. or U.S.A. 

British Standards Institution, Park Street, London, W.l. 
British Pharmacopoeia, General Medical Council, Pharmaceutical Press, London. 
The Society for Analytical Chemistry, Savile Row, London, W. I.‘6 
Association of Official Analytical Chemists, Washington, D.C.77 
Pharmacopoeia of the U.S.A., Mack Publishing Co., Easton Pa. 
National Formulary, American Pharmaceutical Association, Washington. 
National Bureau of Standards, U.S.A. Government Printing Office. 
American Society for Testing and Materials (A.S.T.M. Standards), Philadelphia. 

In addition there is a large number of Trade Research Associations which publish 
recommended methods for water or moisture measurement. Some of these methods 
are more or less identical but not all. Usually the official tests are the result of col- 
laboration by interested parties and, although without legal authority, they provide a 
common ground between vendor and purchaser where water content is stipulated and 
it would be clear in arbitration what is meant and intended when, for example, a 
British Standard is quoted. The various Trade Research Associations give details of 
recommended methods and also from time to time investigate and critically examine 
the performance of various instruments. Their publications are sometimes only avail- 
able to member companies but Research Reports can be purchased. 

Apart from the U.K. and the United States there are, of course, many other 
countries interested in standardization. International organizations in Brussels, 
Geneva, and Zurich become increasingly important. 
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Close international standardization wiII not be easy. A B.S7* for coal and coke 
gives nine procedures for water estimation, if all variations of sample weight, temper- 
ature and time are included, depending on type of coal and mesh size. Two use 
Dean and Stark apparatus, one uses a drying process with nitrogen, another uses 
vacuum, the others use simple drying to constant weight. 

The International Standards Office, with regard to starch, states moisture content 
equals loss in mass undergone by the material under the specified conditions of the test 
but a B.S.‘@ prefers the term “loss in mass on drying” in place of “moisture content” 
in this statement. Three methods are given, drying at 130” for 14 hours and finally to 
constant weight (further loss <5 mg), drying at 100” for 4 hr and finally to constant 
weight, and drying at 73” at IO-20 mmHg for 24 hr to constant weight (further loss 
<I mg). 

To review all reference methods in all major countries and to bring them on to an 
internation~fy agreed basis wili be a great task but will become increasingIy important 
as more and more materials become subject to standard methods of testing. Devia- 
tions should be as few as possible and agreement shouid not be hindered by trade 
practices and traditions. 

International symposia will continue to review methods and techniques. In the 
U.K. there is the annual Physics Exhibition organized by the Institute of Physics and 
the Physical Society, also the parallel exhibition of the Scientific Instrument Manu- 
facturers’ Association. 

As regards the future there is little likelihood of any great change in drying methods, 
and these and the Karl Fischer and distillation techniques are the basic reference 
methods. No new fundamental principle has been widely established for water meas- 
urement since NMR and nuclear radiation techniques were introduced over 20 
years ago, except that of infrared absorption by reflectance. 

APPENDIX 

The determination of water in rocks and minerals is rather different from the 
determination of moisture in general, in that the water present may be either loosely 
or firmly held, and different methods are required for determination of the two kinds. 
The loosely held or interstitial water is usually defined as the amount of water evolved 
on heating the sample at some defined temperature such as 105” or 110”. For 
this purpose the oven-drying methods may be used, or the Dean and Stark method. 
The drying methods are not suitable, however, if other volatile substances are also 
present in the rock, or if the rock contains large proportions of easily oxidized species 
such as ferrous iron, but such difficulties may be overcome by absorbing the evolved 
water, in a closed system such as that described by Jeffery and Wilson.@@ Similar 
apparatus, modified to allow for heating the sample to the higher temperatures neces- 
sary, may be used for determining the total water, i.e., the interstitial and the “consti- 
tutional water”.80-82 In determining the total water it is necessary to avoid errors due 
to evolution of carbon dioxide, hydrogen fluoride, sufphur compounds etc., and for 
this purpose various additives or absorbents can be used to retain or collect these 
species. The simplest method for total water determination is the Penfield methods3 
or one of its modifications,8P87 used with or without a flux such as litharge or sodium 
tungstate. In this method the sample is heated to high temperature in a hard glass 
tube and the water evolved is condensed or absorbed, and then weighed either by 
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difference or directly. Care must be taken in preparation of the sample when water 
is to be determined in rocks: if the grinding is too fierce, water may be lost, but on 
the other hand the great increase in surface area on comminution of the sample may 
increase the amount of hygroscopic moisture taken up.s* With the closed systems, a 
blank correction must be made for residual water in the gas used as carrier-gas for 
the water vapour evolved, and the sample size must be large enough for variations in 
the blank to be insignificant as a source of error. 

Acknowledgemmt-Gra~eful acknowledgement is made to colleagues of J. S. Fry & Sons and Cadbury 
Bros. Ltd., for assistance with this Review and to the University of Bristol for facilities provided. 

Zusammenfassuag-Die komplizierte Natur des Themas und die bei 
der Bestimmung von Wasser in den vielen zu priifenden Mate&lien 
auftretenden Probleme werden erkltirt. Die verschiedenen vorhan- 
denen Methoden werden klassifiziert, Ubersichten iiber die Arbeit- 
stechniken gegeben und ihre Anwendungsmbglichkeiten und -grenzen 
gezeigt. In vielen Materialien ist die Bestimmung der absoluten 
Feuchte nicht mijglich und es muB ein KompromiB geschlossen 
werden. Gewerbe und Industrie brauchen fiir viele Prozesse und Pro- 
dukte rasche Ergebnisse; daher werden in immer griilerem Ausm& 
opt&he oder elektronische Verfahren in Verbindung mit Vergleichs- 
methoden verwendet. Fiir amtliche Zwecke muD Einigkeit iiber die 
Bestimmungsmethode erzielt und diese im einzelnen festielegt werden. 
Weitergehende Fortschritte bei der internationalen Standardisierung 
sind sehr wiinschenswert. 

R&urn&La complexit du sujet, et les probl&mes impliquts dans le 
dosage de l’eau dans les nombreux produits qui doivent &tre essay6s 
sent expliqu&. Les diverses m&hodes disponibles sent class&s, leurs 
techniques r&m&s, et leurs applications et limitations indiqu&s. Dam 
de nombreux prod&s, le dosage de l’humidit6 absolue est impossible et 
un compromis doit &tre accept& Le commerce et l’industrie requi&ent 
des r&sultats rapides pour de nombreux pro&d& et produits, et des 
m&hodes optiques ou 6lectroniques sent utilisQs de man&e croissante 
conjointement aux m&hodes de rkf&ence. Pour les usages officiels la 
m6thode de dosage doit Btre agr&e et expos& en d&ail. I1 est t&s 
desirable que davantage de progr&s soit fait dans la standardisation 
intemationale. 
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Summary-An NMR procedure is described by which theophylline 
and ethylenediamine are simultaneously determined in aminophylline 
tablets. t-Butyl alcohol was chosen as the internal standard and 4% 
ammonia-O.3 OX, potassium cyanide in deuterium oxide was the solvent. 
The solvent system was selected to deal with the problems of solubility 
of the theophylline, overlapping of the components* resonance signals, 
and potential interference from metal impurities. Known standard 
and commercial preparations were determined and the results compared 
with those obtained by alternative procedures. The technique, when 
applied to the determination of aminophylline in tablets, is rapid, 
simple and specitlc and has an error of l-2%. 

THE DETERMINATION of aminophylline, a mixture of theophylline and ethylenediamine 
in the ratio 2 : 1, has been widely discussed. The theophylline content is usually 
determined and expressed as aminophylline. The analysis of this drug involves a 
variety of analytical techniques. Aminophylline has been assayed gravimetricallyr 
by extraction of theophylline with a chloroform-isopropyl alcohol mixture, and sub- 
sequent weighing of the residue. Other methods include both colorimetry2 and ultra- 
violet 3 s spectrophotometry. - A potentiometric titration approach to the determi- 
nation of theophylline alone, and in combination with other drugs, has been inves- 
tigated by Bartilucci and Dischers and others.l&ls Sarsunova and TGlgyessylJ 
have determined aminophylline and theophylline by means of a radiometric titration 
of the purines, using ll”AgN03 to form the insoluble silver salts. The activity of the 
llOAg in the solution is then plotted vs. the volume of titrant used. 

Theophylline has been determined electrochemically by DuGnskf and &v&&i4 
Yashino15 and Kalinowska.” Methods of complexation of theophylline with copper 
with subsequent gravimetric or titrimetric determination of the complex have been 
studied by Runti,l’ PlumeP* and Blagojevic. ls A non-aqueous titration procedure 
for the analysis of aminophylline, developed by Medwick and Schiesswohl,20 involves 
the differential titration of theophylline and ethylenediamine as a mixture of bases. 
Non-aqueous titration methods for aminophylline21-23 and theophyllineZO in combi- 

nation with other drugs have also been examined. 
Other techniques used in the determination of aminophylline and theophylline 

are aqueous titration as a weak acid in the presence of Thymol B1ue25 and an aqueous 

* Other titles in this series are: 

I.-J. W. Turczan and T. C. Kram, J. Pharm. Sci., 56(12), 1643-1645 (1967). 
11.-T. C. Rram and J. W. Turczan, J. Pharm. Sci., 57(4), 651-652 (1968). 

III-T. C. Rram and J. W. Turczan, FDA By-Limw, 2(3), 105-130 (1971). 
IV.-J. W. Turczan and T. Medwick, J. Pharm. Sci., 61(3), 434-443 (1972). 
V.-J. W. Turczan and B. A. Goldwitz, J. Pharm. Sci., 61(4), 613-615 (1972). 

VI-J. W. Turczan and B. A. Goldwitz, J. Pharm. Sci., 61(S), August (1972). 
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thermometric titration of aminophylline with silver nitrate.26 An NMR method for 
the determination of theophylline in the presence of other xanthines was reported 
by Rehse.27 

The official method (USP XVII128) for aminophylline in tablet form involves 
the precipitation of theophylline as a silver complex and subsequent back-titration 
of the excess of silver nitrate with ammonium thiocyanate. In a separate USP 
procedure, ethylenediamine is determined by titrating an amount of aminophylline 
with hydrochloric acid to a Methyl Orange end-point. It has been reported 2g*30 that 
the USP assay has a source of error attributable to the solubility of the silver theo- 
phylline complex in the ammonia solution used. The cooling step in the official 
procedure thus becomes a critical factor during the filtration and washing of the 
complex before the titration. 

An alternative procedure presented here uses NMR spectroscopy. By addition 
of an internal standard and solvent extraction, we have quantitatively analysed many 
high-dosage pharmaceuticals. The NMR spectrum identifies the active ingredients, 
contributing to the specificity of the method. 

The components of aminophylline in tablet form were assayed by this technique. 
Many of the results were compared with those obtained by the official procedure 
and by an ultraviolet spectrophotometric method for theophylline. The NMR pro- 
cedure is simple, specific, accurate and precise. 

EXPERIMENTAL 
Apparatus 

A Varian A-60 NMR spectrometer equipped with a V-6031 variable-temperature probe having a 
six-turn insert was used. All spectra were scanned at a probe temperature of 42”. 

Reqents 

Standard. Aminophylline working standard (USP assay values: moisture 406x, theophylline 
86.3 % on anhydrous basis, ethylenediamine 144 % on anhydrous basis). 

Internal standard. t-Butvl alcohol. 99 %. 
Solvent. Deuterium oxide, 99.8% isotopic purity, Mallinckrodt Chemical Works, St. Louis, 

Missouri. 
Ammonia solution, sp. gr. O-880. 
Potassium cyanide 
Samples. Aminophylline tablets, 1.5 and 3 grains, from various commercial sources. 

Procedure 

Weigh and finely pow&r not less than 20 tablets. Weigh accurately a portion of the powder 
equivalent to about 200 mg of aminophyllme into a glass-stoppered centrifuge tube. Add about 9 mg 
of reagent-grade potassium cyanide and about 50 mg (accurately weighed) of the t-butyl alcohol 
internal standard. Fill the tube to approximately the 3-ml mark with deuterium oxide. Add about 
10 drops of ammonia solution, stopper the tube and shake for 2 min. The tube may be warmed to aid 
dissolution. Centrifuge to separate the solution from the excipients. Transfer about 0.4 ml of the 
solution to an analvtical NMR tube. Place in an NMR snectrometer and obtain the snectrum. 
adjusting the spin-rate so that no spinning side-bands occur between 1.1 and 15 ppm and-between 
2.6 and 3.8 ppm on the delta scale. All peak field positions are referred to sodium 2,2-dimethyl-2- 
silapentane sulphonate (DSS) as 0 ppm. Integrate each of the peaks of interest at least five times. 

The amounts of theophylline and ethylenediamine may then be calculated individually as follows: 

mg theophylline Atil B.W.u, mg t-butyl alcohol 
tablet = Atb. x m. ’ mg sample 

x A.T.W. 

mg ethylenediamine & E.W..d mg t-butyl alcohol 
tablet = Atas ’ - ’ E.W.tba mg sample 

x A.T.W. 
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where Au, = integral value of the signal representing theophylline 

Aed = integral value of the signal representing ethylenediamine 

Atba = integral value of the signal representing t-butyl alcohol 

E.W.u, = formula weight of theophylline/d = 30.03 

E.W .ed = formula weight of ethylenediamine/4 = 15.02 

E.W.taa = formula weight of t-butyl alcohol/9 = 8.236 

A.T.W. = average tablet weight 

The amount of aminophylline can be calculated from the theophylline content by multiplying the 
weight of theophylline (mg) by l-267, representing the formula weight of aminophylline containing 
two molecules of water of hydration and divided by twice the formula weight of theophylline. 

RESULTS AND DISCUSSION 

The choice of a solvent is more complex than in the usual NMR procedure. The 
solubility of theophylline in deuterium oxide is fairly good, but some theophylline 
precipitates from solution as soon as carbon dioxide from the atmosphere is ab- 
sorbed. Furthermore, the absorption peak due to ethylenediamine partially overlaps 
one of the two sharp singlet peaks due to the two methyl groups on theophylline 
(Fig. la). In order to maintain the solution at an alkaline pH to prevent the precip- 
itation of theophylline and to separate the spectrum resonance signals due to the- 
ophylline and ethylenediamine, deuterium oxide containing 4% ammonia was used 
as a solvent. This solvent proved satisfactory for analysis of aminophylline powder, 
but not for the tablet samples (Fig. 1 b) where the ethylenediamine peak was too broad 
for integration. This behaviour was attributed to complex formation between ethyl- 
enediamine and a heavy metal impurity present in the tablets. The presence of iron 
was shown by the formation of a pink colour with thiocyanate. The same broadening 
was noted when iron(III) was added to ethylenediamine in the same solvent. Com- 
petitive complexation was used in order to prevent the undesirable complexation. 
Cyanide (as the potassium salt) was added to complex iron(III) (or other heavy metals) 
thereby displacing ethylenediamine and sharpening the absorption line (Fig. lc). 
The solvent used was 4% ammonia in deuterium oxide containing about 3 mg of 
potassium cyanide per ml. 

A single internal standard, t-butyl alcohol, was satisfactory for all analyses. This 
alcohol was easily soluble in the solvent and provided a strong signal at a convenient 
upfield position, thereby resulting in unambiguous identification and interference- 
free quantitative analysis. 

Figure lc shows a spectrum of aminophylline obtained under the recommended 
analytical conditions. The amounts of each component are calculated from the inte- 
gration of the singlets (at approximately 3.30 and 3.45 ppm) due to the two methyl 
groups of theophylline bonded to the nitrogen ring at positions 3 and 1 respectively, 
the singlet at approximately 2.90 ppm attributed to the four methylene protons of 
ethylenediamine, and the singlet at approximately l-30 ppm due to the nine methyl 
protons of t-butyl alcohol. The other absorption bands at about 4-7 ppm and about 
750 ppm are ascribable to the HDO in the solvent mixture and the theophylline 
proton at position 8 on the ring. 

A group of known aminophylline mixtures was analysed and the results are sum- 
marized in Table I. The NMR results were compared with those obtained by the USP 
method as well as by a non-aqueous titration procedure.” The procedure is both 
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FIG. 1 

accurate and precise with relative standard deviation of 05% for the theophylline 
and 0.2% for the ethylenediamine. The relative proportion of aminophylline to 
t-butyl alcohol has no significant bearing on the accuracy of the determination for the 
range shown in Table I. The lower results obtained by the USP assay can be attributed 
to the slight solubility of the silver-theophylline precipitate in ammonia solution. 
When compared with the USP procedure, the NMR method is simpler, faster, and 
more specific. An analysis of the two components can be performed in one operation, 
thus avoiding the two titrations required to achieve the same result. 

Some 15 commercial tablet preparations were analysed by NMR. Six of these 
preparations were also analysed by ultraviolet spectrophotometry for theophylline 
and titrimetry (using Bromocresol Green as an indicator) for ethylenediamine.” 
The results presented in Table II are in good agreement. 
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TABLE I.-ANALYSIS OF KNOWN AMINOPHYLLINE MIXTURES BY NMR 

t-Butyl Ethylene- 
alcohol Aminophylline Theophylline diamine Ethylene 
added added* found found Theophylline. diamine, 

No. 
mg mg mg mg 

0 /. * x 0 * 

1 54.3 191.1 164.7 27.0 86.2 14.1 
2 54.5 190.5 164.0 28.2 86.1 14.8 
3 49.0 191.1 164.9 275 86.3 14.4 
4 48.9 190.5 165.0 27.6 866 14.5 
5 26.9 218.0 187.7 31.4 86.1 144 
6 50.1 214.2 183.1 31.1 85.5 14.5 
7 74.3 213.9 185.0 30.2 86.5 141 
8 48.3 215.9 185.2 30.9 85.8 14.3 
9 56.1 190.9 165.7 27.1 86.8 14.2 

10 52.9 210.7 183.5 31.0 87.1 14.7 
Average 863 14.4 

Standard deviation 0.5 0.2 
Official USP. procedure 85.6 14.3 

Non-aqueous titration procedure 86.8 14.3 

* On anhydrous basis. Aminophylline standard contains 4.06% moisture, based on USP 
determination. 

TABLE II.-DETERMINATION OF AMINOPHYLLINE IN COMMERCIAL PREPARA~ONS BY NMR 

No. 

Aminophylline Aminophylline Ethylenediamine 
declared Theophylline found by* found by 
dosage found by NMR NMR uv NMR Titration 
mgltd mg/tab mg/tab mgltab mgltab mgltab 

: 
97.2 73.2 

194.4 154.4 
3 97.2 79.2 
4 194.4 161.3 
5 97.2 79.3 
6 200.0 166.4 

* Based on theophylline content. 

92.8 94.1 10.5 10.7 
195.6 196.0 22.8 23.1 
100.3 100.9 13.3 13.2 
204.3 203.5 23.0 23.3 
loo*5 101.5 11.4 11.8 
210.8 210.6 25.2 25.7 

Acknowledgement-The authors are grateful to Dr. Thomas Medwick, Science Advisor, FDA, New 
York District and Professor of Pharmaceutical Chemistry, College of Pharmacy, Rutgers University, 
New Brunswick, New Jersey, for many valuable discussions and encouragement in the preparation of 
this manuscript. 

Zusanmteufassung-Es wird ein NMR-Verfahren beschrieben, mit dem 
Theophyllin und Athylendiamin gleichzeitig in Aminophyllintabletten 
bestimmt werden k&men. Als innerer Standard wurde t-Butylalkohol 
gewahlt, 4% Ammoniak-0,3x Kaliumcyanid in Deuteriumoxid als 
Liisungsmittel. Das Liisungsmittelsystem wurde so ausgewahlt, urn 
mit den Problemen der Liislichkeit von Theophyllin, Uberlappung der 
Resonanzsignale der Komponenten und moglichen Stiirungen von 
metallischen Verunreinigungen fertig zu werden. Bekannte Standard- 
und handelstibliche PrZiparationen wurden analysiert und die 
Ergebnisse mit denen anderer Verfahren verglichen. Bei der Anwen- 
dung auf die Bestimmung von Aminophyllin in Tabletten geht das 
Verfahren rasch und einfach; es ist spezifisch und zeigt einen Fehler 
von l-2%. 

5 

R&urn&-On d&tit une technique de RMN selon laquelle on dose 
simultan6ment la thdophylline et l’ethylenediamine dans des cornprimes 
d’aminophylline. On a choisi l’alcool t-butylique comme Btalon interne. 
le solvant &ant une solution a 4 % d’ammoniaque--O,3 % de cyanure de 
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potassium dans l’oxyde de deuterium. Le systeme de solvant a t%e se- 
lectionne en envisageant les problemes de solubilite de la Wophylline, 
le recouvrement des signaux de resonance des composants, et l’inter- 
ference potentialle d’impuretes metalliques. On a dose des etalons 
connus et des preparations commerciales et les resultats ont Bte com- 
par&s a ceux obtenus par d’autres techniques. La technique, lorsqu’elle 
est appliquee au dosage de I’aminophylline dans des comprimb, est 
rapide, simple et specifique et a une erreur de l-2%. 
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S--The stability of fO-t-lo-*N hypobromite solutions, 
stored in brown or colourless bottles at room temperature, has been 
investigated. A reaction mechanism of decomposition has been pro- 
posed and some practical conclusions have been drawn concemhtg the 
optimal method of preparation and the required frequency of control 
of hypobromite solutions used as an analytical reagent. 

SEVERAL authorsrd have studied the stability of hypobromite solutions during a per- 
iod of several weeks or months, but most of them did not take account of the formation 
of BrOs- during the decomposition: only the BrO- concentration and/or the total 
oxidizing capacity of the solutions are given so the internal composition (content 
of BrO-, BrOs- and BrO,-} remains partially or completely unknown. Only in the 
study by Hashm? are the concentration-changes of the three oxidizing components 
followed, but the decomposition curves given by this author show a rather unexpected 
irregular course. 

During a study with hypobromite solutions we worked out an accurate titration 
method of analysis for the three oxidizing components. XII this paper we report 
use of this procedure to investigate the stability of hypobromite solutions over the 
concentration range 10-1-10-3N. 

EXPERIMENTAL 

Apparatus 

The amperometric titrations were performed with the Metrohm E 261 R polarograph, using a 
rotating ~~oplatin~-indi~or electrode and an Ag/AgCl/satd KC1 reference electrode. 

Reagents 

All reagents were of analytical grade and the water was purified by ion-exchange. Buffer solution 
with pH 8.3 was obtained by the addition of hydrochloric acid to a borax solution. Standard 0-W 
arsenite was prepared by dissolving an exactly weighed quantity of arsenious oxide; O-01 and WOOlN 
arsenite solutions were obtained by dilution. 

Solutions ofhypobromite. Solutions of about 10-W (indicated as Si, S,, S,) were prepared by 
addition of 40 ml of 6N sulphuric acid to a solution containing 6 g of potassium bromate and 32 g of 
potassium bromide in 800 ml of water. After a reaction time of one hour 48 ml of 10&f sodium 
hydroxide were added quickly (solutions S, and S,) or slowly (solution S,) and the hypobromite 
solution obtained was diluted to 2 1. with water. 

Solutions, lb*N, (indicated as &, So. S,) were obtained by tenfold dilution with water of the 
solutions &, S, and So respectively. 

Solutions, 10-8N (indicated as S,, S,, S,) were obtained by hundredfold dilution whh O*OlM 
sodium hydroxide of the solutions S,, S,, and S, respectively. 

The pH, measured loathly after preparation, was 12-8 for the lo-IN h~bro~te solutions 
and 11.9 for the dilute solutions, 

Storage. All the solutions were kept at room temperature (23 f 1”); the solutions Si, Sa, S,, S,, 
S, and S8 were stored in brown bottles, the solutions S,, S, and S, in colourless bottles, To eliminate 
the influence of the quality of the glass on stability, identical bottles from the same tirm (Scott and 
Jena) were used after 1 week’s pretreatment with lo-IN hypobromlte. 

123 
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Determination of the BrO-, BrO,- and BrO,- concentration. A new procedure was used for the 
determination of the three oxidizing components in the hypobromite solutions. It is based on their 
reaction with arsenite or iodide at different pH. 

Determination of BrO-. For IO-IN solut‘ons, to 25.00 ml of hypobromite solution, O.lN arsenite 
is added until 1 ml before the eauivalence noint: after the addition of 25 ml of nH 8-3 buffer and 0.5 ml 
of @OS% Bromothymol Blue&as indicator, the titration is continued untii a colour change from 
yellow-green to blue-green is obtained. 

For 10-8-10-3N solutions, 25.00ml of hypobromite solution and lOm1 of pH 8.3 buffer are 
titrated with an equinormal arsenite solution and the equivalence point is detected amperometrically. 

Determination of BrOB. For lo-IN solutions, 5 ml of 20% potassium iodide solution are added 
very quickly (addition time tl set) to the BrO,- solution obtained after the determination of BrO-; 
the Is- formed is titrated with O.lN arsenite, with starch as indicator. A colour change from mauve 
to blue-green indicates the equivalence-point. 

For lO-*-lo-*N solutions, the same procedure is followed as for lo-IN solutions but the I,- 
formed is titrated amperometrically with a 0.01 or 09OlN arsenite solution. 

Determination of t&al BrO- + RrO, + BrOs-. For 10-l N solutions, 12 ml of 6M hydrochloric 
acid and 0.5 ml of 0.05 “/, Ouinoline Yellow solution are added to 25430 ml of O*lN arsenite and the 
solution is titrated with lhyiobromite until a colour change from yellow to colourless is obtained. 

For 10-a-10-3N solutions, 12 ml of 6M hydrochloric acid are added to 25.00 ml of 0.01 or 
OGOlN arsenite and the solution is titrated amperometrically with lo-* or lO+N hypobromite. 

Calculation of Br08- concentration. The concentration of BrO,- is obtained by subtracting the sum 
of the [BrO-] + [BrO,-] from the total oxidizing capacity of [BrO-] + [BrO,] + [BrO,-1. 

RESULTS AND DISCUSSION 

Procedure 

The hypobromite solutions (S&J were analysed as soon as possible (lo-20 
min after their preparation) and then after standing during 1,3 and 6 hr. The analyses 
were repeated after 24 hr and then at intervals of 3 or 4 days during a period of 29 
days; the results of some analyses are summarized in Table I; (a), (b), (c) and (d) 
refer respectively to [BrO-1, [BrO,-1, [BrO,-] and the total [BrO-] + [BrO,-] + 
[BrO,-1; the results are expressed in N x lo2 for the solutions Sr-S,, N x 103 for 
the solutions S,-S, and N x 104 for the solutions S,-&,. The lo-lN solutions (S,, S,, 
S,) were further investigated during a total period of 238 days and the results were 
set out in Figs. 2, 3 and 4. 

Initial composition 

The analysis during the first hours after preparation demonstrated that after 20 
min the internal composition of all hypobromite solutions has already reached an 
equilibrium and the solutions are ready for use. 

The data obtained in the analysis after 1 day (Table I) indicate that the initial 
internal composition of the hypobromite solutions is dependent on the rate of addition 
of sodium hydroxide to the acid bromine solution during the preparation: slow ad- 
dition (SrJ gives a low BrO- content and a high yield of BrO,- and BrO,-, while a 
fast addition (S, and S,) causes a higher BrO- content, the absence of BrO, and 
a smaller yield of BrOa-. The total oxidizing capacity, however, is not influenced 
by the rate of addition of alkali. 

The effect of varying rate of addition of alkali during the preparation of hypo- 
bromite, which was studied in a separate series of experiments, is illustrated in 
Fig. 1: with slower addition a continuous decrease of BrO- concentration and in- 
crease of BrO,- concentration occurs while the BrO,- content reaches a plateau 
with addition times >300 sets. This influence must be attributed to the instability 
of BrO-, BrO,-, HBrO and HBrO, in weakly acid and alkaline medium, which 
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FIG. f .--fnfluence of the addition time of NaOH (ta) 0x1 the wmposition of the hype- 
bromite solution. 

results in the partial ~ansfo~atio~ of these ~orn~o~ent~ into the stable BrO,- 
du~ng slow additiu~ of all&i. 

The variation of normality as a function of storage time (Table I) reveals a marked 
difference between analagous solutions kept in coiourless and brown bottles. The 
variations in concentration of the h~pobro~te solutions stored in brown bottles 
(S;, S,, A’,, S,, S,, S& can be explained qua~ta~ve~~ by a de~orn~o~i~on rn~~~~rn 
with two second-order reactions,&-* which is supported by the further stability 
investigation during 238 days: 

d f&O,-1 
BrO- + BrO,- % J&O,- + Br- 7 = kJBrCF]* - k,[BrO-] [BrO,-J 

x 4~rOcf 
dt 

= ftz@M3_l fBrO%-f 

In ~~~ordan~ with these reactions the internal composition ~conc~~tmtion of 
BrO-, BrQ,- and BrOs-) is more stable for the dilute solutions and the BrO,-- con- 
centration varies with mode of preparation (S, increase; 3, decrease). The total 
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TABLE I.-DECOMPOSITION OF H~P~BROMWE SOLUTIONS 

Solution 
and 

component 

Storage time, (days) 

I 8 15 22 29 

9.49 9-35 9.20 9.05 8.93 
0.01 0.12 o-22 o-31 0.42 
l-28 1.29 l-33 140 l-39 

10.78 10.76 10.75 10.76 10.74 

5.15 5.07 4-98 4.92 4-85 
1.58 1.53 l-49 1.48 1.45 
4*04 416 4.30 436 4.47 

10.77 10.76 10.77 10.76 10.77 

9.48 9-30 9.08 8.94 8-76 
0.01 o-10 0.17 0.23 O-28 
1.28 1.34 1.49 l-55 l-68 

10.77 10.74 10.74 K-I.72 10.72 

9.46 9.43 944 9.45 9.41 
0.02 0.02 O-04 0.05 0.04 
l-31 1.32 1.28 l-26 1.30 

10.79 10.77 10.76 10.76 10.75 

5.14 5-12 5.13 5.12 5.10 
1.60 1.59 1.59 1.59 1.58 
4.04 4.08 4-06 4.07 4.10 

10.78 IO-79 10.78 10.78 10.78 

9.43 9-26 9.01 8.83 8.57 
0.02 0.02 o-02 0.03 O-02 
l-31 l-44 1.61 1.73 194 

10.76 10.72 1064 10.59 10.53 

9.18 9.16 9.19 9.15 9.13 
0.04 0.03 004 0.05 0.06 
1.53 l-48 1.43 1.40 1.38 

10.75 10.67 10.66 10.60 10-57 

4.93 4.97 4-98 4.92 4.87 
1.63 160 l-61 1.60 1.60 
4-22 4.16 4.09 4.13 4.15 

10.78 10.73 10.68 10.65 10-62 

8.86 8.07 6.96 5.85 5cK-l 
0.04 OGI O-05 0.04 0.04 
l-59 2.03 2.53 3.09 3.38 

10.49 10.14 9.54 8.98 8.42 

oxidizing capacity is not influenced by the occurrence of these decomposition reac- 
tions; its very slow decrease for the 10-l-lO-eN solutions and somewhat more pro- 
nounced decrease for the 103N solutions must be attributed to catalytic reductionlo 
or reaction with impurities. 

The hypobromite solutions stored in colourless bottles are much less stable than the 
other solutions: the decomposition rate of BrO- by transformation into BrOs-, 
and the reduction rate of BrO-, resulting in a loss of total oxidizing capacity, are 
both increased by exposure to the light. In contrast to solutions stored in the dark, 
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FIG. 4.-Decomposition curves of a BrO,--free lo-IN hypobromite solution (S,) stored 
in a colourless bottle. 

in solutions stored in light the total relative variation of BrO- concentration becomes 
more pronounced with increasing dilution of the hypobromite solutions. 

Stability of 1PN solutions over a long period 

From the curves of [BrO-1, [BrO,] and [BrO,-] as a function of time for the 
solutions S, and S, (Figs. 2 and 3) approximate reaction rate constants kl and k2 
(I.mole-l.day-l) were determined: for solution S,, kl = 2.25 x 1O-2 and k2 = 31.1 x 
10°2, for solution S,, kl = 2.28 x 1O-2 and k2 = 30.9 x 10V2. 

The curves for solution S3 (Fig. 4) show an irregular pattern which is due to the 
varying light intensity during the period of storage. 

CONCLUSIONS 

With the proposed method of preparation, the 10-1-10-3N hypobromite solutions 
can be used practically immediately after dilution to the required concentration; 
a maximum yield of BrO- is obtained by a fast addition of alkali to an acid bromine 
solution, whereas the total oxidizing capacity (ZZ[BrO-] + [BrO,-] + [BrO,-1) 
is independent of the rate of addition of alkali. 

The study of the decomposition of hypobromite solutions demonstrates that storage 
in the dark is always recommended and becomes an absolute requirement for obtaining 
sufficient stability of dilute solutions (< 1e2N). The decomposition of solutions pro- 
tected from light is caused partly by two second-order reactions which result in a 
change of the internal composition by the formation of BrO,- and BrO,- and partly 
by a reaction with impurities whereby Br- is formed and the total oxidizing capacity 
is decreased. 



The decomposition of hypobromite solutions 1561 

For volumetric applications where [BrO-] and IZ[BrO-] + [BrO,-] + [BrO,-] 
are involved a daily check of the [BrO-] in lO-liV hypobromite is required; a weekly 
check of this component in 10-a-1WN hypobromite and of C[BrO-] + [BrO,] + 
[BrO,-] in lo-l-103N hypobromite is sufficient. 

Zusammenfassung-Die Stabilitat von Hypobromitliisungen 10-l- 
IO-SiV, aufbewahrt in braune odere farblose Flaschen, war kontrolliert. 
Diese Untersuchung erlaubte uns das Reaktionsmcchanismus der 
Zersetzung zu bestimmen und einige praktische Schliisse zu ziehen 
hinsichtlich die Optimale Bereitungsmethode und die erforderliche 
Kontrollefrekwentie von Hypobromitliisungen angewendet als 
analytisches Reagens. 

Rbum&La stabilite de solutions d’hypobromite lo-‘-lo-*N 
conservCes dam des bouteilles bruncs ou incolores a et6 contrtYbe a la 
temperature ambiante. Cette etude nous a permis de d&mminer les 
reactions de decomposition, et de tirer quelques conclusions pratiques 
concernant la m&ode optimale de preparation et la frequence 
n&essaire de controler des solutions d’hypobromite employees comme 
r&a&f analytique. 
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Summary-The technique of quantitative reflectometry is critically 
investigated, the model being the quantitative determination of nickel 
in aqueous media. Direct reflectance measurements can be made on 
commetially available nickel test-strips which develop a pink or red 
colour in the presence of nickel ions. 
50 ppm levels are 2.3-3.6x. 

Relative precisions at the 10 and 

THE DETERMINATION of materials in the form of spots on an absorbent paper or other 
inert support has been the subject of study for many years. Visual qualitative spot- 
tests of the type developed by Fe&l1 and his co-workers have provided the basis for 
many such studies, whilst quantitative aspects of both paper and thin-layer chromatog- 
raphy have been explored in detail. TananaeffZ used the term “spot calorimetry” 
to describe methods of direct measurement, but ‘~re~~tomet~~’ is considered more 
appropriate for the technique described in this paper. 

Early attempts to obtain quantitative data directly from spot-tests by reflectance 
or transmittance measurements yielded relative precisions of lO-20%.‘* In some 
cases, the poor precision can be attributed to variation in spot size, but results were 
little better when the spots were cormned within a pre-determined areaPsM Mali& 
considers that poor precision is due primarily to the variable physical properties of 
absorbent paper and that results achieved by eye are more reliable than those from 
instrumental measurements. In particular, the ring-oven technique of WeiszlO 
has achieved much success, owing to its simplicity, and can give relative precisions 
of 6-20 %. Investigations by other workers 11$12 have shown that large variations occur 
in detection limits for a number of spot-tests when different sources of filter-paper 
are used. Ayers l3 has studied spotting techniques and the effect of using different 
types of filter-paper on the determination of a variety of organic and inorganic species. 
Although an error of 2-5x was claimed, no details of precision were given. It is 
apparent that quantitative results obtained by use of conventional spot-test pro- 
cedures are often unreliable. 

Reflectance measurements on spots separated by thin-layer chromato~aphy have 
yielded relative precisions of 2.2-20 %. 
inorganic systems is given by 

A bibliography of applications to organic and 
Frei .l* However, the overall time for an analysis is 

usually at least l-2 hr, and the manipulations involved increase the risk of incurring 
determinate errors. Vaeck16 has used a chromatographic technique for the deter- 
mination of nickel in alloys whereby interfering elements move with the developing 
solvent, leaving the nickel spot almost at the origin. Uniformi~ of dist~bution of 
nickel over the initial spot area was achieved by applying the spot in 3M hydrochloric 
acid solution. After spraying with rubeanic acid or dimethylglyoxime solution, the 
reflectance of the dried nickel complex was measured spectrophotometrically. Rela- 
tive precisions of 14-3 % were achieved but the complete procedure took 5-6 hr. 

I563 
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The advantages of direct reflectance measurements are speed and simplicity, 
and the recent commercial availability of reagent-treated test-strips has prompted 
a fresh examination of this approach. The determination of nickel has been chosen 
to illustrate the capabilities of the proposed technique as test-strips are available 
which show a high selectivity for nickel ions. Each strip consists of a white plastic 
backing (O-55 x 6.0 cm) to which is attached a rectangular piece of white, reagent- 
impregnated absorbent paper (0.65 x O-60 cm) close to one end. On immersion in a 
solution containing nickel ions, the paper becomes coloured from pink to red de- 
pending on the concentration of nickel. For semi-quantitative work, a colour- 
matching chart is provided covering the range 10-500 ppm. 

THEORY OF REFLECTANCE MEASUREMENTS 

Kubelka-Munk equation 

The most widely accepted theory of diffuse reflectance is that developed by Kub- 
elka and Munk.16 A full account of this theory and the derivation of the basic equa- 
tion relating reflectance, absorption, scattering and concentration is given by Kor- 
ttim.l’ The Kubelka-Munk equation may be written in the form: 

F(R 
m 

) = (l - RaJ2 = _K 
2& s (1) 

where R, is the absolute diffuse reflectance of an infinitely thick opaque layer (in 
practice 0.1-100 mm depending on particle size), K the absorption coefficient and 
S the scattering coefficient. 

K and S have differing wavelength dependence, hence the equation holds only for 
monochromatic radiation. For low concentrations of absorbing species on an inert 
support (diluent) the value of S is determined solely by the diluent and can be assumed 
to be constant over a limited concentration range. Under such conditions, K is 
proportional to the concentration of the adsorbed species (cf: Beer-Lambert law for 
solutions) and the equation may be rewritten: 

F(R 

m 

) = (1 - &J2 = 2*303&. C 
X0 S 

(2) 

or 

F(R m ) = (’ - Rm)2 = constant x C 
2% 

where E is the decadic molar absorptivity and C the molar concentration of the 
adsorbed species. 

As in a solution system which obeys the Beer-Lambert law, adherence to this form 
of the Kubelka-Munk equation is indicated by linearity of a calibration curve. CUN- 
ature towards the concentration axis occurs at high concentrations and is attributable 
to an increasing proportion of regular reflectance. l7 Such reflectance increases with 
absorption coefficient, K, and particle size, which therefore determine the extent 
of the linear portion of the curve and the degree of curvature. Other effects may cause 
curvature at low R, values, and it has been suggestedI’ that caution be exercised in 
using values below O-6. 
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The precision of measurements is normally limited to 2-3 % by variations in hum- 
idity, but it may well exceed this level, owing to instrumental guctuations. The 
variation of relative error with reflectance, assuming a constant instrumental reading 
error, is similar to that observed for the Beer-Lambert law, i.e. 

dC (R,+l)dR, -= 
C (R, - 1)Rm 

When dCjC is plotted as a function of R, (Fig. l), a minimum occurs at R, = 
0.414. Reflectance measurements outside the range O-2-0.7 are thus subject to increas- 
ingly large instrumental reading errors. 

-24 - 

% 
FIG. 1 .-Relative error as a function of reflectance, dRm = 0.01. 

It shouId be emphasized that, like the Beer-Lambert law, the Kubelka-Munk 
equation represents a limiting case assuming low concentration, monochromatic 
radiation and a negligible degree of regular reflectance. Strictly, it applies only to 
absolute reffectance measurements (R,) obtained by measuring both samples and 
blank against an accepted standard of known high reflectance, e.g., freshly prepared 
magnesium oxide. Only if the diluent or adsorbed species shows very low absorption 
will a linear curve beobtained by plotting F(R'& against concentration (Rlq) represents 
reflectance measured relative to a blank of the pure diluent), Increasing curvature at 
low con~ntrations of adsorbed species will occur, the larger the absorbance of the 
diluent. For diluents with R, values greater than @95 the effect is insignificant. 

As an aid to the choice of an optimum concentration range for reflectance meas- 
urements, the reflectance values for standards may be plotted as a logarithmic function 
of concentration (Fig. 2). The curve is similar to a Ringbom plot for solution measure- 
mentsls*r* The linear portion indicates the optima concen~ation range and the 
slope is related to sensitivity and precision. The precision can be calculated for a given 
instrumental reading error, e.g., for a reading error of 001, i.e.; dR, = 0.01, 

dC d (log C) - . 100 = 20303 dR 
C OD 
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dC 2.303 
-.loo=- 
c slope 
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FIO. 2.-Ringbom plot for nickel complex at 547 f 1 nm. Two-minute immersion 
time; reference standard MgO. 

EXPERIMENTAL 

Reagents and apparatus 

Standard nickel solution, 500 ppm. Nickel chloride hexahydrate (2.024 g) dissolved in distilled 
water and diluted to 1 litre. Other standards were prepared by dilution as required. 

Nickel test-strips, “Merckoquant,” E. Merck. 
Magnesium ribbon. 
Unicam SP8OO recording spectrophotometer. 
Unicam SP890 d@se refectance attachment. 
Joyce-Loebl “Chromoscan” recording densitometer. 

Visible reflectance spectrum of the nickel complex 

Six test-strips were immersed consecutively in a lo-ppm nickel solution for 2 min (f 1 set), rinsed 
with distilled water and allowed to dry in air for about 1 hr. The six strips were trimmed to facilitate 
mounting on a 2+ x 3 in. white card to form a continuous coloured area approximately 4 x 4 in. 
The visible reflectance spectrum of the complex was recorded on the SP800 spectrophotometer, with 
freshly prepared magnesium oxide as a reference standard. Additional sets of six test-strips were 
prepared and mounted on cards, covering a wide range of nickel concentrations-O, 1, 2.5, 5, 25, 
50,100,150,250,350 and 500 ppm. The period of immersion (2 min), washing and drying procedures 
were carefully standardized. The reflectance spectrum of each set was recorded as before (Fig. 3). 
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FIG. 3.-Reflectance spectra of nickel test-strips (reference Mg.0). 

Optimization of conditians for quantitative measurements 

Ekfkctance moments were made on the Joyce-LK&~ “Chromoscan,” using a green filter 
(&,, 550 nm), rectangular slit 0510, cams C or D, and neutral density wedge O-20. The plastic 
backing of each strip was trimmed to facilitate mounting at right angles to the direction of scan, and 
held in position with the white plastic backing plate and elastic ~pl~re~g strap supplied with 
the sample holder. 

Immersion time. Single test-strips were immersed in O-100 ppm nickel solutions for times of 0.5, 
1.0, 1.5 and 2-O min (fl set), rinsed with distilled water and dried in air for about 1 hr. During 
immersion, the solutions were gently agitated by hand. Reflectance measurements are given in Table I. 

T,%aLE I.-EFFIXX OF 1~10~ 'rEMr3 ON RETLETANCE OF Ni ~GTIWC?J 

[Nil, ppm 0.5 min* 
Reflectance (cm.) 

I.0 min* 1.5 min* 2-O min* 

Notes 1. Re&ctance measured to nearest 0‘05 cm. 
2. Maximum pen travel is IS*5 cm. 
3. O-ppm (blank) set to zero. 

* Immersion time. 

Agitation of solutions. Two sets of five test-strips each were immersed consecutively in a lO-ppm 
nickel solution for 2 min, rinsed with distilled water and dried in air for about 1 hr. For the first 
set, the solution was agita&d gently with a magnetic stirrer; for the second set the solution was not 
stirred. The procedure was repeated for a SO-ppm solution and re3ectance ~~~n~ made as 
before (Table I& 

Dryiqq of test-strips. Five test-strips were immersed consecutively in a lo-ppm nickel solution for 
2 min, rinsed with distilled water and dried for 3 min with a hot-air blower. The procedure was 
repeated for a SO-ppm solution and re%&ance measurements recorded as before (Table II). 

Long-term stability of developed test-strips. Reflectance measurements on a number of test&rips 
covering the concentration range O-100 ppm were repeated at intervals over a period of three months 
(Table III). 
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TASLE II.-PRECISION OF REFLECTANCE MEASUREMENTS FOR Ni TEST-STRIPS 

Conditions 
Concentration of Ni, ppm 

10 50 

Solution stirred. 
Strips dried in 
air for about 1 hr. 

Mean 
s 
Relative 
precision 

Solution not stirred. 
Strips dried in air 
for about 1 hr. 

Solution not stirred. 
Strips dried for 
3 mitt with hot-air 
blower. 

Mean 
S 
Relative 
precision 

Mean 
S 
Relative 
precision 

5.5 
5.8 
5-o 
5.6 
5.1 
F5 
0.3& 
6.3% 

12.2 
12.1 
12.0 
12.6 
12.5 
izz5 

;:fs, 

3.85 11.6 
3.9 12.1 
3.7 12.5 
3.85 11.85 
4.0 12.15 
386 12-04 

9:$x ;:‘,4, 

3.65 
4.0 
3.9 
3.75 
3.75 
381 
0.1, 
3.6% 

12.05 
12.55 
12.1 
12.0 
11.8 
1210 

Notes 1. Instrument details as in Notes l-3 in Table I. 
2. Variation in blanks ~0.1 cm. 

IN 

3. Estimated standard deviation given by S = J 
N-l 

TABLE III.-VARIATION OF REFLECTANCE OF Ni TEST-STRIPS WITH TIME (MEAN VALUES FOR 
5 STRIPS)* 

[Nil, ppm 
0t 

Reflectance 
Relative 

2t w 4t lot s precision, % 

10 2.26 2.28 1.95 2.21 2.26 0.14 6.3 
25 4.80 4.74 4.51 4.73 4.31 0.2, 4.4 
50 7.26 7.19 6.94 7.10 7.10 O.l* 1.7 
75 8.98 8.90 8.64 8.84 8.51 O*lp 2.2 

100 10.24 9.94 9.80 9.98 10.01 0.1, 1.6 

* Instrument details as in Tables I and II. 
t Weeks since preparation. 

RESULTS AND DISCUSSION 

The visible spectrum of the nickel complex shows a broad maximum at 546 nm 
which shifts to 548 nm at higher concentrations (Fig. 3), an effect which could be due 
to an increase in particle size. The system obeys the Kubelka-Munk equation up to 
100 ppm of nickel but above this level there is curvature towards the concentration 
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axis (Fig. 4). The onset of curvature would be affected by the quality of the paper 
and conditions of formation of the complex, both of which affect particle size, which 
in turn affects the proportion of regular reflectance. Thus, for example, linear 
response could be extended to higher concentrations by decreasing the immersion 
time. However, the difficulty in timing short immersion periods accurately would 
result in poorer precision; one minute is considered to represent a practical lower 
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FIG. 4.-Kubelka-Munk plot for nickel complex at 547 f 1 nm. Two-minute immer- 
sion time; reference standard MgO. 

limit. A Ringbom plot (Fig. 2) confirms that the optimum concentration range, 
for the conditions used, has an upper limit of around 100 ppm and that the lower limit 
is around 5 ppm. The relative precision, calculated from the slope of the curve, 
is 2.8 %, assuming an instrumental reading error of O-5 %, and 5.6 ‘? for a reading error 
of 1%. Measurements need not be restricted to the linear portions of the Kubelka- 
Munk or Ringbom curves, but results will be less reliable and precision poorer out- 
side these limits. In addition, Fig. 1 demonstrates the importance of restricting refleo 
tance measurements to within the range O-2-0-7 to minimize instrumental error. 
The linear portion of the Ringbom curve falls within these limits. 

Optimum conditions for the preparation of strips for quantitative measurement 
were established, using the Joyce-Loebl “Chromoscan”, a double-beam instrument 
giving a repeatability of better than 1%. Measurements can be made on single 
test-strips, whereas six strips were required to give adequate response on the SP800 
spectrophotometer. The spots were scanned across the width of a strip, with a rec- 
tangular slit having an area (O-05 cm”) about l/7 that of the test area. The recorder 
trace thus represents the average reflectance from areas equivalent to that of the slit. 

6 
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Typical traces are shown in Fig. 5. A pronounced edge effect can be observed, owing 
to a higher concentration of the nickel complex around the edges of the test-strips. 
Uneven distribution of the adsorbed species is inherent in this type of system because 
of enhanced capillary flow near the exposed edges of the paper. The average re- 
flectance over the centre two-thirds of the recorder trace is assessed subjectively as 
shown by the broken lines in Fig. 5. Readings are in arbitrary units, as the design 

15.5 
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-- 
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25 IO 0 Ni p.p.m. 

-i‘;,-i,: 
FIG. S.-Scanning densitometer traces of reflectance of nickel test-strips, at 550 run. 

of the instrument does not permit a calibrated response in reflectance. However, 
scale expansion facilities using cams enable linear calibration curves to be prepared 
even when the Kubelka-Munk equation is not valid. 

A 2-min immersion time was selected so as to produce reflectance readings within 
the optimum range and without incurring significant timing errors. Immersion of the 
strips in unstirred solutions gave a more even distribution of the complex than did use 
of continuous stirring. This was particularly noticeable at the IO-ppm level and 
resulted in poorer precision (Table II). At the 50-ppm level, uneven distribution was 
again noticeable and the good precision is considered to be fortuitous. No significant 
differences were observed between those strips which were dried in air for 1 hr and 
others which were dried with a hot-air blower for 3 min (Table II). Relative precision 
for unstirred solutions is between 2.3 and 3*6%, which agrees well with the value of 
2.8 % calculated from the Ringbom curve, for a O-5 % reading error. 

The stability of strips covering the concentration range 10-100 ppm, with respect 
to changes in retlectance over a period of several months, is good (Table II). Relative 
precision is comparable to that for sets of freshly prepared standards. The variation 
observed is thought to be due primarily to changes in humidity. Further checks 
will be made on these particular strips from time to time to assess stability over a 
longer period. 

CONCLUSIONS 

It has been shown that quantitative information can be obtained by direct re- 
flectometry using commercially available test-strips for nickel. Relative precision 
for sets of five standards at the IO- and 50-ppm levels is between 2.3 and 3.6%. 
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The overall time for the procedure is under 10 min and the long-term stability of 
prepared standards allows instrument calibration checks to be made very rapidly. 

As test-strips for other species in solution become available, it should be possible 
to develop similar quantitative procedures. Direct reflectometry as described in this 
paper should be capable of further refinement and it is hoped that it may eventually 
become a satisfactory alternative to some of the well-established methods of quanti- 
tative trace analysis. 

Acknowledgement-1 should like to express my gratitude to Professor E. J. Shellard of Chelsea College 
of Science and Technology for the use of the Joyce-Loebl “Chromoscan.” 

&tsammenfasstmg-Das Verfahren der quantitativen Reflekto- 
metrie wird kritisch untersucht; als Model1 wird die quantitative 
Restimmung von Nickel in w;iDrigen Medien verwendet. An k&r- 
Ilichen Nickel-Teststreifen k&men direkte Reflexionsmessungen aus- 
gefuhrt werden: sie zeigen in Gegenwart von Nickelionen eine rosa 
oder rote Farbe. Die relativen Genauigkeiten bei 10 und 50 ppm sind 
2,3-3,6 %. 

R&ura6-Gn a Btudi6 de man&e critique la technique de r&ctom&rie 
quantitative, le modele &ant la determination quantitative du nickel 
en milieux aqueux. Des mesures de r6flectance dies peuvent Btre 
faites sur des lamelles r6actives de nickel commercialement disponibles, 
qui developpent une coloration rose ou rouge en la presence d’ions 
nickel. Les p&&ions relatives aux niveaux de 10 et 50 p.p.m. sont 
2,3-3,6 %. 
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Summary-Chromium(III) is oxidized to chromium(VI) at room tem- 
perature or by conventional persulphate oxidation. The chromium(V1) 
is separated from other metal ions by retention on a small anion-ex- 
change column, and then eluted with a perchlorate solution and meas- 
ured spectrophotometrically with a flow-through cell. The method is 
rapid, selective and amenable to automation. 

ADAM AND P~BIL~ have pointed out that direct calorimetric determination of chro- 
mate or dichromate, though less sensitive than with the diphenylcarbazide reaction, 
is more free from interference by other metal ions. These authors used a solvent ex- 
traction technique to avoid certain interferences and to achieve concentration of the 
chromate. 

Present anion-exchange separations of chromium(II1) are not easily adapted to an 
instrumental cycle since the resin is not maintained in a single form or the chromium 
is not retained completely. 2 Chromium(V1) separations3 require solution conditions 
for sorption which are difficult to attain after sample dissolution and oxidation. 

Recently a forced-flow liquid chromatograph was used for the rapid separation 
and determination of small amounts of iron .4 With the aid of a calibration curve, 
the amount of iron was determined simply by measuring the height of the peak eluted. 

This apparatus and principle have now been applied to the determination of chro- 
mium. The method described uses strong-base anion-exchange resin in only the per- 
chlorate form to achieve separation from most other metal ions in a short (lo-min) 
analysis cycle for chromium(VI). Solution conditions for sorption and concentration 
permit use of standard persulphate, periodate or cerium(IV) oxidation procedures. 
Selectivity of the method for chromium is shown by analysis of National Bureau of 
Standards samples containing many other metal ions. The detection system uses the 
absorbance of chromium(V1) at 360 nm to achieve sensitivity in the l-10 pg range for 
sample volumes from 40 ,ul to 5 ml, without amplification of the spectrophotometer 
signal. A commercial detector with photomultiplier at 254 nm is sensitive to 25 ng of 
chromium(V1) in the absence of large amounts of nitrate or sulphate. 

Apparatus 
EXPERIMENTAL 

The liquid chromatograph described earlie+ was used. For a limited number of studies, a Chroma- 
tronix Model 200 UV detector was used. This has a 253.7-mm mercury-line source and a l-cm 
light-path, 8-,4 dead-volume flow-through cell. It is a double-beam differential photometer with a 
photomultiplier which can be attenuated from 0.01 to O-12 absorbance units full scale, with a linear 
dynamic range from 09001 to 3.0 absorbance units. 

Reagents 

Rohm and Haas Amberlyst A-26 strong-base anion-exchange resin was ground wet and sieved 
while moist, to yield a 140460 mesh fraction. Approximately O-5 g of this was slurried with 25 ml of 

* Present address: Water Analysis Research Laboratory, Hach Chemical Company, Ames, 
Iowa 50010. 
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the acidic 0+4M sodium perchlorate described below. After 3-min settling the tines were decanted. 
The decantation procedure was repeated until the supematant liquid was clear. 

A pH-3.75 eluent was prepared by adding perchioric acid to distilled water until the solution 
reached the required pH, as measured by pEGmeter. 

The @4M sodium perchlorate eluent was prepared by acidifying the sodium perchlorate solution 
to pH 3.75 with perchloric acid. 

CWic ammonium nitrate was dissolved and diluted to volume with 1Mnitric acid to give a 0.018M 
cerium(IV) solution. 

Standard reference materials 
The treatment of each sample is described below. 
Acid Open-Hearth Steel 2OF. The sample was dissolved according to a standard procedure,~ 

with the minimum necessary amounts of acid. A ZO-ml portion of sulphuric-phosphoric acid mixture, 
(160 ml H,SO, + 80 ml H,PO, per litre) was added and heated. After dissolution, 5 ml of nitric acid 
were added cautiously and the solution was boiled to remove most of the excess of water and nitric 
acid. The salts were taken up in 50 ml of 1Mnitric acid. Silver nitrate solution (2 ml, 1.0% w/v) and 
20 ml of freshly prepared ammonium persulphate solution (15 % w/v) were added, then the solution 
was boiled for Xl mitt, the volume being maintained constant with water. The solution was cooled, 
diluted to volume with IM nitric acid and analysed within 20 min. 

AIum~nium Alioy 85A. The sample was diisolved according to a standard procedure for non- 
ferrous alloys,6 with 10 ml of nitric acid and 2 drops of hydrofluoric acid. Dissolution was slow, so 
1 ml of 30% hydrogen peroxide was added dropwise. After complete dissolution, 3 ml of 
sulphuric acid were added and the solution was evaporated till fuming. Then 25 ml of IM 
nitric acid, 2 ml of 1% silver nitrate solution and 4 g of ammonium persulphate were added. The 
solution was boiled for 20 mitt, the volume being kept constant with water, then was cooled, diluted 
to volume with 1M nitric acid and analysed within 20 min. 

Wasp&y (AT, Cr, Co) 349. Dissolution followed the same procedure as for alloy 85A above. The 
cooled solution was transferred to a volumetric flask, 50 ml of @017M cerium(iV) in 1M nitric acid 
were added, and the solution was diluted to volume. Oxidation was done 15-20 min before the main 
analysis. 

Standard chromium solution. A 0.05298M standard chromium@II) stock solution was prepared by 
dissolving Raker Analytical Reagent CrCI,. 6HsO (assay 99.Oy> in water and 10 ml of nitric acid. 
The solution was evaporated to dryness, the residue dissolved in nitric acid and taken to dryness again 
to remove chloride, the evaporation treatment being repeated a third time. The salts were redissolved 
and the solution diluted to volume with 1M nitric acid. The solution was standardized by the persul- 
phate oxidation method with use of a primary standard potassium dichromate solution and diphenyl- 
amine sulphonate indicator instead of permanganate. 

Procedure 
The 63-mxn bore analytical column was filled with O-25 g (weighed dry after use) of W-160 mesh 

perchlorate-form Amberlyst A-26 shuried in 0*4M sodium perchlorate, pH 3.75. This gave a column 
bed l-8 cm long, having a total capacity of appro~ma~ly 15 meq. A typical chromium sample 
would contain 1 x 1O-4 meq of ~~0~~~. 

The detector was set at 360 mu, with a stray-light filter and a tungsten source. The pressure was set 
to give a flow-rate of 3.0 ml/min for the acidic 0*4M sodium perchlorate eluent used to strip chromium 
(VI) from the column. The sorbing medium (perchloric acid, pH 3-75) was allowed to pre-equilibrate 
the column for 2 min before injection of a 05%ml sample in approximately 0.5-l&f nitric acid. 
After 55 min the sample injection valve was returned to the by-pass loop mode to gather another 
aliquot in the sample loop, At minute 6 the acidic 0*4M sodium perchlorate flow was started and 
chrome was eluted; the Peak was obtained within 7 mln from the beginning of the c~omato~aphy 
At minute 10 equilibration was started for the next sample. 

By means of the peak height obtained, the amount of chromium in the sample was read from a 
calibration curve prepared with standard solutions by the same procedure. 

RESULTS 
Oxidation 

C&urn(N) oxidizes5 chromium(II1~ to chro~um~) at room tem~rature.e 
The chro~um~) anion is separated from the excess of cerium(IV) on the anion- 
exchange column. The oxidation of chromium(II1) is rapid in dilute perchloric acid, 
or nitric acid, but slower in sulphuric acid. ’ Nitric acid was chosen for sample dis- 
solution and the oxidation step because chromium(VI) is not retained on the resin 
from a solution containing enough perchloric acid for the oxidation. 
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The chromium can be oxidized with in-stream addition of cerium by means of a 
mixing chamber,B provided a delay loop is used to alloy sufficient time for the oxi- 
dation. Figure 1 shows that 2 min is required for in-stream oxidation of chromium 
(III) under these conditions. 

In the presence of fairly large amounts of manganese(II), cerium(IV) oxidation 
produces a precipitate of manganese dioxide. For this case and for oxidation of chro- 
mium in general, oxidation with persulphate is satisfactory, although it requires 
heating. 

Conditions for separation 

Resin. Initially a weak-base anion-exchange resin (Rohm and Haas A-21) was 
used to permit rapid elution of the chromium(W) anion with dilute base. However, 
part of the chromium(VI) was reduced by the resin under the conditions employed. 
Sussman et al9 encountered similar difficulty with chromium(W) on a weak-base 
anion-exchanger. A macroreticular, strong-base anion-exchanger, Rohm and Haas 
A-26, was found satisfactory. 

Acidity. Chromium(VI) is retained by the A-26 resin in a tight band from 1M 
nitric acid (used in the oxidation step) or from more dilute acid. The ultraviolet spec- 
trum of chromium(V1) changes appreciably with changes in acidity, indicating that a 
variety of chromium(VI) species is present. In perchlorate media between pH 2 and 4 
the spectrum is due solely to HCr04. lo For this reason, perchloric acid at pH 3.75 was 
used to equilibrate the column before injection of the sample and to wash ions other 
than the chromium(V1) anion from the column. 

Eluent. Selectivity of the anion-exchange resin in the perchlorate form for chro- 
mium(VI) is an important consideration. Except in large concentrations where mass 
action becomes important, chemical interference is limited to anions of acids, which 
are stronger than H,Cr04 (pK O-75).” 

Time from mixing to injection, min 

J!IQ. I.-Time required for oxidation of chromium(III) by cerium@V.) 
Conditions: 208 x lo-‘A4 cerium(III) and (IV); 2.97 x 10+4 

chromium(IU) and (VI) in 0*75&f nitric acid. 
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The only common mineral acid anion which will rapidly displace chromium(V1) 
from a strong-base anion-exchange resin at low acidity is perchlorate. Reasons for 
this extremely high selectivity coefficient of perchlorate have been discussed.ll A 0.4M 
sodium perchlorate solution adjusted to pH 3.75 with perchloric acid was selected as 
the lowest concentration able to strip chromium(V1) rapidly from the resin and pro- 
duce a single coloured species for detection. 

Analysis cycle time. The effect of the analysis cycle time on peak height was 
studied to determine a minimum cycle time. Each phase, pre-equilibration, injection 
and stripping, was varied in turn while the remaining two were held constant. 

Changing the time from sample injection to stripping shows the greatest effect. 
Peak height decreases as the band spreads by diffusion. An initial change in peak 
height reflects slow conversion of various chromium(V1) species into a single one. 

Detection wavelength. A fixed-wavelength detector at 254 nm with a photomulti- 
plier provides a sensitive method for detecting chromium(V1) in the eluent. In the 
absence of significant concentrations of nitrate and sulphate, the detection limit, 
where signal:noise is 2.0, was reached at 25 ng of chromium(W) in a 5-ml sample, 
with scale expansion to 0.01 absorbance unit for full-scale deflection. 

Because nitrate (0*5-l*OMnitric acid) interferes at 254 nm, a wavelength of 360 nm, 
where it does not, was used. A calibration curve for 360 nm prepared by oxidizing 
standard chromium(II1) solution with cerium(IV) in 5-fold stoichiometric excess is 
shown in Fig. 2. The deviation of the curve from a straight line at higher concentra- 
tions may be the result of the monomer-dimer equibrium of chromium(VI).12 Cur- 
vature at lower concentrations is caused by using peak height rather than area, since 
the peak base-width remains nearly constant. 

Separations 

A typical chromatogram is shown in Fig. 3. This figure illustrates the lo-min 
cycle used for separation of chromium(VI) from a sample. The column equilibrated 
with perchloric acid (pH 3.75) for 2 min, then the sample is injected. The peaks at 
about 2.5 min are due to copper(I1) and iron(II1) in this sample. At minute 6, the 
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FIG. 2.-Calibration curve for chromiumo?) at 360 nm. 
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Fro. 3.-Typical chromatogram of chromium analysis. 
Conditions: sample NBS 85A, 157.0 mg/50 ml; 

0.514-ml loop; detection at 360 nm. 

elution of the chromium(V1) is started with acidic 0.4M sodium perchlorate; the 
chromium peak occurs at minute 7. By minute 10 the absorbance has returned to the 
baseline and the next sample cycle can begin. 

Results for analysis of three National Bureau of Standards samples containing 
chromium are summarized in Table I. In each case the weight of sample taken for 
analysis was varied so that a 0.514-ml loop containing the appropriate amount of chro- 
mium could be used for the calibration curve. Three replicates of each were analysed. 

For Alumimium Alloy 85A and Acid Open-Hearth Steel 20F the precision is 
comparable to that shown on the Certificate of Analysis, Precision for Waspaloy 349 
was not indicated by the Provisional Certificate of Analysis with the sample. For 
steel analysis the result was 4 % relative higher than that of the Certificate or 2 % rela- 
tive higher than that of the NBS analyst. Interference studies indicate that this is due 

TASL~ I.-Rasv~n FOR ANALYSIS OF NATIONAL BUREAU OF STANDARDS CHROMIUM SAMPLES 

Sample type 
NBS 
No. 

Relative 
NBS Our Std. devn. std. devn. 

Oxidant analysis, %Cr analysis, %Cr %Cr % 

Acid Open Hearth Steel 2OF (NH&&O, 0097 0.101 00021 Aluminium Alloy 85A (NH.M,O, 0.231 0,232 0.0055 ;:: 

Waspalow (Ni, Cr. Co) 349 Ce(IV) 19.50 19.47 0.308 1.6 
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to the excess of permanganate over chromium(V1). No attempt was made to reduce 
this selectively with hydrochloric acid as in the titrimetric procedure. 

Oxidation of chro~~(III) with cerium(IV) in standard sample preparation was 
used only with Waspaloy 349. For the other samples containing manganese in much 
larger amounts than chromium, a precipitate of manganese dioxide formed. Although 
the solution was filtered, chromium results were low. Oxidation with ammonium 
persulphate proved satisfactory. 

TABLE K-NATIONAL BURRAU OF STANDARDS CERTEKATE 
OF ANALYSIS FOR CHROMIUM SAMFLtES 

Element NBS 20F. % NBS 85A, % NBS 349, % 

Cr 
Al 
B 
Ca 
co 
CU 
Fe 
Ga 
Pb 

Mg 
Mn 
MO 
Ni 
Nb 
P 
Si 
S 
Sn 
Ta 
Ti 

:: 
Zn 
Zr 

0.097 

0.238 
Matrix 

0.754 
0.058 
0.243 

0.028 
0.299 
0.034 
0021 

0.007 

0.231 
Matrix 

@Ol 

2.48 
0.208 
0.01 
0.002 
1.58 
0.66 

0.41 

0.114 

<O.OOl 

0.016 
O@ol 

0.019 

1950 
1.23 
0.0046 

13.95 
0+)06 
0.13 

0.43 
4-04 

57.15 
<O.Ol 

0.002 
0.29 

<o-o1 
3.05 

<o-o1 

0.081 

Specificity of this procedure for ~~omium(VI) is indicated by the elemental anal- 
ysis of the NBS samples shown in Table II. In a nitric acid sample, elements forming 
strong nitrate complexes show chemical (column overloading) interference. In nitric 
acid <lM these are limited to molybdenum(VI), palladium(II), rhenium(VII), gold- 
(III), mercury(II), thallium(I), bismuth(III), neptunium(IV) and plutonium(IV).~ 
Another anion interfering chemically is permanganate. Permanganate was retained 
in a highly coloured band by the column in standard sample analysis and was desorbed 
only by repeated injections of perchloric acid (1 + 1) into the stripping eluent. No 
detrimental effect on the resin was apparent. 

Zusamme&ssung-Chrom(III) wird bei Raumtemperatur oder mit 
der tiblichen Persulfatmethode zu Chrom(VI) oxidiert. Das Chrom(VI) 
wird durch Adsorption an einer kIeinen Anionenaustausch-SBule von 
anderen Metallionen getrennt, mit einer Perchloratlosung eluiert und 
s~ktrophotomet~sch in einer. Du~fl~zelle gemessen. Das 
Verfahren ist rasch, selektiv und fiir die Automatisie~g gee&net. 

R6sum’:Le chrome(III) est oxydb en chrome(W) a temperature 
ambiante ou par oxydation habituelle au persulfate. Le chrome(W) 
est s&pare des autres ions metalliques par retention sur une petite 
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colonne &.%angeuse d’anions, puis 61~6 avec une solution de perchlorate 
et mesun?. spectrophotom6triquement avec une cellule B ecoulement 
continu. La methode est rapide, s6lective. et peut &re r-endue 
automatique. 
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Sumnary-A survey has been made of procedures, chemical and 
biochemical, for the separation and estimation of melatonin, the 
active constituent of the pineal gland. In view of the extremely small 
amounts of material generally present, discussion is built around 
chromatographic and spectroscopic techniques leading to a comparison 
with assays based on the skin-blanching effect of the hormone. 

THE INDOLE DERIVATIVE melatonin (~-acetyl-~-methoxytryptamine, II in Fig. I) has 
been characterized as the active constituent (hormone) of the pineal gland, a small 
conelike structure situated between the cerebral hemispheres of the mammalian brain. 
Until recently actions attributable to the pineal gland have been little understood, but 
a considerable volume of information on its function is now being accrued, including 
discussions on the relationships between age and weight of the gland and malignan~y~ 
as well as on the use of melatonin as an adjunct in the treatment of rhabdomyo- and of 
osteogenic sarcomas,2 thus lending interest to the establishment of adequate methods 
of analysis. 

It has been known for over fifty years that mammalian pineal tissue contains a 
substance extremely potent in effecting blanching of amphibian and fish melanocyte 
tissue.3*P*6 An aqueous extract of (50,000) lyop~lized beef pineal glands, when 
submitted to selective extraction by ethyl acetate followed by countercurrent treat- 
ment of a concentrate, gave 40 pg of a pure active constituent, the structure of which 
(II) was suggested by a combination of spectroscopic evidence, chromatographic 
behaviour and reasoned deduction from comparisons of biological activity with that 
of other derivatives.6 The structure was later confirmed by comparison with synthetic 
material.‘*s 

In considering the problems of its determination it is important to recognize that 
melatonin is only one of a series of indole derivatives present, which include serotonin 
(5hydroxytryptamine, I) Q1Xo5- hydroxy- and 5-methoxyindole-3-acetic acids {III andIV 
respectively)rrJ” together with Emethoxytryptophol (V).13 The inter-relation of these 
materials is shown by the schematic representation in Fig. 1, in which the sequences 
leading to the formation of melatonin should be observed. 

It was noted that the extract of pineal glands, in preventing the darkening of frog 
skin by the melanocyte-stimulating hormone, was at least 60 times as active as 
adrenaline or noradrenaline, 200 times as active as tri-iodothyronine and 5000 times 
as active as serotonin, thus reinforcing the need for specific characterization and 
methods of estimation. The scale of the analytical problem in this field is shown by the 
fact that based on the hydroxyindolsO-methyl transferase (HIOMT) activity of 
pineal tissue, it has been calculated that the output of the metabolite, B-hydroxy- 
melatonin, would be less than 7 pug per day.14 

Melatonin is only very slightly soluble in water but is readily soluble in most 
1581 
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RIO. L-Inter-relation of pineal indoleamhes and derivatives. 

organic solvents and consequently may be extracted from biological materials by 
ethanol, acetone, chloroform or ethyl acetate. It has recently been found’s that 
recoveries of more than 80 % may be achieved from serum, either by direct extraction 
with ether or by continuous extraction with ethyl acetate. Such procedures will 
remove other indoles plus a great variety of materials normally present in serum. 
Thus it has been claimed that melatonin, which is chemically neutral, may be separated 
from acidic and basic substances by suitable treatment with dilute alkali and acid 
respectively. l6 However, these procedures must be treated with care if melatonin at 
the microgram level is not to be lost. 

CHROMATOGRAPHIC PROCEDURES 

In view of the small quantities to be determined it has been inevitable that chrom- 
atographic techniques have been well investigated as final steps in separation and 
estimation procedures. 

Paper and thin-layer chromatography 

Structural solute/solvent relationships are illustrated in the design of systems for 
these techniques. Thus in accordance with the polar properties of the solute, higher 
RF values are obtained with polar organic solvents, alcohols, chloroform or ether, 
than with non-polar hydrocarbons (Table I). 

It will be seen that addition of water to alcoholic solvents, acidic or basic, is 
necessary to reduce RF values to a useful range. Sensitivity of detection on paper 
chromatograms is about O-5 pg. 

A comparison has been made of the RF values of melatonin and serotonin with 
those of other indoleamines of biological origin.la 

16 Some attention has recently been given to reversed-phase chromatography in 
attempts to provide a system with a greater spread of RF values over the series of 
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TABLE I.-PAPER CHROMATOGRAPHY OF ME~TONIN 
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Solvent systems Proportions Rp for melatonin Remarks Refs. 

1. Alcohols 

(a) acidic mixtures 
n-butanol-acetic 
acid-water 

(b) basic mixture 
isopropanol-5 % 
ammonia 

4:2 

isopropanol-am- 1O:l:l 0.86 
monia-water 16:1:3 0.83 

n-butanolacetic 
acid-water-pyridine 

2. Hydrocarbons 
Heptane-pyridine 
benzene+thyl 
acetate-water 

3. Aqueous salt solution 
20 % potassium 
chloride 

4:1:5 

12:3:5 

15:5:12:10 

7:3 
20:1:20 

0.81 
0.89 High RF value allows separation 

from 5-methoxytryptamines and 
hydroxyindoles 

0.90 
0.90 Note no effect produced with 

reduced proportion of water 

0.87 Serotonin 0.49 

Used for separation of metabo- 
lites 6-hydroxy glucuronate Rp 
0.22, sulphate RB 0.55 

Slight change only in Ra with 
increased amount of water 

0.9 

0.1 
0.39 

0.39 

6,7,17 

18 
19 

20 

21 

6 

7 

7 

20 

derivatives. With Whatman No. 1 paper impregnated with liquid paraffin the influence 
of various mixtures of methyl alcohol and water on RF values was determined. It 
became apparent that although the R, value of melatonin is related to the strength of 
the methyl alcohol-water mixture, falling as the alcohol content is reduced, neverthe- 
less the system does not lead to good separation from other tryptamine derivatives. 
The influence of the stationary phase itself, apart from slightly lowering the RF 
values with comparable solvents, is somewhat negligible and the control of the system 
is dominated by the solvent mixture. 

Use of isotopes has been applied to the study of tissue metabolites following 
intravenous injection of (a) acetyPH, (b) 2J4C or (c) methoxyJ4C labelling of 
melatonin. With 3-MM paper and isopropanol-5% ammonia, (2:1), as developing 
solvent, two peaks, R, values O-22 and O-55, were identified as the glucuronate and 
sulphate conjugates respectively of 6-hydroxymelatonin, accounting for 5 % and 
70-80 % of administered radioactivity. 21 In this experiment an appreciable fraction 
(12%) of the radioactivity was attributed to an oxidation product (RF O-8), later 
characterized as 6-hydroxymelatonin itself. 2s In addition, 5-methoxyindole-3-acetic 
acid, accounting for 0.5 % of the activity, has been identified by using the n-butanol- 
acetic acid-water, (4:l :l) system on l-MM paper.* 

* This result leads to the alternative that 5-methoxyindole-3-acetic acid found in pineal body 
arises either by deacetylation of melatonin followed by deamination or by 0-methylation of 
5-hydroxyindole-3-acetic acid, possibly by HIOMT. 
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It should be noted that the characteristic RF values of melatonin may be modified 
on both paper and thin-layer chromatograms when the material is recovered from 
samples containing lipid material. If the latter is present as in direct solvent extraction, 
melatonin is held back, leading to formation of streaks rather than spots.= 

The problem of tracing melatonin administered in animal experiments is enhanced 
by the fast rate of metabolism as illustrated by the rate of disappearance in the 
mouse.21 Thus there will probably be a need for methods for endogenous rather than 
exogenous melatonin, and a key to the development of these are methods for 6- 
hydroxymelatonin and its conjugates in human urine.14 

Silica gel and polyamide have been used in thin-layer chromatography (Table II). 
The use of silica gel follows normal practice and the application of polyamide is 
logical in view of the structural features of the substrate. With this technique a 
variety of organic solvent mixtures has been used but it has been claimed that two- 
dimensional chromatography is necessary to achieve a specific separation of melatonin. 
Moreover prior spraying of the thin-layer with 0.5 % methanolic ascorbic acid solution 
is considered to enhance the stability of melatonin during chromatography.27 

A summary of the chromatography of melatonin relative to a series of (N- methyl- 
ated) tryptamines with one basic and one acidic solvent, has been presented.20 Lower 
RF values were given by the unacetylated amines with the acidic solvent. 

Ion-exchange and gel chromatography 

These procedures (Table III) have been mainly used as part of clean-up procedures. 
The efficiency of Sephadex-25 in separating melatonin from other components of 

aqueous extracts of pineal glands has been measured against a synthetic mixture 
consisting of a macromolecule, “blue dextran” (molecular weight about 2 x 106) 
sodium chloride (representative of a small molecule) and melatonin. Fractions 
elutcd with distilled water were tested for activity in the blanching reaction.2s Distri- 
bution coefficients for the blue dextran and sodium chloride were 0 and 1 respectively, 
but Kd for melatonin was 243 following adsorption due to the indole nucleus. The 
correspondence of elution volumes in the control with those of the biological samples 
provides an inferential method of detection of melatonin (Fig. 2). 

TABLE II.-THIN-LAYER C~~M.~T~~RAPH~ 0~ ~LATONIN 

Adsorbent 

Silica gel G 

Solvent system 

1. Acidic solvents 
n-butanol-acetic 
acid-water 

2. Basic solvents 
isopropanol- 
ammonia-water 

Pro- RF for 
portions melatonin Remarks Refs. 

12:3:5 0.90 Serotonin RF 0.70 20,21 

8:l:l 0.92 Serotonin Rp 0.68 

Silica gel F254 isopropanol- 
ammonia-ethyl 2:1:7 
acetate _ 

Silica gel G 3. Two-dimensional 
(i) methyl acetate- 9:7:4 

isopropanol- 
25 % a&monia 
chloroform- 7:3 

17 

Used for separation 14 
from sulphate and 
glucuronate of hydroxy- 
melatonin 

\ methanol 
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TABLE II (Contin&) 

or 

(i) benzene- 1:l 
acetone 

(ii) ethyl acetate 

4. Simple organic 
solvents 
chloroform-meth- 
an01 

9 : 1 0.34 

chloroform-meth- 85:15 
an01 

Silica gel two- 
dimensional 

(i) methyl acetate- 45:35:20 
isopropanol- 
25 % ammonia 

Polyamide 

(ii) chloroform- 
methyl alcohol- 
acetic acid (two 
l%SeS) 

(iii) chloroform- 
acetic acid 

chlorofo~~thyl 
acetate-acetic acid 
chloroform-acetic 
acid 

ether-acetic acid 

80 % formic acid- 
water 

Used in preparation 14 
of fl-14C melatonin 

Detected decomposi- 
tion products as addi- 
tional spots, higher 
.RF value than mela- 
tonin 

0.85 Used as two-dire+ 24 
tional system, claimed 
nearly specific for 
melatonin, with quan- 
titativerecovery; sep 
arates from S-meth- 
oxytryptamine, 5- 
hydroxyindole-3- 
acetic acid, N-acetyl- 
serotonin, serotonin 

93:7:1 Separation Residual acid from 25 
good the tirst solvent im- 

proves separation of 
melatonin following 
use of second solvent. 
Ascorbic acid in- 
cluded in loading sol- 
vent. Detection by 
spraying with ethan- 
ol-hydrochloric acid, 
followed by oxidation 
and colour formation 
on exposure to air 

95:5 0.16 Prespray with 0.5% 
ascorbic acid solution 
as protective agent 

7:2:1 0.75 26 

9:2 0.80 

9:2 0.81 

1:2 0.38 
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TABLE III.-ION-EXCHANGE AND GEL CHROMATOGRAPHY 

System Solvent Remarks Refs. 

Dowex 50 WX 2 (hydrogen form) Eluted by O.lM am- 
monia in 65% ethanol 

Sephadex G25 Water 

G15 Loaded from aqueous 
solution, eluted with 
O.OlMsodium chloride 
adjusted to pH 4 with 
hydrochloric acid 

GlO Elution pattern for 
metabolites: 0.1M 
hydrochloric acid and 
0.02M ammonia, sep- 
arated by small vol- 
ume of water, are used 
in that order 

GlO (short column, 17 cm) Elution with O.OlM 
sodium hydroxide 
after equilibration 
with same solvent 

GlO (long column 143 cm) Pretreated with 0.2M 
pyridine-O.05M acetic 
acid. Equilibrated and 
eluted with 0.01M 
sodium hydroxide 

Elutes all indoleamines 
for later paper or thin- 
layer separation 

Elution volume 70- 
lOOmI in various 
samples 

Elution volumes: tryp- 
tamine 115 ml, mela- 
tonin 13Oml, 5-meth- 
oxytryptamine 148 ml, 
serotonin 157 ml 

Shows differential 
action from G-25 

Melatonin appears as 
separate peak for 
pineal extracts as 
follows. Peak 1, mix- 
ture of 5-hydroxyindole 
acetic acid, tryptophan, 
indole acetic acid, 5- 
methoxyindole acetic 
acid 
Peak 2 melatonin 
Peak 3 5-methoxytryp- 
tophol, tryptamine 

Position of melatonin 
confirmed 

Blue Sodwm 
daxtron chloride Melotonin 

IIzl R 

0 20 40 60 i 80 :100 120 140 ml eluate 

Epiphysis Cow 

Ediphysis Lamb 

20 

28,29 

30 

31 

32 

FrG. 2.-Gel chromatography of melatonin. The lower part of the diagram shows the 
blanching reaction on Xenopus larvae (adapted to a black background) after 20 min 
swimming in the eluate fractions from a Sephadex cohunn. n Larvae remain dark: 
0 Larvae become lighter. The upper part of the diagram shows the elution pattern 
for the column. (From Nature, 1965,208,1324, by permission of the copyright holders.) 
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Other melanin-concentrating agents which may occur in pineal tissue do not 
interfere” and other materials with amine groups-adrenaline, noradrenaline and 
serotonin-are retarded more on the Sephadex gel owing to its small content of 
carboxylic acid groups. In effect the gel functions in distilled water as a weak ion- 
exchange resin. 

Gas-liquid chromatography 

It is clear that this technique must contend with the polarity and relative involatility 
of melatonin, leading to the need for high column temperatures (above 200’) and 
rather long retention times. ss*58 Attention has also been given to control of temper- 
atures (200-250”) at the injection port area, with the observation that for polar 
compounds subject to strong hydrogen bonding, such as N-acetyltryptamine and 
melatonin, it is necessary to maintain a flash-heater temperature 50-75” above that of 
the column,s6 otherwise curves assume broad tops suggestive of slow volatilization of 
the sample. 

A balance must be struck between the operating temperature and the level of 
impregnation with stationary phase. Thus use of SE-30, silicone polymer, at the 
0.75 % level on silaned Gas Chrom P, was less satisfactory with melatonin than with 
alkaloids and steroids, despite the lower volatility of these compounds. Better 
results were obtained with melatonin following column loading at the 4% level but 
higher column temperatures were then needed .s6 The use of silaned support follows 
from the need to reduce to a minimum any adsorptive reactions between the compound 
and support. 

It has been claimed that a two-component mixed stationary phase of moderate 
polar character gives, with a series of catecholamines, tryptamines and other biological 
amines, symmetrical peaks suitable for quantitative work. The process is aided by the 
stability of acetyl derivatives, differences in retention times of which are further 
induced by substitution at the 5-position by methoxyl or acetoxyl. Welldefined 
separation of N-acetyltryptamine, melatonin and diacetylserotonin may thus be 
attained at 216” on a silicone oil F-60/EGGS column as indicated in Table IV.34*SS 

An extensive study of the silyl and trifluoroacetyl derivatives of melatonin and a 
series of related indoles has shown that relative retention times may be reduced even 
at considerably lower column temperatures 37 (Fig. 3). Thus clear separation of 
indoles was achieved in programmed chromatography starting with column temper- 
atures as low as 160’. Conversion into trifluoroacetyl derivatives permits the mildest 
conditions with longer isothermal periods at lower temperatures. However, the method 
suffers at present from the fact that several small interfering peaks are obtained from 
each original indole. The possibility thus exists of interference if the melatonin is 
present in mixtures although this is not likely to be a common situation. 

Limitations are imposed on the use of gas-liquid chromatography in dealing with 
the ultramicro quantities of melatonin found in body tissues, by the fact that generally 
only a fraction of a final solution is used for a single determination. Thus the method, 
even though the most sensitive of the chromatographic methods, is not as sensitive as 
the fluorometric or bioassay methods. 

Where more concentrated solutions of melatonin are used, as in studies of the 
effect of y-radiation, gas-liquid chromatography has been useful in showing that four 
decomposition products are obtained.88 



TABLE IV.-GAS-LIQV~> CHROMATOGRAPHY OF MELATONIN 

System 
Operating Retention 
conditions times Remarks Refs. 

Silicone oil F-60, 7% with 
polymer EGGS-2, lx, on Gas 
Chrom P support acid-washed 
and heated with dichlorodi- 
methylsilane 

Silicone oil DC-W98 10% on 
Gas Chrom P 

Silicone SE-30, 0.75-4x on 
acid-washed Gas Chrom P 

Column temp- 
erature 216” 

Column tempa 
ture 265” with 
injection tempa 
rature 250” 

Support treated 
with dichlorodi- 
methylsilane, 
column tempe- 
ratures varied 

Melatoninapprox. Study incidental to 35 
36min general work on 
N-acetyltryptamine catecholamines 
15min and tryptamines, 
Diacetylserotonin two-component 
85 min mixed stationary 

phases 

Melatonin 3 min Injection tempera- 22 
ture 250” 

Melatonin 28 min Used with flash 35 
at 160”, 24 min at heater zone at 
205” 200-250” 

(b) 

Id) 

Solvent 

I = Tryptamine 
II = 5-Methoxytryptamine 

III = N,N-Dimethyltryptamine 
IV = Bufotenin 
V = Serotonin 

VI = Melatonin 

Fro. 3.-Gas-liquid chromatograms of indoles. a, b, c: Isothermal separations of 
indoles at 220”, silyl derivatives at 200” and trifluoroacetyl derivatives at 180”, respectively. 
d, e, fi Temperature-programmed separations of indoles, silyl derivatives and tri- 
fluoroacetyl derivatives respectively. (Initial temperatures: d 180”, e,f160”; isothermal 
period: d 6 min, e 4 min, f 8 min; heating rates: d 15”/min, e, f IO”/min; final tem- 
peratures: d, e 240”, f 190”) (From J. Chromatog., 1971,61,225, by permission of the 

copyright holders.) 
1.588 
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COLORIMETRY AND FLUORIMETRY 

Colour-developing reagents for the detection of melatoni~ on paper and thin-layer 
chromatograms have been related to the presence of the indole nucleus in the molecule. 

Ehrlich reagent. The active constituent of this reagent is p-dimethylaminobenzal- 
dehyde in mixtures of hydrochloric acid and acetone or ethanol. The reagent gives a 
blue colour with melatonin, but as a general test for indoles is non-specific for the 
pineal hormone. The colour with indoles is often purplish at first, turning blue on 
standing. Colour development is said to be faster after exposure of sprayed thin-layer 
plates to long-wavelength ultraviolet light. Provided excessive exposure is avoided, 
improved sensitivity also results. 22 Alternatively brief exposure to vapours from aqua 
regia gives a blue colour almost immediately.~ 

Different formulations are given for Ehrlich’s reagent, probably related to vari- 
ations in shade and rate of colour development. Thus it seems not improbable that 
modification of the reagent consisting of a simple solution of p-dimethylaminobenzalde- 
hyde in ethanol by inclusion of hydrochloric acid was intended to hasten colour 
development.sB Similarly replacement of ethanol with the lower-boiling acetone 
would lead to a faster concentration of reactants on chromatograms. Indeed following 
upon consideration of earlier reagents,@ reduction in hydrochloric acid content 
and consequent water content, has been suggested to overcome slow colour develop- 
ment.” 

Substitution effects also impose control on the shade of colour. Tryptophan, 
tryptamine and N-mono- and NJ%dialkylamines give red-purple colours, but more 
strongly blue colours are given by the hydroxy and methoxy derivatives-5hydroxy- 
tryptophan, 5-methoxyt~ptamine and 5-methoxy-~,~-dimethylt~ptamine. 

p-~~met~ylaminocin~amaIdehyde. This reagent, which gives colours with indole 
derivatives similar to those given by the Ehrlich reagent, was introduced as a vinyl 
analogue of the latter, with the expectation that condensation products would be more 
intensely coloured owing to the greater conjugation.42 Colours are similar to those 
given with the Ehrlich reagent but sensitivity is much greater (x 10). However the 
penalty paid for this greater sensitivity is loss of selectivity. 

Ferric c~lor~d~pota~sium ferricyanide. Depending on reaction with oxidizable 
substrates to yield blue spots from the products of the reagent, this test, though useful 
for detection, could not be regarded as specific for indole derivatives. Nevertheless it is 
useful in locating different members of a known series of compounds.26 For instance 
tryptophan is oxidized by ferric chloride to indole-3-aldehyde with concurrent 
reduction of the iron salt. The reaction of the ferrous iron with ferricyanide, giving 
Turnbull’s Blue, is the basis of the test. 

a-Nitroso+naphthoZ. Consequent to the observation that coloured derivatives 
result from reaction with phenols, this reagent has been applied to the detectio@ 
and estimatio# of tyrosine and more pertinently of serotonin as a hydroxytrypta- 
mine.& Emphasis has been placed on the phenolic group requirement, noting also 
that both orrho- and at least one of the meta- positions must be free.& 

However, the chemistry of the test earlier considered to require concentrated nitric 
acid, leading to formation of a nitronaphthol, is vague. Modifications of the original 
conditions propose the use of dilute acids, hydrochloric or sulphuric, in the presence 
of a small amount of added nitrite, to give a violet chromophore.47*@ None of the 
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stated structural requirements is provided by melatonin, hence reaction must then 
depend on other principles, most likely involving the nitroso groups and the hetero- 
cyclic ring. 

The reagent gives a purple colour with melatonin, deepening over a period of 30 
min. Serotonin and its N-acetyl derivative give a grey-pink colour changing to grey- 
violet.” 

Diazotized sulphanilic acid. This reagent, which may be formed in situ by spraying 
first with a solution of sulphanilic acid in dilute hydrochloric acid, then with sodium 
nitrite solution, may be used to distinguish 5-hydroxy- from 6-hydroxyindoles. No 
colour is obtained with serotonin or its N-acetyl derivative, contrasting with the 
brownish red given by 6-hydroxy-N-acetyltryptamine. The same colour is given by 
melatonin despite the absence of a hydroxyl group. 47 The reagent is probably more 
sensitive than the cc-nitroso-&naphthol reagent. 

Fluorimetry 

Direct. The ultraviolet absorption curve of melatonin has a peak at 272.5 nm with 
inflections at 295 and 308 nm. Excitation at about each of these wavelengths has been 
used as a basis of fluorometric detection and estimation for members of this and 
related indoles. Emission spectra, subject to control by pH, also contain several 
peaks. Thus qualitative use has been made of the technique for the identification of 
serotonin in brain tissue.49 

With tryptophan as the parent substance, the fluorescence spectrum is determined 
mainly by the indole ring since various derivatives, indole3-acetic acid, indole-3- 
propionic acid, tryptamine and serotonin have practically the same fluorescence as the 
parent system. Furthermore changes in the pH of solutions of tryptophan, resulting 
in ionization of the amino or carboxyl groups, have only a weak influence on the 
position of the band. Thus the three forms VI, VII and VIII have maxima at 347,353 
and 360 nm respectively.50 

RCH,CH COOH RCHaCH COO- RCH&H COO- 
I I I 

NHsf NHs+ NH, 

(VI) (VW ww 

The simplicity and lack of structure in the fluorescence spectra of indole and 
tryptophan have been attributed to interaction of the excited state with the surround- 
ing medium. 

It is important to note that changes in the fluorescence spectrum occur at very high 
and very low pH levels. In more strongly alkaline solutions, e.g., 4 % sodium hydroxide 
solution, the fluorescence curve of tryptophan has a peak in the visible region at 420 nm 
attributed to ionization of the imino group in the excited state.60 Quenching effects 
occur at higher pH levels so that in 4 % sodium hydroxide solution indole and trypto- 
phan exhibit fluorescence with a quantum yield about 1.5 orders of magnitude lower 
than in neutral solvent. The spectra are often measured in the presence of formalde- 
hyde because in the pH range 11-13 formaldehyde exerts an effective blocking action 
on the imino group. 
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These principles have been extended to the tryptamines, including serotonin and 
melatoninsl (Table V). Following excitation at 307 nm melatonin gives a fluorescence 
spectrum with a peak at 430 nm, having an intensity exceeded only by that of 5- 
methoxytryptamine. Inclusion of formaldehyde gives at 360 nm a peak intensified 
nearly ten times. Other tryptamines show similar changes under these conditions. 
It will be seen, however, that the most significant change is produced under the third 
set of conditions, which leads to peaks in the visible region (545-560 nm) with much 
lower intensity, and serves to distinguish the 5-hydroxy- and 5-methoxy- derivatives 
from the other types. Indoles without this substitution in the 5-position show only 
low fluorescence between 340 and 440 nm. Thus a degree of specificity is introduced 
with the technique. 

Over the pH range 2-l 1 unsubstituted indoles on excitation at 275 nm give a peak 
in the fluorescence spectrum at 360 nm. In contrast, excitation of 5-hydroxyindoles 
at 295 nm leads to a peak at 330 nm. With 3M hydrochloric acid as medium, activ- 
ation at 295 nm and measurement of a peak in the visible region at 540-550 nm 
provides a specific test for 5-hydroxy- and 5-methoxyindoles. The degree of specificity 
is indicated by the fact that a series of closely related compounds, tryptophan, 
5-methyltryptophan, tryptamine, 3- and 5-methylindole, indole3-acetic acid, 4- 
hydroxytryptophan, 4- and 6_hydroxytryptamine, 4-hydroxy-N, N-dimethyltrypta- 
mine-O-phosphoryl ester and 6-methoxyindole do not show this characteristic.62 
Thus it is not surprising that with the need for methods for the estimation of ultra- 
micro quantities of 5-hydroxytryptamine and in view of the suggestion that the 
fluorescence measurement shows more discrimination than the calorimetric and 
spectrophotometric assays,& considerable effort has been applied to putting this 
technique on a sound basis.4Q 

It is important to emphasize the fact that the change in the fluorescence spectrum 
of these derivatives with change in pH of the medium has itself been used for selective 
measurements. The shift to 540-550 nm has been particularly useful, illustrated by 
change in technique applied to serotonin previously measured at 295 nm excitation 
and 350 nm fluorescence.*B Limitations remain since 5-methoxy derivatives still have 
only weak fluorescence and require chromatographic or selective solvent separation 
for specificity.= 

Conditions affecting the fluorescence of melatonin in relation to other tryptamines 
have been examined as a basis of method of assay,l’ with the conclusion that the 
spectrum, although very similar to those of 5-hydroxyindoles and 5-methoxytrypt- 
amines, nevertheless is suthciently distinctive to be used selectively. Conforming to 
the general pattern, the spectrum is sensitive to change in pH of the medium. In 
neutral or weakly acid medium (pH 4) maximum excitation is achieved at about 
300 nm, giving a fluorescence peak at 355 nm. These values contrast with those for 
serotonin (302 nm excitation, 338 nm peak) and for 5-methoxytryptamine (300 and 
345 nm) (Fig. 4). 

Differences in the spectra of serotonin and melatonin in more strongly acid media 
are shown in Fig. 5 in which should be noted the appearance of the band at 540 nm 
for serotonin and at 550 nm for melatonin. The intensity of this band increases with 
increase in acidity and varies inversely as the band at 355 nm, which is therefore 
correspondingly lowered as the pH of the solution is lowered. 

The intensity of the 355 nm band for melatonin is at its maximum over the pH 
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Fro. 4.-Excitation and emission maxima of various indoles at the same concentration 
and pH (4). M-melatonin; S-serotonin; MT-methoxytryptophan; NAT-iV-acetyl- 
tqptophan; IS-indoxyl sulphate; AIA-indole acetic acid; SHIA-5-hydroxyindole 
acetic acid; TRY-trytophan; TRYPT-tryptamine. (From Clin. Chim. Acta 1970, 

30, 519, by permission of the copyright holders.) 

260 300 340 360400~ 500 540 560 

nm 

FIG. 5.-Excitation and emission spectra of serotonin and melatonin in O.lM 
hydrochloric acid. - excitation - - - emission S-serotonin; M-melatonin (From 

Clin. Chim. Acta, 1970,30, 519, by permission of the copyright holders.) 

range 6-10. Differences in degree of response of other tryptamines with change in pH 
have been observed, leading to various intersections of the curves. 

Derivatives-the o-phthalaldehyde reaction. SHydroxy- and 5-methoxytrypt- 
amines, with a side-chain of even one carbon at the 3- position, when heated with 
o-phthalaldeh d y e in acid solution give intensely fluorescent productsM The fluor- 
escence given by the various derivatives is similar, with activation maximum at 360 nm 
and emission maximum at 470 nm. The relative intensity however varies considerably. 
It will be seen that indole itself does not lead to fluorescence nor does substitution 
singly with hydroxyl or methoxyl at the 5-position (R,) or with a side-chain at the 
3-position (R,) lead to a marked increase. By contrast the doubly substituted deriva- 
tives (at R, and RJ are much more strongly fluorescent. The necessity for hydroxyl 
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or methoxyl at the 5-position must be emphasized since fluorescence does not follow 
substitution by methyl despite the presence of a side-chain at the 3-position. Further 
discussion of structural requirements has appeared.&lm 

Application of the reaction to the detection of serotonin on thin-layer chromato- 
grams has been tested with a reagent that includes cysteine.67 Inclusion of the cysteine 
leads to fluorescence maxima at wavelengths 10 nm longer than those obtained in its 
absence.= Thus although the fluorescence reaction itself is not specific for indole- 
alkylamines substituted at the 5-position, nevertheless the maxima at 470-480 nm 
appear to make the test specific for this group of compounds.s7 In the present context 
melatonin gives the greatest response, approached only by the related unacetylated 
5-methoxytryptamine (Table V). 

The test evolved from a survey of products from the reaction of amino-acids with 
aromatic aldehydes, earlier considered to involve, partly at least, a Strecker degrad- 
ation. An equivalent survey of various carbonyl compounds using 5-hydroxytrypt- 
amine as reference material, emphasized the specificity given by aromatic 
1,2-dialdehydes in the fluorescence reaction. In the acid medium the reaction is 
specific for tryptamines and interference from a variety of amino-acids such as 
glycine, histidine, phenylalanine and di-o-hydroxyphenylalanine, is removed. 

Comparison of the relative intensity of the fluorescence of the 5-hydroxytrypt- 
amine-phthalaldehyde product with the native fluorescence of the amine in aqueous 
solution is shown in Table VI. 

BIOASSAY TECHNIQUES 
Historically, bioassays of pineal substance preceded the isolation of melatonin as 

the active constituent, with the demonstration that injections of extracts of pineal 
bodies into toads (Xenopus la&s) led to contraction of melanophores in a specific 
manner.6s From such results it was possible to predict that the active component 
would be relatively stable, since it survived boiling, and of low molecular weight by 
dialysis for 24 hr in distilled water. 

It has been pointed out that although the technique has been used as a screening 
test to determine presence or absence of melatonin28~2s*60, or as a quantitative assay 
for relative values in serum,61 the applications of melatonin bioassay have never been 
fully exploited.62 However, the establishment of bioassay procedures may represent a 
major commitment in terms of laboratory time and facilities, to be justified by the 
extent of involvement in study of the pineal function and related problems. 

The method is highly specific and, as indicated above, more sensitive than the 
fluorimetric method, since melatonin is more potent by several orders of magnitude 
than any other known agent in the blanching reaction. Within the frog melanophore, 
concentrations as low as 1 pg/l. are sufficient to cause aggregation. 

Relative potencies in these effects may be alternatively expressed. Based on the 
use of frog melanocytes, 0.45 ,ug of melatonin has the same effect as 20 pg of epin- 
ephrine or of norepinephrine. Specific structural requirements are illustrated by the 
fact that serotonin, the melatonin precursor, has no skin-lightening effect in doses up 
to 4000 (ug.m 

It may also be observed that the skin-lightening action of melatonin, as the 
active principle of the pineal gland, is opposed to the melanocyte-stimulating hormone 
of the pituitary gland. Indeed the pineal and pituitary glands have been discussed as 
functional mirror images of each other.64 
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TABLE VI.-RELATIVE FLUORESCENCE OF 5-HYDROXYTRYPTAMINE UNDER VARIOUS 
CONDITIONS 

3M HCl 
Phthalaldehyde 

PH7 reaction 

Activation wavelength 295 303 360 
Emission wavelength 550 338 470 
Reagent blank 2 18 2 
5-Hydroxytryptamine (1 &ml) 66 550 1390 
Fluorescence ratio 33 31 695 

(From And. Gem., 1966,38,1937, by permission of the copyright holders.) 

Bioassay procedures have been revieweda and fall mainly into two groups, as 
follows. 

Methods dependent on changes in transmission or reflectance of incident light 
by isolated frog skin 

In the absence of earlier knowledge of the active constituent of the pineal gland 
considerable attention was given to improvement of assay techniques by measuring 
light transmitted through frog’s skin, 88*88 leading to some simple arrangements of 
apparatus,se*69 (e.g., thates shown in Fig. 6). Results are expressed as a “unit” of 

Photometer Light source Transformer 

FIG. 6.-A simple arrangement for measuring transmission of light through frog skin. 
(From Embcrid., 1960,67,443, by permission of the copyright holders.) 

melatonin, which is that quantity producing minimum increase in light transmission. 
Thus if a solution must be diluted 100,000 times to produce the minimum effect, the 
sample contains 100,000 units. 

With a 10X objective lens 50 melanocytes at a time may be observed but changes in 
a single cell may be observed with a 75X objective. The technique requires that the 
population density of melanophores be relatively large and fully dispersed-about fifty 
cells per field. Few cells other than melanocytes must be present and the skin section 
must be relatively thin. Best response is given by skin from the median dorsal portion 
of the thigh. Application to homogenates of rat and hen pineal glands following 
fractionation on Sephadex G25, has been discussed previously,29 while detection of 
melatonin on paper chromatograms has followed transfer of cut sections of the paper 
to the liquid bathing Xenopus larvae. 
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The method follows development of the concept of a “melanocyte index”, employ 
ing a microscope for measurement.‘O 

Tests on a variety of compounds have confirmed the specificity of this method. A 
metabolic product, 6-hydroxymelatonin, is about the only other compound to produce 
an effect at low dose, but its minimum effective dose (MED)-O-1 ,~g ml-is still 
considerably higher than that observed for melatonin. Thus the addition of the 
hydroxyl group in the 6-position raises the MED by a factor of 103, clearly demon- 
strating that essential structural requirements for highest activity are the tryptamine 
nucleus with 5-methoxyl and N-acetyl groups.‘l 

Microscopic measurement of degree of melanin dispersion within 
melanophores-Hogben Index 

The Hogben Index has been developed as a measure of the body-lightening reaction 
as in Xenopus larvae.27 

The dermal melanophore response of larval Rana pipiens has been developed as a 
quantitative method, in which the critical element is rigid attention to details of the 
test procedure. This is based on a constant supply of perfectly uniform test animals 
emanating from a tadpole-culturing programme. 

The responsiveness of the dermal melanophores to melatonin varies with an 
endogenous 24-hr rhythm, with light-adapted animals maintained under a specified 
light regimen appearing optimally responsive at a set period. 

Melanophores in a triangular area between the eye and mouth on the left side are 
“read” in the killed (with formalin) and fixed animal. Measurements are made on a 
group of ten tadpoles after their immersion for 30 min in the test sample. Reading, on 
the basis of an estimate of the average state of the melanophores in a field, consists in 
assigning an appropriate stage number according to the Hogben Index.72 The mean 
melanophore stage shown by each group after collation is used to construct a cali- 
bration curve plotted on two cycle semi-log paper with melanophore stages represented 
on the linear axis and melatonin concentrations on the log scale.62 Between zero and 
1 ,ug/ml a linear relationship is shown but sensitivity lessens at higher concentrations. 

This technique has been applied to studies of diurnal variations in pineal melatonin 
of rats, quail and chickens, including the effect of surgical procedures. 

Acknowledgements-The support of this work by the New South Wales State Cancer Council is 
gratefully acknowledged. 

Zusammenfassung-Es wird eine iibersicht iiber chemische und bio- 
chemische Verfahren zur Abtrennung und Bestimmung von Mela- 
tonin. dem aktiven Bestandteil der Eniohvse. eeeeben. In Anbetracht 
der n&malerweise vorliegenden extr& kiei&& %offmengen wird die 
Diskussion auf chromatographischen und spektroskopischen Ver- 
fahren aufgebaut ; diese werden schli&lich mit Analysenmethoden ver- 
glichen, die auf der hautbleichenden Wirkung des Hormons beruhen. 

R&m&-On a effect& une etude des techniques, chimiques et biochimi- 
ques, pour la s+ration et le dosage de la mblatione, le constituant 
actif de la glande pi&ale. Eu Bgard aux quantitds extremement faibles 
de produit g&+ralement pr&sentes, la discussion est Btablie autour des 
techniques chromatographiques et spectroscopiques menant B une 
comparaison avec les essais bases sur I’effet de blanchiment de peau de 
l’hormone. 
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Summa~-Mixed hydroxides of iron and aluminium have been pre- 
eipitated from solutions containing iron and aluminium salts. The 
ratio of iron and aluminium was changed from 1 :l to 1:9. The mixed 
oxides produced by heating the hydroxides have been investigated by 
the Mossbauer effect. The Mbssbauer spectra were composed of two 
systems of lines: one is due to magnetic splitting produced by a-FeeOs, 
the other is due to quadrupole splitting (@45 mm/s) which can be 
assigned to iron atoms in the lattice of a-Also,. The role of the anion 
of the solvated salts has also been investigated. 

THE MBSSBAUER isomer-shift is proportional to the change of electron density at the 
resonant nucleus. From the magnitude of the quadrupole splitting conclusions may 
be drawn regarding the symmetry of the surroundings (the electron shell) of the 
nucleus. Accordingly, changes in the chemical environment will change these param- 
eters. The Miissbauer effect can be used to elucidate incorporation processes and 
to determine the proportion of MGssbauer atoms in different surroundings. 

Metal hydroxides were precipitated from solutions containing different concen- 
trations of iron(II1) and aluminium(II1) chlorides. The concentration ratio of iron 
to aluminium in the solution was varied from 1: 1 to 1:9. The stock solution concen- 
tration was O.lM for both aluminium and iron and the precipitation was carried out 
with 50 % sodium hydroxide solution. The precipitates were dried and ignited at 1100” 
for 8 hr to give aluminium and iron oxides (M,O& The aim of the present work was 
the examination of these mixed oxides. 

The Mijssbauer spectrum of hematite (a-Fe,O,) and of iron incorporated in corun- 
dum (a-AlsOa) has been examined many times .l--? These investigations were con- 
cerned with the magnetic behaviour of a-Fe,O, and the phenomena of magnetic 
relaxation. Compounds of the composition Al,_,Fe,O, corresponding to the concen- 
tration range studied by us, have also been investigated. Dayal and co-workers* 
have prepared samples in a similar way and other authors have prepared compounds 
of this type by fusing A&O, with Fe203.s 

EXPERIMENTAL 
The investigations were carried out with a spectrograph (applying modulation with constant 

acceleration) constructed in the Department of Atomic Physics at the Eiitvos University. The source 
was a stainless steel plate containing “Co (Radiochemical Centre, Amersham, England). 

Samples were prepared from the substances to be investigated by pressing them between two thin 
aluminium foils into an even layer containing 30 mg/cm*. 

The measurements were carried out as described previouslyto with both source and sample at 
ambient temperature. The more important samples were also studied at liquid-nitrogen temperatures. 

RESULTS AND DISCUSSION 

The Miissbauer spectra obtained are complex and can be resolved into two super- 
imposed line systems. One contains six magnetically split lines which can be shown 
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to be due to a-Fe*Os. The other contains a quadrupole-split line with a splitting of 
0.45 mm/s and a 0.27 mm/s isomer shift (compared to iron). These figures charac- 
terize an iron(II1) atom bound by a relatively covalent bond. On the basis of data 
published by Bhide and co-workers’ it can be assumed that this line is due to the iron 
incorporated into the corundum lattice. 

Whereas at a 1: 1 ratio of iron to aluminium the magnetically split spectrum is 
predominant at a 1: 2 ratio, the appearance of an intense central quadrupole-split line 
indicates the changed environment of part of the iron. The intensity of the magneti- 
cally split lines (characteristic of a-Fe,O,) decreased with increase in the ratio of 
aluminium to iron, while the relative intensity of the quadrupole-split line increased. 
At iron to aluminium ratios of 1: 7 and 1: 8 only the central quadrupole-split line is 
obtained (Figs. 1 and 2). On separation of the two line systems the changes in the 

Fe Cls~AlCl5~ 1~3 

Fe Cl,-AlClg I,9 

-- ,770oo 

\ 

1111111111111111111 
8 6 4 2 0 2 4 6 6 

mm/sac 

FIG. l.-M8ssbauer spectra of mixed oxides containing iron and aluminium in the 
ratios 1:3, 1:6and 1:9. 

areas under the MBssbauer lines clearly show the variation in the ratio of the two 

different kinds of iron (Table I).* 

* The probability of the Miissbauer effect, calculated on the basis of the areas under the absorp- 
tion lines, for the magnetic line system (Fe:Al = 1:l) is f = 0.34 f 0.05, while for the central 
quadrupole-split line (Fe:AI = 1:9) it is f = 0.47 f 0.05. 
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FIG. 2.-Central portions of the spectra of mixed oxides at higher resolution. The 
samples contained iron and alumiuium in the ratios 1:2, 1: 5, 1:7, and 1: 9. 

TABLE I.--AREAS OF MAQNETICALLY AND QUADRU~OLE-SPLIT LN@S IN THB M&JSBAUER SPECTRA OF 
SAMPLES HAVING VARYING INITIAL IRON AND ALUMINIUM CONCENTRATIONS 

Total area Area of the magnetically Area of the quadrupole- 
Fe:Al (normalii) split line (normalized) split line (normalized) 

1:l 
1:2 
1:3 
1:4 
1:5 
1:6 
1:7 
1:8 
1:9 

0.49 
0.45 
0.37 
0.33 
0.31 
0.30 
0.18 
0.13 
0.11 

0.49 
0.34 
0.25 
0.18 
0.13 
0.13 
0.05 
O*OO 
0.00 

0 
0.11 
o-12 
0.15 
0.18 
0.17 
0.13 
0.13 
0.11 

For those samples in which iron chloride and aluminium chloride were the 
starting materials, the area under the quadrupole-split line reached a maximum at 
a 1: 5 iron: aluminium ratio, and decreased at lower Fe : Al ratios. At this maximum 
about 15-20 ‘A of the aluminium atoms are replaced by iron in the corundum lattice. 
At higher aluminium concentrations the decrease can be explained by the decrease 
of the total iron content of the sample. 

The experimental results show that the relative amount of a-Fe,O, diminishes with 
decreasing iron concentration and at the 1:9 iron:aluminium ratio only the mixed 

8 
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oxide is formed. Only a few aluminium atoms are incorporated into the iron oxide 
lattice since the magnetically split spectrum does not show si~ni~~ant changes, 
although this would appear possible from the similar size of the ionic radii (alu- 
minium 0.05 nm, iron 0.06 nm). 

The interpretation of our experimental results is supported by X-ray measurements. 
Some of our roentgenograms (Fig. 3) show that the samples consist of two com- 
ponents a-Fe,O, and a-Al,Os. The intensity of the two line systems changes with 
increasing aluminum content, that due to corundum increasing and that due to 
hematite decreasing. At a 1: 9 ratio only the lines characteristic of corundum can be 
detected. The increase in the lattice parameters for this sample compared with those 
of pure corundum indicates the incorporation of iron. The position of the iron oxide 
lines reveals a minute decrease in the lattice constant which may be due to the incor- 
poration of aluminium ions. 

Relaxation effects may also cause spectra4 similar to the ~~ssbauer spectra ob- 
tained by us. However, our X-ray investigations and the fact that our Mbssbauer 

(b) 

llllltltllfllltllll 
664202468 

mmfsec 

Fro. 4,-Miissbauer spectra of mixed oxides of iron and aluminium: (u) precipitated 
and ignited together (b) precipitated and ignited separately, then after mixing ignited 
once more (c) precipitated separately and ignited together. The initial Fe:AI ratio was 

1:6. 
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spectra obtained at the temperature of liquid nitrogen were basically the same as the 
spectra recorded at room temperature, eliminate this possibility. 

In order to decide whether the iron was incorporated during precipitation or upon 
ignition, measurements were made on samples where the possibility of incorporation 
in solution was excluded. The iron and aluminium hydroxides were precipitated and 
ignited separately and mixed inJhe form of their oxides. This mixture yielded only 
the Mbssbauer spectrum of a-Fe,O,. Upon ignition the Miissbauer spectrum showed 
some incorporation effects (Fig. 4b) but less than that shown by samples prepared by 
co-precipitation. In some experiments the hydroxides were precipitated separately, 
dried at 130” and ignited together (Fig. 4~). In these samples the ratio of iron to 
aluminium was also 1: 6 and a quadrupole-split line appeared in the M&sbauer 
spectrum. The intensity was the same as that in Fig. 4b, but smaller than that obtained 
with the sample prepared by co-precipitation (Fig. 4a). 

Comparison of the area under the quadrupole-split lines with the total area shows 
a smaller incorporation effect in the case of a 6: 1 aluminium:iron ratio, if the iron 
and aluminium samples are precipitated separately, than with a 2 : 1 aluminium : iron 
ratio if the samples are precipitated and ignited together. Accordingly, the incor- 
poration must take place in the solution. Any incorporation during ignition has not 
been investigated in detail. 

Experiments were carried out to study the effect of the nature of the anion upon 

the incorporation process. Samples were precipitated in the presence of sulpbate and 

perchlorate ions. The behaviour of samples precipitated from solutions containing 

442000 

FezAl I.9 

b 6 4 2 0 2 4 6 6 

mm/set 

FIG. 5.-MCisshauer spectra of samples precipitated from sulphate solutions con- 
taining iron and aluminium in the ratios 1: 3, 1: 6 and 1: 9. 
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chloride and perchlorate ions was similar, but those from solutions containing sul- 
phate showed a smaller incorporation of iron. The magnetically split spectrum dis- 
appears at a greater aluminium : iron ratio and the increase of the central quadrupole 
doublet is slower. With iron and aluminium in a 1:3 ratio the quadrupole-split line 
is more intense for samples precipitated from chloride solution than for those from 
sulphate solution with a 1: 6 iron: aluminium ratio, This phenomenon may be ex- 
plained by assuming that the anions are co-ordinated to the iron and aluminium in the 
solution and that the strength of the metal-ligand bond influences the formation of 
the oxygen bridge in the hydroxides. It has been shown that sulphate ions are co- 
ordinated to aluminium and iron more strongly than are chloride ions. 

Our results are in good agreement with the data of the oscillometric equilibrium 
measurements carried out by Pungor and ZappI in an examination of aluminium 
hydrolysis and the effect of the anion on the composition of the polymer formed. 

Zusammenfassung-Aus L&ungen, die Eisen- und Aluminiumsalze 
enthielten, wurden gemischte Hydroxide von Eisen und Aluminium 
ausgefiillt. Das Verhlltnis von Eisen und Aluminium wurde von 1: 1 
bis 1:9 variiert. Die durch Erhitzen der Hydroxide hergestellten 
gemischten Oxide wurden mit Hilfe des Miibbauereffekts untersucht. 
Die Miibbauerspektren setzten sich aus zwei Liniensystemenzusammen: 
eines beruht auf der durch y-Fe,O, hervorgerufenen magnetischen 
Aufspaltung, das andere auf Quadrupolaufspaltung (0,45 mm/s), die 
Eisenatomen im a-Al,O,-Gitter zugeschrieben werden kann. Auch 
die Rolle des Anions der solvatisierten Salve wurde untersucht. 

R&urn&On a precipit6 des hydroxydes mixtes de fer et d’ahuninium 
de solutions contenant des sels de fer et d’aluminium. Le rapport du 
fer a l’aluminium a 6te change de 1: 1 a 1: 9. Les oxydes mixtes produits 
par chauffage des hydroxydes ont Bte Btudi6s par effet Mossbauer. 
Les spectres de Mtissbauer sont composes de deux svstemes de raies: 
l’un est dQ au dedoublement magnetique produit par a-Fe,O,, l’autre 
est dfi au dedoublement cmadrunole CO.45 mm/s) aui ueut Ctre attribue 
aux atomes de fer dans le’r6seau de o%l,O,. ‘Cm g abssi Btudi6 le role 
de l’anion des sels solvates. 
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Summary-A new procedure is described for the direct coulometric 
titration of the carbon dioxide liberated in the high-temperature 
combustion of steel. The carbon dioxide is absorbed in isopropanol 
containing 3% of e~~ol~e and titrated with 100% titration 
efficiency with a constant current of 5OmA and spectrophotometric 
detection of the end-point. The accuracy and precision of the method 
have been established by the analysis of a wide range of standard 
steel samples. 

THE DETERMINATION of carbon in steel by the non-aqueous titration of the carbon 
dioxide resulting from the ~gh-~rn~rat~e comb~tion of the sample in a stream of 
pure oxygen is now a well-established analytical technique. The titration procedure 
suggested by Blom et a1.1s2 in which the carbon dioxide is absorbed in pyridine and 
titrated with a solution of sodium methoxide dissolved in a mixture of methanol and 
pyridine has been modified by several workers a-7, Grant et aL3 replaced the pyridine 
with dimethylfo~~de and used potassium methoxide in a benzene/methanol 
mixture as titrant. Jones et al. 4*6 added small amounts of ethanol~ine to the same 
absorbent to give more efficient absorption of carbon dioxide and used tetra-n-butyf- 
ammonium hydroxide in benzene/methanol or toluene/methanol as titrant. More 
recently, Ottaway et al8 suggested the replacement of the non-aqueous titrant with an 
aqueous solution of potassium hydroxide. All of these procedures were rapid, 
applicable to a wide range of steels and of su~ciently high accuracy. End-points have 
been detected visually with Thymo1 BIue or thymo1phthalein as indicator. 

The method of Ottaway et al8 was developed as a result of a wider investigation9 
into the feasibility of determining small amounts of carbon dioxide by a direct 
coulometric titration procedure in non-aqueous media. Back-titration methods have 
been reported in which the carbon dioxide is absorbed in aqueous barium hydroxide 
and the solution back-titrated co~ometri~a11y but the direct titration of carbon dioxide 
with efectrogenerated base had not been described previously. ~ymark* found that 
100% coulometric titration efficiency could not be attained in the solvents necessary 
for carbon dioxide absorption, without the addition of large amounts of water. 
These additions of water, however, reduced the efficiency of carbon dioxide absorption 
in all solvents investigated and hydrolysed dimethylformamide to formic acid which 
was also titrated. Contrary to these results, Boniface and Jenkins1o have recently de- 
scribed a method using a solution of ethanolamine in dimethyIfo~amide contain- 
ing4 ‘A of water, in which no hydrolysis was observed. This method, although accurate 
and precise, is not as rapid as earlier methods since it requires approximately 8 miu 
for a single determination. 
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In this paper a solution to the problems encountered by Whymark is suggested and 
100% coulometric titration efficiency in non-aqueous solvents has been achieved 
without the addition of water. Based on these results a method is described for the 
coulometric determination of carbon in steel, using a solution of ethanolamine in 
isopropanol as absorbent. 

EXPERIMENTAL 

Reagents 

The purest available chemicals were used. Tetraethylammonium bromide was purified by re- 
crystallization. 

Absorbent solutions 

Dissolve 105-0 g of recrystallized tetraethylammonium bromide in isopropanol and dilute to 1 litre 
(solution A). 

Dilute Il.5 ml of distilled water together with 6.0 ml of 0.1% w/v methanolic solution of thymol- 
phthalein and 50 ml of ethanolamine 70 500 ml with pyridine (solution B). 

Dilute 200 ml of solution A together with 30 ml of ethanolamine and 10 ml of 0.1 “/, w/v thvmol- 
phthalein solution in isopropanol?o 1 litre with isopropanol (solution C). 

I”. , 

Dilute 20 ml of solution A together with the required amount of ethanolamine (0,1-O, 1*5,2*0,2*5, 
3.0, 5.0, or 10.0 ml) to 100 ml with isopropanol (solution D). 

Procedures 

Recrystallization of tetraethylammonium bromide. Dissolve the crude tetraethylammonium bromide 
in the minimum amount of hot isopropanol. Cool slightly, then add acetone to precipitate the solid. 
Filter off, using a sintered-glass funnel, wash with acetone and dry immediately in an oven at 70”. 
Store in a desiccator to prevent absorption of water. 

Measurement of absorption efficiency. A standard steel sample was cornbusted at 1250” in a stream 
of pure oxygen with pure tin as flux. Sulphur and nitrogen compounds were removed from the gas 
stream with manganese dioxide and magnesium perchlorate. The gas stream was passed though 50 ml 
of solution D and subsequently into 50 ml of previously neutralized pyridine solution B contained in a 
cylindrical absorption cell. The cell was fitted with a stopper through which the tip of a lo-ml 
burette was inserted. The pyridine solution was titrated with O-OSM potassium hydroxide and the 
amount of carbon dioxide not absorbed in the isopropanol solution was calculated.* 

Determination of carbon in steel. The apparatus is outlined in Fig. 1. The constant-current 
generator has been described in detail by McMillan” and is similar to the valve circuit described by 
Glass and Moore.lB This circuit gives currents of 50 mA at an output voltage of up to 200 V, which is 
necessary to avoid changes in the current during electrolysis in a purely non-aqueous medium. 
Before combustion of each steel sample the apparatus was flushed out with oxygen at 400 ml/min for 
1 min. The absorption solution contained in the titration vessel, Fig. 2, was then titrated coulo- 
metrically to the end-point which was indicated by a suitable absorbance reading on an EEL spectro- 
titrator. The accurately weighed steel sample contained in a combustion boat with tin flux was pushed 
into the hot zone of the furnace. After 4 min the oxygen flow was switched off, the current (50 mA) 
was switched on simultaneously with a timing mechanism and the absorption solution retitrated to 
the marked end-point. During the titration the current was measured accurately with a standard 
resistance and a three-dial Tinsley potentiometer. Following subtraction of a blank value for the 
combustion boat and tin flux, 

ixt %CZ!ZX_ 
96,486 wx 10 

where i = current (mA), t = time (set), W = weight of sample (g). 

RESULTS AND DISCUSSION 

Choice of supporting electrolyte 
The main problem in a coulometric titration procedure is one of maintaining 100 % 

coulometric titration efficiency. Whymark showed that this efficiency could not be 
achieved in certain organic media when lithium chloride was used as supporting 
electrolyte unless substantial amounts of water were added, which then caused hydro- 
lysis or a reduction in efficiency of carbon dioxide absorption. A more fundamental 
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Safety- 
VOIW 

S.T. 

Furnace CCG. 

C M.D 

FIG. 1 .-Apparatus for the coulometric determination of carbon in steel. 
ST. Spectrotitrator 
C.C.G. Constant current generator 
C.M.D. Current measuring device. 

A 

25 cm 

I 
V / \ \ / 
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q Gas inlet 
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A4 sinters 
IO cm 

FIG. 2.-Titration cell. 
A. Absorber solution 
B. Methanol/tetraethylammonium bromide. 

investigation into this problem13 revealed that in isopropanol with lithium chloride 
as the supporting electrolyte, insoluble lithium hydroxide was formed on the electrode. 
The lithium hydroxide did not react with the acid being titrated and therefore the 
coulometric efficiency was reduced. When tetraethylammonium bromide was 
substituted as supporting electrolyte in the same solvent, no insoluble product formed 
on the cathode and 100% coulometric titration efficiency was obtained. When this 
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same solution was electrolysed for several hours, and the products of electrolysis were 
precipitated with lithium bromide, analysis showed that the precipitate was lithium 
isopropoxide, suggesting that the solvent had been reduced to basic isopropoxide ions 
which in turn reacted completely with the acid being titrated. 

Choice of ethanolamine concentration 

The minimum amount of ethanolamine for efficient absorption of carbon dioxide 
was determined by passing the carbon dioxide through two absorption solutions. 
Any carbon dioxide not absorbed in the test solution was trapped in the second 
solution, which was known to absorb carbon dioxide efficiently, and then titrated 
manually (see procedure B). The results given in Table I show that only 3 % of 

TABLE L-EFFICIENCY OF COz ABSORPTION IN ISOPROPANOL-ETHANOLAMINE SOLUTIONS 

Ethanolamine, % 0 1-o 1.5 2.0 2-5 3.0 5.0 10.0 
Absorption 

efficiency, % 20.0 88.0 93.0 96.5 99.0 99.9 99.9 99.9 

ethanolamine was necessary for quantitative absorption of carbon dioxide. The 
ethanolamine content was kept at a minimum since it was observed that the sharpness 
of the end-point decreased as the ethanolamine concentration increased, probably 
because of a buffer effect. 

Reaction sequence 

The following reactions are thought to occur, and supporting evidence is described 
elsewhere.13t1* 

COz + 2HO(CH&NH, -+ (HO(CH&,NHCOO)-(HO(CH,),NH,)+ (1) 

(C&UNBr + (C,H,),N+Br + (C,H,),N+ + Br-- (2) 

(CH,),CHOH + e- -+ (CH,),CHO- + &Hz (3) 

(CH,),CH . O- + (C,H&N+ - (C,H,)4N+OCH(CH,), (4) 

(HO(CH,),NHCOO)-(HO(CH,),NH,)+ + (C2H5),N+OCH(CH,),- 

-+ (HO(CH,),NH,)+(OCH(CHs)&- + (&H&N+ HO(CH,),NHCOO- (5) 

In reaction (1) carbon dioxide reacts with ethanolamine to form the ethanolamine 
salt of 2-hydroxyethylcarbamic acid. l4 In reaction (3), isopropanol is reduced with 
100 % coulometric efficiency to form basic isopropoxide i0n.P which are then available 
for the titration of the previously formed acid. It should also be mentioned that the 
reactions above do not necessarily predict the existence of free ions in isopropanol. 
In fact, it is probable that in reaction (2), for example, at equilibrium, ion-pairs 
predominate. 

Carbon determinations 

The determination of carbon in a wide range of steels was carried out by the 
procedure described above, and the results are given in Tables II and III. The method 
is accurate and fairly rapid, a single determination taking 5 min, of which 4 min are 
allowed for combustion of the sample with the apparatus available. The furnace 
available in our laboratory was unsuitable for the fast oxygen flow-rates necessary to 
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TABLE II.-DETERMINATIONOPCARBONINSTEBL 

Standard steel 
Carbon content, % 

Certificate value Found 

Sample 
weight 

g 

MINCO* 0.062 

MINCO* 0.082 

Dalzell Std.t 
c.53 

BS 219/3 

BS 224/l 

BS 403 

BS 24112 

BS 401 

0.16 

0.31 

0.50 

0.72 

0.84 

1.06 

O-062, 0.064, 
0.060 
O-082,0*084, 
0.080,0.080, 
0.081, oO83, 
0.082 
0.160,0.166, 
0.162,0.156, 
0.160 
O-31,0-295, 
0.30 
0.49,0.49, 
0.50 
0.75,0.72, 
0.72 
@84,0-82, 
0.84 
1~054,1xl6, 
1.054 

iPellet) 

&ellet) 

0.3 

0.2 

O-1 

0.1 

0.1 

0.1 

* A sample from Mid-West Instrument Co. Inc., Belafield, Wisconsin, U.S.A. 
t A sample from Dalzell Steel Works, Motherwell. 

TABLE III.-REPRODUCIBILITY TEST ON B.S. 224/l, OsSO%C 

% Carbon found, xi 

0.510 
0.510 x = 0.5006 
0.510 
0.495 C(xi - 3)” = 8.96 x LO-’ 
0.495 C(Xi - n)z 
0.486 

s = 
J n-l 

0.497 
0.507 
0.486 
0.510 

= 0.010 %C 

Coefficient of variation = 2% 

reduce the combustion time to under 2 min, which is the normal practice in the 

analogous volumetric procedures 4*6s. However, with such a furnace coupled to the 
present coulometric procedure, the time of determination may be reduced to between 
2 and 3 min as the coulometric titration takes only 1 min to complete. The method 

therefore compares favourably in speed with the volumetric method which is commonly 
used in routine analysis for the control of the steelmaking process. 

The main advantage of the method, as of any coulometric procedure, is that 
standardization is by direct reference to Faraday’s law and no standardization of 
solutions or of the method itself is necessary. At least ten determinations are possible 
with each portion of absorbent solution. Although we have not attempted to do so, 
the method could easily be automated and could be made more rapid as described 
above and also by the use of higher generating currents. To our knowledge, only one 
other direct coulometric titration procedure has been reported for this determinationlO 
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and this involves titration in a medium containing d~ethyffo~amide with 3~5 % of 
ethanolamine and 3*5*A of water with potassium iodide as supporting electrolyte, a 
single determination taking about 8 min. Both coulometric methods obviously 
possess advantages from the point of view of automation and removal of the need for a 
separate titrant solution. The present method possesses a number of minor advan- 
tages in the use of a purely organic medium which would be expected to remove 
possible sources of error such as those due to hydrolysis of dime~ylformamide,s or 
possible precipitation of inorganic compounds during titration. However, the main 
advantage of the present method would appear to be speed, which will possibly 
render it suitable for routine analysis and satisfactory as a replacement for the existing 
volumetric titration procedures. 

Acktwwledgernerst-We wish to thank W. Grierson and D. Mather of the Dalzell Steel Works, 
&it&h Steel Corporation, Motherwell, for the gift of a tube furnace. We also wish to thank W. A. 
Alexander* our ex-colleague, who built the couiometir used in this work. 

Z~~~~~~-Ei~e neue ~~i~vo~h~ft fiir die direkte coulo- 
metrische Bestimmung des bei der ~ochtem~~tmverb~ung von 
Stahl freieesetzten Kohlendioxids wird anaeaeben. Das Kohlendioxid 
wird in Isvopropanol absorbiert, das 3 ye A~h&olamin enthglt, und mit 
lOO-prozentiger Titrationsausbeute mrt einem konstanten Strom VON 
50 mA und s~ktrophotome~~her ~ndpu~t~i~ titriert. Die 
Genauigkeit und Richtigkeit der Methode wurden durch Analyse 
einer groijen Anzahl von Standard-Stahlproben ermittelt. 

R&aun&--On d&it une nouvelle technique pour le titrage coulometri- 
que direct du gaz carbonique lib&e dam la combustion a haute temper- 
ature de l’acier. Le gax carbonique est absorb6 dam de l’isopropanol 
contenant 3 % ~~th~ol~e et tit& avec une ethcaciti: de titrage de 
100% avec un courant constant de 50 mA et une d&e&on spectrophoto- 
m&rque du point final. La precision et la fidelite de la m&hode ont 6th 
etablies par l’analyse d’une large gamme ~~~tillons~~lons d’aciers. 
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BESTIMMUNG DES KOMPLEXTYPUS UND DER 
BESTiiNDIGKEITSKONSTANTE VON DISSOZIIERTEN 

KOMPLEXEN MIT HILFE TRANSFORMIERTER 
TITRATIONSKURVEN 

J. BORAK, Z. SLOVAK und J. FISCHER 
Forschungsinstitut fur reine Chemikalien, Lachema, Brno, Tschechoslowakei 

(Eingegangen am 5. Januar 1971. Angenommen am 23. Mai 1972) 

Zusammenfaasnng-Die Methode der logarithmischen Transformation 
von photometrischen Titrationskurven zur Bestimmung der Komplex- 
zusammensetzung wurde entwickelt und diskutiert. Sie eignet sich vor 
allem ftir eine sichere Unterscheidung von ein- und mehrkemigen 
Komplexen. Es wurde theoretisch abgeleitet und auf praktischen 
Beispielen gezeigt, da0 die logarithmische Analyse zu eindeutigen 
Resultaten fiihrt. Die Methode ist begrenzt durch zwei Bedingungen: 
(a) Bildung eines einzigen Komplexes in einem groDen Konzentrations- 
gebiet; (b) es muB sich urn relativ schwache Komplexe handeln. 

IN UNSERHN frtiheren Mitteilungen beschlftigten wir uns mit einigen GesetzmBBigkeiten, 
die vor allem bei der Bildung von schwachen Komplexen und bei Verwendung solcher 
Reaktionen bei den spektralphotometrischen Bestimmungen in Vordergrund treten.14 
Es wurden Beziehungen abgeleitet und in der Praxis benutzt,1-3 die auf dem Massen- 
wirkungsgesetz gegtindet und fiir die Festlegung des Komplextypus und seiner 
Bestiindigkeitskonstante geeignet sind. Mit Zhnlichen Transformationen beschaftigten 
sich bisher am meisten Newman5~s und Hume,&’ vor allem mit Rticksicht auf die 
Bestimmung von Bestlndigkeitskonstanten mit Hilfe spektralphotometrischer 
Messungen bei sukzessiver Bildung von einkernigen Komplexen. In seiner Arbeit, 
die dem Studium der Bildung von schwachen Komplexen eines Typus in der Liisung 
gewidmet ist, geht Klausena von Werten aus, die mit Hilfe der Methode der konti- 
nuierlichen Variationen (Job) erhalten werden. Die Methode wurde zur Unterschei- 
dung von ein- und zweikernigen Komplexen angewandt und sie stiitzt sich auf eine 
Beziehung zwischen der BestLndigkeitskonstante und den maximalen Extinktions- 
werten der Jobschen Kurven. 

In dieser Arbeit wollen wir das Problem beurteilen, in wie weit man die Parameter 
der erhaltenen Funktion nach der logarithmischen Transformation einiger Titrations- 
kurven ftir die eindeutige Festlegung des angenommenen Komplextypus und ftir die 
eindeutige Festlegung des angenommenen Komplextypus und ftir die Bestimmung 
seiner BestZindigkeitskonstante eindeutig ausnutzen kann. Aus diesem Grund be- 
schiiftigten wir uns nZiher mit der Diskussion der allgemeinen Funktion bei den logarith- 
mischen Analysen, und zwar besonders ftir die Fglle, bei welchen die st6chiometrischen 
Koefhzienten a und b des Komplexes M,L, nicht richtig vorausgesetzt wurden. 
Die Ergebnisse der allgemeinen Untersuchung fuhren dann zu Forderungen auf die 
experimentelle Ausfiihrung der Titrationen. Die weiteren Erwagungen und Resultate 
gelten aul3er fiir die im Vordergrund stehenden photometrischen Titrationen such fiir 
die weiteren “linearen Titrationskurven”.4 

1611 
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Verwendete Symbole und Grundbeziehungen 

Extinktion, gemessen gegen Blindansatz (Absorption des Kations vernach- 
1aBigbar) 
Maximaler Wert von A. Allgemein wird A,, bei gentigend grodem Titrant- 
tiberschuB direkt gemessen 
BestBndigkeitskonstante (scheinbare Konstante) nach Gl. (1) 

K= 
b’k&l 

(Car - a b’tzL,I)” ’ (CL - b [M,L,l)b (1) 

Gleichgewichtskonzentration des Komplexes M,L,, molar 
Stochiometrische Koefhzienten des gebildeten Komplexes 
Totale Ligand- bzw. Metall-Konzentration, molar 
Steigung der transformierten Titrationskurve im Punkt (t, r]) 
Steigung der transformierten Titrationskurve fur A -+ 0 
Steigung der transformierten Titrationskurve fur A + A, 
Stiichiometrische KoeRzienten eines angenommenen Komplexes M,LB; 
bei richtiger Voraussetzung gilt gleichzeitig a = a und /I = b 
Entfernung eines Punktes (5, q) der transformierten Titrationskurve von der 
Gerade der richtigen Transformation 
Wert von A fiir A -+ 0 
Wert von A fur A + A,-, 
Hilfskonstante 

afb-1 
Eab 

x= K.bb 

Differentieller molarer Extinktionskoelhzient des Komplexes M,L, 
Transformierte Titrationskurven-Abscissenachse 
Transformierte Titrationskurven-Ordinatenachse 

Logarithm&he Transformation photometrischer Titrationskurven 

Aus Gl. (1) folgt nach einfacher Umformung:1*3 

= - ; log 
A 

(A, - Ajb 

In dieser Form gilt Gl. (2) fiir die Titration eines Ligandes L durch ein Kation M, 
d.h. fur A = A(c&=~,,~~~. Fiir die Titration eines Kations durch ein Ligand, d.h. 

fur A = A(C~)c~=,mst, g ilt eine ganz analoge Beziehung, die man durch Austausch 
von M gegen L und a gegen b aus G. (2) erhalten kann. Die weiter abgeleiteten 
Beziehungen gelten deshalb nach dem Tausch der Symbole such fiir die umgekehrten 
Titrationen. Fiir a = 1 ist die Beziehung (2) mit einer von Newman und Hume5 ab- 
geleiteten Gleichung praktisch identisch. 

In der Praxis werden die gemessenen Titrationskurven nach Gl. (2) transformiert, 
indem man die Extinktionswerte A in das kartesische Koordinatensystem als Punkte 
(l, q) eintrggt, wobei 

(Ordinatenachse) (3) 
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und 
A 

’ = log (A, _ A) B (Abscissenachse). (4) 

Bei richtig gewtihlten a, /? (d.h. a = a und gleichzeitig p = b) liegen die Punkte 
(l, q), die durch Transformation such mehrerer Titrationskurven (bei verschiedenen 
Konzentrationen cL) erhalten werden, an einer einzigen Gerade mit der geforderten 
Steigung -l/a. Dabei mu5 allerdings die Grundbedingung erfiillt werden, da5 in 
der Lasung ein einziger geniigend dissoziierter Komplex entsteht, und da5 die gemes- 
senen Extinktionswerte seiner Gleichgewichtskonzentration proportional sind. Auch 
die Kenntnis von A,-Werten ist fiir die Transformation erforderlich. 

Urn die Eindeutigkeit und Richtigkeit dieser Aussage beurteilen zu ktinnen, ist es 
nstig den allgemeinen Verlauf der Beziehung (2) bei nicht richtig gewghlten Koeffizien- 
ten a, /? zu untersuchen. 

In der Liisung entsteht in einem breiten Konzentrationsverhaltnis 
nur ein einziger Komplex 

In diesem Fall sind die benijtigten A,-Werte durch die horizontalen &te der 
Titrationskurven gegeben. Dabei gilt in guter Ngherung : [M,L,] = I/b - c, und 
A,,‘:A/: . . . = cL’:cL”: . . . , wobei A,,‘, A,,” . . . die Extinktionswerte an den hori- 
zontalen &ten und cL’, cL” . . . die entsprechenden totalen Ligandkonzentrationen 
bedeuten. Werden fiir die Transformation nach Gl. (3) und (4) die geschgtzten 
Werte a, /3 benutzt, resultiert im Allgemeinen eine Kurve, und dariiber hinaus sind die 
einzelnen transformierten Titrationskurven in Abhgngigkeit von den verschiedenen 
c,-Werten voneinander verschoben. Dieser Umstand ist fiir die richtige Beurteilung 
oft ma5gebend, wie es bereits bei dem Studium der Komplexbildung von Arsenazo III 
mit Uranyl und Thorium empirisch gezeigt werden konnte.3 

Den allgemeinen Verlauf der transformierten Titrationskurven kann man mathe- 
matisch optimal mit Hilfe einer Vergnderlichen A untersuchen, die wir als die Ent- 
fernung der Punkte (5, 7) von der hypothetischen Gerade definieren die bei richtig 
gewZihlten Werten a = a und j3 = b gewonnen wiire. 

Die Normalenform der Gl. (2) lautet: 

1 

- -2/l +a2 
log2 = 0 (5) 

Fiir die Entfernung A eines Punktes (E, 7) von der Gerade (5) gilt: 

(A, - A)” 
A - d&s log x (6) 

Aus Gl. (2) berechnet man 

Nach Einsetzen in (6) und Umformung resultiert fiir den gesuchten Wert von A: 

(7) 

1 (A, = 
‘=dl +$log 

-A)-b/a+gaA-aA ’ 1 (8) 
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Nach dieser Gleichung kann man die Entfernungen A der Punkte (6, q), die bei der 
Transformation bei falsch gewahlten a, ,!? gewonnen werden, von der Gerade der 
richtigen Transformation (a = a und p = b) berechnen. 

Urn einen anschaulicheren Uberblick iiber den Verlauf der Funktion A zu bekom- 
men, untersuchen wir erstens ihre Werte fur die beiden extreme Zustiinde, d.h. den 
Anfang der Titration (A + 0) und das Ende der Titration bei sehr grol3en Titrant- 
iiberschtissen (A + A,). 

Ftir den Anfang der Titration (A -+ 0) gilt: 

A,, = lim A = L log B i; A,-b + $ - i A,@ 
A+0 2/2 

ftira= 1,und 

A,=limA= 
A-0 &“+ C22 

log ; A f-b)h 

ftira> 1. 
Ftir das Ende der Titration (A + A,) gilt: 

AA0 = lim A = 0 
A+A,, 

fib j3 = b, 

fiir p < b, und 

fur ,!I > b. 

AAO= lim A= $03 
A-8, 

AAO= lim A= -co 
A-+Ao 

(9) 

(10) 

(11) 

(12) 

(13) 

Bei der Transformation von n Titrationskurven (n verschiedene c,-Werte) resultiert 
in den Koordinaten 5, T,I bei a, b # a, ,!!I, die gleiche Anzahl von Kurven analoger 
Form. Die Verschiebung dieser transformierten Kurven voneinander folgt aus der 
allgemeinen Beziehung (8) ftir A, anschaulicher wird sie jedoch in einigen Fallen aus 
den A,-Werten, die nach Gl. (9) und (10) berechnet werden. So z.B. folgt aus Gl. 
(10) bei a > 1 fur zwei Werte A,’ und A,,“: 

‘(B-b)la _ a 
- log !! &(“-“,/a 

1/1+a2 b 

B-b =- 
2/1+a2 

(14) 

Falls a = b = 2 und a = p = 1, wird die Entfemung von zwei transformierten 
Anfingen der Titrationskurven bei q,’ und cn” durch Gl. (15) gegeben : 

1 ’ 
A;-A/=--&og$” (15) 

Analog kann man aus Gl. (9) die Entfemung von zwei transformierten Mngen 
der Titrationskurven fur den Fall berechnen, in dem bei der Existenz eines Komplexes 
ML die Transformation irrti.imlich fur a, fl = 2 vorgenommen wurde: 

I 

A;-4”=-&ogs (16) 
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Nur in dem Fall, da13 die stiichiometrischen Koeffizienten richtig vorausgesetzt 
wurden, bekommt man also bei der Transformation von mehreren Titrationskurven 
bei verschiedenen Ausgangskonzentrationen eine einzige resultierende Gerade mit der 
geforderten Steigung. 

Neben den extremen Werten von A ist es fur die Beschreibung der Funktion A 
sinnvoll, den Wert der Steigung ihrer Tangente in einem beliebigen Punkt zu berech- 
nen. Falls man an der unter einer falschen Voraussetzung transformierten Titrations- 
kurve einen pseudolinearen Abschnitt mit gentlgend von -l/a abweichender Steigung 
findet, w%re es dann fur die Eliminierung der falschen Annahme ausreichend, nur 
eine einzige Titrationskurve zu transformieren. 

Die Steigung der transformierten Titrationskurve in ihrem beliebigen Punkt 

(E, 17) 

k,!? dE 
I dA dA 

(17) 

kann man aus den Beziehungen (7), (3) und (4) berechnen. Nach der Ableitung 
resultiert fur k: 

k = (18) 
(A - Ao)[a - a ; + ; x~I”A’~I”-~‘(A, _ A)+ + z Xf/“A1/~(Ao _ A)(-b/o--l) 

1 
- 

(A, - A + pA)[a - a ; + (A, - A)-b~a~1k4”/‘T-1J] 

Ftir die beiden oben diskutierten extremen Flille (A + 0, A -+ A,,) gilt dann: 

kA, = lim k = - b 
A+A,, a6 

kOslimk= -1 

A-0 a 

(19) 

(20) 

Bei der Berechnung der Beziehungen (19) und (20) kann man entweder nach der 
l’Hopital’schen Regel, oder such einfacher nach Multiplizieren des ZIihlers und des 
Nenners durch (A, - A)b/” [Gl. (19)] oder durch A(l-lla) [Gl. (20)]. Aus Gl. (19) 
und (20) folgt, da13 man mit Hilfe einer einzigen transformierten Titrationskurve die 
Existenz eines angenommenen Komplexes M,Lg ausschliel3en kann, falls bei A -+ 0, 
a # a und bei A + Ao, b/a/l # I/a. 

Auf Grund der oben abgeleiteten Beziehungen kann man die Kurventypen dar- 
stellen, die bei der Transfromierung einer Titrationskurve unter nicht richtiger 
Annahme eines Komplexes Mo,Ls bei der wirklichen Bildung eines Komplexes M,L, 
resultieren. Diese Kurven sind in Abb. 1 und 2 fur alle Kombinationen a, b, a, b = 1,2 
schematisch dargestellt. Die Grenzwerte Ao, AA,, k,, kA, bzw. Amex sind in Tab. I 
zusammengestellt (in den Klammern sind die Kurvenbezeichnungen aus Abb. 1 und 
2 angeftihrt). Fur alle diese Kurven gilt, da13 dt/dA > 0 und dq/dA < 0, die einzel- 
nen Punkte (5,~) liegen somit bei haheren A Werten an den Kurven rechts unten, bei 
sinkenden Extinktionen links oben. Die Grenzwerte kAo sind bei den einzelnen 
Kurven angegeben. Fiir alle Kurven in Abb. 1 gilt im Einklang mit Gl. (20) k, = - 1, 
in Abb. 2 k, = -0,5. 
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A-AA, 

E 

ABB. I.-Typischer Verlauf trausformierter Titratiouskurven. 
Kurven I-~-ES entsteht ein Komplex ML; Kurven 4-6-Es entsteht em Komplex ML% 
I-MLrichtig vorausgesetzt; 2-MILvorausgesetzt; 3-MILa oder ML1 vorausgesetzt; 
4-ML,richtig vorausgesetzt ; S-ML oder MPL vorausgesetzt ; 6-MBLB vorausgesetzt. 

ABB. 2.-Typischer Verlauf trausformierter Titratiouskurven. 
Kurven 7-~-ES entsteht em Komplex MILI; Kurven IO-12-Es entsteht ein Komplex 
MIL7-ML oder MIL vorausgesetzt ; 8-MILp richtig vorausgesetzt ; 9-MLtvorausge- 
setzt; IO-MIL richtig vorausgesetzt; II-ML vorausgeaetzt; 12-ML2 oder MILI 

vorausgesetzt. 

In Abb. 1 und 2 schneiden sich die Kurven 3, 5, 7 und I2 mit den Geraden der 
richtigen Transformation I, 4, 8 und 10. Ein Schnittpunkt entsteht nur dann, falls 
die Grenzwerte A, und AA, ein entgegengesetztes Vorzeichen haben. So z.B. fiir 

cc = @ = 2 und a = b = 1 schneiden sich die Kurven nur, falls A, > 0,5 (bei 
A = A, - 0,5), wie es such aus Gl. (8) fur A = 0 ersichtlich ist. Bei niedrigeren 
cl-Konzentrationen (A, < 0,s) werden die transformierten Kurven in Richtung zu 
haheren E, 7 verschoben und sie bilden keinen Schnittpunkt mit der Gerade der 
richtigen Transformation. 
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In einigen FHllen geht A durch ein Maximum bei 0 < A < A, (vgl. Kurven 9, II). 
Die Extinktionswerte A, bei denen A = A,,, wurden nach Einsetzen von a, b, a, /3 
in Gl. (8) und der Bestimmung des Extrems mit Hilfe der ersten Ableitung berechnet. 
Wie es aus Kurven 9 und 11 und aus den Angaben fiir A0 und AA0 in Tab. I folgt, 
werden die Anfangs- und Endteile der transformierten Titrationskurven bei verschie- 
denen c, in diesem Fall voneinander nicht verschoben. In dem Gebiet 0 < A < A, 
wird jedoch die Verschiebung der einzelnen unter falschen Annahme transformierten 
Titrationskurven sichtbar, woriiber man sich nach Einsetzen der konkreten Werten 
a, b, a, b in Gl. (8) und nach Auswertung des allgemeinen Ausdruckes ftir die Diffe- 
renz (A’ - A”) fiir A,’ und A,” iiberzeugen kann. 

M6glichkeiten der Anwendung logarithmischer Transformationen 
bei der stufenweisen Bildung mehrerer Komplexe 

In einigen Fallen der stufenweisen Bildung mehrerer Komplexe wird die Bedingung, 
da13 in der untersuchten Liisung nur ein Komplex entsteht, bei geeigneten experi- 
mentellen Bedingungen in guter NZiherung erfiillt, namlich bei einem geniigenden 
UberschuB einer der reagierenden Komponenten. Zur Transformation eignen sich 
dabei die Anfangsteile der Titrationskurven. Den Grenzwert A,, mu13 man mit Hilfe 
des unabhlngig bestimmten molaren Extinktionskoeffizienten bcstimmen, vgl. z.B. 
ref. l-3, 9-l 1. Die Anwendung der Methode der logarithmischen Transformationen 
setzt in diesem Fall voraus, da13 es sich urn geniigend dissoziierte Komplexe handelt 
(Transformation des Anfangsteiles der Titrationskurve). Kaum geeignet ist diese 
Methode ftir das Studium eines Systems, in welchem mehr als zwei verschiedene 
Komplexe nacheinander entstehen. 

Anwendungsbeispiele 

Die Anwendbarkeit der Methode der logarithmischen Transformationen photo- 
metrischer Titrationskurven und die Gtiltigkeit oben abgeleiteter Beziehungen wurden 
in der Praxis beim Studium der Komplexbildung von Arsenazo III mit Uranylionen 
und Thorium(IV) bewiesen.3 Im Falle der Uranylkomplexen wurde die Existenz von 
zwei verschiedenen ML Komplexen mit KEdL = 3 - 10s1 * lo5 in Abhangigkeit von 
den Versuchsbedingungen (pH) entdeckt. Die Moglichkeit einer eventuellen Bildung 
von MzLz Komplexen wurde ausgeschlossen. Thorium(IV) bildet bei geeigneten 
Bedingungen vorwiegend Komplexe M,L, ML, und zwei verschiedene ML Komplexe. 
Es wurden iiberall die Best%ndigkeitskonstanten bestimmt. 

In Abb. 3 sind die transformierten photometrischen Titrationskurven von Sulfon- 
azo III durch Ba2+-Ionen gezeichnet. Gerade 1 wurde bei richtiger Voraussetzung 
(a = b = 1) fur drei verschiedene Ligandkonzentrationen erhalten. Kurven 2,3 und 
4 resultierten nach Transformation derselben Titrationskurven bei der falschen 
Voraussetzung a = ,!I = 2. Die an der Gerade I gezeichneten Punkte wurden aus 
Kurven 2-4 mit Hilfe der Gl. (8) errechnet. Die logarithmische Transformation 
bewies in diesem Fall eindeutig die Bildung eines ML-Komplexes. 

Svoboda und Chromy12 benutzten erfolgreich die logarithmischen Transformatio- 
nen bei der Untersuchung der Komplexbildung von Magnesium mit Xylidyl Blue II 
(Magon). Es wurde die Existenz eines einzigen ML,-Komplexes mit einem K-Wert 
von (6,l f 0,3) - lo9 bei den gegebenen Bedingungen bewiesen. 
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ABB. J.-Logarithm&he Transformation von drei photometrischen Titrationskurven 
von Sulfonazo III durch Bariumionen. 

Kurven t&Transformation (t, 7) ftir a = 2. /l= 2 (M,L,). 2--c, = 2 * 10-6M, 3--c, 
= 5. 1O-5M, 4--c, = 1*1O-4M. Kurve I-richtige Transformation fiir a = b = a = /? 
= 1 (ML); die gezeichnete Kurve wurde von ref. 1, Abb. 8 iibemommen, die markierten 
F%nkte aus den falsch transformierten Kurven 2-4 als A nach Gl. (8) berechnet (0 aus 

2; A aus 3 und 0 aus 4). 

-1.5 - 

9 

-2- 

-2.5 - 

I I I 1 I 
-2 -I 0 I 

E 

ABB. 4.-Logarithmische Transformation einer Titrationskurve von Azomethin durch 
Eisen(I1). 

Ein Komplex ML, richtig angenommen. Die experimentellen Angaben von AsmuP 
iibemommen. 

Asmusu widmete sich der Reaktion von Eisen(I1) mit Azomethin (ein Konden- 
sationsprodukt von Ryridin-2-aldehyd mit Sulfanilslure) und stellte fest, da13 em 
einziger stark dissoziierter MLa-Komplex gebildet wird. In der erwf&nten ArbeiP 
(Seite 112) sind in einer Tabelle die gemessenen Werte der Extinktionen an einer 
Titrationskurve gegeben; wir haben uns erlaubt diese Titrationskurve logarithmisch 
zu transformieren. In Abb. 4 ist die resultierende transformierte Titrationskurve fur 
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a = 1, p = 3 gezeichnet. Die Steigung der Gerade betragt -0,326 (daraus b = 3,08), 
der berechnete Wert von l/K ist 4,26 * 10e5 in ausgezeichneter ubereinstimmung 
mit der Angabe von Asmus 4,3 * 10m5. Fur die Transformation wurde A, = 1,565 
aus dem angegebenen molaren Extinktionskoeffizienten ausgerechnet. In der Praxis 
kbnnte man in diesem Fall A, direkt bei einem geniigenden cl-f_)berschul3 oder 
nach13*s-11 bestimmen. Der gebildete Komplex ist stark dissoziiert, fur die eindeutige 
Aussage geniigt es, nur eine einzige ganze Titrationskurve zu transformieren. Die 
Abweichungen beider auBersten Teile der transformierten Titrationskurve von dem 
linearen Verlauf sind wahrscheinlich durch MeSfehler bei sehr kleinen Extinktions- 
messungen, bzw. durch eine kleine Differenz in dem angenommenen Wert von A,, 
bedingt. 

SCHLUSSFOLGERUNGEN UND DISKUSSION 

Es wurden allgemeine aus dem Massenwirkungsgesetz folgende Beziehungen 
abgeleitet, die eine eindeutige Interpretation der photometrischen Titrationskurven 
mit dem Ziel der Bestimmung der stijchiometrischen Koeflizienten des gebildeten 
Komplexes ermiiglichen. Diese Beziehungen wurden an dem konkreten Beispiel 
aller Kombinationen a, b, a, tt? = 1,2 veranschaulicht. Auf Sihnlicher Weise kSnnen 
analoge Gleichungen such fur andere Komplexe (z.B. 1: 3) berechnet werden. Die 
Bildung vorwiegend eines einzigen Komplexes in einem weiten Konzentrationsgebiet 
wird vorausgesetzt. 

Bei der richtigen Wahl des Komplextypus werden immer zwei Kriterien erfiillt. 
1. Die transformierten Titrationskurven haben einen linearen Verlauf und den gefor- 

derten Wert der Steigung. 
2. Die transformierten Punkte mehrerer bei verschiedenen Konzentrationen des zu 

titrierenden Stoffes erhaltenen Titrationskurven liegen an einer einzigen Gerade. 
Falls die transformierte Titrationskurve keinen linearen Charakter aufweist, wird 

such die zweite Forderung nicht erfiillt. In diesem Fall ist die Voraussetzung der 
stiichiometrischen Koeflizienten falsch, oder die Bedingung der iiberwiegenden 
Bildung eines einzigen Komplextypus blieb unerfiillt. 

Aus den Achsenabschnitten kann man bei richtiger Transformation leicht den 
Wert von x bestimmen, und daraus laut Definition die Stabilitltskonstante K berech- 
nen : 

?j = - ; log x (fur E = 0) (21) 

5 = log x (fur 7j = 0) (22) 

Den dazu beniitigten Wert des Extinktionskoeffizienten E,* erhalt man mit Hilfe des 
Wertes A, aus der bekannten Grundbeziehung 

Aus Gl. (8) bzw. (21) und (22) folgt, daB bei den experimentellen Messungen der 
Titrationskurven alle Bedingungen HuBerst konstant gehalten werden miissen, da such 
eine relativ kleine Anderungen in K-Werten zwischen den einzelnen Versuchen (be- 
dingt z.B. durch andere Ionenstarke, pH, Temperatur) eine Verschiebung der Geraden 
in Koordinaten 5, q zur Folge hat. Wird also als Resultat der Transformation von 
mehreren Titrationskurven die Existenz von parallelen Geraden mit der geforderten 
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Steigung beobachtet, ist es wahrscheinlich, da13 die Wahl des Komplextypus richtig 
war, die einzelnen Titrationskurven jedoch nicht bei vergleichbaren Bedingungen 
erhalten wurden. 

Die beschriebene Methode eignet sich besonders filr die Untersuchung bedeutend 
dissoziierter Komplexe [K1’(a+b-l) < 1061. In diesem Fall ist es mtiglich den 
Typus und die Bestandigkeitskonstante des gebildeten Komplexes durch die Transfor- 
mation einer einzigen Titrationskurve zu bestimmen, da der starken Dissoziation wegen 
praktisch die ganze Kurve transfo~erbar ist und deshalb der lineare Verlauf der 
transfo~e~er Kurve in einem grohen Abschnitt nachweisbar ist. 

Bei relativ festeren Komplexen (K1l(a+b-i) N 10s-106) kann man nur die gekrtimm- 
ten Teile der Titrationskurven, oder sogar nur die einzelnen Punkte mehrerer Kurven 
beic&, = u/b, wo der sich bildende Komplex am meisten dissoziiert, transformieren. 
Auch bier ist die Bedingung der alleinigen Bildung eines einzigen Komplexes wichtig 
(wegen der Bestimmung von A, aus den ho~zon~len &ten der Titrationsku~en). 
Bei festeren Komplexen steigern sich such die Forderungen auf die Genauigkeit aller 
Extinktionsmessungen. Die Anwendung der Methode der Iogarithmischen Trans- 
formationen bietet sich such fiir das Studium von festen Komplexen beim Ausnutzen 
von Konkurrenzreaktionen ein. Bei dieser Reaktion, die zur Erniedrigung des K- 
Wertes ftihrt, d&fen jedoch keine tern&e Komplexe gebildet werden. 

Soll die Methode der logarithmischen Transformation ihre ~wendung such in 
FEllen finden, bei welchen die Bedingung der praktisch ausschlierjlichen Bildung eines 
einzigen Komplexes nur in einem begrenzten Gebiet der Werte von cdcn (z.B. bei 
cL > cn) erftillt wird, mtissen immer mehrere Titrationskurven bei verschiedenen 
Konzentrationen des zu titrierenden Bestandteiles transformiert werden. Man beo- 
bachtet dann die Steigungen und die Verschiebung der erhaltenen transformierten 
Kurven. Werden die beiden oben formulie~en Bedingungen gleichzeitig in einem 
bestimmten Konzentrationsgebiet erfiillt, bedeutet es, da8 hier iiberwiegend der 
vorausgesetzte Komplex existiert. 

Summa~--A method is presented for the logarithmic transformation 
of photometric titration curves, with the aid of which it is possible to 
diffe~ntiate with certainty between mononuclear and poIynu&ar 
complexes. The mathematical expressions are derived, and applied to 
practical examples, leading to unequivocal conclusions. The method 
suffers from two limitations-over a wide range of concentrations 
only one complex should be formed, and it must be a relatively weak 
one. 

R&ann&On pr&ente une methode pour fa ~~sfo~ation fogarith- 
mique des courbes de titrage photom6~que, ii l’aide de iaquelle il est 
possible de faire avec certitude la difference entre complexes mononu- 
cleaires et polynucleaires. On en deduit les expressions mathematiques 
et les applique a des exemples pratiques, menant ii des conclusions sans 
bquivoque. La methode presente deux limitations: dans un large 
domaine de concentrations seulement un complexe doit &he forme, et 
il doit &tre relativement faible. 
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Summary-Changes in liquid junction potentials in copper@‘) 
solutions were measured when different reference electrodes were used. 
The slope and intercept of a calibration curve for a copper-selective 
electrode will depend on the selection of reference electrode. The 
condition of the electrode surface of an Orion copper-selective electrode 
was studied microscopically and the influence of redox potential on 
stability of the electrode against corrosion is discussed. Oxidizing 
solutions will produce pits at dislocations in the material and there 
will be a mixed electrode potential. The slope, stability, and speed of 
response are much lower when the surface contains pits. Diamond- 
polishing was shown to improve the electrode significantly. 

IN RECENT years a number of papers on the behaviour of ion-selective electrodes 
have appeared in the literature. Most of these have given a simplified picture of the 
electrode behaviour and the manufacturers’ literature has also tended to give an 
idealistic impression. When a need arose to test the ion radical electrodes described 
recently’ and compare them with the sulphide electrodes, a more thorough investiga- 
tion of the latter was necessary. This paper reports such an investigation of a copper 
ion-electrode, namely the Orion copper sulphide electrode.2 

An electrode is said to have a Nernstian or “theoretical” slope of the calibration 
curve if this equals (RT In lO)/zF, i.e., 59.2 and 29.6 mV/decade at 25” for univalent 
and bivalent ions respectively. These values should be obtained only if a number of 
conditions are fulfilled. The most important prerequisites are that the variation in 
liquid-junction potential, the changes in activity coefficients and the changes in the 
activity of the reference ion in the solid electrode material are negligible. The activity 
of the reference ion in the surface layer of the electrode material is tattily assumed to 
be constant but usually no experiments have been made to test this assumption. 
Sato3 has discussed the electrode behaviour for varying ion activity in the surface. 
Departures from the simple Nernst’s law, due to cracks and pits in the surface, will 
be discussed in this paper. 

EIectrodes 

EXPERIMENTAL 

An Orion Cupric Ion Electrode 94-29 A and Orion Double Junction Reference Electrodes 90-02 
were used. The bridge solution of the reference electrode was Orion 90-00-02 filling solution, 2&f- 
potassium nitrate, 1M potassium nitrate, or 1M sodium nitrate. A Radiometer Calomel Electrode 
K 401 with saturated potassium chloride solution as bridge solution was also used. 

Potentiometric measurements were made in a Metrohm titration cell, EA 880-20. Solutions were 
prepared immediately before measurement, by dilution of a O-1 M stock solution. The dilution was 
made with an Oxford Sampler micropipete system. The cell was filled with 27 ml of solution and 
stirred with a magnetic follower. The measurements were then made at room temperature, 23”. 
Potential readings were made to the nearest O-1 mV and in some cases to O-01 mV. The electrodes 
were washed thoroughly with distilled water between the measurements. An electrode switch was 
used when several electrodes were studied simultaneously. 

1623 
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Surface studies 
The electrode surface was studied with an inverted metal polarizing microscope, Zeiss UP 1, 

with a Polaroid camera attachment. The objectives were of the type Zeiss Epiplan, 4x, 8x, 16x, 40x, 
and 80x. The copper sulphide electrode was polished with a diamond paste of the smallest grain 
sire, DP-paste type C (Struers, Copenhagen), in a polishing machine running at 125 ‘pm. A support 
held the electrode orthogonal to the turntable. 

Calculations 
For calculation of the liquid-junction potential the following constants were used: ;(ONa+ = 50.1, 

AK+” = 73.5, &s+ = 53.6, A&- = 76.35, &,- = 71.46 ohm-‘. cm8. equiv.?. Figure 9 was con- 
structed by using the following constants: E&,a+/cU = 0.337 V, E&8+/cU+ = 0.153 V, E;a+ls = -0.48 
V, E&+lag = 0.799 V, and the solubility products: K,,(CuS) = 10-38.1 and K,,(Ag,S) = 10-49’4. 

RESULTS AND DISCUSSION 

Liquid-junction potentials 

There are large differences in liquid-junction potentials between different bridge 
solutions used to connect ‘the reference electrode to the sample solution. Figure 1 

0 
-*,} , , , , , , n , n , 

I 2 3 V V 
2 M KNO, ret’d KC1 

FIG. I.-Difference in liquid-junction potential measured between a double-junction reference 
electrode containing 2M KNO, and a double-junction reference electrode containing 

0 1M NaNOs 
l Orion 90-00-02 filling solution 
A 1MKNOs 
A saturated KC1 solution (Radiometer K 401) 

immersed in solutions of Cu(NO& with varying ionic strength and into two salt solutions. 

shows the difference in liquid-junction potentials between a reference electrode con- 
taining 2M potassium nitrate and other reference electrodes using different bridge 
solutions. The measurements were made in copper(I1) nitrate solutions and in two 
salt solutions. Figure 2 shows the differences when the ionic strength was kept 
constant in the copper nitrate solutions, 1= 0.3, by addition of potassium nitrate. 
It is seen that even when the ionic strength was kept constant there was a significant 
variation in the liquid-junction potential. This variation may cause a curved cali- 
bration graph which might be confused with deviations from Nernst’s law. A cali- 
bration curve of an ideal ion-selective electrode will thus result in a curved calibration 
curve, the curvature being dependent on the selected reference electrode. If on the 
other hand a procedure is used in which the best straight line is drawn through the 
calibration points an analytical error of up to 20% may occur. 
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mV 
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10- 

A 

-,I r:f.:1 ; ; 
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n , A * 
I2 3 4 5 6 

-log c C”lNO,)Z 2MKN0, sat’d KC1 

FIG. 2.-Difference in liquid-junction potential measured between a double-junction 
reference electrode containing 2M KNO, and a double-junction reference electrode 

containing 
0 lMNaN0, 
l Orion 90-00-02 filling solution 
A lMKN0, 
A saturated KC1 solution (Radiometer K 401) 

immersed in solutions of Cu(NO,), with constant ionic strength, Z = O-3, obtained 
by addition of KNO, and into two salt solutions. (100 mV was subtracted from all the 

readings with the NaNO, bridge solution.) 

Figures 1 and 2 show only the difference between two liquid-junction potentials 
and it is not possible to measure the variation of a single liquid-junction potential 
independent of the determination of single ion activities. It is, however, possible to 
make approximate calculations of a single liquid-junction potential. 

Henderson’s equation gives the liquid-junction potentials for a “continuous 
mixture” junction 

where Ti is the transport number, zi the charge, ci the concentration and yi the activity 
coefficient. The first term, E,,, can be evaluated if the transport number is assumed 
to be constant. The second term representing the non-ideal contributions cannot be 
evaluated directly. The first term was evaluated by using a computer programme. 
Figure 3 shows a plot of the differences in E,c between a number of bridge solutions 
and 2M potassium nitrate, in copper nitrate solutions and in two salt solutions. 
Figure 4 is a corresponding plot of a calculation made for copper(I1) nitrate solutions 
in which the ionic strength was kept constant, I = O-3, by addition of potassium nitrate. 
If it had been possible to calculate correct liquid-junction potentials, Figs. 3 and 4 
should have been identical to Figs. 1 and 2 respectively. As the agreement between 
calculated and measured differences was rather poor the calculation seems to be of 
limited value. 

It is desirable to select a bridge solution which is likely to give a small variation 
in liquid-junction potential. The mobility of potassium ions is almost equal to the 
mobility of nitrate ions and therefore a salt bridge containing potassium nitrate 
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-leg CC”IN0$* 2M KNO, sat/d KCI 

FIG. 3.-Calculated difference6 in liquid-junction potential between a bridge solution 
of 2M IWO, contacting copper and salt solutions and a bridge solution of 

0 1MNaNOa 
A 1MKNOs 

’ A saturated KC1 
contacting the same solutions. The ionic strengths of the copper solutions were varied. 

40- 

30- 

mV 20- 

A I A I 

I 2 3 4 5 6 

-logC CUWJ,), 2MKN0, sat’d KC1 

FIG. 4.-Calculated differences in liquid-junction potential between a bridge solution 
of 2M KNO, contacting copper and salt solutions and a bridge solution of 

0 1M NaNO, 
A 1M KNO, 
A saturated”KC1 

contacting the same solutions. The ionic strength of the copper solutions was 0.3, 
obtained by addition of KNO,. 

should be a better choice than a bridge containing sodium nitrate. The Orion filling 
solution contains about 0.7M potassium chloride, about 1.5M potassium nitrate 
and small amounts of sodium and silver ions. Chloride ions form complexes with 
copper ions and both the Orion filling solution and saturated potassium chloride 
are less suitable. The 2M potassium nitrate bridge solution has therefore been used 
throughout in the following and no calculated corrections for the liquid-junction 
potential have been applied. 
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The electrode surface 

If the electrode surface contains cracks or pits the first sample solution will enter 
these. When the electrode is moved to a second sample solution the first will be dis- 
placed from the cracks only slowly. Different parts of the solid will be in contact 
with solutions of different concentrations. A mixed potential with a current path 
through the solid, the first sample solution, the main sample solution and back to the 
solid will be set up. The mixed potential will lie somewhere between what it should 
have been in the first and in the second solution. There will be a slow drift due to 
displacement of the first solution from the cracks. The Orion copper sulphide electrode 
has been studied with respect to influence from mixed potentials. 

Figure 5 shows the electrode surface after two months use following delivery from 
the manufacturer, during which time the electrode had not been polished. Three 
types of spots can be recognized, linear pits, shallow diffuse pits with a rough bottom, 
and dark areas of various shapes with well-defined boundaries. Figure 6 shows the 
electrode surface after polishing with a diamond paste. The electrode was rinsed in 
distilled water before the picture was taken. Only spots of the third type can be seen 
on this picture. The spots were originally of light colour, but in the intense light of 
the microscope they turned black in a few minutes. A part of the surface shown in 
Fig. 6 was illuminated for some minutes with a small light cone covering only a part 
of the picture area. The aperture was then opened and the picture was taken. It can 
be seen that the illuminated spots of Fig. 6 are darker. 

TABLE I.--TIME VARL~TION OF THE POTENTIAL (mv), OF ORION CUS-EUXTRODE IN O.Olit4 
Cu(NOA, l4EASURF.D VS. A DOUBLE-JUNCTION REFJXENCE ELECTRODE CDNTAININO 2M KNO, 

Time, min 

Untreated electrode 
cf. Fig. 5 

Electrode treated with 
silicone oil 

1 2 3 4 5 6 

+315.0 +316.0 +317*0 +318*0 +319-2 + 320.2 

+316*0 +315*9 +316.0 +316.2 $316.5 +316.9 

Polished electrode 
cf. Fig. 6 

Polished electrode 
treated with silicone 
oil. I = O-3 

+315*2 +315.2 +315-2 +315.2 +315.2 +315*2 

+301*63 +301-83 +301.83 +301*83 +301-83 f301.83 

Polished electrode 
etched in O*lM EDTA 
cf. Fig. 10 

+314XMl +313-70 +313*63 +313.47 +313*47 +313.47 

Electrode stability 

Table I shows the stability of the potential readings when the electrode was sub- 
jected to different pretreatments. The results show that filling the pits with oil improves 
the stability and removing most of the pits by polishing improves the stability further. 
The last row but one shows measurements on a polished electrode treated with 
silicone oil. The surface condition of the electrode seemed to be of paramount impor- 
tance for the stability of the potential and for obtaining a stable reading within 
reasonable time. 
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Copper(H) ion activity 

Activity coefficients for the calculations made in this paper were obtained from a 
computer programme of the type given by Lee .s A positive deviation was always 
found at 0-M copper nitrate both in the medium with varying ionic strength and in 
the medium with constant ionic strength, I = 0.3. The measurements were therefore 
repeated with constant nitrate concentration, [NO,-] = 0*3&f, in order to test for a 
weak nitrate complex. The deviation from linearity decreased but the result was 
inconclusive with regard to the existence of a nitrate complex. The deviation may be 
caused by a change in the liquid-junction potential or an erroneous value of the 
activity coefficient. It is not possible at present to arrive at better values of the activity 
coefficients but work along the lines described by Bates and Alfenaar,7 and 
Leyendekkers,’ seems promising for the future. 

Calculation of the slope and the intercept 

Calibration curves were obtained for the electrode after it had been subjected to 
various forms of pretreatment. The calibration was made with copper nitrate 
solutions and a double-junction reference electrode filled with 2M potassium nitrate. 

FIG. 7.-Calibration curve of a polished and silicone oil treated copper selective 
electrode in Cu(NOs), solutions with varying ionic strength. A doublejunction 

reference electrode containing 2M KNO, was used. 

The calibration curves were not strictly linear, as shown in Figs. 7 and 8. The measure- 
ment in O*lM solution always resulted in a point above the line. Although this was 
the case a straight line was fitted to the points by using the least-squares method. 
This procedure will produce comparable values except for the EDTA-treated electrode. 
Evaluation was made over the range 10-1-10-8M and the measurements were made 
in the order from lower to higher concentration. The temperature was always 23” 
which corresponds to a value of 29.38 mV/decade for (RT In 10)/2F. 

The results of the measurements (Table II) confirm the conclusion drawn from 
the investigation of the drift. An electrode surface containing pits produces a line 



FIG. 5.-Photomicrograph of the surface of an Orion copper-selective electrode which 
had been in use for two months since purchase and not polished during that time. 

Magnification 124 x . 

FIG. 6.-Photomicrograph of the surface of a polished copper-selective electrode. 
The darker area had been illuminated for some minutes before the photograph was 

taken. Magnification 362 x . 
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FIG. IO.-Photomicrograph of the surface of an copper-selective electrode etched 
for 50 hr in O*lM EDTA. Magnification 362 x . 
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FIG. S.-Calibration curve of a polished and silicone oil treated copper selective 
electrode in Cu(NOs) solutions with constant ionic strength, Z = 0.3, obtained by 
addition of KNO,. A double-junction reference electrode containing 2M KNO, was 

used. 

TABLETI.-SLOPE AND INTERCEPT, E’ OF AN ORION CUS-ELECTRODE SUBJECTEDTO 

VARIOUS PRETREATMEh'TS 

Varying ionic strength Constant ionic strength 

Slope, E’, Slope, E’. 
m V/decade mV m V/decade mV 

Untreated electrode 16.2 370.2 - - 
cf. Fig. 5 

Electrode treated 
with silicone oil 

21.3 372.1 26.2 356.4 

Polished electrode 28.8 381.7 28.5 362.8 
cf. Fig. 6 

Polished electrode 
treated with silicone oil 

29.2 378.2 29.6 362.7 

Polished electrode etched 
in O.lM EDTA 
cf. Fig. 10 

29.6* 382.8 - - 

* Slightly S-shaped calibration curve, probably due to residues of EDTA in the pits causing the 
points at 10-&M and 10-BM to fall below the line. 

with a lower value of the slope than that of a polished electrode surface. The highest 
values of the slopes were obtained for a polished surface in which the remaining 
depressions were filled with silicone oil so that the penetration of solution into the 
material was reduced. This shows conclusively that surface irregularities produce a 
mixed electrode potential. The value of the slope of the EDTA-etched electrode is 
not comparable to the other values, because the calibration curve was S-shaped. A 
slope measured on the middle linear parts was lower (28-O mV/decade) than that of 
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a polished electrode. The measurements made on solutions with constant ionic 
strength were somewhat more reproducible than those for varying ionic strength. 

The E’ values depend on the long-term stability of the reference electrode. No 
checks were made to estimate this drift. 

Electrode corrosion 

Figures 9a and 9b show logarithmic plots of ionic activities at the copper electrode 
surface for solutions containing IO-rM and 10W6M Cu2+ respectively. The plots were 
made as described by Sill&. 4 Potentials are referred to the N.H.E. Below 0.31 V 
(Fig. 9a) or O-15 V (Fig. 9b) respectively Cu2+ concentration decreases due to forma- 
tion of Cu”. The concentration of S2- due to dissolution of CuS is also shown. It is 
lower than that required for the reaction 

S2- + S + 2e- E” = -0.48 V 

up to a redox potential of about 0.57 (Fig. 9a) or 0.42 V (Fig. 9b) respectively. At 
more oxidizing potentials CuS can be corroded if a suitable accelerating agent is 

mV 

0 250 500. 
0 
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FIG. 9.-Logarithmic plots of some ion activities in equilibrium at the surface of a 
copper ion-selective electrode as a function of the redox potential US. N.H.E. The 
equilibrium of oxidation of sulphideC;;_\pkur is also shown. (a) Cu O*lM, (b) 

present. Thermodynamically such an oxidation can be performed with nitrate ions 
but the reaction rate becomes appreciable only in strongly acid solutions. The same 
is true for perchloric acid and in this case the reaction rate in 0.1M perchloric acid 
is so high that the response to Cu2f is seriously impaired. Measurements in 1M 
sodium perchlorate could be carried out at pH 4-5, however. The corrosion was 
visible under the microscope. In nitrate solutions, I = 0.3, an E-pH diagram could 
be obtained down to pH 2 and possibly lower. 

The amount of Cu+ can be neglected at a total copper concentration of the order 
of 0.1M but this is not the case below a redox potential of 0.25 V in 10m6M solutions. 
The redox potential of the copper(H) nitrate solutions used was determined by use of 
bright platinum electrodes. Two electrodes were used to check the reproducibility, 
which was rather poor. Two series were made, one at about pH 4 and the other at 
about pH 5-5. The ranges of redox potentials obtained are marked with R in the 
figure. The redox potential was so high that the presence of Cu+ in the standard 
solutions could be neglected in all cases. The redox potentials of the calibration 
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solutions were so high that oxidation of S2- to S can take place readily, but the rate 
is probably very low or measurements in the most dilute solutions would have been 
impossible. 

The electrode surface consists of a mixture of CuS and A&3. If equilibrium is 
attained, the silver ion activity in the solution adjacent to the surface will be that 
shown in Fig. 9. When the solution is made more reducing, reduction of silver ions 
will occur before reduction of copper ions to copper metal. Silver can also be 
formed under the influence of light. In order to study whether such a reaction inter- 
fered with the electrode function the surface of a polished dry electrode was illuminated 
with focused strong light for three hours. The slope and intercept were then determined 
and found to be identical to those for a newly polished electrode. Reduction of some 
of the silver ions to silver metal does not affect the electrode function. 

Hansen, Lamm and RdtiEkas have shown that EDTA treatment of a sulphide- 
activated “Selectrode” improves the performance. They also reported that con- 
ditioning of commercial electrodes with EDTA, including the Orion electrode, did 
not produce significant effects. In order to study the conditioning effects on the elec- 
trode surface we have immersed the Orion electrode in stirred 0.1M EDTA at pH 4.5 
for about 50 hr. A photomicrograph of the surface is shown in Fig. 10. The etching 
has produced diffuse pits with rounded contours. From the slope and intercept of 
this treated electrode (Table II) it is seen that this treatment is inferior to diamond 
polishing. The stability, as shown in Table I, is good but slightly less than that of 
a polished electrode treated with silicone oil. 

Thomas and Williams9 have shown that dislocations in solid surfaces possess 
enhanced reactivity and that etching is initiated at the dislocations. It is very likely 
that the attack on the copper electrode surface in corroding media also starts at 
dislocations. Spots of the first two types mentioned above, see Fig. 5, may be caused 
by this type of attack. As the etching was made under undefined conditions and 
mechanical scratches cannot be ruled out, no conclusions about the types of disloca- 
tions may be drawn. If this explanation is valid, a more perfect solid should make 
an electrode more resistant to chemical attack. 

The etching rate in EDTA solutions is probably also greater at dislocations and 
will produce pits which cause mixed potentials. Preparation of the precipitate in the 
presence of EDTA according to Hansen, Lamm and R%ZiEka will probably decrease 
the number of dislocations in the material. When the material is later pressed or 
rubbed into Teflon-graphite a compact solid more resistant to etching attacks will 
result. These authors also report a considerable improvement when the activated 
“Selectrode” was conditioned with EDTA. The surface of a Teflon-graphite electrode 
has probably quite different properties from those of the surface of a pressed pellet 
and these may arise from a lower formation of etch pits. 

Some sulphide electrodes studied a year earlier had deep cracks around the edge 
where the electrode material was glued to the stem. These electrodes, of course, 
produced very erratic calibration curves with slopes between 10 and 20 mV/decade. 
The cracks were so large that inspection of an electrode with a magnifying glass 
revealed such defects in manufacture. Attempts to fill the cracks with paint or glue 
were unsuccessful. 

Acknowledgement-The authors wish to thank Dr. M. Sharp for revising the English. 



1632 GILLIS JOHANSXIN and KERSTIN EDSTR~M 

Zusammenfassang-Beim Gebrauch verschiedener Referenzelektroden 
wurden in Kupfer(II)-Losungen Anderungen der Diffusionspotentiale 
gemessen. Neigung und Achsenabschnitt einer Eichkurve filr eine 
kupfer-selektive Elektrode werden von der Auswahl der Referenz- 
elektrode abhsngen. Der Zustand der Elektrodenoberllkhe einer 
kupfer-selektiven Elektrode von Orion wurde mikroskopisch unter- 
sucht und der EintluB des Redoxpotentials auf die Korrosionsbes- 
tlndigkeit der Elektrode diskutiert. Oxidierende Liisungen bilden 
Atzgruben an Versetzungen im Material und es stellt sich ein Misch- 
potential an der Elektrode ein. Wenn die OberhPche Atzgruben 
enthalt, sind Neigung, Bestlndigkeit und Ansprechgeschwindigkeit 
vie1 geringer. Es wurde gezeigt, dd Polieren mit Diamant die 
Elektrode betrachtlich verbessert. 

R&urn&-On a mesure les changements dans les potentiels de jonction 
liquide dans des solutions de cuivre(II) quand differentes electrodes de 
reference sont utilis&es. La pente et I’allure entre deux points d’une 
courbe d’btalonnage pour une electrode selective du cuivre dependront 
du choix de l’electrode de reference. On a etudie microscopiquement la 
condition de la surface d’electrode d’une electrode Orion selective du 
cuivre, et l’on discute de l’intluence du potentiel redox sur la stabilite 
de l’electrode vis-Cvis de la corrosion. Les solutions oxydantes produir- 
ont des cavit6s aux dislocations de la mat&e et il y aura un potentiel 
d’electrode mixte. La pente, la stabilite et la vitesse de reponse sont 
beaucoup plus faibles lorsque la surface contient des cavites. On a 
montre que le polissage au diamant ameliore grandement l’blectrode. 
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Summary-An indirect atomic-absorption method for arsenic has been 
developed. Arsenic(III} is oxidized to arsenic(V) by iodine, then 
arsenomofybdic acid is formed and extracted into MIBK from 
OS1*&W hydrochioric acid. Excess of molybdate is scrubbed from 
the organic phase, and then the molybdenum in the heteropofy acid is 
determined by its atomic absorption at 313*3 nm. Silicate and 
phosphate interfere. A procedure is described for determination of 
ppM levels of arsenic in water. 

ALTEKWGH atomic-absorption spectrophotumetry is commonly used fur direct 
dete~nation uf metals, the method is not suitable for must nun-metallic elements, 
because their resonance lines lie in the far ultraviolet, and various indirect methods 
are generally used, often coupled with a solvent extraction separation. 

Several indirect methods based on heteropoly acid chemistry have been developed. 
Inorganic phosphate is determined by extracting phosphumolybdic acid into a 
suitable solvent and estimating the molybdenum content in the extract by means 
of atumic*abso~tion s~ctrophotomet~.14 Sili~on,~ vanadium5 and niobium6 
are also determined indirectly by measuring the mulybdenum content of the 
heteropoly acid. 

Boltz et a2.’ have recently done the same for arsenic, extracting arsenomolybdic 
acid into methyl isobutyl ketone (MXBK), scrubbing with hydrochloric acid and 
water to remove excess of molybdate from the extract, then stripping the heterupoly 
acid into alkaline aqueous medium and determining the molybdenum. 

We have found that direct nebulization of the MIEK extract into an air-acetylene 
or nitrous oxide-acetylene flame is satisfactory if the extract is properly scrubbed, 
The use of a larger aqueous/organic phase-volume ratio enhances the sensitivity 
by the enrichment effect, and MIBK is more efficiently nebulized than water. A 
determ~uatiun of ppM levels of arsenic is described which has been suc~ssfu~y 
applied to various water samples. 

EXPERIMENTAL 

Reagents 

All solutions were prepaxed from analytical-reagent grade chemicals and deminerahzed water, 
and stored in polyethylene bottles. 

Standard arsenic(III) s&&m. Arsenious oxide (O-133 g) was dissolved in 10 ml of @1M sodium 
hydroxide, 5 ml of hydrochloric acid were added and the solution was diluted to 1000 ml to give a 
100-ppm arsenic solution which was diluted to 5 ppm concentration before use. 

arsenic-76 sulutiun. One mCi of arsenic (HAsO* in 1M hydrochloric acid) was diluted to a 
suitable concentration. 

10 1633 



1634 Y. YAMAMOTO, T. KUMAMARU, Y. HAYASHI, M. KANKE and A. MATSUI 

Iodine-potassium iodide solution. Potassium iodide (0.4 g) and iodine (0.25 g) were dissolved in 
100 ml of water. 

Potassium iodide solution, I5 % w/v. 
Sodium bicarbonate solution, 4.2 % w/v. 
Ammonium paramolybdate tetrahydrate solution, 10% w/v. 
Stannous chloride dihydrate solution, 40% w/v, in hydrochloric acid. A small amount of metallic 

tin was added to prevent oxidation. 
Metallic zinc. Granular zinc metal (1000-1410 pm) with arsenic content co.01 ppm, washed with 

hydrochloric acid (1 + lo), then water, and dried before use. 
Ferric chloride hexahydrate solution, 5% w/v in 0.6Mhydrochloric acid. 

Apparatus 
A Nippon Jarrell-Ash Model AA-I EW atomic-absorption spectrophotometer with a Westing- 

house hollow-cathode molybdenum lamp. An Aloka Model PSM 801 y-ray spectrometer equipped 
with a 1.5 x 1 in. NaI(T1) crystal. 

Procedure 

Place 10 ml of solution, containing not more than 50 pg of arsenic(III), in a 125-ml separatory 
funnel and dilute to 50 ml. Add 1 ml of iodine solution, 4 ml of ammonium molybdate solution 
and 5 ml of cont. hydrochloric acid (final acidity ~1*2N). After 5 min, add 10 ml of MIBK and shake 
the funnel vigorously for 3 min with a mechanical shaker. Allow to stand for about 15 min, and 
discard the aqueous layer. Wash the MIBK layer with 10 ml of hydrochloric acid (1 + 10). Repeat 
the washing with 10 ml of hydrochloric acid (1 + 10) at least four times to remove excess of molyb- 
date. Measure the absorption of the molybdenum at 313.3 nm against a reagent blank, under the 
optimum operating conditions of the instrument, using an air-acetylene flame. 

Procedure for water analysis 

Place the sample solution (containing up to 5 ,ug of arsenic) in a conical beaker, add 3 ml of 
sulphuric acid (1 + 9) and 1 ml of ferric chloride solution per litre of the sample solution. Heat on a 
water-bath at 70-80” and neutralize with ammonia solution (1 + 3) to pH 9-10 (m-Cresol Purple). 
Cool, filter (e.g., Toyo Roshi paper No. 5A), and dissolve the precipitate in 2-10 ml of warm hydro- 
chloric acid (1 + 1) into a 50 ml conical flask (Fig. 1), washing the filter paper with a small portion 
of water. Keep the total volume of the aqueous solution to t25 ml. Add 2 ml of potassium iodide 
solution and 1 ml of stannous chloride solution, let stand for 15-30 min, quickly add 2 g of granular 
zinc, immediately insert the stopper and let the gases bubble through a mixture of 1 ml of the iodine 
solution and 0.2 ml of the sodium bicarbonate solution, for one hour at room temperature. Transfer 

FIG. l.-Apparatus for evolution of arsine. A Erlenmeyer flask (50 ml); B glass 
wool impregnated with lead acetate; C absorption tube. 
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the absorption solution to a 125-ml separatory funnel, dilute it to 50 ml with water, and continue 
according to the general procedure described above, using a nitrous oxide-acetylene flame to 
increase the sensitivity. 

Oxidation 
RESULTS AND DISCUSSION 

Arsenic(II1) does not form a heteropolymolybdate, and iodine was selected to 
oxidize it to arsenic(V). A pH between 0.5 and 6 was found necessary for quantitative 
formation of arsenomolybdic acid, and an acidity of 0.2-1*6M hydrochloric acid 
for quantitative extraction from 0*2-6M hydrochloric acid. The degree of extraction 
rapidly decreases with acid concentrations less than 0*2N, suggesting incomplete 
formation of arsenomolybdic acid. When the acidity is >l-6N, the reagent blank 
increases with acidity, presumably because of the extraction of the isopolymolybdate 
formed. The acidity was therefore set at approximately I-244 with respect to 

hydrochloric acid. 

Molybdate concentration 

Addition of 0.245 g of ammonium molybdate was adequate for complete 

extraction of the heteropoly acid. Addition of more led to positive errors, because 
the 6-ml excess was then not completely removed by washing, unless further washing 

was done. 

Acidity and number of washings 

The effect of the number of washings is shown in Fig. 2. Ten-ml portions of 
hydrochloric acid (1 + 10) were shaken with lo-ml portions of the extract, and 
the molybdenum content in each phase was determined by atomic absorption. 
The results indicate that the excess of molybdenum was completely removed by 

washing at least three times. 
In alkaline or neutral solutions arsenomolybdic acid may decompose, while 

from acidic solution the isopolymolybdate is appreciably extracted. The effect of 

\ \ 
(‘., , I I I I I 

0 I 2 3 4 5 6 7 

Number of washings 

FIG. 2.--E&t of number of washings with hydrochloric acid (1 + 10) for 50 rg of 
arsenic: 1: Organic phase, 2. washingsolution. Reference for 1, reagent blank; reference 

for 2, hydrochloric acid (1 + 10) saturated with MIBK. 
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acidity at two concentrations of arsenic is shown in Fig. 3. For a single washing 
with equal phase volumes, an acidity of O-2-1.6M hydrochloric acid was found to 
give a plateau on the absorption vs. pH graph. 

Recovery of arsenic 

MIBK is more efficiently nebulized than water, so the sensitivity for molybdenum 
in the organic phase is higher than that for the aqueous phase. Therefore, it was 

01 t I I I I I 1 I I 

-I 0 I 2 3 4 5 6 7 8 

PH 

FIG. 3.-Effect of acidity on washing. 1 : 50 ,~g of arsenic, 2 : 25 rg of arsenic. 10 ml 
of MIBK, 10 ml of washing solution; reference, reagent blank. 

not certain from the experiments described above whether appreciable loss of arsenic 
occurred. This point was tested by using 76As as tracer, and as Table I shows, 
oxidation by iodine was complete and loss of arsenic in the extraction procedure 
was negligible. 

TABLE I.-RECOVERY OF ARSENIC (1 ppm LABELLED WITH ““As) 

Number of washings Degree of extraction of As, % 

0 99.8 * 0.1 
1 99.8 & 0.3 
2 99.6 zt 0.4 
3 99.5 * 0.4 
4 98.8 f 0.4 

The shaking time for the extraction was varied from O-5 to 10 min. It was found 
that 2 min shaking sufficed for equilibration in the extraction. Shaking for 1 min 
was found to be sufficient for each washing. 

Choice of solvent 

Various ketones, alcohols and esters were tested as extractants. Arsenomolybdic 
acid was well extracted by ketones (MIBK, etc) and alcohols (e.g., n-butanol and 
n-pentanol) but not by esters. MIBK was selected because of the enhancement of 
sensitivity by its more efficient nebulization. 

It was found that the apparent sensitivity increased with increasing volume-ratio 
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of aqueous to organic phase (Fig. 4), owing to the solubility of MIBK in water 
causing a decrease in volume of the organic phase. 

Calibration curves and precision 

Beer’s law is obeyed up to 1 ppm of arsenic and the sensitivity for 1% absorption 
was O-01 ppm of arsenic. For 10 solutions, each containing 1 ppm of arsenic, the 
mean scale reading ( % absorption) was 73, with a relative standard deviation of 3 %. 

50 c 

VW/V0 

FIG. 4.-Effect of the volume ratio on sensitivity. 50 ,eg of arsenic; 10 ml of MIBK; 
reference, reagent blank. 

Temperature fluctuations (15-25”) had no effect. A nitrous oxide-acetylene flame 
gave approximately ten times the sensitivity obtained with an air-acetylene flame. 
Thus, if a larger phase-volume ratio such as 20: 1 is also used, O-1 ppM of arsenic 
can be determined. 

Selectivity 

Large amounts of sodium, potassium, magnesium, calcium, aluminium, tin(II), 
lead, chromium(III), manganese(II), cobalt, zinc, cadmium, mercury(II), chloride, 
bromide, nitrate, sulphate, perchlorate and permanganate do not interfere. 
Antimony(III), silicate, phosphate, tungstate, vanadate and dichromate interfere 
(Table II). Phosphomolybdic and silicomolybdic acids are well extracted into 
MIBK and give positive errors. The others give large negative errors when present 
in similar amounts to arsenic, possibly by formation of mixed or competing heteropoly 

TABLEE.-INTERFERENCEEFFECTSON 1 ppmo~ ARSENIC 

Element Added as 
Concentration producing 

& 3 % error, ppm 

Antimony(II1) Chloride 1 
Iron(II1) Iron alum 50 
Vanadium(V) Ammonium vanadate 0.5 
Chromium(W) Potassium dichromate 1 
Tungsten(V1) Sodium tungstate 0.5 
Phosphorus Ammonium phosphate 0.2 
Silicon Sodium silicate 0.2 
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TABLE III.-ANALYSIS OF WATJBS 

Sample 
Arsenic, ppM 

Speetrophotometric method Proposed method 

River water A 
River water B 
Waste water A 
Waste water B 
Waste water C 
Sea-water (waste) A 
Sea-water (waste) B 
See-water (waste) C 
Sea-water A 
Sea-water Bt 

7 
* 

38 
32 

Z 
17 
5 
* 

99 

8 
* 
37 
40 
38 
44 
17 
6 

* 
100 

l Not detected. 
t See-water A containing 100 ppM of arsenic. 

acids which make the amount of molybdenum not equivalent to the amount of 
arsenic present. 

Application to water analysis 

Arsenic must be separated from phosphate and silicate, which can be done by 
co-precipitation with ferric hydroxide. The arsenic is then evolved as arsine and 
oxidized to arsenic(V). As a check, samples were also analysed by the silver- 
diethyldithiocarbamate-brucine-chloroform spectrophotometric method (a modifica- 
tion of the silver-diethyldithiocarbamate-pyridine method.)* The results are shown 
in Table III. It is seen that both sets of results are in satisfactory agreement. 

Zusammenfassung-Eine indirekte Arsen-Bestimmungsmethode durch 
Atomabsorption wurde entwickelt. Arsen(II1) wird durch Jod zu 
Arsen(V) oxidiert, dann ArsenomolybdlnsPure gebildet und aus 
0,2-1,6M Salzslure in MIBK extrahiert. Der I)berschuJ3 von Molybdat 
wird aus der organischen Phase ausgewaschen und dann das Molyb- 
d&n in der Heteropolysaure mit Hilfe seiner Atomabsorption bei 
313,3 nm bestimmt. Silikat und Phosphat stiiren. Ein Verfahren zur 
Bestimmung von ppm-Mengen Amen in Wasser wird beschrieben. 

R&arm-n a Blabore une methode indirecte d’absorption atomique 
pour l’arsenic. On oxyde l’arsenic(II1) en arsenic(V) par l’iode, puis on 
forme l’acide ars6nomolybdique et l’extrait en m&hylisobutylc&one 
(MIBK) dune solution 0,2-1,6M d’acide chlorhydrique. L’excts de 
molybdate est lave de la phase organique, puis I’on dose le molybdbne 
dans l’heteropoly acide par son absorption atomique a 313,3 mn. Le 
silicate et le phosphate genent. On decrit une methode pour le dosage 
de ppm d’arsenic dans l’eau. 
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SHORT COMMUNICATIONS 

Determination of small amounts of water with coulometrically generated 
Karl Fischer reagent 

(Received 1 May 1972. Accepted 23 May 1972) 

FOR THE DEVELOPMENT and improvement of many industrial processes, it is often necessary to be 
able to determine very small amounts of water in a variety of substances. 
have been reported including some based on infrared’s2 

A large number of methods 
and gas chromatographica-e procedures. In 

general these methods apply only to the determination of water in solutions and only a few methods 
have been proposed for water in solids, of which different forms of titration with the Karl Fischer (KF) 
reagent’s8 and electrolysis of water in cells of the Keidel type” are the most widely applicable. For 
the smaller amounts of water, these methods give errors of a few per cent. Besides, a large number 
of substances interfere and cause erroneous results. 

In a previous paper,lO we presented a method based on the coulometric generation of iodine at 
controlled potential. This method has now been improved. The electrolysis cell has been recon- 
structed and equipped with clay filters instead of glass frits. The electronic circuitry is fitted with a 
booster which makes it possible to draw considerably higher currents and the integrator is furnished 
with a digital read-out. These improvements have resulted in shorter analysis times, better accuracy 
and an increased range of determination (O*OOS-5 mg of water). A moveable oven system connected 
to the nitrogen inlet of the electrolysis cell has extended the field of applications to include the deter- 
mination of water of absorption, adsorption and hydration, both in inorganic and organic solids. 
As the samples are not in direct contact with the solution, substances which otherwise could interfere 
with the KF reagent can also be analysed. 

EXPERIMENTAL 

Apparatus 

Electrolysis cell. A cross-section of the redesigned electrolysis cell is shown in Fig. 1. The nitrogen 
inlet is through the Teflon B5 socket (A) and a Teflon tube with Swagelock connection (B). The 
working electrode (C) is a circular platinum-gauze, which is firmly tixed at the end of a shaft coated 
with Teflon and running in two 3 x 10mm stainless-steel ball-bearings (F). Two Haldenvanger 
clay filters (D) (W. Haldenvanger, Berlin 20) separate the counter-electrode (E) from the working 
electrode. The pore size of these clay filters is about a fifth that of glass frits of porosity 4 and the 
electrical conductivity of the clay filters is also much smaller. Consequently, electrolysis with larger 
currents can be carried out. The clay filters are, however, rather fragile and difficult to fix to the 
glass walls. A special cement supplied by Haldenvanger must often be used to get sutbciently good 
sealing between glass and filter. Electrodes and solutions are as described earlier.lO 

Oven system. An outline of the oven system with electrolysis cell is shown in Fig. 2. The oven 
is made of aluminium, insulated with asbestos, and heated by two 100~mm long heaters. Tempera- 
tures up to 500” can be obtained and are measured with a platinum-platinum/rhodium thermocouple. 
The Pyrex glass tube has an inner diameter of 8 mm, a BIO joint and nitrogen inlet connections. 

Efectronic circuitry. Some improvements in the electronic circuitry described earlier have been 
made. The potentiostat has been fitted with a booster (see Fig. 3) capable of supplying larger elec- 
trolysis currents. 

The integrating resistor of 1 MR is replaced by a series of eight changeable resistors ranging from 
0.2 to 5 MR in order to cover the whole range of determinations more accurately. Each resistor is 
separately calibrated together with the capacitor by time and voltage measurements. The read-out 
device for the integrator, earlier a compensation bridge, is now a digital voltmeter (Model 404 Tyco 
Instrument Division) which gives a faster and more accurate presentation. 

Determination of water in solids 

A sample in an aluminium boat is placed in the glass tube and the oven is put into the forward 
position. During the sample heating, a calculated excess of iodine is generated. A nitrogen stream 

1639 
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FIG. 1 .-Electrolysis cell. 
A. Teflon B5 socket 
B. Swagelock connection 
C. Rotating working electrode 
D. Clay filters 
E. Counter electrode 
F. Stainless-steel ball-bearings 

..__.__ ____ 

FIG. 2.-Oven system with electrolysis. 
A. Moveable asbestos-coat aluminium oven block 
B. Pyrex glass tube 
C. rjitrogen inlet 
D. Nitrogen outlet 
E. Teflon stopper 
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-40" 

FIG. 3.-Booster 
List of components 

R 20,21 = 150 ohm D 5-D 10 = BA 127 
R22 = 1 kohm T 17 = BC 107 
R 24 = 39 kohm T 18,21 = RCA 40362 
R 25 = 1800hm T 19,20 = RCA 40348 
R 26 = 560 ohm T 22 = 2 N 3767 

R27,28 = 470hm T 23 = 2 N 3741 
R29= 5kohm 

R 30, 31 = 82 kohm 

at a rate of 5-25 ml/min (depending on heating temperature and kind of sample) carries the liberated 
water into the electrolysis cell. The reduction of the iodine excess is started after 3-7 mm heating 
of the sample and, when the reduction is completed, the oven is moved to the rear and the glass tube 
is cooled with compressed air. To ensure completeness of analysis, a blank test is performed between 
every sample analysis. If the blank test gives too high a read-out, some more blank tests must be 
done until a stable result is reached. Accordingly, before the next analysis, the nitrogen stream 
and/or the heating temperature must be increased. 

RESULTS AND DISCUSSION 

Stock solutions were prepared from “dry” methanol by the addition of known amounts of water. 
All handling was under a dry nitrogen atmosphere. The water content in the “dry” methanol was, 
however, tirst determined both by the standard-addition technique and by direct analysis of 0.5-ml 
samples added to the electrolysis cell by Agla syringe. The results obtained by the two methods 
agreed very well. Series of samples were then prepared from the stock solutions and the results of 
such a series are shown in Table I. The most favourable range for the apparatus is 0.01-5 mg of 
water (rel. std. devn. < 0.3 “A. It is of course possible to determine larger amounts of water, but 
it will take rather a long time to generate the amount of iodine required and also to reduce the excess 
(15-25 %), which will influence the accuracy. Besides, conventional KF methods work rather well 
for solutions containing more than 5 mg of water. 

Smaller amounts of water than 0.01 mg have been determined in several organic liquids, but for 
the sake of simplicity, the presentation is restricted to water determined in methanolic solutions, as 
the technique is similar for other solutions. 
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TABLE I.-COIJWME~~~C DETERMINATION OF WATER IN METHANOL 

Hz0 calculated, H,O found, No. of Standard Rel. standard 
I% pg determinations deviation, pg deviation, % 

0.56 0.60 4 0.07 11.6 
1.41 1.43 4 0.05 3.5 
282 2.75 4 0.04 1.5 
4.50 4.48 4 0.04 0.8 
5.63 5.62 4 0.04 0.7 

10.11 10.09 4 0.03 0.3 
50.56 50.61 4 0.10 0.2 

lOI* 101.0 3 0.14 0.1 
500.4 499.9 3 0.31 0.06 

1001 1002 3 0.6 0.06 
5004 5007 3 4 0.08 

The determination limit for a quantitative analysis is defined by Curriell as the amount for which 
a relative standard deviation of 10 % is expected. This value is obtained in this case for about 0.75 pg. 
One limiting factor is the slow reaction between KF reagent and water at these low concentrations, 
and it is necessary to generate up to a tenfold excess of iodine to get complete reaction, which neces- 
sitates relatively long analysis times and accordingly large blank corrections. Experiments with 
N-ethylpiperidine used as a catalyst to increase the rate of reactions as proposed by Archer and 
Jeater12 gave no observable improvement. Another limiting factor is the great difficulty in handling 
samples. It is very difficult to keep these low concentrations of water in the samples constant. Small 
drifts in the values, day to day, could not be avoided. 

In many cases, when maximum accuracy is not required, the times of analysis can be shortened 
considerably. The principle for an accurate determination at controlled potential is that the reduction 
is allowed to proceed until the residual current results in only a small and reproducible integrator 
read-out (l-2 mV/min). As the last part of the reduction takes most of the time, some minutes can 
be saved if the reduction stops when the read-out is about 10 mV/min, but in this case the uncertainty 
of the determination will of course increase. 

TABLE II.-DETERMINATION OF WATER IN SOME HYDRATES 

Substance 
Moles of No. of Std. deviation, 

H,D determinations mole 

(Weight 0.2-l mg*) 
Oxalic acid (2H,O) 
Disodium tartrate (2HaO) 
Barium chloride (2H,O) 
Copper sulphate (5H,O) 
Potassium alum (12Hz0) 

(Weight l-5 mgt) 
Oxalic acid (2Ha0) 
Disodium tartrate (2H,O) 
Barium chloride (2HaO) 
Copper sulphate (5H,O) 
Potassium alum (12H,O) 

1.994 
1.999 
1.986 
4.992 

11.989 

1.996 8 0404 
1.999 11 0*003 
1.985 15 0+03 
4.990 10 O*OOS 

11.985 9 o+z)O5 

0+04 
0*004 
0.004 
0.005 
0.004 

* Sartorius electronic ultramicrobalance 4125. 
t Mettler microbalance M5. 

Water in solids has been determined by the oven method described earlier. Table II gives results 
for the determination of water of hydration in some salts. It can be seen that the barium chloride 
contains somewhat smaller amounts of water than expected from the formula. According to Duval,13 
this is due to the fact that the salt is a mixture of the mono- and dihydrate. Consequently, the salt 
should not be employed as a standard in aquametry. The oxygen content in the saltI was in very 
good agreement with the results obtained here. 

The water content of the copper sulphate pentahydrate was also determined by preparing metha- 
nolic solutions of 15-40 mg of the salt in volumetric flasks and then adding samples (SO-100 ~1) 
directly to the cell with an Agla syringe. With normal composition of the KF reagent, the analysis 
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of copper sulphate pentahydrate will result in only 45 moles of water as reported by Mitchell et u1.,16 
because of the reaction: 

Cu(I1) + I- + Cu(I) + l/2 I, 

If a very low iodine concentration (below O*OlM) and rather high sulphur dioxide concentration 
(more than O*lM) are used, a reagent is obtained which gives a very slow reaction with the copper(H), 
allowing the 5HI0 of crystallization to be determined without interference. Blanks must be taken 
between every analysis to indicate whether any interference from the copper(H)-iodide reaction will 
arise. We found, for the pentahydrates, 4.996 moles of water per mole of copper with a standard 
deviation of 0.005 mole (25 determinations); the analysis times were 250-300 sec. 

Replacing the oven with a high-temperature furnace and a quartz tube enables substances with 
very tlrmly bound water to be analysed, e.g., metal alloys with water contents in the range l-5 ppm 
w/w. Temperatures up to 1200” can be obtained if necessary and the accuracy of the determinations 
is very satisfactory. 

Experiments with a more automated method, some kind of air-locks for the electrolysis cell and 
tests of modified KF reagents are just some of the more urgent improvements being prepared. 

Acktrowfe~ement-The author thanks Professor K. J. Karrman for valuable help and discussions, 
Dr. Peter Sellers for correcting the English and the Swedish Board for Technical Development for 
financial support. 

RONALD KARLSSON 
Deportment of Analytical Chemistry 
Chemical Center 
University of Lund 
S 220 07 Lund 7, Sweden 

Sannnary-A coulometric method for the determination of small 
amounts of water described in a previous report has been further 
developed. Improved electronic circuitry and a redesigned electrolysis 
cell have extended the range of determination and decreased the time 
of analysis. By means of a movable oven specially adapted to the cell, 
water in solids has also been determined. The method presented is 
applicable with high accuracy in the range 0.005-5 mg of water in a 
large variety of substances. 

Zusannnenfassun8--Ein in einer frilheren Arbeit beschriebenes coulo- 
metrisches Verfahren zur Bestimmung kleiner Wassermengen wurde 
weiter entwickelt. Verbesserte elektronische Schaltungen und eine neu 
konstruierte Elektrolysezelle haben die Anwendungsmiiglichkeiten des 
Verfahrens erweitert und die Analysenzeit vermindert. Mit Hilfe eines 
der Zelle besonders angepaBten beweglichen Ofens wurde such Wasser 
in festen Stoffen best&nt. Die angegebene Methode la& sich mit 
hoher Genauigkeit im Bereich 0,005-5 mg Wasser in einer grofien 
Anzahl verschiedener Stoffe anwenden. 

R&.um&Une methode coulometrique pour le dosage de petites quanti- 
t&s d’eau d&rite dans un memoire anterieur a et& develoo&e davantape. 
Un circuit Blectronique ameliore et une cellule d’electrol;~ereconcue& 
Btendu le domaine de dosage et reduit le temps d’analyse. Au moyen 
d’un four mobile sptcialement adapt& a la cellule, on a dgalement 
determine l’eau dans les solides. La methode presentee est applicable 
avec une haute precision au domaine 0,005-5 mg d’eau dans une 
grande varibte de substances. 
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Studies on the extraction and determination of metals-I 

Extraction of hafnium into methyl isobutyl ketone and tributyl phosphate 

(Received 30 March 1971. Revised 10 December 1971. Accepted 15 January 1972) 

ALTHOUGH there are many reports1-18 on the extraction of hafnium from nitric acid alone or mixed 
with other acids, by TBP with xylene, kerosine or heptane as a diluent, little information can be 
found in the literature on the extraction of hafnium from different acids with MIBK or from hydro- 
chloric acid with TBP-benzene solutions. The effect of various factors on such extractions was 
examined in the present work. 

EXPERIMENTAL 

Reagents 

Standard hafnium solution. Hafnium dioxide (>99 % purity), about 1 g, was dissolved by heating 
in 40 ml of a mixture (4O:l) of nitric and hydrofluoric acids. Ammonia solution was added to pre- 
cipitate the hydroxide, which was filtered off on paper, washed thoroughly with distilled water, and 
dissolved at once in dilute hydrochloric acid. Precipitation and dissolution were repeated several 
times and the final precipitate was dissolved in 5M hydrochloric acid. The concentration of hafnium 
in this solution was determined by gravimetry.rB 

Radioactive hafnium solution. 175+1s1Hf solution of about 1 mCi activity was diluted to 100 ml 
with 5M hydrochloric acid. 

Hafnium solution (<I mgjml). Radioactive hafnium solution of about 10 ,uCi activity was added 
to various volumes (Hf < 50 mg) of the standard hafnium solution and mixed thoroughly, then 
ammonia solution was added to precipitate the hydroxide. The precipitate was collected on paper, 
washed thoroughly with water, and dissolved in the desired acid. The precipitation and dissolution 
were repeated several times and the final precipitate was dissolved in 50 ml of 5M acid. 

Other reagents used were all of analytical-reagent grade. 

Extraction procedure 

Ten ml of an acid solution containing a l*OO-ml aliquot of the hafnium solution were shaken 
vigorously for a desired time (240 shakes/min) with an equal volume of MIBK or TBP-benzene 
in a 50-ml seuaratorv funnel. When the two chases had senarated, eoual aliouots of each were 
transferred inio polyethylene tubes. The gamma-activity of the’ 17S+181Hf in each aliquot was counted 
by means of a scintillation counter (1080 V, discrimination 42.5 V). No temperature control was 
exercised but the ambient temperature was fairly constant at 20 f 3”. 

RESULTS AND DISCUSSION 

Effect of various factors on the distribution ratio 

Shaking time. With MIBK, equilibrium was found to be reached within 30 set, irrespective of the 
acid used. Therefore, shaking for 1 min was adopted. In extraction with TBP, at least 20 min were 
needed to reach equilibrium with 6M hydrochloric acid medium, though 10 min sufficed for 7M 
hydrochloric acid and 9M nitric acid, and shaking for 30 min was adopted. 
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needed to reach equilibrium with 6M hydrochloric acid medium, though 10 min sufficed for 7M 
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TBPconcentration. Plots of log D us. log CUBE for hafnium extraction from 7 or 1OMhydrochloric 
acid into TBP-benzene solution of various concentrations gave curves that had a slope of 2 for their 
linear portions. For 10M hydrochloric acid medium, log D was about 2 for TBP concentrations from 
0.05 to 3*75M, indicating that quantitative extraction (>99 %) of hafnium would be possible under 
these conditions. With TBP concentrations above 2M a longer time was needed for separation of the 
phases after shaking, so 1M TBP in benzene was used as the extractant in further work. 

Acid concentration. The relationship between the distribution ratio and the acid concentration 
is shown in Fig. 1. 

-31 I I I ! I 
-4 -3 -2 -I 0 

Leg Cl,, 

FIG. l.-Distribution ratio of hafnium as a function of TBP concentration in benzene. 
I. HCl 7.OM; Hf(IV) 560 x 10-5M, 0 (slope l-95) 

II. HCl lOM, Hf(IV) trace, 0 (slope 2.05); 560 X 10e6M, 0 (slope 2.0) C,a, = 
initial TBP concentration in benzene (M) 

The curves of log D us. Cacfd are similar for both MIBK and TBP with a given aqueous medium, 
but a much higher acidity is needed for extraction with MIBK. Hafnium is quantitatively extracted 
with TBP, from 7.5-l 1M hydrochloric acid. Hafnium was hardly extracted at all from sulphuric acid 
in the concentration range tested, both with MIBK and TBP, because it forms a stable anionic 
sulphato complex*o and does not easily form an association compound. 

A more detailed examination was made of the HCl-TBP system because of the eood extraction 
of hafnium. 

Hufnium concentrution. Plots of log D vs. log Car at different concentrations (5-8M) of hydro- 
chloric acid gave straight lines with zero slope. 

Chloride &I and hy&ogen ion concentratikz. Plots of log D vs. log Ccl- for constant hydrogen ion 
concentration and constant ionic strength gave straight lines, with a slope of about 2. 

Plots of log D us. log Cu+ at constant chloride ion concentration and constant ionic strength were 
not linear (as shown in Fig. 2) which is the same tendency as in the cases1 of zirconium extraction 
from hydrochloric acid with TBP-benzene. 

Stripping. After extraction of hafnium from 10M hydrochloric acid with 1M TBP in benzene, 
the organic phase was shaken with 10 ml of hydrochloric acid (of various concentrations) for 30 min. 
It was found that l-3M hydrochloric acid quantitatively strips hafnium into the aqueous phase. 
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Pm. 2.-Distribution ratio of hafnium as a function of hydrogen ion concentration in 
the aqueous phase. 

Chlorideion 65M, ionicstrength65; Hf(IV): trace 0, 5.60 x 10-6M 0; TBP 
1M in benzene; Cn+ = equilibrium aqueous hydrogen ion concentration (M). 

Conclusion 

When MIBK is used as the extraction solvent, good extraction of hafnium is not obtained from any 
kind of acid solution, but hafnium (6 560 x 10-4M) is extracted quantitatively from >7*5Mhydro- 
chloric acid with IA4 TBP in benzene. Stripping with l-3M hydrochloric acid gives a recovery of 
over 99 %. 

The slopes of the plots of log D as. log CTxP andof log D vs. log CC,_ are both about 2, and it may 
be concluded that this is the molar ratio of TBP or chlorine to hafnium in the extractable species, 
provided that there is no gross non-linearity of the activity of TBP or chloride ion over the con- 
centration range examined. In contrast, the slope in the plots of log D vs. log CX+ changes with 
increase in Cn+ which can be interpreted as signifying the presence of different kinds of extractable 
species. 

Acknowledgements-The author expresses his deep gratitude to Prof. Hidehiro Got6 of Tohoku 
University, Prof. Taitiro Fujinaga of Kyoto University and Rioji Takeno of Ubekosan Co. Ltd., for 
their kind and unfailing guidance throughout the present work. 

NORIO ICHINOSE 
Department of Chemistry 
Faculty of Liberal Arts 
Yamaguchi University 
Yamagachi, Japan 

Summary-The effect of various factors on the distribution of hafnium 
(c5.60 x 10-‘&f) between different acids and methyl isobutyl ketone 
(MIBK) or tributyl phosphate (TBP) was studied by using lrs+lerHf as a 
tracer. when the extraction is made from 7.5-l 1M hydrochloric acid 
with an equal volume of 1M TBP in benzene, hafnium is extracted 
quantitatively (>99%). The hafnium can be stripped with l-3M 
hydrochloric acid. 

Zusanunenfassung-Der EinfluD verschiedener Parameter auf die 
Verteilung von Hafnium (< 5,6 . 10-4M) zwischen verschiedenen 
SIuren und Methylisobutylketon (MIBK) oder Tributylphosphat 
(TBP) wurde mit Hilfe von 176+1*1Hf als Tracer untersucht. Extrahiert 
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man aus 7,5-l 1 M Salzsiiure mit einem gleichen Volumen 1 M TBP in 
Benzol, so wird Hafnium quantitativ extrahiert (>99O%). Das 
Hafnium kann mit 1-3 M Salzsaure rtickextrahiert werden. 

RtSsum&On a etudie l’influence de divers facteurs sur le partage du 
hafnium (<5&O x lo-‘M)entre differents acides et la methylisobutyl- 
c&one (MIBK) ou le tributyl phosphate (TBP) en utilisant 17s+1a1Hf 
comme traceur. Lorsque l’extraction est faite a partir d’acide chlor- 
hydrique 7,5-11M avec un &gal volume de TBP 1M en benzene, le 
hafnium est extrait quantitativement (>99 %). Le hafnium peut &tre 
extrait a l’acide chlorhydrique l-3M. 
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Nondestructive method for the analysis of gold(I) cyanide plating baths 
Complexometric determination of nickel and indium 
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PURE GOLD, although chemically inactive, is not mechanically resistant in thin coatings and not 
suitable, for example, for printed circuits that are subject to high mechanical stress. Therefore 
various electrolytically plated gold alloys have been proposed for electronic purposes. The quality 
of the coatings is of course dependent on the composition of the gold baths. Besides the main com- 
ponent [potassium cyanoaurate(I)] other metals such as indium, nickel, cobalt are used, mostly as 
citrate complexes. Regular control of such baths is desirable. Gravimetric methods are tedious 
and require the total destruction of organic matter. Among volumetric methods only EDTA titrations 



1. 
2. 

3. 
4. 
5. 
6. 
7. 

8. 
9. 

10. 
11. 
12. 

13. 
14. 

15. 
16. 

17. 

18. 

19. 

20. 

21. 

Short communications 1647 

man aus 7,5-l 1 M Salzsiiure mit einem gleichen Volumen 1 M TBP in 
Benzol, so wird Hafnium quantitativ extrahiert (>99O%). Das 
Hafnium kann mit 1-3 M Salzsaure rtickextrahiert werden. 

RtSsum&On a etudie l’influence de divers facteurs sur le partage du 
hafnium (<5&O x lo-‘M)entre differents acides et la methylisobutyl- 
c&one (MIBK) ou le tributyl phosphate (TBP) en utilisant 17s+1a1Hf 
comme traceur. Lorsque l’extraction est faite a partir d’acide chlor- 
hydrique 7,5-11M avec un &gal volume de TBP 1M en benzene, le 
hafnium est extrait quantitativement (>99 %). Le hafnium peut &tre 
extrait a l’acide chlorhydrique l-3M. 

REFERENCES 

R. A. Foos and H. A. Wilhelm, U.S. At. Energy Comm. Rept., ISC-693, 1959,38. 
F. Fudswell, J. C. H. Waldron and B. R. Harder, At. Energy Research Estab. (Gt. &it.) C/R 1520, 
1956, 7. 
H. A. Wilhelm, K. A. Walsh and J. V. Kerr&an, U.S. Patent 2,753,250, July 3, 1956. 
R. P. Cox, Zowa State Coil. J. Sci., 1957, 31,383. 
N. Isaac and R. de Witte, Energie Nucleaire, 1957, 1, 71. 
R. P. Cox, H. C. Peterson and G. H. Beyer, Ind. Eng. Chem., 1958, 50, 141. 
F. R. Sanchez, F. d. 1. C. Castillo and R. F. Cellini, Anales RealSoc. Espan. Fis. y Quim. (Madrid), 
1960,56B, 869. 
G. F. Egorov, V. V. Fomin, Y. G. Frolov and G. A. Yagadin, Zh. Neorgan. Khim., 1960,5,1044. 
J. Hure, M. Rastoix and R. S. James, Anal. Chim. Actu, 1961,25, 1. 
Zdem, ibid., 1961,25, 118. 
T. Patzek, Prace Inst. Hutniczuch, 1961, 13, 73. 
A. M. Reznik. A. M. Rozen. S. S. Korovin and I. A. Anraksin. Dokl. Akad. Nauk SSSR, 1962, 
143, 1413. ’ 

1 

V. Yatirajam, J. Sci. Znd. Res. (Z&a), 1962, 21D, 196. 
L. N. Komissarova. Y. V. Granovskii. N. M. Prutkova. Y. P. Adler, V. V. Nalimov and V. I. 
Spitsyn, Zavodsk. Lhb., 1963, 29, 65. 
A. M. Reznik, A. M. Rozen, S. S. Korovin and I. A. Apraskin, Radiokhimiya, 1963, 5,49. 
V. I. Spitsyn, Y. V. Granovskii and L. N. Komisarova, Dokl. Vses. Soveshch. Plan. Eksp., Zst. 
Moscow, 1964, 276. 
I. A. Apraksin, Y. M. Gluboko, S. S. Korovin and A. M. Reznik, Zh. Neorgan. Khim., 1964, 9, 
2023. 
S. S. Korovin, E. N. Lebedeva, A, M. Rozen, A. M. Reznik, A. V. Makeshina and V. N. Solo- 
makhina, ibid., 1969, 12, 1006. 
I. M. Kolthoff and E. B. Sandell, Textbook of Quantitative Inorganic Analysis, 3rd Ed., p. 725. 
Macmillan, London, 1952. 
J. Korkisch, Modern Methods for the Separation of Rarer Metal Zons, p. 419. Pergamon, Oxford, 
1969. 
A. E. Levitt and H. Freund, J. Am. Chem. Sot., 1956,78,1545. 

Talmta, 1972, Vol. 19. pp. 1647 to 1650. Perpamon Pru8. Printed in Northem Ireland 

Nondestructive method for the analysis of gold(I) cyanide plating baths 
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PURE GOLD, although chemically inactive, is not mechanically resistant in thin coatings and not 
suitable, for example, for printed circuits that are subject to high mechanical stress. Therefore 
various electrolytically plated gold alloys have been proposed for electronic purposes. The quality 
of the coatings is of course dependent on the composition of the gold baths. Besides the main com- 
ponent [potassium cyanoaurate(I)] other metals such as indium, nickel, cobalt are used, mostly as 
citrate complexes. Regular control of such baths is desirable. Gravimetric methods are tedious 
and require the total destruction of organic matter. Among volumetric methods only EDTA titrations 
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can be considered, but the presence of citrate and citric acid (up to 100 g/l.) makes complexometric 
determination impossible. In addition the baths contain incidental impurities such as iron and 
copper. Gold ions also interfere with the colour changes of indicators. 

Complexometric determination of indium, nickel, zinc, and aluminium after decomposition of 
gold baths with sulphuric and nitric acids was described by the present authors some years ago.’ 
No attempts have been made to determine the alloying metals without time-consuming destruction of 
the organic acid present in the baths. The method described below makes it possible to determine 
indium and nickel within 40 min. It is based on the following principle. 

Gold(I) cyanide is extracted from the acidic solution with ethyl acetate. The extract can be used 
for recovery of the gold in the usual way. After the gold extraction a suitable aliquot is used for 
the separation of nickel. Indium is masked with thioglycollic acid and nickel precipitated with sodium 
diethyldithiocarbamate and extracted with chloroform. Nickel is then stripped from the organic 
phase with mercuric chloride and determined complexometrically. In another aliquot indium and 
nickel are precipitated with the same reagent (without addition of thioglycollic acid), extracted into 
chloroform, and stripped with mercuric chloride. Nickel is masked with l,lO-phenanthroline and 
indium titrated directly with EDTA. 

EXPERIMENTAL 

Reagents 

EDTA solution, 0.02M. Standardized with 0.02Mzinc chloride or lead nitrate (Xylenol Orange as 
indicator). 

Zndium chloride solution, O.OlM. Prepared by dissolution of 2.2964 g of metallic indium in 25 ml 
of hydrochloric acid (1 + 1) and dilution to 1 litre. 

Nickel nitrate solution, O*OlM. Prepared by dissolution of 2.95 g of the hexahydrate in 1 litre of 
redistilled water. 

l,lO-Phenanthroline solution, O.lM. Prepared by suspending 18.02 g of reagent in 50 ml of water 
and adding 1M hydrochloric acid dropwise till all is dissolved, then diluting to 100 ml. 

Saturated mercuric chloride solution, 
Buffer solution, pH 3. Monochloroacetic solution (0.2M) neutralized with 1M sodium hydroxide 

to the desired pH. 
Thioglycollic acid solution. Prepared by diluting 20 ml of the 80% acid solution to 100 ml with 

water. 
Other reagents include 0.5 % aqueous Xylenol Orange solution, 10% potassium chloride solution, 

potassium iodide solution, solid hexamine, thiourea, and 0.15M sodium diethyldithiocarbamate 
(3.4 g of reagent in 100 ml of water, prepared fresh daily). 

Procedure 

Separation ofgold. Transfer by pipette a sample of gold-bath solution containing not more than 
25 mg of indium and 15 mg of nickel, into a 150-250 ml separatory funnel, adjust the acidity to 
0.2-0.3N with 1M hydrochloric acid, add 5 ml of 10% potassium chloride solution and extract 
twice with 20-ml portions of ethyl acetate. Separate the phases, remove the organic layer and transfer 
the aqueous solution into a 25 or 50-ml standard flask. 

Determination of nickel. To an aliquot of the gold-free solution containing up to 6 mg of nickel 
add 5 ml of 10% potassium chloride solution, l-2 ml of thioglycollic acid solution and make alkaline 
by addition of 5 ml of 5% ammonia solution. (The solution&st be alkaline before the precipitation 
of nickel, otherwise indium is not quantitatively masked.) Now add 3-4 ml of @15M sodium diethyl- 
dithiocarbamate to precipitate nickel. Adjust the volume to about 30ml and extract twice with 
20 ml of chloroform: Collect both extracts-in another separatory funnel, add 10 ml of 0.2M hydro- 
chloric acid, and 5 ml of potassium chloride solution. The solution must be acid (pH control). 
Then add 4-5 ml of saturated mercuric chloride solution and shake for 2 min. The quantitative 
stripping of nickel is indicated by disappearance of the green colour of the organic phase. Separate 
the aqueous layer into a 400-ml titration flask, wash the organic layer with water containing a little 
potassium chloride solution and add the washings to the titration flask. Add 5% potassium iodide 
solution until the yellow precipitate dissolves (masking of excess of mercuric chloride. Add 10 ml of 
0.02M EDTA, dilute, and adjust the pH to 5-5.5 with 0.2M hydrochloric acid and solid hexamine. 
Add a few drops of Xylenol Orange indicator and titrate slowly with 0.02M zinc chloride to the end- 
point indicated by a colour change from lemon yellow to red-violet. 

During the titration the solution usually become cloudy but this does not affect the end-point, 
Mercury together with copper can also be masked with thiourea. 

(1 ml of 0.02M EDTA corresponds to 1.174 mg of Ni.) 
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Determination of i&am. To an aliquot containing up to 10 mg of indium and 6 mg of nickel 
add 10 ml of 0.2M hydrochloric acid, 5 ml of 10% potassium chloride solution and 3-4 ml of O*lSM 
sodium diethyldithiocarbamate. Continue as described for nickel. 

After stripping mdium and nickel with mercuric chloride add 05 g of thiourea to mask excess of 
mercury, then 20 ml of monochloroacetic acid buffer and 3 ml of 0.1 M l,lO-phenanthroline to mask 
nickel. At this stage the pH must be 3. Dilute to 100-120 ml, warm to 70SO”, add Xylenol Orange 
indicator and titrate slowly with 002M EDTA to the end-point indicated by a colour change from 
violet to lemon yellow. 

(1 ml of 0*02M EDTA corresponds to 2.736 mg of In.) 

Typical results are given in Table I. 

TABLEI.DETERMINATION OF NICKEL AND INDIUM IN 
THEPRESENCEOF 400-500mg OPCITRICACID 

Taken, mg Found, mg Taken, mg Found, w 

In Ni Ni In Ni In 

5.70 3.03 2.80 1.14 0.60 1.07 
2.27 1.51 1.53 1.14 4.55 1.18 

11.41 076 076 2.27 4.55 2.25 
1.14 6.06* 6.05 5.70 3.03 5.61 
1.42 12.127 12.24 5.70 4.55 5.61 
9.12 4.85 4.84 
3.44 0.31 023 

* Small precipitate between the two phases. 
t Poor separation. The organic layer had to be washed 

with potassium chloride solution. 

Remarks 

Copper does not interfere. It is precipitated and extracted together with nickel and indium and 
also stripped into the aqueous phase but it is masked before titration, either with thiourea or l,lO- 
phenanthroline. 

The procedure can be modified as follows. In one aliquot indium and nickel are precipitated with 
sodium diethyldithiocarbamate and extracted. Their sum is determined by indirect titration with 
EDTA after stripping with mercuric chloride. 

In another aliquot, nickel is determined as already described. 
the relatively expensive 1 JO-phenanthroline is not needed. 

This method has the advantage that 

Practical application 

The procedure was tested by analysis of the gold-baths used at the Establishment for Industrial 
Automation in Nova Paka. The gravimetric results for indium and nickel after the destruction of 
organic matter gave on average 3.89 mglml for hrdium and 076 mdml for nickel. Our results by 
the extraction method were 3.61 and 3.73 mglml for indium and O-71 and 069 mg/ml for nickel. 

Acknowledgement-The authors are grateful to Dr. B. Rejha (Establishment for Industrial Auto. 
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Summary-A method is described for rapid determination of nickel and 
indium in gold(I) cyanide baths containing large amounts of citric acid 
and/or sodium citrate, without previous destruction of organic matter. 
Gold is removed by extraction with ethyl acetate. In one aliquot of the 
solution indium is masked with thioglycollic acid and nickel is 
precipitated with sodium diethyldithiocarbamate, extracted into 
chloroform, stripped into water and determined complexometrically. 
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In a second aliquot indium and nickel are precipitated together with 
the same reagent and stripped into water, then nickel is masked with 
l,l~phenanthroline, and indium is determined by direct titration 
with EDTA. 

Zusanunenfassung-Zur raschen Bestimmung von Nickel und Indium 
in Gold(I)-cyanidbiidern, die goBe Mengen Zitronensilure und/oder 
Natriumcitrat enthalten, wird ein Verfahren bescbrieben, das ohne 
die vorhergehende Zerstiirung des organischen Materials auskommt. 
Gold wird durch Extraktion mit Athylacetat entferm. In einem ali- 
quoten Teil der I&sung wird Indium mit T~oglykols~~e maskiert 
und Nickel mit Na~i~di~~yldithi~rbamat gef&llt, in Chloroform 
extrahiert, in Wasser riickextrahiert und komplexometrisch bestimmt. 
In einem zweiten aliquoten Teil werden Indium und Nickel zusammen 
mit dem selben Reagens gefiillt, die Komplexe in Wasser wieder 
zerlegt, Nickel mit l,lO-Phenantbrolin maskiert und Indium durch 
direkte Titration mit EDTA bestimmt. 

R&~&--OR d&it une methode pour le dosage rapide du nickel et de 
l’indium dans des bains de cyanure d’or(I) contenant de grandes quan- 
tites d’acide citrique et/au de citrate de sodium, sans destruction pre- 
alable de la mat&e organique. On &nine I’or par extraction a 
pa&ate d’&hyle. Dans une partie aliquote de la solution, on dissimule 
l’indium par l’acide thioglycolique, et le nickel est precipite par le 
ditthyldithiocarbamate de sodium, extrait en chloroforme, r&xtrait 
dans l’eau et dose complexometriquement. Darts une seconde partie 
aliquote, l’indium et le nickel sont pr&zipiteS ensemble par le m&me 
r&&f et redissous dans l’eau, puis le nickel est dissimule par la l,lO- 
phenanthroline, et l’on dose l’indium par titrage direct a I’EDTA. 

REFERENCE 

1. R. PPibit and V. Veselj, Chemist-Analyst, 1966,55,38. 
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Potentiometric argentimetric method for the successive titration 
of sulphide and dissolved sulphnr in polysulp~de solutions 

(Received 26 July 1971. Accepted 30 March 1972) 

As IS COMMONLY KNOWN, free sulphur dissolves in an alkaline solution of sulphide to form poly- 
sulphides. 

s*- + (X - 1)s = s,*- 

We denote one sulphur atom in each ~lys~p~de ion as sulphide sulphur (S*-), and the rest of the 
ion (S& as dissolved sulphur. 

Various methods to determine polysulphide have already been presented.‘-I4 Most of these, 
however. are rather complicated and time-consuming. For the simultaneous determination of S’- 
and S,_,; Papp and Haw& have recently developed apotentiometrlc method using mercuric chloride 
as the titrant and a sulphide-ion selective electrode as the indicator. This method is useful, particularly 
for the routine analysis of kraft cooking and waste liquors, which contain reducing organic substances 
and others, in sulphate pulping processes. It seems, however, that argentimetry is also worth further 
studv for the simole and accurate analysis of ~lvsulp~de solutions that contain no reducing sub- 
star&s, and this is one of the purposes’of our~pr&ent‘ study. 

Ikeda and Mushas previously reported that S,, in polysulphide solutions can be determined 
rapidly and accurately by means of a short-circuitamperometrictitrationwithsilvernitrate. Thereplace- 
ment of the amperometric means of end-point detection in this procedure by such potentiometric 
means as a sulphide-ion selective electrode permits successive determination of S*- and f&. The 
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advantage of the proposed method is that the content of these two species can be calculated directly 
from the two titration steps for the same sample. In this method, polysulphide solutions are titrated 
by silver nitrate after the cyanolysis of polysulphide ions and the subsequent masking of the excess 
of cyanide ions with formaldehyde. 

Sma- + (x - l)CN- = S*- + (x - l)SCN- 

Materials and apparatus 

EXPERIMENTAL 

All the chemicals used were of reagent grade. 
Polysu&hide stock solution. Dissolve about 12 g of crystalline sodium sulphide and about 1.6 g of 
powdered sulphur in 30 ml of oxygen-free water in a lOO-ml flask with the aid of shaking for about 
1 hr at room temperature. Dilute the solution to 100 ml to give a O-OSM sodium polysulphide stock 
solution, the colour of which is reddish brown. The surface of the solution is covered with liquid 
parafhn to prevent aerial oxidation. Working solutions are prepared by further dilution. 

Automatic recording potentiometric titrator. A Hiranuma RAT-101 instrument with a sulphide 
ion selective electrode (Orion, Model 94-16) and a saturated calomel electrode was used. 

Procedure 

Place a definite amount of the stock solution in a titration cell under an atmosphere of nitrogen, 
and cover the surface of the solution with a I-cm thick liquid parathn layer. Add an excess of potas- 
sium cyanide solution, which should be gently poured against the wall of the cell so that air bubbles 
are not entrained. Heat the solution to 40-50” until its reddish brown (or yellow) colour disappears 
(10 min), and then allow it to stand for 2 min. Cool the solution to below 15”, and add 2 or 3 drops 
of phenolphthalein indicator. Add suthcient formaldehyde and adjust the pH of the solution to 3 
with dilute sulphuric acid (in order to mask the residual cyanide ions) then, without delay, make the 
solution alkaline again (pale pink) with dilute ammonia water, and finally add oxygen-free water 
to make up to about 100 ml. Titrate this solution with a standardized silver nitrate solution until 

ml (O.IM AgNO,) 

Fm. 1 .-Titration curve for 100 ml of 5 x 10-4M polysulphide solution containing 
1.6mg of S. 

(A) Around here, 1M HISOb was added. 

the titration curve shows a sudden change, which corresponds to the tlrst end-point (Fig. 1). Then 
adjust the pH of the solution to below 3 with dilute sulphuric acid, and continue the titration until 
the second end-point is reached. The 6rst is for sulphide ion (free sulphide plus the sulphide bound 
by polysulphide), and the second for thiocyanate ion (consequently, for dissolved sulphur originally 
p-0. 

In the case of concentrated samples, if precipitates settle to the electrode they may reduce its 
response, so the cell must be occasionally shaken during titration. 

RESULTS AND DISCUSSION 

The present method was compared with two others, the iodometric method reported by Szekeres* 
and the amperometric method by Ikeda and Musha, .B the results are listed in Tables I and IL Table I 



1652 Short communications 

shows the analytical values obtained for each lOO-ml volume of a 5 x 10-s’M polysulphide solution, 
originally containing about 16 mg of dissolved sulphur. The values obtained by the proposed method 
are in good agreement with those obtained by the other two, which shows the proposed method 
is as good as the established methods. Table II shows the results for solutions of various concen- 
trations and compositions. It indicates that the proposed method is capable of determining 5 x 1O-s- 
5 x lo-‘M Sa- and 0.16-20 mg of sulphur with good accuracy and reproducibility. 

Further, the method was compared (for higher polysulphides) with the mercurimetric method 
of Papp and Havas. I3 The results are listed in Table III. Calculated values of x in S,“- indicate that 
S,*- as well as Saa- or SIB- can be determined by our method. 

TABLE I.--COMPARISON OF ANALYTICAL VALUES BY THREE METHODS 

S2- S 

This method Iodometry Difference This method Amperometry Difference 

Found, mg 14.38 14.34 0.04 15.89 15.83 0.06 
Coefficient of 

variation, ‘A 0.05 0.07 - 0.4 0.3 - 

Each value is the average of 4 titrations. 

TASL~ II.-ACCURACY AND REPRODUCIBILITY AT VARIOUS CONCENTRATIONS AND 

COMPOSITIONS 

Concentration SS- S 
Coefficient of Coefficient of 

Se-,M S, n&l00 ml Difference*, % variation % Difference,? % variation, % 

5 x 10-a 5 +0.2 0.4 -1.3 0.5 
5 x 10-s 10 +0*1 0.2 +o-3 0.4 
5 x 10-a 16 +0.2 o-1 +0*4 0.3 
5 x 10-s 20 $0.4 0.5 +0*5 0.5 
5 x lo-’ 1.6 +1.0 0.3 -1-l 0.6 
5 x 10-s 0.16 -to.1 0.6 -2.5 O-8 

* Difference between the value found by the proposed method and the value expected for each 
specified concentration of S2- from the value found by iodometry for 100 ml of 5 x 10-3M poly- 
sulphide solution containing 16 mg of S. 

t The meaning is similar to that for S*-, except that the reference value for S was obtained by 
the ampcrometric method. 

Each value is the average of 4 titrations. 

Though the values for sulphide sulphur by the two methods agreed well, the values for dissolved 
sulphur by argentimetry were about 5 ‘A smaller than those by mercurimetry. The potential change 
at the end-point for dissolved sulphur was sharper and more stable in argentimetry than in mercurim- 
etry. The sulphide values by our method and by Papp’s always give the sum of the amounts of 
free and bound sulphide in polysulphide solutions. 

During the analysis, hydrogen sulphide and hydrogen cyanide were not evolved from the solutions, 
because the cyanolysis of polysulphide was carried out in alkaline solution and the subsequent 
acidification of the solution was quickly done, the surface being covered with liquid paraffin. Hydro- 
gen cyanide was, of course, not evolved after the masking of cyanide ions by formation of 
formaldehyde cyanhydrin in the acidic solution. 

The presence of sodium hydroxide, sodium carbonate, or sodium sulphate (the concentration of 
each being O-O5hr> did not disturb the proposed method. Sodium thiosulphate caused a positive 
error in the values found for dissolved sulphur, as was to be. expected because of its cyanolysis to 
form thiocyanate. 

SANAJJ IK~DA 
HIROMU SATAKE 
TAKEO HISANO 

TOSHIO TERAZAWA 

Department of Applied Chemistry 
Faculty of Engineering 
Tokushima University 
Tokushima, Japan 
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Sununary-Sulphide sulphur and dissolved sulphur in a polysulphide 
solution can be successively determined with satisfactory accuracy 
and reproducibility by potentiometric argentimetry in which a sulphide- 
selective indicator electrode is used. Before the titration, polysulphide 
ions need to be converted by an excess of potassium cyanide into thio- 
cyanate and sulphide ions. The excess of cyanide ions is masked with 
formaldehyde and sulphuric acid, then the solutionismadealkaline with 
ammonia and titrated with silver nitrate till the first end-point is reached 
(sulphide sulphur). After the acidification of the solution with sul- 
phuric acid, the titration is continued till the second end-point isattained 
(dissolved sulphur). 

Zusammenfassuag-Sulfidschwefel und gelbster Schwefel in einer 
PolysulfidlSsung konnen ausreichend genau und reproduzierbar durch 
potentiometrische Argentimetrie mit einer sulfidspezinschen Indikator- 
ektrode bestimmt werden. Vor der Titration mtissen Polysulfidionen 
mit einem &e.rschuB von Kaliumcyanid zu Thiocyanat- und Sulfidi- 
onen umgesetzt werden. Der f_&rschuQ an Cyanidionen wird mit 
Formaldehyd und Schwefelslure maskiert, dann wird die Liisung mit 
Ammoniak alkalisch gemacht und mit Silbernitrat bis zum ersten End- 
punkt (Sulfidschwefel) titriert. Nach An&tern der Ltisung mit Schwe- 
felslure wird die Titration fortgesetzt, bis man den zweiten Endpunkt 
erreicht (gelbter Schwefel). 

R&atmtGLe soufre a P&at de sulfure et le soufre dissous dans une 
solution de polysulfure peuvent etre determines successivement avec 
une precision et une reproductibilite satisfaisantes par une argenti- 
metric potentiometrique dans laquelle on utilise une electrode indicatrice 
selective des sulfures. Avant le titrage, les ions polysulfure doivent 
dtre convertis par un exces de cyanure de potassium en ions thiocyanate 
et sulfure. L’exces d’ions cyanure est dissimule par le formaldehyde et 
l’acide sulfurioue, nuis la solution est alcalinisee par l’ammoniaoue et 
titree par le t&ate’ d’argent jusqu’a c-e que le premier point de & de 
dosaee soit atteint (so&e a l’etat de sulfure). An&s acidification de 
la solution par Pacihe sulfurique, on poursuit le &age jusqu’a ce que 
le second point de fin de dosage soit atteint (soufm dissous). 
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13. J. Papp and J. Havas, Hang. Sci. Znstr., 1970, 17, 17. 
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Cation-exchange of metal ions in organic solvent-cupferron media 

(Received 13 March 1972. Accepted 1 May 1972) 

RECENTLY, the use of common extractants, as employed in the liquid-liquid extraction of metal ions, 
has been studied with respect to their applicability to ion-exchange.1-5 The strongly acidic cation- 
exchanger Dowex 50 has proved highly successful. On this exchanger several unique separations of 
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metal ions in organic solvent-mineral acid solutions containing certain extractants. have been found 
possible. The alkali metals can be selectively separated from practically all other elements on Dowex 
50 by using 2-thenoyltrifluoroacetone in pyridine as eluent .t 
be suitable is trioctylphosphine oxide. 

Another extractant that has proved to 
With this extractant dissolved in tetrahydrofuran or methanol 

in the presence of hydrochloric or nitric acids, very effective cation-exchange separations of scandium 
from the rare earths,* of hafnium and xirconium,s thorium4 or uranium6. from a variety of elements 
can be achieved. With dithizone dissolved in tetrahydrofuran-nitric acid solution silver, copper, 
bismuth, and mercury can be separated effectively from numerous bi- and tervalent metal ions.6 

Since cupferronates of iron, titanium, copper and other metals can be completely extracted into 
organic solvents such as chloroform ‘.* these systems are of potential interest for ion-exchange when 
making use of the principle of combined ion-exchange-solvent extraction (CIESE) described earlier.* 

In the present paper the applicability of organic solvent-cupferron-hydrochloric acid systems for 
the separation of metal ions on Dowex 50 was investigated. 
have found to be possible in these media. 

As a result separations of several elements 

Reagents 

EXPERIMENTAL 

Ion-exchunge resin. Air-dried Dowex 50, X8 (100-200 mesh; hydrogen form) was used for the 
column and batch experiments. Before use the resin was nurihed as described earlier.6 

Organic solvents. *The following reagent-grade solve& were used: methanol, ethanol, diethyl 
ether, ethyl acetate and chloroform. 

Cupferron. 
Eluent solution. Freshly prepared solution of O.lMcupferron in chloroform-methanol-l M hydro- 

chloric acid (60:35:5 v/v). 
Metal ions. Standard solutions of the following metal ions in 6M nitric acid were used: Fe(III), 

CuO, Ni(II), zn(II), H&II), Co(I9, MnOI), Cd@), RiO, AhIII), Ca(II), CeO, Ga(III). In(III), 
La(HI), Mg(II), Sr@), TiO, Th(N), and U%IQ 

Determination of distribution coeflcients 

The batch distribution coefficients (Kd values) of the above-mentioned elements were determined 
as described earlier.‘O The quantitative determinations of the metal ions in the eluates and filtrates 
were performed by suitable methods based on EDTA titrations. Cerium was determined titrimetrically 
with potassium iodide and sodium thio-sulphate. Uranium was determined fluorimetrically.tl 

In the case of the solutions containing cupferron the organic matter was destroyed by successive 
evaporations with nitric acid (1 + 1) before the determination of the metal ion concentration. 

Pretreatment of the resin bed. Resin (1 g) is soaked for about 5 min in a few ml of the eluent 
solution and the slurry is transferred to the ion-exchange column (0.5 x 25 cm). The resulting resin 
bed is washed with 5-10 ml of the eluent solution. 

Sorption and elution. Hydrochloric acid (lM, 0.5 ml) containing the metal ions (5 mg) to be 
separated, is mixed with 9.5 ml of methanol-chloroform mixture (3.5 ml of methanol and 6 ml of 
chloroform) containing 155 mg of cupferron. This mixture is passed through the pretreated resin 
bed at a flow-rate corresponding to the back-pressure of the resin column (about 0.35 ml/mm). Under 
these conditions the ions having low Kd-values i.e., Fe, Ti, Cu, Ce and Th, pass into the effluent. 
These elements are completely eluted by passage of about 40 ml of the eluent solution. If larger 
amounts of the metal ions are present, either the eluent volume or its cupferron concentration must 
be increased for quantitative elution. 

Following the removal of cupferron and chloroform by washing the resin bed with 10-15 ml of 
a mixture consisting of 95 % methanol and 5 % 1 M hydrochloric acid (v/v), the adsorbed elements can 
be eluted with 10 ml of 6M hydrochloric acid. 

RESULTS AND DISCUSSION 

Determinations of the distribution coefficients of iron, copper, zinc and nickel in organic solvent 
media containing 5 % v/v 1 M nitric or hydrochloric acid and which were 0.05M or O*lM in cupferron 
gave the results listed in Tables I and II. 

From these results it is seen that the presence of methanol and hydrochloric acid leads to lower 
Kd values of iron and copper. Also the presence of chloroform decreases the Kd values of the elements 
more than any other organic solvent. Further investigations were carried out with systems with higher 
chloroform concentrations. The most suitable system was found to be 60% chloroform-35% 
methanol-5% 1M hydrochloric acid. In this medium the Ka values of Fe, Cu and Ti am less than 
10 (Table III). 
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TASL~ I.-DISTRIBUTION COEPP~CIEN~~ OF Fe, Cu, Zn AND Ni ON DOWEX 50 IN METHANOL 
AND ETHANOL MEDIA (0.05 or 0.1 M in cupferron) 

System 
Fe(W) 

Metal ion 

Cu(II) ZWI) WI) 

I. 0.05M Cupferron 

95 % ethanol-5 % 1M HNOa 
95 % ethanol-5 % 1 M HCI 
95 % ethanol-5 % 1M HNOs 
95 % methauol-5 % 1 M HCl 

II. O.lM Cupferron 

95 % ethanol-5 % 1 M HNO, 
95 % ethanol-5 % 1 M HCI 
95 % methanol-5 % 1M HNOs 
95 % methanol-5 % 1M HCI 

102 670 >3Xlos >103 
102 410 430 >10a 
41 410 >103 >lOJ 
29 90 430 >lOS 

83 410 >los >103 
83 
41 E 

180 >10a 
>lOS >lW 

29 57 180 >lOS 

TABLE II.-DIS~WE~JTION COEP~CIENTS OF Fe, Cu. Zn AND Ni ON DOWEX 50 IN 50 % 
ORGANIC so~v~~r-45 % ALCOHOL-5 y0 1 M HCl MEDIA (O.lM in cupferron) 

System 
Fe@I) 

Metal ion 

Cu(II) WII) Ni(II) 

Ethyl acetate + methanol + HCl 
Ethyl acetate + ethanol + HCl 
Diethyl ether + methanol + HCl 
Diethyl ether + ethanol + HCl 
Chloroform + methanol + HCl 

19 14 53 >lV 
29 38 180 >lW 

14 >los 
: 38 4:: >lO” 

3 8 40 >lOS 

TABLE III.-DISTIUSU~ON COEPPICIENTS OP 20 METAL IONS ON 
DOWEX 50 IN 60 % CHLOROFORM-35 % METHANOL-5 % 1 M HCI 

IN THE PRESENCE AND ABSENCE OF O.lM CUPPERRON. 

Metal Ion 
Cupferron Cupferron 

absent present 

Fe(IIJJ 
cum 
‘WV) 
-(In) 
Th(IV) 
Ga(IW 
La(II1) 
In(lII) 
Bi(III) 
H&II) 
Ni(I1) 
MnCII) 
Cd(rI) 
(XII) 
WII) 
UWII) 
WI) 
M&l 
AKIII) 
Zxi(IIj 

5 x lo* 2 
>lOJ 6 

4 x 102 2 
230 8 

2 x 10” 9 
7 x 102 10 

>I08 25 
>104 81 

230 13 
470 69 

>I08 >lW 
4 x 108 6 x 10” 

125 8 x 1Oa 
9 x 109 >lO’ 
4 x 10s >lW 

>lW 9 x IV 
3 x 108 >108 
4 x 10’ 333 

108 80 
108 40 
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An increase of the acidity in the mixture from 5 % lit4 to 5 % 3 or 6M hydrochloric acid caused a 
decrease of the distribution coefficients of many metal ions. However, in these more acidic solutions 
cupferron was rapidly converted into a green compound which did not form cupferronates and 
hence was not effective for the elution of Fe, Cu and Ti. 

To investigate the effect of cupferron on the adsorption of 20 elements on Dowex 50, their 
distribution coefficients were measured in the absence and presence of 0.134 concentrations of the 
chelating agent. The results of these investigations are recorded in Table III and show that Fe, Ti, Cu, 
Ce and Th have low &-values (< 10) and hence can be readily separated from Ni, Mn, Cd, Co, Ca, 
U and Sr. 

TABLEN.-ELUTIONCHARACTERISTICSOF Fe,Cu,Ti,Ce ANDT~ONLXIWEX 50 

Metal ion 
Breakthrough 

volume, ml 
Volume of elution 

peak, ml 
Elution 

volume, ml 

Fe(II1) 1 2 20 
CUOI) 2 6 30 
Ti(IV) 1 2 30 
Ce(lII) 2 8 40 
Th(IV) 2 9 35 

In Table IV the volumes required for the complete elution of the slightly adsorbed elements are 
listed as well as the volumes of the eluent solution in which the concentration of the elements reaches 
a maximum. 

Acknowledgement-Acknowledgement is made to the Austrian Ministry of Education for providing 
a fellowship for M. M. K. 

Analytical Institute, 
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IX Wahringerstrasse 38, 
Austria 

J. Koaxrsc~ 
M. M. KHATER* 

Summary-Distribution coefficients of 20 metal ions were determined 
on the strongly acidic cation-exchanger Dowex 50 in a 30:7:1 mixture 
of chloroform-methanol-l&f hydrochloric acid which was O-134 in 
cupferron. In this system the distribution coefficients of Fe(III), Ti(IV), 
Cu(II), Ce(III) and Th are lower by several orders of magnitude than 
those of Ni, Mn@), Cd, Co(H), Ca, U(W), and Sr. It is possible to 
separate these two groups of elements on an ion-exchange column. 

Zusanunenfassung-VerteilungskoetBzienten von 20 Metallionen wur- 
den an dem stark sauren Kationenaustauscher Dowex 50 in einem 
0,lM Cupferron enthaltenden Gemisch 30: 7: 1 Chloroform-Meth- 
anol&%4 Salzslure bestimmt. In diesem System sind die Verteilungs- 
koethzienten von Fe(III), Ti(IV), Cu(II), Ce(III) und Th urn mehrere 
Gr68enordnungenkleiner als die von Ni, Mn(II), Cd, Co(H), Ca, 
U(VI) und Sr. Man kann diese beiden Gruppen von Elementen an 
einer Ionenaustauscherslule trermen. 

R&uun&-On a d&ermin~ les coefficients de partage de 20 ions metal- 
liques sur l’echangeur de cations fortement acide Dowex 50 dans un 
melange 30: 7: 1 de chloroforme+m&hanol-acide chlorhydrique 1M qui 
est 0,lMen cupferron. Dans ce syst&me, les coefficients de partage de 
Fe(III), Ti(IV), Cu(II), Ce(III) et Th sont plus faibles de plusieurs orders 
de grandeur que ceux de Ni, Mn(II), Cd, Co(H), Ca, U(W) et Sr. 11 est 
possible de &parer ces deux groupes d’elements sur une colonne 
echangeuse d’ions. 
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ANALYTICAL DATA 

Comparative study of analytical properties and applications of picolinaldehyde 
thiosemicarbazone and selenosemicarbazone 

(Received 8 March 1972. Accepted 24 May 1972) 

PIcoLINALDm~ THI~~EMI~ARBA~~NE (FAT) has been used in the photometric determination of 
CO(II),~ Fe(U) and Fe(III),a Ni and C~J(II),~ and their mixtures4 The complexes of Ni, Co(II1) and 
Fe(H) have been isolated and studkd6 With these cations, PAT acts as a terdentate chelatmg agent, 
and forms octahedral complexes of the type.. 

In certain conditions it may act as a bidentate chelating agent. 
In this paper, a comparative study is made of the physical properties and chemical reactions of 

PAT and picohnaldehyde selenosemicarbaxone (PASE), and the effect of increasing the separation 
of the ~~~~~de grouping from the pyridine ring has also been investigated, with nicotinal- 
dehyde t~ose~~~one (NAT). RenzaIdehyde thi~e~~one (RAT) was also tested for 
comparison. 

EXPERIMENTAL 

Reagents 

Standacdii solutions of Fe(H) and Fe(III) (both 0.990 g/I.), Ni (0.986 g/l.), Co(H) (1.089 g/i.) 
and Cu(I1) (1.995 g/l.> were used. More dilute solutions were prepared from these. 

All solvents and reagents were of analytical grade. 

PAT. A mixture of 200 ml of 05% aqueous thiosemicarbaxide solution and 10 ml of 10% 
ethanolic picolinaldehyde solution was refluxed, then cooled to yield PAT, which was recrystallized 
from ethanol (m.p, 198-200”; found: C46.7%; H 4.4%; N 30.9%; S 17.7%; calculated for 
C,H,N,S : C 46.67% ; H 444% ; N 31.11% ; S 17.72 72. 

BAT. Prepared similarly to PAT. White crystaIs, extremeiy bitter taste (m.p. 158-160”; found: 
$Z:$i;J,,, H 5.1%; N 23.7%; S 17.6%: calculated for C,H,N,S: C53.65%; H 5.04%; N23.45%; 

PASE. Hydraxine hydrate (10.5 g) was added to 27 g of previously synthesized potassium seleno- 
cyanate dissolved in the minimum amount of water. The mixture was acidified with 38M hydra- 
chloric acid to pH 5; 15 ml of acetone were then added, and the solution was refluxed for PO min, 
cooled and filtered. The acetone selenosemicarbaxone crystallized slowly in white crystals, which 
easily became red. This product was dissolved in water and retbrxed with an ethanolic sofution of 
the stoichiometric amount of picoiinaldehyde. On cooling the mixture, the desired substance was 
obtained. The product was recrystallized from ethanol. 
(m.p. 212-4O; 

It formed brown needles, stable in air 
found: C 36.9% ; H 3.5%; N 24.9% : 

H 3.53%; N 24.56%). 
calculated for C,HBN,Se: C 36.85% ; 

NAT. Nicotinaldehyde thiosemicarbazone was obtained commercially. 
1659 
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Solubility 

Analytical data 

PAT and PASE are soluble in acetone and methanol, moderately soluble in ethanol, and sparingly 
soluble in water, chloroform, nitrobenzene and carbon tetrachloride. 

Infrared spectra 

Infrared spectra were obtained in nujol suspension, and the bands assigned to the stretching vi- 
\ \ 

brations of -NH- (3500-3000 cm-l), C==N (1630-1515 cm-l), C==S (1130-1010 and 830-805 cm-l) 
\ / / 

and C==Se (1110-720 cm-l) groups. The most characteristic bands of the last two groups were at 
/ 

820 and 770 cm-r for PAT and PASE, respectively. 

Utraviolet spectra 

The ultraviolet absorption spectra for reagent in water and ethanol media showed similar maximum 
between 300 and 350 nm. Bathochromic shifts were produced on changing from water to ethanol as 
solvent (from 312 to 323 nm for PAT and from 320 to 335 nm for PASE). The solutions decomposed 
in time, PAT slowly and PASE faster. The effect of pH on the spectra is shown in Figs. 1 and 2. 

IZ- 

IO- 

250 275 300 325 350 400 

Wavelength, nm 

4: i0 

FIG. I.-Absorption spectra of PAT (4 x 1O-5 M in water) at pH 7.2 (A), 12.8 (B) 
and 1.3 (C). 

NAT behaved similarly to PAT and PASE (bathochromic shifts at pH < 4 or > lo), but BAT 
gave a shift only in alkaline medium. 

Determination of ionization constants 

The Phillips and Merritt method’ was used with 2 x 10-3M ethanolic solutions. Table I gives 
the results. 

Action of reducing and oxidizing agents 

Reducing agents in mode&concentrations did not alter the absorption spectra of PAT and 
PASE, but oxidizing substances did. PAT was oxidized in different ways, depending on the pH; 
PASE always gave the same final form (also given on aerial oxidation of the solution for 7-8 days). 
The oxidation of PASE was reversible. Attempts to isolate the oxidation products were unsuccessful. 

Reactions with cations 

The reaction of PAT, PASE and NAT with 40 cations, up to concentrations of 1000 ppm, at 
various pH values, was investigated. As(II1) or (V), Sn(I1) or (IV), Pt(IV), Al, Cr(III), Be, UO&I) 
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Wavelength, nm 

Fro. 2.-Absorption spectra of PASE (4 x 10-sM in water) at pH 6.9 (A), 128 (B) 
and l-2 (C’). 

TABLB I.-VALUss OF IONUAlTON CONSTANTS 

Substance PKb PK. 

Picolinaldehyde thiosemicarbazone 940 9.15 
Picolinaldehyde selenosemicarbazone 9.80 9.60 
Nicotinaldehyde thiosemicarbazone 9.60 1040 
Benzaldehyde thiosemicarbazone - 11.30 

Th, La, Ce(III), W(VI), Mo(VI), alkaline and alkaline earth metals did not react. Zn and Mn@) 
reacted with PAT and PASE in alkaline medium only. 

The reactions of PAT and PASE were very similar, but the PASE complexes were more highly 
coloured and the sensitivity lower. In many cases, red precipitates of elementary selenium appeared 
soon after the solutions had been prepared. The most sensitive reactions (pD > 5) were those of 
Co(B), Fe(H) and (III), Ni and Cu(I1). With W(B), Au(U) and V(V) an orange-yellow colour 
was produced (pD 5.4, 4.0 and 5.7 respectively). Bi and Sb(II1) gave a weak yellow colour, as did 
Ag and Pb. Hg(I) and Hg(II) formed yellowish-white precipitates. 

NAT reacts with Hg(I) and Hg(I1) (yellowish precipitates), Cu(II) (green colour) and Pd(II) 
(yellow colour). The last was the most sensitive (pD 5.4 at pH 3-5). 

The PASE complexes of Fe(B), Fe(III), Ce(II), Ni and Cu(I1) were investigated in the same way 
as the PAT complexes. The results are given in Table II, with those for PAT for comparison. 

The Cu(II) complex was very unstable, red precipitates of elementary selenium being formed a 

TABLE IL.-CHARACTERISTICS OF PAT AND PASE CXXPLEXS IN SOLUTION 

Picolinaldehyde thiosemicarbazone Picolinaldehyde selenosemicarbazone 

Cation Optimum pH 1, nm E, I.moIe-l.cm- 1 M:R Optimum pH 1, nm E, I.mole-‘.cm-1 M:R 

cdm 56-9-5 356 14 x108 1:2 8.7-12.1 435 5.5 x 108 1:2 
410 7.4 x 103 

NiO 7.2-10.7 385 19 x10* 1:2 5.5-10.5 400 10.7 x 105 
FeOH) 39-7.9 360 14 x103 1:2 3*5- 7.0 445 6.8 x 10s 
Fe@) 94-12.3 610 5.8 x 108 1:3 98-12.0 615 6.9 x 10” 
CuOI) 8.9-10.7 360 22 x 108 1:l 388 
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few minutes after preparation of the samples. The Ni complex was stable for 1 hr and then decom- 
posed slowly. The other three complexes were stable for at least 5 hr. The effect of pH on the oxi- 
dation rate of the green Fe(H) complex to the yellow Fe(II1) complex was studied for both reagents. 
The results are shown in Table III. 

TABLE III.-TIME NEEDED TO OXIDIZE THE FERROUS COMPLEXES 

PH 
Fe(II)-PAT Fe(II)-PASE 

hr hr 

4.5 0.3 0.1 
5.0 1.5 0.2 
6.2 3.5 0.2 
6.5 4.0 0.3 
8.5 21.0 0.4 

10.0 40.0 
12.0 43.0 

The Fe(H)-PASE complex was extracted more easily into chloroform than the Fe(H)-PAT 
complex, although it was stable in this medium for only 1.5-2 hr. The PAT complex was stable for 
5 hr. Ascorbic acid prevents the oxidation of these complexes in aqueous solution. 

DISCUSSION 

The infrared spectra agreee with those described by Gingtas ef al. for thiosemicarbazones*l-‘O and 
selenosemicarbazones.ll The band at 820 cm-l in the picolinaldehyde thiosemicarbazone spectrum 
disappears when the complexes are formed,* showing that the sulphur atom is involved in the forma- 
tion of these complexes. 

The bathochromic shift in alkaline medium can be considered as due to the greater resonance* of 
/ 

the form -N==C-NH*, which has the conjugated -HC==N-N=C group as chromophore. The 
I \ 
S- 

bathochromic shift in acid medium may be due to protonation of the nitrogen atom in the pyridine 
ring, as it does not appear in benzaldehyde thiosemicarbazone, and has a very similar value to that of 
pyridine and its derivatives.15 That pKs for PAT is higher than that of PASE agrees with Volka 
and Holzbecher’s resultsls for salicilaldehyde thiosemicarbazone and selenosemicarbazone. 

The oxidation of selenosemicarbazone to a form with maximum absorption at 287 mn may be 
\ 

explained as due to formation of a diselenide, based on the tendency of compounds with C==Se or 
\ \ / / 

C=S groups to dimerize to the form +-C-Se-Se-C+ ;lr.ls unfortunately, the rapid decomposi- 
/ / \ 
tion of the product precludes its study. 

An interesting difference between the behaviour of nicotinaldehyde and benzaldehyde thiosemi- 
carbazone and of PAT and PASE is that the former two hydrolyse in acid medium, but the latter 
two do not. This again reveals the different character of positions 2 and 3 of the pyridine ring. 
Another important characteristic is that PAT is much more reactive than NAT with cations. NAT 
has important reactions only with Pd(I1) and Cu(II), behaviour similar to that of other thiosemi- 
carbazones in which the group attached to the thiosemicarbazide does not have a free electron pair 
(benzaldehyde, acetone, erc). Increased separation of the thiosemicarbazide group from the pyridine 
ring prevents the latter from participating in the formation of the complexes. 

Department of Analytical Chemistry J. M. CANO PAVON 
University of Seville F. PINO 
Seville, Spain 

Sununary-_The analytical properties of picolinaldehyde thiosemi- 
carbazone and selenosemicarbazone have been studied, in order to 
investigate the changes produced when the Se atom is substituted 
for the S atom. The ionization constants of both substances are very 
similar. The complexes of picolinaldehyde selenosemicarbazone with 
cations in aqueous solution are less stable, and the absorption spectra 
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show bathochromic and hypochromic shifts. The introduction of the 
Se atom offers no advantages in the analytical application of these 
compounds. 
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Zusammenf assung-Die analvtischen Eigenschaften de-s Thiosemi- 
carbaxons und des Selenosemicarbaxons ion Picolinaldehyd wurden 
untersucht. urn die Anderuneen bei Substitution des S-durch ein Se- 
Atom zu &amen. Die Ioni&ionskonstanten beider Substamen sind 
sehr Innlich. Die Komplexe von Picolinaldehyd-Selenosemicarbazon 
mit Kationen in wiihrieer Liisune sind wenieer stabil und ihre 
Absorptionsspektren xeig& bathochrome und hkochrome Verschie- 
bungen. Die Einftihrung des Se-Atoms bietet bei der analytischen 
Verwendung dieser Verbindungen keine Vorteile. 

RCum&Qn a etudi6 les propriettb analytiques de la thiosemicarbazone 
et de la selenosemicarbaxone de l’ald6hyde picolinique, afin d’examiner 
les changements produits quand l’atome de Se est substitue a l’atome de 
S. Les constantes d’ionisation des deux substances sont t&s similaires. 
Les complexes de la selenosemicarbaxone de l’aldehyde picolinique avec 
les cations en solution aqueuse sont moins stables, et les spectres d’ab- 
sorption montrent des d6placements bathochromes et hypsochromes. 
L’introduction de l’atome de Se n’offre pas d’avantages dam l’appli- 
cation analytique de ces composes. 
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AN-NOTATIONS 

On the nature of so-called “Khimdu” 

(Received 24 April 1972. Accepted 18 May 1972) 

THE methyliminodiacetic acid derivative of chromotropic acid (disodium salt of 1 ,I-dihydroxynaph- 
thalene2N,N-dicarboxymethylaminomethyl-3,6-disulphonic acid, so-called ‘Xhimdu”) was tirst 
reported by Basargin et al. as a calorimetric reagent for titanium(IV).l 

As we have been interested in this type of reagent, we tried to repeat their work carefully, but 
found some doubts about the nature of the reported compound. According to the result of our in- 
vestigation, it is very likely that the reported reagent is a mixture of various reaction products, and not 
the pure compound having the proposed chemical structure(I). 

OH OH ,CH,COOH 

’ ,CH*N 

co 
60 \CH#ZOOH 

-o*s’ ‘so,- 

EXPERIMENTAL 

Reagents 

Buffer solutions of hydrochloric acid/potassium chloride (pH 2). hexamethylenetetraamine/ 
hydrochloric acid (pH 3) and potassium acetate/acetic acid (pH 5) were used. * 

Metal ion stock solutions (O-01 M) were prepared from analytical grade ferric nitrate and metallic 
titanium, and their strengths were determined by EDTA titration. The stock solutions were diluted 
with distilled water before use. 

Apparatus 

A column 16 mm in diameter and 500 mm long was used for the gel chromatographic separation 
of the reaction mixture. The column was tilled with a Sephadex LH-20 gel which had been swollen 
in the eluent (80% aqueous methanol) for 24 hr before use. 

Electronic spectra were observed with a Hitachi 124 double-beam recording spectrophotometer. 

Synthesis of kY/dmdu 

Xhimdu was synthesized according to the method of Basargin.” A mixture of 4.37 g (0.12 mole) 
of chromotropic acid (disodium salt) and 1.6 g (0.012 mole) of iminodiacetic acid was placed in a 
lOO-ml reaction flask. After addition of 20 ml of water, the mixture was heated on a water-bath until 
dissolution was complete. The solution was cooled to about 50”, and the pH adjusted to 2.0-3.0 with 
1M hydrochloric acid. Then 0.87 ml (0.012 mole) of 37 % formaldehyde was added while stirring for 
several minutes. The reaction mixture was kept at room temperature for 3 hr. then transferred into 
a 300~ml beaker, and 120 ml of acetone were added to precipitate the product. The solution at 
first, gave a white suspension, from which a reddish-brown heavy oil separated. After collection, 
the oily product was treated with acetone to yield a brown powder. 

The product was carefully pulverized under acetone, then filtered off, washed with acetone and 
ether successively, and finally dried over phosphorus pentoxide. 
5-25-5-88 g (86-96 %) (product ICA). 

The yield of the crude product was 

In an alternative procedure, the mole ratio of the reagents was altered to 1:2:3, and the reaction 
was carried out at 50” in an atmosphere of nitrogen for 14 hr. The reaction product was treated in a 
similar fashion to that described above, and a reddish brown powder (product ICB) was obtained 
(yield: 73 %). 

12 1665 
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Chromatographic fractionation of the reaction products 

In order to purify the crude reaction products, samples of KA and KB were subjected to chroma- 
tographic fractionation on a Sephadex LH 20 gel column at an elution speed of 0.3 ml/mm. The 
effluents were fractionated into three or four fractions according to their relative differences in 
ultraviolet absorption spectra. Each fraction was concentrated to a small volume under reduced 
pressure, and pure product precipitated with acetone. The isolated product was washed with acetone 
and ether, and vacuum-dried. 

The yields of fractions obtained were as follows: 100 mg of KA gave 8.2 mg of KA-(1), 44.4 mg 
of KA-(2) and 9-l mg of KA-(3), and 150mg of KB gave l*Omg of KB-(1), 66.5mgof KB-(2). 
7-4 mg of KB-(3) and 10.5 mg of KB-(4). 

The purified sample as well as the crude products were subjected to the absorption spectral 
analysis and elemental analysis. 

RESULTS AND DISCUSSION 

Our original purpose was to reproduce Basargin’s results, and the samples obtained were found to 
have spectral characteristics identical with those of Khimdu. It is seen from Figs. 1, 2 and 3, that 
the crude product KA gave an absorption spectrum which is very close to that of Khimdu, and the 
visible absorption spectra of iron and titanium(W) complexes of the product KA also showed 
identical characteristics with those of Khimdu. A continuous variation study of the iron(II1) complex 
was also made in order to obtain an additional proof of identity of our sample with Khimdu. The 
results, as shown in Figs. 4 and 5, again confirmed the identity of our crude product with the material 
called Khimdu by Basargin, and the different metal ligand ratios obtained in the studies at different 
wavelengths also imply that more than one complex-forming species is present. 

However, as the result of elemental analysis on the crude sample showed discrepancies from the 
expected value for Khimdu, the sample was puritied. The sample was rather unstable, becoming 
darker at elevated temperature, and was very slightly soluble in most common organic solvents, so that 
purification by recrystallization did not seem to be feasible. 

Of the chromatographic separations investigated, gel chromatography on Sephadex LH-20 
column with 80% methanol as an eluent was found to give best separation. However, contrary to 
expectation, the absorption spectra of the fractionated samples became more divergent from those 

0.8 - 

Wavelength, nm 

Fro. l.-Visible absorption spectra of “Khimdu,” the reaction products andchromotropic 
acid (reference water, l-cm cells) 

1. Khimdu 8 x lo-‘M (reproduced from ref. 1); 
2, KA; 3, KA-(2); 4. KB-(2); 5, chromotropic acid (all 1 x lOAM). 
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O- I I 
4ob 500 600 

Wavelength, nm 

FIG. 2.-Visible absorption spectra of titanium(IV) CompIexes (reference rageat 
blank, l-cm cells, pH 2) 

I, Khimdu, 4 x lo-*Mand Ti 4 x lo-‘M (reproduced from ref. 1); 
2, KA; 3, KA-(2); 4, m(2); 5, chromotropicacid (all 1 x IO-Wand Ti 4 x 10m5M). 

06 

% 

Ei 
c) 
g 0.4 

9 

0.2 

C 
500 650 

Wavelength, nm 

Fro. 3.-Visible absorption spectra of iron complexes (reference reagent blank, 
l-cm cells, pH 5). 

I, Khimdu 2.5 x lO+Mand Fe 23 x l(rM (reproduced from ref. 1); 
2, KA; 3, KA-(2); 4, KR(2); 5, chromotropic acid (all 23 x lo-*M and Fe(III) 
2.5 x 10-w). 
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of Khimdu. Moreover, the results of elemental analyses on the fractionated samples deviated more 
and more from the calculated values for Khimdu, as shown in Table I. In the case of KB, where the 

TAB= I.-E=NTAL ANALYSES OF THE CRUD8 PRODUCTS AND TIE CHROMATOQRAPHBD 

FRACTIONS 

Sample C% H% N% 

S-(l) 36.0 34.6 3.2 3.1 2.0 0.7 

U-(2) 347 2.6 0.0 
a-(3) 33.4 2.8 0.2 
KB-(1) 37.8 3.6 3.1 
KB-(2) 35.2 3.3 2.6 
KB-(3) I.6 
KB-(4) 0.5 
Caicd. value for 
Khimdu (C,,H,,NO,,S,Na,) 35.37 2.57 2.75 
Chromotropic acid (sodium salt) 
(CJ-bO&Na,) 32.97 1.66 0.00 
Dimethylol deriv. of chromotropic acid (sodium salt) 
(CIIHlOGlOSINa~) 33.97 2.38 0.00 

Na% 

88:; 

95 
10.5 

6.0 
9.3 

- 
- 

9.03 

12.62 

10.84 

mole-ratio of the reactants was 1:2:3, the nitrogen content in the product as well as in the chroma- 
tographed fractions was higher than for KA. However, none of the results for the fractions agree 
with the calculated value for Khimdu. 
becomes lower. 

Generally, as the fractionation goes on, the nitrogen content 
For example, the fraction KA-(2) does not contain nitrogen and the analytical value 

is rather close to that of the dimethylol derivative of chromotropic acid. 
Although we do not want to give any decisive conclusion, as Basargin et al. did not show the 

analytical results for their sample, it is very likely that the product called “Khimdu” is not acompound 
with well-defined structure, but is a mixture of various reaction products. 

Deptment of Organic Synthesis 
Facdty of Engineering 
Kyushu University 
Fukuoka 812, Japan 

YONQ &XJN bI3+ 
KYIJ JA W-f 
Ksmm UENO 

REFERENCES 

1. N. N. Basargin, M. K. Akhmedli and M. M. Shirinov, Zh. Analit. Khim., 1968,23,1813. 
2. N. N. Basargin and M. I. Starostina, U.S.S.R. Patent 175514 (Cl. CO7c). Oct. 9,1965. 

Snnnnary-The reagent called “Khimdu” has been investigated and 
evidence found to show that it is not a pure compound but a 
mixture of several reaction products. 

Zusammenfassun8-Das Reagens “Khindu” wurde untersucht und 
Hinweise darauf erhalten, da13 es sich nicht um eine reine Verbindung, 
sondem um ein Gemisch mehrerer Reaktionsprodukte handelt. 

Rknn~ a examine le r&&if nomme “Khimdu” et trouv6 de-s 
preuves montrant que ce n’est pas un cornpod pur mais un m&nge de 
plusieurs produits de reaction. 

l Colombo Project Fellow; present address: Department of Chemistry, College of Science and 
Engineering, Yonsei University, Seoul 120, Korea. 

t Present address: Department of Manufacturing Pharmacy, College of Pharmacy, Sookmyung 
Women’s University, Seoul 140, Korea 
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Talanm. 1972. Vol. 19. pp. 1670 to 1677. Peaamon Pra. Printed in Northern Ireland 

Zur Frage des Verlastes von Molybdiin w&end der Analyse von metal&hem 
Wolfram auf Molybdiinspuren 

(Eingegangen am 9. Dezember 1971. Angenommen am 10. Januar 1972) 

TECHNIXHES Wolfram-Metal1 enthglt stets Spurenverunreinigungen an Molybd%n, in der GrijBenord- 
nung zwischen 1000 und 10 ppm. Spezielle Anwendungsgebiete in der Elektronik und der Gltlh- 
lampenfertigung erfordem einen mijglichst geringen Molybdtingehalt; damit eng verkntipft ist daher 
die Notwendigkeit einer exakten Methode zur analytischen Bestimmung dieser kleinen Gehalte 
neben tiberwiegend Wolfram. 

In Fachkreisen bestehen derzeit sehr unterschiedliche Meinungen dartlber, inwieweit bei einem 
der Bestimmung vorgeschalteten Gliih- bzw. ErhitzungsprozeB Molybd%n infolge von Sublimation 
des Oxids verloren gehen kann. Urn das Wolfram-Metal1 in Lbsung zu bringen gibt es grundsatzlich 
zwei Vorbehandlungs-MBglichkeiten. 

(1) Man oxidiert das Wolfram-Metal1 durch Gltihen an Luft zu WO, und l&t anschlie8end in 
Natriumhydroxidlbsung. Urn diesen Oxidationsvorgang in annehmbaren Zeiten durchftihren zu 
kiinnen, werden Temperaturen von 750-850” vorgeschlagen. 

(2) Man lost in einem Gemisch von Flu5slure und Salpetersaure, setzt danach Schwefelslure zu 
und erhitzt entweder bis zum Auftreten von SOrNebeln; meist wird aber bis zur Trockene einge- 
dampft. 

Im ersten Fall ist man sich uneinig dartiber inwieweit MOO, unter diesen Gltlhbedingungen durch 
Sublimation flilchtig ist, im zweiten Fall wird die Bildung fltichtiger Oxytluoride vermutet. 

Wir haben nun diese beiden Varianten einer genauen Uberprtifung im Hinblick auf Molybdln- 
Verluste unterzogen und sind dabei zu folgenden Ergebnissen gekommen. 

(a) Em oxidierendes Gliihen von Wolfram-Metal1 an Luft bei 750” verursacht einen betrtichtlichen 
Verlust an Molybdan, z.B. wurde der Gehalt von 350 auf 30 ppm herabgesetzt. 

(b) Nach dem L&en mit FluDsaure-Salpeterstuire-Gemisch ftihrt em Erhitzen bis zur Vetlltlchti- 
gung von SO* und such ein R&ten nach vollst%ndigem Abdampfen der Schwefelslure bei 400” 
zu keinerlei Molybdan-Verlusten. 

Diese Ergebnisse fiihren zu dem SchluB, da5 die erste Vorbehandlungsvariante der Wolframproben 
vollkommen ungeeignet ist. Die zweite Arbeitsweise ist sicher und es besteht keme Gefahr von 
Molybd%n-Verlusten. Letzteres wurde darilber hinaus von uns bereits in zwei Arbeiten bewiesen.r** 

Erg%rzend mu5 erwahnt werden, daO bei oxidierendem Gliihen von Wolfram-Metal1 auf Grund 
der exothermen Reaktion intermedilr und lokal hohere Temperaturen auftreten werden, als der 
Ofentemperatur entspricht. Dariiber hinaus diirfte such die Rinetik der Oxidation des W-Mo- 
Mischkristalles eine Rolle spielen. Es ist anzunehmen, da5 prim&r freies MoOI und WOI entstehen, 
die erst im weiteren Verlauf der Reaktion Oxidmischkristalle bilden. 

Freies MOO, ist bekanntlich schon bei Temperaturen iiber 450’ fliichtig. Sind hingegen die 
kleinen Moo,-Mengen in das WO,-Gitter eingebaut, so kann man ohne weiteres auf 750” erhitzen 
ohne da8 Molybdiin-Verluste auftreten. Dies wurde durch Gltlhversuche an einer Reihe von WO, 
Mustem, die auf Molybdan analysiert wurden, tlberpriift. 

Versuchsanstalt 
Metallwerk Plansee A.G. 
A-6600 Reutte, Austria 

E. LASSNER 
H. fhXIE!DLE 

Zusammenfassung-Es wird gezeigt, da8 ein oxidierendes Gliihen von 
Wolfram-Metal1 zu Wolframtrioxid zu einer Abnahme des Molyb- 
dtigehaltes ftlhrt. Im Hinblick auf eine nachfolgende Molybdtibe- 
stimmung ist daher eine solche Gltihung zu unterlassen. Hingegen 
ist beii L&en von Wolfram in FluB-Salpetersiiuregemisch und an- 
schliel3endem Abdampfen mit Schwefelstiure (bis zur Trockene) keme 
Verringerung des Molybd%ngehaltes zu verzeichnen. 

Summary-It is shown that oxidative ignition of metallic tungsten to 
tungsten trioxide causes a decrease in the molybdenum content. Thus 
the ignition cannot be used when the molybdenum content is to be 
determined. On the other hand, when the tungsten is dissolved in a 
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mixture of hydrofluoric and nitric acids with subsequent fuming with 
sulphuric acid, no such decrease in the molybdenum content takes 
place. 

R&xun6-On a montre que l’ignition par voie oxydante du tungstbne 
metallique en trioxyde de tungstene cause un dkroissement de la teneur 
en molybdene. Une telle ignition doit done dtre &vi&e lorsqu’il 
faut determiner la teneur en molybdbne. D’autre part, lorsque le 
tungstene est dissous dans un melange d’acides fluorhydrique et nitrique 
avec traitement subsequent a l’acide sulfurique jusqu’rl production de 
fumees, un tel d6croissement de la teneur en molybdene ne se produit 

Pas- 

REFERENCES 

1. E. Lassner, R. PUschel and K. Katxengruber, Microchim. Acta, 1970, 39. 
2. E. Lassner and R. Fbschel, ibid., 1969, 527. 



Louis Gordon 
Memorial Award 1970 
Professor and Mrs. L. i&km-ES were presented 

with the Louis Gordon Memorial Award by Dr. 
HOWARD FRAXCIS JR. {on left), for their paper on 
“Theory of Titration Curves-V! 1: The Properties 
of Derivative Titration Curves for Strong Acid- 
Strong Base and other Isovalent Ion-Combination 
Titrations” (Tafuntu. 1975, 17, 525). which was 
judged to be the best-written paper published in 
Tnim&z in 19TO. 
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PUBLICATIONS RECEIVED 

Recent Advances in Gas Chromatography: I. I. DOMSKY and J. A. PERRY (Eds.) Dekker, New York, 
1971. pp. xi + 414. $19.50. 

The book consists of the typescripts of 17 lectures presented at short courses on Gas Chromato- 
graphy. The reproduction, which is in the modern style, serves to emphasise the origins of the 
book. Some authors quite clearly were more concerned with delivering a lecture whereas others 
were also concerned with publication (or providing those attending the lecture with a good paper 
whilst they spoke of something else). The book is inevitably a pot pourri of discussion and com- 
ment on various aspects of GLC such as columns, flow patterns, detectors, computer link-ups, 
silylation, and applications to the analysis of lipids, pesticides and metabolites. There are also 
two chapters on gel permeation chromatography. 

Most of the chapters contain useful practical information and present it in a straightforward, 
well-illustrated manner, but overall the rigour demanded of formal papers or books is lacking. 
It provides a useful survey, and many workers may wish to consult specific chapters, but overall 
one is left with the impression that, whilst the lectures may have been informative and entertaining, 
on their translation into book form they should have been expanded and edited. 

The Determination of Impurities in Nuclear Grade Sodium Metal: L. Silverman, Pergamon, Oxford, 
1971. pp. ix + 143. E3.75, $10.00. 

The book appears to be a collectionof laboratory procedures for the determination of impurities 
in sodium metal and also sodium chloride, hydroxide and carbonate. Most emphasis is placed on 
carbon and oxygen but procedures for the determination of Al, Bi, B, Cd, Ca, Mg, Cs, Cl, Cr, Co, 
Cu, H, I, Fe, Pb, Li, Nn, Ni, P, K, Si, S and U are also given. There is little theory but the text 
abounds with practical wisdom, which may be appreciated by many analysts, since the procedures 
described have a general applicability. 
are pointed out. 

The descriptions of procedures are clear and likely pitfalls 

Analytical Photochemistry and Photochemical Analysis: J. M. FITZGERALD (Ed.) Dekker, New York, 
1971. pp. xiv + 360. $23.50. 

The editors hope that the contributions in this volume will bring the developments of photo- 
chemistry with analytical implications to the attention of analytical chemists and provide photo- 
chemists with a critical survey of useful analytical methods. In view of the rapid growth of 
photochemistry the work is timely and stimulating. Several useful and unusual determinations 
are described in a series of reviews by various authors. These deal with lasers in analytical chem- 
istry, actinometry, photochemical titrations and methods for studying the photolysis of polymers 
and co-ordination compounds, and other related topics. 

Analytical Emission Spectroscopy, Vol. 1, Part 1; E. L. GROVE (Ed.), Dekker, New York, 1971. 
pp. xvi + 401. E12.60. 

This is the 6rst part of a projected three part work. Judgment of the whole will have to await 
the appearance of the whole, but in its own right the first part is most valuable. It contains long 
articles on the historical development of emission spectroscopy, the origins of atomic spectra, 
prisms, gratings, prism and grating instruments and spectroradiometric principles. There is little 
that is new in all this but the spacious accounts of fundamentals are welcome. If the other volumes 
match this the set will prove an invaluable tome of reference. 



ANALYTICAL DATA 

An essential but little acclaimed part of scientific research is the measurement of 
accurate values of the many constants used in the development and application of 
theory. Development work is usually thought of as interesting and exciting, and 
careful measurement by established methods as being dull and somehow less praise- 
worthy. The onlooker is sometimes left with the sneaking suspicion that this attitude 
sometimes arises because its holder lacks either the patience or the skill necessary for 
work of the highest accuracy. Be that as it may, it is quite certain that without the 
consolidation provided by the many careful workers who garner values for constants, 
theory would not progress very far and would not be nearly so useful as a guide to 
action. One of the problems of workers in this field is that of publication. Their 
results are usually of value in several fields of chemistry, but strictly speaking belong 
to none in particular. A consequence of this is that publication committees are often 
tempted to suggest submission to some other journal than their own, and authors 
experience difficulty in finding a medium for publication of their work. One of their 
difficulties is that journal space is already at a premium, and editors are naturally 
reluctant to occupy it with details of standard procedures applied to individual 
problems. We therefore propose to begin a new feature in Talanta, to be called 
“Analytical Data”, which will serve for publication of such results with the minimum 
of background information. Once a pattern of experimentation has been established, 
a reference to it is all that is necessary to indicate how the work was done. Of course, 
if there is a new development discovered in the course of such work, that is a different 
matter, and it can be mentioned in more detail and itself become the reference point 
for future publications. In this issue we present the first papers in this feature. They 
are a little longer than we would normally expect, simply in order to set the pattern. 



FOREWORD 

ON THE occasion of the IUPAC International Congress on Analytical Chemistry 
and the 20th Anniversary of the founding of the Japan Society for Analytical 
Chemistry, it gives the Editorial Board and Publishers of Tikmta great pleasure to 
mark the occasion and honour the work of Japanese analytical chemists by 
presenting this special issue confining invited ~on~butions showing the wide 
range of interests and research in modern Japanese analytical chemistry. 

The cover of this issue carries a transliteration of Tfft~~tu into Katakana characters. 

I 
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PAPERS RECEIVED 

Zur Frage des Verlustes von Molybdiio wiihrend der Analyse van metaliiiem Wolfram auf Molywiin- 
spuren: E. LA~~NER and H. SCHEDLE. (9 December 1971) 

Compiexation reaction of zirconium with chromogenic reagents-Caimagite and Solochrome Black 68: 
C. P. GUPTA and K. N. MUNSHI. (20 December 1971) 

Absorptiometric determination of palladium with 2,3quinoxalinedithiol: J. A. W. DAUIEL and A. K. 
SLAWINSKI. (20 December 1971) 

Determination of trace metals in water by X-ray fluorescence spectrometry: H. WATANABE, S. BERMAN 
and D. S. RUSSELL. (21 December 1971) 

A semi-automatic system for operation of electrical detection for a spark-source mass-spectrometer: 
R. J. CONZEMIUS, W. A. RHINEHART and H. J. SVEC. (23 December 1971) 

o-Amino-compounds of the heterocyclic au) dyestuffs as analytical reagents-II. Spectrophotometric 
determination of cobalt with 3-[(S-chioro-~pyridyl)axo]-2,6-diamiuopyridine: S. SHIBATA, M. 
FURUKAWA and K. GOTO. (23 December 1971) 

Direct determination of fluoride in alumhtium reduction materials by use of an ion-selective electrode: 
THOMAS A. PALMER. (24 December 1971) 

The complexes of AgQ with thiourea as ligand: A. BELLOMO, D. DE MARCO and A. DE ROBERT. 
(30 December 1971) 

Distribution coefficients and cation-exchange selectivities of elements with AG50W-X8 resin in perchioric 
acid: F. W. E. STRELOW and H. SONDORP. (30 December 1971) 

Spectrophotometric determination of osmium with ZR-acid in the presence of other platinum metals: 
B. V. AGARWALA and A. K. GHOSE. (30 December 1971) 

Computer calculation of equilibrium constants by using program SCOGS; a further modification: I. G. 
SAKE and V. S. SHARMA. (31 December 1971) 

Methode nouveile de separation des sulfates de strychnine et brucine: M. MARIAUD and D. HALOT. 
(31 December 1971) 

Solvent extraction studies of indium(III): Separation from gallium@I): M. B. CHAVAN and V. M. 
SHINDE. (31 December 1971) 

Acenaphthenequbtone monoxhne as a selective reagent for the spectrophotometric determination of 
piatinum(IV) by solvent extraction: S. K. SINDHWANI and R. P. SINGH. (31 December 1971) 

Microanalysis of sulphide, sulphite, sulphate and thiosulphate by thin-layer chromatography and ring- 
calorimetry: A. C. HANDA and K. N. JOHRI. (31 December 1971) 

Besthmnung des Komplextypus von dissoziierten Komplexen mit Hilfe transformierter Titrationskurven: 
J. BoRAK, Z. SLOVAK and J. FISCHER. (5 January 1972) 

Applications involving the iodide ion-X. Determination of copper and analysis of its mixtures with some 
other cations: H. KHALIPA and E. A. EL-GAZZAR. (5 January 1972) 

Selective detection of bismuth(II1) and iron(H) with certain new reagents: G. S. JOHAR. (5 January 
1972) 

New tests for the detection of axide: G. S. JOHAR. (5 January 1972) 

The application of photon counting in atomic-absorption spectrophotometry: R. M. DAGNALL, B. L. 
SHARP and T. S. WEST. (14 January 1972) 

On the problem of increasing the sensitivity of anodic stripping voltammetry: LUDMILA HUDEROVA 
and KAREL STULfK. (18 January 1972) 
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PAPERS RECEIVED 

Rapid colorhuetric determination of indoxyl acetate: R. J. NADALIN. (31 October 1971) 

Trennungsfreie Bestimmungen der Erdalkalhnetalle-Calcium, Strontium, Barium-mit Hilfe der AAS: 
GERHARD M. NEUMANN. (5 Nooember 1971) 

Precipitation of barium chromate in the presence of strontium and lead by complexation followed by 
volatilization of ammonia: F. H. FIR~CHING and PAUL H. WERNER. (9 November 1971) 

Reversible electrode reactions: Reduction of Cd-malonate-oxalate complex at the D.M.E.: S. C. 
KHUCANA and C. M. GUPTA. (18 November 1971) 

Nouvelle microm&hode colorim&rique pour le dosage des nitrites: CAMELU GHIMICESCU and VAUE 
DORNEANLJ. (23 November 1971) 

Formation of nickel, cobalt(H), manganese(D) and cadmium ferrocyanides-II: ATHOS BELL~MO, 
DOMENICO DE MARCO and AGATINO CASALE. (23 November 1971) 

Gallacetophenone as an analytical reagent for tantalum: R. RAGHAVA NAIDU. (29 November 1971) 

Extraction with long-chain a&es-VI. Pohuographic determination of uranium: RIJDOLZ -IL, JR. 
and JIgf ADAM. (30 November 1971) 

Selective extraction and spectrophotometric determination of copper as phenylacetate: J&i ADAM and 
RUDOLF P~IBIL. (30 November 1971) 

Analytical chemistry in Japan: TAITIRO FUJINAGA. (1 December 1971) 

A general multiparameter least-squares curve-fitting computer program and some of its applications: 
THELMA MEITES and Lours MEITES. (1 December 1971) 

Study of chromium hydroxideprecipitated from homogeneous solution: M. N. SAsmrand J. RAJAOOPAU 
RAO. (2 December 1971) 

Determination of and merentiation between cassiterite and silicate-lattice-bound tin in silicate m&s 
containing traces of tin: J. AGTERDENBOS and J. VLOGTMAN. (5 December 1971) 

Spectrophotometric determination of copper in alkaline solutions and evaluation of some bydroxy- 
substituted l,lO-phenanthroliies as chromogenic reagents: W. E. DUNBAR and A. A. SCHILT. (6 
December 1971) 

Cation-exchange separation of alkaline earths, using mixed solvent eluents: R. P. BHATNAGAR and S. L. 
GARDE. (6 December 1971) 

Candolumincscence-a new flame technique for trace analysis--I. Determination of bismuth: R. 
BELCHER, S. BOGDANSKI and A. TOWNSHEND. (6 December 1971) 

Photometric complex-formation titrations of submicromole amounts of metals-III. Back-titrations: 
J. KRAGTEN. (10 December 1971) 

A simple non-selective detector for gas-phase chromatography, using the measurement of reflected 
microwave power : R. M. DAGNALL, M. D. SILVESTER, T. S. WEST and P. WHITE~AD. (10 
December 1971) 

Indirect atomic-absorption spectrophotometry for determination of ppM levels of arsenic by combustion 
of MIBK extract of arsenomolybdic acid: Y. YAMAMOTO, T. KUMAMARU, Y. HAYASHI, M. KANKE 

and A. MATSUI. (13 December 1971) 

Modilkations of the computer programme SCOGS: W. A. E. MCBRYDE and J. L. MCCOURT. (13 
December 1971) 

9 i 
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The Editortal Board 2nd Pubtnhers of T&tfta take pieasurz in welcoming the foftoiring new members 
to the Advisor) Board of the journal. 

.-Y CORSN J. JORD~X 
F. BERXEJO-MARTEXEL 

t. E. Sct~rii~ A. -f-o\% XSHWD 

They afso wish to record therr sincere thanks for the help given by 

ht. L. DNBG S. CREE~FIELD 

K. J. KARRZIAN K. fSSLEI& 
R. E. SIEVERS IY. %40x 

E. .%xiL 
who retire from the ridvisar~ Board. 

PROPESSOR ALF~O CORSIN was born in Hamilton, Ontario in 
1934, and graduated from McMastcr University, BSc. in 
8956 and Ph.D. in 1961. He worked a~ Research Associate 
with Professor Freisrr in .Arizona from t96f to IO63 and has 
served on the staff of McMaster Universrty since, first as 
Assistant Professor, and as Associate Professor since 1968. 
His research interests are the chemistry or analytically usefuf 
chelates, especially f”actors airecting selectivity, complexes 
of oxioe and its denvatiles, and trace analysis by fluorescence 
and atomjc-absorption methods. He is married, wish two 
children. and his hobbies are gardenmg, athletics and reading. 

JOSEPH JWRDAZ, M.Sc., Ph.D., is a Professor of Chemistry 
at the Pennsylvania State University, where he has chaired 
the analytical area committee since t960. He has authored 
and co-authored about a hundred reSear& papers, and 
several authoritative reviews on electroanals~~ca~ chemistry, 
thermochemical t&rime&y and enthalpihetric analysis. 
Professor Jordan’s contributions include: development of 
hydrodynamic voltammetry, direct injection enthalpimetry, 
~hermo-kinetic analysis and gas enthalp~me~ry; the use of 
mixed carrier gases in gas chromatography and quantitation 
based on considerations of kinetic theor): thermometric 
enthalpy titrations in molten salts; kinetics and mechanisms 
of electrode reactions and electron transfer; electrochemical 
models of haemoprote~~s ; calorimetric rirrations of anti- 
bodies and antigens and the th~~~h~rr~ of immuno- 
logicaf processes; polarography, rotating disk electrode 
voltammetry and tedox chemistry in fused safts at elevated 
temperatures. 

Professor Jordan has served as chairman (fY67-7 I ) of the 
Commission on Electrochemistry of the International Union 
of Pure and Apphed Chemistry (IUPAC) and is currently 
a titular member of 1UPAC’s Physical Chemistry Division 
Committee. 



PXOESSOR F. B~KM~Jo-%~~KTI\~L ua> born in Corunna. 
Spain. He studied chemistry anJ pharmaiv at the Santtago 
de Composteki Lniverstt! rn S~NI. where he got his 
diploma vvtrh e.rf~-cw~).~/iwr~ pr-/:r tn 1943. .a few years later 
he took hts Doctor of Chemtcal Saences degree. ci,nr luurlr 
at the Madrid L’niversity in 1915. After complettng his 
universttv studies he worked with Professor J. Condiez- 
Carrero . in the “!vlontequt Institute for Inorganic and 
Analvticai Chemistr)‘V of the Faculty of Pharmasv in 
Santiago dc Compostela as Assistant Professor. In 19iO he 
became Proiessor of -\nalyttcal Chemistry at Oviedo 
Uni\erstty. and in 1951 tn the Faculty ofSciences ofSantta<o 
de Compostela Cniberstty He is no\\ Head of the Analyti&l 
Department in thts L’ntrersity and Chief of the Analytical 
Chemtstry Section of the Hugh Conseil Scientific Research 
tn Santiago de Compostela. Hts main scientific activities are 
in the field of analytical applications of EDTA and analogous 
reagents and in mtcroanalysis. His book ;Itrcr/~ ticnl .-lpp/lcn- 
trorrs o/‘EDT.-I cmJ .-lw/~$~>. though published in Spanish. 
is vxel1 known to specialtsts throtqhout the world. He is a 
member of I6 scientttk societies in Spain and abroad. His 
academic books Har~dhok of’ Qoarrtitntrre Anu!rtical 
Chemr YIKI’ and .Vumericnl Calcuhotrt I~I .-I trni~~~rrcoi Chemistr\ 
are used-b! many students and professtonal analysts. His 
edttortal actrrity comprises 8 books and translatrons from 
English, French and German. and he is the founder and 
ediyor of the rlcrtr Ck/rrijccr Comyo~frlrrntr. His sctentific 
publications number about 130, half on analytical applica- 
tions of EDT?. efc, and half III other fields of analytical 
chemtstry. He is married and has nine children (4 boys and 
j girls) agsd betacen 21 and 7 His hobbles are sctentific 
documentation, prdsning, and swimming. 

DR. ALA& TOWMHEND has been a lecturer in Analvtical 
Chemistry at the University of Birmingham since i966, 
where he had obtained the degrees of B.Sc. (1960) and Ph.D. 
(1963). After spending one ykar as a Research Fellow with 
Dr. Louis Gordon at Cleveland, he returned to Birmingham 
as an Assistant Lecturer in 1964. His research interests are 
in catalvtic and enzymatic methods of trace anaivsis, 
gravimetry, solution and flame spectroscopy, polarography 
and manv other aspects of analvtical chemistry. Dr. 
Townshenh is Hon. Treasurer of the Midlands Re$on of 
the Society for Analytical Chemistry and Recorder of the 
Midlands Association for Qualitative Analysis. 



PKOFESS~R LLOYD E. SHYTHE graduated in Australia and did 
research at Cambridge before Joining the Analytical Group 
at Harxtell. After working wtth A. A. Smales for several 
qears he uas appointed as Head of the Analytical Group of 
the Australian Atomic Energy Commission Estabhshmenr 
at Lwas Hejghrs. He left that positton in 1969 to become 
the first Protessor of Analytical Chemistry in an Australian 
University, the University of New South Wales. There he 
has built up a flouttshiq research group workmg on trace 
analysis bv Same spectroscopy and spectro~uortmetr~, on 
analitical ~instrumentation, and on instrument design. He 
was.elected Federal President of the Royal Australtan 
Chemical fnstitute in 1970. 



LOUIS GORDON MEMORIAL AWARD 

DR. CHALMERS presenting the 1971 Louis Gordon Memorial Award to DR. SUE HUMPHRIES 
and DR. GORDON BRISCOE 

I 
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PAPERS RECEIVED 

Stepwise formation of bivalent metal complexes with 4-hydroxy-3-oxhninomethylaxobenxene: P. N. 
MOHAN DAS, 0. P. SUNAR and C. P. TRIVEDI. (5 June 1972) 

Add-base equilibria in ethylene glycol-I. Definition of pH and determination of p&values of acid- 
base indicators: P. ZIKOLOV and 0. BLJDEVSKY. (19 June 1972) 

Separation of lithium from Dead Sea brines by gel-permeation chromatography: M. RONA and 
G. SCHMUCKLER. (19 June 1972) 

Amperometrische Bestimming der Metalie unter Anwendung von Thioacetamid-XI. Untersudnmgen 
Uber Cu,S-Biidungsgeschwindigkeit in Ammoniakalischen Cu+-Ionen Liisungen mittels Thioacetamid: 
MARIA PRYSZCZEWSKA. (19 June 1972) 

Atomic-absorption and emission spectrometry of mercury at W-9 nm: R. M. DAGNALL, J. M. 
MANFIELD, M. D. SILVESTER and T. S. WEST. (20 June 1972) 

Potentiometric determination of stepwise stability constants of vanadium, molybdenum and tungsten 
chelates formed with asparabe and glutamine: R. C. TEWARI and M. N. SRIVASTAVA. (20 June 
1972) 

Comparison of the ion-exchange behaviour of zirconium, thorium, vanadium, uranium, stannic and 
titanium tungstates: MOHSIN QIJRESHI, JAI PRAKASH GUPTA and VEENZ SHARMA. (20 June 1972) 

Extra&ion der Metaliionen Cr(III), Fe(III), Co(H), Ni(II), Cu(II) and Zn(lI) mit geschmolzenem 
Oxin und Besthnmung der extrakierten Metalle mit Hilfe von Riintgentluoresxenz: B. MAGYAR and 
F. I. LOBANOV. (20 June 1972) 

Extractive spectropbotometry of the molybdenum(II1) l,lO-phenanthroline thiocyanate and 2,2’- 
dipyridyl thiocyanate complexes: AMAL KANTI BHADRA and SIDDHESWAR BANERJEE. (21 June 1972) 

Indirect atomic-absorption determination of boron by solvent extraction as the tris(l,lO-phenan- 
throlime) cadmium-tetrafiuoroborate ion-pair: Y. HAYASHI, S. MATSUSHITA, T. KUMAMARU and 
Y. YAMAMOM. (26 June 1972) 



Talenta, 1972. Vol. 19. p. I. Porgamon RCM. Printed in Northern Irelmd 

PAPERS RECEIVED 

l_ogarltbmic diagmms and Gran-curves as an aid in potwtiometrlc tltratlons in complexometry: 
AXELJOHAN~~N. (18 March1972) 

Preparation alla infnved spectra of pauadiam derivatives of some B keckkk&: 
T. F. BKDLEMAN and R. W. FREX. (1 Muy 1972) 

At~~~~~~~~~ lmd GaLIkm- 
nmaraoaud: K. Drrntxc~ and W. Z&PAN. (3 Muy 1972) 

Thermal, X-ray and natron-activation investigation of compounds of niobbnn and tautalmn: FADHIL 
JASEM. (17 May 1972) 

Analysis of metals by solid-liquid separation after liqaid-liquid *on. Spectropbotometric 
detesmination of cadmium by extraction of cadmiam oxinate with naphtbalene: MASATADA SATAKII. 
(22 May 1972) 

Bestimmong s6S-markierter Polytbionate nacb h~~~p~ Tremmng: E. BLMUS 
and H. WAC3NER. (23 Muy 1972) 

A proposed sampling constant for use in geochemical aoaIyak: C. 0. I~ZCMMEXU and P. Sm. 
(23 May 1972) 

Potassiom tbiocarbonate (FTC) as a precipitant for osmium and iridium: K. N. JOHRI, N. K. 
KAUSHIK and KIIUN BAKSHI. (25 May 1972) 

The acid stability constants of Alimrb~ Flnorine Blue: FOLKE INOMAN. (27 Muy 1972) 

Tbe imEre& polarographic determiaa tion of tripolypbo@tate ions in the presence of other polp 
phsphates, with oxtyltla chloride: S. SHAW and A. Tom. (29 May 1972) 

A new titrimetric method: ~~0~~~ titratkm: J. T&GYESSY and J. LrssM. (30 May 1972) 

Entbalpimetry of non-aromatic alkaes: D. W. ROGERS and R. J. SASIPU (30 Muy 1972) 

Rapid cbelometric detetion of lead in lubricating oil oia mercaptoacetate extraction: Sm 
B-E and R, K. DUITA. (7 June 1972) 
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PAPERS RECEIVED 

Determination of metals in organo-lanthanide compounds by the oxygen-flask method: P. BONDA, 

A. E. CREASE and P. LEQYDINS. (30 March 1972) 

Raman spectrometric studies of aqueous borate complexes with ethylene glycol and mamdtol: JOHN 
KNOECK. (12 April 1972) 

Metal complexation with 2-hydroxy-6-metbylpyrkline-3-carboxylic acid: VEENA KUSHWAHA, R. P. 
SINGH and MOHAN KATYAL. (21 April 1972) 

Macro and semimicro infrared determination of nitrogen in raw nitroceilulose and nitroceilulose contained 
in propellants: GEORGE NORWITZ and DAVID E. CHASAN. (21 April 1972) 

Determination of phosphorus in phosphazenes and phosphines: SANFORD L. ERICKSON. (24 April 1972) 
Cadmium and silver suiphide-impregnated silicone rubber membranes as selective electrodes for cadmium 

ions: HIROSHI HIRATA and KANJI DATE. (24 April 1972) 

On the nature of so-called “Khimdu”: YONG KUEN LEE, KYU JA WHANG and KEIHEI UENO. (24 April 
1972) 

Limitations in Bishop’s treatment and application of indicator parameters with reference to redox 
indicators: K. SRIRAMAM. (26 April 1972) 

Uses of liquid ion-exchangers in inorganic analysis: H. GREEN. (1 May 1972) 

Determination of small amounts of water with coulometrically generated Karl Fischer reagent: RONALD 
KARLSSON. (1 May 1972) 

Pyraxine-2,3-dicarboxylic acid as an analytical reagent: Spectropbotometric determination of iron(H): 
G. S. SANYAL and S. MOOKHERJEA. (3 May 1972) 

Hydrogen peroxide formation upon oxidation of oxalic acid in presence and absence of oxygen and of 
manganese(D)-III. I.ron(III) and copper(H) as retarders: I. M. KOLTHOFF, E. J. MEXHAN and 
MASARU KIMURA. (5 May 1972) 

Irono-&loramine-T reaction: V. R. S. RAO and G. AUVAMIJDAN. (8 May 1972) 

Nouvege micrometbode colorimCtrlque pour la dCtermination de I’ion I-, comme microelement, dans des 
eaux et des produits organlques: CAMELIA CHIMICESCU, MARIA STAN and MUJOR DRAGOMIR. 
(9 May 1972) 

Electronic absorption and fluorescence of cinchophen, cinchoninic acid and their methyl esters: Biprotonic 
phototautomerism of the singly protonated species: B. ZALIS, A. C. CAPOMACCHIA, D. JACKMAN and 
S. G. SCHIJLMAN. (9 May 1972) 

Locating the more acidic bydroxyl group on dihydroxy compounds. o, o’-Dihydroxyaxo dye metal-ion 
indicators: FREDERICK LINDSTROM and ANN EDWARDS WOMBLE. (12 May 1972) 

Direct polarography in the microdetennination of copper, lead, manganese and calcium ln organo- 
metallic compounds after oxygen-flask combustion: S. W. BISHARA and M. E. AITIA. (16 May 1972) 
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PUBLICATIONS RECEIVED 

Recent Advances in Gas Chromatography: I. I. DOMSKY and J. A. PERRY (Eds.) Dekker, New York, 
1971. pp. xi + 414. $19.50. 

The book consists of the typescripts of 17 lectures presented at short courses on Gas Chromato- 
graphy. The reproduction, which is in the modern style, serves to emphasise the origins of the 
book. Some authors quite clearly were more concerned with delivering a lecture whereas others 
were also concerned with publication (or providing those attending the lecture with a good paper 
whilst they spoke of something else). The book is inevitably a pot pourri of discussion and com- 
ment on various aspects of GLC such as columns, flow patterns, detectors, computer link-ups, 
silylation, and applications to the analysis of lipids, pesticides and metabolites. There are also 
two chapters on gel permeation chromatography. 

Most of the chapters contain useful practical information and present it in a straightforward, 
well-illustrated manner, but overall the rigour demanded of formal papers or books is lacking. 
It provides a useful survey, and many workers may wish to consult specific chapters, but overall 
one is left with the impression that, whilst the lectures may have been informative and entertaining, 
on their translation into book form they should have been expanded and edited. 

The Determination of Impurities in Nuclear Grade Sodium Metal: L. Silverman, Pergamon, Oxford, 
1971. pp. ix + 143. E3.75, $10.00. 

The book appears to be a collectionof laboratory procedures for the determination of impurities 
in sodium metal and also sodium chloride, hydroxide and carbonate. Most emphasis is placed on 
carbon and oxygen but procedures for the determination of Al, Bi, B, Cd, Ca, Mg, Cs, Cl, Cr, Co, 
Cu, H, I, Fe, Pb, Li, Nn, Ni, P, K, Si, S and U are also given. There is little theory but the text 
abounds with practical wisdom, which may be appreciated by many analysts, since the procedures 
described have a general applicability. 
are pointed out. 

The descriptions of procedures are clear and likely pitfalls 

Analytical Photochemistry and Photochemical Analysis: J. M. FITZGERALD (Ed.) Dekker, New York, 
1971. pp. xiv + 360. $23.50. 

The editors hope that the contributions in this volume will bring the developments of photo- 
chemistry with analytical implications to the attention of analytical chemists and provide photo- 
chemists with a critical survey of useful analytical methods. In view of the rapid growth of 
photochemistry the work is timely and stimulating. Several useful and unusual determinations 
are described in a series of reviews by various authors. These deal with lasers in analytical chem- 
istry, actinometry, photochemical titrations and methods for studying the photolysis of polymers 
and co-ordination compounds, and other related topics. 

Analytical Emission Spectroscopy, Vol. 1, Part 1; E. L. GROVE (Ed.), Dekker, New York, 1971. 
pp. xvi + 401. E12.60. 

This is the 6rst part of a projected three part work. Judgment of the whole will have to await 
the appearance of the whole, but in its own right the first part is most valuable. It contains long 
articles on the historical development of emission spectroscopy, the origins of atomic spectra, 
prisms, gratings, prism and grating instruments and spectroradiometric principles. There is little 
that is new in all this but the spacious accounts of fundamentals are welcome. If the other volumes 
match this the set will prove an invaluable tome of reference. 



ANALYTICAL DATA 

An essential but little acclaimed part of scientific research is the measurement of 
accurate values of the many constants used in the development and application of 
theory. Development work is usually thought of as interesting and exciting, and 
careful measurement by established methods as being dull and somehow less praise- 
worthy. The onlooker is sometimes left with the sneaking suspicion that this attitude 
sometimes arises because its holder lacks either the patience or the skill necessary for 
work of the highest accuracy. Be that as it may, it is quite certain that without the 
consolidation provided by the many careful workers who garner values for constants, 
theory would not progress very far and would not be nearly so useful as a guide to 
action. One of the problems of workers in this field is that of publication. Their 
results are usually of value in several fields of chemistry, but strictly speaking belong 
to none in particular. A consequence of this is that publication committees are often 
tempted to suggest submission to some other journal than their own, and authors 
experience difficulty in finding a medium for publication of their work. One of their 
difficulties is that journal space is already at a premium, and editors are naturally 
reluctant to occupy it with details of standard procedures applied to individual 
problems. We therefore propose to begin a new feature in Talanta, to be called 
“Analytical Data”, which will serve for publication of such results with the minimum 
of background information. Once a pattern of experimentation has been established, 
a reference to it is all that is necessary to indicate how the work was done. Of course, 
if there is a new development discovered in the course of such work, that is a different 
matter, and it can be mentioned in more detail and itself become the reference point 
for future publications. In this issue we present the first papers in this feature. They 
are a little longer than we would normally expect, simply in order to set the pattern. 
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PAPERS RECEIVED 

Applications of flow microcalorimetry to analytical problems--I. Determination of organophosphorus 
pesticides by inhibition of cholinesterase enzyme: A. E. BEEZER and C. D. STUBBS. (12 January 
1972) 

The acid ionization constants of 2,3quinoxalinedithiol: J. A. W. DALZIEL and A. K. SLAWINSKI. 
(20 January 1972) 

The decomposition of hypobromite solutions: N. VELGHE and A. CLAEYS. (26 January 1972) 

The adsorption of silver on potassium cobalt0 ferrocyanide: M. WALD, W. SO~KA and B. KAYSSER. 
(28 January 1972) 

Spectrophotometric study of metal pyrogallol complexes: OSMAR NUDELMAN and Josh A. CA~X;OIO. 
(1 February 1972) 

Effect of the addition of quaternary ammonium salts in the extraction of metal-pyrogallol complexes: 
OSMAR NUDELMAN and Jo& A. CATOGGIO. (1 February 1972) 

Detection of nitroprusside by oxidation to nitrite: G. S. JOHAR. (4 Februury 1972) 

The determination of manganese by atomic-ffuorescence spectroscopy using a carbon-filament atom- 
reservoir: L. EBDON, G. F. KIRKBRIGHT and T. S. WEST. (4 February 1972) 

Spectrophotometric studies on complexes of some rare-earths with 1-amino4hydroxyanthraquinone: 
A. K. JAIN, V. P. AGGARWALA, PURAN CHAND and S. P. GARG. (7 February 1972) 

Quantitative solvent extraction, spectrophotometric, and gravimetric determination of Cu(II) by metal- 
exchange in metal-acetylacetonate complexes: M. M. ALY. (7 February 1972) 

Nomenclature in thermal analysis-II: R. C. MACKENZIE, C. J. KEATTCH, D. DOLLIMOIU, J. A. 
FORR~. A. A. HODGKIN and J. P. REDPERN. (8 February 1972) 

Coulometric titration of acids in isopropanol-I. A rapid, direct method for the determination of carbon 
in steel: B. METTERS, B. G. COOKSEY and J. M. OTTAWAY. (9 February 1972) 

Arsenic(IIF)-chromlum(VI) titration with visual end-point indication: K. SRIRAMAM. (11 February 
1972) 

Fluoride determination with a micro flow-calorimeter: CARL E. JOHAN~~~N. (15 February 1972) 

Potentiometric titration of heterocyclic nitrogen bases in non-aqueous media: K. C. MOHAN RAO 
and P. R. NAIDU. (15 February 1972) 

Radiochemical separation of zirconium and hafnium from other radionuclides: RICHARD B. HAHN. 
(17 February 1972) 

Quick, successive determination, in the same sample, of Caa+, Mgr+, Na+, or other alkali metals, 
SO,*- and Cl-: D. CEAUSESCU, ANA SARBIJ and MARIA ASELEANU. (17 February 1972) 

Identification de submicroquantitC d’iode: N. GANTCHEV, D. ATHANA~~~VA and V. BOGDANOVA. 
(17 February 1972) 

Some observations on the redox behaviour of N-phenylanthranilic acid indicator in iron(D) titrations: 
K. SRIRAMAM. (22 February 1972) 

Application of back-titration of excess EDTA with mercury(D) to the analysis of ores: H. KtL4LIpA and 
A. I. ATALLA. (22 February 1972) 

The analytical chemistry of melatonin: E. R. COLE and G. CRANK. (23 February 1972) 

Miksbauer investigation of iron-ahnninium mixed oxides: L. KORECZ, I. KIJRUCZ, G. MENCZEL, 
E. PAPP-MOLNAR, E. PUNWR and K. BURGER. (23 February 1972) 



ii Papers received 

Analytical study of the Cu(fl)-hydra&e-6-methyhylpicolinaldehyde system. A new “in situ” reaction 
type: M. VALCARCEL and F. Pr~o. (23 February 1972) 

Synthesis and ion-exchange properties of ceric antimonate. Separation of HgB+ from Zn*+, Cd*+, 
Pbe+ and Tl+; Cu*+ from Mn*+; Fez+ from AF+; and Zr’+ from Th4+; J. S. GILL and S. N. 
TANDON. (25 February 1972) 

The determination of the optimum working range from an auto-analyser calibration curve for colori- 
metric analysis: D. WHITEHEAD. (28 February 1972) 

Investigations of dioximes and their metal complexes. A survey of the literature since 1963: BIRGRTA 
E?GNEUS. (28 February 1972) 

Studies on copper sulphide ion-selective electrodes: GILLIS JOHANS~ON and KER~TIN EDSTR~M. 
(1 Murch 1972) 

Spectrophotometry of the platinum metals in the ultraviolet region-I. The chloro-complexes of platinum, 
palladium, rhodium and iridium: JAN VoRLfEEK and JAN DOLE~AL. (1 March 1972) 
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PAPERS RECEIVED 

2,2’-D~e~~iet~~s~ip~e~ A potential analytica! reagent: A. WWNI and E. NIE~ER. (12 
Augw 1972) 

A mass spectrametric stndy relating to aspects of the deterioration of polystyrene-based ion-exchangers: 
G. M. J%.UmAGE and S. J. LYLB. (22 Aig‘ust 1972) 

Courometrtc t&ratim of acids in isopropyi alcoW--If. E&&ode Iftaczim with litkhi~ cldo&e aad 
te~e~y~~ bromide as supporting ek?ct&ytes: B. G, CCO~EY, B. MEYITERQ, J. M+ 
OTTAWAY and D. W. WORK. (24 August 1972). 

~l~~atio~ of chemical ~~~~ ~~n~a~~ of ~~le~~ ligaads aad metals: A flexibie 
computer programme taking account of uncertainty of formation-constant values: G .A. CUMMIX. 
(6 September, 1972) 

Actor of n-(2-acyt-r,~~~~-ky~~e~~lky~a~~~ i&de-s-a sew groap of reagents 
for the cahnyl groap: M. K, BACHLAUs and K, L. &%J%ARIA. (8 S#~ter&er 1972) 

Emissiotwqectrome~ detection of metat chelates separated by gas cbromatograpby: HIR~~HI 
~wA~~~I, TAKE= SAKAMOYO and A~susz~r MIZUIKE. (11 ~c~~e~r 1972) 

Potentiometric determination of stepwise stability constants of &c&am, thorimn, and mauima 
chelates formed with mgine and gWamine: R. C. TJIWARJ sod M. N. SRIVASTAVA. (18 
~~te~b~~ 1972) 

A study on the theory of action of t%?ver&ble redox hdk%ttors: K. SRIRAMAX (21 ~e~~e~r 1972) 

Spectrophatometric study of complexes of Zr(IW, Th(IV) aad U(W) nitrates w&k &amiao4hy- 
~o~t~~none: A. K. JAM, V. P, AOGARWALA, PURAN C&AND and S. P, C~ARG. (21 
Septem&er 1972) 

Diehloramine-T as a new oxidimetric titraat tn non-aqoeous sod partiai8y aqoeous media: V. 
~~A~~ NAIR and C- G. ~MA~~~~ NAIR. (21 ~e~~e~~r 1972) 

EIectronic absorption and f&o-ace of ~anfb~e~de and its conjugate cation: JOHN F. YOUNG and 
STEPHeN G. SCHULMAN. (28 September 1972) 

Synthesis m8d ion-~~n~e pqerties ofceric tmqstate. Separation of Hg** from Zn*+, Cd*+ and Pb*+; 
CoB+ from MD*+ and Fe’+( and Al’+ from Cr’+ and Fe ‘+: J. S. GILL and S. N. TANDON, (3 Ocrober 
1972) 

Suppre&on of interference by ammoohn biiuo&Ie in the AAS determinstion of cbromtm~: A. 
~R~~~~AM, P. P. NAIDU and S. S. LAL. ($0 October 1972) 

A@ication af zone-melting to metal chelate systamv-Vf. Comput@~+&ssisted coasidenrtiaas oa &e 
solute d~~bution in zone melting: SHXGERU MAEDA, Hmos~~ KOBAYASEII and -I UW. 
(1% UC&&Y 1972) 

Application of xoae melting to metal cheiate systems--VIE. A new apparatus for zone-melting ehrom- 
tography-: S~OFXI MAFDA, HIROSHI KOBAYA~HI and KIXHEI UENO. (11 ocfober 1972) 

Reaction of CuO aad CaO with l-~~~(l,2,3,4)-te~y~o~e~e. Spectqkotomee 
investigatJon: CARLA BERXKH_IO R10q TEResA SOLDI and GIOVANNI SPINI. (12 &to& 1972) 



ii Papers received 

Thin-layer chromatographic method for the separation and determination of papaverine and its oxidation 
products: G. M. HABAXW and NAOY A. FARID. (16 October 1972) 

Stripping voltammetry with collection at a rotating ring-disc electrode: DENNIS C. JOHNSON and 
ROBERT E. ALLAN. (11 JuQ 1972) 

Individual microdetermination of chlorine, bromine and iodine in haiogenated organic compounds by the 
oxygen-flask method: AL.PY B. SAKLA, S. B. AWAD and S. A. ABO-TALEB. (29 August 1972) 

Evaluation of carbon-red atomizer for routine analysis of trace metals by atomic-absorption spectroscopy. 
Applications to analysis of lubricating oil and crude oil: GWEN HALL, M. P. BRATZEL, JR. and 
C. L. CHAKRABARTI. (29 August 1972) 

Aromatic sulphonate ion-selective electrode membrane using Crystal Violet as ion-exchange site: 
NOBWIIKO HHIBASHI, HITOSHI KOHARA and KAZUO HORINOUCHI. (1 September 1972) 

Development and publication of new methods in kinetic analysis: HARRY B. MARK, JR. (4 September 
1972) 

Determination of uranium content of natural waters by the fission-track technique: TSWOSHI 
TAKEBAYASHI, HIDEKI MATSUDA and SHIJNJI UMEMOTO. (4 September 1972) 

New applications of certain common organic dyes (acrillavine, pyridium, eosin and mercnrochrome) in 
inorganic qualitative analysis. Detection of bromide, bromate, nitrite, thallium(I), lead(H), 
cadmium(II), copper and iron( G. S. JOHAR. (11 September 1972) 

A comparative study of some titanium(W)-based exchangers in a few aqueous and mixed solvent 
systems: MOHSIN QURESHI, NIGHAT ZEHRA, SYED AWWAQ NABI and VIREXDRA KUMAR. (12 
September 1972) 

The signal vs. concentration relationships in fluorimetry: R. VAN SLAGEREN, G. DEN BOEF and V. E. 
VAN DER LINDEN. (12 September 1972) 

Siiultaneous determination of N-unsubstituted- and N-substituted nitroaxoles and criteria for their 
identiiication-I. Nitroimidaxoles and nitropyrazoles-Polarographic determination: DRAGICA 
DUMANOVIC and JANKA CIRIC. (12 September 1972) 

Chelometric determination of Zn’+ or Cd’+ in presence of Hg*+ by use of thiosalicyiic acid as masking 
agent: M. K. KOUL and K. P. DUBEY (13 September 1972) 

Selective extraction and photometric determination of molybdenum in alloy steels: K. VENUOOPALA RAO, 
K. ANANTHANARAYANA RAO and B. V. SHANKAR. (13 September 1972) 

Catalytic hydrogen wave of pre-sodium type formed by selenocystine: V. Vorcu and A. C~LU~ARU. 
(18 September 1972) 

A general method for the solution of polynomial equations in hydrogen-ion concentration calcnlations: 
M. J. D. BRAND. (17 September 1972) 

Gravlmetric determination of uranium(VI) with pyridme-2&licarboxyiic acid: G. MARANGOM 
S. DWEITO and U. CROATrO. (27 September 1972) 

Trace analysis by microwave excitation of sealed samples-I. Preliminary investigations: A. VAN 
SANDWUK, P. F. E. VAN MOMPORD and J. AOTERDENBOS. (2 October 1972) 

Separation of nitroanilines by gas-liquid chromatography: SABRI M. FARROUHA, ALBERTIN~ E. 
HABBOUSH and YANA A. BARSOUM. (17 October 1972) 

Sulpholane as colour-enhancii and stabilixing agent for silicomolybdic acid: H. FLAXHU and 
J. J. Trcx IV. (18 October 1972) 

The use of hydra&e snlphate as a primary standard for the titrimetric determination of vanadinm(V) and 
chromium(VI): P. V. KRISHNA RAO and G. GOPALA RAO. (19 October 1972) 
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Zur Entmischung der L&ungsmittel bei der cbromatographischen Trenaung-IV. Selektive Sorption 
der Flic&nittel an der Silicagel- und Aluminiumozids&rle sowie an Papierstreigen: JAN MICHAL 
and GERHARD ACKERMANN. (27 March 1972) 

Zur Entmiscimng der Liisongsmittel bei der chromatographischen Trennung-V. Sorption von 
Flietbitteldiimpfen an Cellulose: JAN MICHAL and GEIULUD ACICFXMANN. (27 March 1972) 

Synergistic influence of Zn@) in the extraction-atomic-absorption determination of trace cadmium 
in waters: K. J. DOOLAN and L. E. SMYYTHE. (3 July 1972) 

Telhuate and periodate solutions as media for paper electrophoresis of carbohydrates: BADER M. I. 
ALEsone and W. J. POPIEL. (3 J@y 1972) 

Stdpholane as a solvent for titration of barbiturates and sulpha drugs: TERENCE L. BUXTON and 
JOSEPH A. CARUSO. (28 June 1972) 

Spectrophotometric procedure using Rhodamine B for determination of submicrogram quantities of 
antimony in rocks: MARIAN M. SCHNEPFE. (22 May 1972) 

Linear crystallization and induction-period studies of the growth of calcium sulphate dihydrate crystals: 
SIJNG-TSEUN Lru and GEORGE H. NANCOLLAS. (20 June 1972) 

Automatic control of the ion ilhunhtation angle on a spark-source mass spectrometer: R. J. CONZEMIUS 
and H. J. SVEC. (26 June 1972) 

Relative sensitivity factors for rare earths in spark-source mass spectrometry: R. J. C~NZEMIUS and 
H. J. SVEC. (26 June 1972) 

A new method for the isolation of methylmercury from biological tissues and its determination at the 
parts-per-milliard level by gas chromatography: V. ZELENKO and L. KOSTA. (4 Jdy 1972) 

Spectrophotometric determination of platinum with o-phenylenediamine: EDWARD D. GOLLA and 
GILBERT H. AYRES. (5 July 1972) 

Fhtorimetric method for the determination of uranium in natural waters: ALLAN DANIEL.%~N and 
FOLKE INGMAN. (19 July 1972) 

Formation of Fe(m), Lao and Ce(IE) ferrocyanides--III: ATHOS BELLOMO, DOMENICQ DE MARCI 
and AGATINO CASALE. (25 July 1972) 

Study on the composition and properties of the ion-association complex of Rhodamine B with siIico- 
molybdic acid with a view to its analytical applications: A. GOUOWSICA and L. PSZONICKI. 
(25 J&y 1972) 

The application of an oxygen-shielded air-acetylene Bame to atomic spectroscopy: R. STEPHENS 
(26 July 1972) 

Thiothenoyltritluoroacetone as extraction and coiorbnetric reagent for bismuth: K. R. SOLANKE 
and S. M. KHOPKAR. (26 July 1972) 

Chromatographic behaviour of 47 metal ions on titanhun arsenate papers: MOHSIN QURESHI, 
JAGDISH P. RAWAT and MISS V~ENZ SHARMA. (26 JuIy 1972) 

Extraction of molybdenum as molybdenum blue and its application for separation from interfering 
elements: V. YATIRAJAM and JASWANT RAM. (26 July 1972) 

Cathodic action of cadmium malate complexes at the dropping mercury electrode: S. C. KHIJRANA 
and C. M. GIJPTA. (26 Jdy 1972) 

Formation of silver(l), copper(n) and cadmium(II) ferricyanide-I: ATHOS BELLOMO, AGAT~NO 
CASALE and DOMENICO DE MARCO. (27 Jub 1972) 

Radio-release determination of nanogram amOMtS of suiphide: V. KRWAN, S. PAHLRE and G. T&xx 
(27 July 1972) 

i 



ii Papers received 

A new spot test for cyanide ion and cyanogen gas: S. K. TOBIA, Y. A. GAWARGIOUS and M. F. 
EL-SHAHAT. (27 July 1972) 

Analytical applications of the reactions of salicylate with uranium0 and cobalt(II)-allylamine 
complex. Micro and semimicro detection of uranium(Q) and salicylate: G. S. JOHAR. 
(1 August 1972) 

Application of various electrodes in potentiometric titration of calcium: ADAM HULANICKI and 
MAREK TROJANOWICZ. (1 August 1972) 

Use of non-selective reagents in direct thermometry: JANOS MARIK, LAJOS BuzAsr and TAMAS 
C33UALVl. (1 August 1972) 

Complexometric determination of calcium with arsenazo(DI) as metallochromic indicator in a slightly 
alkaline medium: V. MICHA~LOVA and N. K-VA. (4 August 1972) 

UItramicro atomic-absorption spectroscopy with a tungsten-5lament atom reservoir: J. E. CANTLE 
and T. S. WEST. (4 August 1972) 

Coulopotentiography: TAITIRO FUJINAGA, SATOSHI OKAZAKI and TAKESHI YAMADA. (4 August 1972) 

Distribution coefficients of Rb+ on zirconium phosphate in mixed aqueous-organic medii: D. L. 
MASSART. (4 August 1972) 

Determination of gold in germanium by neutron-activation analysis: R. GIJBELS. (4 August 1972) 

Estimation of ally1 alcohol by &lo&e-T: D. S. MAHADEVAPPA and H. M. K. NAIIXJ. (4 August 
1972) 

An application of the specihc refractive increment in the determination of some inorganic cations. 
The case of some alkalis and ammonium tetraphenyl-berates: DAISEI YAMAMOTO and TAKASHI 
NISHIMURA. (9 August 1972) 

&par&ion and quantitative determination of the cerium group lanthanides by gas chromatography 
C. A. BIJRGBIT and J. S. FRITZ. (10 August 1972) 

Kinetics of selenosemicarbazide oxidation by oxygen in the presence of cupric ions: A. I. BUSEV and 
K. M. AKHMEDLY. (14 August 1972) 

Use of furfural thiosemicarbazone for the gravimetric determination of palladium: J. M. CANO PAVON 
and F. PINO. (14 August 1972) 

SulphonaM m-dyes as extractive metallochromic reagents: COLIN WINDWARD and HENRY FREISER. 
(14 August 1972) 

Application of indirect methods in analysis by atomic-absorption spectrometry: G. F. KIRKBRIGHT 
and H. N. JOHNSON. (14 August 1972) 

Rapid destruction of plant material by use of concentrated nitric acid vapour (vapour phase 
oxidation): A. D. THOMAS and L. E. SMYTZIE. (16 August 1972) 

Phosphorhnetric investigation of the external heavy-atom effect in aqueous solution and its correlation 
with phosphorescence intensity and quantum e5iciency: J. J. AARON, J. J. MOUSA and J. D. 
WINEFORDNER. (16 August 1972) 



SIXTH TALANTA MEDAL 

con- 
fletric 

Ih his 
Talanl 

capacity as Chairman of the Advisory Board, Professor R. BELCHER (on right) presents the 

tributi 
a Medal to Dr. R. PRIBIL (Czechoslovakia). The award was made for Dr. Piirsr~‘s outstanding 
on to analytical chemistry in his development of numerous practical applications of complexon 

reagen Its (see Talunta, 1971 1Sfacing 1175). 



Professor A. A. VL~EK, Director of the Polarographic Institute of J. Heyrovskg, examines the Medal. 
Much of Dr. P~IBIL'S work on complexometry has been carried out in the Laboratory of Analytical 
Chemistry of the Polarographic Institute, Czechoslovak Academy of Sciences. 

The presentation was made in Prague during April 1972 at the Polarographic Institute. Amongst the guests 
were Mrs. Heyrovskq (above), wife of the late Professor J. Heyrovskg. An Honour Issue of Tulunta 
(December 1968) was published to celebrate the seventy-fifth year of Professor Heyrovskg. 

II 
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Applications of flow microcalorimetry to analytical problems--I. Determination of organophosphorus 
pesticides by inhibition of cholinesterase enzyme: A. E. BEEZER and C. D. STUBBS. (12 January 
1972) 

The acid ionization constants of 2,3quinoxalinedithiol: J. A. W. DALZIEL and A. K. SLAWINSKI. 
(20 January 1972) 

The decomposition of hypobromite solutions: N. VELGHE and A. CLAEYS. (26 January 1972) 

The adsorption of silver on potassium cobalt0 ferrocyanide: M. WALD, W. SO~KA and B. KAYSSER. 
(28 January 1972) 

Spectrophotometric study of metal pyrogallol complexes: OSMAR NUDELMAN and Josh A. CA~X;OIO. 
(1 February 1972) 

Effect of the addition of quaternary ammonium salts in the extraction of metal-pyrogallol complexes: 
OSMAR NUDELMAN and Jo& A. CATOGGIO. (1 February 1972) 

Detection of nitroprusside by oxidation to nitrite: G. S. JOHAR. (4 Februury 1972) 

The determination of manganese by atomic-ffuorescence spectroscopy using a carbon-filament atom- 
reservoir: L. EBDON, G. F. KIRKBRIGHT and T. S. WEST. (4 February 1972) 

Spectrophotometric studies on complexes of some rare-earths with 1-amino4hydroxyanthraquinone: 
A. K. JAIN, V. P. AGGARWALA, PURAN CHAND and S. P. GARG. (7 February 1972) 

Quantitative solvent extraction, spectrophotometric, and gravimetric determination of Cu(II) by metal- 
exchange in metal-acetylacetonate complexes: M. M. ALY. (7 February 1972) 

Nomenclature in thermal analysis-II: R. C. MACKENZIE, C. J. KEATTCH, D. DOLLIMOIU, J. A. 
FORR~. A. A. HODGKIN and J. P. REDPERN. (8 February 1972) 

Coulometric titration of acids in isopropanol-I. A rapid, direct method for the determination of carbon 
in steel: B. METTERS, B. G. COOKSEY and J. M. OTTAWAY. (9 February 1972) 

Arsenic(IIF)-chromlum(VI) titration with visual end-point indication: K. SRIRAMAM. (11 February 
1972) 

Fluoride determination with a micro flow-calorimeter: CARL E. JOHAN~~~N. (15 February 1972) 

Potentiometric titration of heterocyclic nitrogen bases in non-aqueous media: K. C. MOHAN RAO 
and P. R. NAIDU. (15 February 1972) 

Radiochemical separation of zirconium and hafnium from other radionuclides: RICHARD B. HAHN. 
(17 February 1972) 

Quick, successive determination, in the same sample, of Caa+, Mgr+, Na+, or other alkali metals, 
SO,*- and Cl-: D. CEAUSESCU, ANA SARBIJ and MARIA ASELEANU. (17 February 1972) 

Identification de submicroquantitC d’iode: N. GANTCHEV, D. ATHANA~~~VA and V. BOGDANOVA. 
(17 February 1972) 

Some observations on the redox behaviour of N-phenylanthranilic acid indicator in iron(D) titrations: 
K. SRIRAMAM. (22 February 1972) 

Application of back-titration of excess EDTA with mercury(D) to the analysis of ores: H. KtL4LIpA and 
A. I. ATALLA. (22 February 1972) 

The analytical chemistry of melatonin: E. R. COLE and G. CRANK. (23 February 1972) 

Miksbauer investigation of iron-ahnninium mixed oxides: L. KORECZ, I. KIJRUCZ, G. MENCZEL, 
E. PAPP-MOLNAR, E. PUNWR and K. BURGER. (23 February 1972) 



ii Papers received 

Analytical study of the Cu(fl)-hydra&e-6-methyhylpicolinaldehyde system. A new “in situ” reaction 
type: M. VALCARCEL and F. Pr~o. (23 February 1972) 

Synthesis and ion-exchange properties of ceric antimonate. Separation of HgB+ from Zn*+, Cd*+, 
Pbe+ and Tl+; Cu*+ from Mn*+; Fez+ from AF+; and Zr’+ from Th4+; J. S. GILL and S. N. 
TANDON. (25 February 1972) 

The determination of the optimum working range from an auto-analyser calibration curve for colori- 
metric analysis: D. WHITEHEAD. (28 February 1972) 

Investigations of dioximes and their metal complexes. A survey of the literature since 1963: BIRGRTA 
E?GNEUS. (28 February 1972) 

Studies on copper sulphide ion-selective electrodes: GILLIS JOHANS~ON and KER~TIN EDSTR~M. 
(1 Murch 1972) 

Spectrophotometry of the platinum metals in the ultraviolet region-I. The chloro-complexes of platinum, 
palladium, rhodium and iridium: JAN VoRLfEEK and JAN DOLE~AL. (1 March 1972) 



Talama. 1972. Vol. 19, p. ui. Pcnnmoa Res. Printed in Nonhero Ireland 

PAPERS RECEIVED 

The determination of niobium in rocks, ores, and alloys by atomic-absorption spectrophotometry: 
JOHN HUSLER. (7 October 1971) 

An improved separation and determination of uranium ln sea-water: G. LEUNG, Y. S. KN and H. 
ZEITLIN. (12 October 1971) 

Oxidationen van organ&hen Substanzeo mit Wasserstoffperoxid als Indikatorreaktiooeo: TXBOR 
F. A. Kiss. (19 October 1971) 

Behaviour of the thiodipropionic complex of J.n(JJI) and U(VI) at the DME in aqueous and aqueous- 
methanolic solutions: P. C. RAWAT and C. M. GUPTA. (21 October 1971) 

Foam chromatography. Solid foams as supports in column chromatography: T. BRAUN and A. B. 
FARAG. (25 October 1971) 

Some optical studies with the air-acetylene flame: K. M. ALDOUS, R. F. BROWNER, D. CLARK, 
R. M. DAGNALL and T. S. WEST. (25 October 1971) 

Molybd5nchelonate. Kritische Zusammeofassung mit oeuen Ergebnisseo: E. LASSNER. (26 October 
1971) 

00 the use of simple aliphatic alcohols and acetone in extraction techniques-IL Tridodecylamine- 
nitric acid-water systems: R. AZZAM, R. SHABANA and A. ALIAN. (26 October 1971) 

Calorimetric determination of manganese with formaldoxime in some metals and their alloys: RUDOLF 
P~IBIL and Jxki A~tif. (29 Ocfober 1971) 

Volumetric determination of xanthate with EDTA: A. L. J. RAO and SURINDER SINGH. (1 November 
1971) 

Extraction study of metal xanthates: A. L. J. RAO and SCJRINDER SWGH. (1 Nocember 1971) 

Some considerations on spectral line profiles examined by using microwave-excited electrodeless 
discharge lamps: D. 0. COOKE, R. M. DAGNALL and T. S. WEST. (1 November 1971) 

Precipitation of nickel cyclobeptanedionedioximate from homogeneous solution: J. D. HANNA, SEIN 
SEIN WIN and 0. E. HILEMAN, JR. (2 November 1971) 

Synthetic, ion-exchange, thermoaoalytical and infrared studies on the hydroxide, arsenate, antimonate, 
molybdate and tungstate of chromium@U): MOHSIN QURESHI, RAJENDRA KU~R and H. S. 
RATHORE. (3 November 1971) 

Determination of subnanogram amounts of chromium in different matrices by flameless atomic- 
absorption spectroscopy: G. TESSARI and G. TORSI. (3 November 1971) 

Ammonium hexanitratocerateo as an oxidizing agent-VII. Determination of some carboxylic 
acids: G. GOPALA RAo, I. SUBRAHMANYAM and B. MADHAVA RAO. (3 November 1971) 

Some aspects of the Winkler determioatioo of oxygen in water: MICI-UEL W. MULLEN and MARK 
M. JONES. (8 November 1971) 

Catalysis of the arsenic(m)-potassium bromate reaction-I. The titrimetric determination of arsenic 
(III) in the presence of osmium tetroxide: D. R. BHATTARAI and J. M. OITAWAY. (9 November 
1971) 

An indirect method for the determination of aluminium by atomic-absorption spectrometry using an 
air-acetylene Bame: J. M. OTTAWAY, D. T. COKER and B. SISGLETON. (9 Nouember 1971) 

Titrimetric determination of primary arylamioes and nitrites, using an internal indicator system: 
EUGEN SZEKELY, AMALIA BANDEL and Mrm FLITMAN. (11 November 1971) 

Determination of molybdenum by atomic-absorption spectrophotometry: A. PIJRUSHOITAM, P. P. 
NAIDU and S. S. LAL. (12 November 1971) 

Voltammetry in dimethylsulphoxide-A review: THOMAS R. KOCH and WILLIAM C. F%RDY. (15 
November 1971) 

New tests for detection of the carboxylic acid group in organic compounds with eosin and Mercuro- 
chrome: G. S. JOHAR. (15 Nouember 1971) 

Tropolone as a specific reagent for the determina tioo of vanadium(V): G. H. F&VI and R. P. SINGH. 
(16 November 1971) 

. . . 
“1 
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SUBJECT INDEX 

Activation energies of irreversible electrode processes 
Air-acetylene Barnes, optical studies . 
Alkali metals, Cation-exchange in aqueous organic sol\ent media 
-, Separation from molybdenum 
Alkaline earth metals, atomic-absorption spectrophotometry 
- - -, Separation from molybdenum 
Alkyl phosphates, Determination with lanthanum-Xylenol Orange complex 
Ally1 isothiocyanate. Reagent for azide 
Aluminium, Mixed oxides with iron, hliissbauer spectroscopy 
-, Ion-exchange separation 
l-Amino-4-hydroxyanthracluinone. Reagent for lanthanides 
3-Amino-5thione-1,2,4-dithiarolc, Reagent for bismuth 
Aminophylline in tablets, Determination by nuclear magnetic resonance 
Arsenic, Indirect determination by extraction of arscnomolybdic acid 
Arsenomolybdic acid, Extraction into methyl isobutyl ketone 
Arylamines, Titration 
Atomic-absorption spectrophotometry, Alkaline carth metals 
- -, Arsenic, Indirect 
- --, Cadmium 
- -, Electrodeless discharge tubes, Spectral lint proliles 
- -, Flameless, Chromium 
-- -, Induction-heated graphite furnace as atom source 
- --, Niobium in rocks, ores and alloys 
- -, Photon-counting in 
- -, Selenium 
- --, Tellurium 
Atomic-lluorescence spectrophotometry, Mangancsc 
Azide, Detection of 
Azo Violet, Magnesium complex as acid-base indicator 

Barium sulphate, Particle size, Effect of foreign ions 
Bases, Heterocyclic nitrogen, Titration in non-aqueous rmcdia 
Bismuth, Detection 
-1 Determination, Atomic-absorption spectrophotometry 
-, -, Candoluminescence 

-, -, Xylenol Orange 
Boric acid, Complexation with polyvinyl alcohol 
Boron, Isotopic distribution in boron carbide 
Brucine sulphate, Separation from strychnine sulphate 
Butylbenzene isomers, Gas chromatography 

Cadmium, Determination, Atomic-absorption spectrophotometry 
-2 Ferrocyanide, Formation 
-, Malonate-oxalate complexes, Polarography’of : 1 1 
Candoluminescence 
Carbon determination in steel, Coulometric titration. 
Carboxylic acids, Determination by oxidative titration 
“Carboxynitrazo”, Reagent for lanthanidcs 
Cassiterite, Differentiation in silicate rocks 
Cation-exchange, Alkali metals in aqueous organic solvent media 
-, Cupferron-organic solvent media 
-, Hydrochloric acid-acetone media 
---I Methanol-thiocyanate-hydrochloric acid media 
-, Perchloric acid media 
-, Reductive elution of cop&II) : : : : 1 
Cation-exchangers, Chromium(II1) hydroxide, arsenate, antimonate, molybdate, tungstaie 
-, Cerium(IV) antimonate 
-, DEAE-cellulose 
-, Tin(W) selenite . 
CeriumtIV) antimonate, As ion-exchanger : : 
Chitosan, Characteristics . 
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Chromium, Determination, Flameless atomic-absorption spectrophotometry . . . 
-I Hydroxide, arsenate, antimonate, molybdate, tungstate, As ion-exchangers . . . 
-, Separation by ion-exchange . . _ . . . . . . . 
Chromatography, See also Cation-exe~ange, Zoa-exclzatrge 
-, Gas-phase, Homeric butylbenzenes . . . . . . . . . . 
-, -t Retlected microwave-power detector . . . . . . . . 
-. On Seohadex. Seoaraticm of alkali and alkaline earth metals from molvbdenum matrices 
-1 Reverieed phase, Extraction of noble metals . . . . _ . . 
Cobalt ferrocyanide formation , . . . 1 . . . 
Complexes, Dissociated, Stability constants and type . . . . . 
Computer programmes, Activation energy of irreversible electrode processes . 
- -, Least-squares curve-fitting . . . , . . . 
- -, SCOGS, Modifications. . . . . . . . . . 
Copper, Determination in alkaline solutions . . . . . . 
-> Extraction with phenylacetic acid . _ . . . . . . 
-, Masking . . . . . . . . . . . . 
-, Reductive elution . . . . , . . . . 
-, Sulphide ion-selective electrode * : . , . . , . . 
Coulometry, Contolled-potential, Determination of plutonium and uranium . 
-, Titration of carbon dioxide . . . . . . . . 
-, Titration of water with Karl Fischer reagent . . . . . . 
Cupferron-organic solvent media for ion-exchange . . . . . . 

DEAE-cellulose, Ion-exchange of cations. . . . . . . . 
Detector, Gas-phase chromatography, Reflected microwave-power . . . 
Dimethylsulphoxide, Spectrophotometric determination . . . . . 
I-(2’,4’-Din~trobenzene~2-acetyl hydrazine, Copper complex as acid-base indicator 
Dioximes, Metal complexes, Review . , . 
Discharge tubes, Electrodeless, Spectral line profiles : : . . . . 
Disodium cis-1,2-dicyanoethylene-1,2-dithiolate, Reagent for molybdenum . 
Dithizone, zinc extraction . . , _ . . . . . . 

Electrodelesss discharge tubes, Spectral line profiles 
Electrodes, see also Potentiometry 

. . . . _ 

-, Ion-selective, Copper(H) sulphide . . . . . . . . 
Fluoride 

ZsKiReagent for bismuth andiron(H) . : : : : : : : 

Ferrocyanides, Formation, Nickel, cobalt, manganese, copper . . . . 
Ferroin, Behaviour in redox titrations . , . . . . . 
-7 New applications in dichromate titrations . . . . . . 
Fluoride determination, In aluminium reduction materials’ . . . . 
- -, Micro flow-calorimetry 
Flames, Air-acetylene, Optical studies 

. . . . . . . . 

Furnace, Graphite well, as atom source in ato&-absorption spectrophotometry ’ 

Gallium, Ion-exchange . . . . . . . . . 
-, Solvent extraction and flame photometry . . . . . . 
Gold, Plating baths, Nickel and indium in . . . . . . 
-, Solutions, Losses on evaporation _ . . . . . . 

Hafnium, Extraction with methyl isobutyl ketone or tributyl phosphate . 
-> Separation from radionuclides, As mandelate . . . . . 
Halides, Potentiometric titration . . . . . . . . 
Heterocyclic nitrogen bases, Non-aqueous titration . 
Hydrogen peroxide formation in oxidation of oxalic acid : : 1 . 
Hypobromite solutions, Decomposition . . . . . , . 

Indicators, Acid-base, Metal complexes . . . . . . 
-, Ferroin, Behaviour . . _ . . . . . . . 
-* -f New applications . . . . . . 1 
Indium, In gold-plating baths: : . . . . . . 
-, Ion-exchange . . . , . . 
Ion-exchangers, CeriumiIV) antimonate : : . . . . . 
-, Chromium(III) hydroxide, arsenate, antimonate, molybdate, tungstate . 
-, DEAE-cellulose . . . . . . . . . . 
-, Inorganic, Review . . , . . . . . . . 
-, Tin(IV) selenite . . . . . . . 
Iridium, Loss on heating . . . . . . . . 
Iron(H) detection . . . . . I . . . 
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Karl Fischer reagent, Coulometric titration of water . . 
“Khimdu”, Nature of . . . . . . . . . . . 

Lanthanides, Complexes with I-amino-4-hydroxyanthraquinone . . 
-, Complexometric titration . . . . . . . . . 
-, Reaction with “Carboxynitrazo” . . . . . 
-, Synergic extraction with fluorinated /?-diketones and organophosphorus donors 
Lanthanum-Xylenol Orange complex, Determination of alkyl phosphates 
Least-squares curve-fitting by computer . . . . 

Mandelic acid, Separation of hafnium and zirconium from radionuclides 
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-, -, In copper alloys . . . . . . 
-> -7 Prevention of interference . . . . . 
-, Ferrocyanide formation . . . . . . . 
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-9 Botanical specimens, Selenium by atomic-absorption spectrophotometry 
-, - -, Tellurium by atomic-absorption spectrophotometry 
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Melatonin, Analytical chemistry of, Review 
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Niobium. Determination in rocks, alloys, ores, by atomic-absorption spectrophotometry 
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-, Titration 
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Palladium, Determination with 2,3-quinozalinedithiol . 
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Periodate solutions, Acidic, Constitution and stabihty . . 
l,lO-Phcnanthroiincs, Hydroxy, Reagents for copper in alkaline media 
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Phenylacetic acid, Extraction of copper . . 
-, Prevention of interference in manganese determination 
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SUMMARIES FOR CARD INDEXES 

Ion-selective cbalcogenide electrodes for a number of cations: HrR0s.m 
HIRATA, and KENJI HIGASHIYAMA, Talanru, 1972, 19, 391. (Wireless 
Research Laboratory, Matsushita Electric Industrial Co., Ltd., 
Kadoma, Osaka, Japan.) 

Summary-Ion-selective chalcogenide disc electrodes have been 
developed which are responsive to cations such as silver, lead, chro- 
mium(III). nickel, cobalt(II), cadmium, zinc. com~.r(II), and manga- 
nese(H) ions. Each was prepared by using~the’dorresponding mGa1 
chalcoaenide with silver sulnhide. An electrode was assembled with 
both lcompacted and a sitered disc. The sintered electrodes were 
more sensitive and stable than the compacted ones. Response to 
silver ion was 59.5 mV/pAg, to lead, nickel, cadmium, zinc and 
copper(I1) 29.5 mV/pM and to chromium(II1) 20 mV/pM. Cobalt(I1) 
and manganese(I1) electrodes had a non-Nemstian response of 
25 mV/pM. Both selenides and tellurides can be used for potentio- 
metric determination, but the manganese(I1) electrode serves as an 
analytical tool only when the disc consists of manganese(H) telluride 
and silver sulphide. 

Stalagmometric titrations: Tor.mnro hMJ3ARA and TOMOE I(IsA, 

Tdunru, 1972, 19, 399. (Department of Chemistry, Faculty of 
Science, Hokkaido University, Saporo, Japan.) 

Summary-End-point detection in some precipitation titrations is 
achieved by measurement of the surface tension between mercury 
and the solution (“stalaamometric” titration). The drop-time of a 
polarographic dropping mercury electrode in open circuit is plotted 
aaainst volume of surface-active titrant added. and shows a break 
0; a peak at the end-point. The stalagmometric titration of sodium 
tetraphenylborate with Zephiramine (tetradecyldimethylbenzylammon- 
ium chloride) was satisfactory and made possible the determination of 
potassium by back-titration. Potassium was also titrated directly with 
tetraphenylborate and with calcium dipicrylaminate. Sodium dodecyl- 
benzenesulphonate was titrated directly with Zephiramine and the 
results were compared with those obtained by the p-toluidine method 
and Epton’s method. 

Investigation of mangams(IIl) fluoride for coulometric titration: 
M. KATOH and T. Yosrmroar, Tu[antu, 1972, 19, 407. (Faculty of 
Engineering, Science University of Tokyo, Shinjuku-ku, Tokyo, 
Japan.) 

Summary_-A study has been made of the use of electrogenerated 
manganese(m), in an electrolyte containing fluoride, for coulometric 
titration. The addition of fluoride prevented the deposition of 
manganese dioxide on the anode, and was responsible for increase of 
the current efficiency and for extension of the feasible range of current 
density, owing to complex formation between manganese(II1) and 
fluoride. The bonding ratio, the apparent stability constant and the 
redox potential of the complex were also estimated from the Nemst 
equation and the current-potential curves. 

i 



ii AHHOTanKHcTaTeB 

IJOH-CEJIEKTklBHbIE XAJIbKOI’EHMAHbIE 
BJIEICTPOAbI AJIll PSIDA ICATMOHOB: 

HIROSHI HIRATA and KANJI HIGASHJYAMA, Talanta, 1972, 19, 391. 

Pe3Iome--Pa3pa6oTaHn xanbKoreHkinHbIe HKcKosble sfoH-ceneK- 
THBHbIe EIJIeKTpO~bJ, 9yBCTBHTeJlbHbIe K TaKKM KaTElOHaM, KPK 
cepebpo, CBHHeq, XpOM(III), HIIKeJIb, KOGaJIbT(II), KaAMHi'i, 
I&IIHK,Meub;II)El MapraHeJJ(II). &iCKE13rOTOBJIeH113COOTBeTCT- 
By~~eroMeTan~~~ecKoroxanbKoreHK~accepH~cTbIMcepe6poM. 
OAElH WIeKTpOA CO6paH M8 KOMnaKTHOrO II CneKUIerOCFl nl¶CKOB. 
CIIeKIUHeCR %TeKTpOAbI 6onee 9yBCTBHTeabHbIH yCTOi+fKBbI,=feM 
KOMtlaKTHhle. YyBCTBMTeJIbHOCTb K HOHy cepe6pa 6nna 59,5 
mV/pAg, K CBHH~Y, HnKeJIIo, Ka~MnIO, qs¶~Ky 14 MeAM 29,5 
mV/pM,a~xpo~y(III)20mV/pM. %IeKTponbIEIi3KO6anbTa(II) 
M MapraHqa(II) ElMeJIIl gyBCTBKTeJIbHOCTb 25 mV/pM (He n0 
HepHCTy). HaK CeJIeHEiJ&J, TaK EI TeJIJIypllAbI MOryT IIpliMeH- 
siTbcfl gnu noTeHqtrordeTpKsecKor0 OnpeAeneHKR, HO MapraHqo- 
BbI&(II) .WIeKTpOA CJIyWlT J&nfI aHanHaa TOJIbKO Torna, Korna 
AHCK COCTOHT 113 MapraHqoBoro(II) TennypKAa M cepe6pcraoro 
cynb@ana. 

CTAJIAI’MOMETPBYECKOE TBTPOBAHBE: 

Tom KAMJSARA and TOMOE KIBA, Talanta, 1972,19,399. 

Pe~~Me-06Ha~y~eHMeKOH~eBO~TO¶K~TKTpOBaHHKHeKOTOphIX 
OCa~~eHUtlnO~y~aeTC~El~MepeHHeMnOBepXHOCTHOrOHaTR)f(eHIIR 
Memny pTyTbI0 H pacTBopoM (ocTanarMoiweTpnrecKoe* TIITPO- 
BaHHe). BbIYepWBaeTCR Kpnsan speMeHsi nanewifl Kanenb 
aonsporpa@HqecKoro KanenbHorop~yTHoroaneKTpo~a~ OTK~~I- 
TOti qenu Ei o6seMa &06aBJreHHorO nOBepXHOCTHO-aKTHBHOr0 
THTpylOI4erO BeUJeCTBa; KpuBaR noKa3bmaeT nepepbm IIJILI nnK 
yKo~qeBoZt~09KK. CTanarMoMeTpa~ecKoeTKTpoBaKKeTeTpa@e- 
HH6opaTa C 3e@IpaMHHOM (TeTpa~e~kiJrAKMeTEIJl-6eH3ElJlaMMOHHti 
XJIOpKn) AaeT yAOBJIeTBOpHTeJIbHble PeayJIbTaTbI H AaJIaeT 
BOBMO?KH6IMOnpe~eJTeHIleKaJlEiRO6paTHblMTUTpOBaHEleM. HaJIllt 
TOHCe TIlTpOBaJlCR HenOCpeACTBeHHO TeTpa+eHHJI6OpaTOM H 
KaJIb~HeM~lilIKKpHJlaMEiHaTOM. HaTpMP~Oneqnn6eHaOnCynb@O- 
HaT THTpOBaJICfS HeIIOCpeACTBeHHO 3e@HpaMHHOM EI pe8yJIbTaTbI 
CpaBHliBaJlHCb C llOJlyqeHHbIM MeTOAOM p-TOJfyMAHHOBbIM H 
MeTOAOM %TOHa. 

INUIEflOBAHBE lIPBMEHBMOCTI4 QTOPHAA 
MAPI’AHLjA(II1) B KYJIOHOMETPIFIECKMX 

THTPAIJIUIX : 
M. KATOH and T. YOSHIMORI, Talanta, 1972, 19,407. 

PeW3MtFd'iayYeHa npHMeHHMOCTb EUIeKTpOreHepKpOBaHHOrO 
rdapraHqa(III), B QITopnnconepmaIqeM aneKTponnTe, B K~~OHO- 
MeTpIlW%KIlXTHTpa~HFIX. ~pHCyTCTBIle(PTOpEI~anpeJ&yIIpeRC~aeT 
0cam~eHue~~yo~~~~MapraHqanaaKo~eKBbla~saeTnosblureHKe 
s~xo~ano~oKy~pacIu~peH~enp~Me~KMo~o6nacT~nnoT~ocTu 
TOKa, BCJIeACTBLle 06pa3OBaHnK KOMnJIeKCa MapraHqa(III) C 
(PTOpHAOM. OTHOIIIeHEle CBHaei,KaNy~aRCR KOHCTaHTayCTOEIY- 
MBOCTEi II OKHCJlHTeJlbHO-BOCCTaHOBHTenbHbli8 nOTeHUllaJI Otlpe- 
AeJIeHbI C YICnOJIb8OBaHBeM ypaBIieHElJl HepHCTa I4 KpHBbIX 
TOK-nOTeHqHaJl. 
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Solvent extraction of anions with metal &elate cations-XVIII. Spcctro- 
photometric determina tion of maleic acid in the presence of famaric acid 
by solvent extraction with tris(l,lO-phenantluolme)iron(II) &elate 
cations: Y. YAMAMOTO, T. KUMAMARU and M. MURANAKA, Talanta, 
1972, 19, 415. (Department of Chemistry, Faculty of Science, 
Hiroshima University, Higashisenda, Hiroshima, Japan.) 

Summary-A new calorimetric method is proposed for the determina- 
tion of maleic acid. Among aliphatic dicarboxylic acids tested, maleic 
acid was found to be selectively extracted into nitrobenzene as the red 
ion-association complex (A,., 516 run) formed between the hydrogen 
maleate anion and the tris(l,lO-phenanthroline)iron(II) cation. At 
least a 32-fold molar excess of tris(l,lO-phenanthroline)iron(II) 
relative to maleic acid is needed and the optimal pH range is 3-5. A 
linear relationship is obtained over the concentration range 10-s-l0-’ 
Mmaleic acid. The relative standard deviation was 1.0%. The colour 
intensity of the extract remains constant at room temperature for at 
least 24 hr. A large amount of fumaric acid, the trans-isomer of 
maleic acid, is not extracted under the same conditions. This makes it 
possible to determine maleic acid in the presence of fumaric acid. 

Studies on interfacial electrochemical phenomena in pigment-vehicle 
systems : YOSHIAKI &ABU and Yosmx~zu YAWMORI, Talanta, 
1972,19,423. (Nippon Paint Co. Ltd., 246 Kyu-Iketanaka, oaza-Ikeda, 
Neyagawa, Osaka Japan and Yanagimoto Mfg. Co., Ltd., 28 
Joshungamae-cho, Shimotoba, Fushimi-ku, Kyoto, Japan.) 

Summary-Sedimentation potentials under a centrifugal field are 
studied with the disperse system titanium dioxide, alkyd resin and 
xylene. The relationships between the sedimentation potential and 
the rotation speed, the distance apart of the electrodes in the cell 
and the total weight of particles in the disperse system are examined. 
From the theoretical evaluation of the initial sedimentation potential, 
the zeta potential of the pigment in the disperse system is &lculated: 
The calculated value was almost coincident with that obtained bv the 
electrophoretic method. As the sedimentation potential is proportional 
to the iota1 weight of pigment in the space between the &&rodes in 
the cell, the uarticle-size distribution of niement can be obtained 
from the sedimentation potential-time ‘cu’;ve. The particle-size 
distribution in the above-mentioned disperse system was examined with 
respect to the effect of rotation speed and the pigment content. The 
modal diameter for the particle-size distribution obtained by this 
method had almost the same value as that obtained by the electron 
microscope method. By use of this method for particle-size analysis, 
the particle-size distribution for particles of diameter tl pm can be 
obtained in a short time (cu. 10-30 min) and the zeta potential of the 
particles in the disperse system can be calculated. 



iv AmoTaqm cTaTeti 

CEJIEKTUBHAR 3ICCTPAfCqEIH AHBOHOB 
METAJIJIWIECKkiMki XEJIATHbIMH KATLIOHAMM- 

XVIII. CIIEKTPO@OTOMETPBYECKOE OIIPEAEJIEHHE 
MAJIEkiHOBOm KHCJIOTbI B l-IP&iCYTCTBBB 

QYMAPOBOB KBCJIOTbI CEJIEKTBBHOn 
3KCTPAKIJHE~ XEJIATHbIX KATkIOHOB TPLl 

(l,lO-QEHAHTPOJIHH) HCEJIE3A (II): 
Y. YAMAMOT~, T. KUMAMARU and M. MURANAKA, Talanta, 1972, 
19,415. 

PWOMe--npenJIaI'aeTCR HOBbI& KOJIOpOMeTpMYeCKut MeTOn AJIH 
onpeneneww ManeuHoBoZl KIICJIOTM. Cpefiu UCCJIe~OBaHHbIX 
anu~aTuYecKux AuKap6oHOBbIX KUCJ~OT oKa3anocb, YTO Manen- 
AOBaH KuCJIOTa CeJleKTuBHO BKCTparupyeTCII B HuTpoBeHaon KPK 
KpaCHbIti aCCOquupOBaHHb@ UOHHbIti KOMnJIeKC (&KC 618 HM), 
06paaOBaHHbIti aHuOHOM MaJIeuHOBOrO BOAOpOAa u KaTuOHOM 
Tpu (l,lO-@eHaHTpOnuH) weJIeaa(II). Tpe6yeTcB MoJIII~H~IB 
UWIuIJIeK Tpu (l,lO-@eHaHTpOJIuH) meJIeBa(II) IlO KpatiHelt 
MepeB32pa~a6onb~eYeMManeuHOBOZtKuC~OT~,OnTuMaJIbHne 
IIpeAeJIbJ pH OT 3 A0 6. nOJIyYeH0 JIUHetiHOe COOTHOIIleHue 
KoHqeKTpaqut ManeuKoBot K~CJXOT~I 10-6-10-4 M. OTHOCH- 
TeJIbHOe CTaHAapTHOe OTKJIOHeHue 6~10 1,O’A. HHTeHCuBHOCTb 
IJBeTa BKCTpaKTa OCTaeTCH IlOCTOFIHHOti npU KOMHaTHOti TeMne- 
paType no KpatiHeti Mepe B TeYeHue 24 Yac. Bonbluoe KOJIH- 
YeCTBO @yMapOBOi KuCJIOTbI, TpaHC-UaOMepa MaJieuHOBOi KUC- 
JIOTbI, He 3KCTparupyeTCH npu TeX HIe yCJIOBuJ?X. 3TO AeJIaeT 
BOaMOXHbIM OnpeAeJleHue MaJleuHOBOt KuCJlOTbI B IIpuCyTCTBIlH 
@yMapOBOi KEICJIOTbI. 

HCCJIE OBAHkiII 3JIEKTPOXkiMIVIECKIJX 
% IIBJIEHki HA I’PAHMIJE PA3AEJIA CMCTEM 

HMI’MEHT-HOCBTEJIb: 

YOSHU\KI GYABU and YOSHIKAZU YASUMORI, Talanta,1972,19,423. 

&%UOMe---llayYaJIuCb IIOTeHIJuaJIbI OCWAeHuR B none qeHTpO- 
6emwx CUJI AHCnepCHOfi CuCTeMP AByOKHCb TuTaHa, aJfKuAHaR 
CMOJla u KCUJIOJI. ~CCJIeAOBaJIuCb B8aUMOOTAOllIeHuR Me?KAy 
IlOTeHquaJIOM OC%AeHuX u CKOpOCTbM BpaIIJeHuH,paCCTORHueM 
YemAy WIeKTpOAaMu B BYeiKe u 06m(uM BeCOM YaCTHYeK B 
AucnepcBot cucTeMe. Zeta-noTeHqHan mimema B AEcnepcHott 
CuCTeMe BbICYuTbIBaJICR H'd TeOpeTuYeCKOti OJJeHKu ECXOAHOI'O 
UOTeHJJuaJIa OCa?KAeHuR. BbICYuTaHHacI BeJIuYuAa UOYTU COB- 
IlaAaJIa C BeJIUYuHOfi, IIOJIyYeHHOtt MeTOAOM WleKTpO@Opeaa. 
TaK KaK noTeHquaJI OcaIKAeHurr nponop~aoHaJIeH o6qemy Becy 
IIUrMeHTa B paCCTORHUu MemAy WIeKTpOAaMU B RYetiKe, TO 
MOIKHO 61~~x0 nonyYuTb pacnpeAeneHHe YaCTuYeK UurMeHTa no 
paaMepaM ua K~UBO~ noTeHqnajI oca3KAeHu+-BpeMfx. Pacnpe- 
AeneHue YacTEYeK no paaMepaM B BbnneyKaaaHHot AucnepcHot 
CuCTeMe UCCJIeAOBaJIOCb B OTHOllIeHuu BJIHRHUJJ CKOpOCTu 
BpaJQeHuR U COAep?KaHUJi nurMeHTa. MOAaJIbHbJti AuaMeTp AJIn 
pacnpegeneHus paaMepoB YacTuYeK,nonyYeHwai ~TUM MeToAoM 
UMeJlnOYTUTaKyIO?KeBeJlUYUHy,KaKUnOJlyYeHHbI~npUnOMOIl&U 
%leKTpOHHOrO MuKpOCKOna. &nOJIb8OBaHue aTOr MeTOAa 
aHaJlEaapa8MepOB YaCTuYeKAaeT B03MO?SHOCTb IlOJlyYaTb paCn- 
peAeneHue YacTuYeK no paaMepaM gns AuaMeTpoB YacTuYeK 
<l /AM B TeYeHUe KOpOTKOI'O BpeMeHU (OKOJIO 10-30 MUH) u 
BbICYUTbIBaTb Zeta-IlOTeHrluaJI YaCTuYeK B AUCnepCHOt CuCTeMe. 



Summaries for card indexes 

Mechaalsm and analytical aspects of the polar~phie maximum wave of 
tellurium: MIJI-SUAKI SHINAGAWA, NOBIMJKI YANO and TAKEYUKI 
Kuaosu, Talantu, 1972,19,439. (Department of Nuclear Engineering, 
Faculty of Engineering, Osaka University, Yamadakami, Suita-shi, 
Osaka, Japan.) 

Summary-The polarogram of tellurium(W) in weakly basic solution 
has a sharp maximum on the diffusion current plateau. The electrode 
process causing this maximum has been examined by means of various 
techniques such as semiconductor catalysis, “block” polarography 
and ultraviolet irradiation of the dropping mercury electrode. The 
maximum was found to be caused by the catalytic wave of hydrogen 
produced by the tellurium deposited on the mercury surface. Part of 
the tellurium is reduced to hydrogen telluride by nascent hydrogen 
formed catalytically. The brown mist which usually appears in the 
vicinity of the surface of the dropping mercury cathode consists of 
elemental tellurium produced by the decomposition of the hydrogen 
telluride near the electrode. The sudden decrease in the current 
maximum at a potential more negative than the peak potential of the 
maximum is due to desorption of tellurium, caused by movement of 
mercury. 

Separation and determination of ruthenium by evolution with chro- 
mium(VI)-condensed phosphoric acid reagent: TOSHIYASTJ KIBA, KIKUO 
TERADA. TOMOE KIBA and KAZUO SUZUKI, Takmta, 1972, 19, 451. 
(Laboratory for analytical Chemistry, Department of Chemistry, 
Faculty of Science, Kanazawa University, Marunouchi-I, Kanazawa, 
Ishikawa Pref., Japan.) 

Summary-Ruthenium in various chemical forms can be evolved as the 
tetroxide from insoluble matrix materials by heating the sample with 
chromium(vI)conde phosphoric acid reagent (abbreviated as 
Cr(VI)-CPA). Because of its excellent decomposing power for various 
solid samples, condensed phosphoric acid is very useful in the chemical 
analysis of various insoluble materials, and when an oxidizing agent such 
as potassium dichromate is added in the CPA medium, drastic oxidation 
proceeds on heating. This method is now extended to the separation 
of ruthenium from marine sediments. During the reaction with Cr(VI)- 
CPA ruthenium tetroxide is evolved and collected in an absorbent 
solution of 6M hydrochloric acid and ethanol (1 :l), and the ruthenium 
is then determined spectrophotometrically with thiourea or radio- 
metrically by counting the p- or y-activity. Osmium, which can be 
evolved as the tetroxide by the same treatment, can be eliminated 
beforehand by heating the sample with Ce(IV)-CPA, which removes os- 
mium but not ruthenium. The successive distillations by means of 
Ce(IV)-CPA and Cr(VI)-CPA give satisfactory results for the separ- 
ation between osmium and ruthenium. This method might be useful 
for the separation of ruthenium in geochemical or neutron-activation 
analysis. 



vi hIHOTa~uu CTaTei 

MEXAHBSM B AHAJIkITFIECKBE ACIIEECTbI 
IIOJISIPOI’PA~BYECKO~ MAKCBMAJIbHO%! BOJIHbI 

TEJIJIYPWI : 
MIJTWAKI SHINAGAWA, NOBUYUKI YANO and TAKEWKI KUROSU, 
Talanta, 1972,19,439. 

Pe3IIW-~OnRpOrpaMMaTeJIJfypKH(IV)B CJIa60-OCHOBHOM paCT- 
BOpe KMeeT KpyTOfi MaKCllMyM Ha YaCTIl KpElBOi8,lIapaJlJleJIbHO~ 
OCII abcqncc ~u$4yaKo~~oro noToKa. Bblaasatiqnti ~TOT 
MaKCKMyM 3JIeKTpOAHbIi IIpOJJeCC llCCJIe~OBaJ%H p&l3JfK=IHblMU 
cnoco6ai%u, KaK Hanp.nonynpo~o~~&i~osbI~ KaTanK3oM, Q~JIOK- 
IIOJlHpOrpa~He~~~~yJIbTpa~~OJleTOBL4Mo6Jly~eHKe?d KaIIeJIbHOrO 
pTyTHOr0 3JIeKTpOAa. HaQeHo, 9TO MaKCliMyM IIpWiHHFIeT 
KaTannTKreCKafi BonHa Bofiopoaa, o6paayIoqerocH TennypneM, 
OcaHqeHHoM Ha UOBepXH0CTl.i ~TYTEI. OBpasyIo~Kics KaTaJni- 
TWteCKII BOJJOpOA B MOMeHT BbIHeJTeHHH BOCCTaHaBZHBaeT qaCTb 
TeJIjIypHfi B TeJIJIypHCTbIti BO&OpO& KOpEiqHeBblti TyMaH, 
o6wiHo Ha6nIonaeMnt y IlOBepXHOCTH KaUeJIbHOrO pTyTHOr0 
K~TO~~,COCTOKTK~ aneMeHTanbHoro TennypKs,o6paaynqerocH 
BcneacTBue pa3noHteHKR TennypKcToro Bofiopoga y aneKTpona. 
BHeaanHoe yMeHbmeHne MaKcHmyMa noToKa y noTeHquana 
6onee HeraTKBHoro, UeM IlOTeHqllaJl MaKCHMaJlbHOrO nHKa, 
npo~cxo~u~ Bnaronaps AecopGqnH TennypKR, npnrKHHeMoi4 
ABlllKeIIMeM pTyTEI. 

OTDEJIEHLIIE I/z OIIPEDEJIEHME PYTEHkIH IIYTEM 
I 

BbIgEJrEHmR c ‘PEAKTBB~M XPOM(VI)- 
KOHJJEHCBPOBAHHAR QOCQOPHAFI KEICJIOTA: 

TOSHIYASU KIBA,KIKUO TERADA,TOMOE KIBA and KAZUO SUZUKI, 
Talanta, 19,451. 

P03IOM0-PyTeHMifi B pa3JIWiHbJX XMMIlqeCKEiX CjOpMaX MOmeT 
6bITbBbIAeneHKaK9eTbIp~XOKEICbEl3HepaCTBOpIlMblXMaTpE14H~X 
MaTepHJIOB UyTeM HarpeBa o6paaqa C peaKTHBOM XpOM(VI)- 
KOH~eHCHpOBaHHaH +OC@OpHaH KHCJIOTa(COKpaU&Cr(VI)-CPA). 
BnaroAapFl cBoei npeBocxo~Iioil cnoco6~ocT~ paanoHteHKH 
pa3JiWiHbIX TBep@JX o6pasqoB KOHAeHCHpOBaHHaR $IOC@OpHaJI 
KKcjIoTa 0qeHb noneaHa ~jrn xHhni9ecKKx aHann3oB paansviHbIx 
HepaCTBOpHMbIX MaTepLiaJlOB; Korna me K cpene KOHQeHTp. 
@IOC@p . KE~CJIOT~I A06aBJlReTCR OKllCJIElTeJlb , KPK HaUp. 6EIXpOMaT 

KannH,~o np~ KarpeBaHKu HacTynaeT 6ypHoe OKKcneHne. ~TOT 
MeTOATenepbpacnpocTpaHeaHaoTAeJIeHHepyTeHEiHElaM~p~~K~ 
ocaHqeHn8. Bo BpeMH peaKqnK c Cr(VI)-CPA BbIAenReTcR 
~eTblp~XOKUCbpyTeHHHIIco6ElpaeTc~BpaCTBOpe~Or~OTKTe~H- 
BM COJXHHO~KE~C~OT~IEI~T~H~JI~ (l:l),aa~ellrpy~eH~ltiorrpe~en- 
ReTCR CHeKTpOCKOUH9eCKEI C THOMO'ZeBMHOti, HJIH pa@¶OMeTpH- 
PeCKH C=ieTOM aKTIlBHOCTH j3 EIJIH y OCMEB, KOTOpbIti MO=eT 
BblAenIlTbCR KaK =IeTbIpgXOKHCb TeM H(e ClIOCO6OM, MOWeT 6bITb 
ynaJreH 3apaHee HarpeBom o6paaqa c Cr(IV)-CPA, ynanHIoqeM 
OCMEi, OCTaBJWFi pyTeHKtt. IIocneAymolqaa ~K~TKJIJIH~HH c 
noMombH) Ce(IV)-CPA H Cr(VI)-CPA AaeT y~oBJreTBopnTenbKoe 
paa~eJreKIleoc~s5HKpyTeHKH. 3TOT MeTOH MOmeT 6bITb IlOJle3eH 
AJIH OTaeJleHKH pyTeHHR B aHaaH3ax reoxKMKqecKHx Knn 
aKTE¶BaLJHeti HefiTpOHOB. 



Summaries for card indexes vii 

Trace analysis by flameless atomic-absorption spectrometry: TSUGIO 
TAKHJCHI, MASAAKI YANAGISAWA and MASAMI SUZUKI, Talanta, 
1972, 19, 465. (Department of Synthetic Chemistry, Faculty of 
Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan, and 
Department of Industrial Chemistry, Faculty of Engineering, Mie 
University, Kamihama-cho, Tsu-shi, Mie-ken, Japan.) 

Summary-The operating conditions of an atomic-absorption system 
based on flameless atomization have been investigated for trace analysis 
for Al, Cr, Cu, Fe, Mg and Mn. The sample solution on a tantalum 
strip was atomized by electrical heating in an inert atmosphere within 
an absorption chamber. This technique allows the use of small sample 
sizes and results in a higher sensitivity than that with the conventional 
flame technique. Some interference effects and applications were 
investigated. 

Spectrophotometrlc determlnatlon of zirconium, araaiam, thoriam, aad 
rare earths with Arsenazo III after extractions with thenoyltrlfluoro- 
acetone aad trla-oetylamlne: Hraosrn ONLWI and Krmcrrr SERENE, 
Talanta, 1972, 19, 473. (Japan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki-ken, Japan.) 

Summary_-A method is described for the spectrophotometric deter- 
mination of microgram amounts of zirconium, uranium(VI), thorium 
and rare earths with Arsenazo III after systematic separation by 
extraction. First zirconium is extracted into a xylene solution of 
thenoyltrifluoroacetone (ITA) from about 4M hydrochloric acid. 
Uranium(VI) is then extractedinto a xylene solutionof tri-n-octylamine 
from about 4M hydrochloric acid. Thorium is next extracted into 
TTA solution at pH about 1.5, and finally rare earths are extracted into 
TTA solution at pH about 4.7. Each metal is back-extracted from 
the organic phase before determination. 

Formation and composition of the precipitates of various metal tl- 
seleaoqaiaoliae complexes: Encru SEKIDO, ISAMU FUJBVARA and 
YOSHITAKA MASIJDA, Talanta, 1972, 19,479. (Department of Chem- 
istry, Faculty of Science, Kobe University, Nada, Kobe, Japan). 

Summary-The effect of acidity on the precipitation of various bivalent 
metal 8-selenoquinoline and 8-mercaptoquinoline complexes has been 
systematically studied and compared. The metal ions were Zne+, Cd*+, 
Pb*+, Mns+, Ni’+, Cua+ and Co*+. Most of the metal ions, except 
copper(I1) and cobalt(H), precipitate as a 1: 2 complex, metal:ligand. 
However, in hydrochloric acid solution cadmium precipitates as 
CdR,.ZHCl and lead as PbRi2HCI or PbRCI. Copper(H) is reduced 
to copper(I) and precipitates as CuR*RH at pH above 2.0 and as CUR 
in strongly acidic solution. Cobalt(H) does not give a precipitate of 
composition but appears to precipitate as a mixture of CoR,-RH and 
fixed CoR, or as other complexes. The reasons for the formation 
of the various types of precipitate are considered. 



. . . 
Vlll AmoTaqara craTea 

AHAJIkl3 l-IPOCJIE%CBBAHHEM IIPti l-IOMO~IJ 
BECHJIAMEHHOB Cl-lEKTPOMETPBH IIOI’JIOII(EHIUl 

ATOMOB : 
TSUGIO TAKEUCHI, MASAAKI YANACHSAWA and MASAMI SUZUKI, 
Talanta, 1972,19,465. 

Pe3IOMe--I"ICCne~OBaJIUCbyCJrOBUHpa6oTbICCUCTeMOti aTOMHOI'0 
nornoIqemm, 0cHosamoti Ha 6ecnnaMemoM pacnbmemin, &ncr 
aHam8a npocnemmaaas Al, Cr, Cu, Fe, Mg, Mn. Pacmop 
06paaqa HaTaHTaJIOBOtinJlaCTUHKe paCnblJrRJlCFI3~eKTpU~eCKUM 
HarpeBoM B UHepTHOfi aTMoc@epe B a6cop6rlUoHHot Kahfepe. 
3TOT MeTOn, naBaH BOBMOPKHOCTb nOJIb3OBaTbCfI o6paaqam 
Ue6onbmUx paaMepoB, OTJlUgaeTCR B'OJIbmOft 'ZyBCTBUTeJlb- 
HOCTbIO, YeM 06bI4HbIn MeTOg nJIaMeHHOi CneKTpOMeTpUU. 
IjbIJIU UCCJleAOBaHbI npUMeHeHUR: U HeKOTOpbIe BJIUFIIHU~ UHTep- 
f$epeHqUU. 

CIIEKTPO@OTOMETPB=IECKOE OlIPE~EJIEHkIE 
4klPKOHkIFI, YPAHA, TOPBR I/I PEAK03EMEJIbHbIX 
BJIEMEHTOB C tiClIOJIb30BAHBEM APCEHASO III 

IIOCJIE BKCTPAI’BPOBAHBR TEHOKlITPki@- 
TOPAUETOHOM II TPM-H-OKTHJIAMLIHOM: 

HIROSHI ON~SHI and KB~CHI SEKME, Talanta, 1972,19,473. 

Pe3IOM&---OIIHC3H MeTOn ClIeKTpO~OTOMeTpU~eCKOl-0 Onpege- 
JIeHUII MUKpOrpaMMOBbIX KOJIUqeCTB qUpKOHUH, ypaHa(VI), 
TOpUFI H peAKO3eMeJIbHbIX 3JIeMeHTOB C UCnOJlb3OBaHUeM Apce- 
Haao III nocne cmreEdamiecKor0 0T~enemrr awrpaHqae8. 
CnepBa 3KCTpaIWpyIOT IJUpKOHUti paCTBOpOM TeHOUJITpU+TOpa- 
UeTOHa B KCUJlOJle U3 npU6JlU3UTeJlbHO 4&f COJlflHOti KUCJIOTbl. 
3aTeM 3KCTpaIWpyBJT ypaH(VI) KCUJIO~OBbIM paCTBOpOM TpU-H- 
OKTUJlaMUHa U3 npU6JlU3UTeJIbHO 4M PaCTBOpa COJIHHOii KHC- 
JfOTbI. SaTeM 3KCTpaIWpyIoTTOpUti paCTBOpOM TTAnpU pH i,6 
U KOHeqHO p@AKOaeMeJIbHbIe 3JIeMeHTbI paCTBOpOM TTA npU pH 
4,7. KamAarP MeTann TUTPUPYI~T ~3 0praHUqecKol +aahl: 
nepen 0npeAenenUeM. 

OBPABOBAHBE M COCTAB OCAAICOB 
PA3JIklYHbIX METAJIJIWIECKIJX 

&CEJIEHOXkiHOJIBH KOMIIJIEKCOB: 
Encm SEKIDO, ISAMU FUJWARA and YOSHITAKA MASIJDA, Talanta, 
1972,19,479. 

PeaIoMe--npOBOAUJIUCb CUCTeMaTU'IeCKUe UCCJIeAOBaHUFIU CpaB- 
HeHUH BJIUIIHUR KUCJIOTHOCTU Ha 0caWAeHUe pa3JrtIrKbIx AB~X- 
BaJleHTHbIX MeTaJlJIOB 8-CeJleHOXUHOJlUHOBO~O U 8-MepKanToXU- 
HOJlUHOBOrO KOMUJICKCOB. nOHbl MeTaJlJIOB 6arnu CJICJQ’IOIQIH?: 

Zn*+, Cds+, Pb*+, Mns+, Ni”+, Cu*+ II Coa+. BOJlbmaFl qaCTb 
MeTaJIJIUUeCKUXUOHOB,8aUCK~H)9eHUeMMe~U(~I)UKO6anbTa(I~) 
OCa%naIOTCfl B BUAe KOMnJIeKCal:%-MeTaJIJI: JIUraHA. OAHaKO. 
B paCTBOpe COJIf%HOti KUCJIOTbI KaAMUi OCalKAaeTCfl B. BUAe 
CdR..BHCl. a cmmeu B BUne PbR,.SHCl mm PbReCl. iWenb(II) 
BOCCTaHaBJIiiBaeTCR B'MeAb@)U OC&AaeTCHBBUAe CuR.Rti npi 
pH BbIme 2,O H B BUAe CUR B KpenKoM KHCJIOTHOM pacTB_ope. 
fCoganbT(II) He AaeT onpeAeneHHor0 oca,qKa, Ho 0camAaeTcff B 
BUAe CMeCU CoR,.RH U CoR,,UnU B BUAe ApyrUX KOMnJIeKCOB. 
PaCCMaTpUBalOTCfi IIpUIUHbI 06paaOBaHUH OCaJfKOB pa3JIUqHbIX 
TUnOB. 



Summaries for card indexes ix 

Determination of phosphorus in bypereutectic aluminium-silicon 
alloys: Korrtcm MUKAI, Tulunru, 1972, 19, 489. (Nippon Light 
Metal Research Laboratory, Ltd., Kambara, Shizuoka, Japan.) 

Snnnna~-A reproducible method is described for determination of 
small amounts of nhosnhorus (from OXJOO5 “/, to 0.02 “/,) in hvnereutectic 
aluminium-silica; complex alloys. The method &&its %e separate 
determination of phosphorus in acid-soluble and acid-insoluble 
fractions. Phosphomolybdate is extracted with n-butanol+%loroform 
solvent mixture and back-extracted with a stannous chloride reducing 
solution. The phosphorus content of a sample cut into small pieces 
decreases during storage; loss of phosphorus is negligible on acid 
dissolution under oxidizing conditions. 

Enhancement of polarographic reduction curreats by a static magnetic 
field: SHUUO FUIWARA and YOSHIO UMEZAWA. Tuluntu, 1972, 19. 
497. (Department of Chemistry, Faculty of Science, University of 
Tokyo, Hongo 113, Tokyo, Japan.) 

F-f-The effect of a magnetic field on d.c. polarographic 
reduction currents was studied with a static magnetic field applied 
perpendicularly to the dropping mercury electro&. In the p&&e 
of the maanetic field. diffusion or mirzration currents show a slieht but 
distinct in&ease. The factors which &n influence this effect have been 
examined experimentally. The effect is interpreted in terms of 
suppression of transfer of concentration polarization from one drop 
to the next. It is shown that certain types of maxima are enhanced 
by application of a magnetic field. 

Spectrophotometric determiaatioa of water ia orgaaic solvents with 
s&vato&romic dyes--II: SADAKAWJ KUMOI, HIR&I KOSAYASHI and 
KIZHEI UENO, Tufuntu, 1972, 19,505. (Department of Organic Synthe- 
sis, Faculty of Engineering, Kyushu University, Fukuoka 812. Japan.) 

Snmmaty-The correlation between the absorbance of a merocyanine 
dye in an organic solvent and the water content of the solvent has been 
investigated. The merocyanine dyes investigated are 1-methyl-4-[(4- 
oxocyclohexa-2,5-dienylidene)-ethylidene]-l,4-dihydropyridine (I), l- 
methyl-rl-[(2-oxocycZohexa-3,5-dienylidene)-ethylidene]-l,4-dihydropy- 
ridine, l-methyl-2-[(4-oxocyclohexa-2,5-dienylidene)-ethylidene]-l,2-di- 
hydropyridine and I-methyl-Z[(oxocyclohexa-3,5-dienylidene)-ethyl- 
idene]-1 ,Zdihydropyridine, and the organic solvents are isopropanol, 
acetone, acetonitrile and pyridine. The possibility of determining a trace 
amount of water in an organic solvent is demonstrated, and a pro- 
cedure is proposed for the determination of trace- water in pyridine. The 
sensitivity of the method depends on the solvent, being more sensitive 
in an aprotic solvent than in a protic one; for example, 0.05 or O-27 mg 
of water in 1 ml of acetonitrile or of isopropanol respectively can be 
detected with I. by use of an ordinary spectrophotometer. 



X 

OIIPEAEJIEHUE QOCQOPA B IUIIEP3BTEKTWIEKMX 
CIIJIABAX AJIIOMBHLIR M IEPEMHLIIR: 

KOHICHI M~~~1,Tuhtu,1972,19,489. 

PO~IoM~-npHBO~eHBOC~POIlaBO~ElMbI~MOTOAO~pOAO~eHIl~ He6o- 
JIbUIuX KOJIUPBCTB I$O@Opa (0,0005% A0 0,02x) B CJIOWHbIX 
lWIIOPaBTOKTHWCKHX ClIJIaBaX EIJIIOMEIHIIH II KPOMHEIH. MOTOA 
nOaBOiTIIeT OnpeAeJIRTb @OC$IOp OTAeJIbHO B paCTBOpuMbJX u 
HepaCTBOpuMbIX B KuCJlOTaX @paKguHX. @OC@OMOJIu6AaT 
eKCTparupyIOT CMeCbJO H-6yTaHOJIa u XJIOpO@OpMa u pe3KCTpa- 
rupyIOT C BOCCTaHaBJIuBaH)LguM paCTBOpOM XJIOpuAa OJIOBa. 
IConuqecTBo *oc$opa conepwaHHoe B npo6e paapeaaHHoR Ka 
ManefiKue KycKu yMeHbmaeTcK B TeYeHue newamm Ha cKnaAe. 
IIoTepfi @oc#opa KeaHawTenbHa nocne pacTBopeHus B KucnoTe 
npu OKuCJIuTeJlbHbIXyCJlOBuRX. 

YCkZJIEHkiE IIOJIRPOI’PA~BYECKBX TOIEOB 
BOCCTAHOBJIEHBR B CTATWIECKOM 

MAI’HIJTHOM IIOJIE: 
SHIZUO FUJRVARA andYosmo UMEZAWA, Talanta,1972,19,497. 

PeSIOM~kk3y=IeHO BJmIIHue MarHuTHOrO IIOJIR Ha IIOCTORHHO- 
TOKOBhIe nOJIIipOrpa$IuYeCKue TOKU BOCCTaHOBJIeHun C UCUOJIb- 
8OBaHueM CTaTu'ieCKOrO MarHuTHOrO nOJlH UepneHguKyJIRpHO K 
KaIIeJIbHOMy pTyTHOMy aJleKTp?Jy. B npuCyTCTBuU MarHuTHOrO 
nOJIR o6HapymeHo He60JTbmOeHOKCHOeyCuJIeHue~u~~yLmOHHbJX 
u MLlrpaguOHHbIXTOKOB. IkiyYeHbIeKCnepuMeHTaJIbHO $aKTOpbI 
BJmFIIOIgueHa~TOT8@~eKT. &#@eKT 06%HCHffeTCJinOAaBJIeHueM 
nepeHoca KoHgeHTpaguoKHoft nonnpuaaguu 0~ 0g~0fi Kannu Ha 
gpyryI0. nOKa8aHO 9TO UEIBeCTHbIe TunbI MaKCuMyMOB yCuJIeHbI 
AeZtCTBUeM MarHTHOrO IIOJIFl. 

C~EKTPO@OTOMETPW-IECKOE OIIPE,QEJIEHkIE 
BOAbI B OPI’AHBYECKtIX PACTBOPHTEJIRX C 

COJIbBATOXPOMHbIMkI KPACBTEJIFIMB-II: 
SADAKATSU KUMOI, HIROSHI KOBAYASHI and K~IHEI UENO, Talunru, 
1972,19, 505. 

PeaIoMe-I&xne~oBaJIoCb COOTHOmeHue MemAy nornoqemieM 
MepOguaHuHOBblX KpaCuTenet B OpraHuineCKuX paCTBOpuTeJlKX 
u COaep?KaHueM BOAbI B nOCJIegHuX. PaCCMaTpuBaJmCb CJIeAyIO- 
mue MepOguaHuHOBbIe KpaCuTeJrrn: l-MeTuJI-4-[(4-OKCOguK- 
~OreKCa-2,6-~ueHu~u~eH)-aTEIJILI~eH]-~,4-~uru~pOnupu~uH(~), 
~-MeTu~-4-[(2-OKCOguK~OreKCa-S,6-~ueHu~u~eH)-~Tu~u~eH]-~,4- 

AuruApOnupu~UH, 1-MeTuJI-2-[(4-OKCOguKJIOreKCa-2,6-gueHuJIu- 
AeH)-EITnJmgeH]-1,2-~UlrugpOnupuAuH u l-MeTuJI-2[(2-OKCOguKJIO- 
reKCa-S,6-gHeHu~ugeH)-aTuJIuAeH]-l,2-gUrUApOnUpUAUH; opra- 
KuqecKue paCTBOpUTeJm 6bmu wxegyIomue: uaonponaHon, 
ageTOH, ageTOHUTpUJI U IIUpUAUH. ~eMOHCTpupOBaJIaCb B03- 
MoxmocTb 0npeAeneHuK cneaoB ~0gbI B 0praHusecKoM pacT- 
BopuTene u npeAnaraeTcR: npogeAypa ins onpeAeneHus3 cneAoB 
BOgbI B nUpuAUHe. gyBCTBUTeJlbHOCTb MeTOga 'JaBUCUT OT 
paCTBOpUTe~K,npU~eMOHa6o~bmeBanpOTOHHOMpaCTBOpUTe~e, 
9eMBnpOTOHHOM; Hanp.0,05uJrU0,27 Mrp BOAbIB 1 MJlageTOH- 
UTpuJIa uJIU uaonponaHona COOTBeTCTBeHHO MOryT6bITbo6Hapy- 
WeHbII npU nOJlbL3OBaHuU 06bI=tHbIMCneKTp0$~0TOMeTp0M. 



Summaries for card indexes xi 

Yields of photonuclear reactions for photon-activation analysis with 
high-energy Bremsstrahlung: TOYOAIU KATE and YOSHINAGA OKA, 
Talantu, 1972,19,X5. (Department of Chemistry, Faculty of Science, 
Tohoku University, Sendai, Japan.) 

Sunnmuy-Experimental reaction yields have been determined for 
various types of photonuclear reactions, induced in 52 elements by 
means of Bremsstrahlung irradiation with maximum energies ranging 
from 30 to 72 MeV, and of detection of the resultant activities with a 
lithium-drifted germanium detector. From the results obtained, sensi- 
tivities in photon-activation analysis were evaluated and the reactivity 
of high energy photons with nuclei in a wide range of atomic 
number is discussed. Some nuclear considerations in photon-activation 
analysis, involving the relative probability of forming each product as a 
result of the (y,xnyp) reactions are also given. 

Solid-liquid extraction as a preconcentration technique in trace element 
analysis. Extraetlon of trace impurities from metal chlorides : ATSUSHI 
MIZUXKE, KATSUAKI FUK~A and Yen OCHIAI, Tulunfu, 1972,19,527. 
(Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya, 
Japan.) 

Summary-Microgram quantities of iron, cobalt, copper, zinc and 
cadmium are extracted with various aqueous, organic and mixed 
solvents from chlorides of sodium, potassium, nickel, cadmium, 
barium and lead prepared by evaporation of aqueous sample solutions. 
An ultrasonic field accelerates the extraction, and satisfactory trace 
recoveries and separation factors are achieved in several systems with- 
in a reasonable time. The application to a polarographic determi- 
nation and a two-stage separation technique are also described. 

Selective gas-cbromatographic detection using an ion-selective electrode- 
II. Selective detection of tluorine compounds: TSUGIO KOJIMA, 
MIWJNOJO ICHISE and Y~~HIMIT~~ SEO, Tuluntu, 1972, 19, 539. 
(Department of Industrial Chemistry, Faculty of Engineering, Kyoto 
University, Kyoto, Japan.) 

Summary-Components in samples are separated on a gas chromatog- 
raphy column using hydrogen as carrier gas. The individual com- 
ponents from the column are passed through a platinum tube heated 
at 1000”, where they undergo hydrogenolysis, and fluorine compounds 
are converted into hydrogen fluoride. The hydrogen fluoride is dis- 
solved in a slow stream of an absorption solution, and the fluoride 
ion concentration in the resulting solution is monitored in a flow-cell 
with a fluoride ion electrode. The potentiometric output of the cell is 
converted into a signal, which is proportional to the concentration of 
fluoride ion, by an antilogarithmic converter, and recorded. The 
response of the detector to fluorine compounds was about 10000 
times that to an equal quantity of other organic compounds, and 
5 x IO-l1 mole of fluorobenzene could be detected. 



xii AHHoTaqan cTaTe& 

PE3YJIbTATbI @OTORjJEPHbIX PEAICl_JMm AJIfi 
AHAJIB3A (DOTOHHOB AKTElBAIJLlH C TOPMOBHMM 

I43JIYYEHMEM BOJIbILlOm 3HEPIVU: 
TOYOAKIKATO and YOSHINACA O~~,Tulunfa, 1972,19, 515. 

h3IOMe-@Ipt!~WIfUIlXCb pe8yJIbTaTbI J(JIZi paEVIW4HbIX TYlnOB 

BKCnepHMeHTaJlbAbIX +OTOHJJepHbIX peaKF@i, npOBOJ(KMblX B 52 
WleMeHTaX nOCpeACTBOM TOpMOaHOrO o6nyseKKs MaKCHMaJlbHOt 

aHeprKsi B npegenax OT 30 A0 72 MeraWleKTpOHBOJlbT, a TaKme 
06HapymeHne Bbl'dBaHHOt aKTKBHOCTM nOCpeACTBOM repMaHEie- 
Bore AeTeKTopa c miTKeBbm nepeMeqeHKeM. II0 nonyqeHmM 
PeayJIbTaTaM PaCqeHBaJlaCb CTeneHb UyBCTBliTeJIbHOCTEl aHaJlEi8a 
aKTmaqneP $~TOHOB n 06Cy?KAaJIaCb peaKTm3KocTb *0T0~0B 
6onbmoti 8HeprllH C IIApaMH IIIKpOKOrO pRAa aTOMHbIXHOMepOB. 
IIp5fBOAHTcfl TaKme HeKoTopbIe coo6paHteHm no aHanasy 
(PoT~HH~~~ aKTKBaqKet, crmsamme c 0THomTenbHoti BOBMOW 
HOCTbIO 06pa3OBaHnR KamAOrO npOAyKTaB peL3yllbTaTe peaKl@i 

W,x,nyp). 

TBEPaO- II mBfiKO@A3HAlI BICCTPAKIJBR B 
KAYECTBE METOnA IlPEABAPHTEJIbHOJJO 

HAKOlLlIEHkiR JIJ.Ifl CJIE,7JOBOI’O WIEMEHTAPHOI’O 
AHAJIkI3A. H3BJIEYEHItE CJIEAOBbIX IIPllMECEm 113 

XJIOPklAOB METAJIJIOB : 
ATSUSHI MIZIJIKE, KATSUAKI FUKIJDA and YOJI OCHIAI, Tulantu, 1972, 
19,527. 

PeaIOMC-MKKpOrpaMMOBbIe KOJIWieCTBa xeJIei3a, KOBaJlbTa, 
MeAH, I(HHKa Ii KPAMEIFI I18BJIeKaIOT paWIEI=IHbIMli BOAHMMEI, 
OpraHWieCKEMEl H CMeIlIaHHbIMH PaCTBOpMTeJIHMH Ez8 XJlOpMAOB 

HaTpEIH, KPJIUH, HKKeJlH, K~AMHR, 6apm H CBEiHJJa, npKrOTOB- 
JleHHblX BblnapE¶BaHKeM BOAHbIX PaCTBOpOB npob. YJIbTpa3By- 
KoBoe none nocnemaeT aKcTpaKqm0 H nonyYeHbI yAoBneTBoprr- 
TeJIbHbIe BO8BpaTbI CJIeAOB U (baKTOpbI pa3AeJIeHHEl B PHAe 

CHCTeM B OTHOCElTeJIbHO KOPOTKOM BpeMeHH. TaKwe OnKCaHO 

npKMeHeHKe MeToAa B nonfxporpa$wrecKKM 0npeAenemm H B 
AByX-CTmS¶fiHOM pa3AeJIeHllK. 

CEJIEKTBBHOE OBHAPY3KEHBE I’A30BOm 
XPOMATOI’PAQIJEB IIPkl HCIIOJIb30BAHMB 
MOHO-CEJIEKTtlBHOI’O NIEKTPOAA-II. 

CEJIEKTBBHOE OBHAPYNEHBE COEAklHEHMn 
@TOPA: 

TSUGIO KOJIMA, MITSJNOJO ICHISE and Y~~HIMITS~ SEO, Taluntu, 
1972,19, 539. 

PeWUW3-KOMIlOHeHTbI B o6paaqax OTAe2IlWIHCb B KOJIOHHe 

rasoBor0 xpoMaTorpa$a c ~o~opo~o~ B Kaqecme raaa-xiocmem. 
OTAeJIbHbIe KOMnOHeHTbI Ela KOJIOHH~I nponycKanvrcb qepea 

nnaTIiHoByI0 rpy6~y, HarpeTyIo A0 lOOO", rAe OHH IxoABep- 

ranI.icb ruAporeHonKay, npnueM QToposbIe coeAKHeKKn npeB- 

paqaJrmcb~@T0p0~0A0pO~. IIocneAHKZtpacTBopfwn2fl~meAneH- 

HOI noToRe a6cop6apyIowero pacwopa; B IIOJIyWIBIUeMCH 

paCTBOpe KOHIJeHTpaqKJZ MOHOB @TOpa KOHTpOJlHpOBaJIaCb B 

PietKe AJIH nOTOKa WleKTpOAOM AJIH EIOHOB @TOpa. nOTeHIJ&iO- 

meTpK9ecKat B~IXOA ~8 RYefiKn npespamancfl nocpeAcTBoM 

aHTanorapK+nfsecKoro npeo6paaoaaTenH B ciirKan, nponopq- 

IlOHaJlbHbIt KOHqeHTpaIJElH KOHOB @TOpa Ii peJ?HCTpKpOBaJICfI. 

ZIyBCTBHTeJlbHOCTb AeTeTOpa K COeAHHeHHHM @TOpa 6ma 
npKMepK0 B 10000 paa 6oJrbnre, VeM K TaKoMy me KonHvecTBy 

ApyrHx opraHwecKKx CoeAaHeHsiiI; MOWHO 6b1no 06HapyWiTb 

TaKme 6 X 10-11~~~~ (ITOp6eHaOJIa. 



Summaries for card indexes 
. . . 

XIII 

Polarographic studies of cadmium, zinc and manganese(II) iodide 
complexes in acetonitrile: S. MISUMI and M. AIHARA, Tuhnhz, 1972, 
19, 549. (Inorganic Chemistry Laboratory, Faculty of Science, 
Kyushu University, Fukuoka, Japan). 

Summary-Cadmium, zinc and manganese@) iodide complexes have 
been studied polarographically in acetonitrile and the electrode 
reactions for these complexes discussed. The overall stability con- 
stants of the iodide complexes of these metal ions were evaluated and 
corrected for the effect of the ion-pairing electrolyte. The values for 
log /9, of Cdl,*- and ZnI,‘- are 26.2 and 18.4 respectively and the 
values found for the M.n(II) iodide corn 
l?, = 5.6, log PI = 7.8, log PI = 10.0, log 

lex are log b1 = 3.5, log 
B 1 = 12.2 and log @. = 14.4. 

Within certain limits, the wave-height for each complex is proportional 
to the metal concentration. 

Use of ligaad butfers for improved selectivity in the polarographic 
determination of metals. Polarograpbic determination of zinc in the 
presence of a large amount of cadmium: GENKICHI NAKAGAWA and 
Moromu TANAKA, Talanta, 1972, 19,559. (Laboratory of Analyt- 
ical Chemistry, Nagoya Institute of Technology, Showa-ku, Nagoya, 
Japan, and Laboratory of Analytical Chemistry, Faculty of Science, 
Nagoya University, Chikusa-ku, Nagoya, Japan.) 

S--The use of ligand buffers composed of a chelating aged 
and an excess of polarographically inert metal is recommended for the 
selective polarographic determination of a metal in the presence of a 
second metal, which has a polarographic wave at a less negative 
potential than the metal to be determined. Theoretical considerations 
on the optimum ligand concentration and the optimum composition 
of the ligand buffer are followed by the determination of zinc in 
cadmium as an example. 

Flow method in high-resohttion magnetic resonance: YuTuw AsAu 
and Em MIZUTA, Tuhtu, 1972,19,567. (Chemical Research Labora- 
tories, Research and Development Division, Takeda Chemical Ind., 
Ltd., Oska, Japan.) 

Summary-Flow-cells have been designed for following moderately 
rapid reactions by high-resolution NMR. Labile intermediates 
such as the yellow thiol form of thiamine and monoethyl carbonate in 
alkaline solutions were detected by using this device. 



xiv Amuma~m cTaTei 

rIOJIRPOrPA@MYECKtIE IJCCJIE~OBAHMR 
MOjJIiICTOBOJJOPOAHbIX KOMIUIEKCOB KAAMBFI, 

IJJIHKA I4 MAPI’AHqA(I1) B AIJETOHBTPBJIE: 
S. MISUMI and M. AIHARA, Talanta, 1972,19,549. 

Pesmife-llccne~osamcb nomporpa$mecmm MeToAohi MO~~HC- 
TOBOAOpOAHble KomneKcHbIe Coe~liHeHEiFI KanMUFl, QHHKa II 
MapraHqa(II) B aqeTomiTpane n 06cym~amcb 3neKTpoAHble 
peaHnI%H AJIR 3TElX KOMnJIeKCOB. HafiAeHbI BeJIHWiHM KOHCTaHT 
o6qet CTa6ElnbHOCTH E~OAHCTOBOAO~OAH~IX KOMnJIeKCOB HOHOB 
eTHX MeTaJIJIOB M BBeAeHkJ nOllpaBKH Ha CnapHBaHEle HOHOB 
eJleKTpOJIHTOM. Bennsrrm logpI CdIk (KaAMUfI) M ZnI,+ 
(QHHKa) PaBHbI 26,2 EI 18,4 COOTBeTCTBeHHO, a BeJIR¶llHbI AJIH 
I~OARCTOBOAO~OAHO~O KOMnneKCa Mn(I1) (MapraHqa): log 8, = 
3,5, log@, = 5,6, log/% 7,8, logj% = lO,O, log/?, = 12,2, II 
log & = 14,4. B MBBeCTHbIX rpaH&iIJaX BHCOTa BOJIHbI AJIR 
Ka~~oroKomneKcanponop~~oKaJrb~aKoKqeKTpa~sm MeTanna. 

BCIIOJIbSOBAHBE JIHI’AHHOBbIX BYDEPOB HJIfI 
YJIYrIIIIEHklR CEJIEKTMBtibCTkl B OIIPEP[EJItiHH 

METAJIJIOB IIOJIHPOI’PA@BYECKMM METOIIOM. 
IIOJIRPOI’PA~WIECKOE OIIPEAEJIEHtIE qH’iiKA B 
rlPMCYTCTBBM BOJIbiIIHX KOJIWIECTB KAAMMSI: 

GENKICHI NAKAGAWA and MOT~HARU TANAKA, Talanta, 1972,19,559. 

Pe3IOMC+--npeAJIOmeHO ElCnOJIb8OBaHEle JIMI’ElHAOBEdX 6y@epoB 
lQeACTaBJISSO~l%X co6oP xenaToo6pa3ymWi areHT EI EIEs~~ITOK 
nomporpa@wiecKrr mepTKor0 MeTama Am ceneKTHBKor0 
non~porpa@4uecKoro 0npeAenemirr MeTanna B II~HC~TCTBI~H 
npyroro MeTanna, Ko~opb~ti meeT nomporpa@isecKyxo BOJIH~ 
npm MeHee 0TpuqaTenbKoM noTeHquane 9erd 0npeAemermB 
MeTaJlJl. r&lBeneHbI TeOpeTWieCKIle o6cy)f(AeHm OnTHMaJIbHOfi 
KOHQeHTpaqEiM JlllraHAa II OUTHManbHOrO COCTaBa JlElraHAOBOrO 
6yCjepa M paapa60TaH MeTOn OIlpeAeJIeHHH IJHHKa B KwMEle B 
KagecTBe npmepa. 

l-IOTO=IHbIn METOA MAJ?HklTHOI’O PEBOHAHCA 
BbICOKOm PA3PEIIIAKNIJEtf. CIIOCOEHOCTB: 

YUTAKA ASAHI and Em MIZWCA, Tulunta, 1972,19,567. 

Pe3lOMe--BbIJlM CKOHCTpyHpOBaHbI RVeiKH IIOTOKOB ASIf% IIpOC- 
JleHWBaHHH peaKI@ CpeAHefi CKOpOCTEl IlOCpeACTBOM RAepHOrO 
MarHnTHoro peaoHaHca B~ICOKO~~ paapemam~eti CnoCo6HoCTK. 
HOCpeACTBOM eTOr0 npu6opa 6nnn 06HapymeHEJ HeyCTO@U'iBble 
npoMemyTo4me seaecTBa,KaK Kanp. menTaH TnonoBaR @opMa 
T~aMllHaHMOHOaTH,?Kap6OHaTB~eJlO~H~XpaCTBOpaX. 



Summaries for card indexes xv 

Application of urease to the precipitation of maagauese(I1) oxiuate from 
homogeaeous solution with urea ia the preseuce of calcium: SEIICHIRO 
HIKE& HITO~HI YOSHIDA, MITSISHIK~ TAGA and SEIIGERU TAGUCHI, 
Talan~u, 1972,19,569. (Department of Chemistry, Faculty of Science, 
Hokkaido University, Sapporo, Japan.) 

Summary-The effect of calcium on precipitation of manganese(I1) 
oxinate from homogeneous solution by means of decomposition of 
urea with unease was investigated. Manganese was determined 
satisfactorily in the presence of calcium. 

Qualitative aaalysis of ultraviolet-absorbing substauccs by use of 
fluoresceat materials: ZENZO TAMURA, Talanla, 1972,19,573. (Faculty 
of Pharmaceutical Sciences, University of Tokyo, Tokyo, Japan.) 

Summary-Developments of detection techniques of ultraviolet 
absorbing substances with fluorescent materials are reviewed. 

Automatic ioa-exchaage chromatograph for analysis of alkali and 
alkaline earth metal mixtures: SHUN ARAKI, SHIGETAKA SUZUKI and 
MASAAKI YAMADA, Tahta, 1972,19,577. (Department of Industrial 
Analytical Chemistry, Faculty of Technology, Tokyo Metropolitan 
University, Setagaya-ku, Tokyo, Japan.) 

Summary-A new automatic chromatograph for ultramicro determina- 
tion of alkali and alkaline earth metals has been developed. It com- 
bines a high-sensitivity hydrogen flame-ionization detector with 
ion-exchange chromatography. Zirconium phosphate was chosen as 
ion-exchanger. 

Spectrophotometric studies on 5,7dibromo-S-amhqtiolhe chelates 
of some bivaleat transition metals: KATSUMI YAMAMOTO and HIROSHI 
TABATA, Tuhrta, 1972, 19, 582. (Department of Chemistry, Faculty 
of Science, Ibaraki University, Mito, Japan.) 

Summary-The acid dissociation constant of 5,7-dibromo-8-amino- 
quinoline and the stability constants of 1:l chelates of some bivalent 
transition metals were determined spectrophotometrically in 50 % v/v 
dioxan-water medium at an ionic strength of 0.50 at 25,O f 0.1” and 
compared with those of 8-aminoquinoline. The dissociation constant 
was found to be 7.54 x lo-’ and the stability constants (log &) were 
2.3 (copper), 1.8 (nickel), 1.8 (zinc), 2.2 (cobalt) and 1.6 (cadmium), 
respectively. The dissociation constants are greater and the stability 
constants smaller than the corresponding values for I(-aminoquinoline 
and 8-quinolinol. 



xvi 

WZIIOJIb30BAHIJE YPEABbI nJIR OCAFKJJEHBSI 
OKCkiHATA MAPrAHqA (II) E13 I’OMOI’EHHOI’O 

PACTBOPA MOYEBEIHOfl B IIPBCYTCTBBH 
KAJIbLI;BFI: 

SEIICH~RO HIKIME,HITOSHI YOSHIDA,MITWKIKO TAGA and SHIGERU 
TAGUCHI, Talanta, 1972,19, 569. 

PeaIome--BayseHo BjIUflHUe KanbqUfi Ha 0cawneHUe 0KcUHaTa 
hfapraHqa(I1) m rohsoremoro pacmopa nyTehi paanoxeaus 
MOUeBUHbI ypeasO&. Paspa6OTaH y~OBJIeTBOpUTe3lbHbl~ MeTOn 
onpe~enems MapraHQa B U~UC~TCTBUU KanbqUrr. 

KAYECTBEHHbIa AHAJIH3 JIOWIO~AIOIIJHX B 
YJIbTPA@MOJIETOBOfl OBJIACTB CHEKTPA 

BEIJJECTB C BCrIOJIb30BAHtfEM 
cDJIYOPECIJkiPYIO~L%X MATEPHAJIOB: 

ZENZO TAMIJRA, Talanta, 1972,19, 573. 

PeaIoMe+IpUBeAeH odaop MeToAoB 06Hapy)KeHUR KornoIqaIo- 
~UXBy~bTp~~UOJIeTOBO~O6JIacTUC~eKTp~TBe~eCTBCUCUO~b~O- 
BaAUeM @nyopecqUpymlqax MaTepUanoB. 

ABTOMATWIECKBf4 MOHOOBMEHHbI~ 
XPOMATOI’PAQ JJJIfi AHAJIB3A CMECEm 
IJJEJIOYHbIX II IJEJIOUH03EMEJIbHbIX 

METAJIJIOB : 
SHUN ARAKI, SHIGETAKA SUZUKI and MASAAKI YAMADA, Talanta, 
1972,19,578. 

Pe'dIOMe-CKOHCTpyUpOBaH HOBbIZf aBTOMaTUqeCKU& XpOMaTOr- 
pa+ ~~rrr ynbTpar4UKpoonpe~eneHUfi QenosHbm U rqenowoae- 
MeJlbHbIX MeTaJlJIOB. l-IpUGop UCIlOJIbByeT BblCOKO=lyBCTBUTeJIb- 
HbIti lIJIaMeHHOUOHUsa~UOHHbl~ aeTeKTOp U UOH006MeHHylO 
XpOMaTOrpE+iIO. @OC@aT FJMpKOHUR UCIIOSIbsOBaH B KWieCTBe 
UOH006MeHHUKa. 

CrIEKTPO@OTOMETPMYECKOE I13YYEHBE 
XEJIATOB 6,7-JJBBPOM-8-AMklHOXklHOJIElHA C 

HEKOTOPbIMkl ABYXBAJIEHTHbIMkl 
IIEPEXOJJHMMII METAJIJIAMLI: 

KATSIJMIYAMAMOTO and HIROSHITABATA, Talanta, 1972,19,582. 

P0i3WMt%--oIIpe~eJIeHbI ClleKTpO~OTOMeTpWKeCKUM MeTOnOM KOH- 
CTaHTa KUCJlOTHOti ~UCCOJJUagUU 6,7-~E16pOM-8-aMUHOXUHOJIUHa 
Ii KOHCTalJTbl yCTOtif9UBOCW 1:1 XeJIaTOB HeKOTOpbIXAByXBWIeH- 
THEJX nepexoAHbIxMeTaJIJIOB B 50% II0 o6%eMy CMeCu AUoKcaHa 
U BOAbI UpU UOHHOfi CUJIbI 0,50 RpU 25,0 f O,l” U CpaBHeHbI C 
KOHCTaHTaMU 8-aMUHOXUHOHUHa. OnpeAeneHa KoHcTaHTa 
AUCCOQUaI&UU 7,Ei4 X lo-* U KOHCTaHTbI yCTO&U¶BOCTU (ly&) 
2,3 (MeAb), 1,s (HYIKeJIb), 1,s (UUHK), 2,2 (H06aJIbT) U l,6 
(KaAMU&). KOHCTaHTbI AUCCOgUagUU 6onbme, a K0HCTaHTb.I 
yCTOtWBOCTU MeHbIIIe 9eM COOTBeTCTBeHHbIe BeJIUYUHbI AJIFI 
8-aMUHOXUHOJlUHaU8-OKCUXUHOJlUHa. 
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NOTICES 

31st CONGRESS OF THE GROUP FOR ADVANCEMENT OF 
PHYSICAL METHODS OF ANALYSIS (G.A.M.S.) 

This Congress will be held in Paris on 5-9 June 1972 and will be devoted to spectrographic and 
chromatographic methods of analysis. On the 9th, the proceedings (under the aegis of the Analytical 
Chemistry Division of the Chemical Society of France) will deal with modem methods of analysis. 
The meeting will take place in the Salle d’Iena, 10 Avenue d’Iena, Paris-16”, and there will be an 
exhibition of apparatus. Offers of communications should be sent by 15 February 1972 (accompanied 
by a one-page summary) to 

Secr&ariat du G.A.M.S. (Congr&s) 
10 rue du Delta 
75-Paris-9”. 

Further information may be obtained from the same address. 

DECISION, DESIGN AND THE COMPUTER 

The Institution of Chemical Engineers is organising a symposium on this topic, in London on 
12-14 September 1972. The meeting is the 117th Event of the European Federation and the 5th 
European Symposium of the Working Party on Routine Calculations and the Use of Computers in 
Chemical Engineering. The symposium is preceded by a symposium in Paris, on Chemical Engineering 
at the Service of Mankind, and followed (beginning 18 September) by the International Chemical and 
Petroleum Engineering Exhibition at Olympia, London. The symposium will deal with Project 
Evaluation, Computers and Management, Data Banks, Design, Process Models, Parameter Eatima- 
tion and Data Collection, and On-Line Computers and Plant Operation. Further details may be 
obtained from 

N. T. Shepherd 
Institution of Chemical Engineers 
16, Belgrave Square, London S.W.1. 

ii 



TALANTA SCROLL 

PROFESSIR R. BELCHER presenting a special scroll in honour of PROFESSOR C. L. WILSON’s 60th 
birthday. 

II 
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PAPERS RECEIVED 

A study of the evaporation of gold solutions: D. BUK~AK and A. CHOW. (3 February 1972) 

A note on successive complexometric determination of thorium and rare earths: RUWLP PfbBIL and 
VLADIMIR VESEL‘~. (2 March 1972) 

Spectro&emical determination of impurities in telluric acid: B. Z~VA and C. TEOFILOVSKI. (7 March 
1972) 

The determination of gallium in an iron-almninimu matrix by solvent extraction and flame-emission 
spectroscopy: M. S. CRESSER and J. TORRENT-CASTELLET. (7 March 1972) 

Comparative study of analytical properties and applications of picolinaldehyde thiosemicarbaxone and 
selenosemicarbaxone: J. M. CANO PAVON and F. PINO. (7 March 1972) 

The determination of iron, titanimn and nickel in Apollo 14 samples by cathode-ray polarography: 
E. JUNE MAIENTHAL. (9 March 1972) 

Cation-exchange of metal ions in inorganic solvent-cupferron media: J. KORKNH and M. M. KHATER. 
(13 March 1972) 

Rapid determination of seleuimn and tellurium by atomic-absorption spectrophotometry: B. C. SEVERNE 
and R. R. BROOKS. (13 March 1972) 

Spectropbotometric determination of trace quantities of cobalt(n) with sodium 7-nitroso-8lydroxy- 
quinoline-S-sulphonate: M. M. ALY. (14 March 1972) 

Rapid separation and determination of chromimu: J. S. FRITZ and J. P. SICKAFOOSE. (16 March 1972) 

Nuclear magnetic resonance analysis of pharmaceuticals-VII The determination of aminophylline in 
tablets by NMR: J. W. TLJRCZAN, R. A. GOLDWITZ and J. J. NELSON. (17 March 1972) 

Stability constants of some metal dithiiouates: B. W. BIJDFXNSKY and M. SAGAT. (20 March 1972) 

Quantitative reflectometry-Principles and scope: DAVID KINEY. (24 March 1972) 

Simultaneous determination of arsenic, manganese, and selenium in biological materials by neutron- 
activation analysis: KA.J HEYD~RN and ELSE D~AARD. (27 March 1972) 

Extraction with long-chain amines-VI Separation of manganese as the lUn(CN),“- complex amj its 
complexometric determination in calcareous material: RUDOLF P&IBIL and J&t ADAM. (5 April 
1972) 

Note on the complexation of iron(lIl) with quiniiht-2-sulphonic acid: B. W. BUDESINSKY. (5 April 
1972) 

Spectrophotometric determination of strychnine and methyl atropine by extraction with tetrabromo- 
pheuolphthaleun ethyl ester: MA~AHIRO TSU~UCHI, TADAO SAKAI, TCSHIKAZU WATAKE, KA~~ITCJ 
KANAZAWA and MALAYA TANAKA. (5 April 1972) 

Spectrophotometric determhmtion of vauadimn with l,lO-pheuanthroline: AMAL KANTI BHADRA. 

(7 April 1972) 

. . . 
111 
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NOTICES 

ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS, 
86th ANNUAL MEETING 

This meeting will be held on 9-12 October 1972 at Marriott Motor Hotel, Twin Bridges, 
Washington, D.C. 20001, U.S.A. The topics will be. methods of analysis for materials and products 
important to health and agriculture, i.e., drugs, pesticides, foods, beverages, additives, cosmetics, 
feeds, fertilisers, microbiological contamination of foods, etc. For further information write to 
L. G. Esminger, Executive Secretary, AOAC, Box 540, Benjamin Franklin Station, Washington, 
D.C. 20044, U.S.A. 

SPECTROSCOPY SOCIETY OF CANADA 19th SPECTROSCOPY 
SYMPOSIUM AND EXHIBITION 

This symposium will be held on 23-25 October 1972 at Le Chateau Champlain Hotel, Montreal, 
and will deal with optical-emission, atomic-absorption, molecular, X-ray and gamma-ray spectros- 
copy. The exhibition will cover the complete range of instrumentation in spectroscopy. For further 
information write to Prof. J. G. Dick, Department of Chemistry, Sir George Williams University, 
1435 Drummond Street, Montreal, Quebec, Canada. 

INTERNATIONAL SYMPOSIUM ON SELECTIVE ION-SENSITIVE 
ELECTRODES 

A IUPAC symposium on selective ion-sensitive electrodes will be held at the University of Wales 
Institute of Science and Technology, Carditf, Wales, on 9-12 April 1972. The programme will be 
devoted to all aspects of the topic, including development, operation, mechanism and applications. 
Anyone wishing to present a paper should obtain an application form from the Symposium Editor 
(Dr. G. J. Moody), Department of Chemistry, UWIST, Cardiff, Wales, U.K. and return it with an 
abstract of the paper not later than 1 September 1972. Further details and enrolment forms may be 
obtained from the Symposium Secretary, Mr. D. R. Hub, Organiser of Short Courses, UWIST, 
Cardiff, Wales, U.K. 

. 
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SUMMARIES FOR CARD INDEXES 

Removal of graphite by oxidation with perchloric acid plus periodic acid. 
inapplicability to the spectxophotometric determination of manganese in 
steel: JAMES A. GAUXC and HARVEY DIEHL, Tufunru, 1972, 19, 1. 
(Department of Chemistry, Iowa State University, Ames, Iowa, 50010 
U.S.A.) 

Summary-An attempt has been made to improve the Willard and 
Greathouse periodate method for the determination of manganese in 
high-carbon steel and cast iron by oxidizing the graphite with periodic 
acid in the presence of perchloric acid and phosphoric acid. Graphite is 
rapidly oxidized at 150” by this mixture but manganese is lost by volatil- 
ization as the heptoxide and decomposition of the latter on hot surfaces 
to manganese dioxide. No way was found for either the quantitative 
removal and recovery of manganese by volatilization or for quanti- 
tative return to the main solution. The spectrophotometric determin- 
ation of manganese in the supematant liquid after allowing graphite to 
settle yields imprecise but not wholly unacceptable results; for the 
highest accuracy, graphite should be removed along with silica 
following dehydration of the latter with perchloric acid. 

Spectrophotometric determination of calcium in zirconium powder by 
use of murexide: HERMAN GORDON and GEORGE NORWITZ, Talunru, 
1972, 19, 7. (Frankford Arsenal, Philadelphia, Pa. 19137, U.S.A.) 

Summary-An accurate spectrophotometric method is proposed for 
the determination of calcium in zirconium powder by use of murexide. 
A 0.4-g sample is dissolved in hydrotluoric and sulphuric acids, the 
solution evaporated to fumes of sulphuric acid, and a mercury 
cathode electrolysis made if more than O.OS’A copper or nickel is 
present. Ammoniacal precipitation in the presence of ammonium 
chloride separates zirconium and other elements and an aliquot of 
filtrate is collected, equivalent to O-2 g of sample. The ammonium salts 
are destroyed with nitric and hydrochloric acids and the calcium is 
determined with murexide. The high reagent blank is shown to be due 
to the reagent grade nitric acid, hydrochloric acid, and ammonium 
hydroxide. 

Microdosage du silicium dans les composb organiques: E. DEBAL, 
Talunra, 1972, 19, 15. (Service Central de Microanalyse du Centre 
National de la Recherche Scientifique, 2, rue Henry Dunant, 
94-T’hiais, France.) 

Summary-Organic silicon compounds are decomposed by sodium 
peroxide in a Wiirzschmitt nickel bomb. The silicate obtained is 
determined spectrophotometrically as silicomolybdate. The sample 
weight is 2-6 mg. The possible absolute error in the silicon content is 
0.3-o-4 %. 

V 



_kHHOTa~ilH CTaTeit 

S‘&UIEMIIE I'P_%QIIT_% OKIICJEHIIEJI LIOPHOfl II 
HODHOfl IUC,'IOT_~?IIZI. HEIIPHMEHHJIOCTb 
METO,LJ_4 B CIIEKTPO~OTO~IETPMYEC~O~l 
OIIPE~EZIEHHB &IAPrAHqA B CTAJIHIZ: 

JAMES .4. GAL~T and HARVEY DIEHL, Tdanta, 1972, 19, 1. 

Pt?3l0Wt?-&?.-I3Htl IIOIIbITKa y.JyWIaTb HeTO Brranap~a II 
rpe&rxayaa J;IFI onpene;rearicr srapraHqa B Bncosoyr.xepo~ab~s 
cTaiIRx II qyryHe oZistc;IeHxeM rpa$riTa 5rol;HoR KHCJIOTO~ B 
~pilCyTCTBHI1 XZIOpHOti 51 $OC@OpHOi? KIICJOT. rpa#IT 6bICTpO 
0K~fcxfieTcK ~TOZ"I cMecbm nppr 150" ~0 MapraHeq TepaeTcR 
yneTyqHBaK&rex B @opsre renroficrrna Ic paanaraeue.lr 3Toro zo 
;[~yoK~cff MapraHI&aHaropWfHxIIOBepxHOCTRx. HeO6aapyxeti 
bfeTo;l tionzrqecreeaaoro ynaneHlrn 11 peresepaqrru MapraHsa 
yneTyWiBaHaea1 Il.%! KOJIilqeCTBeHHOrO BO3BpaTa r;IaBHO>1J 
paCTBOpy. CneKTpo@oToMeTpaqecKoe 0npeneneHIie MapraHua 
B Bcnnblearoqex caoe nocne ocaH(xeHxR rpa@aTa naeT BeToqKbte 
HO He BeCbhIa HeIlpMeMXeMbIe pe3yJbTaTbI. &IFI nonyqetirut 
Basnyqrnefi~04~0~Tif Ka;[o ylaJrRTb rpa@YrT snreme c KpeMK&re3r, 
nocne )JerpH;laTaQIIiI ABYOKWM KpeWii1H XZOpHOti KKCJIOTOti. 

CFIEKTPOQOTO&IETPB~ECKOE OIIPEjjEJIEHLIE 
KAJIb41IfI B IIOPOIIIKOBEI~HO~ UIIPKOHMM C 

IICIIOJIb30BAH~Ehl MYPEECCHaA: 

HERMAN GORDON and GEORGE NORWITZ, Talanta,1972, 19,7 

PC:,lOW+~pe;r;rOiKeH TOsHbIti C~eKTpO~OTOMeTpW4t?CKHfi MeTOx 

OIIpe~eJIeHWiKfl.XbqklHB IIOpOIUKOBM~HOMIWpKOHPI.eICEfClIOJIb30- 

Bamie31 r.rypeKcirsa. 0,4 r npo6br pacTBopmoT B @T~PoB~~o~oJ- 

HOti >I CepHOri KUCJ?OT~_X, paCTBOp BbIIlapHBatOT r[O nORB.?eHEIK 
HbIMOB CepHOfi KlICJIOTbI II IlpOBO~RT WIeKTpOXEl3 C IICIIOJIb30- 
BaaHeM pTyTHor0 ~aTo~aec;mnp~cy~cT~yroT6onbnxe~eM0,05% 
hIen&+ HJIII HBKeSIFl. ~ElpKOEiH~ OTAejIRlOT OT JlpylWX 3XeMeHTOB 
OCaHi~eHHeM aMM1IaKOM B IIpEICyTCTBIW XJIOpHZa aMMOHHFf &I 

CO6HpaIOT aJIMKBOTHyto LfaCTb @HJI%TpaTa, COOTBeTCTByiOlQyH, 
0,2 r npo6br. Cona aM%foHnR paapyrrrah3T~o6aBneaaeM a30THoti 
H COJIRHOti KIICZIOT, a KaZbI@i OIIpe~e.WFOT MypeKCHzOM. 
IIoKa3aHo ~TO B~ICOKXI WrenaH npo6a peareaToB Bbr3BaHa 
IIpHMeCaMM IJpHcyTCTBylO~~~MH B a30THOti II COZIfiiaOti KHCJIOTBX 

H XZlOpiIfie aM%OHIfFI 3Ha;IIITWleCKOfi WfCTOTbI. 

OIIPEAEfiEHIIE ~IB~POKOJIW-IECTB KPEJIHIIR B 
OPI'AHWIECI-UIX COEflMHEHWIX: 

E. DEBAL, Tafantu, 1972, 19, 15. 

Pe3wt.noOpraiursecKzre coezuHennfi fipe$uxIfH pa3nararoT nepe- 
KIICbiO HaTpHfi B HAKeJeBOZt 6OM6e BtrpqmMnTTa. ~OZIy~eHHbIti 
CWTMKBT OlIpe~eJIfIRJT CIIeKTpOI$OTOMeTpWSeCKHM MeTO,?JOM B 
@op%le cMnnKoMox6aaTa. &I~R onpene;reHxs 6epyT 2-G Mr 
npo6br. BOaMOXiHaX a6conroTHafz ounr6Ka Onpe~eneHrrH paBHa 
0,3-0,4x KpeMHWI. 



Summaries for card indexes vii 

Fluorimetric and phosphorimetric characteristics of several vitamins: 
JEAN-JACQUES AARON and J. D. WINEFORDE~ER. Talanta, 1972, 19, 21. 
(Department of Chemistry, University of Florida, Gainesville, 
Florida 32601, U.S.A.) 

Summary-The fluorescence and phosphorescence characteristics of 
14 vitamins were evaluated. The existence or absence of fluorescence 
and phosphorescence was compared with predictions based upon 
molecular structure. Analytically useful fluorescence signals were 
obtained for p-aminobenzoic acid, folic acid, calciferol, pyridoxine 
hydrochloride, riboflavine, u-tocopherol and vitamin A, whereas 
analytically useful phosphorescence signals were obtained for p- 
aminobenzoic acid, folic acid, niacinamide, pyridoxine hydrochloride, 
and a-tocopherol. All other vitamins either did not fluoresce or 
phosphoresce or could not be measured, owing to experimental 
difficulties. The complementary nature of fluorimetry and phospho- 
rimetry is evident in these studies. 

Microdetermination of a-amino-acids by spectrophotometric and 
titrimetric methods: W. I. AWAD, S. NASHED, S. S. M. HARLAN and 
R. F. ZAKHARY, Talanta, 1972, 19, 31. (Department of Chemistry, 
University College for Women, Ain Shams University, Cairo, U.A.R. 
and Department of Chemistry, Faculty of Science, Ain Shams 
University, Cairo, U.A.R.) 

Summary-Micro-methods for spectrophotometric and oxidimetric 
determination of u-amino-acids are described. They are based on a 
reaction of the acids with peri-naphthindan-2,3,4-trione hydrate at 
pH 2.5 to give a red precipitate of dihydroxy-peri-naphthindenone. 
The red product is dissolved and measured either spectrophoto- 
metrically at 243 run or titrirnetrically by reaction with iodine or N- 
bromosuccinimide. The results obtained by the three methods are 
concordant, the average recovery being 9s %. 

Indirect near-infrared spectrophotometric determination of silicate by 
the 2-amino-khlorobenzenethioi method: LOUIS A. TRUDELL and 
D. F. BOLTZ, Tu[unra, 1972, 19, 37. (Department of Chemistry, 
Wayne State University, Detroit, Michigan 48202, U.S.A.) 

Summary-An indirect near-infrared spectrophotometric method for 
the determination of silicate, based on the absorbance of an equivalent 
amount of molybdenum-2-amino-4chlorobenzenethiol complex in 
chloroform solution, has been developed. The green chloroform 
solution has an absorbance maximum at 715 nm. The development 
of the spectrophotometric method for the determination of silicate 
included a study of a buffer system for the purpose. of maintaining the 
pH within a narrow optimum pH range, complex stability, effect of 
diverse ions, and conformity to Beer’s law. The limit of detection is 
O-034 pg of silicon per ml of aqueous heteropoly acid solution. 



VIII 

~JiYOPIIJlETPLI~iECKlIE II ~OC~OPLIJIETPIIYECli~lE 
SIPXKTEPIICTLIKII HEJGOTOPbIS BIIT_UlLIHOE: 

JEAN-JACQUES AARON and J. D. WISEFORDNER, Tulunra, 1972, 19, 21. 

PC3iOX-~I3yYC!HLI ~~~~O~Il~i~TpEf~~CKI1~ ~1 ~OC~OpII~I~T~~I~~C~iI~ 
XapaKTepircTriKsi 14 BIITaM~IHOB. npI1CyTCTBLie HZIB OTCyTCTBile 
~nyopec~eH~miir~oc~opec~etr~mfcpas~eHo c11pe~cKa3aml~m 
Ha OCHOBe MOJ-IeKyJSIpHOrO yCTpOkTBa. lIcnob3yeMbre ;(;IH 
aHaJIII3El @yOpeCueHTHbIe CIIrHa;IbI IIOJyseHbI ;[IIfI II-aMilHO6eH- 
30tiHOfl KIICjIOTbI. I$O;reBOfi KLIGIOTbI, KaJIbr[iI$epO.Ja, XJIOpilCTO- 
~o~opo~~oro nrlprl~oKcriHa, pilBo@IaBriIIa, a-ToKo@epona II 
BMTaHiIHa A, a ilC~O~b3yebIbIe n[.?R aHaJIH3a @OC(@OpeCIJeHTHbIe 
CMrHaJIbI-&WI II-ElMiIHO6eH3OfiHO~ KHC;IOTbI, $O.ZeBOfi KIlCJOTbI. 
HKaI.JilHaMH~a. X2IOpHCTOBO~OpO~HOrO IIPIpHlOKCHHa II %-TOKO- 
@epOJIa. B cayqae BCeX fipyrax BBTahiIIHOB @syOpeC4eHI.(WI 
11.2~ $oc@opecueeqm He 06HapyiIimacb mii Lie yzanacb 
I13MepRTb BC.-IeACTBIIe OIIbITHbIX TpyJHOCTefi. ~OMIIJIeMeHTapHaFi 
IipHpO;[a @IyOpIlNeTpiIIl M ~OC~OpHMeTpIi~I OYeBII2Ha B 3TfIX 
rr3yYeHrrFIs. 

~IIIKPOO~PE~EJ~EHZ~E I-AM~IHOKIICJIOT 
C~EKTPO~OTO~lETP~I~EC~~I~IlI Ii 

T~ITPOJfETPltIT?ECH~I~l~I NETO~X~fIII: 

W. I. AWAD, S. NASHED, S. S. M. HARLAN and R. F. ZAKHARY, Talanla. 
1972,19, 31. 

I’caro~~~Onrrcami MHIipO!JeTO~bI cneKTpo~0To~ieTpn~eCKor.o Il 
TIlTpO.MeTpWIeCKOrO onpe~eneiirrn a-aMIlHOKllC"lOT. JIeToJbI 
OCHOBaHbC Ha peaK~GIk1 KIICJIOT C IIepH-Ha@TMH;laII-2,3,&TpiIOH- 
ri1ApaTohi npri pH 2,s c 06pa30same~r KpacHoro 0caAKa ~~oKcrr- 
nepwHarJTaH;[etroIIa. KpacabIi-i IIpO;rS'KT paCTBOpfII0T II IIaMep- 
RKJTCIIeKTpO~OTOMeTf_WIeCKGlMMeTO;IO~I~pil243 HPIH.?IlTHTpyIOT 
MOH0.M II;111 _v-LlMkI~OM 6pOMKHTapHOfi KIIGIOTbI. 3TH TpII 
MeTOJa AaIOT COr;IauIaIOIIJlleCFI pe3yJbTaTbI. CpeZIIbIfi BO3Bp"T 
-Es%. 

KOCBEIIHOE OIlPEAEsXEHIIE CIIJILIKATA 
Cl-lEKTPO~OTOMETPki=IECK~IM METOAOM B 

BJIkI3KOfl IIHG)PAKPACHOn OBX4CTII CIIEKTPA C 
~iC~OJlb30B_~H~IEM 2-X31~IHO-4-SJlOPOTIIO~EHOJ.-2: 

LOUIS A.TRUDELL and D. F. BOLTZ, Tafanta, 1972,19, 37. 

Penmre-PaapaBoTaH xioceeaabrfi MeTo onpe;[e;Iemm crmmaTa 
OCHOBbIBaI0iJ&iCR Ha M3MepeHIlli CBeTOIiOrJOlIJeHMfI B 6;1113KOfi 
MH+paKpaCHOti 06JaCTil CIIeKTpa 3KBHBa.7eHTHOrO KOJiIqeCTBa 
KOhiIIJIeKCa ?viO2iH6;leHa C %aMMHO-a-X~OpOTIIO~eHOJIOM B PaCT- 
BOpeX~OpO~Ophia. 3eJIeHbIltpaCTBOp BX;IOpO~OpMe~OKa3bIBaeT 
5laKCilMyhf CBeTOIIOr;IOIIIeHWi IIpH715 H>I. Pa3pa6OTKa CffeKTpO- 
@oToaeTpnsecKoro MeTola AJ-~ 0npeJeaeam cmmaTa mi.mowma 
Il3yqeHIle 6y$epHOfi CilCTehiIl &In IIO;mep*iKKH pri B S_3KIfX 
onTma.nbImX npexe;IaX, HCCu-Ie~OBaEIiie yCTO~WIBOCT:I KO.Wi- 
neKca,~mm~m pa3mssarX IIOHOB Ii co6alo~eKmI 3aKotiy Bepa. 
qyBCTBilTeJIbHOCTb MeTOza 0,034 JlKr Kpe~IHHR/.V;I BO;(HOr0 

paCTBOpa reTepOIIO.lifKIIC;IOTbI. 



Summaries for card indexes ix 

Studies on potassium chlorate as a primary oxidimetric reagent: 
C. RADHAKRISHNA MURTY and G. GOPALA RAO, Talanta, 1972, 19, 
45. (Department of Chemistry, Andhra University, Waltair, India.) 

Summary-Conditions have been established for the use of potassium 
chlorate as a primary oxidizing agent in the direct titration of 
vanadium(III), tin(H) and titanium(II1) with visual or potentiometric 
end-points. 

A spectrophotometric method for the determination of copper ions and 
its application to the co-precipitation of copper in the crystallization of 
sodium chloride: A. GLAWER, S. SARIG, D. WEISS and M. ZIDON, 
Tahta, 1972, 19, 51. (Department of Inorganic and Analytical 
Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel.) 

Summary_--The molar absorptivity of the cyanide complexes 
[Cu(CN)$- and [Cu(CN)$-, at their isosbestic wavelength (235 nm) 
is 1.13 x IO3 l.mole-l.mm-l and can be used for the quantitative deter- 
mination of micro-amounts of copper in the ppm range. The 
determination of l-10 yg of Cu?+ per g of NaCl, or 0.25-2.5 pg/ml, is 
described in detail. The co-precipitation of copper with NaCl 
crystallizing from aqueous solutions has been studied by this method. 

Ammonium hexanitratocerate(IV) as an oxidizing agent-V. Titrimetric 
determination of arsenic(lII) at room temperature: G. GOPALA RAO, 
K. S. MURTY and MURALIKRISHNA GANDIKOTA, Tafanta, 1972,19, 59. 
(Department of Chemistry, Andhra University, Waltair, India.) 

Summary-Conditions have been established for the accurate titration 
of arsenic(III) with ammonium hexanitratocerate(lV) at room tempera- 
ture in sulphuric, nitric and hydrochloric acid media, using suitable 
catalysts, and ferroin as indicator. 



_%HHOTaUSIH CTaTeti 

II3YYEHEIE SJTOP1T.4 K_L’ILIFI B KAYECTBE 
IIEPBLIYHOTO OKCkI~B~lETPII=IECKOI’O 

PEAI’EHT-4: 

C. RADHA-HNA Mmrr and G. GOPALA RAo, Talanta, 1972,19,45. 

Pe3mw-Onpeneaem ycnoem licUojIb30Bami~ riiopaTa Kamf4 
B KariecTBe nepsriworo oKcri;rri.lreTprisecKoro peareHTa B 
HeUOCpe~CTBeXHOM TSITpOBaiiEIIi BaHay(&lFi(III), OJiOBa(II) Ii 
TKTaHa(III) C iIp~MeHeH~leM BH3yaJibHOrO M iIOTeHU~iO!vieTpli- 
qeCKOr0 KOHUeB THTpOBaHKR. 

C~EKTPO~OTOMETPLI=IECKII~ hIETOa 
OIIPE~EJIEIIMFI MEAEI I,1 EI’O IIPHMEHEHIIE B 

KPIICT_4JIJI~I3XIJHH XiIOPHp;_4 HATPIIR j&XI 
COOC4XAEHWI MEA&I : 

A. GLASNER, S. SARIG, D. WEISZ and M. ZIDON, Talanfo, 1971, 19, 
51. 

Peame-hIompHoe i-iOrXO~e~e UElaH#;ZHbiS KOMiiJietiCOB 

(Cu(CS)3)"- II (Cu(CS)‘#- iipn six rr306ecTwiecKo2i ~;LHKLiBOJH 

(235 HM) COCTaBXieT 1,13.10” Ji.MOJib-l.bl~H-1 &I iI~~3i3OJIReT 
OEipeXeJIRTb KOJIiI~eCTBeHHO MLiKpOiiOJilI'leCTBa Me211 B 06JaCT&l 
YacTei? iia vwimf0~. IIoxpobeo omicaiio onpexeneime l-10 

MKr Cu2+ (r SaCl ~rmx 0,2.5-2,5 DIKr) mi. Coocaxqewre MeAx 
C KpifCTa~~M3lipyto~~l~lIi3 BOJU%iX paCTBOpOBX;rOpi4~O~lHaTpHH 
~13y%HO IipIrMeHHfi 3TOT MeTO~. 

lYXCAHIITP.4TO~EPAT(I) AMMOHMR B K4YECTBE 
OK~lC.FIMTEJI%-V. TLITPOMETPWIECKOE 

Ol-IPEAEJIEHIIE hlbIIIIbRKA(II1) IIPLI 
KOMHATHOfl TEMIIEPATYPE: 

G. GOPALA, ho, K. S. MURTY and MURALIKR~SHNA GANDIKOTA, 
Talanta, 1972, 19, 59. 

Pe3mm+Onpe~eaeHa ycnosm Towioro TlfTpoueTpwieciioro 
onpe~eneH~n~ar~bFiKa(III)reKca~TpaToUepaTo~(IV)asrnfo~Ei~ 
IipM KOMHaTHOfi TeMUepaType B CepHO-,a30THO- II CO.'IFiHOK~C~bIX 

cpenax, C EICtiOZib30BaHiieM iIO~[xO~fiiU~iX KaTaJiif3aTOpOB Ii 
@eppoliHa B KaqecT6e trii~crKaTopa. 



Summaries for card indexes xi 

Ammonium hexanitratocerate(lY) as an oxidizing agent-W. Deter- 
mination of chromium(JJI) through oxidation to chromium(W) at room 
temperature: G. GOPALA RAO. K. S. MARTY and MURALIKRL~HNA 
GANDMOTA, Tulunru, 1972, 19, 65. (Chemistry Department, Andhra 
University, Waltair. India.) 

Summary-A new method has been developed for the determination 
of chromium(III), depending on its oxidation to chromium(V1) at 
room temperature by treatment with SO-100’~ excess of ammonium 
hexanitratocerate(IV) in 1.OM nitric acid medium. The reaction is 
complete within 15 min. The unreacted cerium(IV) is titrated poten- 
tiometrically with sodium oxalate. 

A rapid automatic method for the determination of oxygen in organic 
substances, using coulometry at controlled potential: K. J. KARRMAN 
and RONALD KARLSSON, Tuluntu, 1972. 19, 67. (Department of 
Analytical Chemistry, University of Lund, P.O.B. 740, S-220 07 
Lund 7, Sweden.) 

Summary-An Untetzaucher apparatus for the determination of 
oxygen in organic compounds is used. The iodine vapour formed in 
the anhydroiodic acid tube is led by a stream of nitrogen to the 
cathodic chamber of an electrolysis cell. Here the iodine is reduced at 
controlled potential at a rotating Pt-electrode. The amount of 
electricity used is determined by an electronic integrator and read from 
a digital voltmeter. For weights of samples in the range 0.5-6 mg the 
standard deviation is about O.OS’k oxygen. 

Successive complexometric determination of thorium and uranium in 
sulphuric acid media: M. M. L. KHOSLA and S. P. RAo, Tufunru, 1972, 
19, 71. (Defence Laboratory, Jodhpur, India and Department of 
Chemistry, University of Jodhpur, Jodhpur, India.) 

Summary-A selective analytical extraction method for rapid successive 
complexometric determination of thorium(IV) and uranium(V1) in 
sulphuric acid media is described. The method is based on the extrac- 
tion of thorium and uranium from sulphuric acid media with N- 
butylaniline or N-benzylaniline in chloroform. Both thorium and 
uranium are selectively and quantitatively extracted in the presence of 
ascorbic acid and EDTA. Most cations and anions do not interfere. 
The reduction of uranium(V1) with sodium dithionite at room tempera- 
ture is rapid and quantitative and superior to that with ascorbic acid, 
which reduces uranium(VI) in boiling solution. The method is simple, 
rapid and accurate, and the experimental conditions are not highly 
critical. 



xii _4IiHOTaQIiH CTaTeii 

rEIX_4HHTPAT04EP_4T(IV) _41lJlOHIIFI B 
KAYECTBE O~~ICJIITE~7I-IFI--VI. OrIPE2EAEHIIE 

SPOX4(IU) I-IYTEJI OI-XIC;IEHLIR 20 SPO1lA(VI) 
IIPII KOVHXTHOfI TEW-IEPXTYPE: 

G. GOPALA RAO, K. S. MURTY and MURALIKRSHNA GAND~KOTA, 
Talanta, 1972, 19, 65. 

Pearow-PaapaBoTaa ~osbifi uero;l oiipelenearvi spo>ia(III ), 
OCHOB~Baio~Hk=i Ha OKBCv-ieHIiII ;[O SpO$ia(VI) l=IpH iiOVHaTHOfi 
wiwiepa-cype, 06pa60TKolt c 60-100 o/0 TH~IX Ii36b1~Ko~i reKca- 
H~lTpaTO~epaTa(I~)a_MMOHW?B paCTBOpe 1,0~~fa3OTHO~KIiG'IOTbI. 

PeaKIJIIR OKOHqaHa B 15 a!IiH. tIepearripoeamIar~ uepriB(IV) 

T~iTpyiOT iIOTeH~IlOMeTpWIeCKII~I hIeTO;IOM C IiCiIOlIb30BaH~ie~I 

0tica;laTa IIaTpwi. 

EbICTPbItT. ABTO11.4TMYECKHfl >lETOA 
OIIPEIIEJIEHWI EiklCJIOPOXA B OPJ?AHLI=IECNIS 

BIkkECTBAX C nPHk~IEHlIE~ WETO& 
~OTEH~HOCTATII=IECIiO~ H3’,;IOHOJIETPIIII: 

K. J. KARRMAN and RONALD KARLSON, Talanta, 1972, 19, 67. 

~'C.IIOW--_kUTOpbI iIO;lbJyIOTCIl IipHijOpOli &.HTepIIayXepa nJrR 

0npeneneHrifi Kwxopo~a B oprasw4ecKwX coe~*ieKemmX. 06pa- 

3yIouriecn B Tpy6Ke I~~~IICT~BOJO~OJH~R KSIC~~T~I napbi Iio;la 

IIepetIOCRTCR CTpyeti a30Ta B KaTOJHbIfi iipOCTOp WieKTpOJIIlTIi- 

~eCKOfi JWel'rKIr rxe IiO~BOCCTaHail;lLiBaeTCR iipl1 KOHTpO;I;I~ipOBa- 

HHO# Iianpwxefim Ha nparuaI0qeMcn imaTIfHoB03i 3;reKTpoxe. 

YiioTpe6neiitioe KoxwIecTeo 3neKTpIisecTsa 0npe~emroT meKT- 

POHHbihi IfHTerpaTOpOM El 9IlTaIOT Ha i@pOBOM BOJibTJreTpe. 

CTaHsapTfIafi 0urri6Iia ;lafI np06 O,%O.Ci r paeHa OKOx O,OS% 
KIuxIopo~a. 

I’IOCXEAOBATEnbHOE ~OXIZIEliCOHO~lETPEI=IECKOE 
OIIPEaEZIEHBE TOPIlR kI YPAHA B 

CEPHOKIIC.7IbIX CPE&4X: 

M. M. L. KHOSLA and S. P. RAO, Talanta, 1972, 19, 71. 

Pe3lO,i~OIl~ICaII Ce7IeKTkiBHbI8 3KCTpaKTHBHbIti MeTO;[ 6bICT['OrO 

iiocne~oBaTeabHoro Kom.zeKcoKo~~eTpwIecKoro oiipe~eaeam 

TO~IIFI(IV)EI ypaHa(VI)B CepHOKIiC;rbIX CpeaaS. AleTO OCHOBbi- 

BaeTCli Ha 3KCTpaKIQCIl TOpIiR II ypaHa H3 CepHOK&iC.?IlX CpexaX 

_v-6yTIiZiaHWIIIHOM HIH A--6eH3IinaHIiZIIlHO!,l B XJiOpOf$Op~ie. 

06a 3jIeMeHTa CeJieKTIXBHO Ii KOJINeCTBeHHO 3KCTparIfpyIOTCFI B 

IIpHCyTCTBWi aCKOp6AHOBOti KIiCJOTbI If 3AT.4. ~0;rbUiIiHCTBO 

KaTIiOHOB IiaHAOHOB HeMeIlIaIOT 0iIpe;leJieHHIO. BocCTaJIOB?ieHIle 

ypaHa(VI) AIiTIfOHMTOM HaTpIIFi IipH KOhfHaTHOfi TeMiiepaType 

RBIFieTCR 6bICTpbIM II KOJIIl'IeCTBeHHbIM II 2iyWIIHM BOCCTaHOBJe- 

H#IO aCKOp6~HOBOti KIGiOTOfi, KOTOpaFl BOCCTaHaB.7IiBaeT ypaH- 

(\'I) B KIliiRillMX paCTBOpaX. YeTO;r, RBJiReTCR HeCZiO;IiHbiH, 

6bICTpbIM Ii TOqKb‘JI. a OiibITHbIe yCJOBIffI Ke BeCbMa KpHTSI'decKiie. 



Summaries for card indexes 
. . . 

XlU 

Titrimetric determination of arseoic(Uf) with potassium dichromate, 
using redox indicators: G. GOPALA RAO, B. SAROJTSI and MURALI- 
KRISHNA GAXDIKOTA, Taluntu, 1972,19, 7% (Department of Chemis- 
try, Andhra University, Waltair, India.) 

Summary-Experimental conditions have been established for the 
accurate direct titrimetric determination of arsenic(II1) with potassium 
dichromate, using ferroin and N-phenylanthraniiic acid as redox in- 
dicators. Interferences have been considered. 

The use of trietbanolamioe io a buffer for the determinatioo of fluoride in 
calcium and transition metal orthophosphates, using a fluoride-selective 
electrode: EDWARD J. DUFF and J. L. STUART, Talanta, 1972, 19, 76. 
(Department of Preventive Dentistry, Turner Dental Schooi, The 
University, Manchester, U.K.) 

Summary-A method is described for the determination of fluoride in 
inorganic orthophosphates. Interference by complex-forming metal 
ions is avoided by the use of a citric acid-triethanolamine buffer, 
pH < 7.5. 

Determination of phosphorus in coke by the oxygen-flask method: 
B. P. KIRK and H. C. WILKINSON, Tufuntu, 1972, 19, 80. (British 
Coke Research Association, Coke Research Centre, Chesterfield, 
Derbyshire.) 

Summary-Recent developments in the oxygen-flask technique for 
determination of phosphorus in coke are described. The existing 
method was modified by use of the recently proposed potassium 
antimony1 tartrate catalyst for the ascorbic acid reduction of phos- 
phomolybdate. 



xiv 

THTPOMETPW-IECKOE O~PEZEJIEHHE 
MbIiUbRK.4(111) AEIXPOMATOM KAJIZIR C 

BCl-IOJIb30BAHZIEM OKtICJIHTEJIbHO- 
BOCCTAHOBBTEJIbHbIX MHAHKATOPOB: 

G. GOPALA RAO, B. SAROJINI and MURALIKRISHNA GANDIKOTA, 
Talanta, 1972, 19, 71. 

Pe3mw-YcTaE0Bsrem.t orfbmibte yc.70~~~ AAH ~0qK01-0 Henoc- 
pe2CTBWHOI’O THTpOMeTpH’WCKOrO Ollpe~t?eWHW-I MbIUIbHK3(III) 

~mpo~raTou Kamfi, c wzrroirb30Bam.e~~ @eppoaKa 11 iV-@eHrmaKT- 
p3HWfOUOfi KIfCJOTbl B KaqtXTBe OKSfC~1EITWIbHO-BOCCT3HOBK- 

TSXIbHLIX IIH;[EIKBTOPOB. &13yWHO B;IIIRHHe MW.U3IOIIJLIX BeIQXTB. 

BCIIOJIb30BAHME BYQEPA HA OCHOBE 
TPBBTAHOJIAMkIHA B OIIPEAEJIEHMH 

(DTOPMAMOHA B OPTO0OCQATAX KAJfbqMFI &I 
I-IEPEXOaHbIX METAJIJIOB C MCrIOJIb30BAHMEM 

BJIEKTPOAA CEJIEKTLIBHOrO AJIFI 
0TOPHAMOHOB: 

EDWARD J. DUFF and J. L. STUART, TaIanta, 1972, 19, 76. 

Peamw-OmcaK SfeToz 0npeReneKm (PTopwa B Heopraim- 
9eCKMx OpTOI#IOC@aTaU. BnaHHHe Kom;reKcoo6paaymIws llOH0~ 
MeTamoB K36erKyTo mnom3oBameM by@epa &m pH > 7.5, 
COCTOH~WOCli M3 XHMOHHOn KMC.?OThl II TPH3TeHOXl.VHH3. 

OrIPEaEJIEHIIE QOC0OPA B KOKCE METOAOM 
CO?ifCEHLIR B KOJIBE, HAl-IOJIHEHHOfl 

KBCJIOPO~OM: 

B. P. KIRK and H. C. WILUNSON, Talanta, 1972, 19,80. 

Pealonm-OnrrcaHbI ycnera nonyseawe B onpeflenemrr tpoc@opa 
B KOKCe MeTO~OM COXC-KfieHEIR B KonBe, H3IIOJlHeHHOit KIICZIOPO~OM. 

O6bIKHOBeHHbIti MeTOA M3MeHeH IiCUOJ?b30BaFiHeM HeHaBHO 
IIpe~nO%eHFiOrO BHHROKMCjIOrO aRTHWOIiZ%JI-KaJIHR B KaqeCTBe 
KaTanAaaTopa HJIFI BOCCTaHOBXeHElFi @OC~OMOXK6.i(aTa acKop6w 
HOBOi? KHCZOTOtk. 



Summaries for card indexes xv 

Spectropbotometric study of tbe determination of copper with ammonium 
1-pyrrolidiaecarboditbioate: R. W. LOOYENGA and D. F. BOLTZ. 
Tufmta, 1972,19,82. (Department of Chemistry, Wayne State Univer- 
sity, Detroit, Michigan 48202, U.S.A.) 

Summary-A new spectrophotometric method for the determination 
of traces of copper has been developed. The method is based on the 
formation of a stable 1: 2 complex of copper and l-pyrrolidine- 
carbodithioate and the isolation of this complex by extraction into 
chloroform. The absorbance is measured at either 269 nm or 435 nm. 
The detection limit is 0.03 rg of copper per ml for absorbance measure- 
ments at 435 mn. 

Stabilities of some cyclopentadienide metal complergs: B_ W. BIJDE- 
SINSKY and J. Svxc, Talanru, 1972.19, 87. (Department of Chemistry, 
University of Waterloo, Waterloo, Ontario, Canada.) 

Summary-The composition and stabilities of hydrogen, manga- 
nese(H), iron(D), cobalt(H), nickel(D) andpalladium(II)complexeswith 
cyclopentadienide were investigated spectrophotometrically in aqueous 
and dimethylformamide solutions. Corresponding effective and 
overall stability constants were determined. 



Xvi 

CIIEKTPO0OTOMETPkIYECKOE II3YZIEHIIE 
O~-IPEAEJ?EHIIFI MEAM C IICl-IO,?b30BAHIIEJI 

I-II~IPPO~?II~;IIHKAPBO~LlTIIO_~TA AMMOHHR: 

R. W. LOOYENGA and D. F. BOLTZ, Talanta, 1972, 19, 82. 

h?IOW---Pa3pa6OTZiH HOBbiti CIIeKTpO@IOTOMeTpkI’Xt?CK&l~ MeTO~ 

OIIpe~e~leHWI CZIe~OBbIX KOjlWfeCTB Me;[U. hIeTOn OCHOBbIBaeTCR 

Ha 06pa3OBaHmI yCTO8WBOrO KOMII.XeKCa 1:s MelK(II) C I- 

IIHppOJI~I~HHKap60~HT~IOaTO~I amIoHwI &I BbIReneHlIIl 3TOrO 

KobmneKca n3BneqeHsIeY c x~opo@op~ohf. CBeTonorxo~eH~fe 

IKlNepRiOT ilpH 269 HZ1 43.5 HI. YyBCTBNTWIbHOCTb MeTOZZlO.03 

hrKr hfexx/m B cayqae lr3hIepeHlla CBeTOnOrnO~eHH~ nplr 435 HJI. 

YCTOnYHBOCTb HEKOTOPMS KOMnJIEKCOB 
METAJIJIOB C ~kIKJ-IOl-IEHTA~MEHOM: 

B. W. BUDESINSKY and J. SEC, Talanta 1972, 19, 87. 

Pemae-lIccne~oBaHb1 CIIeKTpO$IOTOMeTpWieCKMM hIeTO;[Oht 

COCTaB II J'CTOtiQlBOCTb KOMIIJIeKCOB BOROpO!Z@, MapraHIJa(II), 

-iKene3a(II), iioGanbTa(II), mKem(I1) II nann~m(I1) c umno- 
IIeHTajQieHOM B BOAHbIX paCTBOpaX II pXTBOpiLY B AHMeTllZ- 

~OpMaMH~e. OlIpE!~Gf’XbI Z?@+eKTMBHbIe II 06qEle KOHCTaHTbI 

yCTOtlWBOCTlf. 
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PUBLICATIONS RECEIVED 

Recent Advances in the Analytical Chemistry of the Noble Metals: F. E. B-H and J. C. VAN LOON. 
Pergamon, Oxford, 1972. Pp. xvi + 511. U4.00. 

Readers of this journal will be familiar with the scope, detail and critical standards of this 
book since several of the chapters are based on Talanta Reviews. The work updates the earlier 
Analytical Chemistry of the Noble Metals and provides testimony to the activity in this field. 
It deals with methods of separation and determinations based on AAS, neutron-activation, 
spectrochemical, XRF, electrometric, spectrophotometric, gravimetric, and titrimetric methods. 
With over 1600 references and lots of working procedures and summarizing tables it is destined 
to be a standard work. 

Kl3enzoylphenylhydroxylamine and its analogues: A. K. M-AR. Pergamon. Oxford, 1972. 
Pp. x f 210. z&7.00. 

One of the virtues of the international series of Monographs in Analytical Chemistry, of 
which this is the 49th member, has been the introduction of books which provide an extended 
review of a novel or interesting aspect of the subject. Hitherto the volumes have been cheap enough 
to enable the interested analyst to acquire a shelf full of such volumes. This book is in the 
tradition of the series, but the price is going to limit its circulation. N-Benzoylphenylhydroxylamine 
(even if it doesn’t rate as an “all-time great” alongside l,lO- henanthroline. 

1 
DMG and EDTA) 

and it is useful to have its scope clearly delineated by one w o has been closely associated with 
its analytical application for over a decade. 

. . . 
III 
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PAPERS RECEIVED 

A study of the evaporation of gold solutions: D. BUK~AK and A. CHOW. (3 February 1972) 

A note on successive complexometric determination of thorium and rare earths: RUWLP PfbBIL and 
VLADIMIR VESEL‘~. (2 March 1972) 

Spectro&emical determination of impurities in telluric acid: B. Z~VA and C. TEOFILOVSKI. (7 March 
1972) 

The determination of gallium in an iron-almninimu matrix by solvent extraction and flame-emission 
spectroscopy: M. S. CRESSER and J. TORRENT-CASTELLET. (7 March 1972) 

Comparative study of analytical properties and applications of picolinaldehyde thiosemicarbaxone and 
selenosemicarbaxone: J. M. CANO PAVON and F. PINO. (7 March 1972) 

The determination of iron, titanimn and nickel in Apollo 14 samples by cathode-ray polarography: 
E. JUNE MAIENTHAL. (9 March 1972) 

Cation-exchange of metal ions in inorganic solvent-cupferron media: J. KORKNH and M. M. KHATER. 
(13 March 1972) 

Rapid determination of seleuimn and tellurium by atomic-absorption spectrophotometry: B. C. SEVERNE 
and R. R. BROOKS. (13 March 1972) 

Spectropbotometric determination of trace quantities of cobalt(n) with sodium 7-nitroso-8lydroxy- 
quinoline-S-sulphonate: M. M. ALY. (14 March 1972) 

Rapid separation and determination of chromimu: J. S. FRITZ and J. P. SICKAFOOSE. (16 March 1972) 

Nuclear magnetic resonance analysis of pharmaceuticals-VII The determination of aminophylline in 
tablets by NMR: J. W. TLJRCZAN, R. A. GOLDWITZ and J. J. NELSON. (17 March 1972) 

Stability constants of some metal dithiiouates: B. W. BIJDFXNSKY and M. SAGAT. (20 March 1972) 

Quantitative reflectometry-Principles and scope: DAVID KINEY. (24 March 1972) 

Simultaneous determination of arsenic, manganese, and selenium in biological materials by neutron- 
activation analysis: KA.J HEYD~RN and ELSE D~AARD. (27 March 1972) 

Extraction with long-chain amines-VI Separation of manganese as the lUn(CN),“- complex amj its 
complexometric determination in calcareous material: RUDOLF P&IBIL and J&t ADAM. (5 April 
1972) 

Note on the complexation of iron(lIl) with quiniiht-2-sulphonic acid: B. W. BUDESINSKY. (5 April 
1972) 

Spectrophotometric determination of strychnine and methyl atropine by extraction with tetrabromo- 
pheuolphthaleun ethyl ester: MA~AHIRO TSU~UCHI, TADAO SAKAI, TCSHIKAZU WATAKE, KA~~ITCJ 
KANAZAWA and MALAYA TANAKA. (5 April 1972) 

Spectrophotometric determhmtion of vauadimn with l,lO-pheuanthroline: AMAL KANTI BHADRA. 

(7 April 1972) 

. . . 
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NOTICES 

ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS, 
86th ANNUAL MEETING 

This meeting will be held on 9-12 October 1972 at Marriott Motor Hotel, Twin Bridges, 
Washington, D.C. 20001, U.S.A. The topics will be. methods of analysis for materials and products 
important to health and agriculture, i.e., drugs, pesticides, foods, beverages, additives, cosmetics, 
feeds, fertilisers, microbiological contamination of foods, etc. For further information write to 
L. G. Esminger, Executive Secretary, AOAC, Box 540, Benjamin Franklin Station, Washington, 
D.C. 20044, U.S.A. 

SPECTROSCOPY SOCIETY OF CANADA 19th SPECTROSCOPY 
SYMPOSIUM AND EXHIBITION 

This symposium will be held on 23-25 October 1972 at Le Chateau Champlain Hotel, Montreal, 
and will deal with optical-emission, atomic-absorption, molecular, X-ray and gamma-ray spectros- 
copy. The exhibition will cover the complete range of instrumentation in spectroscopy. For further 
information write to Prof. J. G. Dick, Department of Chemistry, Sir George Williams University, 
1435 Drummond Street, Montreal, Quebec, Canada. 

INTERNATIONAL SYMPOSIUM ON SELECTIVE ION-SENSITIVE 
ELECTRODES 

A IUPAC symposium on selective ion-sensitive electrodes will be held at the University of Wales 
Institute of Science and Technology, Carditf, Wales, on 9-12 April 1972. The programme will be 
devoted to all aspects of the topic, including development, operation, mechanism and applications. 
Anyone wishing to present a paper should obtain an application form from the Symposium Editor 
(Dr. G. J. Moody), Department of Chemistry, UWIST, Cardiff, Wales, U.K. and return it with an 
abstract of the paper not later than 1 September 1972. Further details and enrolment forms may be 
obtained from the Symposium Secretary, Mr. D. R. Hub, Organiser of Short Courses, UWIST, 
Cardiff, Wales, U.K. 

. 
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PROFESSOR C. L. WILSON 

CECIL LEFBURN WIISON was born in Co. Londonderry on 11 May 1912. He attended 
Rainey Endowed School at Magherafelt and later studied chemistry at Queen’s 
University, Belfast, where he graduated with a first class honours B.Sc. in 1932. 
The following year he took his M.Sc. at Queens. A Musgrave research scholarship 
took him to the University of Glasgow in 1933 where he obtained a Ph.D. in 1936. 
In 1935 however, he was appointed to an Assistant Lectureship in Chemistry at the 
Sir John Cass College, London. During the war he was released from there to work 
with the Armaments Research Department, Ministry of Supply, where he stayed for 
the years 1940-1944. He then resumed work at the Cass College but in 1946 returned 
to his Alma Mater in Belfast and has stayed there ever since. Appointed originally 
as a Lecturer, he became a Reader in 1950. In 1953 he took his D.Sc. at Queen’s and 
in 1958 was appointed to a personal chair in Analytical Chemistry, the first of these 
ever created in the United Kingdom. The personal chair was converted into an 
established chair in Inorganic and Analytical Chemistry, which in turn has been split 
into separate chairs, Cecil Wilson retaining the chair of Analytical Chemistry. 

It was in Glasgow that Cecil Wilson’s interests were first turned towards micro- 
chemistry, and as early as 1935 he designed and introduced an undergraduate course 
in this subject in Belfast. His first book, entitled “An Introduction to Microchemical 
Methods” was published in 1938. During the war he had to do mainly analytical- 
often microanalytical- work for the Ministry of Supply, and from this time his 
interest in analytical chemistry became dominating. In co-authorship with Professor 
R. Belcher he published a book on Inorganic Microanalysis in 1946,2nd edition 1957, 
and a similar co-operation produced various editions of “New Methods of Analytical 
Chemistry”. Although his interests in teaching and research in Analytical Chemistry 
were always predominant, he found time and energy to keep up with Inorganic and 
Physical Chemistry. At the request of his old Professor at Queen’s, Dr Stewart, he 
collaborated on the 7th edition of “Recent Advances in Inorganic and Physical 
Chemistry”, the 6th edition of which had been completely destroyed before publication, 
by fire during the London blitz. The book, published under the names of Stewart and 
Wilson, appeared in 1941. Later, with his colleague Barnett at Cass College, he pro- 
duced the well-known textbook of Barnett and Wilson: Inorganic Chemistry. 

As an Editor, Professor Wilson served the community of Analytical Chemists in 
many ways. He was elected to the editorial board of Microchimica Acta in 1949, and 
has served on it ever since; between 1955 and 1962 he also acted as regional editor 
for papers written in English. When Talanta was established in 1958 as a new journal 
for Analytical Chemistry, Cecil Wilson became its first Editor-in-Chief, acting as 
such up to 1964, and since then acting as consulting editor. In 1959, in collaboration 
with his brother, D. W. Wilson, he became editor of the series “Comprehensive 
Analytical Chemistry” and since its foundation in 1967 he has served on the editorial 
board of Analytical Letters. 

The Society for Analytical Chemistry called upon Cecil Wilson’s services on several 
occasions. He has served on the Council three times since 1951. He was a founding 
member of the Microchemical Group, and acted as Chairman for the same group in 
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1951-52. He is a Fellow of the Royal Institute of Chemistry and has acted for years 
as the Chairman of the Northern Ireland section. His growing international reputation 
led to Honorary Membership of the Austrian Microchemical Society in 1955, and 
he was elected to Membership of the Royal Irish Academy in 1966. 

Although his duties as Professor and Head of Department leave little time for 
non-professional activities, he manages to find time to act as Document Examiner 
for the Ministry of Home Affairs of Northern Ireland, appearing frequently as expert 
witness in court proceedings. He has held this appointment since 1953. He also 
served for six years on the Northern Ireland regional Committee of the Independent 
Television Authority. 

Cecil Wilson started to do research in microchemistry, microscopy, micro- and 
ultramicroanalysis, but his interests widened when he had the opportunity of building 
up his own Department and research school at Queen’s. About 100 papers and more 
than 30 research students bear witness to these activities. 

While congratulating him on his sixtieth birthday, we wish Cecil Wilson further 
successes in his wide range of activities. 

GYULA SVEHLA 
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PUBLICATIONS RECEIVED 

Nuclear Analytical Chemistry I (Introduction to Nuclear Analytical Chemistry): J. Tdu;vas.su, S. 
VARGA, and V. KarvAR. University Park Press, Baltimore, and Publishing House of the Slovak 
Academy of Sciences, Bratislava (Czechoslovakia), 1971. Pp. 270. 

With this book the authors start a five-volume series scheduled to appear in a relatively 
short period. The division of the rich and constantly developing material among the five books 
seems to be quite natural: I-Introduction; II-Radioactive indicators (isotope. dilution, radio- 
reagents, radiometric titration, radio-release); III-Radiochemical and activation analysis 
(environmental analysis); IV-Interaction of nuclear radiation with matter; V-Tables, Nomo- 
grams, Schemes. The first volume covers both the fundamentals of nucleonics (types of radiation, 
radioactivity laws, detection, safety, sample preparation) and some chapters interesting for the 
analyst (criteria for the choice of suitable radioisotopes in the tracer method, behaviour of radio- 
active substances in trace amounts, selection of an isotope indicator). 

The authors are well qualified for their task because each of them had made several important 
contributions to the field of nuclear analytical chemistry (radiometric titration, radio-release 
method etc) and moreover Prof. Tolgyessy is author of several more specialized books dealing with 
certain aspects of nuclear analytical chemistry. The present introduction to the whole series is well 
balanced, quite readable and gives the newcomer to the practical use of nuclear phenomena in 
analytical chemistry all the information he would otherwise have to look for in several separate 
books. 

The “seams” between separate chapters (written mostly by one, sometimes by two of the 
authors are almost invisible. Errors and shortcomings are relatively rare (the authors do not 
mention ways of resolving a decay curve of two independent radioisotopes by other means than 
graphically). As a whole the 6rst volume of the series is a promise that the whole work will be a 
very useful systematic and comprehensive presentation of nuclear methods in analytical chemistry. 

M&&auer Spe&roscopy: N. N. GREENWOOD and T. C. GIBB, Chapman & Hall, London, 1971. 
Pp. xii + 659. f12.00. 

This is a standard work for chemists, on the most recent addition to the range of spectroscopic 
techniques now available to them. After a historical introduction to the M&batter Effect the book 
gives a concise account of the more recent experimental techniques which have been developed 
for the study of the iron and tin resonance absorption. The hyperflne structures in the spectra so 
obtained are detailed in the following chapter together with explanations of the physical effect and 
processes responsible for their observation. There follows a large section dealing with the absorp- 
tions due to 67Fe in a variety of compounds. Of particular interest is the section devoted to 
compounds of biological origin such as the blood pigments. A similar detailed discussion is 
provided for the resonances due to llsSn and the book closes with a survey of the applications of 
the Miissbauer effect to other elements in the periodic table. Appendices listing the nuclear data 
for Miissbauer transitions and the relative intensities of hyperhne lines are provided. 

Field Ionisation Mass Qectrometry: HANS-D. BECKEY. Pergamon, Oxford, 1971. Pp. xvi + 344. 
E9.50. 

Field ionization is one of the most recent techniques which have been added to the armoury of 
the mass spectrometrist for the qualitative analysis of organic compounds. The book gives an 
account of the theoretical implications of this technique and of the construction of field ionization 
sources. The application of the field ionization methods to physico-chemical problems is outlined 
and there is a full description of the use of field-ionization mass-spectrometry in the examination 
of organic structures. The newer technique of field desorption is also described together with other 
effects which are observed in high potential gradients. The book is written by the originator of 
the method. 

Liquid Scintillation Counting, Vol. I: ed. A. DYER. Heydon, London, 1971. Pp. vii + 133. f4.60. 

This book is a record of an International Symposium on Liquid Scintillation Counting held at 
the University of Salford on 21-22 September 1970. The papers presented covered a wide field 
from the physics and physical chemistry of the scintillation process to biochemical studies using 
tracers and to the applications of computers to the processing of scintillation data. 

. . . 
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iv Publications received 

Activation Analysis in Geochemistry and Cosmochemistry: ed. ARILD 0. BRIJNPELT and EILIV 
STEINNES. Scandinavian University Books, Oslo, 1971, Pp. 468. Nkr 144.0 

This is an account of the proceedings of a meeting of the Nato Advanced Study Institute held 
at Kjeller, Norway, 7-12 September 1970. There were ten sessions describing the applications of 
the many activation techniques to the study of rock and fossil specimens. Considerable emphasis 
was given in several contributions to the examination of samples of extra-terrestrial origin. 

Chemical Analysis of Additives in Plastics: T. R. CROMPTON. Pergamon, Oxford, 1971. Pp. xi + 162. 
f7.00. 

The term “plastics” in the title of this book is slightly misleading as the analysis of rubber 
additives is also included. The identification and determination of antioxidants, ultraviolet 
stabilizers, peroxides, plasticizers, some residual monomers and other additives are described. 
Column, paper, thin-layer and gas-liquid chromatography together with various forms of spectros- 
copy, form the backbone of the analytical techniques employed. The book is intended to fill a gap 
in the literature on the analytical chemistry of polymers and should be of particular value to 
chemists in the polymer manufacturing and fabrication industries. The half-tone diagrams are 
poor in quality and add very little to the substance of the text. There are 330 references. 

Analytical Chemistry of Molybdenum and Tungsten: W. T. ELWELL and D. F. WOOD, Pergamon, 
Oxford, 1971. Pp. xi +277. E8.00. 

This book, Volume 47 in the “International Series of Monographs in Analytical Chemistry”, 
is a comprehensive treatment of the analytical chemistry of molybdenum and tungsten from a 
practical viewpoint. There is virtually no comparison or contrast made between the elements, and 
the discussions of their respective methods of determination run parallel throughout the book. 
Each analytical method is dealt with in a separate chapter, the methods comprising the so-called 
classical methods as well as electrical methods (polarography, amperometry, and coulometry), 
emission spectroscopy, atomic absorption, X-ray spectroscopy, radiochemistry and mass spec- 
trometry. There are introductory chapters dealing with the physical and chemical properties, 
sampling, decomposition, qualitative detection, and separations, as well as a short chapter on 
miscellaneous methods and a final chapter on the determination of impurities and alloying 
elements. Each chapter comprises a short introductory critique of the method under consideration, 
followed by a discussion in depth of the particular method and the practical procedure for a variety 
of sample types, including iron, steel, ores and biological materials. The excellent presentation of 
the book, the succinct style and care over detail (e.g., giving the systematic names of chromogens 
as well as the trivial names) make the book both easy to read and to understand. 

Proceedings of the 2nd Conference on Applied Physical Chemistry, Vesq&m, Hungary, 1971: edited 
by I. BuzAs. Akademiai Kiado, Budapest, 1971. Two volumes, pp. 759 and 738. E12.00 the set. 

The practice of requiring authors to submit the texts of their papers before a conference begins 
has led to the laudable result that the proceedings can be published soon enough to retain their 
value as a .eflection of the current state of development of the topic. The editors who achieve this 
feat of rapid publication are always to be congratulated on their dedication and enthusiasm. These 
two volumes, which include the proceedings of the second Electroanalytical Symposium and the 
sixth Symposium on Oscillometry could well be required reading for chemistry students, to let them 
see the extraordinary breadth of application of chemical principles in technology today. 

Ekstraktsiya neorganicheskikh soedinenii: V. V. BAGREEV, Yu. A. ZOLOTOV, N. A. KUWMA and 
G. F. KALININA, Izdat. “Nauka”, Moscow, 1971. Two Volumes, 1945-1962 and 1963-1967. 
Vol. 1, pp. 328, 2R4OKop. Vol. 2, pp. 336, 2R.13Kop. 

The two volumes represent an enormous amount of work on the part of the authors, who have 
compiled a bibliography of solvent extraction methods from 1945 to 1967, arranging the entries 
in alphabetical order of first author’s name, and classifying the material by subject. A comprehen- 
sive index makes it easy to find an author or a subject in the main text. Each entry gives the authors’ 
names, title of the paper, the reference, and a Russian translation of the title. The subject indexes 
alone come to over 100 pages. 

Fundamental Chemical Equilibria: Nonionic-Ionic: KELSO B. MORRIS, Gordon and Breach, New 
York, 1971. Pp. x + 110. $12.50. 

The cover says that this book is a modern treatment of chemical equilibria, and it is therefore 
rather a surprise to find no mention of Ringbom’s development of conditional constants and their 
applications, nor of graphical methods of problem solving and information display. There are 
many existing texts on the topic that would appear to offer more value for money. It is a pity that 
“tautomerism” double arrows (e) and “equilibrium” signs (+) have been used more or less 
indiscriminately. 



PROFESSOR C. L. WILSON 

CECIL LEFBURN WIISON was born in Co. Londonderry on 11 May 1912. He attended 
Rainey Endowed School at Magherafelt and later studied chemistry at Queen’s 
University, Belfast, where he graduated with a first class honours B.Sc. in 1932. 
The following year he took his M.Sc. at Queens. A Musgrave research scholarship 
took him to the University of Glasgow in 1933 where he obtained a Ph.D. in 1936. 
In 1935 however, he was appointed to an Assistant Lectureship in Chemistry at the 
Sir John Cass College, London. During the war he was released from there to work 
with the Armaments Research Department, Ministry of Supply, where he stayed for 
the years 1940-1944. He then resumed work at the Cass College but in 1946 returned 
to his Alma Mater in Belfast and has stayed there ever since. Appointed originally 
as a Lecturer, he became a Reader in 1950. In 1953 he took his D.Sc. at Queen’s and 
in 1958 was appointed to a personal chair in Analytical Chemistry, the first of these 
ever created in the United Kingdom. The personal chair was converted into an 
established chair in Inorganic and Analytical Chemistry, which in turn has been split 
into separate chairs, Cecil Wilson retaining the chair of Analytical Chemistry. 

It was in Glasgow that Cecil Wilson’s interests were first turned towards micro- 
chemistry, and as early as 1935 he designed and introduced an undergraduate course 
in this subject in Belfast. His first book, entitled “An Introduction to Microchemical 
Methods” was published in 1938. During the war he had to do mainly analytical- 
often microanalytical- work for the Ministry of Supply, and from this time his 
interest in analytical chemistry became dominating. In co-authorship with Professor 
R. Belcher he published a book on Inorganic Microanalysis in 1946,2nd edition 1957, 
and a similar co-operation produced various editions of “New Methods of Analytical 
Chemistry”. Although his interests in teaching and research in Analytical Chemistry 
were always predominant, he found time and energy to keep up with Inorganic and 
Physical Chemistry. At the request of his old Professor at Queen’s, Dr Stewart, he 
collaborated on the 7th edition of “Recent Advances in Inorganic and Physical 
Chemistry”, the 6th edition of which had been completely destroyed before publication, 
by fire during the London blitz. The book, published under the names of Stewart and 
Wilson, appeared in 1941. Later, with his colleague Barnett at Cass College, he pro- 
duced the well-known textbook of Barnett and Wilson: Inorganic Chemistry. 

As an Editor, Professor Wilson served the community of Analytical Chemists in 
many ways. He was elected to the editorial board of Microchimica Acta in 1949, and 
has served on it ever since; between 1955 and 1962 he also acted as regional editor 
for papers written in English. When Talanta was established in 1958 as a new journal 
for Analytical Chemistry, Cecil Wilson became its first Editor-in-Chief, acting as 
such up to 1964, and since then acting as consulting editor. In 1959, in collaboration 
with his brother, D. W. Wilson, he became editor of the series “Comprehensive 
Analytical Chemistry” and since its foundation in 1967 he has served on the editorial 
board of Analytical Letters. 

The Society for Analytical Chemistry called upon Cecil Wilson’s services on several 
occasions. He has served on the Council three times since 1951. He was a founding 
member of the Microchemical Group, and acted as Chairman for the same group in 
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1951-52. He is a Fellow of the Royal Institute of Chemistry and has acted for years 
as the Chairman of the Northern Ireland section. His growing international reputation 
led to Honorary Membership of the Austrian Microchemical Society in 1955, and 
he was elected to Membership of the Royal Irish Academy in 1966. 

Although his duties as Professor and Head of Department leave little time for 
non-professional activities, he manages to find time to act as Document Examiner 
for the Ministry of Home Affairs of Northern Ireland, appearing frequently as expert 
witness in court proceedings. He has held this appointment since 1953. He also 
served for six years on the Northern Ireland regional Committee of the Independent 
Television Authority. 

Cecil Wilson started to do research in microchemistry, microscopy, micro- and 
ultramicroanalysis, but his interests widened when he had the opportunity of building 
up his own Department and research school at Queen’s. About 100 papers and more 
than 30 research students bear witness to these activities. 

While congratulating him on his sixtieth birthday, we wish Cecil Wilson further 
successes in his wide range of activities. 

GYULA SVEHLA 
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PUBLICATIONS RECEIVED 

ultrapurity: Methods aad Tedmiqoes. Ed. Moams ZIEF and ROBERT M. SPEIWIX Dekker, New 
York, 1972. Pp. 700. 537.50. 

The subject matter of this book will be of interest to many analysts. Some of the articles are 
directly concerned with such associated problems as sources of contamination and choice of 
container materials for high-purity materials, but this should not be taken as an excuse for five 
additional chapters on commonly used analytical techniques. The exception is provided, however, 
by A. J. Barnard’s stimulating survey “High-purity chemicals-a challenge to the practical 
analyst.” The tirst eleven chapters are concerned with the preparation of a number of materials in 
high purity (alkali metal halides, sodium and potassium, solvents, P,O,, proteins, p-xylene, 
isopropylbenzene, cholesterol, and water) and with the use of some techniques for purification 
(GLC, fractional distillation, dry-column chromatography). There is much valuable information 
in this book, based on the personal experience of the authors, (the chapters on glass, silica and 
ceramics in particular). 

All Pollution. Part A: Analysis. JOE 0. LEDBEITER. Dekker, New York, 1972. Pp. 424. $11.75. 
The author makes a successful attempt to distinguish the real problems from the imaginary and 

to help the student appreciate the need for a clear understanding of what pollution is, and what 
kind of analytical data are likely to be useful to the controlling authorities. Topics covered include 
Sources of pollution, Atmospheric transport of pollutants, Statistical evaluation, Sampling, 
Properties of gaseous and particulate pollutants, and various aspects of the analytical methods 
used. This book can be recommended as interesting and worthwhile reading. 

EIeetrechemls~: Cahxdatiens, Simulation and Instnnnentation. (Computers in Chemistry and 
Instrumentation Series, Vol. 2) Ed. J. S. MATIWN, H. B. MARK, JR. and H. C. MACDONALD, JR. 
Dekker, New York, 1972. Pp. 466. $23.50. 

The successful design and application of mathematical models has been a notable development 
in the study of electrochemical processes in recent years, being limited more by the complexity of 
the models than by their shortcomings. The contributors to this volume show how the use of 
computers can alleviate the problem of complexity and enable the chemist to design and test his 
mathematical models with ease. Thirteen chapters, contributed by sixteen authors, cover a wide 
variety of topics, some of rather specialized application, others, such as those on Numerical 
solution of integral equations, and Operational amplifier instruments for electrochemistry, may be 
commended as useful and readable introductions for the non-specialist. The offset-litho printing 
from the typescript-aimed at speeding up the publishing-suffers from a lack of variety in type 
faces which is particularly noticeable in chapters with a considerable mathematical content, and 
does not appear to effect any cost-saving, 

ShnpIllIed Circuit Analysis: RICHARD B. SACKS and HARRY B. MARK, JR. Dekker, New York, 1972. 
Pp. 166. $6.50. 

The two sections of this book, dealing with analogue and digital circuitry respectively, grew out 
of material presented in a course on basic electronics as applied to instrumentation and written for 
non-engineers. A special feature is the emphasis on circuit analysis by the Laplace Transform 
Method. There are many figures to illustrate the text, and examples are given of chemical ap- 
plications-for example the solution of problems in kinetics by analogue computer. 

Solvent Extraction Reviews Vol. 1: Ed. Y. MAKUS. Dekker, New York, 1972. S19.50. 
The object of this new series of reviews is to provide authorative surveys and critical discussion 

of advances in the field of solvent extraction. Speedy 
will appear first in journal form and then in an annual K 

ublication is promised and future reviews 
ardback edition. The selection of items in 

this volume is diverse and covers discussion of extraction equilibrium and kinetics of organo- 
phosphorus acids, the extraction of protactinium and polonium, mixing equipment, mass transfer 
problems and the industrial extraction of phosphoric acid. The papers provide useful background 
reading for the analyst, although the bias is clearly towards the physico-chemical aspects of the 
technique. The emphasis on criticality however, is most welcome and future volumes may well 
have more contributions of direct analytical interest. 

. . . 
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iv Publications received 

Etude aualytique de d&iv& fluork M. HANOCQ. Editions Arscia S.A., Brussels, and Librairie 
Maloine S.A. Paris, 1972. 4.241. 490F.B. 

This book contains a comprehensive account of the methods available for determination of 
fluoride (or fluorine) by spectrophotometry or potentiometry, with special reference to materials of 
biological or organic origin. In doing so it reports at some length original work from the author’s 
laboratory, with statistical analysis of the results. In view of the author’s undoubted interest in 
statistics, it seems curious to recommend optimum reaction conditions that apparently require very 
exact measurement of reagent volumes, and to state ratios of sensitivities to better than 1% 
relative. There is an English version of the summary of the book, and the publishers have done the 
author a disservice by not having the translation edited properly. Nevertheless the book as a whole 
is a useful summary of the present state of determination of fluorine in fluorinated compounds. 

Luminescence Spectrometry in Analytical Chemistry. J. D. WINEFORDNER, S. G. SCHULMAN and 
T. C. O’HAVER. Wiley-Interscience, New York, 1972. Pp. xiii + 354. $19.95. 

The senior author of this work is well known for his contributions to interpretations of errors in 
luminescence spectrometry and for his practical application of absorption and fluorescence, and 
this book amply reflects his interests, the first two thirds being devoted mainly to theory, whether of 
the basic phenomena or of the instrumentation, and the remainder to a review of the analytical 
applications. In view of the increasing interest in the technique it is a pity that the literature 
coverage appears to stop at 1969 except for a few references to work undertaken by the author(s) or 
described at meetings. The book will plove very useful to analysts working in this field. 

Analytical Applications of EDTA and Related Compounds. R. PkIBIL. Pergamon, Oxford, 1972. 
Pp. XXI + 368. 02.50. 

The title of this book is slightly misleading, as the book does not deal at all with the direct 
application of EDTA and its analogues as titrants, but is concerned with their use as masking 
agents in gravimetric, titrimetric and calorimetric analysis, and with the use of metallochromic 
irdicators as reagents in calorimetry. In addition there is mention of the solvent extraction of 
some metal complexes of these compounds. As might be expected from the author, there is a 
wealth of detail on practical application. The literature coverage stops at around 1967-S. largely 
because the author considers that practically all the important work had already been done by 
then. The book will prove a valuable reference work for all analysts concerned with inorganic 
analysis. 

Marine Chemistry, Vol. 1, Analytical Methods. DEAN F. MARTIN, 2nd Ed. Dekker, New York, 1972. 
Pp. viii + 389. $9.50. 

The fact that a second edition (expanded and revised) has been found necessary only four years 
after the appearance of the first doubtless reflects the interest taken in the chemistry of the ocean. 
The literature coverage has been brought up to date (up to late 1971). 

Analytical Atomic Absorption Spectrometry: W. J. Pruce, Heyden, London, 1972. Pp. xii + 239 
E5.80, 815.25. 

Those familiar with the very extensive range of monographs on atomic-absorption spectrom- 
etry might well be excused for kxpressing dismay at the ixitrdduction of yet anotfier work on this 
subject. It is therefore extremely gratifying to be able to report that this volume is undoubtedly one 
of the finest and most concise and readable expositions of atomioabsorption currently available. 
Selection of material and the level of treatmeni used clearly represent thd results of a good deal of 
careful and painstaking thought and effort on the part of the author, who has produced a book 
which should serve for several years to come as an invaluable reference work for the analyst, 
regardless of his previous experi&e of the technique. The excellent r&urn& of sample dissolution 
methods for a wide range of sample types renders the book an asset not only in all branches of 
analytical flame spectrometry, but also in many other branches of analytical chemistry. 

Ammal Reports on Analytical Atomic Spectroscopy, Vol. 1: D. P. HUBBARD (Ed.), The Society for 
Analytical Chemistry, London, 1971. Pp. 204. E5.00, 813.00. 

Much credit must go to the editor and editorial board of the first volume of this annual series 
for the promptness of publication which has resulted in a useful outline of the developments in all 
major branches of analytical atomic-spectroscopy during 1971, with few of the errors and omissions 
which are perhaps inevitable in a work of this kind. Particularly useful are the references to papers 
presented at conferences and to papers published in some of the less readily available journals. 
These, together with the frequent use of tabular presentation of data selected from a wide range of 
sources indicate that this inexpensive book should prove to be a valuable source of reference to 
spectroscopists engaged in both routine analysis and in academic and more applied research. 



Publications received V 

Bibliography of Paper and ‘I% Layer Chromatography 1!%6-1969, Jommal of Chromatography, 
St~ppiementary Volume No. 2: edited by K. MACE& I. M. Hlus, J. KOPIZCK*, J. GASPARIC, 
V. RAgEKand J. CHURL&K, Elsevier, Amsterdam, 1972. Pp. XVI + 991. Dfl. 200.00,8w. 62.50. 

The editors and those who collaborated in the production of this biblio~phy on paper and 
thin-layer chromatography have performed a daunting and arduous task. They have sifted the 
contents of countless papers, many of them in journals not readily available. This work lists papers 
deemed particularly sign&ant. The titles, unless originally in Bnglish, German or French, have 
been translated and, in the case of the less readily available journals, references to Chemical 
Abstracts are commonly included. Over the 
published bibliographies on the fields covered P, 

ast decade the Journal of Chromatography has 
y the present work. Now the collective labours 

for the years 1966-69 have been brought together in augmented, critically selected, rearranged and 
well-ordered form. There are 849 references to papers on general methods followed by 7846 
references to compounds classi6ed in about 500 groups. Such a book needs, and has, lengthy, 
comprehensive and reliable compound and author indices. There are also helpful cross-references 
at the end of each section to papers listed elsewhere in the book. Bibliographies are not for 
readers, but for the guidance of those lost or uncertain where to turn. This chromatographic 
gazetteer will save many travellers in the field much unnecessary toil and with, or without, a 
preceding volume covering the years 1961-65 will, it is to be hoped, justify the cost of placing it on 
the shelves of every library frequented by research workers using such c~o~to~phic methods. 

Neutron Activation Analysis: D. DE Sorrrx, R. GUBEJ_~ and J. Hosra. Wiley-Interscience, London, 
1972. Pp. xx + 836. E14. 

This comprehensive treatise upon the most important technique of trace analvsis constitutes 
Volume 34 of the series of monographs edited by P: J. Elving and I. M. Kolthoff udder the general 
title of Chemical Analysis. There is an introductorv section describine the scone and annhcation of 
the technique and this;s followed by chapters deal&g with the theore&al asp&s of th~intera~tion 
of neutrons with nuclei. Succeeding chapters outline the experimental methods and describe 
neutron sources, the growth and decay of induced radioactivity and the detection of the resulting 
radioelements. In addition, the preparation of samples and standards is described, together with 
procedures for chemical segreg&ion of activities. The book closes with a survey of”.systematic 
errors and the statistical analysis of exuerimental results. There is an extensive biblioaranhv 
classified in tabtdar form under-author’s name and element determined, and appendices w&i&g 
lists of neutron cross-sections. 

Photoelectron Spectroscopy: A. D. BAKER and D. BETTERIDGE. Pergamon, Oxford, 1972. Pp. x -I- 
180. E3.50. 

This is the first book dealing explicitly with the analytical applications of one of the most recent 
additions to spectroscopy. The theory of the photoelectric effect is outlined and there is a detailed 
discussion of instrumentation. The appearance and interpretation of photoelectron spectra are 
described with reference to the detailed tine structure. Although the book is mainly wncerned 
with electron emission resulting from the absorption of X-ray and ultraviolet photons there is a 
section dealing with other techniques based upon the energy analysis of emitted electrons. There 
are appendices giving lists of ionization potentials and orbital energies. 



EDITORIAL 

SI UNITS 

IN 1968 the Royal Society Committee of Editors decided that as a matter of policy 
their journals would use SI units in future. The International Union of Pure and 
Applied Chemistry also gave its support to exch.n%use of SI units. Because Talanta 
has always followed the recommendations of IUPAC, an editorial in the 1968 July 
issue informed readers that SI units would be used in this journal. Three years later, 
we have received a grand total of two papers actually written with use of SI units 
only, and it is clear that whatever the future may hold in the shape of papers written 
by scientists trained from childhood in the use of SI, the current generation of 
practising analysts will have no truck with the system. We shall therefore revert to 
allowing authors to use the units that are familiar to them and which are in everyday 
use on instrument dials etc, with some exceptions in the case of units that are un- 
necessary duplication of existing and more immediately understood units. Examples 
are “mii” (instead of 0.001 in.) and “torr” (instead of mmHg). We shall continue to 
use milliard (abbreviation M) for IO9 to avoid the confusion between American and 
European billions, and mole for an Avogadro’s number of units of the species named 
(the IUPAC abbreviation to “mol” seems singularly pointless). By a happy co- 
incidence, the two papers that were written in terms of SI units also were the two 
best-written papers published in Talanta in 1971, and it is with pleasure that we 
announce the joint award of the Louis Gordon Memorial Award to Mrs. Elsie M. 
Donaldson, of Ottawa, Canada, for her paper on “Determination of aluminium in 
molybdenum and tungsten metals, iron, steel and ferrous and non-ferrous alloys with 
Pyrocatechol Violet” (Talanta, 1971, 18, 905) and to Dr. G. B. Briscoe and Dr. S. 
Humphries, of Birmingham, England, for their paper on “Substoichiometric deter- 
mination of traces of palladium by radioactive isotope-dilution analysis” (Talanta, 
1971, 18, 39). 
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SUMMARIES FOR CARD INDEXES 

Determiaatiolr of trace elements in metals aud alloys by atomic-ahsorp- 
tion spectroscopy using aa iaduction-beahd graphite well furaace as 
atom &ce: JIB. HE&RIDGE and DAVID Rr&&Shir~~, TuZuntu, 1972, 
19, 833 (Chemistry Department, Sheffield University, Sheffield, 
S3 7HF, U.K.) 

Sunnnary-_An induction-heated graphite furnace, coupled to a Unicam 
SP PO atomic-absorption spectrometer, is described for the direct 
determination of trace elements in metals and alloys. The furnace is 
capable of operation at temperatures up to 2400”, and has been used 
to obtain calibration graphs for the determination of ppm quantities of 
bismuth in lead-base alloys, cast irons and stainless steels, and for 
the determination of cadmium at the ppm level in zinc-base alloys. 
Milligram samples of the alloys were atomized directly. Calibration 
graphs for the determination of the elements in solutions were obtained 
for comparison. The accuracy and precision of the determination are 
presented and discussed. 

Separation of the non-volatile noble metals by revexsed-phase exfrac- 
tioa chromatography: CHRLWEL POHLA~T and T. W. STEELE, Tdanta, 
1972, 19, 839. (National Institute for Metallurgy, Private Bag 6, 
Johannesburg, South Africa.) 

Sammary-The procedure involves the use of tri-n-butyl phosphate 
(TBP) adsorbed by Porasil C and stepwise elution with sulphuric acid 
and hydrochloric acid. The distribution coefficients for the two 
systems (TBP and hydrochloric acid and TBP and sulphuric acid) and 
the elution characteristics were studied. A description is given of a 
procedure applicable to the analysis of prills obtained from the fire 
assay of platinum-bearing ores. 

Determiaatio~~ of trace amounts of uranium ia silicate minerals by the 
fission track technique: HIDEKI, MATSULIA, YUTAKA TSUTSUI, SHIGENORI 
NAKANO and SHUNJI UMFZMOTQ Tulanru, 1972, 19,851. (Department of 
Chemistry, Faculty of Science, Kyushu University, Hakozaki, Fukuoka, 
Japan.) 

Summary-The fission track technique has been applied to the deter- 
mination of uranium on Dowex 1 x 8 after chemical separation from 
silicates. Standard rock and several stone meteorite samples were 
treated by this method and satisfactory results were obtained. The 
procedure is applicable to natural waters. 

. . . 
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AHHoTaHHH cTaTeH 

OIIPEAEJIEHBE CJIEAOB 3JIEMEHTOB B METAJIJIAX 
II CHJIABAX METO,QOM ATOMHO-ABCOPBqHOHHOB 

CIIEKTPOCKOIIBB C I4CUOJIbSOBAHBEM 
I’PA@kITHOa nE=Ikl C MHfiYKqkiOHHbIM 

HAI’PEBAHfiEM B KAZIECTBE ElCTOYHLlKA 
ATOMOB : 

J. B. HEADRIDGE and DAVID RISSON SMITH, Tdanta, 1972,19, 833. 

Posmwe-OnncaHa rpa@xmafi neHb c MH,~~KHMOHH~IM Harpe- 
BaHkIeM, KOM6HHHpOBaHHaR C aTOMHO-a6COp6HHOHHbJM CIIeKTpO- 
$OTOM~TPOM K)HHKaM Cn 90, AJIFI HenocpeacTseHHoro onpene- 
JIeHHRCJIefiOB3JIeMeHTOBBMeTaJIJIaXHCIIJIaBa.X. ~eHbIIO3BOJIHeT 
HarpeBaTb npo6b1BnnoTb 2400" H MCnonbaOBaHa~na HonyseHHa 
KaJiH6pOBoHHMx KpHBbSX HJIFI OIIpeHeJIeHHfI MHKpOrpaMMOBbIX 
KOJIHYeCTB BHCMyTa B CIIJIaBaX Ha OCHOBe CBHHHa, B HyryHe II 
HepxtaBeIoIHHx cTaHHx H HIIR 0npeHeneHuH sacTea Ha MIIJIJIMOH 
KaHMHH B CIIJIaBaX Ha OCHOBe HHHKa. MeToH II03BOJIfieT paCIIbl- 
JIHTb HeIIOCpeACTBeHHO MHJIJIHrpaMOBbIe KOJIHHeCTBa CHJlaBOB. 
Pe3yJIbTaTbI CpaBHeHbI C KaJIH6pOBO=IHbIMH KpHBbIMM IIOJIyHeH- 
HbIMH AHIf paCTBOpaX 3JIeMeHTOB. HpHBeHeHbI Ii o6cywHeHbI 
TO'IHOCTb II BOCIIpOH3BOHHMOCTb pe3yJIbTaTOB. 

PA3AEJIEHLIE HEJIETYYHX EJIAI’OPOflHbIX 
METAJIJIOB METOaOM BKCTPAKqMOHHOB 
XPOMATOI’PAQBtI C OBPATHOm DA30I4: 

CHRISTELPOHLANDT andT. W. STEELE, Talanta, 1972,19, 839. 

Pe3Iew+--MeTon McnonbayeT TpH-H-6yTHn$IOCf#aT (TEQ) aHcop- 
6HpoBaHHblH Ha UOpaCHHe C H 3TanHOe 3nIoHpoBaHHe CepHoi H 
COJIHHOH KHCJIOTBMH. IJayseHbI Koa@@aHHeHTbI pacnpeHeneHHH 
AJIH BTHX HByX CHCTeM (TEL&-COnHHaH KHCJIOTa H TBG- 
CepHaH KHCJIOTa) H XapaKTepHCTHKH 3JIIOHpOBaHHFI. OnHcaH 
MeTOH HpHMeHHMbIZt B aHaJIH3e KOpOJIKOB IIOJIyYeHHbIX IIpH 
HCIIbITaHHM CyXMM IIyTeM IIJIaTkIHycOAepHtaIHMXpyH. 

OIIPEAEJIEHHE CJIEAOBbIX KOJIWIECTB YPAHA 
B CWILIKATHbIX MMHEPAJIAX METOAOM CJIEAA 

(DIKCBIZ: 

HIDEKI MATSUDA,~UTAKA TSLJTS~I,SHIGENORI NAKANO and SHUNJI 
U~EMOTO, Talanta, 1972, 19, 851. 

PeaIeMo-MeToH cneHa CpHccHH npEinseHeH B 0npeAenemm ypaHa 
Ha CMOJIe AayeKC 1 x 8 IIOCJIe XHMHYeCKOI'O OTHeJIeHMH OT 
CHJIMKaTOB. 3TaJIOHHbIe I?OpHbIe HOpOHbI H HeKOTOpbIe o6pasHII 
KaMeHHbIX MeTeOpHTOB aHaJIH3HpOBaHbI C IlOMOLqbIO 3TOrO 
MeTOHa II HOJIy=IeHbI yHOBJIeTBOpHTeJIbHbIe pe3yJIbTaTbI. MeTo- 
HOM MO)fCHO IIOJIb30BaTbCH HJIFI aHaJIH3a IIpHpOAHbIX BOA. 



Summaries for card indexes 

Rapid mass-spectrometric det enninatlon of boron isotopic distribution 
in boron carbide: JAMES E. REIN and ROBERT M. ABERNATHEY, Tukz~tu, 
1972, 19, 857. (University of California, Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico 87544, U.S.A.) 

Summary-Boron isotopic ratios are measured in boron carbide by 
thermionic ionization mass spectrometry with no prior chemical 
separation. A powder blend of boron carbide and sodium hydroxide 
is prepared, a small portion is transferred to a tantalum filament, the 
filament is heated to produce sodium borate, and the filament is 
transferred to the mass spectrometerwhere the”B/lOB ratio is measured, 
using the NalBOa+ ion. Variables investigated for their effect on 
preferential volatilization of l’JB include the sodium hydroxide-boron 
carbide ratio and the temperature and duration of filament heating. 
A series of boron carbide pellets containing; natural boron, of the 
type proposed for the contiol rods of the East Flux Test Facility 
reactor. were analvsed with an aooarentlv unbiased result of 4.0560 
for the ilB/lOB ratib (standard de&ion O&87). The pellets contained 
over 3% metal impurities typically found in this material. Time of 
analysis is 45 min per sample, with one analyst. 

Determination of niobium in rocks, ores and alloys by atomic- 
absorption spectrophotomelry: JOHN HUSLER, Taluntu, 1972, 19, 863. 
(Department of Geology, University of New Mexico, Albuquerque, 
New Mexico 87106, U.S.A.) 

Summary-Niobium, in concentrations as low as 0.02% NbB06, is 
determined in a variety of materials without separation or enrichment. 
Chemical and ionization interferences are controlled, and sensitivity 
is increased, by maintaining the iron, aluminium, hydrofluoric acid 
and potassium content within certain broad concentration limits. 
There is close agreement with the results of analyses by emission 
spectrographic, electron microprobe and X-ray fluorescence methods. 

Constitution and stability of acidic periodate solutions: D. J. B. 
GALLIFORLL R. H. NUTIALL and J. M. OITAWAY. Tuhntu. 1972.19. 
871. (Chemistry Department, University of Strkhclyde,.Cathddrai 
Street, Glasgow C.l, Scotland.) 

Summary-Acidic periodate solutions are shown to contain two 
species, tetrahedral IO&- and octahedral H610,. Equilibrium between 
the two is attained rapidly and the solutions are stable for long periods 
of time if stored in amber glass bottles. 



BbICTPOE OHPEAEJIEHBE PACIIPEAEJIEHBE 
I430TOIlOB BOPA B KAPBllAE BOPA METOAOM 

MACC-CIIEKTPOMETPkIki: 

JAMES E. REIN and ROBERT M. ABERNATHY, Talanta, 1972, 19, 857. 

Pe3Iome-OTHomeHm U~OTOIIOB 6opa~ Kap6une 6opa UaMepeHn 
MeTOAOM MaCC-CIIeKTpOMeTpuu C TepMOuOHHOi uOHu3aqueltt 6ea 
IIpeABapuTeJIbHOrO XuMu9eCKOrO pa3AeneHuFI. ~~U~OTOBJIRI~T 
IIO~OJIIKOBU~H~IO CMeCb Kap6uAa 6opa u ru~poo~ucu HaTpuR, 
He6onbIIfyxo 9aCTb UepeHOCaT Ha T3KTaJlOByIO HuTb, HuTb 
HarpeBaIOT Ann llOJly=IeHuH 6opaTa HaTpuH u HuTb HepeHOCSiT B 
MaCC-CIIeKTpOMeTp. n3MepHIOT OTHOIIIeHue “B/lOB C uCIIOJIb30- 
BauueM UoHa NaBO,+. Haysem (PamopH snumo~ue Ha ceneK- 
TuBHOe yJleTyW¶BaUUe l"B, TPK KaK OTHOIIIeHue ruApOOKuCH 
HaTpuH II Kap6una 6opa, TeMIlepaTypa u HpO~OJIHcuTeJIbHOCTb 
Harpeaaenfi HUTU. AHajIua pHAa rpaHyn Kap6uAa 6opa CoAep- 
?KaIuuXIIpupO~HbIii6op,TuIIaHpe~JIO~eHHOrO~JIfiKOHTpOJrbHbIX 
npyTKoB peaKTopa Fast Flux Teat Facility Aan ovesuAHo Becn- 
puCTpaCTHbIti pe3yJIbTaT 4,0560 AJIH OTHOILleHuH llB/loB (CTPH- 
AapTHaH ornu6Ka 0,OOW). rpa~ynn CoAepxcaJIu 6onbnre 9eM 
3% UpuMecefi MeTamxoB, TunuqecKuX Ana aTor MaTepuana. 
IIpoAonmuTenbHocTb aHanuaa 45 Ha o6paaeq, c OHHUM aHanu- 
TUKOM. 

OHPEAEJIEHHE HI/IOBMH B I’OPHbIX HOPOAAX, 
PYAAX kl CIIJIABAX METOAOM ATOMHO- 

ABCOPBfl&iOHHOm CHEKTPO@OTOMETPBB: 

JOHN HUSLER, Tafanta, 1972,19,863. 

Pe3mm--Huo6uti OlIpeAeJIfIMT B KOH~eATp;lIlUHX BlIJIOTb A0 
0,02% NblOl B paaHbIx MaTepuanax 6ea npe~BapuTenbHor0 
BbIAeZeHUH UJIU o6oraqeHuK. ?iuMU~eCKue U UOHU3~UOHHble 
AeftCTBUH IIpeAOTBpa4aIOTCH a YyBCTBUTeJIbHOCTb IlOBMUIaeTCH 
noA~epmuBaHueM eo~ep~aau~ meneaa, ~JIH)MUHUH, @T0p~cT0- 
~0~0p0AH0t KU~JIOT~I u KaauH B uaBecTHbM unipo~ux Auanaao- 
HaX KOHqeHTpaqUii. nOJiyYeHHbIe pe3yJIbTaTbI XOpOIIIO COrJIa- 
IIIBIOTCH C pe3yJIbTaTaMU IIOJIyYeHHbIMu MeTOAaMu 3MHCCUOHHOt 
CIIeKTpOrpa&H, 3JIeKTpOHHOi ~uKponpO6b1 U peHTreHOBCKOi8 
QyopecqeHquu. 

CTPOEHklE H YCTO@IHBOCTb KLlCJIbIX 
PACTBOPOB HEPHOAATA: 

D. J. B. GALLIFORD, R. H. N~ALL and J. M. OTTAWAY, Talanta, 
1972.19,871. 

Pearome-IloKaaauo YTO mcme pacTBopbI nepuonaTa coAepHtam 
ABe (POpMbI-TeTpa3ApUYeCKyIo l&- U OKTa3ApuseCKyPJ H,IO,. 
PaBHOBeCUe MemAy 3TuM AByMH $OpMaMu 6bICTpO yCTaHElBnU- 
BaeTCJS u paCTBOpbI HBJIHIOTCH yCTOti4uBhIMU 'Iepe3 AOJIrUe 
UepuOAbl BpeMeHu eCJIu COXpaHRIOTCfi B HHTapHbnr CTeKJlHHHbIX 
CKJIfiHKaX. 



Summaries for card indexes Vii 

Complexation of polyvinyl alcohol with iodine. Analytical precision and 
mechanism: J. G. PIUT~HARJJ and D. A. AKMTOLA, Talanta, 1972, 19, 
877, (North East London Polytechnic, London, E. 15, U.K.) 

Summary-Polyvinyl alcohol (PVA), boric acid and hi-iodide form a 
characteristic blue complex. For a number of PVA samples, prescribed 
conditions were used to examine the precision of the formation and 
spectrophotometry of the complex. The precision of calibration 
curves was l-2% over the range @-4 mg of PVA per 50 ml of final 
solution, over which Beer’s law holds. Greater deviations can be 
caused by faulty preparation and aging of individual PVA solutions. 
The absorbance is independent of the content of residual acetate groups 
in the PVA for the range O-15 %. The limit of detection is about 0 .Ol 
mg of PVA in 25 ml of sample. A pink colour in the system is due to 
association of iodine with acetate groups in the PVA. A blue or 
green colour is due to helical envelopment of iodine molecules by 
PVA chains stiffened by scattered cyclic groups. The mechanisms 
of these effects are discussed. 

Liquid-liquid interfaces as potentlometric ion- I. The II- 
butanol-water lnterfaee as indicating sensor for the potentlometric 
titration of some acids and bases: CANDIN L~~~ANu and MARIA Mxoscu, 
Tafunru, 1972,19,889. (Department of Analytical Chemistry, Univer- 
sity of Cluj, Romania.) 

Summary_--The property that liquid-liquid interfaces modify their 
electrical charge as a function of the composition of the two phases in 
contact has been used to detect the end-points in a series of acid- 
base titration in the aqueous phase. Although the titration curves are 
not classical in shape, the equivalence points can be located if the 
solutions are not too dilute. Good results for concentrations down to 
lo-*N have been obtained. The electrode has a fast response. The 
influence of surface-active substances on the titration has also been 
investigated. 

Studies on nucleation from solution of some aualytlcally important 
metal chelates-II. Nickel dlmethylglyoximate. J. D. HANNA and 
0. E. HILEMAN, JR.@, Z'ahzta, 1972, 19, 894 (Department of 
Chemistry, McMaster University, Hamilton, Ontario, Canada.) 

Summary-A new direct-mixing and rapid particlecounting system 
useful for studies on crystal nucleation from solution is described. The 
methods used to calibrate and evaluate the system are reported 
together with the results obtained during studies on nucleation from 
solution of nickel diiethylglyoximate. The Volmer-Weber. Becker- 
Doting model of the nucleation process is used to correlate the results. 

Losses of iridium during heating in various atmospheres: A. CHOW 
Tufantu, 1972, 19, 899. (Department of Chemistry, University of 
Manitoba, Winnipeg 19, Manitoba, Canada.) 

Summary-The volatility of iridium metal in different atmospheres 
was studied. using various weiahts, times and temueratures. Sienificant 
volatility was obs&ved in oxy&n and oxygen plui acid at temperatures 
above 400” and in chlorine above 220” 



. . . 
vu1 AHHoTaunsi cTaTefi 

OEPA30BAHtiE KOMWIEKCOB IIOJIBBHHBJIOBOI’O 
CnllPTA C IIOAOM. TOUHOCTb OIIPEAEJIEHMH 

ti MEXAHMBM: 

J. G. PRITCHARD and D. A. AKINTOLA, Talanta, 1972, 19,877. 

PO~I~M~F-~O~HBSIHHJIOB~I~~ C~H~T (IIBC), 6opHaH mcnoTa n 
~p~aoJ@i$i o6pa3ywT XapaKTepRCTU~eCKHfi rony6oi KOMuJreKC. 
I?C~O~b30BaHbIO~pe~e~eHHbleyC~OBIlRAJIRIlCnbITaHEIFIBOCIIpOII- 
3BOAIlMOCTH 06pa3oBaHHH KOMIUIeKCa M er0 CIYeKTpO@OTOMeT- 
pzwecKnx xapaKTepwTHK Ha pIIRe o6pa3qeB IIBC. Bocnpot~- 
3BOAIlMOCTb KaJIH6pOBO'iHbIX KpllBbIX 6nna 1-2% B npeAeJIaX 
04 Mr HBC B 50 MSl KOKe9HOrO paCTBOpa, B KOTOpbIX IIpeAe- 
JIaX IIOWTaeTCR 3aKOH Bepa. EOJIbIJIHe OlIIIi6Kkl MOI'yT 6bITb 
BbI3BaHhIHellCIIpaBHbIMIIpHrOTOBJIeHHeMM CTapeHAeMpaCTBOpOB 
nBC. CBeTOIIOr~O~eHHeHe3aBHCHMOOTCO~ep~aHkiHOCTaTO~HbIX 
aueTaTHbIX FpyIIII B IIBC B IIpeneJIaX 0-15x. YyBCTBHTeJIb- 
HocTb paBHa 0,Ol Mr flBC B 25 MJI pacTBopa npo6b1. Poaosb~ii 
uBeT IlORBJIlIeTCff B CIlCTeMt? BCJIeACTBae aCCOuMauHH HOEa C 
aueTaTHbIMH rpyuuaMH B nBC. I’oJI~GoEL PIJIH WX~HLxIti uBeT 
IIoHBnfieTcH B pe3ynbTaTe cnapanbworo O~&~T~IB~HH~I MoneKyn 
SlOEa ueIIfIMM rIBC, yCMJIeHHbIMH PaCCeRHHbIMA uHKJIH=ieCKMMU 
rpyIIIl3MH. PaCCMOTpeHbI hfeXaHEf3MbI 3TMX 3fjl@eKTOB. 

flOBEPXHOCTb PA3AEJIA MExaY WIAKOCTfIMM 
B KAZIECTBE IIOTEHLIBOMETPWIECKOI’O 

aAT%IKA AJIH HOHOES-I. UOBEPXHOCTb 
PA3AEJIA MENAY H-BYTAHOJIOM kl BOAOn B 
KAYECTBE MHAkIKATOPHOI’O AATskiKA AJIr-r 

I-IOTEH~BOMETPB~ECKOI’O TMTPOBAHMFI 
HEKOTOPbIX KklCJIOT m OCHOBAHBH: 

CANDIN LITEANU and MARIA Mroscu, Talanta. 1972, 19, 889. 

PesIOMe--CBOiiCTBO IIOBepXKOCTii pa3AeJIa MeWIy HWuKOCTRMH 
Il3MeHIITb IIX 3JIeKTpHqeCKHt 3apHn B 3aBMCHMOCTH OT COCTaBa 
3TklX AByX (ia3 B KOHTaKTe IlCIIOJIb3OBaHO AJIfI 06HapyWeHHR 
KOHua THTpOBaHIlH B pRu0 KIWJIOTHO-IqeJIOYHbIX TLlTpauHB B 
BOAHOa @a3e. TIlTpauHOHHbIe KpllBbIe He IIOKa3IJBaIOT KJIaCCEI- 
seCKyIO (lOpMy, OAHaKO B03MOmHO 06HapyHCIITb KOHeu TMTpO- 
BaHHH eCJIH paCTBOpbI He CJITIIIIIIKOM pa36aBneHa. nOJIyVeHbl 
XOpOIUHe pe3yJIbTaTbI BIUIOTb A0 KOHueHTpaullH 10-a N. %IeK- 
TPOA o6nauaeT 6bIcTpb1~ OTBeTOM. TaKHte M3y9eHO BJIHHHEie 
IlOBepXHOCTHO-aKTIIBHbIXBeIueCTB HaTHTpOBaHHe. 

H3Y4EHkIE HYKJIEALI;I?EI I43 PACTBOPA 
HEKOTOPbIX IIPtIMEHMMbIX B AHAJIH3E 

XEJIATOB METAJIJIOB-II. 
AMMETMJWJIMOKCMMAT HEIKEJISI. 

J. D. HANNA and O.E.HILEMAN, Tdanta, 1972,19,894. 

PO3IWR!---HOBaR CIlCTeMa HeIIOCpeACTBeHHOrO CMeIIIHBaHEIFI H 
6bIcTporo Csi?Ta qaCTau OKa3aJIaCb IIOJIe3HOti B If3yYeHW HyK3Ie- 
au&WI KpHCTaJIJlOB Ii3 paCTBOpOB. PaCCMOTpeHbI MeTO@I KanH6- 
pOBKEl II OueHKEl CHCTeMbI,BMeCTe Cpe3ynbTaTaMM IIOJIy=ieHHbIMH 
B ll3yYeHHH HyKJIeauHn M3 paCTBOpa ~HMeTHJIrJIllOKCElMaTa 
HkIKeJIH, MoAeJIbBoJIbMepa-Be6epa,BeKepa-AopIJHraIIpouecca 
HyKJIeauHM MCIIOJlbaOBaHa AJIFI CpaBHeHHRpe3yJIbTaTOB. 

nOTEPI ElPBABPfI IIPB HAI’PEBAHIUI B 
PA3HbIX ATMOCQEPAX: 

A. CHOW, Talanfa, 1972, 19, 899. 

PesloMe--UayseHaneTysecTbMeTannwzecKoroHpnAwz~ pa3HKx 
aTMOC~epaX,CElCnOnb3OBaHMeMpa3nllsHbnrBeCOB,npOROnmMTe- 
JIbHOCTetimTeMBepaTyp. 06HapyHceHa 3Ha4UTeJIbHaFlIeTy~eCTb 
B KEiCJIOpO~e Sl B KHCJIOpOAe B IlpElCyTCTBEIH KHCJlOTbIIlpIITeMIle- 
paTypaX BbIWe 400",II B XJIOpe BbIIIIe 220". 



NOTES FOR AUTHORS 

1. General 

Contributions may deal with any aspect of analytical chemistry, although papers exclusively concerned with 
limited fields already catered for by specialist journals should normally be directed to those journals, and 
should only be submitted to TALANTA if their analytical implications as a whole are such as to make their 
inclusion in a more general background desirable. Original papers, preliminary and short communications, 
annotations, review; and letters”will be published. - - _ _ 

Because TALANTA is an international journal, contributions are expected to be of a very high standard. 
They should make a definite contribution to the subject. Papers submitted for publication should be new 
publications. The submission of a paper is held to imply that it has not previously been published in any 
lanrmage, that it is not under consideration for publication elsewhere, and that, if accepted for publication, 
it 411 not be published elsewhere without the written consent of the Editor-in-Chief. Special importance will 
be attached to work dealing with the principles of analytical chemistry in which the experimental material 
is critically evaluated, and to similar fundamental studies. Reviews in rapidly expanding fields, and reviews 
of hitherto widely scattered material, will be considered for publication, but should be critical. The Editor- 
in-chief will welcome correspondence. on matters of interest to analytical chemists. Annotations should 
be critical commentaries on some asnects of analvtical chemistry and may deal with topics such as sources 
of error, or the scope and limitation’s of methods and techniques. w 

Original papers, short communications annotations and reviews will be refereed (see TuZantu, 1962, 9, 
89). Referees will be encouraged to present critical and unbiased reports which are designed to assist the 
author in presenting his materTa1 in the clearest and most unequivoca) way possible. To assist in achieving 
this completely objective approach, referees will be asked to submit signed reports. At the discretion of the 
Editor-in-Chief, the names of referees may be disclosed if thereby agreement between author and referee is 
likely to result. Authors should appreciate that the comments of referees are presented in a constructive 
spirit, and that agreement between the views of author and referee must result in a higher standard of 
publication. 

Preliminary communications will be refereed urgently and will be accorded priority in publication. 
Letters to the Editor will not be refereed, but will be published at the discretion of the Editor-in-Chief. If 
accepted, they will also be given priority.. 

L 

Fiftv free remints will be nrovided (reeardless of the number of authors) and additional conies can be 
supplied at tea&able cost if ‘ordered ihe; proofs are returned. A reprint order form will accompany the 
proofs. 

2. Script Requirements 

By following the Script Requirements carefully, authors will ensure more rapid publication of their papers. 

Contributions should be submitted to the Editor-in-Chief or to a Regional Editor where appropriate (see 
editorial page for addresses). They may be written in English, French or German. Ah contributions in 
the French language should be submitted to Dr. M. Pesez. and those in the German language to Professor 
E. Blasius. 

Preliminary communications should be limited to less than 1000 words in length and should not contain 
diagrams. If they do not fulfil these conditions they will be treated as short communications. 

Scripts should be submitted in duplicate; they should be typewritten and the lines double-spaced. Where 
possible, papers should follow the pattern: Introduction, Experimental, Results, Discussions, Conclusions 
(or such of these headings as apply). 

Because all material will be set directly in page proof, every attempt should be made to ensure that before 
being submitted, manuscripts are essentially in the final form desired by the authors, and that no alterations 
of moment will be required at the proof stage. Alterations suggested by the referee will be agreed with the 
authors at the manuscript stage. Authors writing in a foreign language are advised that in submitting 
papers they should endeavour to have the paper thoroughly corrected before submitting for publication. 
If the manuscript requires considerable editing, it may have to be returned to the authors for retyping, 
resulting in a serious delay in publication. 
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X Notes for Authors 

The essential contents of each paper should be briefly recapitulated in a summary placed at tbe begiaoiag 
of a paper, or at the end of a preliminary or short communication. This should be in the language of the paper, 
but for French or German papers an English version should also be provided wherever possible. 

Illustrations should be separate from the typescript of the paper. Original line drawings should be 
supplied (about twice the 6nal size required) together with one set of copies. If the illustrations require 
redrawing, publication of the paper will be delayed. The following standard symbols should be used on line 
drawings: 

Photographs should be restricted to the very minimum required. 
Legends for illustrations should be typed on a separate sheet. 
Straight-line calibration graphs are not generally permitted; the necessary information can usually be 

included in the text (e.g. in the form of an equation). 
Tables should be so constructed as to be intelligible without reference to the text, every table and cohnnn 

being provided with a heading. Units of measure must always be clearly indicated. Unless it is essential 
to the argument, tables should not list the results of individual experiments, but should summarize results 
by an accepted method of expression (e.g. standard deviation). The same information should not be produced 
in both tables and figures. 

The preferred positions for all figures and tables should be indicated in the manuscript by the authors. 

References 

References should be indicated in the text by consecutive superior numbers placed outside any punctuation 
marks; tbe full references should be given in a list at tbe end of the paper in the following form: 

1. J. B. Austin and R. H. H. Pierce, J. Am. Chem. Sot., 1955,57,661. 
2. S. T. Yoffe and A. N. Nesmeyanov, Handbook of Magnesium-Organic Compoun&, 2nd Ed., Vol. 3, 

p. 214. Pergamon Press, Oxford, 1956. 
3. R. J. Winterton in C. L. Wilson and D. W. Wilson, Comprehensive Analytical Chemistry, Vol. IB, 

p. 238. Elsevier, Amsterdam, 1960. 
4. A. B. Smith, The Effect of Radiation on Strength of Metals. A.E.R.E., M/R 6329, 1962. 
5. W. Jones, &it. Pat. 654321, 1959. 

Journal-name abbreviations should be those used in Chemical Abstracts (see Chem. Abstr., 1961, et seq.). 
Footnotes to pages and to tables, as distinct from literature references, should be indicated by the 

following symbols: *, t, $, 7, beginning anew on each page. 

Proofs 

Proofs are not set in galley form and will be sent out to authors in page form for correction. It is 
emphasized that at this stage alterations to tbe text or failure to return the corrected proofs promptIy may 
result in serious delay in publication, and authors will be charged for changes other than printers’ errors. 

Authors are particularly requested to check the correctness of their references, which should also, at some 
stage, be checked against the original papers. 

Miscellaneous 

Because of the international character of the journal, authors should follow the recommendations of the 
International Union of Pure and Applied Chemistry as regards nomenclature and symbols. In the editing of 
papers for publication, English spelling will be used for all matter in the English language. P+hors who wish 
to retain American spelling, or to adhere to other generally accepted usages, should indicate this clearly 
at the time of submission of the manuscript. Attention is particularly drawn to the importance of correctness 
of grammar and clarity of expression. 

Where several authors are involved in a paper, an indication of the author to whom requests for reprints 
should be addressed may be given by placing the symbol @ after the name of that author. 

Des exemplaires en fraqais des Notes aux Auteurs peuvent ktre obtettus aupr&s rirr RP&cteur en Chef 

Deutsche Abdrucke der Anmerkungen fti Mitarbeiter sind beim Hauptschriftleiter zu erhalten 

OTTE~CKJ~II~EIBE~~I~JIH EiBTOPOB Ha PJ-CCKOM Fl3blHt? MOWHO IlOJlJWiTby l'JlaBHO~O~e~aKTO~a 
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SUMMARIES FOR CARD INDEXES 

Analytical mass spe-ctrometry: J. R. MAJER, Tahnta, 1972, 19, 
(Chemistry Department, University of Birmingham, P.O. Box 
Birmingham 15, U.K.) 

589. 
363, 

Summary-A review is made of the basic theory, instrumentation and 
application of mass spectrometry, with special reference to the de- 
velopment of the equipment and its impact on the scope of application. 

Development and publication of work with selective ion-sensitive 
electrodes: G. J. MOODY and J. D. R. THOMAS, Talanta, 1972,19,623. 
(University of Wales Institute of Science and Technology, Cards, 
Wales.) 

Summary-Features concerning development, response, selectivity 
and applications of selective ion-sensitive electrodes are reviewed. 
Recommendations are made concerning investigations involving the 
development and applications of electrodes and attention given to the 
manner of presenting data for publication. 

Iodometrlc mlcrodetermlnatlon of sulpbur lo organic compounds by an 
amplllhtlon method: Y. A. GAWARGIOUS and A. B. FARAG, Tahnta, 
1972, 19, 641. (Microanalytical Research Laboratory, National 
Research Centre, Dokki, Cairo, U.A.R.) 

Summary-A new method is described for the iodometric microdeter- 
mination of sulphur in organic compounds, using a 12-fold amplifica- 
tion reaction after oxygen-flask combustion. The method is based 
on reaction of the resulting sulphuric acid with an excess of saturated 
barium bromate solution. The unreacted barium bromate is precipi- 
tated by addition of acetone, filtered off, redissolved in hot water and 
after addition of an excess of iodide and acid, the iodine liberated is 
titrated with thiosulphate. The method is simple, rapid, highly 
accurate, and of wide application in the microanalysis of organosulphur 
compounds containing other common acid-forming elements. 

Improved synthesis and stablllty of 8-selenoquhollne and its sodium salt 
as organic reagents: EIICHI SEKIDO and ISAMU FUJIWARA, Talanta, 
1972,19,647. (Department of Chemistry, Faculty of Science, Kobe 
University, Nada, Kobe, Japan). 

Summary-The synthesis of 84enoquinoline and its sodium salt has 
been improved by optimization of each process. The stability of the 
reagents in air and nitrogen has been examined and correlated with the 
drying method. Both I-selenoquinoline and its sodium salt can exist 
as the monohydrate. It was found that the sodium salt of I-seleno- 
quinoline monohydrate is beat as the weighing form of the reagent and 
that it can be kept stable under nitrogen in a vessel containing silica gel. 

ix 



X AnKoTaqnu cTaTeii 

MACC-UIEKTPOMETPWI B AHAJILISE: 

J. R. MAIER, Tahra,1972,19, 589. 

PesIore---HptiBeneK 0630~ OCHOBHO~~ Teopnn, npK6opa II 
IIpPlMeHeHkiRMaCC-CIIeKTpOMeTpHM,C OCO6bIM yseTOMpa3pa6oTKK 
annapaTypbIH ero @+eKTaHa 06nacTbnpHMeHeHKR MeTona. 

PA3PABOTKA LI OIIYBJWKOBAHBE PABOT 
IIOJIb3YIO~MCfi EIOHOM3BklPATEJIbHbIMki 

3JIEKTPOAAMId: 

G. J. MOODY and J. D. R. THOMAS, Tufunru, 1972,19,623. 

PeaIoMe-npnBegeH 0630~ paapa6oTKn, OTBeTa, K36KpaTeJIb- 
HOCTH M IIpHMeHeHKR: HoHoH36HpaTenbHbIx 3JIeKTpOnOB. npea- 
JIOmeHbI Mccne~oBaHuH B o6nacTa pa3pa6oTKu II IIpKMeHeHHfl 
3JleKTpOnOB II yKa3aHbI llyTK IIpHBeAeHIlH AaHHblXB CTaTRX. 

MHICPOMETOA BOAOMETPB~ECKOI’O 
OIIPELIEJIEHIUI CEPbI B OPI’AHBgECWiX 

COli&ItHEHIUIX C BCIIOJIb30BAHBEM 
AMIIJIHWiKA~Bki: 

Y. A. GAWARGIOUS~~~ A.B. FARAG, Talanta, 1972,19,641. 

PeLMOMe--OIIKCaH HOBbIii MHKpOMeTO)?( WIFi HOAOMeTpH~eCKO~O 
0npeAeneKHfl cepbI B 0praKKsecKax coeAKKeKKsx, nonbsyxo- 
II@tCJI l%KpaTHOfi aMllJfH@iKa~HOHHOti peaKqHeti IIOCJIe COZC- 
XeHEIR B KoJrb6e, HaIIOJIHeHHOti KEICJIO~OAOM. MeTOn OCHOBaH 
Ba peaKqtiK o6paayIometica cepaoii KHCJIOT~I c Il36bITKOM HacbI- 
n(eHHoro pacTBopa 6poMaTa 6apaa. HepearHpOBaHHbIfi 6pOMaT 
Gapas OCamAaIOT AO6aBJleHSfeM aqeloaa, (PHJlbTpHpyIOT, OCaAOK 
paCTBOpJUOT B Kl5IIRIlJei-i BOAe II---nOCJIe Ao6aBneBKrr K36bITKa 
ElOAIlAa Ii KHCJIOTbI-BIJL(eJIeHHbIii ElOA TMTpHpyIOT paCTBOpOM 
THOCyJIb+aTa. MeTog OKa3aJIcR: HeCJIOWE.IM, 6bICTpbIM EI 
BeCbMa TOqHbIM; OH IUHpOKO IlpMMeHHM B MKKpOaHaJlH3e 
0praHnsecKHx coeAnHeBdi cepbI, coAepwauwx ApyrKe OGbIK- 
HOBeHHbIe o6paayworqKe KEICJIOTbI 3JIeMeHTbI. 

YJIYVIIIEHHbIm CBHTE3 II CTABBJIbHOCTb 
S-CEJIEHOXUHOJIBHA II ErO HATPMEBOm COJIkl B 

KAgECTBE OPI’AHWIECKBX PEAI’EHTOB: 

EIICHJ SEKIDO and ISAMU FIJJIWARA, Tulurtsr, 1972,19, 647. 

Pe3IOMe--CHHTe3 %CeneHOXnHOJInHa H er0 HaTpHeBOi COJIIl 
yJIyWUeH IIyTeM OIITKMkl3aqKH Ka?KJJOI'O IIpOIJeCCa. klCIIbITaHa 
ycTonsliBocTb peareHToB B BosAyxe EI a3oTe K cAenaHa Hop- 
peJIFiQllH C MeTOAOM OCyIUKEI. 06a %CeJIeHOXHHOJIHH EI er0 
HaTpKeBa COJlb MOryT CylqeCTBOBaTb B #OpMe MOHOrllApaTa. 
06KapymeKo 9To naTpneBa conb 8-ceneBoxHHon5iHa npeAcTaBn- 
HeT codoti cahfym nywuyro +op~y peareHTa ~na BecoBoro 
0npeAeneHnn; OHa MOPKeT XpaHUTbCFI B yCTOWiHBOfi @OpMe IlOg 
a30ToM of B cocyge coAepxaweM cwnwarenb. 



Summaries for card indexes xi 

Determination of plutonium by two-step flow-coulometry at the column 
electrode: !SORIN &HARA, TADASHI YAMAM~XD, KENJI M~?WIMA and 
TAITIRO FUJINAOA, Tufuntu, 1972, 19, 657. (Japan Atomic Energy 
Research Institute, Tokai-mum, Naka-gun, Ibaraki-ken, Japan, and 
Department of Chemistry, Faculty of Science, Kyoto University, 
Kitashirakawa, Sakyo-ku, Kyoto, Japan.) 

Summary-A two-step flow-coulometry method has been developed 
for rapid determination of elements (plutonium, iron, etc) which exist 
in various oxidation states in solution, and applied to the determina- 
tion of plutonium in 0.5M sulphuric acid medium. The first-step 
column electrode potential is fixed at between $0.10 and t-O.35 V vs. 
Ag-AgCl, and all plutonium ions are reduced to Pu(III). The second- 
step column electrode potential is tied at to.75 V us. Ag-AgCl. and 
Pu(III) which flows from the first column electrode is oxidized to 
Pu(IV). The quantity of plutonium is determined from the number of 
coulombs used in the oxidation. It is possible to eliminate interference 
by diverse ions by electroanalysis at the first column electrode. About 
a lo-p1 sample is necessary and the electrolysis for determination is 
finished in 1 min. 

Rapid analysis of fertilizers by the direct-reading thermometric method: 
ISTV,~N SAIL and B. SEW, Tuluntu, 1972, 19, 669. (Research Institute 
for Ferrous Metallurgy, Budapest, Hungary.) 

Summary-The authors have developed rapid methods for the 
determination of the main components of fertilizers, namely phosphate, 
potassium and nitrogen fixed in various forms. In the absence of 
magnesium ions phosphate is precipitated with magnesia mixture; 
in the presence of magnesium ions ammonium phosphomolybdate is 
precipitated and the excess of molybdate is reacted with hydrogen 
peroxide. Potassium is determined by precipitation with silico- 
fluoride. For nitrogen fixed as ammonium salts the ammonium ions 
are condensed in a basic solution with formalin to hexamethylene- 
tetramine; for nitrogen fixed as carbamide the latter is decomposed 
with sodium nitrite; for nitrogen fixed as nitrate the latter is reduced 
with titanium(III). In each case the temperature change of the test 
solution is measured. Practically all essential components of fertilizers 
may be determined by direct-reading thermometry; with this method 
and special apparatus the time of analysis is reduced to at most about 
15 min for any determination. 

Catalytic reactions--II. Activation: P. R. BONTCHJW, Tuhtu, 1972, 
19, 675. (Department of Analytical Chemistry, University of Sofia, 
1 Anton Ivanov Str., Sofia 26, Bulgaria.) 

Sammary-The activation of the homogeneous catalytic reactions 
used in analysis is discussed. The use of activators in catalytic methods 
permits increase in their sensitivity by 2-4 orders of magnitude and 
improvement in their selectivity as well. Many different mechanisms 
of activation are discussed and used as illustrations of the principles 
for choice of an appropriate activator. 
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xii AnHoTaqm CTaTeZt 

OIIPEJJEJIEHIJE IIJIYTOHWI METOAOM 
ABYCTYIIEH=IATOn IIPOTO=IHOm 

KYJIOHOMETPBB: 

SORIN KIHARA, TADASHI YAMAMOTO, KENJI MOTOJIMA and T-0 
FUJINAGA, Talanta, 1972, 19, 657. 

Pe3IiJM&--Pa3pa60TaH MeTOR ~ByCTyUeH4aTOltt lIpOT04AOti KyJlO- 
HoMeTpHtl gnfl GYCTPO~O onpeaeneHw5 aneMeHToB (nnyTowx, 
Hceneaa tl Hp.), cyqecTByroumx B paanwnsbrx cTeneHnx owic- 
neHHnn B pacmope, H npwdeneH K onpe~enewuo ~~~TOHHH B 
paCTBOpe o,s!%f CepHOti KHCJIOTbI. IIoTeHqaan aneKTpona 
HepBOti KOJIOHKM yCTaHOBJIeH IIpEl +0,10 - +0,35 B B CpaB- 
HeHHH C Ag-AgC1 WleKTpOAOM M BCe ElOHbI l-IJlyTOH%ifl BOCCTa- 
HaBJIHBaQTCR a0 PU(III). ItoTeHguan aneKTpoza BTOPOP 
KOJIOHKH yCTaHOBJleH Ilpll +0,76 B B CpaBHeHMU C Ag-AgC1 
aneKTpogoM II BbITeKaiowie ~8 aneKTpona nepBofi KOJIOHKH 
HOHbIPU(III)OKHCJIFHOTCfI~OPU(IV). ~OH~eHTpaqHflIIJIyTOHHfl 
OIlpeneJleHa %iCJlOM KyJlOHOB HCllOJlb3OBaHHblX J&JlH OKMCJIeHHH. 
MeTo& IIOaBOJIfieT yCTpaHRTb BJIHRHHe pa3HbIX EOHOB aJIeKTpO- 
aHaJIH3OM fIpH WIeKTpOHe HepBOfi KOJIOHKEI. MeTon H3bICKyeT 
10 MKJIIIPO~~J a npo~onmaTe~bHocTb aJIeKTpOJIH3a-1 MMH. 

BbICTPbIm AHAJIH3 YAOEPBTEJIEM METOAOM 
TEPMOMETPBYECKOrO AHAJIE13A C 
HEIIOCPEACTBEHHbIM OTCY~TOM: 

&TvAN SAJ~ and B. SIPOS, Talanta, 1972, 19,669. 

PeWMe-ABTOpaMH pa3pa60TaHbI6bICTpbIe MeToAbI OnpeAeneHna 
rJlaBHblX KOMlIOHeHTOB yAo6pHTenet, llMeHIf0 @OC+aTa, KaJIHH 
M aaOTa, CBFIaaHHblX B paBHbIX COeAHHeHHfIX. B OTCyTCTBElH 
HOHOB MarHHR @OC@aT OCaEQaIOT MarHe8HaJIbHOi CMeCbIO; B 
npHCyTCTBIlHElOHOBMarHIlFIOCamAaH)T(POC~OMOnE16AaTaMMOHEIR, 
ali86bIToK Montl6RaTapearHpyloTnepeKuCbIO BOAOpOAa. KaJIElt 
OIlpeAeJWIOT OCaHcAeHHeM COJIbIO KpeMHe@TOpHCTO-BOAOpOAHOfi 
KEiCJIOTbI. A~OT B @OpMe COJIeti aMMOHEiR OIlpeAeJIRIOT KOHAeH- 
caqHeP B OCHOBKOM pacTBope c @lOpMaJIbAerHAOM B reKca- 
MeTHJIeHTeTpaMHH; AJIHOIIpeAeJIeHEiffaE%0TaB1$0pMeKap6aM%f~a, 
aT0 coeAweHsfe paanaraloT HKT~HTOM HaTpars; aaoT B @opMe 
HIlTpaTa OlIpeAeJIfIIOT BOCCTaHOBneHHeM THTaHOM(II1). B KaFK- 
ROM onpeneneawi H3MepfHoT nepenfewa TeMnepaTypn HccneAye- 
MOrO paCTBOpa. MeTon TepMOMeTpWfeCKOrO aHaJIIl8a C HeIIOC- 
peACTBeHHbIM OTCYeTOM IIOiJBOJIReT OIipeAeJIHTb IlOYTIl BCe 
CyaeCTBeHHbIe KOMIlOHeHTbI yAO6pHTeJIe& npHMeHeHHeM aTOr 
MeTOAa li ClIe~MaJlbHOrO npE6opa lIpO~OJIHcHTeJIbHOCTb aHaJlK3a 
coKpamaeTcfi~0 15 ME~HA~H KaxcAoro 0npeAeneKzis. 

KATAJIBTBYECKtiE PEAKIQiIG-II. AKTIJBALJBSI: 

P. R. BON-~CHEV, Tafanta, 1972,19, 675. 

PeaIeM~PaccMoTpeHa aKTHBaqHX roMorenHhIX KaTannTIise- 
CKUX peaKI@%, IlpMMeHIlMbJX B aHaJIH8e. ~CIIOJIbaOBaHHe aKTII- 
BaTOpOB B KaTaJIHTWieCKEiX MeTOAaX H03BOJIHeT IIOBbIHIaTb B 
2 - 4 pa8 IIX 9yBCTBKTeJlbHOCTb aTaKme yJlyWHaTb UX KaGHpa- 
TeJlbHOCTb. PaccMoTpeKn paarwe MexawiardbI aKTHBaqElM u Ha 
EIX OCHOBe 06'bFICHeHbI IIptlHJJMllbl oT6opa llOAXOAHru;erO BKTU- 
BaTopa. 



Summaries for card indexes 
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2%Acetylacetoae-aathraailic acid as a gravbnetric reagent for copper(D): 
R. K. MEHTA. R. K. GUPTA and S. L. PANIA. Tulantu. 1972, 19. 687. 
(Department of Chemistry, University of Jodhpur, Jodhpur; India.) 

Summary-N-Acetylacetone-anthranilic acid has been employed as a 
reagent for the gravimetric determination of copper(B). The solid 
copper(I1) chelate formed possesses 1 :l metal-ligand stoichiometry 
and is found to exist as an unsolvated dimer. The complex has a 
magnetic moment of 1438 B.M. at 298 K. A non-planar dimeric 
structure is suggested to explain the observed facts. 

Analysis of metals by solid-liquid separation after liquid-liquid extrac- 
tion. Spectrophotometric determination of palladiom(Il) by extractioa 
of palladium dimethylglyoxbnate with melted aaphthaleae: TA~~RO 
FUJINAGA, MA~ATADA SATAK~ and TATSUO YONEKUBO, Talanta, 1972, 
19,689. (Faculty of Science, Kyoto University, Sakyo-ku, Kyoto-shi, 
Japan, and Faculty of Engineering, Fukui University, Fukui-shi, 
Japan.) 

Summary-A method of liquid-liquid extraction of palladium di- 
methylglyoximate with molten naphthalene followed by solid-liquid 
separation is succe.ssfuIly applied to palladium. The complex between 
palladium and dimethylglyoxime is easily extracted into molten 
naphthalene. After extraction, the very fine solidified naphthalene 
crystals are dissolved in chloroform, and the absorbance of the resultant 
solution is measured at 370 nm against a reagent blank. Beer’s law 
is obeyed for 30-370 pccg of palladium in 10 ml of chloroform, and the 
molar absorptivity is calculated to be 1.72 x 10” I.mole.-lmm-l. 
Various alkali metal salts and metal ions do not interfere. The inter- 
ference of nickel(H) is overcome by the extraction at pH 2, and that 
of iron(II1) by masking with EDTA or by reduction to iron(I1). The 
method is rapid and accurate. 

Dkrmiaation gravim&rique de l’iode sous forme de Nt(ICI,): N. 
GANTCHW, V. KANAZRWA and D. AWNAWVA, Talanta, 1972,19, 
692. (Chaire de chimie analytique, Ecole Normaie Superieure, 7 rue 
“V. Markov”, Plovdiv, Bulgarie.) 

Summary_--Nitron dichloroiodide-Nt(IClJ-has been prepared and 
studied, and a gravimetric determination of iodine as Nt(ICl), has 
been based on the result. For 4-40 mg of iodine the error is less than 
that of the determination as AgI. Bromate and chlorate do not 
interfere. 



xiv AHHoTaqHM CTaTei 

N-AIJETIUIALJETOHAHTPAHWIOBAfI IWCJIOTA B 
KA=IECTBE BECOBOI’O PEAI’EHTA AJIJI MEaH( 

R. K. MEHTA, R. K. GIJPTA and S. L. Pm, Tufuntu, 1972,19,687. 

PeaIoMe-N-AqeTnJraqeToHaHTpaHHnosaJI KnCnOTa ncnonbao- 
BaHa B KaPecTBe peareHTa ,~JIR: BecoBoro onpexenemw MeAn( 
OBpaaylon@cn TBepAbIti XeJIaT MeAK(II) npeACTaBJIReT co608 
1: 1 MeTaJIJI-JIHIWiA KOMnJIeKC EI CyIQeCTByeT B @OpMe HeCOJIb- 
BaTHBEpOBaHHOrO @Mepa. MarHHTHbIti MOMeHT KOMnJleKCa 
paBeH l&3 B.M. npw 298°K. 06HapymeHHare CBoticTBa 06~~ 
CHHIOTCR HenJIaHapAOti AElMepHOti CTpyKTypOti KOMnJIeKCa. 

AHAJIBB METAJIJIOB MET0 
TBEPnOn H ?fWJECO B 

OM PA3QEJIEHHfl 
(DA3 IIOCJIE 

X0ifitiO@A3HOti ‘3KCTPAKIJMM:- 
CIIEKTPO@OTOMETPB=IECKOE OIIPEAEJIEHBE 

IIAJIJIA@VI(II) 3KCTPAIWPOBAHtIEM 
jJBMETBJII’JIMOKCBMATA IIAJIJIAJJWI 

PACl-IJIABJIEHHbIM HAmTAJIHHOM: 

TAITJRO FUJINAGA, MASATADA SATAKE and TATSUO YONEKUBO, 
Talanta, 1972, 19, 689. 
Pe8IOMe---MeTOn H(EIAKO$.Ja8FiOlf eKCTpaKqHEl #lMeTHiWJlHOKCHMaTa 
naJlJlmHH PaCIlJIaBJleHHbIM Ha@TaJIEiHOM C nOCJleAyW~EfM paElAen- 
eHneM TB~PAO~~ II HEIAKOB @aa ycnemxo npHMeHeH B 0npeAenemiu 
nannaAnH. KoMnneKc AKiueTajIrnHoKcuMa c nannaAueM nerK0 
aKcTparKpyeTcs pacnnaBneHmaM na#TanuHoM. nOCJfe BKCT- 
paKqHH BeCbMa MeJlKEle KpnCTaJIJIbI Ha#TaJlnHa PaCTBOpFIIOT B 
xnopo@opMe H usbaepmoT cBeTonornoweHrfe nonyseHnor0 pacT- 
Bopa npH 370 HM B CpaBHeHKn c cnenot npo608 peareaTa. 
3aKofi Iiepa n0wTaeTcn B o6nacTH 30 - 370 MKr nannaaan B 
10 MJI xnopo+opMa, a MonRpHoe nornonIeHme -1,72 x 104.n. 
MOnb-‘.M&. PaaHbIe comi IqeJIo~HbIx MeTaJlJlOB He MeInaIoT 
onpeAenemu0. BnaflHxe HnKeJIH(II) ycTpaAReTcH aKcTparnpo- 
BaHneM npu pH 2, a Bmmmie wenesa(III)--MacKapoBaHKeM c 
3nTA IUIK BOCCTaHOBJIeHKeM A0 meJIeaa(II). MeTOn IIBJIReTCR 
6bICTpbIM II T09HblM. 

rPABBMETPBYECKOE OrIPEJJEJIEHBE I4OAA B 
mOPME Nt(IC1,) : 

N. GANTCHEV, V. KANAZIRSKA and D. ATHANASSOVA, Talanta, 1972, 
19, 692. 

PemoM+IIpnroToBneH II nay4eH HHT~~H-AHX~~~K~AMA Nt(IC1,) 
II HcnonbaoBaH B KagecTBe peareHTa Ann rpasnMeTpKisecKor0 
onpeAeneH&m noRa. B o6nacTu 4 - 40 Mr sioaa onni6Ka MeHbnre 
9eM B OnpeAeneHHH B @OpMe A I. I;pOMaT n XJlOpaT He MeIUaH)T 
onpeAeneHm0. 
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Tremamg amnga&&er Phosphate an Anionenam-Fe- 
~&ten: H. Kaoscnwrr Z, E. PIJNGOR and S. fiRENCZI. TukzM?, 
1972, 19, 695. (Institut filr Allgemeine und Analytische Chemiei 
Technische Universiti%it, Budapest XI, Gellert ter 4, Hungary, and 
Institut fdr Biochemie der Ungarischen Akademie der Wissenschaften 
Budapest XI, Karolina 6t 29-31.) 

S--A procedure is described for the separation of mono-, di- 
and triphosphate, and of monophosphate and mono-, di- and triamido- 
phosphate on ready-made thin-layer plates of anion-exchange resin 
Dowex 2-X8. The procedure couples the advantages of thin-layer 
chromatography with those of ion;xchange techniq&a. By suitable 
choice of anion for the resin (i.e., chloride or acetate) only one stock 
buffer solution is needed for the separation. The two classes of com- 
pounds do not interfere with each other during the separations. 

Potentiometric detemdnatlon of atepwlse stablllty constants of xlrconlam 
and thorium chelates formed with aspartlc and glntamle aelds: M. K. 
SRJGH and M. N. SRIV~AVA, Talanru, 1972, 19, 699. (Chemical 
Laboratories, University of Allahabad, Allahabad, India.) 

Summary-The metal chelates of Zr(IV) and Th(IV) with aapartic 
and glutamic acids have been studied potentiometrically. Stepwise 
stability constants in O.lM sodium perchlorate at 25” are reported as: 
aspartate chelates-log & 9.70, log K, 6.85, and log & 350 for Zr, 
and log Kr 9.23, log KS 857. log K, 455 and log K, 3.87 for Th; 
glutamate chelates-log Kl 960, log K, 640 and log KI 3.32 for Zr 
and log Kl 9.11, log KI 8.52, log KS 4.18 and log K, 3.62 for Th. 

Thermadynamlc association constants of Wpheny~bydroxamic 
acids and bemohydroxamic acid: Y. K. AGRAWAL and S. G. TANDON, 
Tuluntu, 1972, 19, 700. (Department of Chemistry, Govt. Science 
College, Raipur (M.P.), India.) 

Summary-Thermodynamic association constants of benxohydroxamic 
acid and several o&o-substituted N-phenylbenzohydroxamic acids 
have been determined by pH titration in aqueous dioxan media at 25” 
and 35”. Empirical pH corrections for mixed aqueous media have been 
applied. The PK. values do not vary linearly with the reciprocal of 
dielectric constant of the medium, but a plot of PK. as. the mole 
fraction of dioxan is linear at a given temperature. Values of AC”, 
AH” and As” are tabulated. 



xvi AHHOT~IJHII cTaTeti 

PA3AEJIEHBE HEOPI’AHW-IECKBX @OCQATOB 
METOAOM TOHKOCJIO~HO~ XPOMATOI’PAQBB HA 
KOMMEPgECKBX CJIOHX AHBOHOOBMEHHBKOB: 

H. KROSCHWITZ, E. PUNGOR and S. FERENCZI, Talanta, 1972, 19, 
695. 

PesIome-OnHcaHa MeTonHKa pa3neneHnH MOHO-, AH- II spa- 
@OC@aTa, MOHOf#OC@aTa II MOHO-, AH- H TpaMII~OtpOC@aTa Ha 
KOMMep'IeCKHX IIJIaCTkIHHaX AJIFI TOHKOCJIOtiHOti XpOMaTOrpa@iH 
Ha CnoHX aHHoHoo6MeHHot CMOJIbI AayeKC 2-x8. MeTon 
06seaHHfIeT npeuMyuecTBa TOHKOCJIO~HO~ xpoMaTorpaf#xH c 
IIpellMy~eCTBaMMHOHHOrO06MeHa. ~O~XOAfIWHIi OT60p aHHOHa 
c~onb~ (Ha np. xnopnaa IinK aqeTaTa) no3BoJIHeT npoBecTzI 
pa3neJTeHIIe TOJIbKO C OAHMM6y$lepHbIMpaCTBOpOM. ABa KJIaCCa 
COeAElHeHIlfi He BJIEIRIOT OAHHHa ApyrOrO B 3THX COeAUHeHEWIX. 

CTYl-IEH=IATOE IIOTEH~MOMETPWIECKOE 
OIIPEAEJIEHI4E XOHCTAHT YCTOWIklBOCTB 

XEJIATOB LJkiPKOHklR II TOP&WI C 
ACIIAPAI%iHOBO~ H I’JIYTAMBHOBO~ 

ICLICJIOTAMIJ : 

M. K. SINGH and M. N. SKIVASTAVA, Talanta, 1972,19,699. 

&%!3IOMI+&CJIeAOBaH~ IIOTeAqHOMeTpHYeCKMM MeTOAOM XeJIaTbI 
Zr(IV)m Th(IV)c acIIaparEHOBOti M IVIyTaMHHOBOti KMCJIOTIMH. 
OnpeAeneHbI cneAyIowne KoHcTaHTbI ~CTO~WBOCTI~ B 0,lM 
nepxnopaTeHaTpIu-InpH25": xenam acnaparHHoBoiKncnoTbI-- 
lgKl9,70,lgK,6,85,IgK,3,50AnRZraIgK,O,23,lgK,8,57, 
lg K, 4,55,1g K, 3,87 JJJIFI Th; XeJIaTbI rnyTaMKHoBoi KEIC- 
JIOTbI-lgK19,60,1gKz6,40,1gK33,32~JIH!&'KlgK1 9,11,lg 
K, 8,52, lg K, 4,18, lg K, 3,62 JJJIFl Th. 

TEPMOfikiHAMBYECKBE KOHCTAHTbI 
ACC04klAIJkiki N-@EHEIJIBEH3I’ki~POKCAMOBbIX 

KklCJ-IOT II BEH3I’IJAPOKCAMOBO~ KHCJIOTbI: 

Y.K. AGRAWAL~~~ S. G.TANDON, Talanta,1972,19,700. 

Pe3loM~OIIpeAeJIeHbI MeTOAOM TMTpOBaHHR pH TepMOAHHaMH- 
UeCKHe KOHCTaHTbI aCCOqHaqllll 6eH8rMApOKCaMOBOti KHCJIOTbl II 
HeKOTOpbIX OpTO-3aMeIQeHHbIX N-~eHIIJI6eHWII~pOKCaMOBbIX 
KIlCJIOT B BOAHbIX paCTBOpaX AIIOKCaHaIIpll25" II 35". np&IMe- 
HeHbI 3MIIHpSNeCKHe IIOIIpaBKE AJIfI CMeUIaHHbIX BOAHbIX Cpep(. 
BenKsaHbI pK, He IIOKa3bIBaIOT JIEHefiHyIO 3aBMCbIMOCTb OT 
06paTHOfi BeJIHYmHbI AH3JIeKTHpH'IeCKOfi IIOCTORHHOfi CpeAbI, HO 
pKa B 8aBHCHMOCTH OT MOJIbHOt AOJIIi AElOKCaHaIIpeACTaBJIReT 
co6021 IIpHMOJIHHefiHyIO @yHKIJHIO AJIFI AaHHOi TeMIIepaTypbI. 
npKBeAeHbITa6nllqbIBenKisEiH AW,A.H” MAP. 



Summaries for card indexes 

Behavlonr of the thledipropionlc complex of In(m) and U(VI) at the DME 
in aqueous and aqueous methanolic solutions: P. C. RAWAT and C. M. 
GUPTA, Talanru, 1972, 19, 706. (Department of Chemistry, M.R.E. 
College, Jaipur-4, India and Chemical Laboratories, University of 
Rajasthan, Jaipur-4, India.) 

Stmunary-The complexation of In(II1) and U(VI) with thiodipropionic 
acid has been investigated polarographically in water and water- 
methanol solutions at 30 f 0.1”. All the chelates belone to nolaro- 
graphically reversible systems. With indium(III), comilex& with 
metal to l&and ratios of 1: 1, 1:2, I:3 and 1:4 are found at pH 4.8. 
Uranium(V1) is found to form three successive complexes with metal to 
ligand ratios of 1:1, 1:2 and 1:3 in O.OlMHCl, with O.lMKCl as 
supporting electrolyte. 

xvii 

Detenninatioo of pKa of acetic and benzoic acids in pyridine: L. M. 
MUKHERIEE and RONALD S. SCHULTZ, Talantu, 1972, 19, 708. 
(Chemistry Department, Illinois State University, Normal, Ill. 61761, 
U.S.A.) 

Summary-The pKs’s of acetic acid and benxoic acid in pyridine as 
solvent are found to be 10.1 and 9.8, respectively, at 25”. These results 
are based on measurements of hydrogen ion activities in mixtures of 
the acids and their tetrabutylammonium salts. Supplementary studies 
of differential vapour pressure characteristics of solutions of the acids 
and the acid-salt mixtures, and conductance of tetrabutylammonium 
benxoate solutions are also incorporated. 

Stability constants of complexes of N-arylhydroxatnic acids with some 
hllalent metal ions: J. P. SHUKL.A and S. G. TANLJON, Talanra, 1972,19, 
711. (Department of Chemistry, Government College of Science., 
Raipur, M.P., India.) 

Sunmuuy-Thermodynamic stability constants of complexes of Mn(II), 
Ni(II), Zn(II) and Cu(I1) with five closely related N-arylhydroxamic 
acids have been determined at 25 f O-1” in 50% v/v aqueous dioxan 
medium. The stabilities of the complexes mostly follow the order 
of the basicity of the ligands and the electron aflinities of the metal 
ions as measured by their second ionization potential. 



. . . 
XVlll AHHoTaqaa cTaTeti 

XAPAKTEPMCTHKB KOMnJIEICCOB MH@R(III) M 
YPAHA(VI) C TBOARIIIPOIIHOHOBO~ KmCJIOTOm HA 

KAIIEJIbHOM PTYTHOM NIEKTPOAE B BOAHbIX 
kl BOAHO-METAHOJIOBbIX PACTBOPAX: 

P. C. RAWAT and C. M. GUPTA, Talanta, 1972, 19, 706. 

Pe3Iome-KoMnneKcoo6paaosaHIle In(II1) II U(V1) c THOAHIIPO- 
llHOHOBOti KHCJIOTOti WJyqeHO llOJlKpOrpa!#H4eCK~M MeTOAOM B 
BOAH~IX n BOAHO-MeTaHOJIOBbIx pacTBopax npK 30 & 0,l”. Bee 
xeaaTbI OTHOCIITCK K nonsporpa@necKn 06paTUMbIMEI cncTe- 
Mar&n. B cnygae EIHAEIH(III) o6paayroTcrr npii pH 4,s KoMnneKcbI 
ElMeIOmKe OTHOJIIeHIlFi MeTaJIJIH K JIHraHAy 1: 1, 1:2, 1:3 II 1:4. 
B cnyuae ypaHa(fl) o6paayIoTcK TpM IIOCJIeAOBaTeJIbHbIX KOMII- 
ZeKca Kmesoyue 0THomeHHK MeTanna K nmraKAy 1: 1, 1:2 k~ 1:3 
B Q,QlM HCI, C HCIIOJfb8OBaHEleM Q,lM EC1 B KaYeCTBe @OHa. 

OIIPE EJIEHHE pK, YI-CCYCHOM M 
BEH30 I# HO$i KHCJIOT B IIHPHAHHE: 

L. M. Muxww EE and RONALD S. SCHULTZ, Tafanta, 1972,19, 708. 

PWOMC+p& YKCyClIOt M 6eHaoiiHot KHCJIOT B IIHpHAHHe B 
Ka¶eCTBe paCTBOpHTeJIR paBHbI lQ,l M Q,S, COOTBeTCTBeHHO, 
lIpM 25”. 3TH pe3yJIbTaTbI OCHOBaHbI Ha EiBMepeHWi aKTIlBHOCTH 
ElOHOB BOAOpOAa B CMeCHX KHCJIOT EI EIX COJIeti TeTpaGyTKJIaMMO- 
HIIR. TaKwe IIpHBeAeHbI PeElJ'JIbTaTbl. EElJ'~eHHK AkKjj'#epeHIV 
ElEiJIbHOti YIIpyl'OCTEl l-lElpOB PWTBOPOB aTMX KElCJlOT Pi HX CMeCeti 
C COJIIIMH H IlpOBOAMMOCTH PaCTBOPOB 6eHaOaTa TeTpa6yTUJIaM- 
MOHIIR. 

KOHCTAHTbI YCTO%iWIBOCTH KOMWIEKCOB 
N-APBJII’BAPOKCAMOBMX KMCJIOT C 

HEKOTOPbIMH ABYBAJIEHTHbIMM MOHAMEl 
METAJIJIOB : 

J. P. SHUKLA and S. G. TANDON, Talanta, 1972, 19,711. 

P6?~KIMI+OIIpk?~WE!HJJ TePMOAHHaMHgeCKMe KOHCTaHTbI YCTOfi- 
WiBOCTH KOMm'leKCOB &(II), Ni(II), Zn(II) H Cu(I1) H IIRTb 
y3KOCBH8aHHkJX N-apKJlFEiApOKCaMOBbIX KMCJlOT IlpH 25 f o,l" 
B tiO”/o-THOM BOAHOM PElCTBOpe AUOKCaHEl. YCTO&lHBOCTb 
KMIlJleKCOB B 60JIbUIKHCTBe CJiyW'3B CJleJQ'eT IIOPRJJOK OCHOB- 
HOCTH JIEIraHAOB H %'leKTpOHHOe CPOACTBO llOHOB MeTaJIJlOB, 
npuKaaaHHoe HX BTOPUM uowi3aqnoHHbIM HanpKHteHHeM. 



SUMMARIES FOR CARD INDEXES 

Analytical mass spe-ctrometry: J. R. MAJER, Tahnta, 1972, 19, 
(Chemistry Department, University of Birmingham, P.O. Box 
Birmingham 15, U.K.) 

589. 
363, 

Summary-A review is made of the basic theory, instrumentation and 
application of mass spectrometry, with special reference to the de- 
velopment of the equipment and its impact on the scope of application. 

Development and publication of work with selective ion-sensitive 
electrodes: G. J. MOODY and J. D. R. THOMAS, Talanta, 1972,19,623. 
(University of Wales Institute of Science and Technology, Cards, 
Wales.) 

Summary-Features concerning development, response, selectivity 
and applications of selective ion-sensitive electrodes are reviewed. 
Recommendations are made concerning investigations involving the 
development and applications of electrodes and attention given to the 
manner of presenting data for publication. 

Iodometrlc mlcrodetermlnatlon of sulpbur lo organic compounds by an 
amplllhtlon method: Y. A. GAWARGIOUS and A. B. FARAG, Tahnta, 
1972, 19, 641. (Microanalytical Research Laboratory, National 
Research Centre, Dokki, Cairo, U.A.R.) 

Summary-A new method is described for the iodometric microdeter- 
mination of sulphur in organic compounds, using a 12-fold amplifica- 
tion reaction after oxygen-flask combustion. The method is based 
on reaction of the resulting sulphuric acid with an excess of saturated 
barium bromate solution. The unreacted barium bromate is precipi- 
tated by addition of acetone, filtered off, redissolved in hot water and 
after addition of an excess of iodide and acid, the iodine liberated is 
titrated with thiosulphate. The method is simple, rapid, highly 
accurate, and of wide application in the microanalysis of organosulphur 
compounds containing other common acid-forming elements. 

Improved synthesis and stablllty of 8-selenoquhollne and its sodium salt 
as organic reagents: EIICHI SEKIDO and ISAMU FUJIWARA, Talanta, 
1972,19,647. (Department of Chemistry, Faculty of Science, Kobe 
University, Nada, Kobe, Japan). 

Summary-The synthesis of 84enoquinoline and its sodium salt has 
been improved by optimization of each process. The stability of the 
reagents in air and nitrogen has been examined and correlated with the 
drying method. Both I-selenoquinoline and its sodium salt can exist 
as the monohydrate. It was found that the sodium salt of I-seleno- 
quinoline monohydrate is beat as the weighing form of the reagent and 
that it can be kept stable under nitrogen in a vessel containing silica gel. 

ix 



X AnKoTaqnu cTaTeii 

MACC-UIEKTPOMETPWI B AHAJILISE: 

J. R. MAIER, Tahra,1972,19, 589. 

PesIore---HptiBeneK 0630~ OCHOBHO~~ Teopnn, npK6opa II 
IIpPlMeHeHkiRMaCC-CIIeKTpOMeTpHM,C OCO6bIM yseTOMpa3pa6oTKK 
annapaTypbIH ero @+eKTaHa 06nacTbnpHMeHeHKR MeTona. 

PA3PABOTKA LI OIIYBJWKOBAHBE PABOT 
IIOJIb3YIO~MCfi EIOHOM3BklPATEJIbHbIMki 

3JIEKTPOAAMId: 

G. J. MOODY and J. D. R. THOMAS, Tufunru, 1972,19,623. 

PeaIoMe-npnBegeH 0630~ paapa6oTKn, OTBeTa, K36KpaTeJIb- 
HOCTH M IIpHMeHeHKR: HoHoH36HpaTenbHbIx 3JIeKTpOnOB. npea- 
JIOmeHbI Mccne~oBaHuH B o6nacTa pa3pa6oTKu II IIpKMeHeHHfl 
3JleKTpOnOB II yKa3aHbI llyTK IIpHBeAeHIlH AaHHblXB CTaTRX. 

MHICPOMETOA BOAOMETPB~ECKOI’O 
OIIPELIEJIEHIUI CEPbI B OPI’AHBgECWiX 

COli&ItHEHIUIX C BCIIOJIb30BAHBEM 
AMIIJIHWiKA~Bki: 

Y. A. GAWARGIOUS~~~ A.B. FARAG, Talanta, 1972,19,641. 

PeLMOMe--OIIKCaH HOBbIii MHKpOMeTO)?( WIFi HOAOMeTpH~eCKO~O 
0npeAeneKHfl cepbI B 0praKKsecKax coeAKKeKKsx, nonbsyxo- 
II@tCJI l%KpaTHOfi aMllJfH@iKa~HOHHOti peaKqHeti IIOCJIe COZC- 
XeHEIR B KoJrb6e, HaIIOJIHeHHOti KEICJIO~OAOM. MeTOn OCHOBaH 
Ba peaKqtiK o6paayIometica cepaoii KHCJIOT~I c Il36bITKOM HacbI- 
n(eHHoro pacTBopa 6poMaTa 6apaa. HepearHpOBaHHbIfi 6pOMaT 
Gapas OCamAaIOT AO6aBJleHSfeM aqeloaa, (PHJlbTpHpyIOT, OCaAOK 
paCTBOpJUOT B Kl5IIRIlJei-i BOAe II---nOCJIe Ao6aBneBKrr K36bITKa 
ElOAIlAa Ii KHCJIOTbI-BIJL(eJIeHHbIii ElOA TMTpHpyIOT paCTBOpOM 
THOCyJIb+aTa. MeTog OKa3aJIcR: HeCJIOWE.IM, 6bICTpbIM EI 
BeCbMa TOqHbIM; OH IUHpOKO IlpMMeHHM B MKKpOaHaJlH3e 
0praHnsecKHx coeAnHeBdi cepbI, coAepwauwx ApyrKe OGbIK- 
HOBeHHbIe o6paayworqKe KEICJIOTbI 3JIeMeHTbI. 

YJIYVIIIEHHbIm CBHTE3 II CTABBJIbHOCTb 
S-CEJIEHOXUHOJIBHA II ErO HATPMEBOm COJIkl B 

KAgECTBE OPI’AHWIECKBX PEAI’EHTOB: 

EIICHJ SEKIDO and ISAMU FIJJIWARA, Tulurtsr, 1972,19, 647. 

Pe3IOMe--CHHTe3 %CeneHOXnHOJInHa H er0 HaTpHeBOi COJIIl 
yJIyWUeH IIyTeM OIITKMkl3aqKH Ka?KJJOI'O IIpOIJeCCa. klCIIbITaHa 
ycTonsliBocTb peareHToB B BosAyxe EI a3oTe K cAenaHa Hop- 
peJIFiQllH C MeTOAOM OCyIUKEI. 06a %CeJIeHOXHHOJIHH EI er0 
HaTpKeBa COJlb MOryT CylqeCTBOBaTb B #OpMe MOHOrllApaTa. 
06KapymeKo 9To naTpneBa conb 8-ceneBoxHHon5iHa npeAcTaBn- 
HeT codoti cahfym nywuyro +op~y peareHTa ~na BecoBoro 
0npeAeneHnn; OHa MOPKeT XpaHUTbCFI B yCTOWiHBOfi @OpMe IlOg 
a30ToM of B cocyge coAepxaweM cwnwarenb. 



Summaries for card indexes xi 

Determination of plutonium by two-step flow-coulometry at the column 
electrode: !SORIN &HARA, TADASHI YAMAM~XD, KENJI M~?WIMA and 
TAITIRO FUJINAOA, Tufuntu, 1972, 19, 657. (Japan Atomic Energy 
Research Institute, Tokai-mum, Naka-gun, Ibaraki-ken, Japan, and 
Department of Chemistry, Faculty of Science, Kyoto University, 
Kitashirakawa, Sakyo-ku, Kyoto, Japan.) 

Summary-A two-step flow-coulometry method has been developed 
for rapid determination of elements (plutonium, iron, etc) which exist 
in various oxidation states in solution, and applied to the determina- 
tion of plutonium in 0.5M sulphuric acid medium. The first-step 
column electrode potential is fixed at between $0.10 and t-O.35 V vs. 
Ag-AgCl, and all plutonium ions are reduced to Pu(III). The second- 
step column electrode potential is tied at to.75 V us. Ag-AgCl. and 
Pu(III) which flows from the first column electrode is oxidized to 
Pu(IV). The quantity of plutonium is determined from the number of 
coulombs used in the oxidation. It is possible to eliminate interference 
by diverse ions by electroanalysis at the first column electrode. About 
a lo-p1 sample is necessary and the electrolysis for determination is 
finished in 1 min. 

Rapid analysis of fertilizers by the direct-reading thermometric method: 
ISTV,~N SAIL and B. SEW, Tuluntu, 1972, 19, 669. (Research Institute 
for Ferrous Metallurgy, Budapest, Hungary.) 

Summary-The authors have developed rapid methods for the 
determination of the main components of fertilizers, namely phosphate, 
potassium and nitrogen fixed in various forms. In the absence of 
magnesium ions phosphate is precipitated with magnesia mixture; 
in the presence of magnesium ions ammonium phosphomolybdate is 
precipitated and the excess of molybdate is reacted with hydrogen 
peroxide. Potassium is determined by precipitation with silico- 
fluoride. For nitrogen fixed as ammonium salts the ammonium ions 
are condensed in a basic solution with formalin to hexamethylene- 
tetramine; for nitrogen fixed as carbamide the latter is decomposed 
with sodium nitrite; for nitrogen fixed as nitrate the latter is reduced 
with titanium(III). In each case the temperature change of the test 
solution is measured. Practically all essential components of fertilizers 
may be determined by direct-reading thermometry; with this method 
and special apparatus the time of analysis is reduced to at most about 
15 min for any determination. 

Catalytic reactions--II. Activation: P. R. BONTCHJW, Tuhtu, 1972, 
19, 675. (Department of Analytical Chemistry, University of Sofia, 
1 Anton Ivanov Str., Sofia 26, Bulgaria.) 

Sammary-The activation of the homogeneous catalytic reactions 
used in analysis is discussed. The use of activators in catalytic methods 
permits increase in their sensitivity by 2-4 orders of magnitude and 
improvement in their selectivity as well. Many different mechanisms 
of activation are discussed and used as illustrations of the principles 
for choice of an appropriate activator. 
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xii AnHoTaqm CTaTeZt 

OIIPEJJEJIEHIJE IIJIYTOHWI METOAOM 
ABYCTYIIEH=IATOn IIPOTO=IHOm 

KYJIOHOMETPBB: 

SORIN KIHARA, TADASHI YAMAMOTO, KENJI MOTOJIMA and T-0 
FUJINAGA, Talanta, 1972, 19, 657. 

Pe3IiJM&--Pa3pa60TaH MeTOR ~ByCTyUeH4aTOltt lIpOT04AOti KyJlO- 
HoMeTpHtl gnfl GYCTPO~O onpeaeneHw5 aneMeHToB (nnyTowx, 
Hceneaa tl Hp.), cyqecTByroumx B paanwnsbrx cTeneHnx owic- 
neHHnn B pacmope, H npwdeneH K onpe~enewuo ~~~TOHHH B 
paCTBOpe o,s!%f CepHOti KHCJIOTbI. IIoTeHqaan aneKTpona 
HepBOti KOJIOHKM yCTaHOBJIeH IIpEl +0,10 - +0,35 B B CpaB- 
HeHHH C Ag-AgC1 WleKTpOAOM M BCe ElOHbI l-IJlyTOH%ifl BOCCTa- 
HaBJIHBaQTCR a0 PU(III). ItoTeHguan aneKTpoza BTOPOP 
KOJIOHKH yCTaHOBJleH Ilpll +0,76 B B CpaBHeHMU C Ag-AgC1 
aneKTpogoM II BbITeKaiowie ~8 aneKTpona nepBofi KOJIOHKH 
HOHbIPU(III)OKHCJIFHOTCfI~OPU(IV). ~OH~eHTpaqHflIIJIyTOHHfl 
OIlpeneJleHa %iCJlOM KyJlOHOB HCllOJlb3OBaHHblX J&JlH OKMCJIeHHH. 
MeTo& IIOaBOJIfieT yCTpaHRTb BJIHRHHe pa3HbIX EOHOB aJIeKTpO- 
aHaJIH3OM fIpH WIeKTpOHe HepBOfi KOJIOHKEI. MeTon H3bICKyeT 
10 MKJIIIPO~~J a npo~onmaTe~bHocTb aJIeKTpOJIH3a-1 MMH. 

BbICTPbIm AHAJIH3 YAOEPBTEJIEM METOAOM 
TEPMOMETPBYECKOrO AHAJIE13A C 
HEIIOCPEACTBEHHbIM OTCY~TOM: 

&TvAN SAJ~ and B. SIPOS, Talanta, 1972, 19,669. 

PeWMe-ABTOpaMH pa3pa60TaHbI6bICTpbIe MeToAbI OnpeAeneHna 
rJlaBHblX KOMlIOHeHTOB yAo6pHTenet, llMeHIf0 @OC+aTa, KaJIHH 
M aaOTa, CBFIaaHHblX B paBHbIX COeAHHeHHfIX. B OTCyTCTBElH 
HOHOB MarHHR @OC@aT OCaEQaIOT MarHe8HaJIbHOi CMeCbIO; B 
npHCyTCTBIlHElOHOBMarHIlFIOCamAaH)T(POC~OMOnE16AaTaMMOHEIR, 
ali86bIToK Montl6RaTapearHpyloTnepeKuCbIO BOAOpOAa. KaJIElt 
OIlpeAeJWIOT OCaHcAeHHeM COJIbIO KpeMHe@TOpHCTO-BOAOpOAHOfi 
KEiCJIOTbI. A~OT B @OpMe COJIeti aMMOHEiR OIlpeAeJIRIOT KOHAeH- 
caqHeP B OCHOBKOM pacTBope c @lOpMaJIbAerHAOM B reKca- 
MeTHJIeHTeTpaMHH; AJIHOIIpeAeJIeHEiffaE%0TaB1$0pMeKap6aM%f~a, 
aT0 coeAweHsfe paanaraloT HKT~HTOM HaTpars; aaoT B @opMe 
HIlTpaTa OlIpeAeJIfIIOT BOCCTaHOBneHHeM THTaHOM(II1). B KaFK- 
ROM onpeneneawi H3MepfHoT nepenfewa TeMnepaTypn HccneAye- 
MOrO paCTBOpa. MeTon TepMOMeTpWfeCKOrO aHaJIIl8a C HeIIOC- 
peACTBeHHbIM OTCYeTOM IIOiJBOJIReT OIipeAeJIHTb IlOYTIl BCe 
CyaeCTBeHHbIe KOMIlOHeHTbI yAO6pHTeJIe& npHMeHeHHeM aTOr 
MeTOAa li ClIe~MaJlbHOrO npE6opa lIpO~OJIHcHTeJIbHOCTb aHaJlK3a 
coKpamaeTcfi~0 15 ME~HA~H KaxcAoro 0npeAeneKzis. 

KATAJIBTBYECKtiE PEAKIQiIG-II. AKTIJBALJBSI: 

P. R. BON-~CHEV, Tafanta, 1972,19, 675. 

PeaIeM~PaccMoTpeHa aKTHBaqHX roMorenHhIX KaTannTIise- 
CKUX peaKI@%, IlpMMeHIlMbJX B aHaJIH8e. ~CIIOJIbaOBaHHe aKTII- 
BaTOpOB B KaTaJIHTWieCKEiX MeTOAaX H03BOJIHeT IIOBbIHIaTb B 
2 - 4 pa8 IIX 9yBCTBKTeJlbHOCTb aTaKme yJlyWHaTb UX KaGHpa- 
TeJlbHOCTb. PaccMoTpeKn paarwe MexawiardbI aKTHBaqElM u Ha 
EIX OCHOBe 06'bFICHeHbI IIptlHJJMllbl oT6opa llOAXOAHru;erO BKTU- 
BaTopa. 



Summaries for card indexes 
.*. 

x111 

2%Acetylacetoae-aathraailic acid as a gravbnetric reagent for copper(D): 
R. K. MEHTA. R. K. GUPTA and S. L. PANIA. Tulantu. 1972, 19. 687. 
(Department of Chemistry, University of Jodhpur, Jodhpur; India.) 

Summary-N-Acetylacetone-anthranilic acid has been employed as a 
reagent for the gravimetric determination of copper(B). The solid 
copper(I1) chelate formed possesses 1 :l metal-ligand stoichiometry 
and is found to exist as an unsolvated dimer. The complex has a 
magnetic moment of 1438 B.M. at 298 K. A non-planar dimeric 
structure is suggested to explain the observed facts. 

Analysis of metals by solid-liquid separation after liquid-liquid extrac- 
tion. Spectrophotometric determination of palladiom(Il) by extractioa 
of palladium dimethylglyoxbnate with melted aaphthaleae: TA~~RO 
FUJINAGA, MA~ATADA SATAK~ and TATSUO YONEKUBO, Talanta, 1972, 
19,689. (Faculty of Science, Kyoto University, Sakyo-ku, Kyoto-shi, 
Japan, and Faculty of Engineering, Fukui University, Fukui-shi, 
Japan.) 

Summary-A method of liquid-liquid extraction of palladium di- 
methylglyoximate with molten naphthalene followed by solid-liquid 
separation is succe.ssfuIly applied to palladium. The complex between 
palladium and dimethylglyoxime is easily extracted into molten 
naphthalene. After extraction, the very fine solidified naphthalene 
crystals are dissolved in chloroform, and the absorbance of the resultant 
solution is measured at 370 nm against a reagent blank. Beer’s law 
is obeyed for 30-370 pccg of palladium in 10 ml of chloroform, and the 
molar absorptivity is calculated to be 1.72 x 10” I.mole.-lmm-l. 
Various alkali metal salts and metal ions do not interfere. The inter- 
ference of nickel(H) is overcome by the extraction at pH 2, and that 
of iron(II1) by masking with EDTA or by reduction to iron(I1). The 
method is rapid and accurate. 

Dkrmiaation gravim&rique de l’iode sous forme de Nt(ICI,): N. 
GANTCHW, V. KANAZRWA and D. AWNAWVA, Talanta, 1972,19, 
692. (Chaire de chimie analytique, Ecole Normaie Superieure, 7 rue 
“V. Markov”, Plovdiv, Bulgarie.) 

Summary_--Nitron dichloroiodide-Nt(IClJ-has been prepared and 
studied, and a gravimetric determination of iodine as Nt(ICl), has 
been based on the result. For 4-40 mg of iodine the error is less than 
that of the determination as AgI. Bromate and chlorate do not 
interfere. 



xiv AHHoTaqHM CTaTei 

N-AIJETIUIALJETOHAHTPAHWIOBAfI IWCJIOTA B 
KA=IECTBE BECOBOI’O PEAI’EHTA AJIJI MEaH( 

R. K. MEHTA, R. K. GIJPTA and S. L. Pm, Tufuntu, 1972,19,687. 

PeaIoMe-N-AqeTnJraqeToHaHTpaHHnosaJI KnCnOTa ncnonbao- 
BaHa B KaPecTBe peareHTa ,~JIR: BecoBoro onpexenemw MeAn( 
OBpaaylon@cn TBepAbIti XeJIaT MeAK(II) npeACTaBJIReT co608 
1: 1 MeTaJIJI-JIHIWiA KOMnJIeKC EI CyIQeCTByeT B @OpMe HeCOJIb- 
BaTHBEpOBaHHOrO @Mepa. MarHHTHbIti MOMeHT KOMnJleKCa 
paBeH l&3 B.M. npw 298°K. 06HapymeHHare CBoticTBa 06~~ 
CHHIOTCR HenJIaHapAOti AElMepHOti CTpyKTypOti KOMnJIeKCa. 

AHAJIBB METAJIJIOB MET0 
TBEPnOn H ?fWJECO B 

OM PA3QEJIEHHfl 
(DA3 IIOCJIE 

X0ifitiO@A3HOti ‘3KCTPAKIJMM:- 
CIIEKTPO@OTOMETPB=IECKOE OIIPEAEJIEHBE 

IIAJIJIA@VI(II) 3KCTPAIWPOBAHtIEM 
jJBMETBJII’JIMOKCBMATA IIAJIJIAJJWI 

PACl-IJIABJIEHHbIM HAmTAJIHHOM: 

TAITJRO FUJINAGA, MASATADA SATAKE and TATSUO YONEKUBO, 
Talanta, 1972, 19, 689. 
Pe8IOMe---MeTOn H(EIAKO$.Ja8FiOlf eKCTpaKqHEl #lMeTHiWJlHOKCHMaTa 
naJlJlmHH PaCIlJIaBJleHHbIM Ha@TaJIEiHOM C nOCJleAyW~EfM paElAen- 
eHneM TB~PAO~~ II HEIAKOB @aa ycnemxo npHMeHeH B 0npeAenemiu 
nannaAnH. KoMnneKc AKiueTajIrnHoKcuMa c nannaAueM nerK0 
aKcTparKpyeTcs pacnnaBneHmaM na#TanuHoM. nOCJfe BKCT- 
paKqHH BeCbMa MeJlKEle KpnCTaJIJIbI Ha#TaJlnHa PaCTBOpFIIOT B 
xnopo@opMe H usbaepmoT cBeTonornoweHrfe nonyseHnor0 pacT- 
Bopa npH 370 HM B CpaBHeHKn c cnenot npo608 peareaTa. 
3aKofi Iiepa n0wTaeTcn B o6nacTH 30 - 370 MKr nannaaan B 
10 MJI xnopo+opMa, a MonRpHoe nornonIeHme -1,72 x 104.n. 
MOnb-‘.M&. PaaHbIe comi IqeJIo~HbIx MeTaJlJlOB He MeInaIoT 
onpeAenemu0. BnaflHxe HnKeJIH(II) ycTpaAReTcH aKcTparnpo- 
BaHneM npu pH 2, a Bmmmie wenesa(III)--MacKapoBaHKeM c 
3nTA IUIK BOCCTaHOBJIeHKeM A0 meJIeaa(II). MeTOn IIBJIReTCR 
6bICTpbIM II T09HblM. 

rPABBMETPBYECKOE OrIPEJJEJIEHBE I4OAA B 
mOPME Nt(IC1,) : 

N. GANTCHEV, V. KANAZIRSKA and D. ATHANASSOVA, Talanta, 1972, 
19, 692. 

PemoM+IIpnroToBneH II nay4eH HHT~~H-AHX~~~K~AMA Nt(IC1,) 
II HcnonbaoBaH B KagecTBe peareHTa Ann rpasnMeTpKisecKor0 
onpeAeneH&m noRa. B o6nacTu 4 - 40 Mr sioaa onni6Ka MeHbnre 
9eM B OnpeAeneHHH B @OpMe A I. I;pOMaT n XJlOpaT He MeIUaH)T 
onpeAeneHm0. 



Summaries for card indexes xv 

Tremamg amnga&&er Phosphate an Anionenam-Fe- 
~&ten: H. Kaoscnwrr Z, E. PIJNGOR and S. fiRENCZI. TukzM?, 
1972, 19, 695. (Institut filr Allgemeine und Analytische Chemiei 
Technische Universiti%it, Budapest XI, Gellert ter 4, Hungary, and 
Institut fdr Biochemie der Ungarischen Akademie der Wissenschaften 
Budapest XI, Karolina 6t 29-31.) 

S--A procedure is described for the separation of mono-, di- 
and triphosphate, and of monophosphate and mono-, di- and triamido- 
phosphate on ready-made thin-layer plates of anion-exchange resin 
Dowex 2-X8. The procedure couples the advantages of thin-layer 
chromatography with those of ion;xchange techniq&a. By suitable 
choice of anion for the resin (i.e., chloride or acetate) only one stock 
buffer solution is needed for the separation. The two classes of com- 
pounds do not interfere with each other during the separations. 

Potentiometric detemdnatlon of atepwlse stablllty constants of xlrconlam 
and thorium chelates formed with aspartlc and glntamle aelds: M. K. 
SRJGH and M. N. SRIV~AVA, Talanru, 1972, 19, 699. (Chemical 
Laboratories, University of Allahabad, Allahabad, India.) 

Summary-The metal chelates of Zr(IV) and Th(IV) with aapartic 
and glutamic acids have been studied potentiometrically. Stepwise 
stability constants in O.lM sodium perchlorate at 25” are reported as: 
aspartate chelates-log & 9.70, log K, 6.85, and log & 350 for Zr, 
and log Kr 9.23, log KS 857. log K, 455 and log K, 3.87 for Th; 
glutamate chelates-log Kl 960, log K, 640 and log KI 3.32 for Zr 
and log Kl 9.11, log KI 8.52, log KS 4.18 and log K, 3.62 for Th. 

Thermadynamlc association constants of Wpheny~bydroxamic 
acids and bemohydroxamic acid: Y. K. AGRAWAL and S. G. TANDON, 
Tuluntu, 1972, 19, 700. (Department of Chemistry, Govt. Science 
College, Raipur (M.P.), India.) 

Summary-Thermodynamic association constants of benxohydroxamic 
acid and several o&o-substituted N-phenylbenzohydroxamic acids 
have been determined by pH titration in aqueous dioxan media at 25” 
and 35”. Empirical pH corrections for mixed aqueous media have been 
applied. The PK. values do not vary linearly with the reciprocal of 
dielectric constant of the medium, but a plot of PK. as. the mole 
fraction of dioxan is linear at a given temperature. Values of AC”, 
AH” and As” are tabulated. 



xvi AHHOT~IJHII cTaTeti 

PA3AEJIEHBE HEOPI’AHW-IECKBX @OCQATOB 
METOAOM TOHKOCJIO~HO~ XPOMATOI’PAQBB HA 
KOMMEPgECKBX CJIOHX AHBOHOOBMEHHBKOB: 

H. KROSCHWITZ, E. PUNGOR and S. FERENCZI, Talanta, 1972, 19, 
695. 

PesIome-OnHcaHa MeTonHKa pa3neneHnH MOHO-, AH- II spa- 
@OC@aTa, MOHOf#OC@aTa II MOHO-, AH- H TpaMII~OtpOC@aTa Ha 
KOMMep'IeCKHX IIJIaCTkIHHaX AJIFI TOHKOCJIOtiHOti XpOMaTOrpa@iH 
Ha CnoHX aHHoHoo6MeHHot CMOJIbI AayeKC 2-x8. MeTon 
06seaHHfIeT npeuMyuecTBa TOHKOCJIO~HO~ xpoMaTorpaf#xH c 
IIpellMy~eCTBaMMHOHHOrO06MeHa. ~O~XOAfIWHIi OT60p aHHOHa 
c~onb~ (Ha np. xnopnaa IinK aqeTaTa) no3BoJIHeT npoBecTzI 
pa3neJTeHIIe TOJIbKO C OAHMM6y$lepHbIMpaCTBOpOM. ABa KJIaCCa 
COeAElHeHIlfi He BJIEIRIOT OAHHHa ApyrOrO B 3THX COeAUHeHEWIX. 

CTYl-IEH=IATOE IIOTEH~MOMETPWIECKOE 
OIIPEAEJIEHI4E XOHCTAHT YCTOWIklBOCTB 

XEJIATOB LJkiPKOHklR II TOP&WI C 
ACIIAPAI%iHOBO~ H I’JIYTAMBHOBO~ 

ICLICJIOTAMIJ : 

M. K. SINGH and M. N. SKIVASTAVA, Talanta, 1972,19,699. 

&%!3IOMI+&CJIeAOBaH~ IIOTeAqHOMeTpHYeCKMM MeTOAOM XeJIaTbI 
Zr(IV)m Th(IV)c acIIaparEHOBOti M IVIyTaMHHOBOti KMCJIOTIMH. 
OnpeAeneHbI cneAyIowne KoHcTaHTbI ~CTO~WBOCTI~ B 0,lM 
nepxnopaTeHaTpIu-InpH25": xenam acnaparHHoBoiKncnoTbI-- 
lgKl9,70,lgK,6,85,IgK,3,50AnRZraIgK,O,23,lgK,8,57, 
lg K, 4,55,1g K, 3,87 JJJIFI Th; XeJIaTbI rnyTaMKHoBoi KEIC- 
JIOTbI-lgK19,60,1gKz6,40,1gK33,32~JIH!&'KlgK1 9,11,lg 
K, 8,52, lg K, 4,18, lg K, 3,62 JJJIFl Th. 

TEPMOfikiHAMBYECKBE KOHCTAHTbI 
ACC04klAIJkiki N-@EHEIJIBEH3I’ki~POKCAMOBbIX 

KklCJ-IOT II BEH3I’IJAPOKCAMOBO~ KHCJIOTbI: 

Y.K. AGRAWAL~~~ S. G.TANDON, Talanta,1972,19,700. 

Pe3loM~OIIpeAeJIeHbI MeTOAOM TMTpOBaHHR pH TepMOAHHaMH- 
UeCKHe KOHCTaHTbI aCCOqHaqllll 6eH8rMApOKCaMOBOti KHCJIOTbl II 
HeKOTOpbIX OpTO-3aMeIQeHHbIX N-~eHIIJI6eHWII~pOKCaMOBbIX 
KIlCJIOT B BOAHbIX paCTBOpaX AIIOKCaHaIIpll25" II 35". np&IMe- 
HeHbI 3MIIHpSNeCKHe IIOIIpaBKE AJIfI CMeUIaHHbIX BOAHbIX Cpep(. 
BenKsaHbI pK, He IIOKa3bIBaIOT JIEHefiHyIO 3aBMCbIMOCTb OT 
06paTHOfi BeJIHYmHbI AH3JIeKTHpH'IeCKOfi IIOCTORHHOfi CpeAbI, HO 
pKa B 8aBHCHMOCTH OT MOJIbHOt AOJIIi AElOKCaHaIIpeACTaBJIReT 
co6021 IIpHMOJIHHefiHyIO @yHKIJHIO AJIFI AaHHOi TeMIIepaTypbI. 
npKBeAeHbITa6nllqbIBenKisEiH AW,A.H” MAP. 



Summaries for card indexes 

Behavlonr of the thledipropionlc complex of In(m) and U(VI) at the DME 
in aqueous and aqueous methanolic solutions: P. C. RAWAT and C. M. 
GUPTA, Talanru, 1972, 19, 706. (Department of Chemistry, M.R.E. 
College, Jaipur-4, India and Chemical Laboratories, University of 
Rajasthan, Jaipur-4, India.) 

Stmunary-The complexation of In(II1) and U(VI) with thiodipropionic 
acid has been investigated polarographically in water and water- 
methanol solutions at 30 f 0.1”. All the chelates belone to nolaro- 
graphically reversible systems. With indium(III), comilex& with 
metal to l&and ratios of 1: 1, 1:2, I:3 and 1:4 are found at pH 4.8. 
Uranium(V1) is found to form three successive complexes with metal to 
ligand ratios of 1:1, 1:2 and 1:3 in O.OlMHCl, with O.lMKCl as 
supporting electrolyte. 

xvii 

Detenninatioo of pKa of acetic and benzoic acids in pyridine: L. M. 
MUKHERIEE and RONALD S. SCHULTZ, Talantu, 1972, 19, 708. 
(Chemistry Department, Illinois State University, Normal, Ill. 61761, 
U.S.A.) 

Summary-The pKs’s of acetic acid and benxoic acid in pyridine as 
solvent are found to be 10.1 and 9.8, respectively, at 25”. These results 
are based on measurements of hydrogen ion activities in mixtures of 
the acids and their tetrabutylammonium salts. Supplementary studies 
of differential vapour pressure characteristics of solutions of the acids 
and the acid-salt mixtures, and conductance of tetrabutylammonium 
benxoate solutions are also incorporated. 

Stability constants of complexes of N-arylhydroxatnic acids with some 
hllalent metal ions: J. P. SHUKL.A and S. G. TANLJON, Talanra, 1972,19, 
711. (Department of Chemistry, Government College of Science., 
Raipur, M.P., India.) 

Sunmuuy-Thermodynamic stability constants of complexes of Mn(II), 
Ni(II), Zn(II) and Cu(I1) with five closely related N-arylhydroxamic 
acids have been determined at 25 f O-1” in 50% v/v aqueous dioxan 
medium. The stabilities of the complexes mostly follow the order 
of the basicity of the ligands and the electron aflinities of the metal 
ions as measured by their second ionization potential. 



. . . 
XVlll AHHoTaqaa cTaTeti 

XAPAKTEPMCTHKB KOMnJIEICCOB MH@R(III) M 
YPAHA(VI) C TBOARIIIPOIIHOHOBO~ KmCJIOTOm HA 

KAIIEJIbHOM PTYTHOM NIEKTPOAE B BOAHbIX 
kl BOAHO-METAHOJIOBbIX PACTBOPAX: 

P. C. RAWAT and C. M. GUPTA, Talanta, 1972, 19, 706. 

Pe3Iome-KoMnneKcoo6paaosaHIle In(II1) II U(V1) c THOAHIIPO- 
llHOHOBOti KHCJIOTOti WJyqeHO llOJlKpOrpa!#H4eCK~M MeTOAOM B 
BOAH~IX n BOAHO-MeTaHOJIOBbIx pacTBopax npK 30 & 0,l”. Bee 
xeaaTbI OTHOCIITCK K nonsporpa@necKn 06paTUMbIMEI cncTe- 
Mar&n. B cnygae EIHAEIH(III) o6paayroTcrr npii pH 4,s KoMnneKcbI 
ElMeIOmKe OTHOJIIeHIlFi MeTaJIJIH K JIHraHAy 1: 1, 1:2, 1:3 II 1:4. 
B cnyuae ypaHa(fl) o6paayIoTcK TpM IIOCJIeAOBaTeJIbHbIX KOMII- 
ZeKca Kmesoyue 0THomeHHK MeTanna K nmraKAy 1: 1, 1:2 k~ 1:3 
B Q,QlM HCI, C HCIIOJfb8OBaHEleM Q,lM EC1 B KaYeCTBe @OHa. 

OIIPE EJIEHHE pK, YI-CCYCHOM M 
BEH30 I# HO$i KHCJIOT B IIHPHAHHE: 

L. M. Muxww EE and RONALD S. SCHULTZ, Tafanta, 1972,19, 708. 

PWOMC+p& YKCyClIOt M 6eHaoiiHot KHCJIOT B IIHpHAHHe B 
Ka¶eCTBe paCTBOpHTeJIR paBHbI lQ,l M Q,S, COOTBeTCTBeHHO, 
lIpM 25”. 3TH pe3yJIbTaTbI OCHOBaHbI Ha EiBMepeHWi aKTIlBHOCTH 
ElOHOB BOAOpOAa B CMeCHX KHCJIOT EI EIX COJIeti TeTpaGyTKJIaMMO- 
HIIR. TaKwe IIpHBeAeHbI PeElJ'JIbTaTbl. EElJ'~eHHK AkKjj'#epeHIV 
ElEiJIbHOti YIIpyl'OCTEl l-lElpOB PWTBOPOB aTMX KElCJlOT Pi HX CMeCeti 
C COJIIIMH H IlpOBOAMMOCTH PaCTBOPOB 6eHaOaTa TeTpa6yTUJIaM- 
MOHIIR. 

KOHCTAHTbI YCTO%iWIBOCTH KOMWIEKCOB 
N-APBJII’BAPOKCAMOBMX KMCJIOT C 

HEKOTOPbIMH ABYBAJIEHTHbIMM MOHAMEl 
METAJIJIOB : 

J. P. SHUKLA and S. G. TANDON, Talanta, 1972, 19,711. 

P6?~KIMI+OIIpk?~WE!HJJ TePMOAHHaMHgeCKMe KOHCTaHTbI YCTOfi- 
WiBOCTH KOMm'leKCOB &(II), Ni(II), Zn(II) H Cu(I1) H IIRTb 
y3KOCBH8aHHkJX N-apKJlFEiApOKCaMOBbIX KMCJlOT IlpH 25 f o,l" 
B tiO”/o-THOM BOAHOM PElCTBOpe AUOKCaHEl. YCTO&lHBOCTb 
KMIlJleKCOB B 60JIbUIKHCTBe CJiyW'3B CJleJQ'eT IIOPRJJOK OCHOB- 
HOCTH JIEIraHAOB H %'leKTpOHHOe CPOACTBO llOHOB MeTaJIJlOB, 
npuKaaaHHoe HX BTOPUM uowi3aqnoHHbIM HanpKHteHHeM. 



SUMMARIES FOR CARD INDEXES 

Synthetic inorganic ion-exchangers-I. Hydrous oxides and acidic 
salts of multivalent metals: V. VESEL+ and V. PEKAREK, Tuluntu, 1972, 
19, 219. (Nuclear Research Institute of the Czechoslovak Academy 
of Sciences, i\ei near Prague, Czechoslovakia.) 

Summary-An exhaustive literature survey is given of the hydrous 
oxides and acidic salts of multivalent metals that are used as ion- 
exchange materials, the survey covering the preparation, properties, 
uses and theory of these materials. 

Ee microdosage colorim&ique des phosphates dans des milieux divers 
(produits biologiques, pharmaceutiques et alimentaires): GH. GHIMI- 
CESCU and VASILE DORNEANU, Tuluntu, 1972, 19, 263. (Institut de 
MBdicine et de Pharmacie de Iassy, Roumanie.) 

Summary-A calorimetric micromethod is proposed for determination 
of phosphates in various materials (biological substances, pharmaceu- 
ticals and food). It is based on precipitation of magnesium uranyl 
phosphate, which is then dissolved in dilute sulphuric acid, and the 
uranyl ion is determined spectrophotometrically via the dark red 
colour of uranyl ferrocyanide. The sensitivity is 0.01 mg of P, and the 
average error 1%. The method is very simple and applicable to many 
types of sample. 

Determination of platinum group metals, gold and silver by the tin 
collection scheme: G. H. FAYE and P. E. MOLOUGHNEY, Tulunta, 
1972,19,269. (Mineral Sciences Division, Mines Branch, Department 
of Energy, Mines and Resources, Ottawa, Canda.) 

Summary-A comprehensive analytical scheme is presented for the 
determination of the six platinum-group metals, gold and silver. It is 
the result of the integration of separate procedures that have been 
described previously, in part, over the course of several years. The 
analytical scheme has been thoroughly tested in umpire and standards 
work on a wide variety of materials and, as a consequence, is of 
increasing interest to many laboratories. The precious metals are 
collected in molten tin when the sample is fused at 12004250” with a 
flux containing stannic oxide, sodium carbonate, silica, borax and 
flour. The resultant tin alloy is dissolved and the precious metals are 
isolated by ion-exchange, solvent extraction and/or distillation proce- 
dures. With the exception of the usual facilities required in the fusion 
step of fire assaying, standard equipment can be used in the wet-chem- 
ical operations for the isolation and determination of the individual 
precious metals. 

ix 



AnnoTannH CTaTei 

JJCICYCCTBEHHME HEOPI’AHBYECKI4E 
I4OHOOBMEHHKB-I. IWIPATMPOBAHHbIE 

OHLlCJIbI II ICItCJIbIE COJIM ‘IiHOrOBAJIEHTHbIX 
3JIEMEHTOB : 

V. VESEL+ II V. PEKAREK, Talanta, 1972, 19, 219. (~HCTIITYT 
FinepHbIX ~CCJIenOBannti, %XOCJIOBanKan AKaAeMnR HayK, 
Poem y npara, YexocnoBaKnn.) 

PesroM+E cTaTbenaHnCYepnbIBaIOII@IinTepaTypHbIti 0630~ 06 
HCnOJI30BaHHH I'nnpaTIIpOBaHHbIX OKHCJIOB II KBCJIbIX COnei 
MHOrOBaJIeHTHbIX 3JIeMeHTOB B KaYeCTBe nOHOO6MeInIKOB. 0630~ 
BKJIIOYaeT cnoco6b1 npnrOTOBJIeHIIn, CBOtiCTBa, IIa3HaYeHIIe II 
TeOpHIO 3THX MaTepnaJIOB. 

KOJIOPI4METPBYECKkI~ METOA OIIPEAEJIEHBH 
MIJKPOA03 QOCQATOB B PA3JIWIHbIX CPEAAX 

(BkiOJIOI%YECKBX, cDAPMAIJEBTWIECKBX M 
IIIJQEBbIX UPOfiYKTOB): 

GH. GHIMICESCU and VASILE DORNEANU, Talanta,1972,19,263. 

PeaIom*rIpennaraeTcn KonopnMeTpnYecKnfi MeTon Ann onpe- 
neJIeHHn MnKpOCKOnHYeCKnXn03 (POCfjjaTOB B pa3JIIIYHbIX MaTep- 
Elanax(6~onorIlYecK~xse~ecTBax,~apMaqeBTklYecK~xnpenapa- 
TaX II B IInIIIeBbIX npOnyKTaX). OH OCHOBaH Ha OCaWIeHnn 
@oc@aTa ypaenn-Marnmn, KOTOpbIti 3aTeM paCTBOpReTCR B 
pa3BeneHnOn CepHOti KHCJIOTB, a MOH ypaHnna 0npenenneTca 
CneKTpO@OTOMeTpnYeCKnM MeTOnOM Yepe3 TeMHO-KpaGHbIfi nBeT 
ypaHAJI~eppOnnaHn~,a. YyBCTnTeJIbHOCTb MeTOna = O,Ol Mr F, 
onnI6Ka B CpenHeM 1%. MeTon OTJInYaeTCn npOCTOTOP II MOH(eT 
npHMeHnTbCR J.IJIn MIIOI'IIX BII~OB o6pasnoB. 

Ol-IPE,QEJIEHBE METAJIJIOB nJIATkIHOBOm 
rPYIIIIb1, 30JIOTA I4 CEPEBPA METOAOM 

CBOPA B OJIOBE: 

G.H. FAVE and P. E. MOLOUGHNEY, Talanta,1972,19,269. 

PesIoive-npegnaraeTca ncYepnbn5aIonIan ananBTnYecKaII cxeMa 
AJIfI OnpeneJIeHnH 6-TM MeTaJIJIOB IIJIaTnHOBoti rpynnbI,30JIOTan 
cepe6pa. OHanOJIyYeHaBpe3yJIbTaTeCyMMHpOBaHnnOTneJIbHbIX 
npouenyp, KOTOpbIe YaCTHYHO OnHCbIBannCb B TeYeHne HeCKOJIb- 
KnxBeT. 3TaaHannTnYecKancxeMawnaTenbHo npoBepenanpIl 
CnennanbHOti IICnbITaTeJIbHOitn CTaHnapTIIOi pa6oTe CIIInpOKMM 
pRnOM MaTepnaJIOB II, BCJIenCTBne 3TOr0, IIHTepeC B Hen nJIn 
MHOIWX na6opaTopnt BO3paCTaeT. BnaroponHbIe MeTaJIJIbI 
co6npaIoTcn B pacnnaBneHnoM OnoBe, npnYeM o6paaen pacnna- 
BnneTcH npa 1200-1250" TeMnepaType @nocoM, conepmaIneM 
OKMCb OJIOBa, yrJIeKHCnblt HaTpnti, nByOK"Cb KpeMHnR, 6ypy II 
MyKy. ~OJIyYeHHbItCnJIaBOJIOBapaCTBOpneTCn,a6JIarOpOnHbIe 
MeTaJIJIbI n3OJInpyIOTCH nyTeM BOHHOO6MeHa, 3KCTparnpOBaHnII 
paCTBOpHTeJIFIEl/lljIHAHCTIlnnnIqHem. 3anCKJIIoYeHneMO6bIYHbIX 
cpencTB pacnnasnenan nnn 0npeneneHnn cyxn~ nyTeM npa 
BbICOKnXTeMnepaTypaX,MO?KHO npnMeHRTbCTaHnapTHOe obopy- 
AOBaHne B MOKpbIX XnMIIYeCKIIX OnepannfIX Ann OTneJIeHHII II 
OIIpeJWIeHnfI OTJBZJIbHbIX 6JIarOpOAHbIX MeTalInOB. 



Summaries for card indexes 

Kinetic method of analysis by analogue computer simulation: MASAKI 
NAKANISHI, Talantu, 1972,19,285. (Department of Chemistry, Ochan- 
omizu University, Bunkyo-ku, Tokyo, Japan.) 

Snnnna~--The simulation by an analogue computer of slow reactions 
used for the purpose of chemical analysis is described. Bromination 
of maleic and fumaric acids is used for illustration. The concentra- 
tion of bromine is traced spectrophotometrically as a function of time 
and the trace simulated with an analogue computer by the trial and 
error method. The initial concentration of the substance in question and 
the rate constant of the reaction are determined from the values 
given to the computer variables to obtain the best fit. Only a single 
experiment is required for the analysis. The procedure can be followed 
easily without laborious mathematical or graphical treatment. 

Maglicbkeiten und Greozen bei der Verwendung von Filterpapier als 
Ttiger bei der rihtgenspektrometriscben Analyse: G. ACKERMANN, 
R.-K. KOCH, H. EHRHARDT und G. SANNER, Tuluntu, 1972, 19, 293. 
(Bergakademie Freiberg, Sektion Chemie-Lehrstuhl filr Analytische 
Chemie und VEB Bergbau und Hiittenkombinat “Albert Funk”- 
Forschungsinstitut fiir NE-Metalle, Freiberg (Sachs), DDR.) 

Summary-It has been shown that filter paper is a suitable support 
material for X-ray fluorescence analysis, but that the use of the Weisz 
ring-oven enables a higher sensitivity to be obtained with a sufficiently 
reproducible sample geometry. Linear calibration plots are obtained 
for Ag, Pd, Rh, Pt, Au, Cu, Fe and Ca in the range O-100 pg. The 
relative standard deviations vary between 7 and 35, and the limits of 
detection range from 8 to 35 pg/ml (for iron and calcium respectively). 
Five samples may be analysed in 30 min. Use of the wax-ring 
technique enables the analysis time to be halved, but the sensitivity 
is then less. 

Electropboretic determination of pK-values of indicators and their 
relation to colour changes: I. MORI, M. SHINOGI, E. FALK and Y. Krso, 
Tuluntu, 1972, 19, 299. (Kobe Pharmaceutical Women’s College, 
Nakano 450, Motoyama-cho, Higashi-Nada-Ku, Kobe, Japan and 
Research Reactor Institute, Kyoto University, Kumatori-cho, Sennan- 
gun, Osakafu, Japan.) 

Summary-The p&values of Xylenol Orange, Pyrocatechol Violet, 
Thorin and Alizarin Complexone were determined electrophoretically 
on the basis of the Kiso equation. The colour changes of Xylenol 
Orange and Alizarin Complexone were found to take place at slightly 
higher pH values than the electrophoretically determined pK-values. 
The Kiso-equation for the determination of pK values by electro- 
phoresis yielded reproducible results and the method is useful for 
complicated substances because the procedure is simple, the equipment 
inexpensive and only microamounts of the substances are needed. 



xii 

KtIHETWIECKMm METOg AHAJIB3A 
AHAJIOI’OBOm BbIYHCJIllTEJIbHO~ MALUkIHOi’f: 

MASAKINAKANISHI, Tulanta,1972,19,285. 

Pe3IOMe-OnHCbIBaeTCR BOCnpOH3BeneHIle MeAJIeHHbIX peaKI&i 
IlpH nOMOIIJEl aHaJIOrOBOt BbIWlC~HTe~bHO~ MalUHHbI B qeJIRX 
XHMWIeCKIIX aHaJlH30B. &IH WIJlIOCTpI,IpOBaHHH npOBOAHnOCb 

6pOMI4pOBaHI%eMaJIeHHOBOtiI4~yMapOBOtiKIWIOT HOHqeHTpaqHR 
6poMa IIpOCJIe?WIBaJIaCb CneKTpO~OTOMeTpWieCKH,KaK +yHKqllR 
BpeMeHH II Mo~eJIHpoBanacb aHaJIOrOBOt BbIWCJIHTeJIbHOI% 
MaIIIllHOti MeTOAOM npo6 II omr460K. HaqaJIbHaR KOHqeHTpaqHR 
~a~KoroBe~ecTBaaKoKcTaHTa~~0p0~~~peaKq~~onpe~en~n~cb 
noBen~s~HaMnepe~ew~b~x,~aBae~~xBbIs~Cn~TenbHOirManr~He, 
sTo6bI nOJIyWTb Haa6onee rIo,qxoga~ee COOTBeTCTBEIe. AJIs 
aHaJIH3a Tpe6yeTcH TOJIbKO O@IH 3KCIIepHMeHT. npoqeilypa 
nponenbrBaeTcn nerK0, 6e3 TpyfiOi2~KHx MaTeMaTn4ecKHx wnf 
rpa@nsecKmx npnenoe. 

B03MOmHOCTM II OrPAHWIEHJlfl BCIIOJIb30BAHBfI 
cDIJJIbTPOBAJIbHOm BYMAI’H EEAK HOCEITEJIJJ IIPH 
AHAJIHSAX PEHTI’EHOBCKOm CIIEKTPOMETPBEti: 

G. ACKERMANN,R.-K. KOCH,H.EHRHARDT~~~G.SANNER, Tuhnta, 
1972,19,293. 

PesIoMe-rIoKa3aHo, 9TO +iJIbTpOBaJlbHaJX 6yrdara IIBJIHeTCII 
~O~OIIIHM no~~ep~HBaIoIqaM MaTepHanoM A~FI awann3a peaTre- 
HOBCKOi I&IyOpeCqeHqHeti, HO yIIOTpe6neHHe KOJIbqeBOfi IIeqll 
Betirrra yBeJII4WBaeT nOJIyYaeMyI0 qyBCTBYITeJIbHOCTb C AOCTa- 
TOYHO BOcnpOH3BO@iMOti reOMeTpHea o6pasqa. &If4 Ag, Pd, 
Rh, Pt, Au, Cu, Fe EI Ca nonyqemr nmeifmare KaJIH6pOBOqHbIe 
rpa@KSf B AElana3OHe O-100 Ur. CTaHAapTHbIe OTHOCHTeJIbHbIe 
0TKJloHefnw KoJIe6nIOTCH MewBy 7 II 35, a rpaBuqbI AHanasoKa 
OnpeAeneHAFI 0T 8 go 35 Ur/MJI (~JIR Henesa II KaJIbqnR COOT- 
BeTcTBeHHo). B TeseBHe QO-TEI MMHYT MO~HO npoaHanH3HpoBaTb 
5 o6pa3qoB. npllMeHeHl%eTeXHHKll BOCKOBOrO KOJIbqayKOpaWi- 
BaeT BpeMcI aHaJlI133 Ha nOJIOBHHy, HO TOrna 9yBCTBMTeJIbHOCTb 
yMeHblUaeTC% 

OIIPEAEJIEHBE 3JIEKTPO@OPE30M 3HAYEHklm pK 
MHHIJKATOPOB I4 I4 HX OTHOIIIEHHE K 

M3MEHEHBIO qBETA: 

I. MORI, M. SHINOGI, E. FALK and Y. KISO, Talanta, 1972, 19,299. 

PeaIOMe--%IeKTpO@Ope30M HaoCHOBaHIlHypaBHeHIlR Kiso6bInrs 
0npeAeneHbI aHa9ewifl pK AJIH KpaCOK: KCPIJleHOJI-OpaHmeBOti, 
IIHpOKaTeXHH-+HOJIeTOBOti, TOpllH II anEi3apyrH KOMnJIeKCOHa. 
M3MeHeHIUI qBeTa KCElneH0.n OpaHmeBoZt II aJni3apwoBoro 
KOMnJIeKCOHa HMWIH MeCTO npH 6onee BbICOKIlX aHaqeHElFIX pH, 
qeM onpeneneHHae aneKTpo@opeaoM aHaqeKnH PK. YpaBHeHHe 
Kiso @fi OnpeAeneHws 3HaseHyrti pK sneKTpotjope3oM aano 
BOCnpOH3BOAHMbIe pe3yJfbTaTL.I; DTOT MeTOH XOpOIII AJIR CJIOmHbIX 
BeIIJeCTB, TaK KBK npoqeaypa npowan, 060py~osame Keaoporoe 
II Tpe6yH)TcR TOJIbKO MKKpOCKOnWfeCKHe KOJIW%eCTBa BelqeCTB. 



Summaries for card indexes . . . 
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Application of displacement reactions in frame photometry-II. Emission 
flame photometric determination of alkaline earth metals in the presence 
of interfering anions: P. J. SLEVIN, E. GY~RY-SZEB~XW and G. SVEHLA, 
Talanta, 1972,19,307. (Department of Chemistry, Queen’s University, 
Belfast, U.K.) 

Summa~-For the emission flame photometric determination of stron- 
tium and barium in the presence of interfering ions such as phosphate, 
sulphate, arsenate and oxalate, calibration or simple standard addi- 
tion methods cannot be used. Greatly reduced errors can be achieved 
by dividing the sample solution into four equal parts and adding to 
each certain known amounts of two metal ions. One of these is 
identical to the determinand (e.g., strontium or barium) the other has 
similar characteristics to it (e.g., calcium). The amounts of these 
metals are chosen so that the total (molar) concentration of these 
should be identical in all solutions, but the ratio of the concentrations 
of the two metals should be different. The emission of the determinand 
metal must be measured, and a standard addition plot produced. The 
amount of determinand present in the sample can be obtained from 
the intersection of the emission us. concentration line with the con- 
centration axis. 

A fully automated procedure for the determination of sodium hypochlorite 
and hydrogen peroxide, based on the use of a porous catalytic silver 
electrode: B. FLEET, A. Y. W. Ho and J. TENYGL, Talanta, 1972,19, 
317. (Department of Chemistry, Imperial College of Science and 
Technology, London, S.W.7, U.K. and Polarographic Institute, 
Czechoslovak Academy of Sciences, Prague 1, Czechoslovakia.) 

Summary-A new approach to the automated determination of sodium 
hypochlorite and hydrogen peroxide is described, based on the use of a 
porous catalytic silver electrode. The principle of both methods 
involves the quantitative liberation of oxygen, which is measured 
coulometrically by the electrode. The procedures are suitable for 
the continuous monitoring of the contents of bleaching baths. 



IIPklMEHEHklE PEAKuHn CMEUEHMR B 
IIJIAMEHHOm QOTOMETPBB-OIIPEAEJIEHHE 

IIjEJIO=IHbIX 3EMEJIbHbIX METAJIJIOB 
JIOCPEACTBOM IIJIAMEHHOB @OTOMETPEIII 

BMHCCWI II B IIPklCYTCTBkiki EIHTEP~EPHPYIO~IIX 
AHBOHOB: 

P. J. SLEVIN, E. GY~RY-SZEB~NYI and G. SVEHLA, Tuluntu, 1972, 19, 
307. 

Pe3IOMe--~a~H6pOBO~HbIP WIK IIpOCTOa CTaHAapTHbIi MeTOn 
AO6aBneHKRHeMOrYTnpMMeHFITbCRAJI~OOnpeAeJIeHHRnnaMeHHO~ 
@OTOMeTplleti3M&ICCIW CTp0HqllIII.I 6apImBnpmyTCTBm~HTep- 
~epMyIo~HXIlOHOB,KBKHa~p.~OC~3TOB,Cy~b~aTOB,apCeHaTOB 
II OKCaJIaTOB. MOWHO 3Ha4IITeJIbHO YMeHbIIIHTb OIIIEI6KPI, pas- 
AeJIHR paCTBOp o6pasqa Ha 4 p3BHbIe =IaCTH II AO6aBmR K 
KaFKAOt I13BeCTHOe KOJIWIeCTBO UOHOB ABYX MeTaJIJIOB. OAHH 113 
HHX AOJIlrceH 6bITb IIAeHTMYeH C AeTepMTHaHTOM (T.e. CTpOHqHeM 
WIH 6apneM),BTOpOtiAOmKeH HMeTb noAo6HbIeeMyXapaKTepnC- 
THKK(HaIIp.KaJIbI@i). ~OnllsCCTBaBTHXMeTajIJIOBBbI6IGllpBH)TCR 
TaKRM o6pa3oM, 9T06br o6Iqa~(MOn~pHa~)KoHqeHTpaqm~x6bI~a 
OAHHaKOBaBOBCeXpaCTBOpaX,HOYTO6bI COOTHOIIIeHHe KOHqeHT- 
pa&i ABYX MeTamoB 6bmo paanmao. 3aTeM 113MepaeTccr 
BMACCHFI MeTanna-AeTepMHHaHTa A COCTaBJIReTCH CTaHAapTHbIti 
rpa@IK ~06aBJIeKHH. KOJIWIeCTBO AeTepMHHaHTa B o6paaqe 
IIOJIyqaeTCFl Ha IIepeCeqeHHK 3MKCCLlM IIpOTHB JIIIHHII KOHqeHT- 
paQHIl C OCbH) KOHqeHTpaqHH. 

IIOJIHOCTbK) ABTOMATtI3kiPOBAHHAH IIPOUEAYPA 
AJIfI OrIPEHEJIEHBFI l’BIIOXJIOPBTA HATPIUI EI 

IIEPEHtih4 BOAOPOAA, OCHOBAHHAFI HA 
HCIIOJIb30BAHBI4 IIOPklCTOI’O CEPEBPSIHOr’O. 

KATAJIBTB9ECKOI’O, 3JIEICTPOAA: ’ 
B. FLEET, A.Y. W.Ho ~~~J.TBNYGL, TaZanta,1972,19, 317. 

PeWMe-OIIHCbIBaeTCH OCHOBaKHbIti Ha HCIIOJIb30BaHHII IIOpHC- 
TOrO KaTaJIHTFIeCKOrO cepe6pmoro WIeKTpOAa HOBbIti IIOAXOA 
Am 0npeAeneKm rmoxnoplzTa KaTpm EI nepeKmI.2 BoAopoAa. 
npHHI@III 06011x MeTOAOB OCHOBaH Ha BbIAeneHHH KOJIWIeCTB 
KIWJIOpOAa, KOTOpbIe IISMepFIIOTCf? 3JIeKTpOAOM KyJIOHOMeTpW 
9eCKM. 3TEI IIpOUeAypbI MOrYT IIpHMeHRTbCfi AJIf? HeIIpepbIBHOrO 
peryJIKpOBaHIfH COAep7KMMOrO oT6emBamqHx BaHH. 
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Study of oxidation state of plutonium in solution, by flow-coulometric 
method: SORIN KIHARA, TADASHI YAMAMOTO, KENJI MOTOJIMA and 
TAITIRO FUJINAGA, Talanta, 1972, 19, 329. (Japan Atomic Energy 
Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken, Japan and 
Department of Chemistry, Faculty of Science, Kyoto University, 
Kitashirakawa, Sakyo-ku, Kyoto, Japan.) 

Summary--Reduction rates of Pu(IV) and oxidation rates of Pu@II) 
have been studied in sulphuric acid and nitric acid media, as functions 
of acid concentration, plutonium concentration and kind of acid. A 
flow-coulometric method was used in this work. This procedure has 
many merits, namely, the sample size required is very small, special 
reagents are not used, fewer limitations are imposed by the type and 
concentration of acid, and the method is rapid. 

Spectrophotometric determination of O-50 ng of chromium in 1 ml of 
human serum: J. AGTERDENBOS, L. VAN BROEKHOVEN, B.A.H.G. 
Jiirra and J. SCHURING, Talanta, 1972,19,341. (Analytisch-Chemisch 
Laboratorium, Rijksuniversiteit, Croesestraat 77A, Utrecht, Holland.) 

Summary-A method is described for the determination of chromium 
in 1 ml of human serum or plasma. It is based on a wet decomposition 
and a spectrophotometric determination with diphenylcarbazide after 
extraction with methyl isobutyl ketone. A 40-mm cuvette with less 
than 1 ml sample volume is described. Results are lower than expected 
from the literature, most samples from healthy persons containing 
less than 2 or 3 ng/ml. The reproducibility is about 1 @ml. 

Dichloramine-T as a new oxidimetric Want in non-aqueous and partially 
aqueous media: T. J. JACOB and C. G. R. NAIR, Talanta, 1972,19,347. 
(University Department of Chemistry, Kerala University, Trivandrum- 
1, India.) 

Summary-A new oxidimetric titrant, dichloramine-T, is proposed for 
redox titrations in glacial acetic acid medium. The general analyt- 
ical conditions for using this oxidant and the procedures for potenti- 
ometric determination of ascorbic acid, iodide, arsenic(II1) and iron 
are described. 



xvi AHIiOTanHH CTaTeH 

WYYEHL/IE OKBCJIEHBFI TIJIYTOHIUI B PACTBOPAX 
rIPI/I IIOMOIQI/I C=IETYklKA IIOTOKA (KYJIOHMETPA): 

SORIN KIHARA, TADASHI YAMAMOTO, KENJI MOTOJIMA and TAITIRO 
FUJINAGA, Talanta, 1972, 19, 329. 

Pe3H)M+L13ynanHcb BeJIHWiHbI BOCCTaHOBJIeKHn PU(Iv) H 
OKHCJIeHHFI PU(111) B CpeAaX CepHOti Ii a30THOH KHCJIOT, KaK 
~yHKqllMKOHqeHTpaqllll~BHAaKr?CnOTnKaK~yHK~MMKOHqeIIT- 
panHH nnyT0HHI-I. Ann 3TOH pa60TbI nOJIb30BanHCb KynOMeTpH- 
=ieCKHM MeTOAOM. 3Ta nponenypa HMeeT MH~~O npeHMyIqecT3, 
a HMeHHO: Tpe6yeTCn OYeHb He6OJIbIIIOti o6paaen,He Tpe6yeTcn 
HHKaKHX CnenHaJIbHbIX peaKTHBOB, BW II KOHneHTpanHR 

KHCJIOTbIAaIOT MeHbIIIe OrpaHH'IeHHH II MeTOA 09eIIb 6bICTpbIH. 

CrIEKTPO@OTOMETPBYECKOE OIIPEAEJIEHME O-50 
HI’ XPOMA B 1 MJI. =IEJIOBEYECKOm CbIBOPOTKti: 

J. AGTERDENBOS, L. VAN BROEKHOVEN, B. A. H. G. J~FFE and J. 
SCHURING, Talanta, 1972,19, 341. 

Pe3Iome--OnHcbIBaeTcn MeToH 0npegeneHIin xpoMa B 1 M;I. 
YeJIOBe~eCKOiiCbIBOpOTKHHJIRnJIa3MbI. GHOCHOBaHHaBJIalfCHOM 
pa3noxteHHH II CneKTpO@OTOMeTpHHeCKOM 0npeneneHmm cAH@eH- 
~~Kap6a311AOhlnOC~e3KCTpa~MpOBaHHfIMeTHJIH306yTHJII~eTOIIOM. 
GnHCbIBaeTCn KIOBeTKa Ha 40 MM C o6pa3noM MenbLUe 1 MJI 
06lbeMOM. Pe3yJIbTaTbI OKa3aJIHCb HIEKe, YeM OnHCbIBaeMbIe B 
naTepaType; 6onbruan naCTb o6pa3noB OT 3nOpOBbIX JIIOAeIi 
COAepHtaJIa MeHbIIIe, YeM 2 HJIM 3 Hl’/MJI. BOCnpOH3BOAHMOCTb 
OKOJIO 1 Hr/MJI. 

AHXJIOPAMI4H-T B I-EALIECTBE HOBOI’O 
OKBCHOMETPBYECKOI’O TEITPYIOLQEI’O AI’EHTA B 

BE3BOAHbIX I4 YACTINHO BOAHbIX CPEAAX: 

T. J. JACOB and C. G. R. NAIR, Talanta, 1972,19,347. 

Pe3IOMC--Ann BOCeTHHOBHTeJIbHO-OKHCJIHTeJIbHOrO THTpOBaHHn 
B cpene neHnHoit yKCyCHOti KHC~OT~I npeanaraeTcn HOB~IH 
OKHCHOMeTpH9eCKHH THTpyIOII@aI'eHT-nHXJIOpaMHH-T. GnHC- 
bIBaIOTCFI o6nnIe aHaJIHTWIeCKHe yCJIOBHn npH HCnOnb30BaHHH 
aTor OKHCJIHTeJIn, a TaKme nponenypb1 nnH noTeanHo- 
MeTpHsecKoro 0npeAeneHan aCKOp6HHOBOti KHcnoTbr, HoHa, 
MaIIIbnKa(III)H Htenesa(I1). 



Summaries for card indexes xvii 

Purity of compounds by extraction-solubility: R. A. HUMMEL and 
W. B. CRUMMETT, Tulunta, 1972, 19, 353. (Analytical Laboratories, 
574 Building, The Dow Chemical Company, Midland, Michigan, 
U.S.A.) 

Sunnna~-Thirty-three organic compounds prepared for use as 
analytical standards were examined for purity by the extraction- 
solubility method. Of these, twenty-one gave satisfactory results, 
seven behaved non-ideally, and five were not soluble in the useful 
range. Results on the twenty-one satisfactory samples compared 
favourably with those obtained by differential scanning calorimetry 
and other analytical methods. The method was found to be useful for 
following the improvement of compounds undergoing purification. 

Determination of phosphorus in lubricating oils by cool-Hame emission 
spectroscopy: W. N. ELLIOTT, C. HEATHCOTE and R. A. MOST~N, 
Taluntu, 1972, 19, 359. (Quality Assurance Directorate (Materials), 
Royal Arsenal, London, S.E.18.) 

Summary-The phosphorus content of lubricating oils is determined by 
measurement of the emission from the HP0 molecular species at 528 
nm in a cool hydrogen-nitrogen diffusion flame. The oil is ashed in the 
presence of potassium hydroxide and an aqueous extract of the melt is 
treatedwithion-exchangeresin toremoveinterferents, before aspiration 
into the flame. Analytical results are presented on samples containing 
phosphorus in the range 0.009-0.2 %. The precision of the method is 
~t5 % at the 0.04 % phosphorus level. 

Neutron-activation analysis for thorium in zircon: H. B. DESAI, R. 
PARTHASARATHY and M. SANKAR DAS, Tuluntu, 1972,19,363. (Analyt- 
ical Division, Bhabha Atomic Research Centre, Modular Labora- 
tories, Trombay, Bombay-85 (AS), India.) 

Summary-The thorium content of zircons and standard rock samples 
was determined by neutron-activation analysis. The 310-keV photo- 
peak activity of 233Pa was enhanced by a prior chemical separation 
which removed interfering induced activities. 
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IIPOBEPICA YLlCTOTbI COEflI’IHEHI/lm METOAOM 
~KCTPAI’I~POBAHIJIH/PACTBOPI~MOCTI~: 

R. A. HUMMEL and W.B. CRUMMETT, Talanta, 1972,19,353. 

Pe3IOMe-npEiI'OTOBJIeHHbIe J&JIR IICIIOJlb30BaHIIR B Ka'JeCTBe 

aHaJIHTWIeCK%iX CTaHAapTOB TpllAqaTb Tpll OpraIWIeCKGIe COeAEi- 

Hf?HElR IIpOBepHJIHCb Ha sllCTOTJ' MeTOAOM 3KCTPaIWPOBaHHfi- 
paCTBOpIXMOCTl4. L13 HLlX ,I(BaAQaTb OAK0 COeAHHeHHe AaJIO 

yAOBJTeTBOpPITeJIbHbIe pe3yJIbTaTbI, CeMb-He OYeHb XOpOIIIHe, a 

IIIITb He paCTBOpEIJImCb B Tpe6yeMbIX IIpeJJenaX. Pe3yJlbTaTbI 

ABaAqaTH OAHOPO yAOBneTBOpHTeJIbHOI'0 o6pasqa HMeJIH npeII- 
MyIIJeCTBa II0 CpaBHeHIUO C MeTOAOM AH@jlepeHqIIaJIbHOi 

pa3BepTbIBaIOWei KaJIOpIiMeTpHM KC Apyl?I8MIG aHaJIBTlf9eCKIIMH 

MeTOAaMM. MeTO~OKa3aJICHnOJIe3HbIMJVIfIIIpOBepKllyJIyWIIeHAfI 

COeAPIHeHZd, nOABepraCMbIX OWiCTKe. 

OHPEflEJIEHtIE cDOC@OPA B CMABOYHbIX 
MACJIAX CIIEKTPOCKOIIBE~ C aMFfCCI4Em 

XOJIOAHOFO IIJIAMEHI4: 

W. N. ELLIOT, C. HEATHCOTE and R. A. MOSTYN, Talanta, 1972,19, 
359. 

Pe3mw--Co~epmame +oc@opa B cMa3owbIx hfacnax onpenencl- 

JIOCb H3MepeHHeM 3MHCCHll OT BPIAOB MOJIeKyJI HP0 npI4528 HM 
B XOJIOAHOM AHI$I$J~~MOHHOM IIJIaMeHIJ BOAOpOA-a30T. B npHCyT- 
CTBMPI IWApOOKIlCll KaJInFI MaCJIO npespaIqanocb B sony II nepen 

OTCOCOM B IIJIaMII BOAHbIl? 3KCTpaKT paCIIJIaBa o6pa6aTbIBaJIcH 

HOHOO6MeHHOti CMOJIOi @Ia yAaJleHIlH nKTep@epHpyIoqnx 

BeII(eCTB. AHaJIEITWIeCKHe pe3yJIbTaTbI IIpeACTaBJIeHbI Ha o6paa- 

qax, CoAeplrcanJlzx #10~djOp B npenenax 0,000-0,2x. TosHoCTb 

MeTOAa zt6% npll ypOBHe @OC@Opa =0,04x. 

AHAJIkl3 HEmTPOHHOm AKTI4BAIJ~Il &TIcI 
OIIPEJJEJIEHBH TOPIUI B LJIIPICOHI4I4: 

H. B. DESAI,R.PARTHASARATHY~~~M.SANKARDAS, Talanta,1972, 
19, 363. 

&3IOMt?--COAepmaHHe TOpllR B QHpKOIUIeBbIX II CTaHAapTHbIX 

o6pasqax rop~ibrx nopoE Onpe~enmIocb aHam30M HetiTpOHHO% 
aKTEIBaqEIII. MaKClIMaZbHaR IjjOTOaKTMBHOCTb =pa B 310 K3B 

yCHJIHBaJIaCb npeABapHTeJIbHbIMXkIMWIeCKMM OTAeJIeHKeM,KOTO- 

pOe yCTpaHFIZ0 HHTep@epIIpyIOIIJyIO HCKyCCTBeHHyIO paAKOaK- 

TKBHOCTb. 



Summaries for card indexes 

Spectrophotometric molybdenum determination with thiolactic acid: 
JAMES S. FRITZ and DONALD R. BEUERMAN, Taluntu, 1972, 19, 366. 
(Iowa State University, Ames, Iowa, U.S.A.) 

Summary-A quick, selective method for molybdenum(W) is based on 
the formation of a yellow thiolactic acid complex. The complex 
is formed at pH 1.0-1.6, and the absorbance is measured at 365 nm. 

Determination of traces of iron in the presence of iron by the 
bathophenanthroline method: TAKAYUKI MIZUNO, Tulanta, 1972, 19, 
369. (Technical Laboratory, Central Research Institute of Electrical 
Power Industry, Iwato, Komae, Tokyo, Japan.) 

Sununa~--Traces of iron(H) (l-30 ppM) in the presence of iron(II1) 
were determined (error <lo%) by the bathophenanthroline method. 
Interference of iron(II1) was eliminated by masking with sodium pyro- 
phosphate (2-5-60 mg). The iron(I1) complex was extracted with n-bu- 
tanol, at pH 4.2-4.7. 

Xix 



xx AHHOTaqWI CTaTeii 

CIIEKTPO@OTOMETPB=IECKOE OHPEAEJIEHIJE 
MOJIMB,LJEHA IIOCPEACTBOM TI’IOMOJIO=IHOti 

ICLICJIOTbI: 

JAMES S. FRITZ and DONALD R. BEUERMAN, TaIanta, 1972,19,366. 

h3IOMe--EbICTpbIti CeJIeHTHBHbd MeTOn AJIFI Monlz6gena(VI), 

OCHOBaHHbIti Ha 06pa30BaHnH WXTOrO KOMlIJIeItCHOrO COegm- 

HeHIlRTBOMOJIO=XHOti KHCJIOTbI. COeAHHeHlle 3T0 o6pa3yeTcH IIpH 

pH = l,O-1,6, nornoIqaeivocTb n3MepReTcH npIl 365 nm. 

OIIPEAEJIEHBE CJIEAOB XEJIE3A (II) B 
rIPkiCYTCTBMB WEJIE3A (III) BATOcDEH- 

AHTPOJIkiHOBbIM METOAOM: 

TAKAYLJKI MEWNO, Tulunta, 1972, 19, 369. 

Pe3IOMe-CJIenbI Hteneaa (II) (130 s/hlwIn B IIPHCYT~TBHH 

meJIe33 (III) OIIpe~eJIJUIlKb 63TO@eHaHTpOJIIfHOBbIM MeTOAOM 

(omrx6Ka (10 %). klHTep@epeHqHx xtenesa( 111) xcwnoqanacb 
MaCKHpOBKOfi IIHpOI$OC@aTOM HaTpHH (2,560 Mr). ~OMIIJieKC 
Hcenesa(II) H3BneKaJIcH H-6yTaHoJIoM npii pH = 4,24,7. 



Summaries for card indexes xxi 

Determination of inorganic impurities in vinyl chloride by activation 
analysis: FLORIN T. BUNUS and SANDA MURGALESCU, Talanta, 1912, 
19, 372. (Institute of Atomic Physics, Bucharest, Romania.) 

Summary-Trace impurities in vinyl chloride have been determined 
by activation analysis in a reactor thermal neutron flux of 1.2 x 100 
n/mm*/sec. Irradiations were carried out on liquid and solid samples 
at the same time as a standard. Gamma-spectrometry was used to 
reveal the presence of arsenic and bromine, the quantitative estimation 
being based on two calculus methods. The impurities determined 
were: arsenic 8-O f 0.6 x 1O-L%, bromine 3.07 & 0.2 x lO-s% and 
phosphorus 2.0 f 0.15 x lo-*%. 

Organic aad inorganic ion-exchange heads as indicators in redox and 
precipitation titrations: MOHSIN QURESHI, SAIDUL ZAFAR QURE~HI and 
NIGHAT ZEHRA, Tahtu, 1972, 19, 377. (Chemistry Department, 
Aligarh Muslim University, Aligarh (U.P.), India.) 

Summary-Resin beads in the Fe(II1) or p-dimethylaminobenzylidene- 
rhodanine form are used as indicators in precipitation titrations with 
K,Fe(CN), and Ag+. Resin beads with diphenylamineadsorbedon them 
can be used as indicators in cerimetric titrations. They have some 
advantages over conventional indicators. 

On the analytical utility of quasi-linear molecular emission spectra: 
R. J. L~KAWWI~~ and J. D. WINEFORDNER. Talantu. 1972. 19. 381. 
(Department of Chemistry, University of Florida, Gainesville, Florida 
32601, U.S.A.) 

Summary-The analytical utility of the Shpol’skii effect has been 
examined. It is concluded that the combined instrumental and 
theoretical restrictions limit the analytical usefulness of true quasi- 
line spectra for quantitative work. 



xxii 

OIIPEAEJIEHHE HEOPrAHBqECKHX IIPMMECEm B 
BI4HIUIXJIOPItfiE AKTBBAUBOHHMM AHAJIB3OM: 

FLORIK T. BUNU~ and SANDRA MURGALESCU, Tahnta, 1972,19, 372. 

Pe3Iome--CnenbI npHMeceti B HHHuxnopHne 6~~4 onpenenean 
aKTHBanMOHHbIM aHaJIH30M B peaKTOpe CTenJIOBbIMHetiTpOHHbIM 
nOTOKOM B 1,2 X 10' H/MM*/CeK. npOBOnHJIOCb o6nyHeHHe 
HtHnKOCTH II OnHOBpeMeHHOTBepnbIXo6pa3noI3,KaK CTaHnapTOB. 
&In 06Hapy1KeHHR ~~HC~TCTBHH MbIIIIbRKa II 6poMa nOJIb30- 
BaJIHCb raMHa-CneKTpOMeTpHen, HpIVIeM KOJIHHeCTBeHHOe Onpe- 
AeJIeHHe OCHOBbIBaJIOCb IIa AByX MeTOnaX RC%ICJIeHHR. &VIII 
0npeneneKbI cneAyIonnIe npnMecH: MbIIIIbHKa 8,O f 6,6 X 
1O-4%, 6poMa 3,07 & 0,2 x 1O-4% II @oc@opa 2,0 f 0,15 x 
10-Z %. 

OPI’AHWIECKIIE II HEOPPAHWIECKBE 
BOHOOBMEHHbIE rPAHYJIb1. KAK HHDBKATOPbI 

OKI4CJII4TEJIbHO-BOCCT~HOBI4TEJidHO~O 
II OCAABTEJIbHOI’O TBTPOBAHHH: 

MOHSINQURESHI,SAIDULZAFARQURESHI~~~NIGHATZEHRA, Talanta, 
1972, 19, 377. 

PeaIoMe--PpaHyJIbI CMOJIbI B BMAe Fe(II1) YIJIEl B +OpMe p- 
nHMeTHJIaMHHO6eH3HJIKneHepOnaHHHa IlpKMeHHnKCb KaK HHAH- 
KaTopbI npn THTpoBaHHH c K,Fe(CN), M Ag+. CMOnRHbIe 
rpaHynb1 C anCOp6ApOBaHHbIM Ha HKX ~H~eHHnaMMHOM MOryT 
CJIyHIHTb HHnMKaTOpaMH AJIH nepHMeTpH=IeCKHX THTpOBaHHn. 
QHK RMeIOT HeKOTOpbIe npeHMyIIIeCTBa nepen O~~IHH~IMK 
AHnHKaTOpaMA. 

OB AHAJIBTWIECKOM BCIIOJIb30BAHBki 
KBA3BJItiHE~HOrO MOJIEKYJIHPHOI’O 

CIIEKTPA 3MkiCCLII/I: 

R.J. LUKASIEWICZ and J. D. WINEFORDNER, Talanta,1972,19,381. 

PeaIome-JIpoBepHnocb aHanHTKHecKoe Hcnonb30BaKHe a@@eKTa 
Shpol'cKoro. 3aKnIoneHHe: coHeTanHe npHGop~b1x II TeopeTK- 
HecKKx npenenoB 0rpaHHsKBaeT aHanmTHHecKoe Hcnonb30BaHHe 
HaCTORIIIerO KBa3HJIMHefiHO~O CneKTpa AJIfI KOJIHHeCTBeHNOrO 
0npeaeneHuH. 



SUMMARIES FOR CARD INDEXES 

Syntbetlc inorganic ion exchangers-II. salts of heteropolyadds, 
iasolnble fe rroqaaides, syathetic Alcott aad ~~~ 
exchangers: V. PEK.&REK and V. VESEL~, Talanta, 1972, 19, 1245. 
(Nuclear Research Institute of the Czechoslovalc Academy of Sciences, 
Rei near Prague, Czechoslovakia.) 

Srrrnma~--A review of the developments during the period 1965-70 
in use of heteropoly acid salts, ferrocyanides and synthetic zeolites 
as ion-exchangers. 

A contribution to the problem of increasing the sensitivity of anodic- 
stripping volley: LUDMILA HUDERO~~ and KAREL %t.n.f~, 
Talantu, 1972, 19, 1285. (Research Institute for Pharmacy and 
Biochemistry, and Department of Analytical Chemistry, Charles 
University, Prague, Czechoslovakia.) 

Summary_-A brief discussion of problems connected with increasing 
the sensitivity of anodic-stripping determinations is presented. A 
new microcell for anodic-stripping voltammetry in solution volumes 
down to about 0.01 ml was constructed. The effect of the solution 
volume, the mercury-drop electrode size, and of the pre-electrolysis time 
and potential on the sensitivity of determinations was studied and the 
reproducibility of results for determinations of lead in mineral acids 
is given. It was found that nanogram amounts of heavy metals can 
easily be determined in this way. In determination of 2 ng of PbZ+ in 
0.02 ml of solution the results were 2.00 4~ 0.13 ng (95 % confidence 
limits), the mean relative deviation beiig 6.3%. For determination 
of copper in KNOI, stripping microanalysis was compared with 
atomic-absorption spectrophotometry. Advantages and disadvantages 
of stripping voltammetry on the macro- and micro-scales are discussed. 

Determination of and differentiation between cassiterite aad silicate- 
bound tin in silicate rocks anon traces of tia: J. A~~~E~~ and 
J. VLOGTMAN, Talanta, 1972, 19, 1295. (Laboratory for Analytical 
Chemistry, State University, Croesestraat 77A, Utrecht, Holland.) 

Summary_-A simple, sensitive and reproducible method is described 
for the determination of tin in silicate rocks at the ppm level. By 
applying a selective decomposition it seems possible to differentiate 
between tin present in the silicate lattice, in readily-accessible cassiterite 
(SnO,) and in cassiterite enclosed in the silicate. The final determination 
is made by extraction and photometry with phenyl~uorone. Results 
for total tin agree well with those obtained by X-ray fluorescence. 

ix 



X AfinoTaIgfu cTaTet 

C~~TET~~E~K~E HEOPrAH~~E~K~E 
I4OHOOBMEHHBK&-II. COJIki J?ETEPOIIOJIBKBCJIOT, 

HEPACTBOPHMME QEPPOQBAHM~bI, 
C~HTET~~~CK~E A~~MOC~~~~TbI H 

PA3HbIE OBMEHHI4KH: 

V. PEKAREK and V. VESEL~, Talanta, 1972,19,1245. 

Pea~M~~p~BeAeH 0630~ ycnexoB Ro~yqeH~x B ~epKoAe 
1965-70 npx sicnojib3033a~~ reTepononnKmenoT, +eppoqsimEi- 
AOB EI CHATeTWleCKMX 8eOJlHTOB B Ha¶eCTBe MOH006MeHAHKOB. 

BKJIAA B XIPOBJIEMY ~OBbI~EH~~ 
~YB~TB~TE~bHOCT~ METOAA 

BOJIbTAMIIEPOMETPkiM C AHOAHbIM 
CHLIMAHHEM: 

LUD~A HLFDEROVA and K. &‘ux.fK, Talantu, 1972,19,1285. 

Pe3IoMe-KpaTKO paccMoTpewbI npo6neMu cBOfu3aKHbIe c I'IOB~I- 
JIIeHIJeM YyBCTBEiTeJIbHOCTH BOJIbTaMIIepOMeTpHH C aEIOAHbIM 
CH~M~KeM. ~KOHC~yKpOBaHa HOBaR MKKpOSFZeiKa JlZSi lIpSi- 
MeHeHEIff MeToAa B pacTBopax, Ecnosb3yroLqas o6'6eaw BIDIOT~ 
~0 0,Ol MJL nayserr BJIHfiHEie o6%eMa pacTaopa, paaMepoB 
KauenbHoro PTYTHO~~ aneKTpona, npogonmElTeabxiocTI4 npeg- 
Bap~Te~bHOrO 3~eKTpO~K33~ KOTe~Ka~a Ha ~YBC~ETe~~HOCTb 
onpeaeneaufi si 0npe;qeneHa B~C~~OH~BO~RMO~T~ peayjrbTaToB 
KonyseabIx ~0rxpegeneHnncB~~qa~ MKnepaJIbnbnr KHCSIOT~X. 
MeTon noaBoJz?eT OnpenenFiTb HanorpaMlnosbIe KOJIUgeCTBa 
TZDK&WX MeTa~~OB. BpVr OKpeAe~eH~~ 2 HI' Pbs+ B 0,02 MJI 
pacTBopa nonyseHo 2,00 f 0,13 AT (c npezenebx fiosepm 95 %), 
c OTHomTenbHoB CTaHAapTKxoltlr OIIW~KOB 6,3x. B mysae 
0npeAenemfi MeAIl B KNO, mmpomamia 06cyHcAerimm MeTo- 
no&f cpameri c ~~0~0~ aTo~~o-a6cop6~~oHHo~ C~e~po~oTo- 
MeTpRM. Obcym~ezibI lIpeIiMylI&eCTBa H ReAOCTaTKEi BOJIbTaMIie- 
pOMeTpDi C aHOARbI?d CHHMaFIEleM HaMaKpO- M MHKpOMaCIIITa6e. 

Ol-fPEAEJIEHBE &I PA3JIEIYEHklE ME?KAY 
~A~C~TEP~TOM H CB~3AHHb~M C C~~~KATOM 
OJIOBOM B CM[JIEIKATHbIX I’OPHbIX IIOPOAAX 

COAEPWAIQHX CJIEAM OJIOBA: 

J. AGTERDENBOS and 3. VLOGTKAN, Taianta, 1972,19,129X 

PeWORK%--OfIKC3H IK?CJIOH(HbIfi, ¶yBCTBEiTeJIbHti H BO8lIpOH3- 
BO@!lMbItt MeTOA OIIpeAeJIeHWi OJlOBa B CIlJIHWaTHbIX l'OpHbIX 
Kopo~~~o6~ac~qacTe~HaMK~~KoK. IIpsimeueiz~eceneKTzB- 
HOBO paaaroHtemrr rtpo6u rroas3ozfm pai3msaTb mmy ~JIOBOM 
lIpUCyTCTByK)~UM B CEIJIUKaTHOti peIll&TKe, B JlerKOAOCTyIlHOM 
KaCCIlTepATe @lo,) H B KaCCHTepHT3, 3aKpbZTOM B CKJlUKaTe. 
KonesHoe OIIpeJ&eZeHEe COCTOEIT H3 3KCTparHpOBaEWi M @OTO- 
MeTpE~ecKoro 0npeReaeHEis c ~eHK~~~yOpOHOM B KaqeCTBe 
peareHTa. PeaynbTaTn nonyseawe gna o6qero conepHcaHKrr 
0noBa xopomo CornamaIoTcs c peaynbTaTahfllr nonyYeKHbn+in 
MeTO&OM peKTrelioBcKoi ~ryopecqeKwur. 



Summaries for card indexes xi 

retention of muuqpwe by atomic-fhorescewe spectroscopy asiag 
a carbon-tllament atom-reservoir: L. EBDON, G. F. Kraxnatorr~ and 
T. S. WEST, Tuianfu, 1972, X9, 1301. (Department of Chemistry, 
Imperial College of Science and Technology, London, SW7 2AY, 
U.K.). 

Summary-The atomic-fluorescence characteristics of manganese 
heated on a carbon-filament atom-reservoir (CFAR) are described 
and compared with (a) the atomic-absorption behaviour of the 
element on the same filament apparatus, and (&) its fluorescence 
behaviour in a separated air-acetylene flame. By fluorescence at 
279,s run, using l-pi samples, ~ngan~e may be determined down to 
0.6 pg (6 x lo--’ ppm) by use of an electrodeless discharge lamp 
source (3 pg or 3 x 10-* ppm by absorption, and 20 ng or 1 x IO-* 
ppm by flame emission at 403 run). The effects of fourteen represent- 
ative cations and anions examined showed no interference at IO-fold 
and lOO-fold levels and serious interference only from magnesium at 
the lOOO-fold level, with ca. 10% suppression from Cr, V, Na and K. 
No fluorescence signals were observed at any wavelength other than 
279.5 nm when the CFAR device was used. 

Some eonsideratiofis on spectral lime protiles of microwave-excited 
electrodeless discharge lamps: D. 0. COOKE, R. M. DAGNALL and 
T. S. WEST, Talanta, 1972, 19, 1309. (Department of Chemistry, 
Imperial College of Science and Technology, London, SW7.) 

Summary-The problems of line broadening in microwave-excited 
electrodeless discharge lamps for the more volatile elements, P, S, I, 
Se, Zn, Cd and Hg are discussed in relation to their use in atomic- 
absorption and fluorescence s 

.dp”“““try’ 
Both theoretical and 

practical ~pli~tions are consi ered 

Controlled potential coalometry: the application of a secondary 
reaction to the determhation of plutonium and waaiam at a solid 
electrode: J. B. FARD~N and I. R. MCGOWAN, Talanta, 1972,19,1321. 
(British Nuclear Fuels Ltd., Windscale and Calder Works, SellatIeld, 
Seascale, furled, U.K.) 

Summary-A method is described for the s~~~~~ dete~ation 
of plutonium and uranium in mixed oxides by controlled potential 
coulometry at a gold working electrode in two-stages: first-a coulo- 
metric oxidation. at 0.73 V us. a silver/silver chloride electrode. of 
Pu(III) and Uov> to Pu(IV) and U(VI) by a combination of a diiect 
electrode reaction and a secondary chemical reaction proceeding 
concurrently, and secondly, a coulometric reduction at 0.33 V of 
Pu(IV) to Pu(III), leaving uranium as U(VI). The determination is 
carried out in a mixture of sulphuric and nitric acids, and Ti(III) is 
used to reduce plutonium and uranium to Pu(III) and U(IV) before 
electrolysis. The precision (3~) of Pu:U ratio results obtained from 
mixtures containing about 30% and 2% plutonium was 0.5% and 
15% respectively. The effect of experimental variables on the time 
taken to complete the coulometric determination is discussed. 



xii AHHOTaqUH CTaTeti 

Xiv 

OIIPEAEJIEHME MAPI’AHUA METOAOM 
ATOMHO-WIYOPECqEHTHOfl CIIEKTPOCKOIIBB C 

MCrIOJIb30BAHBEM ATOMHOI’O PE3EPBYAPA B 
QOPME YrOJIbHOm HHTLI: 

L. EBDON, G. F. KIRKBRIGHT and T. S. WEST, TuZanta, 1972,19,1301. 

PesIonfe-OnacaHbI aToMHo-@nyopecqeHTKbIe XapaKTepKcTEKK 
MapraHqa, HarpeBaHHoro Ha aTOMHOM pe3epByape B *opMe 
yronbaofi HHTH (CFAR) II CpaBHeHbI c (a) aToMHo-a6cop6qnoH- 
AbIMH XapaKTepHCTMKaMH 3JIeMeHTa Ha TOM me npn6ope, II (6) 
er0 (PJIyOpeCqeHTHbIMH XapaKTepHCTaKaMH B OTAeJIeHHOt IlJla- 
MeHhI Boagyxa-aqeTnneHa. QnyopecqeHqarr np~ 279,5 HM, c 
McnonbaoBaHneMl~Kn npo6~1, noaBoncreTonpenenlrTbMapraHeq 
BnJIoTb ~0 0,6 nr (0 .10m49.Ha MIIJIJIIIOH), npIlMeHtIs 6e3aJreKT- 
pOi?&HylO pa3pFInHylO JlaMny (3 Ill’ ElJlIl3*10-'=I. Ha MElJlJlHOH C 
npnMeKeHHeM a6cop6qMm H 20 Hr E~JIH 1. 10e2 g. Ha MEIJIJIEIOA 
MeTOAOM nnaMeHHOi% 3MElCCIlll IIpll 403 HM). HCIlbITaHHbIX 14 
TElIlENeCKMX KaTHOHOB II aHHOHOB He noKaaanK MemaIoqee 
BJlHHHIIe llpH lo-KpaTHOM M 100-KpaTHOM K36bITKe, a TOJlbKO 
MarHbIft nOKa3aJI Cepbe3HOe BJIHfiHHe npIl 1000-KpaTHOM 1136b1- 
TKe; Cr, V, Na M Ic AanH lo%-T~oe KoAaBneHne cHrHana. 
&iKaKKe @nyopecIJeHTHbIe CHrHaJIbI He o6HapyxteHbJ npK 
AnllKax BOJIH Apyrax YeM 279,5 KM npn MCrlOJIba0BaHHW 
npn6opaCFAR. 

PACCMOTPEHME IIPOQtiJrE~ JIkIHklm UIEKTPA 
B03BYmAEHHbIX MBKPOBOJIHAMH 

BE33JIEKTPOAHbIX PA3PflnHbIX JIAMII: 

D.O.COOKE,R.M. DAGNALL andT. S. W~~~,Tala~t~,1972,19,1309. 

PeBIOMe-PaCCMOTpeHbI npo6neMM paCIKllpeHIlK JIllHIll Boa6ym- 
AeHHbIX MHKpOBOJIHaMH 6e33neKTpOAHbIX pa3pHAHEJX JlaMU AJIH 
6onee neTygHx aner.ieHToB P, S, I, Se, Zn, Cd II Hg B CBR~H c 
AX DCnOJlb30BaHlleM B aTOMHO-a6COp6QMOHHOti II BTOMHO- 
IjJlyOpeCqeHTHOt CneKTpOCKOIIHH. npo6neMa 06cyHcAeHa c 
TeOpeTnqeCKOti II npaKTElqeCKOiTO~KH 3peHllK. 

KYJIOHOMETPBfi C PEI’YJIBPOBAHHbIM 
IIOTEHUBAJIOM: IIPMMEHEHLlE BTOPMYHOm 

PEAICIQIM B OrIPEAEJIEHBM IIJlYTOHLlFI ki 
YPAHA HA TBBPAOM NIEKTPOAE: 

J.B. FARDON and I.R.McGowAN, TaZan&1972,19, 1321. 

Pe3Io~re--OnHCaHMeTOAOAHOBpeMeHHOrOO~peAeneHMR:nnyTOHIl~ 

AHHOTaqHEl CTaTeZf 

OIIPEAEJIEHBE IIJIYTOHWI I4 YPAHA B 
CMEIIIAHHbIX OECCHAHbIX TOlNIklBAX METOAOM 

IIOCJIEAOBATEJIbHOI’O OKI4CJIBTEJIbHO- 
BOCCTAHOBBTEJIbHOI’O TBTPOBAHMfi: 

P. H. CHADWICK and I. R. MCGOWAN, TuZanta,1972, 19, 1335. 

Pe3IOMe-~OCJIeAOBaTenbHoe OKpeAeJIeHHe ypaJIa II nJlyTOHHcI 
B TOM me pacTBope npo6ar noaBonHeT 3KOHOMkITb c BpeMeHeM 
aHanmaa II aaTpaToP AJIH npK6opa. MeTOn HagHHaeT c U(IV)H 
Pu(II1) B CMeCIl CepHOti EI a3OTHOti KEEJIOT. THTpOBuKe #.%xpo- 
MaToM,npIIMeHKKaMnepoMeTpIlgecKEiBMeToAKanapnnoaapKall- 
pyeMbIX 3JIeKTpOAOB, AaeT ABa XOpOIIIO BbIpameHHbIX KOHqa 
TKTpOBaHKri, COOTBeTCTByIoIJJKe nOCJIeAOBaTeJIbHOMy OKIICJIeHIIH) 
U(IV)B U(VI)IIPU(III)BPU(IV). ICojIu~ecTBeHHoeoKKcneHne 
U(N)~U(VI)nonyseHo nyTeMAeicTsMnPu(IV)KaKnpoMe~y- 
ToqH,,,.,,n,,OTTVKPR. u RaREql?IaT n~~~anauua7rFnnRR~~"n~nF;~mDTI~ 



Su~aries for card indexes xv 

Determination of trace metals in water by x-ray fluorescence speetrotn- 
etry: H. WATANABE, S. BERMAN and D. S. RUSSELL, Taian~a, 1972, 
19, 1363. (Division of Chemistry, National Research Council of 
Canada, Ottawa, Ontario, Canada.) 

Sunnna~---A simple, rapid and accurate method for water analysis 
is proposed. The analytical procedure for the dete~ination of Fe, 
MI-I. Zn. Cu. Cd. As. Pb and Se in water in concentrations as low as a 
fewppM involves precipitation with a carrier of the metals by diethyl- 
dithi~rba~te (DDTC) or l-(2-pyridyl~o)-Z-naphthol (PAN) and 
filtration through a Millipore filter. The precipitates collected on the 
filter disc are examined by X-ray fluorescence analysis. PAN is excellent 
for the detonation of several metal ions at the ppM levef, and DDTC 
can be used with tartrate as a masking agent if water samples contain 
large amounts of iron( 

Studies on cbromhm~(IlI) hydroxide, arsenate, antimonate, molybdate 
and tong&ate: MOH~IN QURESHI, RAIENDRA KIJMAR and H. S. 
RATHORE, Telanta, 1972, 19, 1377. (Chemical Laboratories, Aligarh 
Muslim University, Aligarh, U.P., India.) 

Summary_--Five water-insoluble compounds of c~omium~I1) have 
been synthesized by mixing 0*10&f solutions of chromic chloride and 
the appropriate sodium salts in the volume ratio of 1:2, at pH 6-7. 
Their ion-exchange ch~acteristi~ have been compared. The tungstate 
has the highest chemical stability and the arsenate has the highest ion- 
exchange capacity. Chromium(II1) molybdate columns have been used 
to separate Pbz+ from num~ous metal ions. 

Investigations of dioximes and their meta complexes. A survey of the 
literature since 1963: BI~GUTA E~NIXJS, Tulanfu. 1972, 19, 1387. 
(Department of Analytical Chemistry, University of Gothenburg, Fack, 
S-402 20 Giiteborg, Sweden.) 

Summary-A review is given of the chemistry and analytical appli- 
cations of dioxime complexes from metals. 



xvi AHHoTaqKH CTaTei 

OIIPEAEJIEHME CJIEfiOB METAJIJIOB B BOAE 
METOAOM PEHTI’EHOBCKOn NIYOPEClJEH~BB: 

H. WATANABE, S. BERMAN and D. S. RUSSELL, Talanta, 1972,19,1363. 
Pesrom-IlpennomeH ~ecnomrmZ1, 6b1C~pbdi M rxpeqrranomiti 

MeTog ariamma BOJJ~. MeToAKKa onpeAeneBKx Fe,Mn,Zn,Cu, 
Cd, ib,Pb EI Se B BOAe IIpH KOH~eHTpa~SUIXBllJlOTb HeCKOJlbKO 

~acTet~a~~nnKo~oc~oBaHaHaocaHc~eHmi~eTa~noBB npwy- 

TCTBKH HOCHTeJIR AH3TKJIAKTHOKap6aMliHaTOM (AATK) KJIH 

1-(2-BKpKAKna30)-2-Ha~TO~OM (HAH), EI @UIbTpOB3IiHH Yepea 

Mmninop @fJIbTp. YAepmaHHbIe Ha @fJlbTpe OCWK&¶ HCCJIeA- 

y10T MeTOAOM peHTreHOBCKOti @IyOpeCqeHqKK. IYIAHoM nony- 
9eKbl 0TnwiKbIe pesynbTaTbI B onpegenewni prrga HOKOB MeTan- 
JIOB eCJlK II&NfCyTCTByiCT B MklKpOl'paMMOBbIX KOJlUISeCTBaX, a 

AnTEE MOlKeT IlCIIOJIb3OBaTbCR BMeCTe C TapTpaTOM B KaqeCTBe 

MacKKpyIomero areHTa B cnysae ~~HC~TCTB~~R 6onbmKx KOJIEI- 

UeCTB menesa(II1) B npo6e. 

M3YZIEHEIE rI4APOOKIJCl4, APCEHATA, 
AHTBMOHATA, MOJIHBAATA II BOJIbcDPAMATA 

XPOMA(II1): 

MOH~INQIJIWHI,RAJBNDRAKUMAR and H.S. RATHORE, Talanta, 1972, 
19, 1377. 
Pe3KIM&--npHPOTOBJIeH0 IlRTb HepaCTBOpHMbIX B BOAe COeA& 

HeEdi XpOMa(III) CMemBBaAHeM o,loM paCTBOpOB XJIOpHAa 

XpOMa(III) H COOTBeTCTBeHHbIX COJfei HaTpER, B 06'beMHOM 

OTHOmeHuu 1:2, npu pH 6-7. CpaBHeHbI HX HoHoo6meHHne 

XapaKTepMCTHKU. BOJIb+paMaT 06JraAaeT CElM0i-i JXyWIIOii XIIMM- 

gecKoa yCTOtiWiBOCTbI0, a apceHaT--caMot nyvmoti MOH006- 

MeHAOt eMHOCTbl0. KOJIOHKM MOJm6AaTa XpOMa(III) UCUOJlb- 

80BaHbI AJIH OTAeJleHHR Pba+ OT MHOl'09HCJleHHblX MOHOB MeTaJI- 

JIOB. 

IWCJIEAOBAHklE AltOKCllMOB M EIX 
KOMIlJIEKCOB C METAJIJIAMEI. OB30P 

JIHTEPATYPbI C 1963 J.‘OAA: 

BIRGITTA EGNEVS, Talanta. 1972, 19, 1387. 

Pe3IOM&---npliBeAeH 0680~ XElMIlYI H IIpPIMeHeHd B aJIaJIEI3e 

KOMUJleKCOB AKOKCIlMOB C YeTaJlJIaMK. 



Summaries for card indexes 

New mat&log prow&we for selective eomplexometrlc determination of 
copper(D): RAJIND~~ PAL S~NGH, Tulanta, 1792, 19, 1421. (Depart- 
ment of Chemistry, Panjabi University, Patiala, India.) 

Summary-A study has been made of a new masking procedure for 
highly selective complexometric determination of copper( based 
on decomposition of the copper-EDTA complex at pH S-6. Among 
the various combinations of masking agents tried, ternary masking 
mixtures comprising a main complexing agent (thiourea), a reducing 
agent (ascorbic acid) and an auxiliary complexing agent (thiosemicarba- 
zide or a small amount of l,lO-phenanthroline or 2,2’-dipyridyl) have 
been found most suitable. An excess of EDTA is added and the 
surulus EDTA is back-titrated with lead (or zinc) nitrate with Xylenol 
O&ge as indicator (pH 5-6). A masking mixture is then added to 
decompose the copper-EDTA complex and the liberated EDTA is 
again back-titrated with lead (or zinc) nitrate. The fallowing cations do 
not interfere: Ag+, Hg *+, Pb”*, Ni’+, Bi8+, Asa+, Al**, Sb8+, Sn’+, Cd’+ 
Co*+. Cfs+ and moderate amounts of Fe*+ and Mn*+. The notab 
feat&e is that consecutive determination of Hg*+ and Cu*+ can be 
conveniently carried out in the presence of other cations. 

Volumetric deterndnation of primary arylamhes and nitrites, using an 
internal indicator system: EUGEN SZEKELY, AMALIA BANDEL and 
MIRLW FLWMAN, Tafanta, 1972,19,1429. @epartment of Analytical 
Chemistry, Negev Institute for Arid Zone Research, Beer Sheva, Israel.) 

S---A new nitrite titration method is presented. The titration 
is performed in the presence of a standard solution of 4,4’-sulphonyl- 
dianiline and diphenylamine, which is used as an internal indicator. 
An intense red &our develops durhig the titration as a result of a 
simultaneous diazotization and coupling process. A very sharp end- 
point is given by a colour change to yellow. The titration is performed 
at a temperature of about 45” in the presence of large amounts of 
nitrate. The method is specitic and precise. It is suitable for the direct 
volumetric deviation of various easily diazotized primary aryla- 
mines, sulphonamides and other amino-compounds which can be 
determined by nitrite titration. It is suitable also for the indirect 
deviation of nitrites. The method is applicable on the semimicro 
and macro scales. 



. . . 
XVIII AHHOTaqHH CTaTet 

HOBbIm METOA MACKBPOBAHMH AJIH 
CEJIEKTJIBHOI’O KOMlNIEKCOHOMETPBYECKOr0 

OIIPEfiEtiTEHBR ME,L&t(II): 

RAJINDER PAL SINGH, Talanta, 1972, 19, 1421. 

&!3IOMe-&yYeH HOBbIti MeTOR MaCKHpOBaHHR AJIfI BbICOKOIIS- 
6~paTe~bHO~OKOM~~eKCOHOMeTpUYeCKOrOOnpe~e~eHEi~Me~~(~~), 
OCHOB~HHO~O KapaanomeHKH KoMnneKCaMe~H c 3ATAnpn pH 
5-6. CpeAEi KICnblTaHHhIX KOM6kiHaqHti MaCKHpyIO~HX areHTOB 
KaiinyYruHe pe3ynbTaTn UonyYeHnr TP~Z~HE~MH MacKHpyIoqmMH 
CMeCFIMH, COCTOFiakiMEICR I%3 rJIaBHOr0 KOMnJIeKCOO6pa3yIOoulerO 
areHTa (TnoMoYeBnBbI), BoccTaKaBnnBaBqero arewra (acKop6m 
HOBOi KIWJIOTY) II BCl'fOMOI'aTeJIbHOrO KOMnJIeKCOO6pa3yIOQero 
areHTa (TKoceMaKap6aaK~a KJIH He6onbluero KOnHYeCTBa l,lO- 
@eHaHTpOJIKHa IlJIH 2,2'-~HnIipH@JIa). PaCTBOpy ~06aBJIHIOT 
K~~~IT~K~~TAKOTO~~IZI[OTTKT~~H)T~~CTBO~OMHKT~~T~CBKH~~ 
(an&f qaKKa), c IlCnOJIbaOBaHEIeM KCkIHeHOJIOBOrO opaHmeBor0 B 
KaYecTBe IlHAIlKaTopa (pH 5-6). PaCTBOpy 3aTeM AO6aBnRIoT 
MaCKHpyIO~yIO CMeCb AJIR pa3JIOHteHIlR KOMnJIeKCa Mena C 
aaTA, a BbIJJeneHHbIfi 3fiTA CHOBa OTTMTpyIOT HKTpaTOM 
CBIlHIJa @JIM qHHKa). CJIe~yIOIlJHe KaTIlOHbI He MeJ.IIaIOT Onpe- 
EeneKnm: Agf, Hgaf, Pbe+, Nie+, Bi3f, A&, AW, Sb”, Sn4+, 
Cda+, Coa+, Cr3+, EI yMepemme KonmecTBa l?eS+ EI Mna+. 
3HaYKTeJlbHOe npeMMyqeCTB0 MeTOJJa B TOM, 9TO KM MOHCHO 
nOcJIeAOBaTeJIbH0 OnpeAenBTb Hgw Ef cU'+ B npHCyTCTBUH 
apyrHX HaTKOHOB. 

OB’bEMHOE OnPEHEJIEHME IIEPBINHbIX 
APBJIAMHHOB ti HMTPHTOB C MCIIOJIb30BAHIGEM 

BHYTPEHHOn UHJJkiKATOPHOm CBCTEMbI: 

EUGENSZEKELY,AMALIABANDEL and MIRJAMFLITMAN, Tahta,1972, 
19, 1429. 

Peamw-IIpennomeK H~BMR MeToE TKTpoBaHari KKT~KTOB. 
~UTpOBaHHen~OBO~~TC~B~pIlCyTCTBElElTHTpOBaHHOrOpaCTBOpa 
4,4'-Cynb~OHEIJIAEia~~~Ha EI &H@eHElJIaMHHa, KOTOPblii CJrymHT 
B KaYeCTBe BHyTpeHHOrO UHAUKaTOpa. B TeYeHHU TEITpOBaHMH 
npofmmemx RpKafz KpacKaR: 0KpacKa B peaynbTaTe oxBoBpe- 
MeHHOrO npOTeKaHHR npOqeCCOB ~Ila3OTElpOBaHIlR EI COYeTaHEIR. 
~ecmaOCTpbIBKOHeqT~TpOBaHvraO6Hapy~KBaeTCR:np~nepeXO~e 
0KpacKK~ HEenTyw. TkITpOBaHKe np0B0~~~cfl npa TemepaType 
OKOJIO 45'B npIlCyTCTBIlH 6onbmKx KOJlEIYeCTB HKTpaTa. MeTon 
HBJIffeTCHClIelJl¶+lYeCKHMH npeJ.JH3KOHHbIM; IIMMOH(HOnOJIb30- 

BaTbCR~~FIHenocpe~cTBeHHoroo6~eMHO~oonpeAe~eHEi~pa3HbIx 

JIerKO J&Ha3OTMpOBaHHbIX IIepBIlYHbIX apUJIaMHHOB, CyJIb40- 

HaMKnOB II ApyrliX aMMHOCOeAUHeHHti, KOTOpbIe MOQ'T 6bITb 

0mpe~eneKbI HHTPHTHMM TKTposaHaeM. MeTox TaKwe npardea- 

HMbIti AJIH KOCBeHHOrO OIIpeAeJIeHHX HEITpEITOB, PI MOHCeT 6bITb 

IICnOJlb30BaHHaCeMHMkiKpO- M MaKpOlLlKaJle. 



Summaries for card indexes 

Arseaaxo III aad its analogue5+WI. Coloured reactions of the rare 
earth elements with a new~reagent-C!arboxynltrazo: S. B. SAVVIN, 
T. V. P~TROVA and P. N. ROMANOV, Taianta, 1972,19, 1437. (V. I. 
Vernadsky Institute of Geochemistry and Analytical Chemistry, 
U.S.S.R. Academy of Sciences, Moscow.) 

Xix 

Sttmmaq-A new reagent, Carboxynitrazo, gives a colour reaction 
with some rare earth elements. For the individual rare earth elements 
the sensitivities of the reactions are very different. The difference is 
greatest for the elements of the Ce- and Y-subgroups. For the first 
subaroun the molar absorntivities are about 16 x lo4 1. mole-l cm-t, 
wh&easlmost of the elem&ts of the Y-group do not give any colour 
reaction. A possible procedure for the deter~ation of lanthanum 
in the presence of ytterbium is discussed. 

Application of photon-counting in atomic-absorption spectrophotometry: 
R. M. DAGNALL, B. L. SHARP and T. S. WEST, Talanta, 1972, 19, 
1442 (Chemistry Department, Imperial College of Science and Tech- 
nology, London S.W.7.) 

Summary-An analysis is given of the statistics of photon-counting 
as a means of making measurements in atomioabsorption spectrom- 
etry. It is concluded that the simple application of Poisson counting 
statistics may give an over-optimistic estimate of the error, since other 
sources of error, such as flame flicker and variable nebul~tion rate, 
may be more significant. 

Some new app&ations of ferroin as redox indicator ia titrations with 
dleltronutte: K. SRIRAMAM, Talanta, 1972, 19, 1445. (Department of 
Chemistry, Andhra University Postgraduate Centre, Guntur-5, Andhra 
Pradesh, India.) 

So-Work~g conditions for the titration of arsenic(III), 
hvdroauinone. ferrocvanide. uraniumC[V) and molvbdenum0 with 
d&romate h sulph&ic acid and hydrochloric acid’media have been 
established, with ferroin as the redox indicator. 

A note on successive complexometric determiaation of thorium aad rare 
earths: Runoff PRrtu~ and VLADIMIR Vssa~k, Talanta, 1972,19,1448. 
(Analytical Laboratory, J. Heyrovsk$ Polarographic Institute, 
Cxechoslovak Academy of Sciences, Prague 1, Jilska 16, Cxecho- 
Slovakia.) 

!%mnary-An improved method for successive determination of 
thorium and rare earths is described. It is based on the EDTA 
titration of thorium at pH 2 (Xylenol Orange as indicator) followed 
by addition of acetylacetone-acetone mixture, adjustment of the pH 
to 5-5.5 with hexamine, and by further EDTA titration of rare earths 
with the same indicator. 



xx AKKoTaqKK cTaTel 

APCEHA30 III II El’0 AHAJIOI’kl-VII: UBETHbIE 
PEAKLJHM PEjJK03EMEJIbHbIX BJIEMEHTOB C 
HOBbIM PEAI’EHTOM-KAPBOKCBHHTPA30: 

S. B. SAWN, T. V. F?ZROVA and P. N. ROMANOV, Talanta, 1972,19, 
1437. 

Pe3IoM&--HOBbIti peareKvKap6oKcKKKTpaao--AaeT qewylo 
peaK~Kl0 CHeKOTOPbIMHPe~KOaeMeJIbHbIMHWIeMeHTaMK. YYBCT- 

BKTeJIbHOCTb PeaKqkIt KHAHBHAJ'anbHbIX PeAKOtSeMeJlbHblX We- 

MeHTOB BeCbMa pEWWIaeTCK. CaMaR: 6onbmart pasaKqa Ka6nm- 
AaeTCR AJlH 'NleMeHTOB IIOAPpyIKI Ce II Y. B CJlJ’We KepBOti 
IIOArpJ'IIIIbJ MOJlFIpHbIe IIOrJIO~eHHR B lIOpJ3AKe 16 X lo* JI. 

MOJIb. CM-'; 60JIbIIlKHCTBO EUIeMeHTOB I'pJ'IIllU Y He AELIOT 

VBeTHOti PeaKrlIUi. 06CymAeHa IIpeAnoxeHHas IrpoqeAypa 
AJIR onpeAe.neHLIR JIaHTaHa B IIPYICYTCTBHE~ wrTep6nfr. 

TIPMMEHEHHE CYIJITAHIIJJ @OTOHOB B 
ATOMHO-ABCOPBLJklOHHOn CllEKTPO@OTOMETPMH: 

R. M. DAGNALL, B. L. SHARP and T. S. WEST, Talanta, 1972,19,1442. 

Pe&JIOM+npKBeAeH aHaJIH3 CTaTKCTHKM C4HTaHHR: (POTOHOB C 
qeJIbIo IIPHMeHeHElR B aToMHo-a6cop6qnomoti CIIeKTpO@OTO- 
MeTpHM. CAeJlEiH BbIBOA 9TO IlpOCTOe IIpUMeHeHEie CTaTKCTKKH 

CWiTaHKJ3 nJWCOHi3 MOmeT AaTb OIITEiMMCTWIeCKJ'IO OqeHKy 

OIIIHBKH, llOTOMy ‘PTO ApyrKe EICTO=fHKKYI OHIK60K, KPK Ha 
npKnfep MepqanKe nnaFiIeKK EI BapHaqnK B CKO~OCTK pacnkaneKKK 
MOryT OKaaaTbCK 6onee 8HaSBTenbAbIMK. 

TIJTPOBAHHE MbIllIbFIECA(III) XPOMOM(VI) C 
BM3YAJIbHbIM OBHAPYNEHBEM KOHqA 

T&iTPOBAHBH: 

K. SRIRAMAM, Talanta, 1972,19, 1445. 

Peswm*Paapa6oTaKa MeToAKKa ~nx npKMor0 K 06paTHOrO 
TKTpOBaHHK MbIlUbRKa(III) XPOMOM(m) A0 BKQ'aJIbHOrO KOHIW 

TtiTPOBaHKK C HCIIOJIbBOBaHKeM $leppOklHa B KaqeCTBe KHAEIKa- 

TOpa. MeTOn XOJib8yeTCR KaTWIHTWIeCKHM @l#eKTOM OAEOXJIO- 

pzuxoro KoAa K Hteneaa(II1) Ka HKAHKaTopKne peaKqKa B 
yCJlOBHsX TKTpOBaHHfl. 

IlPLIME=IAHHfl K IlOCJlEfiOBATEJlbHOM 
Ol-lPEAEJIEHMN TOPHR H PEJ(K03EMEJIbHbIX 

BJIEMEHTOB KOMHJIEKCOHOMETPkWECKtiM 
METOAOM : 

RUDOLF P~IBIL and VLADIMIR VESEL~, Talanta 1972, 19, 1448. 

Pe3IOM&---OIIliC3HJ'JIJWIIHiIibIt MeTOE KOCJIeAOBaTenbHOrO OIlpe- 

AeJIeHKR TOPKFI II PeAKO'deMeJIbHbIX EUleMeHTOB. MeTOn OCHOBaJi 

Ha TKTpOBaHHH TOpElf C 3ATA IIpK pH 2 (C KCIIOJIbL3OBaHKeM 

KCKJIeHOJlOPaH)f(eBOI'O B KtWeCTBe KHAHKaTOpa), AO6aBJIeHMK 

cMecK aqeTunaqeToKa M aqeToKa, K AanbneZtIueM TKTposaKKu 
peAKOaeMenbHbIX oJIeMeHTOB C 3ATA C KCnOJIbfiOBaHHeM TOrO 
?Ke KHAHKaTOpZl. 



%mmaries for card indexes xxi 

S~~~~ stndy of the reaction of ~~ with Xylem4 
Orange: DONKA KANTCHWA, PETRANA NENOVA and BORISLAV 
KAXUDAKOV, Tulanta, 1972, 19, 1450. (Department of Analytical 
Chemistry, Higher Institute of Chemical Technology and Metallurgy, 
Sofia-56, Bulgaria.) 

Summary-The reaction between bismuth(III) and Xylenol Orange 
(X0) has been investigated by spectrophotometry. It has been 
established that biimuth(III) and Xylenol Orange form complex 
compounds with compositions Bi(III):XO = 1: 1 (up to pH 1) and 
Bi@II):XO = 1:2 (above pH 1) which have absorption maxima at 
550 and 500 nm respectively. The formula of the 1: 1 complex is 
[Bi(H,R)] whereas the 1:2 complex can take one of the following 
forms: [Bi(H,R)J1-, lBi(H,R)(HIR)]‘- and [Bi(HsR),]‘+. 
If 

KsicHp, =i [si*+l[H8R*-l 
BMH,RIl 

and K8~,H B) = IBia+l[HJW8 
8 * DW%RW- 

the values for ~KBI~~I;EL) and pKsior,u~, respectively are 9.80 rt 0.03 
and 1553 jl O-03 at a constant ionic strength of 1-O. 

nuclides, RICHA& B. HAHN, TUbntQ, 1972, 19, 1454. (Analytical 
Sciences Division. U.K. Atomic Enerav Research Establishment. 
Harwell, Be&s., U.K.) 

_ 

So-Radio~~~um and mdioh~ni~ may be separated from 
all other radionuclides except scandium and protactinium by precipita- 
tion with mandelic acid from S-10&4 hydr~lori~ acid, using 
commercial xirconyl chloride as carrier. Scandium and protactinium 
are removed by dissolving the precipitate in sodium carbonate, then 
addime: barium nitrate to urecipitate barium carbonate which acts as 
a sc.a&rger. Zirconium &a&elate is finally reprecipitated and the 
samnle weighed and counted in this form. The method was checked bv 
aria&sing c&mercial &cony1 chloride and standard rock samples foi 
zirconium and hafnium by ~utron-a~~vation analysis. 

~te~tion of ~~0~ in ~~ and ~~: SANFORD 
L. ERICKSON, Talanta, 1972,19,1457. (Sandia Laboratories, Albuquer- 
que, New Mexico 87115, U.S.A.) 

Summary-_An improved technique for the determination of phosphorus 
in organic phosphaxenes and phoneme is described. Au acid 
digestion using a mixture of fuming nitric, sulphuric and perchloric 
acids converts the organ&&y bound phosphorus into orthophosphate. 
The orthophosphate is precipitated as magnesium ammonium phos- 
phate, which is ignited to magnesium pyrophosphate. With this 
technique phosphorus was determined in several compounds. The 
results establish both good accuracy and precision for the method. 



xxii AHHOTa~lrn CTaTefi 

B3YYEHIJE CIIEKTPO@OTOMETPBYECKIJM 
METOAOM PEAKIJUkl BMCMYTA(II1) C 

KCBJIEHOJIOBbIM OPAHmEBbIM: 

DONKAKANTCHEVA andB. KARADEKOV, Takznta, 1972,19,1450. 

Pewome-FIsyseHa cneKTpo@oTonaeTpnrecKnM ivero~ora peaaqw 
BklCMyTa(III) U HCnJIeHOJIOBOrO OpaHWeBOrO (KO). YCTPHOB- 

neH0 9~0 BHCMYT(III) n Kcnneuonosbzt 0paHmesblt o6pasywT 
KowuxeKchI cocTaBa Bi(III):KO = 1:l (BnnoTb pH 1) n 
Bi(III):KO = 1:2 (Bbnue pH 1), nMeIomKe maKcnmyrw cBeTo- 
IIOrJIO~eHllH IIpH 550 I¶ 600 HM, COOTBeTCTBeHHO. iDOpMyJIa 

KoMrlneKCa 1: 1 [Bi(HsR)], a KoMnneKc 1:2 MomeT MMeT OAH~ 
na cnenylounx (POpM: 
fW&h13-. 

[Bi(H,RhI, Pi(H,R)W&)l*- n 

K B,,B R) = [Bi3flP%R37 
B [BW$)I ’ 

Ks, H R) _ [Bi3W%R3-12 
(8 e- [BiW3RM3- 

BeJIHYHHbl PKBIIH.$) M p&W.& paBHb1 9,80 f 0,03 n 15,53 f 
0.03, COOTBeTCTBeHHO, IIpn KOHCTZUiTHOii nOHHOt CWIbI 1,o. 

PAjJHOXBMWIECKOE OTAEJIEHElE ~IIPKOHLZFI Ez 
I’AcbHHfi OT APYIWX PAJ&lJOHYKJIBAOB: 

R. B. HAHN, Tulantu, 1972,19,1454. 

P~~I~M+-P~HoIJ~~KoHE~~ n paJquora@Hnfi MoryTb 6HTb OTge- 
new o~~cex~pyr~lx ~~~OHYKJIH~~OB aamKnmemeM CK~K~IIR 

n IIpOTaKTHHnHOCa?Kr[eH.neM~H~aJIbHO~KnCJIOTO~nEIpaCTBOpa 

&lOM comaoti KHCJIOT~I, c ncnom8oBameM KoMbfepqecKoro 
XJlOpKCTOrO ~HpKOHMJla B KaYeCTBfJ HOCEITeJlH. CKaHAnP H 
IIpOTaKTHHKft yCTpaHHlOT paCTBOpeHEleM OCmKa B Kap6OHaTe 
HaTp%%R II go6aBsneHEeM HKTpaTa 6apmR AJIII OcamReHKR KapBo- 
HaTa 6apw KOTOpbIti AeZtCTByeT KPK co6npaTenb. 3aTeM 
nepeocam~atoT MaHEenaT qKpK0~1la a npo6y BaBemKBawT n 
CYElTaIOT B aTOR +OpMe. MeTon HCIIbITaH aHaJIHaOM KOYMep’ieCKOrO 
XJlOpHCTOrO JJllpKOHnJla n CTaHJJapTHbIX o6pasqeB rOpHbIX 
IlOpOA Ha qllpKOHnti n ra@HHfi MeTOAOM HejtTpOHOaKTKBaqnOH- 
Hero aHanMaa. 

OIIPEAEJIEHIJE cDOC@OPA B QOCQA3EHAX M 
@OCQ,EIHAX: 

SANFORD L. ERICKSON, Talanta, 1972, 19, 1457. 

Peswm*OnEcaH ynywxewibI8 MeTon onpenenewfn *oc@opa B 
oprawrecaax 4oc@a3eHax n #oc+iHax. cDoc*op B opraw- 
gecKoa ~~5x3~ KpespaqaeTcR B opToQlocr&aT gKrepnposaHneM c 
CMeCbIO @JMll~EiX aaOTHOt, CepHOtt II XJIOpHOt KIICJIOT. @TO- 

Cpoc*aT 8aTeM 0camnaIoT B QllopMe cMemaHHor0 @oc@aTa MarKIln 

H BMMOHHFI n CWHraIOT A0 IIHpO!$lOC@aTa MarHBFI. nOJIb3yRCb 
~TMM MeTonoM @oc~#op onpeneneri B pRne coennHeHni. Pesynb- 
TaTbI IlOKa8bIBaIOT XOpOmyIO TOgHOCTb II BOCIIpOW3BO~~MOCTb 

MeTona. 
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New tests for the detection of azide: G. S. JOHAR, Talunta, 1972, 19, 
1461. (Department of Chemistry, V.S.S.D. College, Kanpur-2, India.) 

Summary-Two new, simple, reliable, and specific colour tests are 
described for the detection of azide. In one, the azide is heated with 
ally1 isothiocyanate and water to form 1-allyl-2-tetrazoline-5-thione 
in solution; the latter gives a yellow precipitate on treatment with 
bismuth nitrate solution. Py d ri me enhances the intensity of the 
colour. The ally1 isothiocyanate can be produced in situ by treating 
allylamine with carbon disulphide, diethylamine and hydrogen 
peroxide. In the other test the azide is heated with carbon disulphide, 
water and acetone, resulting in the formation of 1,2,3,4_thiatriazolinene- 
5-thione which gives a yellow precipitate with Cu(II) or Bi(III). 
Pyridine again enhances the colour. The method is applicable to 5- 
10 mg of soluble azides, but insoluble azides cannot be tested. CN-, 
SCN-, and other common anions do not interfere. Only S*- interferes 
by masking the colour (black CuS or Bi& is precipitated). NO%- in 
larger amounts interferes in the second test. 

Potentiometic titration of hetereeyclic nltragen bases in non-aqueous 
media: K. C. MOHAN RAO and P. R. NAIDU, Tuhtu, 1972,19,1465. 
(Physico-chemical Laboratories, Sri Venkateswara University, Tirupati 
(A.P.). India). 

Sm-Pyridine, quinoline, isoquinoline, acriclme, ar-picoline, 
&picoline, y_picoline and 2,dlutidine have been titrated potentio- 
metrically (calomel and glass electrodes), with chlorosulphonic acid 
in methyl ethyl ketone-acetic acid (1: 1) medium, with an error of 
less than 1%. 

Rapid determination of selenium and tellurium by atomic-absorption 
spectrophotometry; B. C. SEVERNE and R. R. BROOKS, Taluntu, 1972, 
19, 1467. (Department of Chemistry, Biochemistry, Biophysics, 
Massey University, Palmerston North, New Zealand.) 

Summary-A rapid method has been developed for the determination 
of selenium and tellurium in geological and biological samples. It 
involves acid digestion of the sample with mineral acids, addition of 
arsenic as a carrier, reduction of arsenic to co-precipate selenium and 
tellurium, dissolution of the precipitate in dilute nitric acid and sub- 
sequent determination of selenium and tellurium by conventional 
atomic-absorption spectrophotometry. Selenium and tellurium have 
been measured on a routine basis, down to 0.1 ppm. 



xxiv AmoTaqm maTea 

HOBbIE l-IPOBbI AJIFI OTKPMTWI A3MAA: 

G. S. JOHAR, Taluntu, 1972, 19,146l. 

PesIoM~OnucaHbx nse HOB~IX, siecnomisx, H~A&XKH~IX u 
cnequ@vrecKux peaKqUu nns OTK~~TUR asuna. JJnrr nepBoZt 
peaKquu aaun KarpesamT c amum3oTuoquaHaToM U BoAon wm 
obpasoaarluri 1-annun-2-TeTpaaonuH-5TuoUa B pacTaope. 3To 
coenuHenue AaeT XKeJlTbIti 0caaoK c paCTBOpOM HUTpaTa BUCMyTEl. 
&puAuH IIOBbIlIlaeT UATeHCuBHOCTb OKpaCKu. Annu~1u30~u0~- 
UaHaT MomeT 06pa3OBaTbCH i?a 8itu o6pa6oTKot aJIJEinaMuHa 
cepoymepo~oM, ~u3TUJxaMuHOM U IIepeKUcm Bo&opo~a. B 
~pyroti peaKquu aaug UarpesaroT c cepoymeponoM, ~onot u 
aqeToHoM nns o6pasosaHm 1,2,3,4-TUaTpUasOnUH-S-TUOHa, 
KOTOPJ& AaeT menTHt 0~0~ c Cu(I1) UnU Bi(II1). l%fpugU~ 
TaKmelIOBblIUaeTUHTeACUBHOCTbOKpaCKU. &ieTo~npuMeHuM?wz 
6-10 Ml- PaCTBOpUMblX aBElnOB, HO MeTOAOM He MO?KHO IIOJIb30- 
BaTcH B myrae KepacTBopuMbm asuaoa. CN-, SCN- U Apyrue 
06bIKHoBeHHbIe aHuOHb4 He MemaH)T Onpe~eseHuIo. TonbKo S2- 
MaCKupyeT IJBeT u3-3a 0camneHus YepHoro cus mm Bi,S,. 
NOa- B 6onbmux KOHIJeHTpaqURX MeIIIaeTApyrOi peaKquU. 

IIOTEHJ@IOMETPINECKOE TkiTPOBAHklE 
I’ETEPOqBKJIBqECKBX OPI’AHB=IECKBX 

OCHOBAHHB B HEBOAHbIX CPEAAX: 

K.C. MOHAN-Roland P.R.NAIDu, Tufantu,1972,19,1465. 

Pe3KW----npOBeneHbI lIOTeHJJHOMeTpu¶eCKue THTpaQuU IIUpUA- 
UHB, XUHOJIUHP, u30XuHOJIuHa, aKpuwHa, a-lluKOsIuHa, B- 
IIUKOJIUHB, y-IfUKOJIUHa u 2,&JlyTUJ&UAa (UOJIb3yHCb KaJlOMe- 
JIeBbDl U CTeKJIRAHbIM 3JleKTpO~aMU)CXJIOpCyJlb~OHOBOii KUCJIO- 
TOti B paCTBOpe MeTuJIaTUJIKeTOHa U yKCyCHO8 KuCJIOTbI (l:l), 
C OIIlU6KO~MeHbIUe 9eM 1%. 

BbICTPOE OnPEAEJIEHME CEJIEHA II TEJIJIYPA 
METOAOM ATOMHOABCOP BIQIOHHO%! 

CIIEKTPO@OTOMETPkiM: 

B. C. SEVERNE and R. R. BROOKS, Z’ufuntu, 1972, 19, 1467. 

Pe3IOMe--Pa3pa6oTaU 6bIc~pb1i MeTon 0npegejreHuR ceneHa u 
Tennypa B reonorwIecKux u 6uoxorwecKux obpaaqax. MeTOR 
0c~0~inKa~urepupoBaHuuo6paa~a~uHepa~1b~b1~u~~C~10~a~u, 
AO6aBneHuu MbIUIbRKa B Ka'4eCTBe HOCUTeJIH, BOCCT3HOBJIeHUU 
MbIUlbFIKa AJlFl coocamewifl GeneHa u Tennypa, paCTBOpeHuU 
OCWKa B pa36aBJIeHHOii a3OTHOi KUCJIOTe u lIOCJIeJ4yIOQeM 
OnpeAeneHuu ceneHau TennypaaaeTonohf aTOhfHOa6cop6qUOHHOi 
CIIeKTpO@OTOMeTpUU. %'UM o6paaou OnpeAeJIHnU KOHIJeHT- 
pquu ceneHa u Tennypa BnnoTb 0,l sacTeB Ha MUZAUOH, 
IIOJIb3yIOIQuCR MeTOAOMAJIR pyTUHHOr0 aHaJIU3a. 
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Developments in indicators: L. Lhah, Z’alanra, 1972, 19, 1470. 
(Nitrok&nia Works, Fiizfii@rtelep, Hungary.) 

Summary-The use of metal ion-metallochromic indicator complexes 
as mu&w-range pH indicators is shown to be advantageous fir the 
titration of weak acids in aaueous media. The Cu-DBAH and the 
Mg-Azo Violet complexes 4th apparent pK values of 7.7 and 11.5 
have been used for the titrations of benzoic acid and of glycine and 
phenol, respectively, with good precision. 

Nouvelle mlemcolorim&rle dea nltrltles: CAMELIA GHIMICEXU and 
VAS~LE I)oRNEANU, Tahta, 1972, 19, 1474. (Laboratoire de Chimie 
Analytique de la Facult6 de Pharmacie de Iassy, Roumanie.) 

Summary-A micromethod for determination of nitrite is based on a 
reaction with o-tolidine, forming a yellow-orange product suitable for 
spectrophotometry. The sensitivity is 0*05pg of nitrite/ml. The 
method is suitable for analysis of potable and mineral waters, and has 
a mean relative error of 1%. 

Analytical application of the urease method for determination of area in 
the presence of biuret: P. BOZADZIEV, E. BALABANOVA and L. ILCHEVA, 
i"aluntu, 1972, 19, 1477. (Chemico-Technological Institute, Sofia 56, 
Bulgaria.) 

Summary-Biuret doea not interfere in the urease-catalysed hydrolysis of 
urea. 

Determination of gallium in an iron-ahmdnlum matrix by solvent 
extraction and flame emission spectroscopy: M. S. CRESSER and J. 
TORRENT-CASTELLET, Talon&, 1972, 19, 1478. (Department of Soil 
Science, University of Aberdeen, Scotland.) 

Summary-Solvent extraction of gallium(II1) into methyl isobutyl 
ketone from hydrochloric acid solutions containing titanium(II1) 
sulphate provides a rapid method for separation of gallium from an 
iron/aluminium matrix and may be employed to eliminate the inter- 
ference of these elements in the flame emission spectrometric dete- 
mination of gallium. 

Complexes of some rare earth metals with 1-amiao4hydroxyantbra- 
quiaone: A. K. JAIN~, V. P. AOOARWALA, PURAN CHAND and S. P. 
GARG, Tulunta, 1972, 19, 1481. (Chemical Laboratories, University 
of Jodhpur, Jodhpur, India). 

Summary-La, Ce(III), Pr, Nd and Sm(III) form very stable reddish- 
violet 1 :l complexes with 1-amino4hydroxyanthraquinone in 
methanol. The stability constants are very similar. 



xxvi ARRoTaqRH cTaTeti 

YCHEXB B OBJIACTM tiHj@iKATOPOB: 

L. L~~GRADI, Z'alanta, 1972,19,1470. 

Pe3rome-IIoKaaaHo UTO Rcnonb30BaRRe KoMnneKcoB ROHOB 
MeTaJIJlOB C MeTaJIJlOXpOMHbIMIl HHHHKaTOpaMH B KaYeCTBe 
RHAHKaTopoB ~nfi y3KRx o6nacTeti pH HMeeT n3BeCTRhle RpeR- 
MylqeCTBa B TRTpOBaHUIi cJra6bnr KRCJIOT B BOAHbIX CpeAaX. 
KoMnneKcbI Cu-DBAH EI Mg-a3o@foneToB~~,~MeIo~tle KaHcym- 
HeCFl BeJRWHHbl pK 7,7 II 11,6, COOTBeTCTBeHHO, yCIIeRIH0 
RCROJIb3OBaHbI B TIlTpOBaHHIl 6eR3OtiROti KIICJIOTbI, NIK~IfIla H 
@eHona. 

HOBbIM MI4KPOKOJIOPBMETPBYECKkI~ METOn 
OIIPEAEJIEHIJR HklTPtiTOB : 

CAMELIA GHIMICFWU~~~ VASILEDORNEANU, Talanta, 1972,19,1474. 

Pe3IoMe-MHKpOMeTOA ORpeAeJIeHMR HRTpRTa OCHOBaH Ha 
peaKRHH C 0-TOJIIIARROM, RpR KOTOPO~ o6paayeTcH menTo- 
0pamKeBaH oKpacKa, IIpRKJIwHaH AJIR CReKTpO@OTOMeTpRM. 
YyBCTBIlTenbHOCTb OIIpeAeJIeRRfi COCTaBJlReT 0,06 MKr FIRTpRTa/ 
MJI. MeToE IlpElMeHHMbIti B aRaJlU3e IIRTbeBOti R MHRepaJlbHbIX 
BOA, 3 CpeAHaFI OTROCRTeJIbHaFI omm6Ka MeTOAa COCTaBJlReT 1%. 

IIPElMEHEHBE METOAA &WI OHPEAEJIEHHH 
MOYEBElHbI C HOMOubIo YPEA3bI B 

HPkiCYTCTBIW BklYPETA: 

P. BO~ADZIEV,E.BALABANOVA~~~L.ILCHEVA, Talanta, 1972,19,1477. 

PeWM+BHypeT He BJIllFIeT Ha KaTaJIl43RpOBaHHbIti ypea3Oltt 
rRApOJIR3 M09eBIIRbI. 

OIIPEAEJIEHkiE I’AJIJILIH B MATPkIIJE 3fCEJIE3A- 
AJIIOMBHFIfi 3KCTPAKLJBEn PACTBOPHTEJIEM II 

METOAOM IIJIAMEHHOm CIIEKTPOCKOHBB: 

M. S. CRFSSER and J. TORRENT-CASTELLET, Talanta, 1972, 19,1478. 

PWloMe-3KCTpaKqRfi raJIJIEIFt(III) MeTRJIR306yTRJIKeTOROM R3 
paCTBOpOBCOJIRHO~KRCJIOTbI,CO~epHCa~IIXCy~b~aTTRTaHa(~~~), 
IIpeACTaBJIfIeT co6ot 6bICTpbIt MeTOn BbIAeneRRff raJIJIRH R3 
nraTptlqR mene3a-anroMuRRs, KOTOpbIM MOmHO IlOJIb3OBaTbCR 
AJIH yCTpaReHRH MeRIaIOm(el'0 AetCTBRH FJTRX WIeMeHTOB B 
0npeAeneRRH rannRnMeTO~OMnnaMeRRoti CIleKTpOCKOlIRU. 

ICOMHJIEICCbI HEICOTOPbIX PEAEE03EMEJIbHbIX 
BJIEMEHTOB C l-AMklHO-4-OKCEIAHTPAXmHOHOHOM: 

A. K. JAIN, V. P. AOGARWALA, PURAN CHAND and S. P. GARG, 
Talanta, 1972, 19, 1481. 

PeWMe--La, Ce(III), Pr, Nd 18 Sm(III) o6paayIoT OYeHb 
yCTOtiU%BbIe KOMIfJIeKCbl 1:1 KpaCHO@ROJIeTOBOrO qBeTa C 
l-aMHHO-4-OKCRaHTpaXRROHOM B MeTaHOJIe. KORCTaHTbl yCTO- 
~~WIBOCTEI RoxoRsH. 
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A study of the evaporation of gold solutions: D. BUKSAK and A. CHOW, 
Talunru, 1972, 19, 1483. (Department of Chemistry, University of 
Manitoba, Winnipeg, Canada.) 

Summary-The study indicates that despite several reports to the 
contrary, gold does not volatilize appreciably during the evaporation 
of aqueous solutions. Gold solutions were shown to have a tendency 
to creep signikantly in solutions of various metal concentrations, acid 
content and salt content, and that careful washing must be carried out 
to obtain quantitative recovery. 

Moditicatioas of the computer programme SCOGS: W. A. E. MCBRYDE 
and J. L. MCCOURT, Tulanra, 1972,19,1486. (Department of Chemistry, 
University of Waterloo, Waterloo, Ontario, Canada.) 

SW-The computer programme SCGGS has been modified to 
accept and yield all equilibrium constants involving proton transfer, as 
concentration quotients. Significant savings in operating time are 
achieved through use of the FORTRAN H compiler. 



. . . 
xxvlll AHHoTaqm cTaTelt 

IJ3YYEHLIE BbIfiAPMBAHMJI PACTBOPOB 
30JIOTA: 

D. BUKSAK and A. CHOW, Talanta, 1972,19, 1483. 

PeUOMe--PeayJIbTaTbl KE2y~eHHJ-l IIOKaBblBalOT 9T0, HeCMOTpJl 
Ha HeKoTopble npoTmBope¶arqKe oT9eTbI, 80~10~0 yneTywmaeTcH 
TOlIbKO B HeEIHaYHTeJIbHOti Mepe UpK BbUIapKBaHEiH BOAHbIX 
paCTBOpOB. YKaEZlHO UT0 paCTBOpbI 80JiOTa IIOKa3hlBaIOT 
aHa~aTeJlbnyloTe~eHqHzonOnay~ecTRBpaCTBOpaxco~epHcalqKx 
pasnasme KOH4eHTp~HH ApyrEix MeTaJIJIOB, KKCJIOT EI cone& 
Ha~onpOBeCTKTrqaTenbHyxo II~OMMBK~AJIHIIOJI~~~HKII KOJUUe- 
CTBeHHHXBbIXOAOB. 

ZIBMEHEHHR IIPOrPAMMbI SCOGS JJJIR 
3JIEKTPOHOBbI%U.XBTEJIbHO~ MAIIIHHM: 

W. A. E. MCBRYLX and J. L. MCCOURT, Talanta, 1972,19, 1486. 

Pemm~IIporpanma SCOGS mweHeHa c qenm npnretxems 
Ha me KOHCT~T~I~~BHOB~CKFIBK~H)Y~H)~K~ nepeKocnp~T~~~~, 
B +OpMe YaCTHOI'O KOKqeHTpaqMH. flOJfy9eHU 8HaWlTeJIbHbIe 
~KOHOMKHBpeMeHU~pKKCUO~b~OBaHIlHKoMnM~aTopaFORTRA~ 
H. 
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REMOVAL OF GRAEXITE BY OXIDATION WITH 
PERCHLORIC ACID PLUS PERIODIC ACID 

INAPPLICABILITY TO THE SPECTROPHOTOMETRIC 

DETERMINATION OF MANGANESE IN STEEL 

J.Q~ES A. GAUNT and HARVEY DIEHL 
Department of Chemistry, Iowa State University, Ames, Iowa, 50010, U.S.A. 

(Received 2 July 1971. Accepted 4 October 1971) 

Summary-h attempt has been made to improve the Willard and 
Greathouse periodate method for the dete~ination of manganese in 
high-carbon steel and cast iron by oxidizing the graphite with periodic 
acid in the presence of perchloric acid and phosphoric acid. Graphite is 
rapidly oxidized at 150” by this mixture but manganese is lost by volatil- 
ization as the heptoxide and decomposition of the latter on hot surfaces 
to manganese dioxide. No way was found for either the quantitative 
removal and recovery of manganese by volatilization or for quanti- 
tative return to the main solution. The spectrophotometric determin- 
ation of manganese in the supematant liquid after allowing graphite to 
settle yields imprecise but not wholly unacceptable results; for the 
highest accuracy, graphite should be removed along with silica 
following dehydration of the latter with perchloric acid. 

MANGANESE in steel is commonly determined spectrophotometrically as permanganate 
following oxidation of the manganese by periodic acid, a procedure devised by 
Willard and Greathouse’ in 1917 and subsequently adopted by the ASTM” and other 
organizations publishing official methods of analysis. In the Willard and Greathouse 
procedure carbon is oxidized by boiling with persulphate after dissolution of the steel 
in sulphuric acid. This procedure works well for most steels but fails with high-carbon 
steels and cast irons in which an appreciable amount of the carbon is present as 
graphitic carbon. In the present work, a procedure has been devised for destroying 
graphitic carbon by oxidation with periodic acid in a perchioric acid-phosphoric 
acid medium. Curiously, the procedure fails as a method for the spectrophotometric 
determination of manganese owing to the volatility of manganese in the septavalent 
state. 

The use of a mixture of perchloric acid and periodic acid for the wet oxidation of 
organic matter was described by Smith and Diehl.3 The mixture was applied by 
Spielholtz et ai.4 to the wet oxidation of coal before the determination of minor 
constituents, and again by Spielholtz et al.,4 with more careful control of the concen- 
tration of perchloric acid and thus of the boiling temperature, to the destruction of 
carbon in coal, leaving spores unchanged for isolation for studies in stratigraphy. 
Periodic acid is used for the cleavage of the bond joining two carbon atoms each of 
which carries a functional group, the attack presumably involving the temporary 
formation of a five-membered ring involving iodine. The flat, hexagonal arrangement 
of carbon in graphite provides for rapid attack by periodic acid, which is in fact the 
only agent which attacks it with speed. 

The volatility of manganese in the septavalent state has been noted earlier. WiIIard 

and F&on5 observed it when developing the determination of chromium in steel by 
volatilization of chromyl chloride by passing chlorine and hydrogen chloride into a 
perchloric acid solution of a steel. Again, the volatility was observed by Strickland 
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and Spice+ who attempted to develop a method for the separation of manganese 
based on this phenomenon. 

In the present work, the optimum conditions for the oxidation of graphite with 
periodic acid have been established and attempts have been made to adapt the 
oxidation to the spectrophotometric determination of manganese in steel and cast 
iron. The latter effort failed owing to the volatility of manganese heptoxide and its 
decomposition in the vapour phase to manganese dioxide. In a supplemental study 
it has also been shown that suspended particles of graphite interfere seriously in the 
spectrophotometric determination of manganese and must be removed by filtration. 

Oxidation of graphitic carbon 

Most steels contain less than 2 % carbon and this carbon, predominantly iron 
carbide, is readily oxidized by hot perchloric acid. Carbon obtained on dissolving 
high-carbon steel or cast iron-the graphite and presumably some of the interstitial 
carbon-is not destroyed by boiling with concentrated perchloric acid, that is, at 
203”. Molybdenum, chromium, vanadium and cerium, materials which catalyse the 
o.xidation of nylon, S-hydroxyquinoline, I,lO-phenanthroline and other recalcitrant 
heterocyclic nitrogen compounds by perchloric acid, are not effective in the oxidation 
of graphite. 

After dissolution of a steel in a mixture of nitric acid, perchloric acid and water 
(1: 1: I), graphite present is oxidized rapidly by the addition of sodium periodate. 
However, during the oxidation there is formed a yellow precipitate which cannot be 
dissolved by heatin g or by increasing the concentration of the acids. This yellow 
precipitate is extremely insoluble and is formed whether the steel is dissolved in a 
mixture of nitric and perchloric acids or in perchloric acid alone. It is not formed 
if phosphoric acid is added to the mixture before the addition of sodium periodate, 
although once formed it takes a large amount of phosphoric acid and heating to 
dissolve it. In the final procedure, recommended below, the steel is dissolved in a 
mixture of the three acids. About 3 min are required for the dissolution of a l-g 
sample at a temperature of about 120”. The oxidation is best effected by adding the 
sodium periodate in increments of O-1 g and at a temperature of 150-160”. For the 
oxidation of the graphite in a steel containing 2-3 ‘A carbon, 1.5 g of sodium periodate 
and 20-30 min are required. Addition of the sodium periodate must be made in 
increments owing to the decomposition of periodic acid in hot perchloric acid.3 If 
it is added in one portion oxidation is incomplete and more periodate is required. 

Recommended procedure for the dissoIution of steel and oxidation of carbon 

To a sample of steel or cast iron in a 250-ml flask add 50 ml of a mixture of two 
volumes of 70 ‘A perchloric acid, one volume of 70 ‘A nitric acid and two volumes of 
85 % phosphoric acid. Heat to boiling and after the sample has dissolved except for 
carbonaceous material and silica, continue heating to expel nitric acid and oxides of 
nitrogen. When the temperature reaches 150-160” add 0.1-g portions (preferably in 
the form of pellets) of sodium periodate at intervals of 4-5 min, continuing until all 
of the graphite has been removed. 

Formation of manganese heptoxide and dioxide 

During the oxidation of graphite with periodic acid in a boiling perchloric acid 
solution, small droplets of pink liquid formed on the upper walls of the reaction 
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vessel where reflux was occurring. The colour of this liquid was that of the per- 

manganate ion. This pink liquid also formed on a microscope slide held about an 
inch above the mouth of the flask, indicating that it was being formed by condensation 

from the vapour and not by spray from the boilin g solution. It was thus apparent 
also that a considerable amount of manganese was being carried from the flask. It 
was noted further that during the oxidation a brown solid was deposited on the 

upper walls of the reaction vessel. This deposit was not soluble in hot concentrated 

perchloric acid and remained on the glassware after the oxidation of graphite was 

complete; it was soluble in warm hydrochloric acid, and the resulting solution, 
when treated with periodate, yielded the characteristic colour of permanganate. 

It thus became apparent that manganese is oxidized to the septavalent state by 
periodic acid in hot perchloric acid solution and is volatilized as the heptoxide which 
condenses in the refluxing liquid to form permanganic acid. It was apparent also 
that on contact with the hot, dry, upper walls of the reaction vessel manganese 
heptoxide was decomposed to manganese dioxide. The reactions are 

5HJ0, + 2Mns+ = Mn,O, + 5HI0, f 4H+ + SH,O 

2Mn,O, = 4Mn0, t_ 302. 

That the decomposition of manganese occurred on contact of vapour and the hot 
wall was further demonstrated by an experiment in which the upper part of the flask 
was cooled by a water jacket. Manganese was deposited in the border area between 
the cooled upper walls and the boiling perchloric acid solution and on the exposed 
part of a sealed-in thermometer well. 

Attempts to retain and recover manganese heptoxide and dioxide 

The escape of manganese heptoxide was easily prevented by the use of a reflux 
condenser attached by a ground-glass joint to the flask in which the dissolution and 
oxidation reactions were carried out. Preventing the formation of manganese dioxide 
or recovering it quantitatively, however, presented a more formidable problem and 
one which was not solved in satisfactory fashion. 

The possibility of volatilizing all of the manganese from the sample and of 
collecting it for measurement is attractive. The Bethge apparatus,‘* designed for 
the retention of volatile materials during the wet oxidation of organic matter by 
digestion with perchloric acid, appeared ideal for such an experiment. In the Bethge 
apparatus vapour from the reaction vessel travels up a by-pass into the condenser 
and reflux is returned to a sump, in the intermediate chamber, from which it can be 
either returned to the main reaction or withdrawn. 

A series of experiments was made with manganese steels and perchloric acid- 
periodic acid mixtures, the temperature being raised slowly from 60” to 204”. Only 
small amounts of manganese were obtained in the condensate as judged by the 
appearance of permanganate colour. The permanganate colour disappeared quickly 
as it entered the condensate, undoubtedly because of reaction with hydrochloric acid 
always produced during the boiling of perchloric acid. More manganese was obtained 
when the temperature was raised rapidly but quantitative distillation was never 
obtained. Nor did experiments with simpler, conventional distillation apparatus give 
better results. Iron as well as manganese was found in the distillates in these experi- 
ments. 
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Dissolving the deposit of manganese dioxide from the walls of the flask proved 
easy with hydrochloric acid plus bisulphite, but the resulting solution was not 
satisfactory for the spectrophotometric determination of manganese; the hydro- 
chloric acid caused the permanganate (formed by periodate oxidation as in the 
usual Willard and Greathouse procedure) to be unstable. 

Somewhat better results were obtained when the main solution, containing the 
major part of the manganese was transferred to a volumetric flask after oxidation of 
the graphite and the deposit of manganese dioxide on the upper walls of the reaction 
vessel was dissolved by treatment with a mixture of equal volumes of sulphuric acid 

and phosphoric acid plus sodium bisulphite. In 5 min or so the manganese dioxide 
was dissolved and sulphur dioxide expelled. This solution was added to the main 
solution and the usual periodate oxidation of the manganese to permanganate and 
spectrophotometric measurement was then applied. The results were not good; on 
NBS 122D, Cast Iron, the results were consistently low and scattered: found, 0.453, 
O-478, 0.476, O-463 %, NBS value: 0504% manganese. 

The cumbersome and time-consuming manipulations required to retain the 
manganese heptoxide and to recover the manganese dioxide make the periodic acid 
oxidation of graphite unacceptable for the spectrophotometric determination of 
manganese in steel or cast iron. 

Interference of graphite in the spectrophotometric determination of manganese 

Having failed to find a method of destroyin g graphite without loss of manganese, 
we assessed the effect of carrying out the spectrophotometric determination of 
manganese in the presence of the graphite. Basically, this study involved a compari- 
son of two procedures, one in which the graphite was simply allowed to settle and the 
determination made on the clear supernatant liquid, and a second in which the 
graphite was removed by filtration and the determination made on the filtrate. The 
final procedures used are given in the next two paragraphs. 

Graphite allowed to settle. A sample containing approximately 2-3 mg of manga- 
nese was dissolved in 50 ml of a mixture of concentrated perchloric, nitric, and phos- 
phoric acids (2 : 1:2). The mixture was heated until the nitric acid fumes had been 
driven off. The solution was then cooled and then diluted with 100 ml of water. 
About 1 g of sodium periodate was added. The solution was heated almost 
to boiling to oxidize manganese(I1) to permanganate. The solution was cooled, 
transferred to a volumetric flask, and diluted to exactly 250 ml with water. The 
particles of graphite were then allowed to settle and an aliquot of the supernatant 
liquid was carefully withdrawn for the spectrophotometric measurement. A calibra- 
tion curve was made from measurements on dilutions of a stock solution of known 
concentrations of manganese(U) prepared from electrolytic manganese metal, 99.75 % 
pure, treated in the same manner. The purity of the electrolytic manganese was 
established by comparison with primary-standard manganous oxalate dihydrate.g 

RemocaI of graphite by filtration. A sample containing approximately 2-3 mg of 
manganese was dissolved in 50 ml of the acid mixture. The mixture was heated until 
nitric oxide fumes had been expelled and perchloric acid was refluxing smoothly on 
the lower half of the walls of the flask. The mixture was held at this temperature for 
20 min to dehydrate silica. The solution was cooled and then diluted with 100 ml of 
water. The solution was filtered through a coarse filter paper (Whatman No. 41). To 
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the Citrate was added 1 g of sodium periodate. The solution was heated almost to 
boiling to oxidize manganese(H) to permanganate. The solution was cooied, 
transferred to a volumetric flask, and diluted to exactly 250 ml. The absorbance was 
then measured. A calibration curve was made as before. 

RESULTS AND DISCUSSION 

The studies were made on two samples of cast iron of the National Bureau of 
Standards, NBS 342 and NBS 122D. The results are shown in Table I. The average 
of seven determinations of the manganese in NBS 342 by the settling procedure was 
slightly lower than the NBS value and the precision was poor. The average of seven 
determinations on NBS 122D was siightly higher than the NBS value and again the 
precision was poor. 

TABLEI.-D~RMINATION OF MANGANESE IN CAST IRON AND STEEL: 
EFFECT OF REMOVAL OF GRAPHITE BY FILTRATION 

Sample 

Manganese found 
NBS values Relative 

Mn Standard standard 
Carbon Manganese average Number of deviation deviation 

% % Procedure % determinations % PPI 

NBS 342 245 0.369 Settling 0.361 9 0.017 47 
NoduIar Cast Filtration 0379 6 O+lO4 II 
Iron 

NBS 122D 3.25 0.504 Settling 0.578 0.013 23 
Cast Iron Filtration O-523 6” O-008 15 

NBS 51 1.29 0.271 Settling 0.282 6 O-002 7 
Electric Steel 

NBS 16D 1.01 0.439 Settling 0.466 7 O-008 7 
Basic Open 
Hearth Steel 

NBS 14D 0841 0,399 Settling 0.401 8 0.003 7 
Basic Open 
Hearth SteeI 

On the other hand, accuracy and precision were much better when the graphite 
was removed by filtration. The precision was from two to five times better than that of 
the settling method. 

Several samples of steel were analysed by the settling procedure. AIthough these 
samples contained up to 1.2% carbon, no graphite and very little silica remained 
after dissoIution. ExcelIent precision was obtained and the values were cIose to those 
of the NBS. 

For results of the highest accuracy in the determination of manganese, graphite 
should be removed before the spectrophotometric measurement is made. 

Z~rnrnenf~s~g-~ wurde versucht, die Perjodatmethode van 
Willard und Greathouse zur Bestimmung von Mangan in kohien- 
stoffreichem Stahl und G&e&n durch Oxidation des Graphits mit 
tiberjodsHure in Gegenwart von Uberchlors&re und Phosphorslure 
zu verbessern. Graphit wird von diesem Gemisch bei 150” rasch 
oxidiert, aber Mangan geht als fliichtiges Heptoxid verloren; dieses 
zersetzt sich an heiDen Obertlachen zu Mangandioxid. Es wurde kein 
Weg gefunden, das Mangan entweder quantitativ zu verfhichtigen 
und wieder aufzufangen oder es quantitativ in die Hauptliisung 
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zunickzufiihren. Die spektrophotometrische Bestimmung von Mangan 
in der Losung nach Absitzen des Graphits gibt ungenaue, wenn such 
nicht volig unbrauchbare Ergebnisse; um die hochste Genauigkeir zu 
erzielen, so&e Graphit zusammen mit der Kieselsaure entfemt werden, 
nachdem diese mit tiberchlordure entwassert wurde. 

R&me-On a tentt d’ameliorer la technique de Willard et Greathouse 
au periodate pour le dosage du manganese dans I’acier a haute teneur 
en carbone et dans la fonte en oxydant le graphite par I’acide periodique 
en la presence d’acide perchlorique et d’acide phosphorique. Le 
graphite est oxyde rapidement a 150” par ce melange, mais il y a perte de 
manganese par volatilisation a p&at d’heptoxydeet decomposition dece 
demier sur les surfaces chaudes en bioxyde de manganese. On n’a 
pas trouvi de voie, soit pour l’tlimination et la recuperation quanti- 
tatives du manganese par volatilisation, soit pour le retour quantitatif 
dans la solution principale. Le dosage spectrophotometrique du 
manganese dans le liquide sumageant apres que le graphite se soit 
depose donne des resultats imprecis mais non absolument inaccept- 
ables; pour avoir la meilleure precision, le graphite doit Ctre separi 
en mZme temps que la silice aprts la deshydratation de celle-ci par 
I’acide perchlorique. 
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NOTICES 

SECOND AUSTRALIAN SYMPOSIUM ON ANALYTICAL CHEMISTRY 
The Analytical Chemistry Division of the Royal Australian Chemical Institute will be holding its 

Second Symposium on Analytical Chemistry at the University of New South Wales, Kensington, on 
14-18 May 1973. 

Papers dealing with all aspects of analytical chemistry, including biochemical, clinical, mineral, 
metallurgical, environmental, modem instrumental, pharmaceutical, educational, and data handling 
and processing will be accepted. 

Further information may be obtained from the Hon. Secretary: 

Mr. L. S. Dale, 
Australian Atomic Energy Commission, 

Research Establishment 
Private Mail Rag P.O. Sutherland, 
N.S.W. 2232 Australia. 

INTERNATIONAL SYMPOSIUM ON MICROCHEMICAL 

TECHNIQUES-1973 
“Progress and Projections for Microchemistry,” will be the general theme for The International 

Symposium on Microchemical Techniques-1973. The symposium will be held at The Pennsylvania 
State University, University Park, Pennsylvania, on 19-24 August 1973 and will be conducted by The 
American Microchemical Society, with the sponsorship of the International Union of Pure and 
Applied Chemistry. 

The scientific programme will consist of sessions dedicated to topics of current interest, general 
papers, discussion groups, practical demonstrations, an equipment exhibit, and will also include a 
number of instructional workshop sessions. Special sessions will be included on such topics as: 

Automated Elemental Analyzers-Ten years Later 
Computers in Elemental Analysis 
Organic Elemental Analysis: New Methods and Equipment 
Environmental Microanalysis: New Sensors and Techniques 
Microelectrodes 
Forensic Analysis: Narcotics and Drugs of Abuse 
Organic Functional Group Analysis: New Directions 
Electroanalytical Advances, including Ion Selective Electrodes 
Microscale Separations: Advances in Techniques and Methods 
Standards and Standardization for Microchemistry and Microanalysis 
Trace Analysis: Advances in Organic and Inorganic Analysis 
New Techniques in Microchemistry 

Persons interested in presenting a paper under any of the above topics, or a paper on the general 
topic of microchemistry, should submit their paper to: 

Mr. Howard J. Francis, Jr. 
Pennwalt Corporation 
900 First Avenue 
King of Prussia, Pennsylvania 19406 

Included in the program of scientific presentations will bc classroom workshops on the topics of: 
Applications of Ion Selective Electrodes 
Theory and Applications of thermal Methods of Analysis 

vii 
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vm Notices 

The twenty-fourth Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy will 
be held at the Cleveland Convention Center, Cleveland, Ohio, U.S.A., 5-9 March 1973. An estimated 
350 papers on all phases of Analytical Chemistry and Spectroscopy will be presented. Symposia on the 
following subjects are now being arranged. 

:: 

:: 
5. 

!: 
8. 
9. 

10. 

LIQUID CHROMATOGRAPHY-Analytical Bridge to Spectroscopy. 
THREE DIMENSIONAL MICROCOMPOSITIONAL ANALYSIS: The Advent of Ion 
Probe Mass Spectrometry. 
INDUSTRIAL APPLICATIONS OF “C NMR. 
FORENSIC SCIENCE. 
WOMEN IN MASS SPECTROMETRY. 
INDUSTRIAL RESEARCH-Is it Worth It ? 
GUIDELINES FOR DEFINING AND IMPLEMENTING THE COMPUTERIZED 
LABORATORY SYSTEM (ASTM). 
THE ANALYSIS OF SLAGS AND RELATED OXIDE-TYPE MATERIALS (ASTM). 
COBLENTZ SOCIETY AWARD SYMPOSIUM. 
SPECTROSCOPY SOCIETY OF PITTSBURGH AWARD SYMPOSIUM 

1973 PITTSBURGH CONFERENCE 

In addition to the programme of technical papers,more than 250 companies,both foreign and domestic, 
will be represented at the exposition of Modem Laboratory Equipment, the largest exposition of 
analytical instrumentation and related materials in the world. 

For further information apply to 

H. L. Retcofsky 
1973 Pittsburgh Conference 
U.S. Bureau of Mines 
4800 Forbes Avenue 
Pittsburgh, Pa. 15213, U.S.A. 

INTERNATIONAL SYMPOSIUM ON LIQUID 
SCINTILLATION COUNTING 

Following last year’s very successful venture the Radiochemical Methods Group of the Society for 
Analytical Chemistry/Analytical Division, Chemical Society propose holding a second International 
Symposium on Liquid Scintillation Counting. It will be held at the Hotel Metropole, Brighton, 
England, on 3-6 September 1973. An exhibition of scintillation counters, scintillators, and as- 
sociated equipment will be held in conjunction with the scientific programme. 

Persons wishing to present a contribution to this symposium and firms wishing to take part in the 
exhibition should write for further details to 

Mr. M.A. Crook: 
The Society for Analytical Chemistry, 
9/10 Savile Row, 
London WlX 1AF. 



SUMMARIES FOR CARD INDEXES 

Extreme trace analysis of the elements-I. Methods and problems 
of sample treatment, separation and emldnnent: GUENTHER T&G, 
Tulunro, 1972, 19, 1489. (Max-Planck-Institut fiir Metallforschung, 
Laboratorium ftir ReinstorTe, 707O&hw%iih Gmilnd, Katherinen- 
stra8e 17, B.R.D.) 

Sammary-In the determination of elements in the ppM range in 
inorganic and organic matrices, solution techniques are useful 
because they simplify calibration problems and improve the limit of 
detection. The author reviews, in the light of his own experience, 
some 350 publications concerned with methods for the preparation 
and dissolution of samples and for the isolation of trace elements 
before their determination. The errors in these methods, made more 
difficult to reduce because of the additional operations required, 
are compared with those associated with the more direct methods. 

Determination of water: CtrppoRD HARRIS, Tulanta, 1972, 19, 1523. 
(88 Charlton Road, Keynsham, Nr. Bristol, U.K.) 

Sammary-The complexity of the subject and the problems involved 
in the estimation of water in the many materials required to be tested 
are explained. The various methods available are classified, their 
techniques summarized and their applications and limitations in- 
dicated. In many ma&als the determination of absolute moisture is 
impossible and a compromise must be accepted. Trade and industry 
require rapid results for many processes and products, and optical or 
electronic methods are increasingly used in conjunction with reference 
methods. For official purposes the method of determination must be 
agreed and stated in detail. More progress in international standard- 
ization is very desirable. 

Nuclear magnetic remumce analysis of phammeeuticals--VII. Deter- 
mlnatlon of amlnopltylllne ln tablets: JOHN W. TURCZAN, BRUCE A. 
Go~~wrn and JAMES J. NELSON, Tulunru, 1972,19, 1549. (Food and 
Drug Administration, U.S. Department of Health, Education and 
Welfare, 850, Third Avenue, Brooklyn, New York 11232.) 

Summnrg-_An NMR procedure is described by which theophylline 
and ethylenediamine are simultaneously determined in aminophylline 
tablets. t-Butyl alcohol was chosen as the internal standard and 4% 
ammoniaa. % potassium cyanide in deuterium oxide’was the solvent. 
The solvent system was selected to deal with the problems of solubilitv 
of the theopliylline, overlapping of the components’ resonance signal& 
and potential interference from metal imuurities. Known standard 
and &mmercial preparations were &term&d and the results compared 
with those obtained by alternative procedures. The technique, when 
applied to the determination of aminophylline in tablets, is rapid, 
simple and specific and has an error of l-2%. 

. 
Xl,, 



xiv AnnoTaqnn cTaTel 

KPAmHbIm CJIEAOBbIm AHAJIHB BJIEMEHTOB-I. 
METOAbl &I IIPOBJIEMbI OBPABOTKH, 

PA3aEJIEHBfl H OBOrAuEHHR I-IPOBbI: 

G. T8~o, Tahta, 1972,19,1489. 

Petno~e--B onpeneneHHn aaeMewroB B o6nacw racTeR Ha 
M~J~JIE~OH B HeopraHwfecKux u opraHurecKuxMaTpuqax,meTo~hI 

nonbayIoquecH pacTBopaMu 0KaaanucH noneaHbIMu ~OTOM~ 

4~0 ynpoqaroT npo6neMu Kanu6pOBKu u ynysmamT npegen 

YyBCTBuTeJIbHOCTu. YWlTbIBaH CO6CTBemibIti OnbIT, aBTOp npu- 

BOAST 0630~ 350 ny6nuKaqu21 KacaIo~uxcR MeTOAOB npuro- 

TOBJleHuR u paCTBOpeHuR o6paaqoH u BbqeneHuR CneAOB 

3JIeMeHTOB nepex UX 0npeneneHueM. OIJIH~KII ~TMX MeTOAOB, 

KOTOpbIe TpyAHO u36eHtaTb u3-3a HaAO6HOCTu npuMeHeHuR 

JJOnOJlHuTeJIbHbIX Onepa@& CpaBHeHbI c omu6KaMu 6onee 

HenOCpeJ(CTBeHHbIXMeTOAOB. 

OIIPEflEJIEHHE BOAbI: 

CLIFFORD HARRIS, Talanta, 1972, 19, 1523. 

Pe3IoMe--PaCCMOTpeHaCJIO~HOCTbBOnpOCaunpo6~eMnCBH3aH- 

HbIe c 0npegeneHueM ~0nb1 B MHorowcneKHbIx uccnegyemblx 

BelqecTBax. CnenaHa KJraccu&fKaqux uMew~uxcH MeTonoB, 

npuBeneHEJ Te3uCbI uX MeTOHuKu u yKa3aHO HX npuMeHeHue u 

He~OCTaTKU. B pHAe MaTepuaJIaX HeBOBMOWHO OnpeAenHTb 

a6COmOTHym BnaryuHaAOnpuATu~ KOM~POMHCCY. B Toprosne 

unpOMbI~neHHOCTHu3biCKyIoT6bICTpbIepe3yJIbTaTbI~nHMHOruX 

npOI(eCCOB u IIpOJJyKTOB, CJleAOBaTOJlbHO npuMeHHIOT BO BCi? 

BOapaCTaJonleM pa3Mepe OnTuyeCKue uJIu 3JIeKTpOHHble MeTOAbI 

B CBR3bI C CTaHAapTHbIMu MeTOgaMu. AJIFI O@ilJuaJIbHbIX UeJIeZt 

H~O npuBecTn AeTanbHoe 0nucaHue MeToguKu u CornamaTbcH c 

MeTOAOM. Pa3BuTb MeSKfiyHapOAHyIO CTaHAapTuaaquIO OYeHb 

HtenaTenbHo. 

AHAJIEI3 @APMA~EBTB=IECKBX HPEIIAPATOB 
METOAOM CIAEPHOI’O MAI’HBTHOFO PESOHAHCA- 

VII. OIIPEAEJIEHME AMI4HO@BJIJIMHA B 
TABJIETKAX: 

JOHN W. TURCZAN, BRUCE A. GOLDWITZ and JAMES J. NELSON, 
Talanta, 1972, 19, 1549. 

PesIome-OnkicaHa Meronznta HMP AnR O~HospeMeHHoro onpege- 
JleHuR TeO@iJIJIuHa u 3TuJleHAuaMuHa B Ta6neTKaX aMuHO~uJl- 

JluHa. B KaqeCTBe BHyTpeIiHOrO CTaHAapTa oTo6paH TpeT- 

6yTuJIOsbItl CnupT,aCMeCb4% aMMuaKau0,3% QuaHuAaKanuK 

B OKuCu AeZtTepuR B KaVeCTBe paCTBOpuTeJIJI. COCTaB paCTBOpu- 

TeJlR OTO6paH C L(eJIbKI peIIIuTb npo6neMm PaCTBOpeHuR TeO$un- 

XnHa, u36emaTb nepeKpbITue pe3OHaHCHblX CMrHanOB KOM- 

nOHeHTOBuyCTpaHHTb MC?IUEUOJQC?t? JJetiCTBuenpuMeCetiMeTaJlJlOB. 

MeToAuKa YICnbITaHa Ha CTaHAapTHbIX u KOMMepseCKuX npe- 

JlapaTaXupe3yJlbTaTblCpaBHeHblCpe3yJIbTaTaMu nOJlyYeHHbIMu 

~pyruMuMeTo~aMu. IIpuMeHeHa~onpe~eneHuuaMuHo&innuHa, 

MeTonuKa HBnHeTcK Gb~c~polt, HecnomHoi u cnequ@nrecKoZt, a 

omu6KaMeTo~a-l-2%. 



Summaries for card indexes xv 

The decomposition of hypobromite solutions: N. VELOH~ and A. CLAEYS, 
Tulanra, 1972, 19, 1555. (Laboratory of Analytical Chemistry, 
Faculty of Pharmacy, University of Ghent, Ghent, Belgium.) 

Summary-The stability of 10-1-10-8N hypobromite solutions, 
stored in brown or colourless bottles at room temperature, has been 
investigated. A reaction mechanism of decomposition has been pro- 
posed and some practical conclusions have been drawn concerning the 
optimal method of preparation and the required frequency of control 
of hypobromite solutions used as an analytical reagent. 

Quantitative reflectometry-I. Prlnclpks and scope: DAVID KEALEY, 
Tukzntu, 1972,19,1563. (School of Chemical Science and Technology, 
Kingston Polytechnic, Kingston-upon-Than%%, Surrey, U.K.). 

Summar-The technique of quantitative reflectometry is critically 
investigated, the model being the quantitative determination of nickel 
in aqueous media. Direct reflectance measurements can be made on 
commercially available nickel test-strips which develop a pink or red 
colour in the presence of nickel ions. Relative precisions at the 10 and 
50 ppm levels are 2.3-3.6 %. 

Rapid separation and determination of chromium: JAMES S. FRITZ and 
JOHN P. SIC KAFOOSE, Tafunta, 1972, 19, 1573. (Ames Laboratory 
USAEC and Department of Chemistry, Iowa State University, Ames, 
Iowa 50010, U.S.A.) 

Summary-Chromium(lII) is oxidized to chromium(VI) at room tem- 
perature or by conventional persulphate oxidation. The chromium(VI) 
is separated from other metal ions by retention on a small anion-ex- 
chaige column, and then eluted with a perchlorate solution and meas- 
ured spectrophotometrically with a flow-through cell. The method is 
rapid, selective and amenable to automation. 

Review of the analytical chemistry of melatonin: E. R. COLE and G. 
CRANK, Tulunta, 1972, 19. 1581. (Department of Applied Organic 
Chemistry, The University of New South Wales, Kensington, 2033, 
N.S.W., Australia). 

Summary-A survey has been made of procedures, chemical and 
biochemical, for the separation and estimation of melatonin, the 
active constituent of the pineal gland. In view of the extremely small 
amounts of material generally present, discussion is built around 
chromatographic and spectroscopic techniques leading to a comparison 
with assays based on the skin-blanching effect of the hormone. 



xvi AHHOT~UU cTaTet 

PA3JI03KEHHE PACTBOPOB l%IIOBPOMHTA: 

N. VELGHE and A. CLAEYS, Talanta, 1972,19,1555. 

PessM~EiayneKa yCTOltfWiBOCTb npu KOMHaTHOfi TeMnepaType 
co?-tepmawniIx B 6yps1x HJI~ HeoKpameHwm CHJIHHH~~ 10-l no 
10ms N paCTBopoB runo6poruTa. npegnoMeH peaKqtioHHblB 
Mexwu8M paanomewsz EI cEenaan HeKoTopne npaKTugecKue 
BbIJjOAbl KaCaIO~ueCfI OlITuMaJIbHOrO MeTOAa IIpurOTOBJIeHuK u 
HyWHOti ¶aCTOTbI KOHTpOJIH paCTBOpOB ruIIO6pOMuTa,uCUO~baO- 
Bammx B KagecTBe aHanHTu4ecKoro peareaTa. 

KOJIWIECTBEHHAR PEWIEKTOMETPMH-I. 
l-IPHHJ.(kHIbI I4 OBJIACTb HPBMEHEHHR METOAA: 

DAVID MEALY, Tahta, 1972, 19, 1563. 

PeWOMI+~puTu~eCKu UCCJIeAOBaH MeTOn KOnugeCTBeHHO& pea- 
~eKTOMeTpuuHa~puMepeKOJru~eCTBeHHOrOO~pe~e~eHU~HuKe~~ 
BBOAHbIXCpe&=lX. Mo~Ho~~M~~RT~H~~OC~~~CTB~HHOKOW#~~~- 
UeHT OTpameHuJi Ha KOMMep'leCKuX o6paaqax HUKeJlR,Ha KoTO- 
pblXIlpO5lBJUieTCRpO~OB~UJIEKpaCHaROKpaCKaBIlpuCyTCTBElU 
UOHOB HHKeJIR. OTHOCUTeJlbHafl TOqHOCTb IIpu 10 U 60 g. Ha 
MUJHIUOH COCTaFJnHeT2,3 U 3,6%,COOTBeTCTBeHHO. 

BbICTPOE BbIAEJIEHElE I4 OHPEaEJIEHME 
XPOMA : 

JAMES S. FRITZ and JOHN P. SICKAFOOSE, Talanta, 1972, 19, 1573. 

PeWMe---XpOM(III) OKUCJIHIOT B XpOM(m) IIpU KOMHaTHOlt 
TeMlIepaType UJIU 06bIKHOBeHHPMMeTOAOM ClIOMO~bIO IIepCynb- 
@aTa. X~~~(VI)~T~~~~I~TOT~~~~~~UOHOB MeTamIoBa6cop6q- 
Ueti Ha Ke60JIbIIIOti KOJIOHKe aHEOHOO6MeHHUKa, a er0 aaTeM 
8JIloHpyIOT paCTBOpOM IIepXJIOpaTa u HBMepFfH)T CIIeKTpO+OTO- 
MeTpUUeCKUM MeTOAOM,C UCIIOJIb8OBaAUeM IIpOTOYHOfi KIOBeTKU. 
MeTon 6bICTpMti U CeneKTUBHbIti u JIerKO IIOAAaeTCSi aBTOMaTU- 
aaquu. 

OB3OP AHAJIBTWIECKOM XklMElH MEJIATOHEIHA: 

E. R. COLE and G. CRANK, Talanta, 1972,19,1581. 

PemMe-~~eJIaHo6aopxuMu~ecKuxu 6uoxuMurecKux MeTOAuK 
AJIR: BbIAeJleHuH u OllpeAeXeHuH MeJIaTOHuHa, aKTUBHOr0 
KOMIIOHeHTa rsIIU@I8bL npUHUMaEI BO BHUMaAue UMeIOIlWeCH 
OqeHb He6O~bIJIUe KOlIu=ieCTBa MaTepUaJIa, rJlaBHbIti UHTepeC 
llOCBRJJJeH XpOMaTOrpt@¶WCKEMUU CIleKTPOCKOllU=It%2KUM Mt?TO- 

naM, B cpartneHmm c onpeneaeuuena ocHowi3axorqeMcs Ha 6eneHuu 
KO?KU aTUM rOpMOHOM. 



Summaries for card indexes 

M&&ai~& inhAigation of iron-alaminima mixed oxides: L. KORECZ, 
I. Ku~ucz, G. &NCZEL, E. PAPP-MOLN~, FL PUNGOR and K. 
BURGER, Talanta, 1972, 19, 1599. (Department of Atomic Physics, 
Department of Experimental Physics and Institute of Inorganic and 
Analytical Chemistry, L. Eotviis University, Budapest, and Institute 
for General and Analytical Chemistry, Technical University, Budapest, 
Hungary.) 

Summary-Mixed hydroxides of iron and aluminium have been 
precipitated from solutions containing iron and aluminium salts. 
The ratio of iron and ahuninium was changed from 1 :l to 1:9. The 
mixed oxides produced by heating the hydroxides have been investi- 
gated by.the Miissbauer effect. The Miissbauer spectra were composed 
of two systems of lines: one is due to magnetic splitting reduced by 
a-Fe,Ol, the other is due to quadru 

P 
ole splitting (O-45 mm P s) which can 

be assigned to iron atoms in the attice of a-Al,O*. The role of the 
anion of the solvated salts has also been investigated. 

xvi 

Coulometbc titration of acids in isopropanol-I. A rapid direct method 
for the detehuiaation of carbon in steel: B. METIERS, B. G. COOKSBY 
and J. M..~ITAWAY, Tahta, 1972, 19, 1605. (Department of Pure 
and Applied Chemistry, University of Strathclyde, Cathedral Street, 
Glasgow, Cl.) 

Summary-A new procedure is described for the direct coulometric 
titration of the carbon dioxide liberated in the high-temperature 
combustion of steel. The carbon dioxide is absorbed in isopropanol 
containing 3 % of ethanolamine and titrated with 100% titration 
efficiency with a constant current of 50 mA and spectrophotometric 
detection of the end-point. The accuracy and precision of the method 
have been established by the analysis of a wide range of standard 
steel samples. 

Bestimmubg des Komplextypus and der Besthdigkeitskoastante von 
dissoziierten Komplexen mit Hilfe traasformierter ‘IWationskurven: 
J. Box.& Z. SLOVAK and J. FISCHER, Tahta, 1972,19,1611. (Forsch- 
ungsinstitut ftlr reine Chemikalien, Lachema, Bmo, Tschechoslowakei.) 

Summary--A method is presented for the logarithmic transformation 
of photometric titration curves, with the aid of which it is possible to 
differentiate with certainty between mononuclear and polynuclear 
complexes. The mathematical expressions are derived, and applied to 
practical examples, leading to unequivocal conclusions. The method 
suffers from two limitations-over a wide range of concentrations 
only one complex should be formed, and it must be a relatively weak 
one. 



.*. 
XVIII AmoTaqm cTaTel 

113Y=IEHiIE CMEIIIAHHbIX OKklCEm 3ICEJIE3A H 
AJIIOMHHWI C l-IOMOI.QbIO 3DDEECTA 

MECCBAYEPA: 

L. KORECZ,I.KURUCZ,G.MENCZEL,E.PAPP-MOLN.&R,E.PUNGOR 
and K. BURGER, Talanta, 1972,19,1599. 

Pewme-Cmemamme ra~poomc~ meneaa EI amommm ocam- 
HeHbI m pacmopoB, ConepHcarqmx corn meneaa EI amomfmm 
OTHOIIIeHElo HN?JIe3a M BJIIOMEIHEIH H3MeHeIiO OT 1:1 A0 1:0. 
Cnfemamwe OKHCH npotiase~emn2e HarpesaweM ra,qpoomicelt 
mzcne~oBaHbI c nomoqbm @@eKTa MeccBayepa. CIIt?KTpbI 
MeccBayepa COCTaBJIeHbI Ela HByX CIlCTeM JIIiHIi2t: OAHa Ha HHX 
noKBmeTcK B peaynbTaTe pacqennemw BbxaBaHHoro a-Fe,O,, 
fipyra-43 peaynbTaTe KsaApynonbtioro pacuennemia (0,45 
MM/CeK) KOTOpOo MO?KHO IIpHIlHCaTb A&CTBHIO aTOMOB Wt?JIo3a B 
pemewe y-Al,O,. TaKme H3yWH pOJIbaHUOH a COJlbBaTllpO- 
BaHHblX COJIet. 

KYJIOHOMETPWIECKOE TBTPOBAHBE IELlCJIOT B 
B30rIPOIIAHOJIE-I. BbICTPbIn HErIOCPEACTBEH- 

HbItZ METOn OHPEAEJIEHMH YrJIEPOaA B 
CTAJILI: 

B. METIZRS,B.G.COOKEY,~II~J.M.OTTAWAY, Talanta,1972,19,1605. 

P~3~Me--O~~CaHaHOBa~M~TO~IlKaH3~OCp3~CTB3HHO~OK~~OHO- 
MeTpHsecKoro onpefienemm ABYOKHCI~ ymepoga, sbIAenewor0 
llpti BblCOKOTeMIlopaTypHOM CH(IIPaHHH CTaJIII. flByOKIICb yNIo- 
poAa nornowaIoT B kiaonponaAon coAepmau@i 3% aTaHonahwiHa 
Ei TIlTpyIOT C 100°/~-~~~ti 3+#!KTHBHOCTbIO IIOCTOFIHHbIM TOKOM 
50 Ma C HCIIOJIb3OBaHHeM CIIeKTpO@OTOMoTpHWCKOl-0 o6Hapy- 
H(eHBFI KOHqa THTpOBaHHK. OIIpeAWIeHbI TOUHOCTb II BOCIIpOH3- 
BOAMMOCTb MoTO~aaHaJIH3HpyHpHA3TaJIOHHbIXo6pa3~oB CTPJIII. 

OIIPE&(EJIEHBE TIUIA kl KOHCTAHTbI 
YCTO~WiBOCTB @WCOqWiPOBAHHbIX 

KOMIU’IEICCOB C IIOMOILlbIO 
TPAHCQOPMIIPOBAHHbIX ICPklBbIX 

TBTPOBAHIW: 

J. BORhK, Z. SLOVAK and J. FISCHER, Talanta, 1972,19, 1611. 

P03IOMf+np'i!AJIO?KKeH MeTOg JIOrapH@MHWCKOti TpaHC#OpMaWiH 
#OTOMeTpMWCKHX KpHBbIX TIITpOBaHHR, KOTOpbIi IIO3BOJIRoT 
pa3JWIaTb OAHOHAopHbI3 OT MHOrORAopHblX KOMlIJK?KCOB. BbIBe- 
AeHLlMaT3MaTM~oCKEloB~paHtoHHKIIKpEIM3HoHbIHanpaKTIl~3CK~3 
IIpHMepbI, BeAyLIIll K HoABYCMbICJIeHHbIM BbIBOAaM. HoAOCTaTKEl 
MoTORa-TOnbKO OAUH KOMIIJIeKC HaAO 06pa3OBaTbCR B ILIKpOKOM 
AIlaiIa3OHe KOHqeHTpaUHfi a 3TOT KOMIIJleKC AOlDKeH 6bITb 
OTHOCIlToJIbHO HoyCTOtiWBbIfi. 



Summaries for card indexes Xix 

Studies of copper(n) salpbide ion-selective electrodes: GILLIS 
JOHANSON and KERZRIN EDSTRO~~: Tufunfu. 1972,19,1623. (Depart- 
ment of Analytical Chemistry, University of Um4, 901 87 Urn&. 
Sweden.) 

Sununary-_changes in liquid junction potentials in copper(E) 
solutions were measured when different reference electrodes were used. 
The slope and intercept of a calibration curve for a copper-selective 
electrode will depend on the selection of reference electrode. The 
condition of the electrode surface of an Orion copper-selective electrode 
was studied microscopically and the itiuence of redox potential on 
stability of the electrode against corrosion is discussed. Oxidizing 
solutions will produce pits at dislocations in the material and there 
will be a mixed electrode potential. The slope, stability, and speed of 
response are much lower when the surface contains pits. Diamond- 
polishing was shown to improve the electrode significantly. 

IndIreet atomic-absorption determiaation of ppM levels of arsenic by 
combustion of an MIBK extract of arsenomolybdic acid: Y. YAMAMOTO, 
T. KIJMAMARU, Y. HAYASHI, M. KANKE and-A. MATSUI, Tuluntu, 1972; 
19, 1633. (Department of Chemistry, Faculty of Science, Hiroshima 
University, Higashisenda, Hiroshima, Japan.) 

Summary--An indirect atomic-absorption method for arsenic has been 
developed. Arsenic(III) is oxidized to arsenic(V) by iodine, then 
arsenomolybdic acid is formed and extracted into MIBK from 
0*2-1.6M hydrochloric acid. Excess of molybdate is scrubbed from 
the organic phase, and then the molybdenum in the heteropoly acid is 
determined by its atomic absorption at 313.3 nm. Silicate and 
phosphate interfere. A procedure is described for determination of 
ppM levels of arsenic in water. 

Determination of small amoants of water with coalometrically generated 
Karl Fischer reagent: RONALD KARLSSON, Tuluntu, 1972, 19, 1639. 
(Department of Analytical Chemistry, Chemical Center, University of 
Lund, S 220 07 Lund 7, Sweden.) 

Summary-A coulometric method for the determination of small 
amounts of water described in a previous report has been further 
developed. Improved electronic circuity and a redesigned electrolysis 
cell have extended the range of determination and decreased the time 
of analysis. By means of a movable oven specially adapted to the cell, 
water in solids has also been determined. The method presented is 
applicable with high accuracy in the range 0405-5 mg of water in a 
large variety of substances. 



xx hHOT~HU CTaTeti 

kl3YYEHEIE HOHOM3BHPATEJIbHbIX 
3JIEKTPOHOB HA OCHOBE CYJIb@,MflA MEAH( 

GILLIS JOHANS~~N and KERSTIN EDSTR~M, Talanta, 1972, 19, 1623. 
PessM*ElaMepeHn mMeHemm noTeHqsfana mf~Koc~~or0 cnaii 
IlpU ElCIIOJlb8OBaHElll paeJIIl=iHbIX WIeKTpOAOB CpaBHeHUR B 
paCTBOpaX MeAu(II). HaKnoH u oTpeaoK Kanu6poBosHot 
KpuBO~u~6upaTe~bHOrO~~~Me~ueJIeKTpO~aSaBHCuTOToT6opa 
NleKTpOAa CpaBHeHuFl. COCTOHHue nOBepXHOCTEl us6upaTenb- 
HOrO AJIR Menu WeKTpOJJa MapKu OpuOH UCnbITaAO MUKpO- 
CKOnuqeCKuM UyTeM u paCCMOTpeH0 BJluHHue OKuCJluTeJlbHO- 
BOCCT~OBuTeJlbHOrO nOTeHIJuaJIa Ha KOppO8uOKHyIO yCTO& 
'IuBOCTb WIeKTpOAa. OKuCJIRIOlque paCTBOpbIBbI8bIBaIOTo6poao- 
BaHuesa~npu~cnoK~usxB MaTepuaneunofiBneKue chfemau- 
Hero HanpsmeHuSi aneKTpoAa. HaKJIOH, yCTOtiYuBOCTb u 
CKOpOCTb OTBeTa BHa'IuTeJlbHO HuH(e B CJlyrae npuCyTCTBuR IWB 
Ha nOBepXHOCTu 'NleKTpOAa. IIoKaaaHo 9~0 nonapoBaHue 
aJlMa'daMu B 3HasuTeJlbHOti Mepe yJfyWIIaeT XapaKTepuCTuKu 
aneKTpoAa. 

KOCBEHHOE OIIPEAEJIEHBE MBKPOrPAMMOBbIX 
KOJIMYECTB MbIIIIbHKA METOAOM ATOMHO- 
ABCOPBIJIJOHHOfl CIIEKTPCKOIIMM, IIYTEM 
CWJI-AHHfl BKCTPAKTA MbIIIIbHIICOBOMOJIklB- 

AEHOBOm KHCJIOTbI B MLIBK: 

Y. YAMAMOTO, T. KUMAMAR u, Y. HAYASHI, M. KANKE and A. 
MATSUI, Talanta, 1972,19,1633. 
P08IOe-Paapa6OTaHO KOCBeHHOe OnpeAeJIeHue MbIJJIbRKa MeTO- 
AOM aTOMHO-a6COp6quOHHOt CneKTpOCKOnUU. MwsKK(III) 
0KuCJlIIH)T B MbIJIIbfZK(V) UOAOM, i3aTeM o6pasyroT MbJIIIbIIKOBO- 
MOJlU6~eHOBylO KUCJIOTy u e6 aKCTparupyH)T MeTEJlE806yTUJP 
KeTOHOM (MEIBK) ua 0,2 - 1,0M pacTBOpa COJlFiHOii KuCJlOTbl. 
&f86n~OK MOJIU6AaTa yCTpaHHloT El3 OplWDi¶eCKOt @aabI U 
MOJIU6AeH B $OpMe reTepOnOJIHKuCJIOTbJ OnpeAeJIHIoT Ha OCHOBe 
ero aToMHor0 nornoqeHuff npu 313,3 HM. CunuKaT u *o*aT 
MeInaxoTonpeAeneaulo. OnucaHaMeToAuKaonpeAeneHurrsacTeB 
HaMUJIJIUOHMbWlbRKaBBO~e. 

Ol-IPEAEJIEHBE HE BOJIbIIIHX KOJIWIECTB BOAbI 
C KYJIOHOMETPFIECKB OBPABOBAHHMM 

PEAI’EHTOM EEAPJIA QDHIIIEPA: 

RONALD -SON, Tahta, 1972,19,1639. 
PWOMe-AaJIbme paspa6oTaHa MeTOAUKa KyJIOHOMeTpUseCKOrO 
OIIpeAeJIeHUR He6OJIbIJIUX KOJIUqeCTB BOAbI, OnUCaHHaR B npeA- 
nAyIqeti CTaTe. YJIyWOeHHbIe WIeKTpOHHbIe qenU U HOBaR 
KOHCTpyK~uIIeJIeKTpO~UTu¶eCKO~K~e~KunO~BO~U~UUpOTKHyTb 
O6~aCTbnpEMeHUMOCTUMeTO~aECOKpa~aTbnpO~O~~uTe~bHOCTb 
aHaJIU8a. ~CnOJIb&?OBaHuenO~BHi-KHOtine'iUnpuCnoCO6JIeHHOi%K 
FIse~KeTaKHtenO8BOnBeTOnpeAenRTbBOAyBTBepAbIXBe~eCTBaX. 
MeTOAOM MO~HO OnpegenrrTb c B~ICOKO~~ TO¶HOCWIO 0,005-5 Mr 
BO,?&bI B MHOH(eCTBe paBHbIXBeI4eCTB. 



Summaries for card indexes xxi 

Studies on the extraction and determination of metals-I. Extraction 
of hafnlum into methyl lsobutyl ketone and trlbatyl phosphate: NORIO 
kHINosE, Ziifuntu, 1972,19,1644. (Department of Chemistry, Faculty 
of Liberal Arts, Yamaguchi University, Yamaguchi-City, Japan.) 

Summary-The effect of various factors on the distribution of hafnium 
(< 5.60 x IO-‘M) between ditferent acids and methyl isobutyl ketone 
(MlBK) or tributyl phosphate (TBP) was studied by using lTs+Wlfas a 
tracer. when the extraction is made from 7.511M hydrochloric acid 
with an equal volume of 1M TBP in benzene, hafnium is extracted 
quantitatively (>99%). The hafnium can be stripped with l-3M 
hydrochloric acid. 

Nondestructive method for the analysis of gold@ cyanide plating baths. 
Complexometric determination of nickel and lndlmn: RUDOLF P~‘UBIL 
and VLADR& VESEL*, Tufuaru, 1972, 19, 1647. (Laboratory of 
Analytical Chemistry, J. Heyrovse Polarographic Institute, Cxecho- 
slovak Academy of Sciences, Prague 1, Jilska 16, Czechoslovakia). 

Summary-A method is described for rapid determination of nickel and 
indium in gold(I) cyanide baths containing large amounts of citric acid 
and/or sodium citrate, without previous destruction of organic matter. 
Gold is removed by extraction with ethyl acetate. In one aliquot of the 
solution indium is masked with thioglycollic acid and nickel is 
precipitated with sodium diethyldithiocarbamate, extracted into 
chloroform, stripped into water and determined complexometrically. 
In a second aliquot indium and nickel are precipitated together with 
the same reagent and stripped into water, then nickel is masked with 
l,lO-phenanthroline, and indium is determined by direct titration 
with EDTA. 

Poteatlometrlc argentimetric method for the successive titration of 
sulphlde and dissolved sulplmr in polysulphlde solutions: SANAE IICEDA, 
HIROMIJ SATAKE, TAKED HI~AN~ and Toznno TERAZAWA, 7’uZanra, 
1972, 19, 1650. (Department of Applied Chemistry, Faculty of 
Engineering, Tokushima University, Tokushii, Japan.) 

Sm4ulphide sulphur and dissolved sulphur in a polysulphide 
solution can be successivelv determined with satisfactorv accuracy 
and reproducibility by poten&ometric argentimetry in whicha sulphid& 
selective indicator electrode is used. Before the titration, polysulphide 
ions need to be converted by an excess of potassium cvanide into thio- 
cyanate and sulphide ions. <The excess of cyanide iok is masked with 
formaldehyde and sulphuric acid, then thesolution is made alkalinewith 
ammonia and titrated with silver nitrate till the tirst end-point is reached 
(sulphide sulphur). After the acidiEcation of the solution with sul- 
phuricacid, the titration is continued till the second end-point is attained 
(dissolved sulphur). 



xxii 

113Y9EHME 3KCTPAKLJllkl kl OIIPEfiEJIEHWI 
METAJIJIOB-I. BKCTPAKLUIFl rA@HEIfi 

METBJIB30BYTBJIKET’OHOM II 
TPB BYTMJI@OCQATOM: 

NORIO ICHINOSE, Talanta,1972,19,1644. 

Peamm---klayqeHo mumiue paaHnx @aKTopoB Ka pacnpenene- 
Hue ra@HufI (~&69.1@-~i@) MeWAy pa3HbIMu KUCJIOTaMu u 
MeTuJIu~O6yTulIKeTOHOM (MBBK) UJIU Tpu6yTun@OC~aTOM 
(TEQ), C uCIIOJIb8OBaHueM 17s+1*1Hf B KaYeCTBe UHAuKaTOpa. 
npu BKCTparupOBaHuu 113 7,5-- 11M pacTBopa conRHoP 
K~CJIOT~I c TeM xe 06'beMoM 1M TBcD B 6eKaone,ra$Huti BKCT- 
parupyercfi Kom~ecTBemo (>99%). ra$Huti MOHIHO OCBO- 
6OAuTb 13M paCTBOpOM COJlRHO& KuCJlOTbl. 

HEAECTPYKTHBHMB METOR AHAJIHBA 
I’AJIbBAHWIECKOm BAHHbI COAEPmAuEm 

qkiAHIQ 30JIOTA(I). KOMrLJIEKCOHOMETPBYECKOE 
OJIPEAEaEHBE HEIKEJIJI II IIHJIJFI: 

R. PRIBIL and V. VESELY, Talanta, 1972, 19,1647. 

PesIOMe--OIIuCaH MeTOg 6hIcTporo OIlpe~eneHuri HKKeJIR U 
HE#iH B BaHHaX IJEiaHll~a 3OJIOTa(I), COJ.&?INK~EiX 6ojIbmue 
KOJlEl%'CTB.?l JlUMOHHOfi KHCJlOTbl II (K.nU QHTpaTa H;ITPMR, 6ea 
npeABapuTenbHor0 paanomeum opraHmecKor0 BeuecTBa. 
3OJIOTO yCTpaHXIoT 3KCTpaKqueti C BTuJIaQeTaTOM. B aJIuKBOT- 
HO~~aCTupaCTBOpaMaCKupy~TuH~uZtTuOr~uKOJIeBO~KuCJlOTO~ 
u OCa7KAaIoT HUKeJIb ~uaTuJlJ&uTuOKap6aMuHaTOM HaTpun, BKCT- 
parupylOTXJIOpO$IOpMOM,IIepeBO~~TB BOAHbIa paCTBOp M OUpe- 
AeJIFlIOT HuKeJlb KOM~JleKCOHOMeTpu~eCKHM MeTOAOM. B ApyrOt 
aJlUKBOTH0~ UaCTU paCTBOpa UHAMi'i u HUKeJlb OCaHcAaIoT OAHOB- 
peMeHH0 lIOJlbsySU2b TeM me peareHTOM U UepeBOARTb B BOAHbl& 
paCTBOp; HuKeJIb aaTeM MaCKupyBJT l,lo-@eHaHTpOJIuHOM a 
UHAufi OIIpeAeJIRIOT HeIIOCpeACTBeHHbIMTuTpOBaHUeMC 3aTA. 

IlOTEH~HOMETPkl9ECKB~ APJ?EHTOMETPIJYECKMm 
METOJJ, IIOCJIEflOBATEJIbHOI’O TLITPOBAHWI 

CYJIbQkljJA kl PACTBOPEHHOm CEPbI B 
PACTBOPAX IlOJIBCYJIbQBjJA: 

SANAEIKEDA,HIROMUSATAKE,TAKEOHISANO and TOSHIOTERAZAWA. 
Talanta, 1972, 19, 1650. 

PeEIOMe--&feTOJJ llOT3H~UOM3TpU’RCKOi apl”Z!HTOM3TpUU llO3- 

BOJIJWT OIIpeAWlfiTb CyJlb#fAHyIO Cf?py U PaCTBOPeHHYKl Cepy B 

PXTBOpe IIOJIUCJ’JIb’jlUAa C AOBOJIbHOtf TOYHOCTbIO U BOCIIpOU3- 

BOAUMOCTbIO, IIOJXb3J’fICb CWIeKTUBHhIM AJ’IfI CJ’JIb@UAUOHa UHAU- 

KaTOPHbIM 3JIeKTpOAOM. n’2peA TUTpOBaIIUeM IIOJIUCyJIb@WfOHbI 

HaA0 JSpeBpaTUTb B TUOIWlElHElT- U CYJlb@fAUOHbI o6pa6omoti C 
us6bITKOM IJuaHUAa KBJIUH. &6bIToK qUaHuJ&lOHOB MaCKUpyIoT 
~opManb~eru~o~ucepHo~K~~n~~~Zf,pacTBopaaTe~no~~ena~u- 
BaloTaMMHaKOMUTuTpyHlTHuTp~TOMcepe6pa~O~epBOrOKOH~~ 
TuTpOBaHuR (CyJIb@UAHaR Cepa). nOWI IIOAKUC2TeHUFI paCTBOpa 
CepHOfi KuCJlOTOZt TuTpOBaHUe IlpOAOJl?KaIOT A0 BTOpOrO KOHqa 
TUTpOBaHuR (PaCTBOpeHHafi Cepa). 
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Cation-exchange of metal ions in organic solvent-atpferroo media: 
J. KORKISB and M. M. KHATER. Talanta, 1972, 19, 1654 (Analytical 
Institute, University of Vienna, IX Wahringerstrasse 38. Austria.) 

Summary-Distribution coefficients of 20 metal ions were determined 
on the strongly acidic cation-exchanger Dowex 50 in a 30:7:1 mixture 
of chloroform-methanol-l jLf hydrochloric acid which was O.lM in 
cupferron. In this system the distribution coefficients of Fe(III), Ti(IV), 
Cu(II), Ce(II1) and Th are lower by several orders of magnitude than 
those of Ni, Mn(II), Cd, Co(II), Ca, U(VI), and Sr. It is possible to 
separate these two groups of elements on an ion-exchange column. 

Comparative study of analytical properties and applications of picolin- 
aldehyde thiosemicarbazone and selenosemicarbazone: J. M. CANO 
PAVON and F. PINO, Talanta, 1972,19,1659. (Department of Analytical 
Chemistry, University of Seville, Seville, Spain.) 

Summary-The analytical properties of picolinaldehyde thiosemi- 
carbazone and selenosemicarbazone have been studied, in order to 
investigate the changes produced when the Se atom is substituted 
for the S atom. The ionization constants of both substances are very 
similar. The complexes of picolinaldehyde selenosemicarbazone with 
cations in aqueous solution are less stable, and the absorption spectra 
show bathochromic and hypochromic shifts. The introduction of the 
Se atom offers no advantages in the analytical application of these 
compounds. 

On the nature of so-called “Kbimdu”: YONG KUEN LEE, KYU JA 
WHANG and KEIHEI UENO, Talanta, 1972, 19, 1665. (Department of 
Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 
8 12, Japan). 

Summary-The reagent called “Khimdu” has been investigated and 
evidence found to show that it is not a pure compound but a mixture 
of several reaction products. 

Zur Frage des Verlustes van Molybdh wi4luend der Aaalyse van metal- 
lischem Wolfram auf Molybdiinspuren: E. LASSNER and H. SCHEDLE, 
Talanta, 1972, 19, 1670. (Versuchsanstalt, Metallwerk Plansee A. G.. 
A-6600 Reutte, Austria.) 

Summary_-It is shown that oxidative annealing of metallic tungsten to 
tungsten trioxide causes a decrease in the molybdenum content. Thus 
such annealing must be avoided when the molybdenum content is to be 
determined. On the other hand, when the tungsten is dissolved in a 
mixture of hydrofluoric and nitric acids with subsequent fuming with 
sulphuric acid, no such decrease in the molybdenum content takes 
place. 



xxiv AanoTaqm maTell 

KATLlOHHbIfl OBMEH ElOHOB METAJIJIOB B 
CPEAAX COAEPWAUIIX OPI’AHWIECKBE 

PACTBOPHTEJIH M ICYII@EPPOH: 

J. KORKISCH and M. M. KHNER, Tahta, 1972,19,1654. 
Pemme-Onpegenem xoa$&iq~embI pacnpeAenemm 20 HOHOB 
MeTanJIOB Ha CE~JI~HOKKCJIOM KaTIIOH006MeHHHKe AayeKc 60 B 
ciuecu xnopoqtopMa,meTaHona EI lki conmotl KHCJIOT~I 30:7:1,~ 
IlpliCyTCTBMEl 0,1&f KyIl@eppOHa. B aTOi CHCTeMe KOB+$&lqH- 
eHTbI pacnpeAeneKzw Fe(III), Ti(IV), Cu(II), Ce(II1) M Th B’ 
HecKojIbKo paa mme 9eM Koa@#mwewrbI pacnpenenemifi Ni, 
Mn(II), Cd, Co(U), Ca, U(V1) M Sr. ~O~TOM~ yAaeTcn paa- 
AeJlRTb aTIl ABe rpynnbIaZeMeHTOB HaKO~OHKeEIOH006MeHHMKa. 

CPABHEHkIE IIPkiMEHMMOCTti B AHAJIH3E 
THOCEMBKAPBABOHA kl CEJIEHOCEMHKAPBA30HA 

IIHKOJIMHAJIbAEI’tIAA: 

J. M. CANO PAVON and F. PINO, Talanta, 1972, 19,1659. 

Peaem--llayqeHbx aHannTn¶ecKzie xapaKTep5icTnK5f TKoceMz- 
KapBaaoHau ceneHoceMmKap6aaoHannKonwrranbnernAacqenb~ 
0npeAenwrb a$@eKT aaMeaeHns aToMa cepbI aToMoM ceneaa. 
HOHCTaJITbI EIOHEiaa~ZlH 060~~ BeIQeCTB OUeHb IlOXOH(yIe. KOMll- 
JleKCbl ceneHoceMaKap6aaoKannKoJI&iHanbAerH~ac KaTKOHaMU B 
BOAHOM pacTBope MeHee ycToZt9K~b1, a cneKTpbI CBeTonorno- 
WeHKH ItOKaabIBaIoT 6aTOXpOMHMe EI runcoxpoM~Ede nepeMeE(e- 
HIIR. BBeAeHIleM aToMa ceneHa He nonysaIoTcs npemq@ecTBa 
B npnMeHeHnH a~~xcoe~~~e~~lti B arianKae. 

IIPEIPOAA TAK HA3bIBAEMOI’O “ICXHMfiY”: 

YONG KUEN LEE, KYU JA WHANO and KEIHEI UENO, Talanta, 1972, 
19,1665. 

Peamm--PeaynbTam myqemrr TaK sxaabmaeoMor0 “KxEIMA~" 
IIOKaaHBaIOT 4TO aT0 BeweCTBO He UpeACTaBJIlieT cod& 9HCTOe 
COeAHHeHlie,HOpHAllpOAyKTOB peaKqlll¶. 

Ic BOl-IPOCE IIOTEP B MOJIHBAEHE ,IIPM 
Ol-lPEAEJIEHBM CJIEAOB MOJNIBAEHA B 

METAJIJIHYECKOM BOJIbcDPAME: 

E. LASSNER and H.SCHEDLE, Talanta,1972,19,1670. 

Paaw4e-IIoKaaaAo UT~ oKKcnKTenbHHhI$i o~mar MeTaGnwiec- 
KOrO BOJIb(BpaMa B TphXOKHCb BOJIb$paMa BbIabIBaeT CHH2feHIle 
coAepmaHw4 MOJIH6AeHa. TaKElMo6paaoM~~oua6emaTb OT?KKr 
B cjrynae OnpeAeneHwI MonH6neHa. C Apyrofi ~~~p~~bl,~loTep~l 
B MonH6neHe He o6HapyHcew eCJIH BOJIb4paM pacTBOpeH B 
wecK @TO~ZZCTOBOA~~OA~~O~ II a8oTHoti KnczoT:c I@cneAyDnlrqaM 
WMJIeHKeM CepHOti KHCJIOTOti. 
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