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Summary--A comprehensive review is made of the analytical methods available for the inor- 
ganic acids derived from sulphur. 

Sulphur is one of nature's very reactive elements, and it combines with most of the elements 
to form chemical compounds. Most of these sulphur compounds are either acids or their 
salts, because the oxygen and halogen derivatives of sulphur react with water to yield sulphur 
acids. 

Most of the sulphur acids are very reactive and thus unstable; they can react with each 
other, and many can undergo decomposition or air oxidation. As a consequence the analy- 
tical determination of the sulphur acids usually presents a difficult problem, namely that 
of the analysis of a complex mixture of sulphur compounds. 

It is often necessary or desirable to analyse for several or even all of the individual com- 
ponents of  such a complex mixture, since the measurement of total sulphur content doe~ 
not usually provide sufficient information. 

A collective series of articles describing in great detail the then available methods of 
sulphur analysis was published by Kurtenacker in 1938 under the title "Analytische Chemic 
der Sauerstoffs~uren des Schwefets". t Several monographs published later have reviewed 
this very complex problem in lesser detail. 

A review and evaluation of the analytical methods for the determination of H~S, H:S=, 
H2S03, H2S20,,  H2SOa, H2S203, H2Sx06, H2SOs, H28208, and the corresponding 
salts, comprises the subject of this article. 

In addition to the above-mentioned sulphur-containing acids, some authors z have sugges- 
ted the existence of H2SO, H2SO 2 and H2$202 in the form of intermedi~ttes or organic 
derivatives. However the analytical methods---if any--for the determination of these highly 
unstable compounds are not reviewed here. 

DETERMINATION OF SULPHIDES 

Titrimetric determinations 

Analysis wfth iodine. Several methods are based on the reaction of H:S with iodine to 
give elemental sulphur and iodide ions, 

H a S + I ,  ........................... -." S + 2 H  + + 2 I -  I 
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Since direct titration of sulphides with iodine does not give accurate results,3 an excess of 
iodine is added to the H$ solution and the excess of iodine is titrated with t~osulphate. 
Another method is based on the reaction of sulphide ions with iodine in alkaline medium 
to yield sulphate.4 

S2- + 41, + 80H- - Sob’- f 81- + 4H20 II 

After acidification of the reaction medium the excess of iodine is back-titrated with thio- 
sulphate. 

Because aqueous H2S solutions lose HIS gas very readily, some authors recommend the 
precipitation of the sulphide with cadmium or zinc acetate solution. Excess of acidic 
iodine solution is then added to the precipitate, followed by back-titration of the excess of 
iodine with t~osulphate. ‘& Concentrations as low as 0.2 ppm of sulphide can be accurately 
measured according to this principle.’ 

An aqueous solution of alkali and alkaline earth metal sulphides is of strongly alkaline pH, 
and usually contains suiphites, thiosulphates and in certain cases even polysulphides as 
contaminants.859 In order to avoid the reaction of sulphides with iodine in alkaline medium 
(equation II) it is necessary to use an iodine solution containing enough mineral acid when 
the iodometric sulphide determination is carried out according to equation I.‘oPi1 

The determination of sulphides and hydrogen sulphides in the presence of each other can 
be done on the basis of reactions III and IV 

P+Iz - 21- + s III 

SH-+I, - 21- f H+ + S IV 

The amount of acid formed according to equation IV can be measured al~lime~ically.~* 
Iodometri~ dete~~~t~o~ of ~u~p~~de in the presence of s~ip~ite and t~ios~ip~ute. Sulphide 

ions can be selectively precipitated as zinc or cadmium sulphide even in the presence of 
sulphites and thiosulphates. 13-” After filtration the precipitate is reacted with acidic iodine 
solution and the excess of iodine is back-titrated.” 

Sulphide is practically always contaminated with its oxidation products, which also react 
with iodine. After precipitation and filtration of zinc or cadmium sulphide, the amounts of 
sulphite and thiosulphate can be determined in aliquots of the filtrate.” The total amount 
of sulphite and thiosulphate is measured with iodine according to equations V and VI, and 
the thiosulphate is selectively titrated with iodine in a separate aliquot in the presence of 
formaldehyde which masks sulphite according to equation VII.29-34 

2s,o3*- + I, - S4062_ + 21- V 

so3*- + 12 + Hz0 - S042- + 21- + 2H+ VI 

HCHO + S03*- + H+ - CH20H.S03 - VII 

The method of Wollak can also be utilized for the determination of sulphide, sulphite and 
thiosulphate in the presence of each other. lg According to this method the total amount of 
the three ions is determined iodometrically, in one aliquot. To another aliquot zinc acetate 
is added, the sulphite is masked with formaldehyde, and iodine is added to the solution, 
which still contains the zinc sulphide precipitate. Back-titration of the excess of iodine 
gives the total amount of sulphide and thiosulphate. In order to determine the amount of 
thiosulphate, a third aliquot is carefully oxidized with iodine, and the excess of I2 is removed 
by addition of Na$03 to a colourless end-point. The tetrathionate formed from the original 
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thiosulphate is reacted with potassium cyanide (equation VIII), to produce half the amount 
of thiosulphate originally present, and this is titrated with iodine. 

3CN- + S,06*- + Hz0 - s2032- + so42- + 2HCN + SCN- VIII 

Sulphite can be selectively precipitated as SrSO, in the presence of sulphide and thio- 
sulphate.20 

The accuracy of the methods involving filtration of a precipitate is often unsatisfactory 
owing to adsorption of various ions on the precipitate. Wollak’s method in particular does 
not give accurate results for thiosulphate when only a small amount of that ion is present. 

An altogether different principle for the determination of sulphides, sulphites and thio- 
sulphates in the presence of each other is utilized when the volatile H,S is removed from the 
solution by treatment with a weak acid such as carbonic or boric acid. The H,S is absorbed 
in iodine, bromine or alkaline peroxide solution. 21-23 The amount of sulphite and thiosul- 
phate can then be measured iodometrically in the sulphide-free solution. The accuracy of 
this method can be greatly reduced by the concentration-dependent side-reaction of S032- 
ions with HS- ions (equation IX). 

4H+ + 2HS- + 4SOa2- - 3S20J2- + 3H20 IX 

In order to circumvent this difficulty Szekeres recommended the determination of the 
sulphide, sulphite and thiosulphate content of alkali metal sulphides by four titrations.24’25 
According to this method one aliquot is titrated with iodine, and another with bromine 
(bromide/bromate mixture) which reacts with three species according to equations X, XI 
and XII. 

S2- + 4H20 + 4Br, - S042- + 8H+ + 8Br- X 

S20a2- + 5H20 + 4Br2 - 2S042- + lOH+ + 8Br- XI 

SOa2- + Hz0 + Br, - S042- + 2H+ + 2Br- XII 

These two determinations give the total amount of sulphide, sulphite and thiosulphate ions. 
From the other two aliquots the sulphide is removed by boiling with boric acid, and the 
total amount of sulphite and thiosulphate is determined by titration of one aliquot with 
iodine and the other with bromine. From these four measurements the amount of S2-, 
SOs2- and S20,‘- can be calculated and the amount of sulphide converted into thiosul- 
phate according to equation IX can also be calculated.25 

Mixtures containing elemental sulphur in addition to sulphide, sulphite and thiosulphate 
can be analysed by the above-described iodometric methods, and by measuring the total 
sulphur content.26 

Erdey recommended the use of ascorbic acid (with Variamine Blue or dichlorophenol- 
indophenol as indicator) for the back-titration of iodine in the iodometric determination of 
sulphide.27*28 Since the titre of ascorbic acid solutions changes much more rapidly than 
that of thiosulphate solutions this method offers no advantage, and is of limited practical 
utility. Furthermore, as already pointed out, sulphides cannot be determined accurately 
by a simple iodometric titration since with the exception of H,S they are always contaminated 
with sulphite, thiosulphate and/or polysulphides.‘*’ 

Determination of sulphides by other redox titrations. Sulphide is oxidized to sulphate by 
potassium iodate in boiling strongly alkaline aqueous solutions, but iodate also reacts 
with the other sulphur compounds which usually contaminate sulphides, and its utility for 
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the determination of sulphide is rather restricted. 5V36 In these methods excess of iodate 
is added, and the surplus back-titrated biometrically. 

Bromide/bromine solution has been recommended for the determination of sulphides, 
with irreversible organic-dye indicators. 37*38 Some authors have used bromate or bromide/ 
bromate with iodometric back-titration of the excess of reagent.3g41 

Sulphide can also be oxidized to sulphate with hypochlorite (equation XIII), again with 
iodometric determination of the excess of reagent.42 

s’- + 4oc1- - so,*- + 4c1- XIII 

Hypoiodite has also been used.43 
Erdey used hypobromite or hypochlorite solution for the direct titration of sulphide.44-46 

Since these reagents are comparatively unstable and are non-selective as reagents for sulphide, 
these h~o~lite methods are of limited practical utility. 

KoltholT oxidized sulphide with permanganate in dkaline medium and used iodometric 
back-titration of the excess.4’ However, the reaction of permanganate with the usual sulphur- 
containing contaminants of sulphides diminishes the accuracy of this method too. 

Murthy used chloramine-T solution for the determination of sulphide, sulphite and thio- 
sulphate ions. 4s The total amount of the three ions was obtained by iodometric back- 
titration of excess of chlommin~T; the sulphide content was measured via CdS, and the 
sulphite/thiosulphate content was obtained by the usual iodometric methods. 

Periodate has also been used for the oxidation of sulphides.4g It also oxidizes sulphite, 
thiosulphate and dithionite. The simplest way to measure the excess of periodate is by 
iodometric titration. 

Mixtures of sulphide, sulphite and thiosulphate can also be titrated with sodium nitrite 
solution in mildly acidic medium,” with chloroform and a trace of potassium iodide as 
indicator. When periodate or nitrite is used the amounts of sulphite and thiosulphate 
present in the mixture must be determined by separate measurement. 

A theoretically interesting though less practical method for the determination of sulphide 
is oxidation by the Ag(II1) tellurate complex. The excess of the oxidizing agent is reduced 
with arsenite solution, and the excess of arsenite is back-titrated with iodine.” 

Potassium ferricyanide solution has been used for the oxidation of sulphide (equation 
XIv)?-5’ 

S*- + 2[Fe(CN),J3- - S + 2[Fe(CN)J4- XIV 

Above pH 9.4 sulphide is oxidized to sulphate by potassium ferricyanide.52 Sodium nitro- 
prusside or ferrous dimethyiglyoximate is used for end-point indication. Potentiomet~c 
indication has been recommended by several authors. 52*53*56 At pH 9.4 ferricyanide does 
not react with sulphite and thiosulphate. The sulphite content of the mixture can be removed 
from solution by precipitation as barium sulphite. ’ * *’ 3 Sulphide, sulphite, tetrathionate 
and dithionite can be titrated with potassium ferricyanide solution in strongly alkaline 
medium in the presence of osmium tetroxide as catalyst. 58-60 Either dead-stop or potentio- 
metric end-point detection can be used. 

Determination of suiphides by precipitation titration. Sulphide can be titrated with zinc 
sulphate in the presence of ammonia. The end-point is indicated potentiometrically76*10* 
or by metalloohromic indicators.61-63 

The sulphide content of polysulphides can also be determined by a modification of this 
method. The ~lysulp~de is reacted with sulphite (equation XV), to give thios~phate and 
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sulphide, and the sulphite and thiosulphate do not interfere with the precipitation titration 
of sulphide.63*64 

s 2- + (x - 1)so,2- - S2- + (X - l)S3O3 2- 
x xv 

Complexometric determination of sulphide. The indirect chelatometric determination of 
sulphide is based on the insolubility of copper, cadmium and zinc sulphides. In Kivalo’s 
procedure excess of copper perchlorate is added to the solution of sulphide, the precipitate 
is filtered off, and the excess of copper ion is titrated complexometrically.65 Variations 
based on the same principle have been recommended. 66-71 BudtSinsky precipitated cad- 
mium sulphide by addition of Cd-EDTA complex to sulphide solutions and titrated the 
liberated EDTA with calcium chloride solution.72 

Sulphide and thiosulphide can be determined in the presence of each other according to 
the method of de Sousa.73 The sulphide is precipitated as cadmium sulphide and the excess 
of cadmium is measured in the filtrate by complexometric titration. In another aliquot all 
the sulphur species are oxidized to sulphate with bromine, the sulphate is precipitated with 
excess of barium chloride and after filtration the excess of barium is titrated with EDTA. 
Similar methods for the determination of sulphide and sulphite have also been worked out 
by de Sousa.74*‘08 

Szekeres oxidized sulphide to sulphate and determined the latter by precipitation titration 
with barium chloride, using a metallochromic indicator.” Phosphate and arsenate did 
not interfere. 

Mercurimetric determination of sulphide. The reaction of sulphide with o-hydroxy- 
mercurybenzoic acid (HMB) in alkaline medium can often be utilized (equation XVI). 
Since HMB does not react with sulphite and thiosulphate, sulphide can be titrated directly 
with HMB in the presence of these ions.77-86 Thiofluorescein,81-83 dithizone78*84*86 and 
sodium nitroprusside” were recommended as indicators in these titrations. 

+ s2_ 
+20H- XVI 

Acrylonitrile reacts relatively rapidly with compounds of the general structure R-SH, 
including sulphides and polysulphides. ” Since the products of these reactions are inert to 
HMB, various sulphur compounds can be determined in the presence of each other by 
appropriate combination of masking with acrylonitrile and various iodometric proce- 
dures.83,85 

Another mercurimetric method is based on the colour reaction of mercury(I1) and 
diphenylcarbazone. 87 Combinations of methods based on this principle with various 
iodometric procedures have been used for the determination of sulphide, sulphite and 
thiosulphate in the presence of each other.88 

Determination of sulphides by argentometry and other methods requiring instrumental 
end-point indication. The reaction of sulphide ions with silver nitrate (equation XVII) 
has been the basis of various analytical methods, which differ mainly in the mode of end- 
point indication. 

2Ag+ + S2- - Ag,S XVII 

When silver nitrate solution is added in excess, it can be back-titrated with thiocyanate.8g*g0 
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A similar procedure utilizes mercuric nitrate solution as the precipitating titrant.gO Various 
other argentometric methods coupled with instrumental end-point indication have been 
recommended for the determination of sulphides.gl-‘O’ 

Kramer et al., used lead nitrate solution in alkaline medium, with potentiometric end- 
point indication. Under these conditions sulphate, carbonate, thiocyanate, chloride, 
ferrocyanide and thiosulphate do not interfere. Lo3 Kiss recommended cadmium acetate 
solution as titrant, with a dead-stop end-point.‘04*‘05 

Determination of sulphide by metathesis. Use of the methathetic reaction between sulphide 
and silver chromate or lead oxalate has been suggested by Erdey and BBnyai,‘06*‘07 
equations XVIII and XIX. 

Ag,CrO, + S2- - Ag,S + Cr042- XVIII 

PbC204 + S2- - PbS + C2042- XIX 

The amount of chromate or oxalate ions liberated was measured by iodometric or 
permanganometric methods. Since both iodine and permanganate react with the usual 
contaminants of alkali sulphides, these methods, too, are of limited accuracy. 

Determination of sulphide by the iodine-azide reaction 

The reaction of H2S with iodine is instantaneous; in contrast the reaction of azide ions 
with iodine (equation XX) to give nitrogen is slow. 

2N3- + I2 - 21- + 3N, XX 

However, elemental sulphur (obtained from sulphide by oxidation with iodine) in the 
presence of iodide ions reacts rapidly with azide ions to give nitrogen (equation XXI). 
Thiocyanate and thiosulphate give similar reactions. 

S+2N3- - SZ-+3N, XXI 

Thus sulphide can be determined by measuring the volume of nitrogen liberated.‘0g-‘20 
This method is also suitable for microscale determinations.1”*‘13*11g Thiosulphate and 
thiocyanate interfere. 

Determination of sulphide by physical methods 

Polarography. The polarographic method is often used advantageously for the determina- 
tion of small amounts of H2S, or for the determination of traces of H2S in other gases.“‘-‘2s 
Roubal et al., have described an indirect method. ml29 the gas mixture containing HIS was 
passed through cadmium acetate-acetic acid solution and after removal of cadmium sul- 
phide by filtration, the residual cadmium content was measured by polarography. 

Photometric and calorimetric metholis. Amino-N,N-dimethylaniline reacts with dilute 
ferric chloride solution in the presence of H2S to form Methylene Blue, which can be meas- 
ured spectrophotometrically. This method is suitable for the determination of as little as 
1 pg of H2S. 130-137 The conditions are rather critical and have been examined by several 
workers.137*-c Kato et al., described the use of pphenylenediamine, which forms Lauth 
Purple with sulphide ions. 13’ Several other colour reactions of sulphide ions suitable for 
quantitative determination have been described. 13g-144 Sodium nitroprusside reacts with 
sulphide in alkaline medium to give an intensely violet complex, which can be measured 
photometrically.‘4s-‘48 

The blue colour of alkaline thiofluorescein solution is quenched by mercury(I1) or silver 
ions, and reappears on treatment with sulphide. 14’ The red reaction product of Hg-diphenyl- 
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carbazone and sulphide ions can be measured calorimetrically. 15o*151 Sulphide ions displace 
diphenylthiocarbazone from its complex with silver ions, and the liberated organic base 
can be measured spectrophotometrically. Is2 Sulphide quenches the fluorescence of the 
fluorescein-mercury-acetate complex and this reaction can be used for the microdetermina- 
tion of sulphide.’ 53 

Ammonium molybdate is reduced by H,S in the presence of hydrochloric acid and the 
resulting molybdenum(II1) can be treated with thiocyanate to yield a red complex. This 
reaction is applicable to the determination of sulphide.‘54 

Of the many colloidal metal sulphides suitable for the photometric determination of sul- 
phide, PbS and Bi,S, gave the best results 155-157 but the sulphides of Ag, Pd, As, Hg, Sb 
Sn, Ni, Cd and Cu have also been used.‘5s~15g 

The reduction of silver bromide to metallic silver is accelerated by catalytic amounts of 
sulphide. This reaction has been used for the measurement of traces of sulphide, e.g., the 
darkening of photographic film exposed to traces of sulphide was measured after development 
of the film.‘60-162 

Rapid semi-quantatitive methods for the determination of sulphide have been based on 
the use of filter paper impregnated with silver chromate or lead acetate.‘63-166 A similar 
rapid method utilizes lead acetate finely dispersed in a gelatine film, and photometric meas- 
urement.16’ 

Sulphide quenches the chemiluminiescence of hypoiodite with luminol, and this phenome- 
non is the basis of a photometric method for the determination of sulphides.‘68 

A colour reaction for the semi-quantatitive microdetermination of ZnS, CdS, MnS, 
Bi,S, , SnS, SnS,, U02S and As2S3 has been described by Feigl et ~1.‘~’ The sulphide is 
heated with mercuric cyanide in a test-tube, the top of which is covered with filter paper 
impregnated with a chloroform solution of copper ethylacetoacetate and “ tetrabase ” 
(4,4’-tetramethyldiaminodiphenylmethane). Metathesis gives mercuric sulphide which then 
reacts according to 

followed by 

2HgS + Hg(W2 - 3Hg + (CNS), XXII 

(CW2 + Hg(W2 - Hg(CNS)CN + (CN),S XXIII 

and the (09,s gives the blue colour with the copper-tetrabase mixture. The reaction is 
not specific, however, and is given by elemental sulphur and by any species which will 
release HCN from the mercuric cyanide. 

Chromatography. Birk et al. described the GLC determination of sulphide and sulphite 
by measurement of the H,S liberated from sulphides by treatment with sulphuric acid or 
obtained by reduction of sulphite.“’ The main advantage is speed. Sulphide, sulphite, 
sulphate and thiosulphate have been determined by thin-layer chromatography and ring- 
calorimetry. 170a 

Elbein et al., described a paper chromatographic system for the separation of sulphide and 
arsenate;“l however, the liability of sulphide to undergo air oxidation renders these paper 
chromatographic methods of limited practical utility. 

Gravimetric determination of sulphide 

Sulphide can be oxidized to sulphate which is then determined gravimetrically as barium 
sulphate. However, because the usual sulphur-containing contaminants8” of alkali metal 
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sulphides are also converted into sulphates by oxidation, the results are not accurate.‘5 
The oxidation can be done with alkaline hydrogen peroxide or sodium peroxide, hypobro- 
mite, bromine in hydrochloric acid, aquu regia,, or by heating with a mixture of sodium 
carbonate and nitrate.‘3~180-‘g5 

Sulphide can be precipitated with lead nitrate and the lead sulphide can be dried and 
weighcd.‘72*173 The thio-salt contamination of lead sulphide can be removed by treatment 
with ammonium acetate or 2% sodium hydroxide solution.“’ 

Sulphides can also be precipitated as cadmium sulphide.‘76 From certain insoluble 
sulphides (Fe& ZnS, CdS, PbS, Sb2S3, CuS, HgS) H,S is said to be released by treatment 
with concentrated hydrochloric acid and trapped in cadmium acetate solution.‘77*178 
Since the CdS precipitate is not stoichiometric it is converted into CuS by treatment 
with acidic cupric sulphate solution (equation XXIV). 

CdS + CuS04 _I+ CdSU4 + CuS XXIV 

The Cus is then converted into CuO by heating, and weighed. 
Watt-soI~bie sulphides can be analysed directly by precipitation of CUS.~*~” In this 

case too it is desirable to weigh as CuO. 

POLYSULPHIDES 

Titr~etric analysis 

Most alkali and alkaline earth metal polysulphides will contain thiosulphate as con- 
taminant,‘9”‘98 mainly because their manufacture usually involves heating the metal 
hydroxide with elemental sulphur (equation XXV), 

Ca(OH), + 12s - 2CaS, + CaS203 -t 3H20 XXV 

Thus it is usually desirable to determine the monosulphide moiety, the polysulphide and 
the thiosulphide content of these mixtures. 

Iodometric determination. Only the monosulphide moiety of polysulphides can be meas- 
ured by simple iodometric titration in acidic medium (equation XXVI), 

H,SS, i-1, - 2H+ + 2I- f (x f 1)s XXVI 

Since carbon disulphide dissolves the elemental sulphur formed in the course of this 
titration Feher et al., recommended its use as a co-solirent.‘g9 

Szekeres has described several methods for the determination of sulphide, polysulphide 
and thiosulphate and in the presence of each other. 2oo-202 These methods are based 
on the following reactions. Though iodine oxidizes only monosuphide (equation 
XXVI} and thiosulphate (equation V) in acidic medium, bromine (bromate/bromide) or 
h~obromite oxidizes both these and the polysulphide sulphur to sulphate (equations X, 
XI). Each polysulphide sulphur atom requires 3 molecules of bromine for this oxidation 
(equation XXVII). 

S + 4H20 -I- 3Br2 - S04’- + 8H+ + 6Br- XXVII 

Both elemental and polysulphide suiphur are hydrolysed by hot water to give H.$ and 
thiosulphate (equation XXVIII); this reaction takes place rapidly in boiling alkaline 
solutions.2*203-206 

4s + 3Hzo - S2032- + 2H2S + 2H” XXVIII 
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Polysulphides react with cyanide to give thiocyanates (equation XXIX), and the thio- 
cyanates are oxidized by bromine but not by iodine in acidic solution (equation XXX). 

H&S, + xCN- - H,S + xSCN- XXIX 

SCN- + 4H,O + 3Br, - SOb2- + 7H+ + 6Br- + HCN xxx 

In utilization of these reactions, one aliquot of the sulphide-polysulphide-thiosulphate 
solution is treated with iodine and another with bromine. A third aliquot is treated with 
potassium cyanide in order to mask polysulphide-sulphur as thiocyanate and prevent its 
hydrolysis on heating the solution with boric acid. This latter treatment removes the mono- 
sulphide moiety as H2S. Finally the thiocyanate and thiosulphate content of this aliquot is 
determined by oxidation with bromine. The quantities of monosulphide, polysulphide and 
thiosulphate originally present in the solution are calculated from these three titrations.200 
A side-reaction that occurs to a small extent on boiling the third aliquot with boric acid 
(equation XxX1) somewhat diminishes the accuracy of this method. 

2SH- + S,0a2- + 4HCN - 3H20 + 4SCN- XXX1 

The monosulphide moiety of polysulphides can be measured accurately if the polysul- 
phide sulphur is masked as thiocyanate and the monosulphide precipitated as cadmium 
sulphide, which is filtered off and determined iodometrically. 

In an alternative method the polysulphide-sulphur is converted into cadmium sulphide 
and thiosulphate by heating with cadmium carbonate (equation XXXII), and these can be 
determined by the procedures above.202 

4s + 2CdC03 + H,O - 2CdS + S20s2- + 2H+ + 2C02 xxx11 

The main advantage of the latter two methods is that heating with boric acid and the 
resulting undesirable side-reaction (XxX1) is avoided. 

Schulek’s widely used method for the determination of polysulphide sulphur consists 
of the following steps. 23*1g’*207~208 Potassium cyanide and the sample containing poly- 
sulphide are added to boiling boric acid solution, and boiling continued for a few minutes. 
During this step the polysulphide-sulphur is converted into thiocyanate (equation XXIX), 
and HIS and excess of cyanide are removed from the solution. In the next step thiosulphate 
is oxidized into sulphate, and thiocyanate is either determined photometrically2’3 or con- 
verted into sulphate and cyanogen bromide by addition of excess of bromide (equation 
XxX111). After the excess of bromine has been masked with phenol the cyanogen bromide 
is titrated iodometrically (equation XXXIV), 

SCN- + 4H20 + 4Br, - SO,?- + 7Br- + 8H+ + BrCN XXX111 

BrCN + 21- + H+ - HCN + Br- + I, XXXIV 

Iodine monochloride has also been used instead of bromine for the oxidation of thiocya- 
nate.20g 

The reaction of polysulphide-sulphur with sodium sulphite to give thiosulphate renders 
the polysulphide-sulphur measurable by iodometric titration (equation XXXV). 

ss,2- + xso,2- - s2- + xs2032- xxxv 

The excess of sulphite is either masked with formaldehyde (equation VII). or precipitated 
as strontium sulphite, before the iodometric titration. In combination with this method the 
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monosulphide moiety can be determined by precipitation as zinc sulphide.31*210-214*218 
Schmidt and Waegerle used arsenite to convert polysulphides into a thioarsenate which 

could be titrated iodometrically (equation XXXVI).215 

SSx2 - + xAsOs3 - - S2- + xAs03S3- XXXVI 

Polysulphide-sulphur is converted into monosulphide by reaction with sodium metal 
or sodium amalgam (equation XXXVII).216 

Na2SS, + 2Na - (x + l)Na,S XXXVII 

The resulting sulphide is titrated iodometrically. The amount of polysulphide-sulphur is 
calculated as the difference between the monosulphide moiety and the total sulphur content, 
provided the amount of thiosulphate in the sample is negligible or is disregarded. Copper 
metal has also been used for the reduction of polysulphides to sulphides.2’7 

Other titrimefric methods. Heating a solution of polysulphides with magnesium chloride- 
preferably in a nitrogen atmosphere -removes the monosulphide content as H,S, which is 
absorbed in hydrogen peroxide solution and oxidized to sulphate which is determined as 
barium sulphate. 21g Owing to the slow hydrolysis of polysulphide-sulphur2*203-206 the 
determination often yields values that are too high. 

The total sulphur content of polysulphides can be measured by oxidation with alkaline 
peroxide solution (equation XXXVIII), the excess of alkali being simply back-titrated with 
sulphuric acid.220*221 

Na2S, + (2.x - 2)NaOH + (3x + 1)H202 - xNa,SO, + 4xHz0 XXXVIII 

L&r&Ii used a combination of iodometric, complexometric and acidimetric methods.“’ 
According to this procedure the polysulphide is precipitated as ZnS, with an ammoniacal 
zinc solution and removed by filtration. The thiosulphate content of the sample is titrated 
iodometrically in the filtrate. The ZnS, is decomposed by boiling with hydrochloric acid, 
the resulting elemental sulphur is oxidized with alkaline peroxide, and the excess of alkali 
is back-titrated with acid. The total sulphur content is determined in another aliquot by 
conversion into sulphate with bromine, and complexometric determination of barium 
sulphate. Since the polysulphide-sulphur is converted in a small extent into sulphide on 
boiling with hydrochloric acid, this method often gives low values for polysulphide-sulphur. 

Wronski described several methods for the titration of the monosulphide moiety in 
polysulphides, with o-hydroxymercurybenzoic acid solution.84*85B223 According to one of 
these procedures the polysulphide is first treated with sodium sulphite and the resulting 
monosulphate titrated with o-hydroxymercurybenzoic acid. 

The monosulphide moiety of polysulphides can be measured indirectly by argentometric 
methods (equation XXXIX).‘99 

H,SS, + 2Ag+ - Ag,S + XS + 2H+ XXXIX 

The elemental sulphur formed is removed with carbon disulphide, and the excess of silver 
back-titrated with thiocyanate. 

Kiss used diamminoargentate(1) and dead-stop end-point indication to measure the 
monosulphide content of polysulphides. H2S was removed from a second aliquot by heating 
with boric acid, and the thiosulphate content was titrated with mercuric chloride. The 
polysulphide-sulphur content of the sample was measured in a third aliquot by treatment 
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with sulphite, followed by iodometric titration. 224 Owing to the hydrolysis of polysulphide- 
sulphur on heating with boric acid this procedure often yields high values for thiosulphate. 

Gravimetric methods 

Since polysulphanes and ~lysulphid~ are readily converted into elemental sulphur 
and H,S by heating in benzene or carbon disulphide, the polysulphide-sulphur content can 
be measured by weighing the residual sulphur obtained after evaporation of the organic 
solvent.22SP226,230P231 Other authors prefer to measure the H,S formed in the thermal 
decomposition of polysulphanes.227-229 

The polysulphide-sulphur content of technical grade calcium ~lysulphide has been 
measured by weighing the amount of elemental sulphur obtained on treatment of the samples 
with acid.232*233 

Some authors recommend the determination of total sulphur content of polysulphides 
via oxidation with alkaline peroxide or bromine, and gravimetric determination as barium 
sulphate. 234-242 The monosulphide moiety is measured separately by iodometric methods233 
or isolated and determined ~avimetri~lly as cadmium sulphide.242 

These gravimetric methods disregard the thiosulphate content of polysulphides, even 
though thiosulphate is practically always present. Even an Na,S, solution freshly prepared 
by dissolving sulphur in sodium sulphide solution contains thiosulphate as a contami- 
nant.‘T9 

SULPHITE 

Titrimetric determination 

Sulphites are technologically important reducing agents. Most of the quantitative analy- 
tical methods designed for the determination of sulphites utilize their reducing properties, 
but the aqueous solution of sulphur dioxide ‘or the acid salts of sulphurous acid (e.g., 
NaHSO,) can also be titrated alkalimetrically. 

Alkali metal sulphites usually contain sulphates as contaminants, and alkali metal 
sulphides and dithionites always contain sulphite contaminants. 

Iodometric determination. This is based on equation VI. Since sulphites undergo air- 
oxidation to sulphates quite readily it is advantageous to add the sample to standard iodine 
solution, and back-titrate the excess of iodine with thiosulp~te,243-248 ascorbic acid or 
hydrazine. 249*2so The last two reagents seem to have no advantage over thiosulphate. 

The direct titration of sulphite with iodine (thyodine as indicator)25’ or in alkaline medium 
(luminol as indicator) has been recommended.252 

Numerous iodometric methods have been described for the determination of sulphite 
and thiosulphate in the presence of each other. 19F29=253-264 They take advantage of the 
reaction of th~osulphate with iodine to give tetrathionate (equation V), with bromine to 
give sulphate (equation XI)26sF266 and of the fact that sulphite ions can be masked from 
oxidation with iodine by reaction with formaldehyde (equation VII).‘8*26’*26* 

Even sulphite, thiosulphate and tetrathionate can be determined in the presence of each 
other via oxidation with iodine, and bromine, and masking the sulphite with formalde- 
hyde.269 This method utilizes the fact that tetrathionate does not react with iodine, but is 
oxidized to sulphate with bromine (equation XL). 

S,062- + 7Br, + 10H20 - 4s042- + 20H+ + 14Br- XL 
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Suiphite, thiosulphate and sulphate can be determined in the presence of each other by 
utilizing the above-described reactions, and by measuring the total sulphur content-after 
oxidation-as barium sulphate.270 

Other oxidative titrations. Sulphite (and thiosulphate) reacts with iodine monochloride to 
give sulphate and iodine (equation XLI); the excess of ICI can be back-titrated with arsenite, 
or the iodine formed in the reaction can be titrated with periodate in the presence of hydro- 
chloric acid and potassium bromide (equation XLII)271*272 with an Andrews’ titration 
end-point.‘73 

so32 - + 21+ + HZ0 - SO4’- + I2 + 2H+ XL1 

312 + 104’ i- 7Br- + 8H+ - 71Br + 4Hz0 XL11 

Van Eck described the determi~tion of sulphite via oxidation with chloramine-‘I solu- 
tion and iodometric back-titration of excess of reagent.274 Others also recommend methods 
based on the same principle. 27s-2’7 Murthy combined the use of chloramine-T with various 
iodometric methods to determine sulphite, thiosulphate and sulphide in the presence of 
each other.48 

The reaction of sulphite with iodate to give sulphate (equation XLIII) also serves as the 
basis of a volumetrib meth~.278-2so 

210,” -I- 6SOj2- - 6S042’ + 21’ XL111 

In strongly acidic (hydrochloric acid) solution sulphite can be directly titrated with 
iodate, iodine monochloride being formed (Andrews’ titration, equation XLIV).28’~282 

IOJ- + 2SO,‘- + Cl- + 2H+ - ICI f Hz0 + 2S042 - XLIV 

Manchot and Oberhauser used excess of bromate/bromide mixture to convert sulphite 
into sulphate, and back-titrated with arsenite in the presence of indigo carmine as indicator. 
2s3-2ss Hypobromite was also used for this oxidation2*3*286 and the excess of oxidizing 
agent can also be back-titrated iodometrically. ‘*’ Sulphite can be titrated directly with 
hy~bromite in alkaline medium, and nickel hydroxide,2ss luminol or lucigenin280~zgo 
can serve as indicator. 

Several authors recommend hypochlorite as titrant, either in direct titration or via 
back-titration.2e6~2g1~2g4 

Potassium bromate solution was used by Mayr and Peyfuss for the determination of 
sulphite, with iodometric back-titration. 25g The oxidation of sulphite with bromate, 
di~hromate, ~~~ganate or hy~hlorite does not always yield sulphate exclusively, 
since dithionate is also formed to some extent, 278~2g5 the amount depending on the exact 
conditions of the reaction. Hypobromite undergoes disproportionation on standing, and 
its use is often not recommended. 

Hydrogen peroxide2go*2g6 and peroxybenzoic acid 2g7 have also been used for the titra- 
tion of sulphite. Some authors recommend titration of the peroxide solution with the 
sulphite sample to be determined. “* Because of the instability of the peroxide and peroxy- 
benzoic acid solutions these methods have little practical utility. 

On the other hand the determination of sulphite by treatment with excess of permanga- 
nate followed by back-titration with ferrous sulphate is recommended.2gg Iodine mono- 
chloride in dilute sulphuric acid or cupric sulphate in acetic acid is used as catalyst for the 
oxidation. 
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The oxidation of sulphite to sulphate with dichromate should be conducted in strongly 
acidic medium in the presence of iodine monochloride catalyst, otherwise dithionate is 
also formed as a side-product. The excess of dichromate can be back-titrated with a ferrous 
solution 278,295,299,300 

Ceric sulphate has also been used in the presence of iodine monochloride as catalyst for 
oxidation of sulphite to sulphate, with back-titration with ferrous solution (ferroin as 
indicator).2gg 

Lang and Kurtenacker used hot ammonium vanadate solution to oxidize sulphite to 
sulphate, and titrated the resulting vanadium(IV) with permanganate.301 In a variation of 
this procedure Rao and Rao back-titrated the excess of vanadate with ferrous solution.302 
Thiosulphate and polythionates interfere. 

Sulphite (and other reducing sulphur compounds) can be titrated with ferricyanide in 
strongly alkaline medium in the presence of osmium tetroxide as catalyst.58-60 It can also 
be directly titrated with chlorite solution in the presence of potassium iodide and acetic 
acid, either potentiometrically or with starch, as indicator.303-305 

Erler306 recommended oxidation of sulphite with a cupric solution (equation XLV), 
followed by iodometric back-titration of excess of copper(I1). 

2(CuBrJ2- + SO,‘- + H2 0 - 2(CuBr4)3- + SO,‘- + 2H+ XLV 

An indirect ascorbimetric method has also been described for the determination of 
sulphite. 307 Sulphite is oxidized with an excess of mercurous nitrate, giving rise to sulphate 
and metallic mercury. The excess of mercury(I) is back-titrated with ascorbic acid in the 
presence of Variamine Blue as indicator. Because of the instability of the ascorbic acid 
solution this method offers little practical utility. 

Acid-base titration. The alkalimetric titration of sulphurous acid requires two equivalents 
of base if phenolphthalein is used as indicator, and one with Methyl-Orange (equations 
XLVI and XLVII). 

H3SO3 + 2NaOH - 2H20 + Na,SO, XLVI 

H3SO3 + NaOH - H,O + NaHSO, XLVII 

Consequently NaHSO, can be titrated with base in the presence of phenolphthalein, and 
Na,SO, can be titrated with acid in the presence of Methyl-Orange as indicator.“’ 

The reaction of neutral sulphite salts with formaldehyde results in the formation of one 
equivalent of base (equation XLVIII) which can be titrated with acid.30g-311 

Na,SO, + HCHO + Hz0 - CH2(0H)S03Na + NaOH XLVIII 

Another method for the determination of sulphurous acid (the aqueous solution of sul- 
phur dioxide) involves oxidation with neutral hydrogen peroxide and alkalimetric titration 
of the resulting sulphuric acid.312 

Since the reaction of sulphurous acid with mercuric chloride (equation XLIX) renders 
the second proton of sulphurous acid strongly acidic, sulphurous acid can be titrated as a 
dibasic acid with alkali in the presence of mercuric chloride even with Methyl-Orange as 
indicator.313,314 

HgCl3 + H2SO3 - HgClSO,- + Cl- + 2H+ XLIX 

Indirect complexometric titrations. Since sulphites are practically always contaminated 
with sulphate the determination of these two species in the presence of each other is of great 
practical significance. De Sousa’s method involves heating an aliquot of the sample with 
hydrochloric acid to remove sulphur dioxide, followed by precipitation of sulphate with 
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barium chloride and back-titration of the excess of barium with EDTA.31 5 The total amount 
of sulphite and sulphate is determined complexometrically uiu barium sulphate in another 
aliquot after oxidation with bromine. Szekeres used thallium(II1) for the oxidation of 
sulphite and back-titrated the excess of thallium with EDTA.316 

Other complexometric methods’l’ as well as total sulphur determination3’* have been 
recommended for the analysis of mineral waters. These methods can be used even in the 
presence of phosphate and arsenate. 

Physical methods 

Sulphite can be determined simply by adding iodine to the sample and measuring the 
excess of iodine photometrically. ‘lg A similar method employs dichromate.320 

In another photometric method sulphite ions (and other sulphur compounds) are reduced 
to H3S with aluminium metal and acid. The H2S is absorbed in lead citrate solution, 
and the resulting colloidal lead sulphide is measured photometrically.‘5 * 

The complex of Methylene Blue with iodine reacts with sulphite and the Methylene 
Blue liberated can be measured photometrically. 321 Fuchsin andprosaniline form a coloured 
complex with sulphite in the presence of formaldehyde and this can be measured colori- 
metrically.“22-324 Sulphite also forms a coloured compound with sodium tetrachloromer- 
curate(H) in the presence of Methyl-Violet and hydrochloric acid. This complex too is 
suitable for calorimetric determination. 325 The fading of Methyl-Green or Malachite-Green 
as a result of their reaction with sulphite has also been utilized for the calorimetric determina- 
tion of sulphites. 326*32’ The red complex of sodium nitroprusside with sulphite in the 
presence of zinc has also been utilized in calorimetric determinations.328*32g 

Some authors recommend atomic-absorption spectroscopy for the determination of 
sulphite.330 

Methods for the polarographic determination of sulphites have been described by several 
authors,331-334 the main advantage being the sensitivity. However, thiosulphate and other 
sulphur compounds interfere. 

Birk et al., described a gas chromatographic method for the determination of sulphite, 
sulphide and carbonate in the presence of each other.13’ . 

Sulphite has been separated from sulphide, sulphate and thiosulphate by thin-layer 
chromatography.‘70a 

Gravimetric methodr 

Sulphite can be determined gravimetrically as barium sulphate’8g~‘g5~240~336~337 after 
oxidation, but since sulphites are usually contaminated with sulphate the oxidative titration 
methods generally yield better results. Suitable oxidants include chlorine or bromine 
water, sodium or hydrogen peroxide, hypochlorite and hypobromite, or the dry sulphite 
sample can be fused with a mixture of sodium carbonate and potassium nitrate or with 
potassium chlorate. 

DITHIONITE 

Dithionites are very strong reducing agents. They are also labile compounds which under- 
go rapid disproportionation in aqueous solution. In the crystalline state the disproportiona- 
tion is much slower (equations L, LI),263*338-340 

2S2042- + Hz0 - 2HSO,- $ S3O3 2- L 

2Na2S204 - Na,S203 + Na2S303 Ll 
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Because of these disproportionation reactions dithionite samples always contain sulphite 
and thiosulphate. For this reason dithionite samples can be analysed acccurately only by 
determination of all three species. 

Iodometric methods 

Dithionite is oxidized to sulphate by iodine341*342 (equation LII). The reaction of dithio- 
nite and formaldehyde yields formaldehyde bisulphite and formaldehyde sulphoxylate343*344 
(equation LIII). Formaldehyde bisulphite does not react with iodine but formaldehyde 
sulphoxylate is oxidized by iodine to sulphate (equation LIV). 

S204’- + 31, + 4Hz0 - 2S042- + 61- + 8H+ LII 

S2042- + 2HCH0 + Hz0 - HCHO.HSO,- + HCH0.HS02- LIII 

HCH0.HS02- + 212 + 2H,O - S042- + 41- + 5H+ + HCHO LIV 

Utilizing these reactions, Wollak344 recommended the following method. Excess of iodine 
is added to the sample in the presence of formaldehyde, and the excess of iodine is back- 
titrated with thiosulphate. In this manner the amount of iodine necessary for the oxidation 
of dithionite and thiosulphate is measured. A second aliquot is first treated with the cal- 
culated equivalent amount of iodine, then excess of sulphite is added, which reacts with the 
tetrathionate ions present in the mixture (equation LV) 

s,o$- + so,?- - s,o$- + s,o,2- LV 

The excess of sulphite is then masked with formaldehyde and the thiosulphate content is 
titrated with iodine. The accuracy of this method is slightly limited by the fact that it meas- 
ures only the equivalent of 50 % of the original thiosulphate content of the sample. 

Schulek and co-workers utilized the disproportionation reaction for the determination 
of dithionites.263*340 They took advantage of the fact that 1 mole of dithionite reacts with 
6 equivalents of iodine, whereas the disproportionation products react with only 5 equi- 
valents. 

Szekeres34s noted the quantatitive conversion of dithionite into sulphite, pyrosulphite 
and elemental sulphur which takes place in the presence of hydrochloric acid (equation LVI). 

2s2042- - so,2- + s20s2- + s LVI 

Dithionite can be determined on the basis of this reaction as follows. One aliquot is titrated 
with iodine, and another aliquot is treated with hydrochloric acid and then titrated with 
iodine. The thiosulphate content of the sample can be measured by separate iodometric 
and bromometric titrations (equations V and XI). 

Binz and Sontag assumed that only the dithionite content of a “typical dithionite 
sample ” is oxidized to sulphate by aerial oxygen, and so subjected the alkaline solution of a 
dithionite sample to oxidation with air and then performed an iodometric titration. Since 
the disproportionation of dithionite is rather rapid in alkaline solution this method gives 
quite inaccurate results. This is one of the reasons why the analytical chemistry of dithionite 
has been considered vague and unreliable.347 

Other titrimetric methods 

Dithionite reduces diamminoargentate(1) to metallic silver,347-3so which can be determined 
gravimetrically348 or by Volhard’s method 34g after dissolution in nitric acid, or by poten- 
tiometric methods.3s0 Dithionite also reduces potassium iodomercurate(II), mercuric 
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chloride, or mercuric cyanide, giving rise to metallic mercury351-353 which is measured 
iodometrically or by Volhard’s method after dissolution in nitric acid.353 

Helvig354 recommended tetra-amminocuprate(I1) solution for the analysis of dithionites 
of technical purity. The cupric reagent was titrated to a colourless end-point with the un- 
known dithionite solution. 

Ekker”’ was the first to utilize potassium ferricyanide solution for the determination of 
dithionite, by forming sulphite from the dithionite in mildly acidic or mildly alkaline med- 
ium 5g960*356-360 and oxidizing the sulphite to sulphate with ferricyanide in strongly 
alkiline medium in the presence of osmium tetroxide as catalyst.5g*60 The end-point can be 
indicated with ferrous solution355-35* or potentiometrically.5g*60*35g 

Dithionite has been titrated with ferricyanide under an’argon atmosphere in the presence 
of ferrous dimethylglyoximate as indicator.360 

The use of a ferric solution for the determination of dithionite was first described by 
Mohr.361 Feibelmann and Meves362 use ferric thiocyanate solution for this purpose; 
others used ferric sulphate solution with potassium thiocyanate363*364 or ferrocyanide365 
as indicator, or a potentiometric end-point.366 Errors arise in these methods, however, 
from slow aerial oxidation of dithionite, though this can be avoided to some extent by use 
of an inert gas atmosphere. 

Thallic chloride solution has been used for the potentiometric titration of dithionite and 
sulphite.367 The method of Kauhik et al., 36s by selective titration with periodate is based on 
the fact that in the presence of formaldehyde and acetic acid only the formaldehyde sul- 
phoxylate formed from dithionite reacts with periodate, to give sulphate and iodate. For- 
maldehyde bisulphite does not react under these conditions. 

Fiilop and Blazsek3’jg oxidized dithionites with an excess of potassium tetraiodomercu- 
rate(H) solution and measured the excess of oxidizing agent complexometrically. Rostovsev 
and Gromova”’ oxidized dithionite with oxygen in a closed system (equation LVII), 
measuring volumetrically the amount of oxygen used. 

S2O4*- + Hz0 + 02 - HS04- + HSO,- LVII 

As an alternative to this method the bisulphate can be measured alkalimetrically, with 
Methyl-Orange as indicator. 

Calorimetric determinations 

The ability of dithionites to reduce certain dyes to colourless leucodyes has been utilized 
in calorimetric determinations. The excess of the dye can be measured calorimetrically. 
Methylene-Blue and indigo,3”-3’4 safranine,3’5 Napthol Yellow S3’6 and other dyes377-380 
have been used. 

Small amounts of dithionite can be measured by indirect calorimetric methods. For 
example the dithionite is oxidized with chromate, the excess of which is determined colori- 
metrically by means of its complex with bis-o-anisidine.“’ Artigas’** used ferricyanide in a 
similar way. Because sulphite reacts with ferricyanide only in strongly alkaline medium 
it does not interfere. 

SULPHATE 

Because of the wide and extensive use of sulphuric acid in chemical industry, the determi- 
nation of sulphate plays a very important role in analytical chemistry. Sulphur in many 
compounds is determined in the form of sulphate. Because of the insolubility of barium, 
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lead and benzidine sulphates, most of the determinations are based on the use of these 
compounds, as discussed below. 

Titrimetric determinations 

Direct titration with barium solution. The oldest volumetric method for the determination 
of sulphate involves a titration with barium chloride, (or some other water-soluble 
barium salt) in the presence of sodium rhodizonate as indicator.3*3-3*7 Rhodizonate has 
also been used extensively as an external indicator.388-3g7 Several other indicators can be 
used, which have certain specific advantages over rhodizonate. For instance, Schroeder398 
recommended tetrahydroxyquinone b&cause it gives a sharper end-point, and its use was 
later studied by many other investigators.3gg405 

Small amounts of sulphate can be determined by titration with barium perchlorate 
solution in the presence of Thorin as indicator. The interfering ions can be eliminated by 
using ion-exchange resins.387*406415 A photometric titration can be used.40g,412~413 

In weakly acidic aqueous alcohol solutions, sulphate can be determined by titration with 
barium chloride solution with Alizarin Red S as adsorption indicator.406 The interfering 
tervalent cations can be removed by ion-exchange resins.407 Further applications of Alizarin 
Red S as indicator were studied by many authors.387~40*~416424 

Kuznetsov and Basargin42S and others426430 recommended nitrochromazo as indicator 
for the barium chloride titration of alcoholic solutions of sulphate at pH 2. This indicator 
is especially useful in the presence of phosphate and arsenate ions. Other indicators sugges- 
ted include stilbnaphthazo,431 chlorphosphonazo 111,432*433 carboxyarsenazo,434 Bromo- 
pyrogallol Red, Methylthymol Blue, Eriochrome Black T-magnesium-EDTA435-“3* 
etc 439440 

Conductometric449456 and potentiometric methods are also used.45745g 
Direct titration with lead solution. Lead acetate or nitrate solution is used460 and the 

tist indicator was dithizone.382*46146g I n recent years the following indicators have been 
found to work better: PAR [pyridyl-(2-azo-4)-resorcino1],465 diphenylcarbazo14” and 
diphenylcarbazone.47’-474 

Several instrumental techniques such as photometric titration with dithizone as indi- 
cator,47s potentiometric,476478* high-frequency,4s0*47g* and amperometric titration4*0483 
have been developed. 

Complexometric titration. Munger et a1.,4a4 were the first investigators to use complexo- 
metric determination of sulphate. In recent years many authors have studied this important 
method. The basic principle is addition of excess of barium solution and back-titration 
with EDTA.48”513 The first indicator used was Eriochrome Black T.4854g5 Subsequently, 
other indicators such as phthaleincomplexone4gs~soo~502-504 and Eriochrome Black 
T-rhodizonic acid501~506-508 have been used. In principle, any metallochromic indicator 
for barium is suitable.s0g-515 Certain bivalent and tervalent cations interfere, but can be 
removed by ion-exchange.4*6*4g5*516-520 

Several modifications of the method have been developed. In one, the barium sulphate is 
filtered off and dissolved in excess of EDTA solution, which is then back-titrated with a 
magnesium or zinc solution.521-527 

Similar back-titration procedures are based on lead sulphate, the solubility being decreased 
by the addition of alcohol or some other suitable water-miscible solvent.528V529 Again, 
some prefer to dissolve the precipitate with ammonium tartrate, sodium acetate or other 
complex-forming agents and determine the lead in it complexometrically.530~s33 The 
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precipitate can also be dissolved in ammoniacal EDTA solution and the excess of EDTA 
back-titrated with zinc or magnesium solution.53’542 

Indirect titrations. A known quantity of a barium solution is added and the excess 
back-titrated with sulphate in the presence of rhodizonate as indicator543-546 or amper- 
ometrically with chromate.547 

In another method the sulphate is precipitated with barium acetate in aqueous acetic acid 
medium. The water is removed by addition of acetic anhydride and the excess of barium 
acetate titrated with perchloric acid, potentiometrically or conductometrically.548.549 
A few other methods, of largely theoretical interest, are also known.550-s52 

An excess of lead can be added and back-titrated with ferrocyanide potentiometrically 
or in the presence of Variamine Blue as indicator,553-556 or with chromate either in the 
presence of siloxan as luminescence indicators5’ or by end-point detection with a glass 
electrode.558 

Andrews,559 Kbszegi,s60 Houser561 and Banyai and Erdey’07*562 recommended the 
metathesis of barium chromate with sulphate followed by iodometric determination of the 
chromate liberated. A similar reaction with barium iodate can be used,5629563 but it is best 
to use an acetone-water medium, because barium iodate is not completely insoluble in 
water. Barium oxalate was used similarly, first by Nechamkins64 and later by Banyai and 
Erdey,s62 the liberated oxalate being titrated with permanganate. 

The barium chromate reaction has other variants. The chromate can be reduced with 
arsenite, the excess of which is titrated with bromate. S’s The chromate can be titrated more 
conveniently by reductometric methods;566-571 e.g., with ferrous sulphate,566 hydroqui- 
none,s67 or stannous chloride,568 

In other indirect methods, the sulphate is reduced to H2S with Ti and H3P04, or with 
HI and H3PO2 or with other reducing agents. H2S can then be determined by precipitation 
with zinc or cadmium, followed by iodometric determination,572*573 or by absorption in a 
suitable solution and titration with cadmium in the presence of dithizone as incidator, or 
with mercuric acetate with diphenylthiocarbazone as indicator.387*575 

The sulphide can also be titrated with lead in the presence of the hexacyanoferrate(II/III) 
electrode which is very sensitive to any changes in the concentration of lead ions, and small 
amounts of sulphate can be determined indirectly in this way.s77*580 

The sulphate can also be reduced to sulphur dioxide with metallic copper and the SO, 
determined iodometrically.s76 

Shinkais8t and later othersse2 recommended an indirect acidimetric prodecure for 
sulphate determination. The neutral sulphate solution is treated with a known quantity 
of barium chloride solution followed by a known quantity of sodium carbonate solution. 
The barium carbonate and sulphate are removed by centrifugation and the excess of sodium 
carbonate determined acidimetrically. Alkalimetric methods are also known for the deter- 
mination of bisulphate and pyrosulphate.583 

Physical methods 

Physical methods are used mostly but not exclusively for the determination of micro 
amounts of sulphate. 

Photometric and calorimetric methodr. Sulphate can be determined indirectly with barium. 
The excess of barium is precipitated with chromate and the excess of chromate determined 
colorimetrically584~588 or photometrically after treatment with diphenylcarbazide.589’590 

Some complexes of thorium, zirconium and cerium can be decomposed with sulphate 
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and the liberated coloured compound determined colorimetrically.5g1-5gg Barium chlora- 
nilate is decomposed with sulphate and the liberated chloranilic acid measured at 530 
nm,600-60* Barium nitrochromazo complex6” and barium rhodizonate6r0 are utilized 
similarly. Thoron has been used in an automatic spectrophotometric titration.611 

The amount of lead in a lead sulphate precipitate can be determined spectrophoto- 
metrically with a chloroform solution of dithizone,612 and hence the amount of sulphate. 

A solution of benzidine sulphate in hydrochloric acid can be measured spectrophoto- 
metrically at 248 nm. 613*614 The sulphate can also be reduced to H2S which may be trans- 
formed into Methylene B1ue615*616 or used to form molybdenum blue.617 The complexes 
of ferric sulphate can be directly measured photometrically at 325-360 nm.618 In recent 
years certain infrared spectrophotometric methods have been used for the determination 
of sulphate.61g*620 

Polarography. Sulphate can be determined directly by oscillographic polarography621 
and indirectly via lead by simple polarography. 622-624 Polarography can also be used to 
measure the chromate liberated from barium chromate by sulphate.625,626 

It should be mentioned here that Pungor ef a1.,627 recommended the application of a 
silicone-rubber membrane electrode for the automatic determination of sulphate ions. 

Nephelometry and turbidimetry. Small amounts of sulphate can be determined as barium 
sulphate suspension by nephelometric628”36 and turbidimetric637-645 methods. The accur- 
acy of these determinations depends upon the experimental conditions used. Photochrono- 
metric methods utilizing the rate of precipitation are known.646*647 

Flame photometry. Determination of sulphate by flame photometry is based on the 
determination of either the excess of barium used,64g-652 or the amount of barium in the 
precipitate.653-655 

Radiometry. This determination can be carried out with barium chloride containing 
r3’Ba, the radioactivity of the barium sulphate precipitate being measured. Alternatively 
an inactive precipitate is treated with chromate containing “Cr and the radioactivity of 
the resulting barium chromate is determined.656-660 

Thermometric methods. The formation of barium sulphate is an exothermic reaction. 
The end-point can easily be determined from the temperature curve obtained during the 
titration.661 Sajo recommended an automatic equipment for thermometric methods.662 

Determination of sulphate by benzidine 

Benzidine (4,4’-diaminobiphenyl) is a very weak base. Its hydrochloride is soluble in 
water but its sulphate is practically insoluble, and sulphate can be determined as benzidine 
sulphate. 663-673 Benzidine hydrochloride is also used in the conductometric titration of 
sulphate ions.674 Belcher et a1.,675 recommended 4_amino_4’-chlorodiphenyl hydrochloride 
for the titrimetric determination of sulphate. This compound is similar to benzidine in 
structure. The precipitate of benzidine sulphate can be determined gravimetrically,665-673 
or (after washing with water) by titrating it with sodium hydroxide solution in the presence 
of phenolphthalein as indicator. 663*664*676 The latter procedure is known as the Raschig 
method.676 

According to Keller and Munch 677 benzidine sulphate can be determined by diazo- 
titration. In this case the precipitated benzidine sulphate is filtered off, dissolved in hydro- 
chloric acid and titrated potentiometrically with potassium nitrite solution in the presence 
of potassium bromide. 
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Grwimetric &termination 

Usually the sulphate is precipitated as barium sulphate, which is filtered off, washed, 
dried and Anally ignited. 678*67g Although barium sulphate is practically insoluble in water, 
filtration is sometimes difficult. 680 The precipitate is invariably impure, owing to adsorption, 
occlusion or mixed crystal formation. 681686 Interfering cations commonly present can 
be eliminated by ion-exchange. 68768* Any iron(II1) can be masked with EDTA.68g-6g1 

The precipitate retains water even up to a temperature of about 600”, and if ignited in the 
presence of titer paper is apt to be partially reducted to sulphide. Treatment with sulphuric 
acid eliminates the error from this source. 

Several other factors can also cause problems.6g2”g3 Winkler et uf.,240~6g4-6g7 studied 
the optimal conditions for precipitation and several authors have investigated applications 
of this procedure for the determination of sulphate in the presence of chromate, phosphate, 
etc.6g*-702 Measurement of the volume of the precipitate has been suggested.64* 

THIOSULPHATE 

The most important titrimetric methods for the determination of thiosulphate are based 
on its oxidation. For gravimetric determination, the thiosulphate can either be oxidized 
to sulphate or reduced to H2S. The alkali metal sulphides, polysulphides and dithionites are 
always contaminated with thiosulphate. Therefore the determination of thiosulphate in 
the presence of these compounds was mentioned earlier in the sections dealing with these 
species. 

Titrimetric determihations 

Oxiahtive titrations. Iodine oxidizes thiosulphate to tetrathionate (equation V). The 
iodometric method based on this reaction is the simplest and the best method for the deter- 
mination of thiosulphate, because between pH 45 and 9.5 the formation of tetrathionate is 
quantitative.“’ The end-point of the reaction can be detected visually (with starch solution) 
or potentiometrically.704 

Several methods for the determination of thiosulphate in the presence of other ions have 
been suggested. 7os*706 Procedures based on the indirect iodometric determination of 
thiosulphate are of theoretical interest only 21s*707 For example iodine oxidizes thiosulphate 
to sulphate in strongly alkaline medium, and after acidification the excess of iodine can be 
determined by back-titration.708*70g Similarly potassium metaperiodate oxidizes thiosul- 
phate to sulphate in acidic medium in the presence of bromide273*368 (equation LVIII). 

3S203* - + 4104- + 8Br- + 2H+ - H20 + 41Br2- + 6SO4*- LVIII 

Bromine also oxidizes thiosulphate (equation XI). According to this reaction thiosulphate 
can be titrated directly with either hydrochloric acid/bromine or glacial acetic acid/bromine. 
The end-point can be detected with irreversible dye indicators.283 

Perhaps a better way of oxidizing is by using bromate/bromide or periodate/bromide in 
acidic medium. The excess of bromine can then be determined iodometrically by back- 
titra~on~39-41~259~273~278~710~711 A direct method of determining thiosulphate utilizes ceric 
sulphate solution712’7” in the presence of potassium iodide and starch as indicator. 

In another method, thiosulphate is heated with perchloric acid and excess of ceric 
sulphate. The excess of Ce(IV) can be back-titrated with ferrous sulphate or sodium 
oxalate.‘14 
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Ferric chloride oxidizes thiosulphate to tetrathionate.“’ Methylene Blue can be used as 
indicator, being reduced by the excess of thiosulphate to a colourless base. The ferrous 
chloride generated can also be measured cerimetrically. 301 Thiosulphate can also be oxidized 
to tetrathionate with an acetic acid solution of vanadate in the presence of copper(I1) as 
catalyst. In the presence of hydrochloric acid and iodine monochloride as catalyst vanadate 
oxidizes thiosulphate to sulphate. The resulting vanadium(IV) can be determined with 
permanganate, or the excess of vanadate can be titrated with ferrous sulphatesolution.301*716 
Thiosulphate can also be oxidized to sulphate with ferricyanide in strongly alkaline medium 
in the presence of osmium tetroxide as catalyst.s8~sg~717 The end-point may be detected 
amperometrically or potentiometrically. 

Several other oxidizing agents have been recommended for the oxidation of thiosulphate: 
hypochlorite, hypobromite, chloramine-T, iodine monochloride, iodate, permanganate, 
potassium periodate-cuprate, perbenzoate etc. 45,48.272,27s,209,291,297,710-127 Recently 
lead tetra-acetate728 and lead tetraformamide [Pb(HCOHN2)4]72g have been recommended 
for the titration of thiosulphate. The end-point can be determined potentiometrically. 
For all practical purposes only iodine and bromate are important for the determination of 
thiosulphate. 

Other titrimetric methods. Thiosulphate reacts with mercuric chloride to form the unstable 
[Hg(S203)2]2-. The end-point can be indicated either potentiometrically,730 or by the dead- 
stop method.731 

Thiosulphate also reacts with excess of cyanide to form thiocyanate. The excess of cyanide 
ions and the sulphite generated can be masked with formaldehyde so that they do not 
interfere with the determination of the thiocyanate. Alternatively the excess of cyanide can 
be determined.732 

During the oxidation of thiosulphate with bromine, sulphate and bromide and hydrogen 
ions are produced. The excess of bromine can be boiled out and the acids estimated alkali- 
metrically. 733 The following reactions (equations LIX and LX) can also be utilized to 
determine thiosulphate alkalimetrically.734~73s 

2S2032- + 2H20 + 3HgC12 - HgC12.2HgS + 2S042- + 4Cl- + 4H+ LIX 

S2O3’- + H20 + 2AgN03 - Ag2S + S042- + 2N03- + 2H+ LX 

Thiosulphate can be oxidized with hydrogen peroxide in the presence of alkali according to 
the equation 

S203’- + 20H- + 4H202 - 5H20 + 2S042- LX1 

and the consumption of alkali can be determined acidimetrically.736*737 
Thiosulphate can be titrated with o-hydroxymercurybenzoic acid (HMB) solution in the 

presence of diphenylcarbazone as indicator. 78**4 Thiosulphate can be oxidized to sulphate, 
which is then titrated with barium,44s*7s4 or can be reduced with sodium carbonate and 
magnesium to sulphide, which is determined as lead or cadmium sulphide.“’ Ganchev and 
Koev”’ suggested that micro amounts of thiosulphate ions can be determined by measuring 
the extent of their migration on a filter paper impregnated with AgCI. 

Kinetic method 

The slow reaction between iodine and azide can be catalysed by sulphide, thiosulphate and 
thiocyanate. This reaction has been used for the determination of thiosulphate.“s~“7~73g*740 
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Photometric and calorimetric determination 

Thiosulphate reacts with cyanide in the presence of copper(H) to form thiocyanate, 
which can be determined photometrically as the ferric complex at 496 nm.‘41*742 Thiosul- 
phate can also be oxidized by ferric ions to tetrathionate and the excess of ferric salt deter- 
mined photometrically as the thiocyanate complex.743 A precipitate of CuSCN may be 
dissolved in thiosulphate solution and the thiocyanate liberated can be determined as the 
ferric complex photometrically. 144 Thiosulphate can also be determined by oxidation with 
iodine and estimation of excess of iodine photometrically at 365 nm.744 

In the presence of thiosulphate copper salts oxidize o-toluidine to a blue compound which 
may be determined photometrically.745 Schiion746 utilized the reaction between p-benzo- 
quinone and thiosulphate. Several other colour reactions have been suggested.‘40*747-749 

Physical methodr 

For the radiometric determination of thiosulphate, Schii6n750 recommended use of 
silver thiocyanate labelled with “‘Ag. The silver thiocyanate is soluble in thiosulphate and 
the radioactivity of the solution can be measured. Talgyessy and Sarsunova751 recommended 
another radiometric method for the determination of thiosulphate. 

The reaction with mercuric chloride can be used for a polarographic determination of 
thiosulphate.“’ 

Gtwimetric &termination 

Thiosulphate can be determined gravimetrically by oxidation to sulphate and determina- 
tion as barium sulphate. 189-195,23’,240,336,33’,736,‘53 1n hot solution silver thiosulphate 

forms a precipitate of silver sulphide which can be determined gravimetrically.243 

DITHIONATE AND POLYTHIONATES 

The polythionic acids (H&O6 where x = 2-6) are known only in aqueous solution, but 
their salts are sufficiently stable to be isolated. Dithionic acid (H&06) has more RSiStanCe 

to oxidizing agents than have the other members of this series. The polythionates are usually 
produced as mixtures (Wackenroder liquid), except the dithionate, which can be obtained in 
relatively pure form. Methods of producing tri, tetra, penta and hexathionates are known, 
but they have largely theoretical interest. It is desirable to discuss the determination of 
dithionate and the polythionates separately. 

Determination of dithionate 

Several authors tried to determine dithionate with oxidizing agents such as bromate, 
chlorate, vanadate, ceric sulphate and permanganate. 2s9V756-7s9 However, it can be correct- 
ly determined only by oxidation with dichromate in sulphuric acid medium.760-762 

Murthy“j’ determined dithionate in the presence of sulphide, sulphite and thiosulphate. 
The mixture was boiled with alkaline permanganate solution in order to oxidize all sulphur 
compounds, except the dithionate, to sulphate. The excess of permanganate was reduced to 
manganese dioxide with manganous sulphate. The manganese dioxide precipitate was 
filtered off and the dithionate in the filtrate determined by oxidation with dichromate. 

Soffer764 used the decomposition of dithionic acid in the presence of hydrochloric acid 
(H&O, - H2S04 + S02) for the estimation of dithionic acid by determining the 
liberated sulphur dioxide iodometrically. 
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Determination of pure individual polythionates 

The simplest method for the determination of individual polythionates is based on the 
determination of the total sulphur content. The oxidation of polythionates gives sulphate 
which can be determined gravimetrically.765-767 In another method, the total sulphur 
content can be determined by reducing the polythionate with metallic aluminium in the 
presence of hydrochloric acid. The resulting sulphides can be measured iodometrically.768 

The tri, tetra and pentathionates yield thiosulphate and sulphite on boiling with alkali 
(equation LXII). 

2S,0e2- + 60H_ - (2X - 5) S20J2 - + (lo - 2X)Soa2- + 3H20 LXII 

The thiosulphate and sulphite can be simultaneously determined iodometrically.76p 
Polythionates can be determined cerimetrically,770 or by oxidation with vanadium(V),301 

hypoiodite708*77’ or iodate in the presence of mineral acids.772 
The tetra and pentathionates react with sodium sulphide (the trithionate practically does 

not react at room temperature) according to equation LXIII. 

S,0h2- + S2- - 2S203’- + (X + 3)s LX111 

The resulting thiosulphate is determined iodometrically. The excess of sulphide in the 
mixture can be eliminated by treatment with zinc carbonate suspension.76p*773 Hansen774 
recommended the determination of polythionates by direct titration with sodium sulphide, 
with lead acetate paper as external indicator. The disadvantage is that sodium sulphide is 
always contaminated with its oxidation products’*’ and this diminishes the accuracy of the 
determination. Therefore the quality of the sulphide used is important. 

Jay”’ suggested an alkalimetric method for the determination of polythionates. All the 
polythionates react with mercuric chloride, and the resulting acid can be titrated alkali- 
metrically. Thiosulphate and sulphide present as contaminants in the sample affect the 
accuracy. Some authors recommend mercuric cyanide or silver nitrate for the determination 
of polythionate (equations LXIV and LXV). 

S,0b2- + Hg(CN), + 2H,O - 2S042-+(x-3)S+HgS+2HCN+2H+ 
LXIV 

S,0s2 - + 2Ag+ + 2H,O - Ag,S + 2 SO,‘- + (x - 3)s + 4 H+ 
LXV 

The sulphur content of the precipitate of sulphur silver or mercuric sulphide can be 
determined according to well-known principles.776-77* These do not offer any significant 
advantage over the simple methods of determining the total sulphur content.765-767 

Trithionate can be determined by its reaction with cupric sulphate to form sulphuric 
acid and copper sulphide. The latter can be estimated gravimetrically77p~7soor the sulphuric 
acid can be determined alkalimetrically or as barium sulphate.‘*’ 

Tetrathionate can be determined by oxidation with peroxide in the presence of alkali. 
The excess of alkali can be determined acidimetrically 782 According to a method recommen- 
ded by Iwasaki.783 tetrathionate is treated with sulphite and the resulting thiosulphate 
determined iodometrically. The excess of sulphite can be masked with formaldehyde. 

The tetra, penta and hexathionates undergo a fast reaction with cyanide,78C785 whereas 
cyanolysis of trithionate is s10w’*~ (equation LXVI). 

S,06’- + (x - l)CN- + H,O - S,O3’- + 2HCN + S042- + (X - 3)SCN- 
LXVI 
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The resulting thiosulphate can be titrated iodometrically. Sharada and Murthy oxidized 
polythionates with chloramine-T and determined the excess of the oxidizing agent iodome- 
trically.‘*’ 

Analysis of polythionates in mixtures 

Kurtenacker and Goldbach76g analysed mixtures of polythionate, thiosulphate, sulphite 
and sulphide (in the presence of one other) by the examination of five aliquots. If there is 
only a small amount of sulphide in the solution it can be removed with zinc carbonate 
suspension. A large amount of sulphide in the mixture cannot be tolerated, because accord- 
ing to equation LX111 it reacts with tetra and pentathionates. Since polythionates do not 
react with iodine, the sulphite and thiosulphate can be determined in the first aliquof 
iodometrically. In the second aliquot the sulphite is masked with formaldehyde and the 
thiosulphate determined iodometrically. Sodium sulphite solution is added to the third 
aliquot, which is then neutralized. The tetra, penta and hexathionates react’s8 according to 
equation LXVII. 

S,06’- + (x - S)SOs’- - S306’- + (X - 3)SzOs2- LXVII 

The excess of sulphite is masked with formaldehyde and the thiosulphate titrated with 
standard iodine solution. This reaction was also utilized for the determination of the indi- 
vidual polythionates. 7*g-7g1 In the fourth aliquot the sulphite and thiosulphate are oxidized 
with iodine and then a solution of potassium cyanide is added. In this case (equation LXVI), 
from each mole of tetra, penta and hexathionate, 1 mole of thiosulphate is formed.25* The 
excess of cyanide is masked with formaldehyde and the thiosulphate determined by 
iodometric titration. 

From the results for the titrations of the third and fourth aliquots the quantity of the tetra 
and pentathionate can be calculated. The fifth aliquot is needed on account of the trithionate. 
This aliquot is boiled with sodium sulphide solution and the excess of sulphide removed 
with zinc carbonate suspension. The precipitate is filtered off and the thiosulphate content 
of the filtrate determined by iodometric titration. Polythionates are known to react with 
sulphide to form elemental sulphur and thiosulphate7g1 (equation LXIII). Trithionates 
react with sodium sulphide only slowly at room temperature whereas the other polythio- 
nates react completely. 

From the results of the five titrations the amounts of all the components can be cal- 
culated, but the results are usually high. According to Kolthoff7g2 the trithionate-sulphide 
reaction is not exactly stoichiometric, because some sulphite is also liberated. Also, the alkali 
sulphides always contain thiosulphate and sometimes other sulphur compounds,*‘g so the 
quantity of iodine consumed in the titration of the fifth aliquot is more than the amount 
required for the polythionate present in the original mixture. 

For the determination of hexathionate Goehring et al.,“’ treated a sixth aliquot with 
alkali. The hexa, penta and tetrathionate react with dilute alkali at room temperature to 
give thiosulphate (equations LXVIII, LXIX, LXX). 

f3606 
2- 

- Ss062- + S 

2Ss062- + 6OH- - 5Ss032- + 3H20 

4S40e2 - + 60H- - 5S2032- + 2S30e2- + 3 HZ0 

With more concentrated base the trithionate also reacts (equation LXXI). 

LXVIII 

LXIX 

LXX 

2S3062- + 60H_ - S20s2- + 4Sos2- + 3H20 LXX1 
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The liberated thiosulphate can be titrated iodometrically. In this method it is impossible 
to avoid the hydrolysis of the elemental sulphur which is formed from the hexathionate. 
This process takes place rapidly in alkaline solution.2V203-206 

As can be seen from the discussion above, there are many difficulties in the analysis of 
polythionate mixtures (Wackenroder liquid). But the problem of analysing individual poly- 
thionates can be regarded as completely solved. 

Determination of polythionates by physical methoak 

The tetra, penta and hexathionates react rapidly with alkali metal cyanides to form 
thiocyanate. Trithionate gives the reaction only slowly, and thiosulphate does so only in- 
the presence of copper(I1) as catalyst. The thiocyanate can be determined as the ferric com- 
plex colorimetrically.7*4~786*7g”7g6 

The polarographic analyses of mixtures containing polythionates are difficult and further 
investigations are needed. 7g7-800 Schmidt and Sandeo1-eo2 examined the ultraviolet and 
infrared absorption spectra of polythionates. The ultraviolet absorption is not specific, 
but the infrared is suitable for the differentiation of pure polythionates. 

Weitz et a1.,*03**04 separated polythionates by fractional crystallization of their benzidine 
salts. Later the use of the pyridinocuprate complexes of the polythionates was recommended 
for this purpose. 805*806 Several authors807-80g ha ve used anion-exchange columns for 
the separation of polythionates, but the results were not accurate. The separation of poly- 
thionates by paper chromatography is also difficult since the components of the mixture 
may undergo changes on the surface of the paper. 810-817 Much better results can be obtained 
by high-tension paper ionophoresis. This method was utilized by many authors,813V8’8-824 
who combined it with classical microanalytical methods. 

Analysis of mixtures of dithionate and polythionate and other sulphur compounds. 

The simplest way to determine dithionate in the presence of other sulphur compounds 
is by Murthy’s method“j’ (see section on dithionate). Sulphate can be separated from di- 
thionate by precipitation with barium. The dithionate in the filtrate can be oxidized and 
determined. Sulphite ions can be removed from dithionate as sulphur dioxide.760*82’*826 

Polythionate, dithionate, sulphite, sulphide and thiosulphate cannot form stable mix- 
tures, because the sulphide and sulphite react with the polythionates. In acidic medium 
H,S and sulphurous acid react with each other and in alkaline solutions the polythionates 
decompose, forming thiosulphate and sulphite. “’ The dithionates in such artificially 
produced equilibrium-mixtures can be determined by known methods after oxidation of the 
other ions.762*827 

Dithionate and polythionates can be separated from sulphate, thiosulphate and sulphide, 
owing to the solubility of their lead salts. *‘* For the simultaneous determination of poly- 
thionates, sulphide, sulphite and thiosulphate a titration procedure using Methylene-Blue 
has been recommended. The iodometric and cyanide-sulphite determinations can also be 
used.82g 

Peroxodisulphate 
PEROXO COMPOUNDS 

The peroxodisulphates are often utilized as strong oxidizing agents. During the hydrolysis 
of peroxodisulphates hydrogen peroxide is evolved. The determination of peroxodisulphates 
is primarily based on their oxidizing properties. For example, the S20s2- can be reduced 
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with iodide in alkaline or neutral medium, and the liberated iodine titrated with thiosul- 
phate.830--83* The hydrolysis of ~rox~isulphate in concentrated sulphuric acid yields 
hydrogen peroxide, which can be determined iodometrically83f or with permanganate.*36 
Dyufur ef a1.,837 and later Sierra-Monzons3’ titrated peroxodisulphate with ferrous sulphate 
potentiometrically. Other authors add excess of ferrous sulphate to the solution of S20s2-, 
and back-titrate with permanganate. 83g9840 The ferric iron form&l during the reaction 
can be titrated with ascorbic acid.841 

Vulterins4’ used vanadium(I1) sulphate for the reduction of S20s2-, and back-titrated 
the excess with permanganate; vanadium(I1) sulphate can be prepared by reducing ammo- 
nium vanadate with metallic zinc in sulphuric acid medium. The peroxodisulphates can 
also be reduced with hydroquinone and the excess of hydroquinone determined cerime- 
tIiCZilly,s42 or can be reduced with thiosulphate in the presence of small amounts of copper- 
(II) and excess of t~osulp~te determined i~omet~ic~ly.843 A solution of arsenic(II1) 
is also suitable for the reduction of ~rox~~~lphate.844~84s 

Sierra and Sanchez846 titrated peroxodisulphate with HgNO, sohztion potentiometrically. 
Schwickers4’ titrated peroxodisulphate with potassium ferrocyanide at 60”. Erdey etu1.,848*84g 
added excess of ferrocyanide and titrated the resulting’ferricyanide with ascorbic acid. 

The iodometric and permanganometric methods are the only redox methods of any 
practical use. Methods based on vanadium(II), hydroquinone, or other reducing agents 
have no sign&ant advantage over them. 

Hydrolysis Of 2320s 2-, producing sulphate and hydrogen ions, can be used for an alkali- 
metric determination.83g Peroxodisulphate can be reduced to sulphate with ethanol, and 
de Sousa’* used this reaction and determined the sulphate complexometrically as barium 
sulphate. Dole&t1 and Z$kasso reduced S20s2- with zinc or cadmium amalgam and titrated 
the resulting zinc or cadmium ions complexomet~~lly. Kellner and Szekeres851 reduced 
S20s2- with thallium(1~ nitrate and titrated the resultant ~lium(III} with EDTA. 

The peroxodisulphates can also be determined gravimetrically via their water-insoluble 
salts, e.g., with strychnine. 8s2*853 Several other suitable precipitates8s4*855 are known. 
After the hydrolysis of peroxodisulphate, the resulting sulphate can be determined 
gravimetrically.83g*8s6 

Photometric methods are the best-known physical methods for the determination of 
peroxodisulphate. 8s7-861 Some authors have also recommended the use of infrared spectro- 
scopys62 and polarography.863-86s 

Determination of ~raxo~no~lp~ri~ acid (Care’s acid). 

Two important methods of pr~ucing Caro’s acid involve the hydrolysis of peroxodisul- 
phate or the reaction of hydro~n peroxide with sulphur trioxide. The analysis of this 
acid is important, mainly in its mixtures with hydrogenperoxide and peroxodisulphate. 

Peroxomonosulphate reacts with arsenic(III) very slowly in acidic medium, but the reac- 
tion is very rapid in the presence of iodide, and can be used in a direct potentiometric 
titration.866 Peroxomonosulphate can be reduced by vanadyl sulphate solution, the excess 
of reductant being titrated with permanganate. 867 Peroxomonosulphate can also be reduced 
to sulphate with sulphite in the presence of iodide. The end-point can be detected visually 
or potentiometrically.868*86g 

Analysis of mixtures of peroxodisuIph.ate and hydrogen peroxide 

Peroxodisulphates usually contain hydrogen peroxide as impurity. Van der Meulen8’o 
reduced this mixture with ferrous sulphate and back-titrated the excess of ferrous sulphate 
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with permanganate. He determined the peroxodisulphate in another alqiquot. The solution 
was made weakly alkaline and the hydrogen peroxide in it decomposed with a trace of 
osmium tetroxide as catalyst. Then sulphuric acid was added to the solution and the peroxo- 
disulphate again reduced with ferrous sulphate and the excess back-titrated with perman- 
ganate. 

Schulek et uZ.,*‘~ reduced the peroxide in peroxodisulphate peroxide mixtures selectively 
with hypochlorite. They eliminated the excess of hypochlorite with cyanide. The resulting 
cyanogen chloride forms an inactive polymer. The excess of cyanide can be eliminated 
by passing a stream of carbon dioxide through the solution. The peroxodisulphate can 
then be determined iodometrically. Hydrogen peroxide can also be reduced with hypobro- 
mite or with thiocyanate in the presence of ammonium molybdate as catalyst.*72~*73 
Chromous sulphate solution has been suggested for the simultaneous reduction of peroxo- 
disulphate and hydrogen peroxide.*74 

Analysis of mixtures of peroxomonosulphuric acid and hydrogen peroxide 

Thiocyanate reacts slowly with peroxide but rapidly with SO,‘-. In the presence of ammo- 
nium molybdate thiocyanate reacts rapidly with peroxide but not with peroxodisulphate. 
Therefore it is possible to reduce peroxomonosulphuric acid selectively and determine 
hydrogen peroxide iodometrically. The total peroxo compounds can be determined iodo- 
metrically in a separate aliquot.873 

Determination of peroxodisulphate, peroxomonosulphate and hydrogen peroxide in the pre- 
sence of each other 

BerryE6’ titrated a mixture of peroxo compounds with ceric sulphate, which reacted with 
the peroxide present. Then vanadyl sulphate solution was added to the mixture. This 
reduced the Caro’s acid ; the excess of vanadyl sulphate was back-titrated with permanga- 
nate. In another aliquot the total content of H2S05, H&O6 and H202 was determined 
by reducing them with ferrous sulphate and back-titrating the excess with permanganate. 

According to Gleu 863 Caro’s acid can be reduced with hydrobromic acid in the presence 
of arsenious oxide, which speeds up the reaction. The bromine liberated during this reaction 
oxidizes the arsenious oxide immediately. The unchanged A~203 is titrated with bromate 
and the peroxide in the titrated solution is determined with permanganate. Then excess 
of arsenious oxide is added to the solution still containing peroxodisulphate. Boiling 
the solution reduces the peroxodisulphate, and the excess of A~203 is again titrated 
with bromate. The end-points of these titrations can be determined visually or potentiometri- 
tally. *” 

Schulek et a1.,873P876 utilized the reductive effect of thiocyanate ions for the analysis of 
peroxo compounds (see previous section). In one aliquot of sample the total amount of the 
three peroxo compounds was determined iodometrically. Addition of thiocyanate to a 
second aliquot selectively reduced H,SO, , so the amounts of Hz02 and H&O8 in it 
could be determined iodometrically. Ammonium molybdate and thiocyanate were added 
to a third aliquot to reduce H2S05 and H202, then H&O8 was determined iodometri- 
tally. Since this method is based on time reactions and can be applied only to very dilute 
solutions, it has limited application. 

Csanyi and So1ymosi*“~*‘* dd d a e arsenious oxide to a mixture of the peroxo compounds, 
in dilute sulphuric acid, and titrated the peroxide with ceric sulphate, with ferroin as indi- 
cator. Caro’s acid can also be reduced selectively with arsenious oxide in the presence of a 
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trace of osmium tetroxide as catalyst. The HISO, content of the solution can be calculated 
from the excess of arsenious oxide, determined by cerimetric titration. After the ‘second 
titration the sulphuric acid content of the mixture is increased to approximately IO-12 %. 
Addition of arsenious oxide and boiling reduces the H&Os . The excess of Asz03 is again 
determined cerimetrically and the amount of H&O, calculated as before. 

Csanyi and Solymosi”’ reported another method based on the observation made by 
Gleus’j3 that HzSO, can be reduced by hydrobromic acid. They first titrated the liberated 
bromine with arsenite solution, and then determined the HzOz content of that solution 
by titration with arsenic acid in the presence of osmium tetroxide and ammonium molybdate 
as catalysts. Finally the concentration of sulphuric acid in the solution was increased to 
about 5N and the H&O8 content determined by titration with arsenite solution at 60-70”. 
In this titration the end-point was determined by using polarized platinum electrodes. 

Famina et ~l.,s*~ used a potentiometric method for the analysis of peroxo compounds. 
The HzOz content of the solution was determined by titration with permanganate at pH 1.8, 
after which the pH of the solution was adjusted to 4 with sodium acetate and the HzSOS 
content determined by titration with thiosulphate. Finally, the catalysts potassium iodide 
and cupric sulphate were added to the mixture in order to reduce H2SZ08. The liberated 
elemental iodine was determined by titration with thiosulphate. 

Potentiometric methods have been recommended for the titration of peroxo comp- 
ounds.ssl 

KyrkisE2 suggested an infrared spectrometric method for the determination of peroxo- 
disulphate and peroxomonosulphate. Raspi and Venturiniae3 solved this problem polar- 
ographically. 
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Summary-The Davidon-Fletcher-Powell method of function minimization has been modified 
and successfully applied to the calculation of stability constants of species of the type H,M,L, 
in solution. It is shown that the refinement with respect to the logarithmsofthestabilityconstants 
is intrinsically ill-conditioned, leading to convergence difilculties when poor initial parameter 
estimates are used, and to failures when one or more parameters are experimentally indeter- 
minate. 

The computation of the equilibrium constants for the formation of complex species in 
solution (stability constants) is a complicated one, and has recently been reviewed.‘12 None 
of the published programmes is completely satisfactory. Sillen’s method of pit-mapping’ 
(LETAGROP) was the first to find wide application. This method effectively uses the 
Newton-Raphson (NR) approach,4 adopting a numerical calculation of the requisite deriva- 
tives. Despite continuous development5 LETAGROP suffers from the defect inherent in 
the NR method that it does not distinguish between maxima, saddle points and minima. 
Thus, a poor initial estimate of the parameters, i.e., the stability constants, may lead to 
the sum of squares tending to be maximized instead of minimized. This is commonly 
avoided by performing (sometimes extensive) pre-calculations using, for example, an axial 
iteration method.4 

The programme SCOGS6 is also generally applicable to pH titration data. It is based 
on the Gauss-Newton (GN) method4 and also uses numerical differentiation. It has proved 
difficult to implement in various laboratories because of deficiencies6 in the subroutine 
COGSNR. However, after these deficiencies were remedied7 the programme still appears 
to require good initial parameter estimates, otherwise it is liable to produce “extreme 
overshifts” to the calculated parameters, a condition that requires arbitrary and unpre- 
dictable intervention in the programme. The performance of SCOGS is also critically 
dependent upon the values of the increments given for the numerical differentiation, and 
does not work well if bad values are choseh. 

The recently published7 programme LEAST, which may use either the GN or the NR 
method, employs analytical expressions for the derivatives, and has been shown to have 
markedly better convergence properties than either LETAGROP or SCOGS. As presently 
constituted, however, it is capable of treating only systems containing one metal and one 
ligand, with pH titration data. 

* Visiting Research Fellow. Permanent address: Department of Inorganic and Structural Chemistry, The 
University, Leeds LS2 9JT, U.K. 
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As the Davidon-Fletcher-Powell (DPP) method ‘*’ has recently been applied with en- 
couraging success in a limited calculation” we have developed a programme “STEW”* 
based on this method and having the same scope as the published version of LEAST. 
Davidon’s method has previously been used in connection with the stability constants of 
fluoro-eompkxes, but no detaik of the ~plemen~tion were given.” 

THEORY 

The equilibrium concentrations of the species in solutions containing one metal and one 
Iigand, including polynuclear and hydrolysed species, are defined by the three mass-balance 
equations (1) applicable to each experimental data point, k. 

C, = [HI + ~~~~,[H~[M~[L~, (14 

TM = [Ml + W&,WlptM19UJ. (lb) 

T, = EL1 f W,[Hlp[M19M”. (14 
Tn, Z& and TL are the total concentrations of hydrogen ion, metal ion and ligand re- 

&veQ, and WI, [Ml and fL1 are the corresponding values of the concentration of the 
uncomplexed form. The n stability constants &, (denoted collectively by the vector g) are 
the parameters to be refmed and each term &,,r,[H]p[M]4F~ is the concentration of the 
chemical compound H,M,I+ The summation is extended over all the species HP M, L, 
assumed to be present in the solution. 

The parameters are varied so as to minimize U, de&red by equation (21, 

U = i (THob - THQ")2, 

where THc’*c is the value of TH calculated from the current estimates of [Ml, [L] and g via 
quation (la). [L] and [M] are determined at each point k by solving equations (lb) and (lc) 
s~ul~~~ly by using the NR technique. This process is also used in LETAGROP and 
SCOGS (COGSNR). 

The function U was minimized by the DPP method. The theory of this method is as 
described in detail for the calculation of vibrational force constants,‘2 and will not be 
repeated. The basis of this iterative method is that a proportion Izs of the correction vector 
s calculated from equation (3) is added to the vector g as in equation (4). 

s= -Hg (31 

B 
i+i = g’ + J-9, (4) 

A is determined as the value which optimizes the reduction in U for the iteration cycle. The 
vector g, the gradient of the function U with respect to g is given by equation (5) 

and His a positive definite approximation to the inverse of the Hessian G defined in equation 
(6 

G, = a2U/a~i ap, . (6) 

* copies of this Prv ace ava&ible on r-u&. 
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H is updated from the information obtained in previous iteration cycles so that after at 
least n cycles the DFP method becomes equivalent to the NR method. The elements of 
g must be obtained by numerical differentiation, so that the original DFP method,g which 
requires analytical expressions for g, is not applicable, but Stewart’s modification13 must 
be used. We initially used a FORTRAN subroutine very similar to the ALGOL procedure 
Dapodmin’ 4 used earlier. lo 

In working up the programme we made one modification to “ Dapodmin ” which may 
be of general interest. An initial diagonal approximation to H was obtained as follows. 
The increment 6i used to calculate gi according to equation (7), was also used to provide a 
third function value, as shown by equations (8). 

gi = (U’ - U)/S, (7) 

u= u(/31...fl<..*j”) @a) 

u+ = U(& * * ’ @i + 6i) * ’ ’ AI) (8b) 

u- = U(/$ * * ’ (Pi - si) ’ ’ ’ A> (8c) 

If it is assumed that Uis a quadratic function of pi (the other parameters pi, j # i, remaining 
constant) the equations (8) may be rewritten in the form (9) 

U= P +giji + +Giifii' (94 

U+ = U" +gi(Bi + SJ+ +Gi@i + 6Jz (W 

U- = U" +gi(fii - S,)+ *Gii(fii - 8i)' PC) 

whence equation ( 10) results : 

u+ + u- = 2U” + 2gifli -t- Gii(Pi’ + 6F) = 2U + Giisi2 (10) 

Therefore an approximate value of Hii is given by equation (11). 

Hii = l/Gil = 
6j 

u++u--2u 
(11) 

The absolute .vaIue in equation (11) is necessary so that Hii is positive, since it may happen 
that U" + U- - 2U is negative. This method of calculating the diagonal elements of H 
is derived from a similar calculation in LETAGROP.’ As a further safeguard we check 
that the quantities (U' - U) and (U- - U) are significant with respect to an estimate of the 
precision to which U may be calculated; if they are not, Si is arbitrarily multiplied by 10 
until the check is satisfied. 

RESULTS AND DISCUSSION 

Trials using Hii = 1 (i = 1 * * * PZ), Hij = 0 (i #j, i, j = 1 * * * n) as the initial estimate of 
H were unsatisfactory. According to equation (3) the first cycle is then one’ of steepest 
descent, s = -9. If the gradient vector contains elements of widely differing magnitude 
the linear minimization effectively reduces some elements of h virtually to zero and so 
some parameters are not refined. The use of equation (11) overcomes this problem by 
effectively scaling the gradient so that all elements of k are of comparable magnitude, at 
least for the first cycle. The parameters chosen to be minimized were the logarithms of the 
formation constants, log j, as in SCOGS and for the same reason-to bring all parameters 
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on to a scale of comparable magnitude. The programme STEW worked well on three test 
problems, involving two, four and six parameters, as shown in Table 1. All data points 
were given equal weight. 

Tests starting from very poor initial estimates of the log j3 values revealed a most inter- 
esting property of stability-constant calculations in general-the refinement of log j? is 
intrinsically ill-conditioned, whereas the refinement of fi values as parameters is not. This 
is illustrated in the figures. Figure 1 shows the contours of U for the 2-dimensional problem 

Table 1. Logarithms of formation constants obtained by using different methods of refinement” 

Problem 

A 
L = tpt* 

Complex 

NiHL’ + 
NiLa + 

Parameter SCOGS 1 LG/3 LEAST-GN STEW 

1578(3) 15.78(3) 15*76(4) 15*78(Z) 
8.762(2) 8.702(2) 8.702(2) 8.702( 1) 

CuHzL4 + 24+619(4) 24.613(4) 24*619(3)’ 
B cuHL’+ 20*05(2) 20.07( 1) 20*04(l) 
L = Me,tetrenc CuLa + 12*32(4) 12*32(3) 12.32(2) 

Cu(OH)L+ 3.02(2) 3*04(3) 3.01(2) 

CM*+ 7*376( 1) 7*377(2) 7*376( 1) 7*376(l)’ 
Cu(OH)L+ -O-65(7) -O-66(7) - 064(4) - 064(4) 

L = Me&en” CU~(OH)~L* l - 366(5) -3*65(S) - 3.65(5) - 3*65(3) 
c CU~(OH)~L~~ + 2*59(2) 2*59(2) 2*59(2) 2.58(l) 

CU~(OH)~L~~+ -8.18(3) -8*14(6) -8*15(6) -8*14(4) 
Cu(OH)zL -10*91(2) - 10*91(2) - 10*91(2) -10*91(l) 

s Values for SCGGS 1, LG/3 and LEAST-GN are taken from reference 7. The figures in parentheses are 
the standard deviations of the last decimal figure and reflect only the random errors in the titration data. 

* tpt = N(CHICH~CHzNH&. 
c Me,tetren = MelN(CHz)1NMe(CHI)INMe(CH1)2NMeKH2)1NMez 
d Me4en - MerN(CHI)~NMe~. 
l Initial values: log 8, 8.7, log & 12.0. An automatic restart occurred at log 8, = 8.71, log 82 = 15.00. 
1 Initial values: log fli 26.6, s 
l Initial values: log pi 7.4, log 

19.0, log 83 13.2, log 84 1.1. 
-0.4, log 83 -3.8, log p4 2.5, log j?d -7.9, log p, 10.9. 

(A), plotted in (a) as a function of log /3r and log &, and in (b) as a function of & and &. 
A section in relief through the plane at log & = 8.70 is shown in Fig. 2 as a function of 
log PI and of jr. It will be seen that the U US. log @ contours form a convex-concave shell- 
shaped cavity, whereas the U US. /I contours form an (apparently parabolic) concave cavity. 
The fact that the U V.S. log /I surface is partly convex means that at those points in which it 
becomes concave the Hessian and its inverse become singular. Hence the DFP method, 
which depends on the assumption that H is a positive definite matrix, must fail if it has 
not reached the concave region after n cycles. Such failures were observed in problem (A) 
when starting from log /3, < 14. The failures could be overcome by restarting with H 
calculated from equation (11) since this guarantees a positive definite matrix. 

The significant point, however, is that the convexity in the U contours is artificially intro- 

duced by the change of variable from /3 to log j3. 
Consider y, a parabolic function of x, y = UX’ + bx + c, and change the variable to z, 

where I = log x, i.e., x = exp(z). The function in terms of z is y = a exp(2z) + b exp(z) + c 
and its first derivative dy/dz -2a exp(2z) + b exp(z). The function has a minimum at 
dy/dz = 0, i.e., z 3: log(- b/2a), so that b/2a must be negative. The second derivative, 
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Fig. 1. Contours of U [equation (2)] for the system Ni-tpt, plotted (a) linearly with respect to 
log p1 and log fil, and (b) linearly with respect to PI and &. U has been multiplied by IO’ for 

clarity. 

d2y/dt2 = 4a exp(2.z) + b exp(r), is positive only when z > log( -b/4u). In other words, the 
function is concave only when x is not less than half its optimal value. It will be clear that 
any function which is paraboloid with respect to some parameter vector x will become 
convex-concave with respect to log x, and there will be a region in which the matrix of 
second derivatives is not positive definite. 

Since U is an almost parabolic function of g the change of scale from B to log g, instead 
of just scaling the parameters, transforms U into a highly non-linear, non-concave function 
which must be difficult to minimize by any method.4 SCOGS uses such a change of variable, 
but LETAGROP and LEAST do not. It is possible that many of the difficulties experienced 
in stability-constant calculations’ could be due to an unlucky choice of an ill-conditioned 
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Fig. 2. A relief section through the contour maps of Fig. 1 at log 82 = 8.70. plotted (a) as a func- 
tion of log PI and (b) as a function of pl. The curve (a) is convex for log p1 < cu. 15.4. 

function, the evils of which can sometimes be mitigated be introducing a scheme for weight- 
ing the experimental observations.’ 

A further difficulty arises when it is assumed that a species is present which has an actual 
concentration so low as to have little or no influence on the observed pH. The corresponding 
stability constant j?, is indeterminate. In an ideal calculation the value of Bj would tend to 
zero, its standard deviation would tend to infinity and H would tend to become singular. 
In practice it is usually found that gj soon assumes a negative value, and in LETAGROP 
such constants are removed from the calculation.3 Log pi in such a situation would tend 
rather rapidly to minus infinity, this giving the refinement a tendency to move away from 
the minimum, as will be seen by considering Figs. l(u) and 2(u). This property will also 
apply in the GN refinement, so that refinements which include an indeterminate log @j 
must always fail to converge. Refinements that include an indeterminate jl, can converge if 
the offending parameter is removed when it becomes negative. 
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After changing to refinement of 8, “ STEW/? ” successfully minimized functions from 
very poor initial parameter estimates, e.g., & = 1 x lOr2 for problem (A). 

The results agreed well with those obtained previously on the test data. STEW/3 is much 
faster and more stable than LETAGROP and SCOGS, and is not very sensitive to thevalues 
of di initially used in equation (7), as the increment for differentiation is automatically 
recalculated on each cycle after the first.13 In the optimization of shifts, equation (4) confers 
a notable stability on the refinement and is one reason why STEWB works with very poor 
parameter estimates. 

The performance of STEWS seems to be comparable to that of LEAST-GN, being better 
in terms of storage requirements and poorer in terms of speed. As our next step in the 
development of programmes for the computation of stability constants we have chosen to 
develop a generalized version of LEAST-GN, known as MINIQUAD.” Experience with 
this programme will give us an indication as to the desirability of implementing a generalized 
programme using the Davidon-Fletcher-Powell approach. 

Acknowledgement-We thank Professor L. Sacconi for his interest and encouragement and the C.N.R. for 
a Fellowship and other financial support. 
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R&m&La methode de Davidon-Fletcher-Powell de minimisation de fonction a 6te modif& 
et appliqde avec suc&.s au calcul des constantes de stabilite d’especes du type H,M,L, en 
solution. On a montre que le perfectionnement en ce qui concerne les logarithmes des con- 
stantes de stabilite est intrinsequement ma1 etabli, menant a des difficult6s de convergence 
quand on utilise des estimations initiales de parambtres mtdiocres, et a des &checs quand 
un ou davantage de parambres sont experimentalement indetermines. 

Zusammenfasstmg-Die Methode der Funktionsminimierung nach Davidon, Fletcher und 
Powell wurde modifiziert und mit Erfolg auf die Berechnung der Stabilitatskonstanten von 
Spezies vom Typ H,M,L, in Liisung angewandt. Es wird gezeigt, daR die iterative Verbesserung 
der’ Logarithmen def Stabilitltskonstanten unter schlechten Bedingungen ablauft; daher 
kommt es zu Konvergenzschwierigkeiten, wenn schlechte Anfangs-Schiitzwerte der Parameter 
verwendet werden, und zu Fehlschlagen, wenn ein oder mehrere Parameter experimentell 
unbestimmt sind. 
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Summary-A new computer programme for the computation of formation constants of com- 
plex species in solution is presented. The programme can be applied to all kinds of potentio- 
metric titration data, including multi-reactant and multi-electrode systems. A statistical analysis 
is made of the results in order to assess their validity, and to assist in hypothesis testing. 

Many computer programmes for the computation of formation constants of complex 
compounds in solution equilibria have been described, ’ but only two of these have wide 
applications, LETAGROP2 and SCOGS.’ SCOGS can deal with multi-reactant systems 
but is limited to pH titration data. LETAGROP can additionally deal with many types of 
data, but each type requires the use of one or more purpose-written sub-programmes. Both 
programmes have certain mathematical defects which may cause them to fail to converge 
to satisfactory solutions4 A need was therefore felt for a programme with guaranteed 
convergence properties that could be applied to a wide variety of problems with the mini- 
mum of modification. 

We have developed such a programme to deal with potentiometric titration data. Named 
MINIQUAD from the Italian for least squares, minimi quadruti, this programme can in 

principle treat data from systems containing any numberofactant species and potentio- 
metric electrodes, and all commonly found types of complex, e.g., mononuclear, polynuclear, 
hydrolysed complexes. 

After a brief resume of the theory we shall discuss the advantages of the new programme, 
its organization, and pertinent programming details. There follows the text of the programme, 
which is amply annotated to facilitate comprehension. 

THEORY 

Let there be nk formation constants fij of which n are to be determined. For each of 
nmbe reactants there is a mass-balance equation (1) 

Ti = CI + F qij CJ (1) 

where T, is the total (analytical) concentration of reactant i, Ci is the concentration of free 
(uncomplexed) reactant and CJ is the concentration of the complexjas shown by equation (2). 

* Visiting Research Fellow. Permanent address : Department of Inorganic and Structural Chemistry, The 
University, Leeds LS2 9JT, U.K. 
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C’j = fij I;1 Ck'j* (2) 

The indices qjk are the stoichiometric coefficients of reaction (see Appendix for an expla- 
nation). 

There are nmbc mass-balance equations at each point. If there are nP titration points there 
will be a total of nP x nrnb = m mass-balance equations. The free concentrations Ci may 
be determined potentiometrically, by using appropriate electrodes sensitive to reactant 
concentrations. Let there be nemf such electrodes. This leaves n, = nmbc - ncmf free concen- 

trations unknown at each titration point. These will be calied the unknown free concentra- 
tions, denoted for each data point by CL. There are nP x n, unknown free concentrations \ 
and a total of PQ, x n, + n parameters to be determined. 

The method used is the Gauss-Newton least-squares method, similar to the method used 
in LEAST-GN,$ but made general. The sum of squares, U, to be minimized is given in 
equation (3). 

II +$l;-Ie - TbS)2 =:@J-,)’ (3) P 

Thus U is the sum of squared residuals for all the mass-balance equations. Equal weights 
are used, for the reasons discussed previously.5 The parameters, now to be denoted for 
mathematical purposes by the vector x, are refined iteratively by calculating a shift s to be 
applied according to the standard least-squares expression (4) 

JTJs = JT AT (4) 

where J is the Jacobian, or design, matrix given by Jij = aT’i/aXj. The shifts s are linearly 
optimized with respect to the scalar t, the fraction of s required for the minimum value of 
u i+l, equation (5). 

x i+l =c xi + $S’ (5) 

The normal equations (4) are first scaled by multiplying each column of J by the appro- 
priate parameter xj to form a scaled design matrix A where A ij = XjJij = Xj aTi/axj. In 
matrix notation this is given by equation (6) 

ATAs’ =A=AT (6) 

which is equivalent to equation (7) 

XTJTJXs’ = XTJT AT 

where X = &ag(x, . . .). Clearly the shifts are related by equation (8). 

s = Xs’ 

(7) 

(8) 

In other words, s’ is a vector of “ relative shifts ” with elements given by si = sk/xk . 
In order to render the problem tractable, the scaled normal equations (6) are factorized 

to block diagonal form so that n,, systems of equations of order n, and one of order n are 
solved. The factorization is a generalized version of the one used5 in LEAST, in which the 
blocks may have the variable dimension n, instead of the fixed dimension 2. The trans- 
formed equations are given in (9) 

DT(AfA)D(D-‘s’) = DTA’ AT (9) 
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where D is the triangular factorization matrix. Thus, Da’s’ is first calculated and is next 
converted into s’ and then into s. Further details concerning the calculation of D will be 
found elsewhere.5 

The refinement may be terminated when the elements of the relative shift vector s’ are 
less than a predetermined quantity, e.g., each element of x changes by less than 0. I %. 
Alternatively the refinement may be terminated when the decrease in U is smaller than some 
predetermined tolerance. MINIQUAD terminates only when both convergence criteria 
are satisfied, or when a predetermined number of iteration cycles has been performed. 

DISCUSSION 

MINIQUAD pbssesses the following advantages over other programmes for formation- 
constant calculation. 

(i) It uses the Gauss-Newton method of refinement. Previous work5 showed that this 
method is to be preferred to the Newton-Raphson method in spite of the better ultimate 
theoretical convergence properties of the latter. LETAGROP effectively uses the Newton- 
Raphson method. 

(ii) The refinement is protected against divergence by the linear optimization of shifts. 
Indeed, it has been proved6 that optimization of shifts confers a guaranteed convergence 
property on the refinement. Consequently the initial estimates for the parameters need not 
be very accurate, and guessed values are usually satisfactory. 

(iii) All differential coefficients are calculated from inalytical expreSsions. This eliminates 
the errors inevitably introduced during numerical differentiation (such as occurs in both 
LETAGROP and SCOGS) and avoids the problem of choosing suitable increments for the 
differencing formulae. 

The elements of the scaled design matrix are particularly easy to calculate. Differentiation 
of equations (1) and (2) gives, at the kth titration point, 

aTi 
Aij = fijg = qij C; 

j 

Aij=+ 
6ij cy + 1 qjl4iJ ci 

J 1 

WW 

where Jij = 0 for j # i and 6,, = 1 for j = i. Thus the derivatives are calculated simply by 
assembling the already calculated concentrations of the complexes with appropriate coeffi- 
cients. Moreover, the “relative derivatives” A, in equations (10a) and (lob) are bounded 
in magnitude by the values of the concentrations of the complexes, thus ensuring that the 
elements of the normal equations matrix are not greatly dissimilar. The unscaled derivatives 
Jij vary over a much larger range of scale since, for example, the expressions in equation 
(10a) must then be divided by the formation constants. 

(iv) The parameters refined are all the unknown quantities, i.e., they include the unknown 
free concentrations. U involves all the mass-balance equations equally, so there is no bias 
in favour of any individual reactant and all total reactant concentrations are assumed to 
be subject to experimental error. 

(0) The formation constants pj are r’efined, as in LETAGROP. This form of scaling the 
parameters is satisfactory, in contrast to the use of log Bj which can cause serious difficulties.4 
The programme allows the parameters to assume negative values during the linear minimiz- 
ation but rejects negative fij values at the end of an iteration cycle. Formation constants 
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are stored in mantissa and exponent form (a, b), i.e. /3 = (I x lob, but the concentrations in 
equation (2) are calculated first in logarithmic form so that the partial products in that 
equation are not fortuitously larger or smaller than can be held in the computer’s store. 
In addition, the “absolute shifts ” s of equation (8) are made to refer to the mantissa of 
the formation constants only, the exponent remaining unchanged during the refinement. 
This allows formation constants of any magnitude to be determined, regardless of the 
numerical capacity of the computer. A similar device is used in LETAGROP.’ 

(vi) The factorized normal equations matrix D’(ATA)D consists of np blocks of order n, 
and one block of order n. The unknown free concentrations are thus refined simultaneously 
with the formation constants, each iteration involving the solution of linear equations only. 
Because of this, MINIQUAD (like LEASTS) is a fast programme. In both LETAGROP 
and SCOGS the unknown free concentrations are usually found once each iteration from 
a set of non-linear equations. 

(vii) A proper convergence criterion has been introduced for the termination of the 
refinement. 

(viii) Because the mass-balance equations are not tied to any chemical system the pro- 
gramme is extremely flexible. It has been tested on a variety of pH-titrations of poly- 
functional bases and their metal complexes, with up to 300 titration points and 20 complex 
species in equilibrium, and with use of both a glass electrode and a metal electrode. Other 
calculations that could be performed include: hydrolysis of metal ions; mixed metal and/or 
mixed ligand complexes; competitive equilibria. 

(ix) The residuals on the mass-balance equations are analysed upon convergence to see 
how nearly they follow a Gaussian (normal) distribution. The final output also includes a 
complete species-distribution analysis. 

PROGRAMMING DETAILS 

The programme is written in a simple subset of FORTRAN IV, and has been run on 
IBM 360, CDC 6600 and ICL 1906A computers. The following comments are mainly 
directed at potential users of the programme who might wish to consider making their own 
modifications. 

MINIQUAD consists of a main programme which reads only a title and those numbers 
needed for run-time array dimensions. It then calls subroutines as follows. 

DINP-data input. The formation constants and their coefficients are read in. /I’s may 
be held constant (KEY = 0) or varied (KEY = 1) at will. The titration data are then read 
in. The free concentrations are obtained from the potentiometric data, via the Nemst 
equation if e.m.f. values are read in, or directly from the decimal cologarithm (e.g., pH). 
Other forms of potentiometric data (e.g., a concentration cell with transference) would 
require very small modifications to the programme. The unknown free concentrations are 
calculated for each point in ML, by Newton-Raphson iteration on the relevant mass- 
balance equations, as in COGSNR.” These values are stored in CONC for use as initial 
estimates in the subsequent refinement. The potentiometrically determined free concen- 
trations are also stored in CONC, and the total reactant concentrations are stored in T. The 
titration points are counted and checked to see that the maximum numbers permitted are 
not exceeded. 

MINIM-this routine performs the main minimization. The first part goes through each 
data point, calling CALC to calculate all species concentrations CJ, the elements of the 
scaled design matrix, and the partial value of U. The elements of the factorization matrix D 
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are also computed point by point. Since they are subsequently recalled (for the calculation 
of the shifts in the unknown free concentrations) pointwise, D may easily be placed in a 
backing-store device, rather than in the main store, and recalled point by point. This saves 
considerably on the main core requirement, at the expense of time lost in backing-store 
manipulation. A version of MINIQUAD which uses the 16 K IBM 1130 with disc backing- 
store is available, upon request, from A. Vacca. 

Once the normal equations matrix has been set up and factorized the shifts s are linearly 
optimized in LIMIN. This is a linear minimization routine based on the method of Powell’ 
and derived from a well-tried coding of the method. LIMIN in turn calls FUNCT, which is 
similar to CALC except that its main purpose is to calculate U only. 

The linearly optimized shifts are then tested to see if they give rise to any negative form- 
ation constants, in NEG. In such an event, the fraction t of equation (5) is reduced so that 
one formation constant Bj goes to zero and it is then eliminated from the refinement by 
making its key, KEY(J) equal to - 1. However, in order that n can be reduced by one, it is 
then necessary to exit from MINIM and re-enter with n’ = n - 1. The progress of the 
minimization may optionally be monitored via MON 1. 

LINEQ is a general purpose symmetric linear equations solver used at various points in 
the programme. The method used is based on Choleski factorization, and is believed to be 
the method that introduces the smallest rounding errors.* Such errors could be further 
reduced by using double-length arithmetic for forming all inner-products, but we have not 
included this process, since the refinement is protected against an inaccurate shift vector 
by the shift optimization. 

DOUT-when the minimization is terminated this routine causes print-out of all the 
relevant information on the computed formation constants, e.g., value, standard deviation, 
correlation coefficients. Also, if the refinement has failed, a concise failure message is printed. 
The programme is protected throughout against hard failure (e.g., due to overflow) so 
that usually numerical failure results in a message being printed here. The main exception 
is with faulty data input. 

STATS-after DOUT the residuals on all the mass-balance equations are subjected to a 
statistical analysis. If there are no systematic errors present in the data or the chemical 
model, the residuals should have a Gaussian distribution. The actual distribution can then 
be compared with the Gaussian to see if systematic errors are present. 

The concentrations of all species present may then be calculated and printed out as 
fractions of a given reactant concentration, In an optional output, these fractions are 
printed out in graphical form, as shown by the example in Fig. 1. 

INTERPRETATION OF OUTPUT 

The values of standard deviation of log b are only approximate, and can be expected to 
be seriously in error if the corresponding standard deviation of fi is large, since d log fi = 

dB/B and e(log P) N e(P)/S. 
With regard to the output from STATS, a Gaussian (normal) distribution has the following 

properties: arithmetic mean zero, standard deviation 6, mean deviation (,/2/x)0 N O.&r, 
variance c2, moment coefficient of skewness zero and moment coefficient of kurtosis 3.9 
The residuals are then divided into eight classes inside which there would be a “ normal ” 
probability of 12.5 % of all residuals. Thus the classes are defined by the limits - co, - 1+1&r, 
-0*675a, -0.3190, 0.0, 0.3190, 0*675a, 1.1500, co. A goodness-of-fit statistic x2 is then 
derived from the difference in observed and calculated probability. Since the standard devia- 
tion d must be computed from the residuals themselves, the total x2 has 6 degrees of freedom. 
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Mass balance equation I 

+ + + 
l + + + + + + + + + + 

,*~C*+++++++++++++~+++++*+++H++~+~*+++~~~++~+,++++*.+,++~++~+++++++~++~++++++**+++++++++++t++++++++ 
I + E C D + 
2+ E C D l 

a: E 
C D * 

E C 0 + 

:: 2’ 
c 0 * 

0 C l 

7 +E 0 C + 

:: 0 
D C + 

C 
to+ B C I 

1: : 
B C l 

B 
I3 +A 

C * 
B 

I’:: i 

C + 
B C + 

B 
16+ A 

C + 
B C + 

Is” 
A C B + 

+ A C + 

g: 
AC 

B 
+ 

C A 8” + 
+ 

2’:* c 
C A B + 

A B + 

5: icC 
BA + 

B A t 
B + 

‘,“,F 
B t c 

B A * 
2B+ B A + 

29+ B A t 
30* B A t 
31 l B A + 

Fig. 1. Per cent formation of the species present for each point of a curve obtained by titrating 
an acidic solution of a pentabasic ligand L (Me,tetren) with a solution of potassium hydroxide. 
During the course of the titration the species LH, , LHI, LH3, LH2 and LH are formed, 
denoted by E, D, C, B and A. The pementages are relative to the analytical (total) concentration 

of the ligand, TL . The numbers at the left index the titration points. 

Values of 1’ for various confidence levels can be found in reference 9, Appendix IV. A fit 
can be accepted at the appropriate confidence level if the observed value of x2 is less than the 
value expected. The crystallographic R factor is also printed out for possible use in con- 
nection with significance tests. l”*ll 

We do not expect that real experimental data will give a very good Gaussian distribution 
of residuals. However, when comparing two chemical models it may perhaps be detected 
that one model is “wrong,” through the systematic errors introduced by postulating the 
presence of a complex which is actually absent. Therefore, these statistics supply infor- 
mation, additional to the value of the sum of squares and the R factor, which may be of 
assistance in hypothesis testing. 

Specimen data input and output listings are available, on request, from P. Gans. 

COMPUTER IMPLEMENTATION 

The user must supply his own input and output channel numbers for JINP and JOUT 
and specify the total number of points NP. The convergence tolerances TOL and TOLU 
may also be altered though we have found the values given satisfactory on computers of 
different precision (8 or 12 decimal digits). The present implementation can take up to 300 
data points (NP), 5 reactants (NMBE), 3 electrodes (NEMF), 20 complexes (NK) and 20 
variable /3’s (N). All arrays have run-time dimensions, so if a change of dimensions is 
required, only those of the main segment are affected, i.e., HLNB, JPOT, BETA, KEY, 
CI (NK); JQR (NMBE, NK); T, CONC (NP, NMBE); A, B (NMBE, NK + NC); CX, 
TT, HX, EPS, TOTC, ADDC, TITRE (NMBE); JEL, EZERO, EMF (NEMF); BETAV, 
IVAR, DGB, SB, SIGMA, DBR (N); BB (N, N); GC, TOLC, DT (NC); DDT (NC, NC); 
SC (NP x NC); D (NP x NC, N); Dl (NEMF, NK). NC is the number of unknown free 
concentrations, NC = NMBE - NEMF. 
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DI:lEIIStOf! TITLE(20) 
DI!lEIISIO:t t!LNC(20).JP~T~20~,0ETA~2O~,hEr~20~,Cl~Zo~,JS~2o~ 
DIHENSION JQRt5,2oi 
DlfiEttSIOtI T(300,5),COttC(300,5) 
@1flCN~l0l1 A(5,:5),5!3,25) 
DIttEt~SIOll Cx:5),TT(5),ttX(5),EPS(5),TOTC(5),ADDC(5),TtTRE(5),JP(5) 
DIMElISION JF1L(3),I:I.ECO(3),E!!F(3) 
DIt.\EIIstOfl ~~TAV(20),1VA~~20~,DOC(20~,S0~20~~R~~20~20~~ 

t stfif~A~2o~,r~nr.~20~ 
DIMENSION EC(~),T~LC(~),DT(~),DDT(~.~),D~(~,~~) 
DIIIENSION SC(900),0(9@0,20) 
CDt~ttOrt JI t!P,JOIlT,~.L10,LhRS,tlAXlT,TOL.TOLU,ACC:t.~tF.tPR~~t 

1 ,W?U:!,TlTLE, IFAI L 
PROCRA!: III N I QUAD - !!/\I N SEG!!EflT 

1 FOR:!AT (2OA4) 
2 FOD’!AT (‘1 I*llllQUAD ‘.?OA4/1 

59 

3 FDR:lAT (1015) 
4 FORMAT (’ NO FREE CONCENTRATIONS TO CALCULATE. RUM ARAMDOHEI) REFOR 
l E REF I NEIIENT’ 1 

I NPIIT AND OIITPUT CIIAIIHELS DEFINE0 TO SUIT THE USER 

10 

11 

12 

103 

130 

133 
C 

JI t!t’=S 
JOUT=K 

COIIVEP.GEtICE CRITE!?lA 
A) RELATIVE SHIFTS OF TtIE PARAllFTER.5 LESS THAII TOL 
0, RELATIVE DFCREASE OF Tf!E ERPOR SQUAf?E SJII LESS Tt!AN TOLU 

TOL=l.E-03 
TOLU=l.E-04 

AUTOMAT I C CALCULAT IO:I DF ACW (TIIE AESDLUTE !!ACIII NE ACCURACY 1 
ACCM=l. 
X=ACCfl/lO 
IF (X1 12,12,11 
ACC!I=X 
GO TO 10 
ALlO=ALOG(lO. 1 
NP=300 
lISET=O 
LP=O 
READ (JIHP,l) TtTLE 
I!RITE(JOIlT 2) TITLE 
IFAIL=O ’ 
READ (JIflP,3) LARS,l~It:,~l,f~hXiT,IPRIfl,tlll0E,tIC 
IF(HC)130,130,138 

b!RITF: (JOUT,4) 
STOP 
:IEMF=HI!RE-HC 

CALL THE DATA ItIPUT ROUTIFIE 
CALL DI NP (tit’., ll,tl!lRE, HE!::, tIP,W,DETA, JPOT, JQR, KEY,HLt:S,T,COt:C, 

l RETAV, l?,4R,J~I.,E%~~O,E!lF,TOTC,A~DC,TITP.E,CX,TT,CI,i!X, 
l TDLC,DT,3DT,LP,!lSET) 

C CHECK TtIAT :lL ttAS QPERATED SUCCESSFULLY 
IF(IFhlL)120,120,150 

123 PERCI=O. 
PERC?=l. 
NRUtI=O 
II:t=LP+NC 
HF=O 
JF=O 

140 HPNC=N+IlC 
C CALL Tt’E 1IIHI ill SATIOII RO’JTI t!E 

CALL llltllil (ilK,FI,~lil3E,ttC,NE!lF,NP,IETA’/,JPOT,JQR,ttLNB,T,COt~C, IVAt?, 
l A,Gi,DG0,EPS,ttX,TT,CI,CX,Rf,SR,SC,Sl~i~A,~ETA,LP, 
l tiPtIC,t::t,U,KEY,~,l~,O~r,DDT,PEr.Cl,PERC?,Dl,JF~ 

IF(IF?,IL) 145,i59,150 
145 !!=H-1 

I FAI L=O 
IF 01) lfi0,160,140 

C CALL Tt!E OATA OUTPI!T ROUTIltES 
150 CALL !:OlJT (tl!:,tl.t!!!SF1,0ETA’~,JPOT,JQR,IVAR,SIP~!A,U,‘r’.EY,1R,liLI:0~ 

;::;“;;;;;“,fv: *t !!:!?F: :IC ?EIAV JPOT Ji-!!? IILt!!,T CO:lC IVAR DlJ,l,,r;C, 
* “~~;~Ps,tlk,~~,Ci,C.,:l~t~~,LP:tl~,~:~~ ,.,. ,..I I; !; ,*VY, J:; .J I’, :t!‘.E 1 
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160 READ (JIflP,3) MET 
IF (NSET) 200,100,100 

200 STOP 
END 

SUBROUTINE DINP (NK,tl,tlt~OE,tIEtfF,t~P,tIC,BETA,JPOT,JQR,KEY,HLIIC,f, 
l CONC,BETAV,IVAR,JEL,EZERO,E1tF,TGTC,ADDC,TITRE,CX,TT,CI, 
. HX,TOLC,DT,DDT,IP,NSEt) 
DlHENSlOtl TITLE(20) 
Dlt~EtlSIOtI tIL:IF(tlK),JPDT(tlK),OETA(NK),KEY(HK),Cl(tlK) 
DIMEMSIOt~ JQR(NlfBE,NK) 
DI:IENSIOM T(tlP,fltt6E),CDtlC(tIP,WflBE) 
DIMEtlSIOtI CX~tltlRE~,TT~tltlDE~,HX~IIf:BE~,TOTC~tII(BE~,ADDC~tltfBE~,TITRE 

l (NtlBE) 
DIMENSION JEL~tlE~IF~,EZEP.D~tIEtlF~,EtlF~tlEI1F~ 
DlMEtlSIOtl BETAV(tI),IVAR(NO 
DIMENSIOtI TOLC(NC).DT(tlC).DDT(tlC~tlC~ 
COtlttOti Jlt~P,JOUT,AilO,LAR~,IIA~lT;TOi,TOLU,ACCtl,~F,IPRIN 

. ,NRUtI,TITLE,IFAIL 
INPUT ROUTltlE APPLICABLE TO DATA FROM PDTEtlTlDflETRIC TITRAT 
THE TITRATION DATAAREREAD IN AN0 TlfE INITIAL VALUES OF THE 
FREE COtlCENTRATIONS ARE CALCULATED Itl ML 

1 FORMAT (' (',l2,')',Fll.4,'E',l3,lS,7X,Sl4~ 
2 FORMAT (//lDX,'FORtlATlGtl REFIttE!IEtlT ST0lCllEl0:1ETRIC'/ 

lOX,'COtlSTAtlTS 
3*FORMAT (615) 

KEYS CDEFFICIEtJTS'/) 

4 FORCIAT (FlO.6,7151 
5 FORtfAT (6FlO.6) 
6 FORttAT (IS,llF8.3) 
7 FORtiAT (6ElO.3) 
8 FORMAT ('0 LARS MAXIT 
. ACCI!' ,/316,3El5.3/'0 
l tlTS,',lJ,' OF #IfIClI ARE TD BE 
l ' MASS-BALAtICE EQUATIONS AND 
*PER DATA POItIT'//6X,'REACTIDN 
l ' DEGREES CENTIGRADE'/) 

IPRIN TOL 
THERE ARE',IJ,' 

REFINEg'//' 
, 13,' U!!Yt!O!:tl FREE 
TEfIPERATURE ',FG. 

'I ONS. 
Ut!KtIOMtl 

STA 

1 

9 FOR14AT (IHO,' THEREFOkE RIJH ABAtlDOtlED BEFORE REFItfEflENT') 
10 FORMAT (ltlO,lS,' DATA POllITS HAVE BEEtI READ ItI A?ID',IS, 
l ' lfAXl1fIItl klEf?E EXPECTED'/) 

11 FORMAT ('0 THE !IUtfBER N OF COtlSTAtlTS TO BE REFItlED DOE.5 flOT AGREE 
*iWITH THE I!U!!IIE!? OF POSITIVE KEYS') 
FORMAT (/SX,'CURVE'.l3.8El2.4/lBX.SEl2.4~ 12 
READ (JlllP,S) TEIIP 
WRITE (JOUT,B) LARS,tfAXIT,IPRItl,TOL,TOLU,ACCfl,tIK:.N.llllOE.NC,TEllP 
J=O 

li 
C 

READ IN VALIILS OF PARAMETERS, THEIR ItIDICES AN0 REFINEMNT KEYS. 
THE STABILITY CDfISTAtlT IS EQUAL TO BETA Tl:lES 10 :_ _._. _.__, 
BUT TlfE PARAMETER VARIED IS BETA 

WRITE (JDtlT.2) 
DO 105 I=l,ilK 

: 

103 

READ (JlfIP,4) BETA(l),JPOT(~),(J9R(K,l),K=~,t~'~BF),VEY(l) 
WRITE(JOUT,l) l,6ETA(I),JP0T(I),KEY(I),(J??(K,I),Y.=1,'l!1CE) 

IF KEY.1 THE PARA!!ETER IS TO BE REFItlED AtI3 THE BETA VALIJF: 
IN OETAV. THE CORRESPONDING INDEX OF BETA IS STORED It1 IVAR 

IF(KEY(1))105,105,103 
J=J+l 
BETA!'(J)-BETA(I) 

IS STORED 

IVAR(sj1.I 
C 

105 
C 

106 

107 

108 

THE LDGARITltt: OF THE STARILITY COIISTAIIT IS CALCULATED Itl IlLtIC 
HLNB(I)=ALDG(BETA(I)~+ALlO*JPOT(I) 

CIfECK THAT THE NUHBER OF REFINABLE CDtISTAtITS IS CORRECT 
IF (N-J) 106,107,106 
WRITE (JOUT,ll) 
!IRITE (JOUT,9) 
STOP 
HP-I P 
lP=O 
flTC=l 
DO 108 I=l,tlC 
CX(I )-1.6-07 
IF (NSET) 112,110,112 

C JEL (L) IS TlIF: tlll'!l?Er! OF ELECT!?O!!S Tl?At!SFE?l?E!t AT Tl!t ‘LECTRO?E 
C IF JFL(L)=r! TI'E PCC!"hL COl_OT;A!?lT':" !lF T!!F F!?CE Cr)!lCE!ITr.ATIO:I i;l 
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c SPECIES DETERMIllED KY TllE ELECTRCD': L \!ILL BE READ IN IMTEAD OF TI!E 
C E.!1.F. VAL:!F: (E.G., PI' IllSTEAD OF E.Il.F.1. 
110 READ(JIliP,3) (JEL(L),L=l,IIC:IF) 

: 
ItlITIAL REAR-IN OF C~l'CF?ITRATIntlS OF SOLUTION, STANDARD POTENTIALS OF 
ELECTRODES, COtICEtITRAl IOIlS OF TITP.AIITS AND ItIlTlAL VOL OF SOLUTION 

111 READ(JIlIP,f) ~TOTC(Y.~,K=l,rl:lBE~,(EZE"O(L~,L=l,NE!~F~,(AD~C~K~,K.-l, 
t IIIlCE),VIHIT 
~IRITE(JOUT,12~NTC,~TOTC(K~,K=1,~l~BE~,~EZERO(L~,L=1,~El4F~, 

t (ADDC(K).K=1.II!lBE).VIIIIT 

112 

1122 
1124 

1126 

1128 

C 
C 
113 

114 
11s 

1115 

116 

117 
118 

119 

120 
C 
125 

129 
130 

C 

140 
200 

C 
C 

250 

300 

-- ~_ 
NTC=tITC+l 
IP=IP*l 
lS=LARS 
IF(flSET) 1122,113,1122 
IF (IP-HP) 1126,1126,1124 
IP=IP-1 
RETURtI 
DO 1128 L=l,tltlRE 
TT(L)=T(IP,L) 
cx(L)=coIIc(IP,L) 
GO TO 125 

POllIT-WISE READ-IN OF A!IOUNTS OF TlTRAtlT ADDED AH0 TIIE HEASUREI! 
POTENTIALS. LlllGI IS AN EtlD OF TITRATIOII CURVE ItlDlCATOR. 

READ (JItlP,t) LUIGI,(TITRE(I:),K=1,NIIRE),(EIlF(L),L-1,tlEllF) 
IS-IS-1 
IF(LUIGl)115.114.115 
IFilS)115,lli,lli 
IJRITE(JO[JT,E) IP,(TITRF:~K~,I:=l,tIl16E~,~E!!F(L~,L=l,t~~'~F~ 
IF (IP-llP)1115,1115,140 
DO 118 L=l,:IE!!F 
tlCPL=:IC+L 
IF (JEL(L))ll~,ll7 
CX(IICPL)=EXP((EI!F( 
GO TO 113 
CX(liCPL)=EXP(-E:lF( 
COMTII!UE 
VOL=VIHIT 
DO ll!l K=l,lillSE 
VOL=VOL+TITRE(K) 
DO 120 K=l,Il:lBE 
TT(K)=(TDTC(C)+TIT 
T(IP,K)=TT(K) 

T(IP,K) HOLnS THE TOTAL COI!CEt!TRATION AT POltlT IP OF TllE REACTAIIT K 
CALL !?L (tJK,II:1PE,!!E!lF,t~C,IILl!B,CI,CX,TT,lIX,TOLC,DT,DDT,JQR, 
IF (IFAIL) 129,128,300 
DO 130 I:=l,Hf:CE 
COtlC(IP,K)=CX(K) 

COtIC(IP,K) tIOLDS THE FREE COt~CEtITRATIOtl AT POINT IP OF THE REACTAt!T K 
IF (IISET) 112,140,112 
IF(L!llr;l) 200.112.111 

,llG 
L)-EZERO(L 

L)*ALlO) 

RE(K)*ADDC K))/VOL 

bJRlTE (JOUT,lb) li',HP 
CHECK Tt!AT TIIE IIWIDER OF POItITS DOES tIOT EXCEED THE TOTAL STATED 
INITIALLY 

IF (IP-IlP) 300,300,250 
bJl?lTE (JO!!T,3) 
STOP 
RETURN 
END 

SUCROUTItIE !!L (IIK,~~lCE,tlEIlF,llC,t!LtIB,CI,CX,TT,t'X,TOLC,OT,3DT,Jn.R~ 
DIlIEt~SIOll TITLE(20) 
DIl?EtISIOlI t!LIIP(!lK),Cl('lK) 
DtMEIISIOIl JQR(IWCE,tlK) 

COIl!IDH JIt!P,JOI~T,AL?O,LARS,llAXIT,TOL,TOLU,ACCl!,tIF,IPRItI 
l ,HRUII,TITLE,IFAIL 

: 
TIIIS ROUTItlE CALCULATfS ESTlflATES OF TtlE FREE COI!CEIITRATIOtlS OF ':FTAL, 
LlOAlll, ETC. l!S I IlC A !!!J:l??? OF !lASS-BALANCE E"'JATIOtIS CQ!JAL TO TI!F 

C tIUI!REI? OF IJtIKt!OI!lIS (Tt!OSE FOR I!IIICH TtIERE IS I!0 POTEtlTIAL). T!IE 
I: 'tIE!!TO!!-RAP!ISO!:' !'ETt'O? IS USE!?, !ilTI! FIRST DF?IV.ATIVES O!!LY. I:IITIAL 
C ESTI:l/!TE: ARC ALS? R;?:JlRE" FOr( T'iIS '?OlJTII!F, BUT l.E-07, FOR TllE 
C FIRST POItIT Ill T!IE %lRtT TITEATIO!: CIJD.Vr: IS SATISFACTORY. IflITIAL 
C ES'I'II:ATTS FOR T!lF. nTi:T.' PF!I!:TS A?!, TA!:F11 AS T!!F VALIIE OCTAllIE? FOP :'!(E 
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c 

102 

C 

: 
IfiS 
121 

E 
C 

122 
123 

125 

125 

PREVIOUS POINT. 
DO 102 I-l,tlE!lF 
IPNC=l+NC 

tlX(IPtIC)=ALDG(CX(IPNC)) 
NCI CL=0 

A CYCLE COUNTER. 100 CYCLES ARE PERtlIfTED AS t!AXllllflUt~. 
DO 105 I-l.tlC 

TOLC( li PROVIDES A RELATIVE TOLERAHCE FOR USE wltti THE CO~IVERGENCE 
CRITERIOfI 

TOLC(l)-TT(I)+TOL 
tlCICL=NCICL+l 
DO 125 J=l,tlC 

CX(J) IS ONE OF THE UtIKtIOWN CONCENTRATIONS THAT ARE BEItlG CALCULATED. 
AS IT CAHNOT TAKE A tIEI;ATIVE VALUE, TtIE STEP LENGTH OF THE CORRECTION 
VECTOR HX IS REDUCED SO THAT NONE OF THEIt TAKES A NEGATIVE VALUE 

IF(CX(J))123,12S,125 
DO 125 I-l.HC 

E 
126 

tixtl,-o.5~iix~l, 
cx(I)=cx(Il-IIx(I) 
GO TO 122 
CONTI NUE 
DO 126 I=l,NC 
HX(I)-ALOG(CX(I)) 

DT( I) IS THE DI FFEREHCE BETWEEN 
MASS-BALANCE EQUATION (I), I.E. 

DT(I)=CX(I)-TT(I) 
DO 1128 J=l.tIK 

T OBSERVED AND T CALCULATED FOR TtlE 
IT IS TtlE RESIDUAL. 

127 
1127 

: 

128 
1128 

2i 
C 

?!=tiLtIR( J) 
DO 1127 I-1,IItIBE 
IF (JQR(I,J))127,1127,127 

~I=~t*llX(I)*JQR(l,J) 
COtITI HUE 

Cl(J) IS THE COtlCEtlTRATION OF THE SPECIES (J) DEFINED BY TtlE INDICES 
IN JQR 

Cl (J1-EXP(bI) 
DO 121 I=l,tlC 
IF (JQR(I,J))12R,1128,128 
DT(I)=DT(l)*JQR(I,J)rCI(J) 
COtIT I HUE 
DO 129 I=l,tlC 

CONVERCEtICE CR I TEI? I ON. \!tiEN ALL THE t!ASS-BALANCE ECUAT IONS ARE 
SATISFIED TO THE REQUIRED RELATIVE TOLERAtICE, COIITROL IS PASSED BACK 
TO ntm 

129 

131 

: 
i 

._ ._.... 
IF(ADS(OT(I))-TOLC(l))129,129,lSl 
CONTI HUE 
GO TO 1’10 - - - _ . _ 
DO 151 I-l,NC 
Do 151 J=I,tIC 

DOT IS TtlE JACOBI AN FOR THE SYSTE!+, AtID IT IS SY:lIlETRICAL AND SQUARE. 
ITS ELEtlEt!TS ARE Tt!E RELATIVE DERIVATIVES, SO Tt!AT THEY ARE OBTAINED 
DIRECTLY FRO11 THE CDtlCEIITRATIOtI TE?:lS PREVIOUSLY CALCULATED. 

DDTO.J)=O. 
DO 15i L=l,tJK 

149 
150 

151 
152 

lF(JQR(1,L))149,151,lb9 
IF(JQ!?(J,L))150,151,156 

W=JQR(I,L)*JQR(J,L)*CIo 
DDT(I,J)=DDT(I,J)*tl 
CONTI HUE 

C 
C 

160 

165 

: 
C 
C 

I90 

DDT(I,I)=ODT(I,I)*CX(l~ 
CALL LINEQ(DDT,tIC,DT,1,4) 
IF (IFAIL) lGO,160,190 

DT CDNTAIIIS TIIE RELATIVE CORRECTIOHS TO THE PARMETERS. ttX ~1 LL 
COIITAI N THE AOSOLUTE CORRECTIONS. 

DO 165 I-1,tlC 
tlX( I )=-DT( I )*CX( I ) 
cx(I)=cX(I)+lIx(I) 

IF 100 CYCLES IIAVE tEEN EXCEEDED, HHICH IS IIOST IJIJLI KELY, CONTROL IS 
PASSED BACK TO OIt!P I!ITt!OUT ANY FAILURE It!DICATION. THIS IS BECAlJSE 
t!L IS OtILY USE@ TO CALCULATE INITIAL ESTI:lATES FOR ?llNlt!, /\:I3 TIIESE 
IIEED NOT BE VERY GOOD. 

IF(HClCL -100) 121.121.190 
RETURtI 
EHD 
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SUSROUTltlE LIt!Ef! (A,N,S,!I,JFAIL) 
DIMEHSIOH TITL~~20,;Ait~;t~,,C~tl,tl~ 
COMMON JltlP,JOUT,hL10,LARS,t1AXIT,TOL,TOLU,ACC!1,i~F, IPRIN 

. ,tlRUII,TITLE,IFAIL 
SOLVES TIIE tl SItllJLTAtIEOIJS LINEAR E~UhTIOtlS A+X=6 k!lTII tl RIGIIT-HAND 
SIDES IN 6. THE SOLUTIOti VECTORS ARE LEFT IN t? AN@ THE tlATRlX IS 
REPLACED BY ITS IWERSE. AFTER CHOLESKI FACTORIW OF A TO GIVE A=L*LT, 
THE FORk!ARO SUBSTITUTIOMS L*Y=B AND L*Z-E AND TIIE BACKHARD SUESITUTION 
LT*X=Y AH!, LT*AlNV=Z ARE PERFORMED 

IF (11-l) 45,5,9 

10 

f: 

40 
45 

50 

60 
70 
80 

110 
120 
125 

C 

140 

150 
160 
170 

C 

210 

220 

240 
245 

270 

280 

T-A(l,l) 
IF (T-ACCt!) 45,45,6 
A(l,l)=l./T 
DO 7 J=l,tl 
B(l,J)=B(l,J)IT 
RETURN 
DO 80 I=l,N 
ll=l-1 
DO 70 J=I,N 
S=A(I,J) 
IF (11) 10.30.10 
DO 20 K-1,11 
S=S-A(I,K)+A(J,K) 
x=s 
IF (J-I) 60,40,60 
IF (XI 45,45,50 
lFAlL=JFAlL 
GO TO 400 
A(I,I)=l./SQRT(X) 
GO TO 70 
A(J,I)=X*A(I,I) 
COt~TItlUF: 
CONTIWE 

FORklARD SUBSTITUTION 011 RIGIIT HAHD SIDES 
DO 125 J=l,tl 
B(l,J)=D(l,J)+A(l,l) 
DO 120 l=2,tl 
11=1-l 
S=B(I,J) 
DO 110 K=l,ll 
S=S-A(l,K)*B(K,J) 
B(I,J)=S*A(I,l) 
CONTIHUE 

FORIIARD SUBSTITUTION FOR ItIVERSlOtl 
DO 170 J=l,N 
Jl=J+l 
IF (Jl-tl) 140.140.170 
DO 1GO I=Jl,H 
11=1-l 

;;'iSO K=J I1 
S=S-A(I,K):A(J,K) 
A(J,I)=S*A(l,l) 
CONTtHUE 

OACKIIARD S'JPSTITUTIOM 
DO 210 J=l,tl 
B(N,J)=O(N,J)*A(N,N) 
00 220 J=l,tl 
A(J,tl)=A(J,tI)*A(N,N) 
DO 290 ll=2,11 
I=N-II+1 
T=A(l,l) 
ll=l+l 
DO 245 J=l,ti 
S=B(I,J) 
DO 240 K=ll,tl 
S=S-A(K,I)*B(K,J) 
S(I,J)=S+T 
DO 280 J=l,l 
S=A(J,I) 
DO 270 KpIl,tI 
S=S-A(K,I)+A(J,K) 
A(J,I)=S+T 
ccNT I tm 
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290 CONT I tlll.5 
DO 300 I=2,N 
11=1-l 
DO 500 J=l,ll 

300 A(I,J)=A(J,I) 
100 RETUIW 

END 

SUBROUTItlE CALC ~NK,N,NtlBE,HC,IP,BETAV,JPOT,JQR,HLNB,T,COt~C,IVAR, 
l U,A,GC,DGC,EPS,HX,TT,Cl,CX,NPNC,NP,KEYI 

DIHENSIOtl TITLE(20) 
DIMEtlSIOtI HLtlB(NK),JPOT(NK),CIOtK),KEY(tIK) 
DItIENSIOtI JQR(NflBE,NK) 
DIt4EHSIOtl T(tIP,tII1BE),COtIC(NP,N!1BE) 
Dli4EtlSlOtl A(Nt!RE,fIPtlC) 
DIMEtISIOtl CX(N:~RE),TT(tI!lRE),HX(tIf1BE),EPS(tItlBE) 
DItfENSION 6ETAVOI~,IVAR~N~,DG6~tI~ 
DItmISIntl RCIHCI 
COtlttOtt JItlP,JOUT,AL10,LARS,tlAXIT,TOL,TOLU,ACC:!,tIF, I PRIN 

l ,tIRUN,TITLE,IFAIL 
THIS SURROUTINE CALCULATES, FOR OtlE DATA POINT AT A TIHE, THE ELEMENTS 
OF THE DESIGN IlATRIX AtJD GRAD I ENT VECTOR. IT ALSO CALCULATES THE 
SQUAREll TERM THAT GOES TO HAKE UP TtlE SUfl OF S@UARES. 

I P IS TtlE INDEX OF THE DATA POI tlT. Tt!E VALUES OF TI!E LOT;ARITlifIS OF T!IE 
PARAMETERS ARE CALCIJLATED AT TtlF FIRST DATA Pcll tit MID CM TI’Etl 
USED FOR ALL, IVAI? IS AN lt!3EX VECTOR RELATING TIIE’REF I IIABLE 

BE 

100 

102 

110 

112 

116 

11s 
120 

122 

: 
C 
C 

PARA!!ETERS, RETAV, TO TIIE V”CTOR BETA. 
IF(IP-1) 100,100,110 
DO 102 I=l,N 
IV=IVAR(I) 
HLt~S(IV)=ALOB(BETAV(l~~+ALlO+JPOTO 
NF=NF*l 
DO 112 K=l,tlt46E 
CX(K)=COflC(IP,K) 
HX(K)-ALO!? (ABS(CX(K))) 
TT(K)=T(IP,K) 
DO 122 I-1,NK 
IF (KEY(I)) 122,116,116 

\I-HLNB( I) 
DO 120 J=l,tI!tBE 
IF(JQR(J,1))118,120,118 

W=W*J0,R(J, I )*HX(J) 
CONTI HUE 
Cl (I )=EXP(b!) 
CONTI NW 

Cl flI-Jk! HOLDS THE COtlCEtlTRATlONS OF ALL TllE SPEC 
IS THE Ofl.SER!fED TOTAL COtICEtITRATION FOR MASS-4A 
EPS(I) IJILL BE TllE RESIDUAL, CALCULATED-OJSERVE 
ACCIJ!!‘.‘LATE!l I tl II, 

DO 136 I=l,tIC 
IF(CX(l))132,136,136 
00 135 J=l,flK 
IF (JQR(I,J))133,135,133 

CI(J)=CI(J)~((-l.)~~JQR(l,J)) 
COtITI tIUF: 
CONT I !!‘JE 
DO 205 I=l,tIIlBE 
EPS(I)=CX(I)-TT(I) 
DO 204 J=l,NK 
IF (JQR(I,J)) 203.204.203 
EPS(Il=EPS(I)+JQR(I,J)+CI(J) 
CONTI WE 

IES Itl SOL!JTIOtl. TT(I) 
LANCE EQUATION (I 1, 
9. TllE SU:l OF WJARES I 

132 

133 
135 
136 

203 
204 
205 

C 

c" 
C 
C 

U= 

tic 
tl 

L 

2wl 

THE flATnIX A WILL HOLD THE ELE!‘ENTS OF TllE DESIPlfl I!ATRIX. ,TtlE OLOCK 
RELATIVE TO TIIE UtIKtIOIf:I FREE COtICEfITRATIOtIS IS PLACED IN THE FIRST 
COLIJ:IiIS, AtIll TtlE BLOCK RELATIilC TO Tl!E PAP.A:IETERS BETAV IN THE LAST 
COLIJ:l!‘S. SINCE THE FACTORISATIt?N CAtl PROCEE9 POI tlT LIY POItIT, llOT AL 
OF TIIE IIESI!W IlATRIX I!EED RF: STORED. 

2o!J I =l,llt!BE 
ZO’I J=l,tIP!IC 

!,J)=O. 
210 ,J-1,:X 

DO 
DO 
A(1 
I-IO 
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A(J,J)=CX(J) 
DO 215 I=l,IIIlBE 
DO 213 J=l,NC 
DO 213 L=l,W 
IF~JQR(J,L))211,213,211 
IF(JQR(I,L))212,213,212 
A(I,J)~A(I,J)*JQR(J,L)~JQR(l,L)~Cl(L) 
CONTI NUF: 
DO 215 J=l,fl 
IV=IVAR(J) 
IF (JQR(l,IV)) 214,215,214 
JPNC=J*HC 
A(I,JPtlC)=JQR(I,IV)*CI(IV) 
CONTINUE 

GC #ILL tIOLD THAT PART OF THE GRADIENT VECTOR RELATING TO POINT IP AND 
THE IJNKtJO\lN FREE CONCENTRAT tONS AT THAT POINT. DGB WILL DO THE SAME 
FOR TtlE PARA!!ETERS DETAV. 

DO 232 I-1,NC 
GC(I 180. 
DO 232 J=l,WBE 
GC(I)=GC(t)-A(J,I)+EPS(J) 
DO 235 I=l,N 
DGB( t )=O. 
I PNC= I *NC 
DO 235 J-1,tttlBE 
DRR(I)=DGD(I)-A(J,IPNC)~6PS(J) 
RETURN 
END 

210 

211 
212 
213 

214 

215 
C 
C 
C 

232 

235 

C 
C 

100 

h?:,,,, 
SUBROUTINE LttltN (X,F,XSTEP,RACC,MAXFtI,NK ,N ,tlf!BE,fIC,NEt!F, 

l NP,BETAV,BETA,JPOT,JQR,HLtlB,T,CDNC,IVAR,CX,SB,SC,tlX,TT,Ct, 
DII~EttSIOti TITLE(20) 
DtIIEtISlOtl t!LttP~HK~,JPIJT~NK~,BETA~MA~,Cl~tIK~,KEY~tI~.O 
DtMENSIOtt JQR(?ltlRE,ttK) 
DIt4ENStOH T~tIP,Ht~RE~,COItC~NP,Ntl6E~ 
DItlEtISIDtJ CX~HllBE~,TT~HtlDE~,IIX~HIiBE~ 
DIMENSION BETAV(H),IVAR(N),SB(N) 
DlMENStDtt SC(tlf0 
COtWON JItIP,JOUl,ALl0,LARS,t~AXIT,TOL,TOLU,ACCt~,NF,IPRlN 

l ,NRUN,TITLE, IFAI L 
LINEAR tllttlfltSATIOtl. A RUADRATtC FUNCTION IS bllNlMlSED 
CALCULATION OF FUt!CTl ON VALUES ONLY. 

I FORNAT (lHO,‘LtNEAR I1INIttIZATIOtI’//12X,1HX,15X,2tlFA,l5X,2HF 
l lSX,2tiFC,/El7.7) 

FORMAT (lH+,l7X,SEl7.7/E17.7) 
IF (IPRIN) 48,49,48 
WRITE (JDUT,lOO) X 

VI Tti 

‘B, 

101 

48 
49 

3 
46 
47 

12 

: 
43 

44 

15 
2 

IS=4 
IFAIL=-l 
I lNC=l 
Xl NC=XSTEP*XSTEP 
MC-1 
FA=D, 
FB=O. 
GOT0 1 
IF (IPRIH) 46,47,46 
k!RlTE (JftUT,lOl) FA,FB,FC,X 
t1c=:1c*1 
IF (IIAXFN-MC) 12,15,15 
IFAI L-l 

ITERATIOtl CYCLES EXIIAUSTED DEFDRE REACtiINr: ~~tNltlUI1 bJt TH REQUt RED 
TOLERANCE. 

X=DB 
F-F6 
IF (FB-FC) 15,15,44 
X=DC 
F-FC 
IF (IFAIL) 2,50,50 
CALL FUllCT (NY. ,tl,tl!lRE,HC,tlEtlF,LP,NP,5ETAV,BETA,J~T,JF.R,HLtlB, 

T,COtlC,IVAR,CX,SB,SC,X,tIX,TT,Ct,F,tItC,KEY) 
l*GOTD (5,6,7,3), IS 
8 IS=3 
4 FC=X 
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FC=F 
X-X*XStEP 
GOT0 3 

7 IF (FC-F) 9,10,11 
10 X-X*XINC 

XINC=XItlC*XIt~C 
GOT0 3 

9 09-x 
. FE-F 

XINC=-XltlC 
GOT0 13 

l1 KFDCC 
oc:x 
FC-F 

13 X~oC*OC-O6 
IS=2 
GOT0 3 

6 DA-06 
DI)=DC 
FA=F6 
F6=FC 

32 DC=X 
FC*F 
GOT0 lb 

5 IF (FB-FC) 16,17,17 
;; ;; :;-FR) 18,32,32 

DA:06 
19 FB=F 

DB*X 
GOT0 lb 

16 IF (FA-FC) 21,21,20 
20 XINC-FA 

FA-FC 
FC-XIHC 
XINC*DA 
DA=OC 
DC-XI NC 

21 XIMC=DC 
IF ((D-DR)+(D-DC)) 32,22,22 

22 IF (F-FA) 23,2b,Zb 

23 x:=;x 
Go;0 19 

20 FA=F 
DA-X 

10 IF (FE-FC) 25,25,29 
25 llNC=2 

29 

37 

3b 

36 

XlNC=DC 
IF (FB-FC) 23,bS,29 
D=(FA-FB)/(DA-OG)-(FA-FC)/(DA-DC) 
IF (b*(DG-OCI) 33,33,37 
D-O.S~(DC*oC-(FR-FC)/D) 
IF (ABS(D-XI-AfIS(D*RACC)) 34,3b,36 
I FAI L=O 
GOT0 43 
I S=l 
x-o 
IF ((DA-nC)4(OC-D1)3.26,36 

3.9 IS=2 
GOT0 (39,bO),l IflC 

39 IF (ABS(XltlC)-ARS(DC-D)) b1,3,3 
33 IS-2 

GOT0 (bl,b21,1 INC 
11 X-DC 

GOT0 10 
IO IF (AES(XINC-XI-ABS(X-DC)) h2,12,3 
b2 X=O.S*(Xlt~C+OC) 

IF ((XItlC-X)*(X-DC)) 26,26,3 
45 X~O.S*(oR+DC) 

IF ((DO-X)*(X-DC))26,26,3 
26 IFAIL- 

C Tl!E FUtICTIOH CArtrIOT OE tlINII!ISEb. 
GOT0 ‘13 
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SO RETURtl 
END 

67 

SUBROUTINE flON1 (N,!l,U,T,X,JPOT,S,SD,lVAR,JF) 
DIttEtISIOtI X~tI~,S~N~,SD~H~,IVAR~tI~,JPOTOI~ 
DIHENSIOH TITLE(20) 
COHttOtl JIHP,JOUT,hL10,LARS,f~AXIT,TOL,TOLU,ACCt~,NF,IPRIN 

l ,HRutI,TITLE,IFAlL 
C OPTIONAL tl0rllTOR OF THE PROGRESS OF THE tlINItiIZATlOtl 

IF (IPRIN) 1,3,1 
1 kfRlTE (JOUT,4) MRUN,U,JF,T 

I!RITE (JOUT.51 
DO 2 I=l,N 
K=IVAR(I) 

2 kfRITE (JOUT,G) K,X(I),JPOT(K),S(I),SD(I) 
3 RETURN 
4 FOR:!AT (7tiO CYCLE,I4,5H U =,E14.7/ 
l 10X,14,' FUMCTIOHS CALCULATED'/ 
l 10X,' FRACTION OF STEP LEtlGTH TAKEH',F10.4/) 

5 FORNAT (1H ,21X,' VALUE REL. SHIFT STD.DEVN.(REL.PERCENT 
l )‘I 

6 FOR!!AT (1711 BETA (,12,1H),F10.5,'E',I3,E13.5,F14.2) 
END 

C 

SIJRROUTItIE OOlJT ~Il,tl,tI!IRE,X,JP@T,Jn.R,IVAR,SO,U,KEY,COCO,IlLtIG~ 
DIfIEtISIOH IVAR(~~),SO(t~),COCO(tl,tl~,X~tl) 
DIf~E?ISIOH JPOT~fO,KEY~tl~,tiLtJB~'I~ 
DItlEllSIOtJ JQR(Nf1RE.M) 
DItIEHSIOtI TITLE(20) 
COt::40tl JItIP,JO~!T,ALl0,LARS,fIAXlT,TOL,TOLU,ACC!~,tlF,lPRlN 

l ,tlRUtI,TlTL!:,IFAIL 
GENERAL OUTPUT ROUTI NE 

10 

11 

12 

13 

130 

WRITE (JOfJT,lOO) TITLE 
IF (IFAIL) 7,3,7 
GOT0 (1,2,3,4,5,F),IFAlL 
b!RiTE (~0i1T.101) 
GOT0 I) 
\*!RITE (JOUT,102) 
GOT0 9 
WRITE tJOUT,lOJ) 
GOT0 16 
WRITE (JOUT,104) 
GOT0 16 
WRITE (JOUT,lOS) 
GOT0 16 
WRITE (JOUT,lOB) 
GOT0 II 
IIRITE (JOUT,107) 
WRITE (JOUT,~OB) .'IRUN,NF,U~ 
K=l 

DO-13 l=l,!! 
WRITE (JOUT,lOI)) I,(JCR(J,I),J=lrNtiBE) 
IF (KEY(I)) 10,11,12 
b/RITE (JOUT,llO) 
GOT0 13 
I!RlTE (JOUT,lll) 
XC=EXP(IILt:C(I)-ALlO*JPOTo) 
WRITE (JOUT,113) XC,JPOT(I) 
GOT0 13 
b!RlTE (JOUT,llS) 
IV=IVAR(K) 
SDC=SD(K)*X(K)/lOJ. 
XL=ALOG(X(K))/ALlO+JPOT(lV~ 
SDL=SD(L)/lOO./ALlO 
WRITE (JOUT,l14) X(K),JPOT(IV),SDC,JPOT(IV),XL,SDL 
K-K*1 
CONTI?JUE 
IF (N-1) 16,16,130 
I!RITE (JOVT,l15) 
DO 15 I=?,t1 
111=1-l 
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15 

1:: 
101 

WRITE (JOUT,l16) IVAR(I),(COCO(I,J),J=lrlt4) 
CON1 I NUF: 
~~~W~H(JOUt,l17) (IVAR(J),J+l,Itl) 

FiiliiIAT (lHl,ZOAb) 
FORHAT (111 ,‘LINEAR f~lNltflZATlOtJ FAILED, BUT REFINEIIENT COtlTItIUED 

.* TO EVENTUAL SUCCESS’) 
102_;~RtlAT (lf! ,, ‘FAILURE IN LINEAR f~INltllZATIOtI, REFINEIlENT TEf?ttltJATED 

105 -F&MAT (1H ,‘tiATRlX OF tIORt4Al. EQUATIORS NOT POSITIVE DEFItfITE, REF 
l I NEMEtIT ARAtlDOtf ED ’ 1 

lob FORMAT (lfl ,‘FAILURE TO CALCULATE INITIAL FREE COffCEtlTf?ATl0f1S, 
*NO REF I NEflEtIT ATTEllPTED ’ ) 

105 FORMAT (111 , ‘FAI LURE I tf FACTOR I ZATIOH PROCESS, REF I tIEf!EtlT ASANDONED 

106 FORtlAT (1H ,‘t!AXfMIfWt! NO. OF ITERATIONS PERFORIIED, REFINErlENT TER 
l t4 I NATED ’ 1 . . . . . . _ _ , 

107 FOfWAT (lli , ' REF I NEtlENT COWERGED SUCCESSFULLY’ 1 
108 FORMAT (lb,’ ITERATIONS’, I I,’ FUffCTIOH CALLS’/ 
l ’ SW OF SQUARES =‘,E17.6///32X,’ VALUE STD. DEVIATION LO 
*[I BETA STD. DEVIATION’//1 

LO8 FORHAT 
110 FORMAT 
111 FORIAT 
112 FORMAT 
115 FORNAT 
111 FOR!lAT 
115 FORMAT 
116 FOR!lAT 
117 ;W&tIAT 

;i2;ETA (‘,12,‘) ‘i;512) 

(32Hf 
NEGATIVE) 
COHSTANT) 

(32W REFItlED 1 
(lH+,32X,FlO.S,‘E’,I5) 
(lff+,32X,2(F10.5,‘E’,l3~,2Fl2.5) 
(lfIO,‘!MTRIX OF CORRELATION COEFFICIENTS RfiO I,J’//bfl f/I 
~;~~ll~10.3/5X,llFl0.3~ 

,15,10110/11110) 

SUEROUTltlE HEC (N,tl,X,T,SIifFT,KEY,fVAR,fILtIO,JPOT,Cf 1 
DIHEllSIOtJ X(tI),SHIFT(tl), IVAR(N),fILtIG(!!),JfQT~tl~,KEY(M),CI (11) 
DIt~ENSIOH TITLE(20) 
CDtlttOtl JItfP.JOIJT.ALlO,LARS.:lAXIT.TOL.TOLU.ACCtl.t~F.IPRfN 

. ,NRUif,TfT~E,IF~IL - - - - 
CHECK FOR HEGATIVE FOR!lATlOtJ COtfSTAtlTS. IF AtlY ARE FOUND, THE FRACTIOtI 
T OF TfiE VECTOR SHIFT IS ALTERED SO TtlAT OtlE OF THE PARA!IETEW T;OES TO 
ZERO AtfO TIIE OTHERS REtlAIN POSITIVE. THE COtlCENTRATIOtl OF THE SPECIES, 
TfiUS ELItlItIATED, IS SET EQUAL TO ZERO AND ITS KEY TO -1. TIIE VECTORS 
IVAR, X, AND SHIFT ARE COMPACTED, IF NECESSARY. 

J-O 
DO b I-1,N 
XT-X(I)*T*SIIIFT(I) 
IF (XT) l,l,b 
T--X(I)/SHIFT(I) 

:,I;, I WF 
IF ,i .NE. 0 IT HOLDS THE INDEX OF TliE PARAMETER TO RE ELItiIHATEO. 

IF (J) S,9,5 
IV=IVAR(J) 
KEY(IV)=-1 
Cl (IV)=O. 
IF (J-N) 6,6,6 
tlWN-1 
DO 7 I n J, tltt 
IP-I*1 
lVAR(I)=IVAR(fP) 
SHIFT(I)-SIlIFT(IP) 
X(I)=X(IP) 
IFAlL--]. 

WRITE (JOlJT,lOO) IV 
FOR!.lAT (‘ORETA (‘,12,‘) NEGATIVE’) 
RETURN 
END 

SUBROUTfNE tlINIt! ~NK,N,tf!~UE,NC,tlEfIF,NP,6ETAV,JPOT,JGR,HLtIB,T,C, 
l IVAR,A,Xl,Y1,EPS,HX,TT,CI,CX,RD,SB,SC,SfGflA,frETA,LP, 
l tlPNC,Ntl,U,KEY,B,D,DY,Bl,PERC1,PERC2,Dl,JF~ 

DIt1EtlSIOtl TlTLE(20) 
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DIt4EflSIOtl HLtlB(NK),JPOT(NK),BETA(NK),KEY(NK),Cl(NK) 
DlMEt1SIOtI JQR(NflBE,NK) 
DIMENSIDN T(NP,NtIRE),C~fIP,NtlBE) 
DIt~EtIStDtI A(tI!1RE,tIPtlC),C(NC,tlPtlC) 
DItiEtISION CX(tIflBE),TT(NtlRE),IiX(NflSE),EPS(Nt~~E) 
DIt4EtlSIfJtl BETAV(tI),IVAR(N),Yl(tI),SR~Nl,DBttt,N~,Sl~t~A~t~~,DY~tt~ 
DIMEHSION Xl(NC),Bl(NC,NC),Dl(NC,N) 
DIt4ENSIfltI SC(F!Il),D(N!~,tI) 
CDMtlOH JItIP,JOUT,AL10,LARS,tlAXIT,TOL,TOLU,ACCtI,NF,IPRIN 

. ,tIRUil,TITiE, I F/\I L 
A GENERAL I!INIMl SATION ROUTINE USINR THE GAUSS-NEltTON METHOD WITH 
LINEAR OPTltilSATIOt! OF THE SHIFTS. THE ROUTINE ALSO CO#TAItlS THE 
FACTDRISATION OF THE MATRIX OF THE tIORt!AL EQUATIONS APPROPRIATE TO 
EQUILIBRIA IN SOLUTION. THE PARA!tETERS ARE DIVIDED IN TbIO KINDS, THE 
UNKtIDbINS FREE COtICEHTRATIDtlS AND THE FORMATION CONSTANTS RETAV. THE 
SUtt OF SOUARES IS DENOTED BY U. 

C 

s 
C 
C 
c 

100 

C 

101 
C 

NCl=iii+l- ~_ 
u-0. 
ilN=il 

IEXIT IS USED TO TEST THE CONVERGENCE CRITERIA 
IEXIT= 
DO 101 I=l,N 
SB(I)=O. 
DO 101 J=I,N 
BB( t,J)=O. 

LOOP FOR EACH EXPERltlEtlTAL DATA POI HT. 

E 
C 

110 
C 

131 

132 

C 
140 

150 
C 

: 

160 

: 

: 

170 

1SO 

l!lO 
zoo 

DO 200 IP=l,LP 
CALL CALC ~tlK,tl,N!lBE,tlC,I~,BETAV,JPOT,JQR,tlLflS,T,C,lVAR, U,A,Xl, 

l Y1,EPS,tiX,TT,CI,CX,tlPtIC,tI!‘,~EY) 
RECDVER T!JF PARTIAL DESIGFI !IAT?IX FROM CALC AtI9 FORM Tt’E U3FACTORISED 
NORtlAL EQUAT t ON MATRt X \II TH RESPECT TO THE UNKNOWN FREE CONCENTRATIOHS 
IH R. 

DO 110 l=l,NC 
DO 110 J=I,NPtlC 
B(I,J)=O. 
DO 110 K=l,NME 
D(I,J)=R(I,J)+A(K,I)+A(L,J) 

TtlE FACTORISATION PROCESS BEGIHS HERE. 
DO 132 I=l,tlC 
DO 131 J=l,tl 
K=J*tIC 
Dl(I,J)=-B(I,K) 
DO 132 J=I,tIC 
Bl(I,J)*B(I,J) 
CALL LIHEQ (Bl,NC,Dl,N,S) 
IF (IFAIL- 140,400,140 

CALCULATE TtIE FACTORISATION tlAfRlX D. 
DO 160 I=l,NC 
L= I l rItl 
DO 150 J=l,tl 
D(L,J)=Dl(l,J) 

SINCE Tl!E FACTORISATION PROCESS DOES ROT ALTER TtIAT PART OF THE NORIIAL 
EQUATIDHS IIATRI X PERTAI tl,lNG TO Tt!E l!!lKt!Dl:t! FREE COtICEtlTRATIDtlS, TttE 
SHIFTS I tl THESE HAY MObI P,E CALCULATED, AIIG PLACED IN SC. 

SC(L)=O. 
DO 1CO C=l,tIC 
SC(L)=SC(L)+Rl(l,K)*XlO 

Tt!E CALCULATIObl OF Tt!E SHIFTS TO BE APPLIED TO THE PARA!!ETERS BETAV 
REGItlS. Tt!E FACTORISED tlOf?!!AL EQUATIOFI !lATP.IX IS TOTALISED IN LIB, AtID 
THE GRA!IIEt!T OF IJ b!tT!f RESPECT TO BETAV IS CORRECTED FOR THE 
FACTDRISATION AND TOTALISED IN SS. 

DO 190 I =tlCl, t!PtIC 
L= I yc 
DO 180 J=I,tlPtIC 
H=J-tIC 
DO 170 I’.=?, HI’FF 
EB(L,tO=OD(L,il)+A(K, I )*A(K,J) 
DO 180 II=l,t!C 
KH=C*fItI . . . . . 
B@(L,tl)-Re.(L,!!,+D(Ktl,L,tB(K,J) 
SO(L)=SR(L)*Yl(L) 
DO 190 E=l.tIC 
KH=K+tltl 
sB(L)-SC(L)+D(KN,L)+Xl(K) 
:!fl=tl;l+t!c 
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C 
C 

210 

C 
C 
C 

210 

222 

223 

: 
C 
C 

225 

230 

231 
232 
233 

C 

250 

250 
C 
C 

260 

265 
C 

270 
280 

C 
290 
300 

END OF fl!E POINT RY POINT LOOP. THE SlllFTS AND STANDARD DEVIATIONS IH 
RETAV CAII ROW BE CALCULATED. 

DO 210 I-1.H 
DY(I)*SB(II 
CAiL-LitdEn,- (BB,ti,DY,1,3) 
IF (IFAIL- 210,500,2:b 

TllE SHIFTS FOR BETAV ill LL BE IN DY. IF THEY ARE ALL LESS THAN THE 
TOLERANCE SPECIFIED AS A COWERGEHCE CRITERION, THE IlINIMISATlON IS 
STDPPE@. 

DO 223 I=l,N 
IF (AtlS(DY(I))-TDL) 223,223,222 
IEXIT- 
Co TO 225 
CDNtltRJE 

TIIE Sttl FTS IN TIIE COtlCEtlTRATlON.3 IlUST ACAl H RE CORRECTED FOR TIiE 
EFFECTS OF THE FACTDRISATION (SNIFT-D*(D ItIV*SIlIFT)), THIS CORRECTIOtJ 
IIAS NOT MEDED FOR TIIE SIIIFTS IN BETAV. TIIE CORRECTED Stil FTS ARE TIIEtI 
ALSO SUCJECTED TO A CONVERGEIICE TEST. 

DO 233 I l 1,tJtl 
DO 230 J=l,N 
SC(l)-SC(I)+D(I,J)*DY(J)’ 
GO TO (233,23l),IEXlT 
IF (ABS(SC(I))-TOL) 233,233,232 
IEXIT- 
CONT I WE 

CONVERT THE RELATIVE Sill FTS IN SC AtlD Sfl TO ABSOLUTE SHIFTS 

i61°2b0 I=1 LP 
DO 240 J-1:tlC 
K-K*1 
SC(K)=SC(K)*C(I,J) 
DO 250 I=l,tl 
SB(I)=DY(I)+RETAV(I) 

CALClJLATE THE STAtIDARD OEVI ATIONS I tl S I GltA AtlD THE IlATRI X OF 
CORRELATIOt! COEFFlClEtlTS IN t-16. 

!.I-FLOAT((tlf!CE-tlC)rLP-t!) 
l?~SQRT(lJ/l:‘l+lOO 
DO 260 I=l,tl 
Yl(I)=SQRT(GC(I,I)) 
SICMA(I )=Yl( I )*!>I 
DO 265 I-1,tl 
DO 265 J-l,1 
EB~I,J~=BB~I,J~/Yl~I~/YI(J~ 

CtIECK ON THE WWBER OF ITERATION CYCLES PERFORMED 
IF (tIRlltI-f!AXIT) 270,390,390 
IF OIRUfI) 300,300,280 
CD TO (300,29O),IEXIT 

FINAL COtIVEP.GEtICE TEST 
IF ((Ul-lJ)/U-TOLU) 400,300,300 
Ul=lJ 
JF=HF-JF 
CALL MDf11 (Il,!fK,U,PERCl,BETAV,JPOT,DY,SICtlA,IVAR,JF) 
JF -RF 
PERCl-0. 
CALL Ll!tltl (PERCl,!!,PE’?C2 , .2,10, NY,, tl, WlrlE,tIC, ‘IF!!F, LP, FIP, RETAV, 

l RETA,JPOT,JQR,fiLIIR,T,C,IVAR,CX,SD,SC,IIX,TT,Cl,‘l’l,KEY~ 
C SET THE LINEARLY 11ltlll1l SED PARAMETER FOR TllE tlEXT CYCLE 

PERC2=PERCl 
IF (IFAIL-1) 330,310,400 

C IF TIIE LINEAR III tII!!ISATION HA!! IIOT CO!!VERr;EZ) AFTER TEN CYCLES COLITROL 
C IS PASSED 9AC!: TO T!iE !!AlN PRODRA!! IF U HAS HOT BEEi DECREASE9 .IT ALL. 

310 IF (IJ-Ul) 330,320,320 
320 IFAI L-2 

GO TO 400 
330 CALL tlEG (N,tlK,BETAV,PERC1,SB,KEY,IVAR,IILt!~,JPOT,CI 1 

: 
APPLY Tl!E ACSOLUTE SlllFTS TO TI!E UE!K’lO\!~l FREE COlICE!IT!?ATIOFlS At!9 THE 
CETAV. 

DO Sk0 l=l,tl 
340 BETAV(I)=I3ETAV(I)+PERCl*SC(I) 

ii0350 lP=l LP 
00 350 J-1,irC 
K=K*l 

350 C(IP,J)=C(IP,J)*PERCl*SC(L) 
ClRlJ?l=?ll?IJ~I+ 1 
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IF~IFAIL~~100,100,100 
390 IFAIL= 
400 RETURN 

END 

SUBROUTINE FUt!CT ~NK,tl,tIttRE,ttC,ttEt~F,LP,NP,BETAV,BETA,JWT,JQR,tILtlB 
l ,T,COtIC,IVAR,CX,SB,SC,PERC,HX,Tf,CI,U,NtI,KEY) 

DIMENSIDtI TITLE(20) 
DIt!EtlSIOtI HLtJL’(t~K),JPOT(tIK),BETA(NK),Cl(ttK),KEY(NK:) 
DItlEtISIOtl JQR(tlt!RE,tJK, 
DItIEtISIOt~ T~tJP,tlI1BE~,COtlC~NP,NtIBE~ 
DIt~EtlSIOtl CX(tlrlRE),TT~tItIOE),IIX(tlllBE) 
DIMENSlDtl BETAV(t~),IVAR(Nl,SB(tl) 
DIt~EtISIOtI SC(Hfl) 
COIItlOtJ JltlP,JOUT,AL10,LARS,tlAXIT,TOL,TOLU,ACCt~,t~F, IPRIN 

t ,t~RUt~,TITLE,lFAIL 
THIS SUBROIJTI NE CALCULATES OtlLY THE SlJt! OF SWARES FOR ALL THE DATA 
POIIITS. AND IS CALLED BY TIIE LINEAR t~ItIItlISATIOtI RDlJTINE LI!!IN. Tt!E 

c 

: 
C 
C 
c 
I: t 

LENGTH-OF THE SHt FT VECTORS (SC FOR THE UNKNDI~tI FREE COtICENTRATIONS, 
SO FOR THE PARA!!ETERS RETAV) ARE !WLTIPLIED BY THE SCALAR PERC W!itCll 
IS THE VARIABLE BEItlG OPTIt!ISED It1 LIt!ltl. THE CALCULATION IS SItlILAR TO 
THE OtIE PERFORMED IN CALC, EXCEPT THAT I10 DESIW IlhTRI X OR SRADIENT $S 
COMPIJTED. 

kziF+, 
DO 102 l=l,tl 
IV-IVAR(I 1 

C 
C 
c 
c 

T!!E INITIAL VALUE It1 RETA IS t!O LOt!r;ER REQ?)IRED SINCE TtlE UPDATED 
VALUE IS IN BETAV. BETA THEREFORE IS USED TO STORE THE TE?lPORARY 
VALUE NEEDED BY THE LINEAR tlINI!1ISATIOt~. CX I;‘ILL HOLD THE TRIAL VALUES 
OF THE UtlKt!f-‘l!” FREE CQt!CEtITRAT I Ot!S. 

102 

120 

130 

140 

146 

143 
140 

152 

r. 
I: 
I: 

153 
lb0 

162 

163 
165 
16G 

168 

BETA(IV)=BETAV(I)+PERC*SB~l~ 
U=ADS(DETA(IV)) 
tlLtIO(IV)~ALO~(I:‘)+AL10*JPOT(IV) 
KP=O 
DO 300 IP=l,LP 
DO 120 I=l,tlEtlF 
I PWC= I *1x 
CX( I PHC 1 =cotIc ( I P, I PNC) 
DO 130 I=l,tlC 
KP=KP*l 
CX( I )=COtIC( IP, I )*PERC*SC(KP) 
DO 140 I=l,tIflEE 
tlX( I )=ALOG(ABS(CX( I) 1) 
TT(I)=T(IP,I) 
DO 152 I=l,NK 
IF (KEY(I)) 152,146,146 
\!=HLN9 ( I 1 
DO lb'! .J=l,tltlM 
IFtJQR(J,I ))148,143,148 
II=I!*JQR(J, I )*!iX(J) 
COtlT I WJF: 
Cl (I )=EXP(!I) 
COC!T I WE 
DO It0 t =l,N 
IV=IVAR(I) 

Tt!E PARAIIETERS BETA ARE PERMITTED t!EI;ATIVE VALUES DURINT; THE Llt!EAR 
‘lltlI!fl SATIO’I, RUT SINCE T’!F: AFSOL’JTE VALUE I!AS TAt?W AT STATE!IENT 102 
A CIIECK IS tlEEDED !lER’: TO SEE IF SETAt IV) IS REALLY !lE?ATlVE. 

IF(0ETA(IV1)15~,160,160 
cI(tv)=-cI(Iv) 
C@t!Tt HUF 
DO 1Gt t=l,t!C 
IF (CX(t)) 162,lt6,lG6 
DO 165 J=l,HY. 
IF (JQ!?(I,J))163,1F5,163 
Ct (J)=CI (J)+((-l.)+~JQR(l,J)) 
corn I NUE 
COtlTI WE 
DO 170 l=l,tl~lIcE 
EPS=CX(I I-TT! I) 
DO 163 J=l tl!: 
EPS=EPS+J&( I,J)+CI (J) 
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170 ‘J=lJ+EPS*EPS 
380 CON1 I N’JE 

RETURN 
END 
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SUEROUflNE STATS (NK,tl,titlnE,NC,t3ETAV,JPOT,JQR,t!LtI6,T,CDtiC, lVAR,DU, 
l A,GC,DRO,EPS,HX,TT,CI,CX,fiPNC,LP,tlP,Mtl,U,D,KEY, 
l JS,JP,tiKE) 

INTERER PLUS,BLAtlK,STAR,SY!l(20),PT(116) 
DltlENSlGti JPOP(Il,CLlH(S),EXFR(8) 
DlilEtiSlOti TITLE(20) 
DltlEtISIOW t!Ctin(tlK),JPOT(NK),CI(tiK),KEY(fiK),JS~NK) 
DIt4ENSIGti JQR(#ttnE,NK) 
DIME~~SIO~~ T~tiP,fitin6),CDtiC(~P,titw) 
DItlEtiSIOtI A(ti!16E,LIPNC) 
DlflEtiSIOti CX~tiIlRE~,TT~IiIInE~,HX~tif~BE~,EPS~tit~lCE~,JP~t~:IGF~ 
DlflEtiSIOti BETAV(:i), IVAl!(ti),DRR(ti) 
DIMEtlSiDti GC(NC) 
OIttENSlGtl D(LP,tiKE) 
COtUIOtl JIHP, J@UT,AL1O,LARS,HAXIT,TOL,TOLU,ACCt!,NF, I PRI N 
l ,NRlJtl,TlTLE, IFAIL 

GATA PLIJS,FLAtIK,STAR,SY!I/‘+‘,’ ‘,‘~‘,‘A’,‘B’,‘C’,‘D’,‘6’,‘F’,‘G’, 
l 

: 

‘H’,‘I’,‘J’,‘K’,‘L’,‘tl’,‘ti’,‘D’,’P’,’~’,’R’,’S’,‘l’/ 
A STATISTICAL AHALYSIS OF THE RESIDUALS DF ALL T!!E :4ASS BALAIICE 

d 
EQUATI OIIS. FOR FIJRTIIER DETAILS Stt f1.R. SPIEML, 
THEORY A!lD PRfMLEt!S OF STATISTICS, !lC MAI:! HILL. 

1 FORMAT (‘1 STATISTICS Dt!‘, ?flA4//1 
2 FDR:tAT(I5,5X,lOEll.f) 
3 FORMAT (715) 
b FORtlAT (//I R FACTOR l ‘, F12.6) 
6 FOR!?AT (IS,E13.5,5X,l?F8.?/16X,3F8.2) 
7 FORrlAT (1111, ’ TAGLE OF FDRf!ATIOti PERCEt!TAP,ES’/) 

10 FORtuT (//E15.5,’ ARITtltIETI C :IEAtI’/ 
. E15.5,’ HEAti DEVlAtlOti’/ 
. E15.5,’ STANDARD DEVIATIOti’/ 
. E15.5,’ VAR I AtICE ’ / 
. E15.5,: tfO:~EliT COEFF I C I EtiT OF SKEIICESS ’ / 

tlOtlEtiT COEFFICIENT OF K’JRTOSIS’//) 
“:f”:‘dMJ :’ %iTRAtlDt!S Atlll RESIDUALS TADLIZ’/ 

-‘, 12, ’ TOTAL REACTANT COtICENTRATIOfiS’/ 
l ’ COLS’,I?,JI! - ,12, ’ RESIDUALS DtI !lASS BALAHCE EWJATIOtlS’//) 

12 FORMAT (lSX,‘CLASS LlfllTS’ ,l3X,‘PRO6A6ILiTY’,lOX,‘FREQUE~iCY’,8X, 
~‘PARTIAL’/12X,‘LOI:ER’,lOX,‘tlIGlIER’,7X,’CALC’,7X,‘O6S’,7X,’CALC’, 
+5X,‘DBS’,5X,‘Ct!l-SQUARE’//1 

17 FORfIAT (15,2E15.5,2F10.4,F10.1r18,F12.3~ 
16 FORMAT (//I DBSFRVED CItI SQIJARE IS’, F10.2/ 

’ CIII SQUARE (6 0.95) SHCULD GE ‘, FlO.?/) 
20+FORtIAT (//// ’ !IASS-BALAtiC; EQUATIOR’, 12) 
21 FORt:AT (I4,llBAl) 
22 FORFIAT (I/’ PLOTS OF FORtIATIOti PERCEtlTA%S’/) 
23 FORWT (‘OPOitlT FREE COtICE!. ‘,1218/16X,816J) 
25 FORtlAT (/’ RESIGUALS PLOT*/) 
25 FORtIAT (/5X,Al,2(‘~9X,A1)/5X,Al,lG(9X,Al)/lX,ll9Al~ 

READ (JItiP,3) JPRIti,NT,(JP(I),I=1,NT~ 
NR-8 
WRITE (JOUT,l) TITLE 
tiTGT=LP*ti1IDE 
WFLOAT(tIT’)T) 
SD-SQRT(lJ/l!) 
CLltt(l)=-1.150+SD 
CLlfl(?)=-O.G75*SD 
CLlfl(S)=-O.Sl’?*SD 
CLl!!(4)- 0.000 

108 

CLlrl(S)= @.31’I*SD 
CLlll(C)= O.G75*S3 
CLlt?(7)= l.lSO*SD 
CLi!t(b)=SD/ACW 
DO 108 I=l,tiR 
JPOP( I I=0 
Afl-0. 
x1=0. 
VAR=O. 
COSQ=O. 
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COKU=O. 
nDFrI=O. 

73 

GO TO-i114,112,114,112),JPRlN 
112 tll-NtIBE*l 

H?=NlIDE+tI!lBE 
HRITE (JOUt,ll) Nt!RE,Nl,N2 

114 DO 200 I P=l,LP 
CALL CALC (NK,~I,~l:1CE,tIC,IP,DEtAV,JPOt,JQR,l!L!lC,t,CO~~C,lVAR,DU,A, 
l GC,Dr;B,EPS,I~X,tt,CI,CX,NPtlC,tlP,KEY) 

DO 130 I=l,Nt!BE 
DO 119 K=l,NR 
IF (EPS(I)-CLItIfK)) 118,115,119 
JPOP(h)=JPOP(K)*l 
GO TO 120 
CONT I tlUE 

118 

119 

120 

130 

131 
132 
135 

136 
200 

202 

207 

208 

210 

220 

230 

235 
240 
250 
250 
270 

270 

350 

i 

JPOP(tIR)=JPOP(NR)+l 
Atl=AII+EPS( I) 
RDEN.RDEN+tt( I )+tt( I ) 
DtbDtl+ACS(EPS( I )) 
VAf!=VAR+EPS( Il.92 
COSQ=COSQ+EPS(I)*+3 
COKU-COKU+EPS( I )++4 
GO TO (200,131,132,131),JPRlN 
\!RltE ~.JDUt,?~IP,~TT~I~,I=l,t~ttBE~,~EPS~I~,l=l,~II~BE~ 
‘JO 135 J=I,tlK 
D(IP,J)=CI (J) 
DO 13t J=l,tlflDE 
JPI?‘C=J+tIK 
!!(lP,JPtIK)=EPS(J) 
COtltl tIUE 
GO TO (270,270,202,202),JPRIN 
WRITE (JOUT,24) 
DO 260 I P=l,LP 
DO 207 J=l,tll: 
Cl (J)-D( IP,J) 
DO 203 J=l,tW!E 
JPNK=J+tIK 
EPS(J)=D(lP,JPNK, 
DO 210 1=1,116 
PT( I )=BLAtlK 
DO 220 I=2,116,19 
Pt( I )=PLVS 
DO 250 I=l,tlflPE 
X=EPS(I)/SD*19.*59.5 
J-IFIX 
IF(J-1) 230,230,235 

:,I’,, 250 
IF(J-116) 250,250,240 
J=llt 
Pt(J)=SYIl( I) 
v!l?ItFI (JO!!t, 21) I P, PT 
At1=/W/tlTOT 
DtI=DtI/tITDT 
VAR=VAR/\I 
COSQ=CDSn./ (tttf!t*VAD.*SD) 
COKU=COKU/(tItDt+VAR*VAR) 
l+RItF. (JDUt,lO) A!I,D:l,SD,VAR,COSQ,COKU 
DO 270 l=l,tIR 
EXFR(I)= 0.125 
@RSCll=O. 
t!RlTE (JDUt,12) 
Rl--CLltl(!!R) 
DO 350 C=l,tIR 
EXPOP=EXFR(K)*H 
Ol?Fi?=FLflAT(JPD”(K))/!! 
RhPP=((JP@P(C)-EXPOP)~~Z)/EXPdP 
Ill?lTE (JOUT,17) K,Rl,CLlil(t’.),EXFR(K),OBFR,EXPOP,JPOP(K),RAPP 
Rl=CLI!!(L) 
OFSCl~=D!JSC!‘+RADP 

OBSCII AtlD EXPCI’ ARE THE OBSERVED AtlD EXPECTED VALUES OF 
CII I -SPUARED 

EXPClI=12.6 
:I?. I TC (J31;T. 13 1 OBSCI!, EXPCt! 
RrACT=SQRT;lJ/RDE:I) 
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351 

352 

353 

WRITE (JOUT,4) RFACT 
d0 TO (50~,351,T~R,351),JPRltl 
IfRITE (JOUT,‘I) 
Do 365 I -1,NT 
JT*JP( I) 
WRITE (JOUT,20) JT 
NS=O 
DO 353 J+l,NK 
IF(JQR(JT,JH 352,353,352 
Ns*r1s*l 
JS(NS)-J 
CONT I HUE 
URITE (JOUT,23) (JS(J),J-1,NS) 
DO 356 IP=l,LP 
DO 354 J=l.tIK 

350 

355 

::x 
365 

366 

CI(J)=D(IP;J) 
00 355 J-l,NI!BE 
JPHK=J+lIK 
EPS(J)=O(IP,JPNK) 
TS=T(IP,JT)+EPS(JT) 
DO 357 J=l,HS 
JJ=JS(J) 
CI(J)=CI(JJ)*JQR(JT,JJ 
WRITE (JOUT, 6 1 I P, COW 
CONTI HUF. 
a0 TO i500,500,366,366 
!IRITE (JOUT.22) 

)*lOO./TS 
(IP,JT),(CI (J),J=l,ttS) 

),Jl’RIN 

00 180-l=l,ili 
JT=JP( I) 

JT 
(PLUS,K*1,133) 

b35 

b36 

I40 

kb5 
b50 
555 

456 

WRITE (JOUT,?‘Y) 
I!RITF. (JOUT.25) 
00 b70 IP-1,LP 
DO 435 J=l,NK 
Cl (J)=D(IP,J) 
DO b36 J=l,HflPE 
JPNK-J*tIK 
EPS(J)=O(IP,JPNK) 
TS-T(IP,JT)+EPS(JT) 
DO 440 K=1,116 
PT(Kl-RLANK 
PT(2)=PLUS 
PT(lOZ)=PLUS 
DO 460 J=l,tIK 
X=CI(J)*JQR(JT,J)*lOO./TS*O.S 
K=IFlX(X) 
lF(K-100)450,457,445 
K=lO? 
lF(K)460,460,455 
K=K+2 
lF(PT(K)-OLANK)456,45E,456 
PT(K)=STAR 
CO TO 066 

b57 
b5S 
560 
I70 
CR0 
500 

K-102 
PT(t!)-SY!!(J) 
CONTINUE 
t!RITE (JOL’T.21) IP,PT 
COHTI HUE 
RiilJRtl 
EN0 
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DATA INPUT INSTRUCTIONS FOR MINIQUAD 

Format specifications are in square brackets. 

7.5 

(9 
(ii) 

(iii) 

(iv) 

(4 

(vi) 

(uii) 

(Viii) 

1 card: descriptive title [2OA4]. 

1 card: LAR S [Is], with LARS = 1 all data points are used, with LARS = 2 alternate 
points, LARS = 3 every third point etc. First and last points on all titration curves 
are always used. NK [IS], total number of formation constants; N [IS], the number 
of formation constants to be determined; MAXIT [15], the maximum number of 
iteration cycles to be performed (Note a); IPRIN [IS], IPRIN = 0 is normal, 
IPRIN = 1 monitors the minimization; NMBE [15], the number of reactants (mass- 
balance equations); NC [IS] the number of unknown free concentrations at each 
titration point, i.e., the number of electrodes NEMF = NMBE - NC. 

1 card: TEMP [Fl0*6], reaction temperature in “C. 

NK cards: each one specifies a formation constant as follows-BETA (I) [Fi0*6], 
JPOT (I) [15], JQR (J, I) [I51 (NMBE values), KEY (I) [X5]; pi = BETA (I) x 
10JPOT (I), JQR holds the stoichiometric coefficients (Note b) and KEY is a re~nement 
key, 0 for constants, 1 for parameters. 

1 card : JEL [IS] (NEMF values), the number of electrons transferred at each electrode 
(Note c). 

The following set of cards for each titration curve. 
1 card: TOTC [F10*6] (NMBE values), the initial number of millimoles of reactants 
in solution (Note d); E” [Fl@6] (NEMF values) the standard potentials of the 
electrodes (mV) (Note e); ADDC [F10*6] (NMBE values) the concentrations (M) of 
titrant solutions (there is one for each mass-balance equation (Notes d, f)); VINIT 
[Fl0*6] the initial solution volume (ml). 
1 card for each point on the titration curve with LUIGI [15], 0 is normal, LUIGI > 0 
indicates the end of a titration curve, LUIGI < 0 indicates the end of all titration curves; 
TITRE [F8*3] (NMBE values), volumes (ml) of titrant solutions added (Note f); 
EMF [F8*3] (NEMF values), potentials (mv) measured on each electrode with non- 
zero JEL value, otherwise the decimal cologarithm of concentration. 

1 card: this card controls the amount and type of output produced by STATS. 
JPRIN [15], NT [15], JT [IS] (NT values). JT contains the indices of the NT mass- 
balance equations relative to which the formation fractions are to be calculated. 
JPRIN controls the print-out of’these fractions as follows: 1, no tables or graphs; 
2, tables only; 3, graphs only; 4, both tables and graphs. 

1 card: NSET [IS], 1 for another set of formation constants (items &iv above), 0 for 
another complete set of data, - 1 for termination of the run. 

Notes 

a With MAXIT = 0 a species distribution is evaluated for the given formation constants 
and conditions. 

b The order of coefficients is arbitrary except that those referring to reactants of which 
the free concentration is determined potentiometrically must come last; however, the 
order of coefficients given here determines the order of the concentrations given later. 

: 
If the decimal cologarithm of concentration (e.g., pH) is to be read in put JEL (J) = 0. 
The order of reactants is the same as the JQR. 
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The value is ignored if JEL (I) = 0. 
If one solution contains more than one reactant, simulate the appropriate number of 
titrant solutions with adjusted concentration and volume. Example 1: NMBE = 3, 
one titrant solution containing reactant 3 : ADDC (1) = 0.0, ADDC (2) = 0.0, 
ADDC (3) = Cj . Example 2: NMBE = 3, one titrant solution containing reactants 
2 and 3 : ADDC (1) = 0, ADDC (2) = 2Cz , ADDC (3) = 2CS . In this case the volumes 
added of reactants 2 and 3 must be half the amount added from the burette [TITRE (2) 
and TITRE (3)]. 

APPENDIX 

Equation (2) may be written out as (Al) 

c; = j?, C:llqlsqJ3 * * ’ (Al) 

where Cj is the concentration of complex / and C’, and C2 etc. are the free concentrations of reactants 1, 2 
em. Example 1: a complex ML2 would be defined by (AZ): 

[ML21 = ,&IMlIL12tHlo W) 

hence for this complex JQR is (1,2,0). Example 2: a complex M(LH)2 would be defined by (A3): 

h4U.H)21= ,&IMltLl’IHl’ 

i.e., JQR = (1,2, 2). Example 3: a complex ML2(OH2) would be defined by (A4): 

(A3) 

IML&X-BSI = /%IMIIL12tHl-2 (A4) 

i.e., JQR = (1, 2, -2). 8, is not in fact the formation constant for the complex ML2(OH)2 but is related to 
it through Kv =+ [HI[OHl S~XEC ~~;IMI[L~~[oH~~ = &[M~[L~~[H]-~K:, i.e., B1 = & x K:, where 8; is 
the true formation constant for ML2(0H)2. 

Following this convention, if hydroxide ion is being added as titrant its concentration should be &en 
a negative s&r, assuming that the mass-balance equation is expressed in terms of hydrogen-ion concentration. 
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mEin neues Computerprogramm zur Berechnung der Bildun8skonstanten von 
Komplexspexies in Losung wird angegeben. Man kann das Programm bei allen Arten von 
potentiometrischen Titrationsdaten verwenden, such bei Systemen mit mehreren Reaktanten 
und mehreren Ekktroden. Die Ergebnisse werden statist&h analysiert, urn ihre Richtigkeit 
zu bewerten und urn bei der Priifung von Hypothesen zu helfen. 
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Rburnk-On presente un nouveau programme de calculatrice pour le calcul de constantes de 
formation d’espkes complexes en solution. Le programme peut &re applique A toutes e&es 
de don&s de titrages potentiometriques, y compris les systemes a multi-corps rb.agissants et 
multi&ctrodes. On fait une analyse statistique des resultats afin d’apprkcier leur validite, 
et d’aider dans I’examen d’hypotheses. 
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Summary-A potentiometric and spectrophotometric investigation on the formation of zinc(H) 
complexes with Semi-Xylenol Orange (SXO or H,L) is reported. In an aqueous solution 
@ = O-l), three 1: 1 complex species, MH2L, MHL-, ML’-, and a 1: 2 complex, MLz6-, seem 
to exist. In a strongly alkaline medium (above pH 12.5) the complexes may dissociate to give zinc 
hydroxide and L4-. The formation of a hydroxy complex is not observed. The absorption 
maxima are at 445 nm (MHIL), 466 nm (MHL-) and 561 nm (ML’-), the molar absorptivities 
being 2.34 x 104, 2.42 x lo4 and 3.14 x 104 l.mole-‘.cm-’ respectively. The formation con- 
stants are (at 25 & 0.1”) log KiL = 11.84, log KzHL = 7.13, log K&,_ = 2.70, log Kk,., = 1660. 

The mono-substituted product Semi-Xylenol Orange, 3-[N,N’-di(carboxymethyl)amino- 
methyl]-o-cresolsulphonphthalein, SXO, is synthesized when Xylenol Orange, X0, is 
prepared.‘-’ In previous work,4 we separated SXO from X0 and investigated the acid 
formation constants and the molar absorptivities of SXO. Its value as a metallochromic 
indicator or analytical reagent for the determination of several metals has been investi- 
gated. 3-6 

The present work reports on the species in an aqueous solution containing zinc(I1) and 
sxo. 

EXPERIMENTAL 

Reagents 

SXO. Synthesized and purified4 by means of cellulose column chromatography and ion-exchange (batch 
method instead of the chromatographic one used previously). The purity was nearly 100°~, as measured 
by potentiometric titration with a standard sodium hydroxide. This SXO was weighed and dissolved in 
water for each experimental solution. 

Standard sodium hydroxide solution, 0.1 M. Free from carbonate. 
Stock solution ofzinc nitrate. 1 x lo- 'M. Standardized with EDTA. and diluted as required. 
Buffers. The pH was controlled with O*lM sodium acetate-0.lM’ perchloric acid at pH l-O-3.5, O*lM 

acetic acid-O+lM sodium acetate at pH 3.5-7*O,O*OSM veronal-0.1M perchloric acid at pH 6*7-9.0,O.l M and 
1M sodium hydroxide at pH 9*0-14-O. 

All reagents were analytical grade materials. 

Apparatus 

Titration vessel. A 200-ml glass flask with 4 necks to accommodate a Metrohm Model E-274 piston 
burette, glass and calomel electrodes, gas inlet and outlet. 

Procedures 

Potentiometric measurements. The tetrabasic SXO was titrated potentiometrically at 25fO*l” under 
nitrogen, with sodium hydroxide solution in the absence and presence of zinc(I1) at 1: 2.1: 1 and 4:l molar 
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ratios of metal to ligand. The concentration of ligand was approximately 1 x lo-‘M and the volume of 
the experimental solution was 50 ml. The ionic strength was maintained at 0.1 with potassium nitrate. 

Photometric measurements. To a solution containing enough 1 x 10m4M zinc(H) to give the desired 
molar ratio of metal to ligand, in a 25-ml volumetric flask, were added 2 ml of 5 x 10-*&f SXO, buffer 
solution, the amount of IM potassium nitrate required for an ionic strength of O-1, and water to the mark. 
The solution was mixed and the spectrum obtained immediately, apinst water as reference, in l-cm quartx 
cells. All measurements were performed at room temperature. 

CALCULATIONS 

In the mathematical treatment, the following symbols are used: TL = total analytical 
concentration of ligand; TM = total analytical concentration of metal ion; u = moles of 
base added per mole of ligand; k, = acid formation constant of the ligand, ki = [Hi L]/ * 

PLUW; K&t‘ = formation constant of complex MHI L, K&L = [MH{ L]/[M][H, L]; 
K&,,L = acid formation constant of complex MH, L, K&,,, = [MH, L]/[MH,_,L][H]. The 
acid formation constants of SXO determined previously4 are: log k, = 10.90, log k2 = 
744, log k, = 2.60, log k4 = 1.5. 

Formation constants of 1: 1 complexes MH,,L 

The equations can be derived by modifying Schwarzenbach’s’ and Martell’s.8*g For the 
system of the ligand HqL and the metal ion M, where the complexes MHrL (i = 0, 1, . . . , N) 
are formed, equations describing the total analytical concentration of ligand, total metal 
ion concentration and electroneutrality can be written as follows. 

(4 - a)TL = [H] - [OH] + i i[HIL] + 2 i[MHiL] 
i=1 i=l 

Equations (l), (2) and (3) are written in terms of [MH,L], [H,L] and [M] as follows. 

TL = A,[H,L] + B,[MH,L] (4) 

TM. = WI + 4WW1 (5) 

Tu = C,[H,L] + D,[MH,L] (6) 

where 

C, = ,$i i[H]‘&/[Hj”K~, 0. = f, i[H]‘K,‘/[H]“K,’ 

TH=(4-=)TL-[H]+[OH],KI=klkl,...,ki (K,=l) 

& = K& KiHzL. . . . K&,= (K,’ = 1). 

Equations (4), (5) and (6) can be solved simultaneously for the quantities [MH,L], [H,,L] 
and [Ml, and the formation constant of the complex MH,L given by the equation 

NW1 (4 G - A, D&G TL - 4 TI,) 
KkinL = [M][H,L] = (B, TH - 0. T&4, B. TH + B, C, TM - A, 0. TM - B, C, Td (7) 
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The value for KEHnL was obtained by means of successive approximation. Equation (7) 
involves N acid formation constants of protonated complexes, KiHIL (i = 1,2, . . . , IV). 
For a set of assumed values for KiHiL, the corresponding value for KEHmL was calculated 
for a point on the titration curve where the complex MH,L was assumed to predominate. 
The value for constant K& was taken as that giving least deviation of the K& values. 

To determine the value of A’, the average number (ii”) of hydrogen ions bound to complexes 
was calculated.‘~rO 

In a solution containing excess of metal ion the free ligand concentration may be neglected, 
and from equations (1) and (3), ii,., is given by 

R, = 
(4 - u)T, - [HI + [OH] 

T, 
(9) 

In a solution containing excess of ligand the free metal ion concentration may be neglected, 
and from equations (l)-(3), 6” is given by 

A, = 
(4 - a)T, - [H] + [OH] - P 

Ttd 
(10) 

where P is the total concentration of hydrogen ions bound to the free ligand in all forms and 
is given by 

P = $, W-V-1 = (TL - TM) i i[H]‘Ki 
i=l I 

,io [H]‘Ki 
._ 

Formation constants of 1: 2 complex ML, 

The extent of 1: 2 complex formation can be characterized by the complex formation 
function or the average co-ordination number function (ROH) introduced by Bjerrum.” 

W-1 + W4Ll Ki,[J-I+ 2Kk,[LlZ 
EL = [Ml + [ML] + [ML,] = 1 + K,M,[L] + KEL,[L]’ (11) 

In a solution at high pH, protonated complexes can be ignored and the equations describing 
the total analytical concentration of ligand and metal ion, and electroneutrality, are 

TL = X[L] + [ML] + 2[ML,] (12) 

TM = [Ml + [ML] + [ML,] (13) 

(4 - a)T, = [H] - [OH] + Y[L] 

where X = i&, [H]‘Ki, Y = 9 i[H]‘Ki. 
i=l 

From equations (12)-(14) 6, is given by 

(14) 

ii, = TL - W-1 
Th4 (1% 

where [L] = ((4 - a)T, - [H] + [OH]}/ Y. 
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Fig. 1. Potcntiomctric titration curves of Zn(II)-SXO complexes at 25 f O*l”C in 50 ml of 
@lM KNOI solution with following molar ratios of metal ion to l&and: I-Zn alone; 2-SXO 
alone; 3-Zn: SXO(l:2); 4-Zn:SXO(l: 1);5_Zn:SXO(4: l), a=number of moles of base 

added per mole of SXO. 

TM :I-9.68 x lo-•M; 3-5.38 x 10-*&f; e-1.07 x 10-“&f; 5-4.30 x 10-3M. 

TL :2-1.06 x lo-“M; 3-9.72 x lo-*M; 4-961 x 10-4M; J-9.54 x lo-*M. 

For various points on the titration curve, the values for E, are plotted against pL. Log 
KM M L1 may be determined from the values of pL at an ii, value of 1.5. 

RESULTS AND DISCUSSION 

Determination offormation constants of the complexesfrom the pH titration curves 

Potentiometric titration curves of zinc(II), SXO, and 1: 2, 1: 1 and 4: 1 molar ratios of 
zinc(I1) to SXO are presented in Fig. 1. The curve for SXO has two well-defined inflections, 
involving the dissociation of the acid species H4L and H,L- between a = 0 and a = 2, 
H2LZ- between a = 2 and a = 3, and HL3- after a = 3. 

At relatively low pH, all the curves for mixtures of the metal and ligand exhibit a buffer 
region, indicating the formation of a protonated metal chelate, which then dissociates at 
medium pH to a fully deprotonated species ML’-. It is possible that more highly protonated 
species are also formed, especially in view of the lower .pH of the buffer region when the 
molar ratio of metal to ligand is increased. The extent of the buffer region after the first 
inflection on curves 4 and 5 indicates that not more than one metal ion can combine with 
one SXO molecule when excess of zinc is present. Further addition of base after a = 4 
results in formation of zinc hydroxide (cJ curve 1). 

The average numbers (ii”) of hydrogen ions bound to the complexes at various points 
on the titration curves, calculated from equations (9) and (10) were: 1.9 at the start of titra- 
tion (I), 1.0 at the first inflection point (II), -0.2 at the second inflection point (III) for 
curve 3; 2.2 at point (I), 1.2 at point (II), O-1 at point (III) for curve 4; I.8 at point (I), I.0 at 
point (II), -0.2 at point (III) for curve 5. The results indicate the presence of two protonated 
complexes, MHIL and MHL-, and a simple complex ML2-. If only 1: 1 complexes were 
formed, the ii, values at a given point should decrease when the molar ratio of metal ion 
increases. The average number (RJ of ligands bound per metal ion in the 1: 2 mixture, 
calculated from equation (15). were 1:O at pH 6.7, 1.25 at pH 9.0, 1.5 at pH 10.0. This 
indicates the presence of a 1: 2 chelate ML26-. 
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Table 1. Formation constants of zinc(H) complexes with SXO 
at 25 f O*l”C, p = O-1 (KNOI) 

Reaction Log K 

M2+ + HzL*- S MH2L log KfiHzL = 2.70 

M*+ + HL3- z=== MHL- log K& = 7.13 

M*+ + L4- e ML*- log K:L = 11.84 

Mz+ +2L4- \ ML26- log K:L2 = 1660* 

H++MHL- y MH2L log K:,,, = 2.70 

H++ML*- = MHL- log K&L = 6.18 

* Data determined by Bjerrum’s method, the rest by means 
of successive approximation. 

The equilibria and the formation constants calculated from equations (7) and (15) are 
listed in Table 1. Table 2 shows the results of the successive approximations in which the 
deviations of each K& (n = 0, 1, 2) value were minimal at any point along the titration 
curve for the given set of values of K&,L (n = 1,2). 

The average number (go,.,) of hydroxide ions bound to the complexes is given by’* 

non = 

(a - 4)T, - [OH] + [H] + S 

TM 

PWW-1 + 2PW%Ll 
= [ML] + [M(OH)L] + [M(OH),L] 

Table 2. Formation constant values at points along titration curve* 

PH log J&IL log K:HL log KS. 

2.971 
3.080 
3.171 
3.284 
3400 
3.543 
4.394 
4.458 
4.590 
4.739 
4.897 
5,189 
5.376 
5.475 
5.579 
5.670 
5.760 
5.837 
5.997 

2.68 
2.71 
2.72 
2.72 
2.70 
2.68 

7.18 
7.18 
7.14 
7.11 
7.09 
7.08 
7.09 
7.08 
7.08 
7.11 
7.12 
7.10 
7.12 

1190 
1190 
11.86 
11.83 
11.80 
11.80 
11.81 
11.78 
11.78 
11.82 
11.84 
11.81 
11.83 

av. 2.70 rt 0.02 7.13 f 0.05 1184*0*06 

* Assumed K& values: log K& = 2.70; log KiHL = 618. 
T, = 1.07 x 10-3M, T, = 9.61 x lo-*M. 
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Wavelength, nm 

Fig. 2. Absorption spectra of Zn(II)-SXO complexes at different pH values. 

Z’,-4.30 x lo-“M; TL= 1.92 x lo-‘M, pH: I-1.59; 2-2.82; 3405; 4-944; 5-1360. 

where S is the concentration of hydrogen ions bound to the free ligand species and to the 
protonated complexes, and given by 

i i[H]‘K, 
S=i;’ 

(T T ) + .i Wl’Ki’ 
t-1 

& Wl'Ki L - M i$ [W'Ki' TM 
Values of iion were about zero at any point along the 1: 2 curve. This result indicates the 
absence of a hydroxo-complex in a solution of zinc@) and SXO below pH 11.0. 

Spectrophotometric investigation of the complexes 

Absorption spectra of a solution containing zinc(I1) and SXO at different pH values 
were measured between 350 nm and 650 nm (Fig. 2). With increase of pH, the absorption 
band first (pH 28) shifts slightly to shorter wavelength and then slightly shifts to longer 
wavelengths. The absorption spectra remained almost unchanged over the pH ranges 
2*0-35,45-5.5 and 80-l 1.0, the absorption maxima being at 445,465 and 560 nm respect- 
ively. The mole-ratio method showed the combining ratios of zinc(U) and SXO to be 1: 1 
at pH 2.80 and 5.05, and 1: 1 and I : 2 at pH 985. These results indicate the presence of four 
complexes MH2L, MHL-, ML’- and MLz6-, in agreement with the potentiometric 
measurements. Spectra of the Zn(I1) complex near pH 3.0, where MHIL predominates, 
are nearly the same as those of SXO at pH 3G6.5 where H,L*- is formed by dissociation 
of the two carboxyl group protons. But it is supposition whether MH,L is formed by dis- 
placement of a proton from each carboxyl group or one from one carboxyl group and the 
other from the quaternary ammonium group of the zwitterion. The conversion of MHL- 
into ML’- is accompanied by a change from yellow to red purple, due to dissociation of a 
proton from the phenol group. 
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Fig. 3. Absorbance of Zn(II)-SXO complexes as a function of pH. 

TkI = 4.30 x 10m5M; TL = 1.92 x 10m5M; wavelength: 1-561 nm; 2-466 nm; 34l5 nm. 

Figure 3 shows the variation of absorbance at the absorption maximum for each complex 
species. The absorbance is almost constant over the pH range 85-l 15, indicating no hydroxo- 
complex is present. Figure 2 shows that at pH 125 a sharp and strong absorption band 
appears, with a maximum near 580 nm, and at pH > 135 the absorption band of thezinc( 
SXO solution is identical to that of SXO alone. This shows that in a very alkaline medium 
the complexes dissociate to give Zn(OH),2- and L4-. 

From the spectra, the absorption maxima were found to be at 445 nm (MH,L), 466 nm 
(MHL-) and 561 nm (ML2-), the molar absorptivities being 2.34 x 104, 242 x lo4 and 
3-14 x lo4 l.mole-‘.cm-’ respectively. 
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SHORT COMMUNICATIONS 

SOLVENT EXTRACTION-SPECTROPHOTOMETRIC 
DETERMINATION OF RARE EARTHS WITH 

CHLOROPHOSPHONAZO-III 

(Received 12 March 1973. Accepted 3 July 1973) 

The photometric reagent 2,7-bis-(4-chloro-2-phosphonoben2Rneazo)-l,&dihydroxy-naphthalene-3,6-di- 
sulphonic acid (chlorophosphonazo III) is a derivative of chromotropic acid and has been used for deter- 
mining calcium and magnesium’ and rare earths2 since Nemodruk et al., reported its usefulness for determin- 
ing uranium.3 BudeSinSky and Menclova reported the extractive photometric determination of rare earths 
with chlorophosphonazo DAL.4 We have found that the rare-earth chlorophosphonazo III chelates are 
easily extracted from aqueous solution at low pH into n-butanol and the molar absorptivity of the chelate 
in the organic layer is higher than that in the aqueous layer and that of the chlorophosphonazo DAL chelate. 
In the present paper, we describe the solvent extraction+ectrophotometric determination of micro-amounts 
of rare earths with chlorophosphonazo III. 

EXPERIMENTAL 

Reagents 

Rare-earth solutions. Standard solutions of lanthanum, praseodymium, samarium, gadolinium, dys- 
prosium, erbium and lutetium chlorides were obtained by dissolving the 99.9 % pure oxides in warm dilute 
hydrochloric acid and then evaporating the excess of acid. The solutions were standardized by EDTA 
titration with Xylenol Orange as indicator. 

Chlorophosphonazo ZZZ stock solution, O-02 %. Prepared from commercial reagent (estimated purity-86 %). 
Bufunol. n-Butanol was shaken with an equal volume of dilute hydrochloric acid (pH 1.1) and the butanol 

layer was used for extractions. 
All other chemicals used were of analytical-reagent grade. 

Procedure 

A solution containing less than about 20 pg of rare earth ions was transferred into a beaker, 5 ml of 
chlorophosphonazo III solution were added, the pH was adjusted to 1.1-15 and the solution was transferred 
to a 20-ml volumetric flask and made up to volume with water. Ten ml of this solution were pipetted into a 
separatory funnel and extracted for 10 min with 10 ml of butanol. The butanol layer was transferred to a 
centrifuge tube and centrifuged to separate residual aqueous layer. The absorbance of the butanol solution 
was measured in a l-cm cell at 668 nm against a reagent blank. 

All experiments were done at about 25”. 

RESULTS AND DISCUSSION 

Absorption spectra 

Figure 1 shows the absorption spectra of chlorophosphonazo III in aqueous solution (pH l-3) and in 
butanol solution after extraction from aqueous solution. The degree of extraction of the reagent was about 
92%. It also shows the absorption spectra of gadolinium chlorophosphonazo III chelate in aqueous and 
butanol solution; the absorption maxima for the aqueous and butanol solutions are 674 and 668 nm, re- 
spectively. The chelate was almost completely extracted. The maximum absorbance in the butanol solution 
is about 3 times that in the aqueous solution. 
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0.6 

660 

Wovslsngth, nm 

Fig. 1. Abmrptio~ spectra of chlorophosphonaxo III and its gadohnium complex in aqueous 
and butanol solutions 

I. Reagent in aqueous solution (pH 1.3) III. Complex in aqueous solution (pII 1.3) 
II. Reagent in butanol solution IV. Corn&x in butan solution 

~oraph~ph~n~ III-21 x lo-” M, Gd3*-+49 @ml; 111 and IV-reagent 
reference. 

blank as 

Fig, 2. Variation of absorbance of chlorophosphonazo III and ifs gadotinium &elate in aqueous 
and butanol solutions as a function of pH 

I. ~oro~~~hon~o III in aqueous solution 
II. Chlorophosphonaxo III in butanol solution 

III. Gd-chlorophosphonaxo III chalate in aqueous solution 
IV. Gd-chlorophosphonaxo III &elate in butanof solution 
~hloroph~p~o 11X-2.1 x lo- 5 M, Gd3 +-+49 pg/ml ; wavelength 668 nm. 
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Effect of pH 
Figure 2 shows the variation of the maximum absorbance, for both the aqueous solution and the butanol 

extract, as a function of pH. The absorbance of the chelate in butanol solution is almost constant over the pH 
range from 1.1 to 15. 

Effect of reagent concentration 
The absorbance in aqueous and butanol solutions was studied as a function of the mole ratio of the reagent 

to gadolinium ion. The results are shown in Fig. 3. Constant absorbance is obtained with a 2 : 1 ratio of 
reagent to gadolinium in aqueous solution, and 8 : 1 if the extraction is used. At least a tenfold molar excess 
of reagent is therefore recommended. 

0.8 - 

0.7 - 

06. 

8 0.5 - 

6 
P 
& 0.4 - 
In 

P 
0.3 - 

0.2 - 

MO I e ratio , chlorophosphenazo lU/Gdh 

Fig. 3. Variation of absorbance of gadolinium chlorophosphonazo III chelate in aqueous and 
butanol solutions as a function of reagent concentration 

I. In aqueous solution (pH l-3) 
II. in butanol solution 
Gd3 + 0.49 pg/ml ; wavelength 668 nm. 

Beer’s law 
Beer’s law is obeyed over a concentration range up to at least 0.73 pg/ml for both the aqueous and the 

butanol solutions, but the sensitivity is greater for the butanol system by a factor of three (implying that if a 
1 : 1 complex is formed in aqueous medium,2 a 1 : 3 complex is extracted into butanol, as would be expected 
for formation of a neutral species). The absorbance remains constant for at least 24 hr. 

Eflect of diverse ions 
The effect of other ions on the determination is shown in Table 1. The presence of an equimolar ratio of 

uranyl or thorium ions, a tenfold mole-ratio of scandium or a hundredfold mole-ratio of iron(III) causes 
interference. However, hundredfold mole-ratios of sodium, potassium, magnesium, aluminium, phosphate, 
sulphate, acetate, citrate and EDTA do not interfere. 

Behaviour of other rare earth chelates 
Table 2 shows the wavelengths of the absorption maxima and the molar absorptivities of lanthanum, 

praseodymium, gadolinium, dysprosium, erbium and lutetium chelates in butanol and aqueous solution. 
Though the maximum of the absorption bands shifts from 677 to 673 nm with increasing atomic number, 
for aqueous solution, all the maxima are at 688 nm for butanol solution. In both cases, the molar absorptivi- 
ties increase with atomic number from lanthanum to dysprosium and decrease from dysprosium to lutetium, 
and the complexes behave similarly to the gadolinium complex. 
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Table 1. Interferences in the determination of 0.49 pg of gadolinium in synthetic samples (measurement at 
668 nm) 

(MMGd) Gd’+ 
Other ion (M) mole ratio found. ti$ 

Mg’ + 100 048 
Cal+ 10 053 

100 0.57 
Al’+ ld 0.49 

0.47 
Fe’+ 1 048 

10 054 
100 serious interference 

sc3+ 1 050 
10 interference 

uo:+ 1 interference 
10 serious interference 

W/KM. Gd’ + 
Other ion (M) mole ratio found, w 

w+ 1 046 
10 048 

Th*+ 1 interference 
10 serious interference 

SO:- 10 051 
100 046 

PO:- 1 0.49 
100 046 
10 0.50 

acetate 100 0.49 
citrate 100 046 
EDTA 10 050 

100 046 

Table 2. Maximum wavelengths of absorption bands and 
molar absorptivities of rare-earth chlorophosphonazo III 

chelates in aqueous and butanol solutions 

Maximum Molar absorptivities, 
wavelength, nm l.mole-‘cm-’ 

aqueous butanol aqueous butanol 
solution solution solution solution 

La 677 668 5.5 x lo4 1.5 x lo5 
Pr 677 668 5.6 x 104 1.9 x 10s 

s;! 675 674 668 668 6.7 7.2 x x lo* lo4 2.0 1.9 x x 10s 10” 
DY 674 668 8.4 x lo4 2.3 x IO5 
Er 674 668 7.6 x IO4 2.0 x 10” 
Lu 673 668 6.0 x lo4 I.7 x 10’ 

Co&e of General -cation 
Kyush14 University 
Fukuoka, Japan 

TOUIIWGUTAKETATSU 
MASS tirco 
NORIKO KONO 
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Summary-The rare-earth chlorophosphonazo III chelates are easily extracted from an aqueous 
solution (pH l-1-15) into n-butanol. The absorbance at the absorption maximum (at 668 nm) 
is about 3 times that in aqueous solution. The spectrophotometric determination of rare earths 
has been investigated. 
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Zusanune~-Die Chelate der seltenen Erden mit Chlorphosphonaxo III werden aus 
einer wlgrigen Liisung (pH l,l-1,5) leicht in n-Butanol extrahiert. Die Extinktion am Absorp- 
tions maximum (bei 668 nm) ist etwa 3-ma1 so grol3 wie die in w5iDriger Liisung. Die spektro- 
photometrische Bestimmung seltener Erden ist untersucht worden. 

Rbsumb-L,es chelates du chlorophosphonazo III avec les terms rams sont ais6ment extraits 
d’une solution aqueuse (pH 1,1-1,5) en a-butanol. L’absorbance au maximum d’absorption 
(a 668 nm) est environ 3 fois celle en solution aqueuse. On a Ctudit le dosage spectrophoto- 
metrique des terres rams. 

Talnnta, Vol. 21, pp. 91-93. Per~mmt Press, 1974. Printed in Great Britain 

ADSORPTION OF CHLORINATED PESTICIDES FROM 
RIVER WATER WITH XAD-2 RESIN 

(Received 26 June 1973. Accepted 3 July 1973) 

Usually chlorinated pesticides are present in water in such small amounts that using a separatory funnel to 
carry out the extraction procedure is difficult because of the large volume of water needed to get meaningful 
data. For the determination of pesticides at lower concentrations two methods are usually used, continuous 
extraction with an organic solvent,’ or adsorption on charcoal. ‘* s These two methods are, however, rather 
time-consuming, requiring one hour to extract 05-l litre of water in the continuous extraction procedure 
and up to 35 hr extraction with chloroform to recover the pesticide from the charcoal in the charcoal adsorp- 
tion procedure. Recently several new absorbents have been proposed for the recovery of organics from water. 
A mixture of Carbowax 4000 monostearate and undecane on a Chromosorb W solid support has been used 
to recover chlorinated pesticides from water. 4 Amberlite XAD-2 resin has been used to concentrate dis- 
solved organic materials from sea-water.’ Polyurethane foam coated with a selective adsorbent has been used 
for the extraction of organochlorine pesticides from water.6 Finally Amberlite XAD-2 resin has been used to 
recover trace organics from potable water. ’ Of these. absorbents, Amberlite XAD-2 resins seemed to have 
the most potential and Amberlite XAD-2 was evaluated as an absorbent for concentration of trace organo- 
chlorine pesticides from river water. 

EXPERIMENTAL 

Apparatus 

A Beckman GC-5 gas chromatograph equipped with a discharge electron-capture detector was used for 
the gas chromatography. 

Column. A 2 x 20 cm glass tube was fitted with a Teflon stop-cock on one end and a T 24140 outer joint 
on the other. 

Reservoir. A 5-l. round-bottom flask was fitted with a %24/40 inner joint on the bottom of the flask. A 
Teflon sleeve was used to seal the joint connecting the reservoir to the column. 

The XAD-2 resin was supplied by Rohm and Haas Co. The fine particles were removed from the resin by 
slurrying and decanting several times with water. The resin was filtered off and transferred to a Soxhlet 
extractor and extracted for 24 hr with pesticide-grade acetonitrile to remove impurities from the resin. The 
solvent was changed and extraction continued for another 24 hr with fresh solvent. The resin was washed 
free from acetonitrile with water and stored under water in a glass-stoppered bottle. 

Procedure 

A glass-wool plug was placed in the bottom of the column and 10 ml of resin were added to the column in 
a water slurry. A plug of glass wool was added to the top of the column and the reservoir connected to the 
top of the column. A 4-1. river-water sample was added to the reservoir and the flow-rate adjusted to 
approximately 50 ml/min. After the sample had passed through the column, 200 ml of hot acetonitrile were 
passed through the column at 50 ml/min and collected in a l-l. separatory funnel. Water (700 ml) was 
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added to the separatory funnel and the aqueous acetonitrile was extracted with three 60-ml portions of 
pesticide-grade petroleum ether (b.p. 30-60”). The combined petroleum ether extracts were washed with two 
15-ml portions of water, dried by passing through a column of sodium sulphate and concentrated to 1 ml 
with a Ku&ma-Danish evaporation assembly and a 3-ball Snyder column. No “ Florisil ” &an-up of the 
petroleum ether extract was necessary before gas chromatographic analysis. For larger samples a bigger 
reservoir may be used, or several bottles of river water may be passed through the 5-1. reservoir in 
succession. 

RESULTS AND DISCUSSION 

Table 1 lists the results obtained for a series of weekly samples taken between January and June of 1973 

Table 1. Comparison of dieldrin recovery from 4-I. river water samples by the XAD-2 
procedure and the regular extraction procedure.* Results given in parts per billion (10”) 

Date XAD-2 Extraction 

Jan. 8 
Jan. 15 
Jan. 24 
Feb. 1 
Feb. 4 
Feb. 11 
Feb. 19 
March 19 
March 24 
March 30 

6 
13 
4 

15 
16 
15 
3 
2 
6 
4 

Date XAD-2 Extraction 

April 5 4 4 
April 15 14 7 
April 22 4 4 
April 29 2 
May 6 5 : 
May 13 6 4 
May 20 4 3 
May 28 9 9 
June 3 6 5 

from the Skunk River near Ames, Iowa. The XAD-2 results are the average of duplicate determinations 
which generally agreed within It1 part per billion (IO”). Die&in was the only pesticide present in sufficient 
concentration to be monitored accurately with a 4-l. sample. During periods of high run-off or at other 
times with a larger sample, the following pesticides were detected but not quantitatively: p,p’-DDT, p,p’- 
DDE, p,p’-DDD, o,p’-DDT, heptachlor epoxide, lindane or atrazine or both, and several others yet to be 
characteri&. The values obtained for dieldrin by using XAD-2 resin compare favourably with those from 
the regular extraction procedurc.8 The XAD-2 procedure is easier to use in that & 4-l. sample does not 
have to be manipulated several times. 
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Summary-Pesticides in river water at levels as low as parts per billion (lo”), can be recovered 
by sorption on a column of XAD-2 resin, followed by elution with acetonitrile. Water is added 
to the acetonitrile and the pesticides are extracted by petroleum ether and determined by gas 
chromatography. The new procedure is more convenient to use than the solvent extraction 
procedure and gives comparable results for dieldrin. 

Zusammenfassnag-Pestizide in FluBwasser konnen in ppb-Konzentrationen (1012) erfagt wer- 
den durch Sorption an einer Saule mit XAD-2-Harz und anschliegender Elution mit Acetonitril. 
Zum Acetonitril wird Wasser gegeben, die Pestizide mit Petrol&her extrahiert und durch 
Gaschromatographie bestimmt. Die neue Vorschrift ist bequemer als das Verfahren mit 
fiiissig-fliissig-Extraktion und dibt bei Dieldrin vergleichbare Erfebnisse. 

R&sum&On peut recup&er des pesticides dans l’eau de rivibe a des teneurs aussi faibles que 
des parties par trillion (1012) par sorption sur une colonne de r&sine XAD-2, suivie d’6lution a 
l’adtonitrile. On ajoute de l’eau a l’acetonitrile et les pesticides sont extraits a l’ether de petrole 
et determines par chromatographie en phase vapeur. La nouvelle technique est plus commode 
a utiliser que la technique d’extraction par solvant et donne des resultats comparables pour la 
dieldrine. 

Tahra, Vol. 21, pp. 93-97. Pergamon Press, 1974. Printed in Great Britain 

EXTRACTION-SPECTROPHOTOMETRIC DETERMINATION OF 
THALLIUM IN HIGH-PURITY INDIUM 

(Received 19 June 1973. Accepted 28 June 1973) 

An accurate determination of trace quantities of thallium in high-purity indium has great importance in the 
technology of semi-conductor materials. In the present paper a spectrophotometric method for determining 
1O-5-1O-6% thallium in indium is described. High selectivity and sensitivity are attained by extractive 
separation of thallium from the matrix in hydrochloric acid medium,te5 and determination of thallium 
as the ion-association complex of TlCL,- with Brilliant Green?-* 

EXPERIMENTAL 

Reagents 

Spectroscopically pure hydrochloric acid, analytical grade reagents and twice-distilled water were used 
throughout. 

Standard thallium solution, 1 mg/ml. Thallium nitrate (1.3650 g) was dissolved in water containing 2 ml 
of cont. nitric acid and diluted to 1 I. with water. The solution was standardized by precipitation of 
Tl,CrO., . Working standards were prepared by dilution of this solution. 

Brilliant Green, 0.01 % solution. 
Phenol, 10 % solution in glacial acetic acid. 

Recommended procedure 

Dissolve a sample of indium (1-5 g) in 25 ml of 6M hydrochloric acid. Add 0.2 g of copper wire and 
evaporate the solution to about 5 ml. Allow to cool and separate from the copper wire, add 5 ml of 6M 
hydrochloric acid and 5 drops of bromine water. Add 5 drops of phenol solution and extract thallium 
with di-isopropyl ether (shaking time 1 min). Wash the organic solution twice with 5-ml portions of 3M 
hydrochloric acid containing 1 drop of bromine water (shaking time 30 set). Shake the ether extract for 
30 set with a mixture of 5 ml of 0.3M hydrochloric acid and 5 ml of Brilliant Green solution. Dilute the 
extract to volume with di-isopropyl ether in a volumetric flask, measure the absorbance against a blank 
solution at 630 nm and obtain the thallium concentration from a calibration curve. 

RESULTS 

Determination of thallium with Brilliant Green 

Thallium complexes such as TICI,- or TlBr,- and Brilliant Green form an ion-association complex, 
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which can be extracted with organic solvents. The absorption spectrum of the TIC14- complex is shown 
in Fig. 1. The molar absorptivity in di-isopropyl ether is 1.06 x 10” 1. mole-‘. cm-’ at h,,, = 630 nm. 
Beer’s law is obeyed for thallium concentrations up to 2 &ml and the colour is stable for at least 1 hr. 

Wavelength, nm 

Fig. 1. Absorption spectrum of thallium-Brilliant Green complex in di-isopropyl ether medium. 
Thallium concentration 1.0 pg/ml, IO-mm cells. 

Extraction of the complex is strongly dependent on the hydrochloric acid concentration in the aqueous 
phase (Fig. 2), the optimum hydrochloric acid concentration being 0.15M. For determination of thallium 

0.2 o-4 0.6 0.8 I.0 

HCI Concentration, M 

Fig. 2. Influence of hydrochloric acid concentration on thallium-Brilliant Green complex 
formation and on extraction into di-isopropyl ether. 

at least a 4-fold excess of Brilliant Green is necessary. Brilliant Green is not itself extracted into the organic 
phase. Under the conditions recommended for thallium determination a single extraction is sufficient. 
Equilibrium is attained in 30 set of shaking. 

Thallium(I) can be oxidized to TI(II1) with bromine water and the excess of bromine removed by addition 
of small amounts of phenol. 

Extractive separation of thallium from indium 

Because InCI.- also forms a Brilliant Green complex a preliminary separation is necessary. This can be 



SHORT COMMUNICATIONS 95 

done by selective extraction of the chloride complex with oxygenated solvents. The influence of the hydro- 
chloric acid con~n~ation on extraction of thallium(II1) and indium(II1) with di-isop~pyl ether is shown 
in Fig. 3. A 6M hydrochloric acid medium was chosen for separation of thallium from indium, and the effi- 
ciency of various extractants was examined (Table 1). Di-isopropyl ether gives relatively small values of 
the distribution coefficient for thallium but the best separation from indium. 

I I I I 
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-- 
l - l ,/C*--. 

n o- 
0” 
-I 

-I - 

-2 - 

I I I I 
2 4 6 8 

HCl Concentration. M 

I( 3 

Fig. 3. Dependence of distribution coefl’lcient of thaIlium f@) and indium (0) on hydr~hloric 
acid concentration in extraction with di-isopropyl ether. Initial concentrations: thallium 100 

pg/ml, indium 10 mg/ml. 

Table 1. Distribution coefficients of thallium(II1) and indium(II1) 
between some organic solvents and 6M hy~~hIor~ acid. Initial 

concentrations: cl, = 10 pg/ml, tin = 1 m&ml 

Solvent log &I log DI. log 2 
I” 

di-isopropyl ether 1.2 -2-s 3-7 
n-amyl acetate 1.4 -2.1 3.5 
isoamyl alcohol 1.9 -1.3 3.2 
methyl isobutyl ketone (MIBK) 2.3 -0.6 2.9 

From 6M hydrochloric acid medium, gold(III), antimony(V), iron(III), gallium(III), and partially in- 
dium(II1) are extracted into di-isopropyl ether. These elements interfere in the thallium determination 
with Brilliant Green by giving similar colour reactions. However, washing the organic extract with 3M 
hydrochloric acid will remove iron(III), gallium and indium. 

interferences of gold(II1) and antimony(V) can be eliminated by reduction of these elements with metallic 
copper9 before extraction of the thallium. A tenfold amount of gold(II1) and antimony(V) relative to 
thallium does not affect the results of thallium determination when the recommended procedure is appiied. 
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Determination of thallium in high-purity indium 

The method was applied to analysis of high-purity indium samples. The results presented in Table 2 
show good precision and accuracy. 

Table 2. Results of determination of thallium in high-purity indium metal 
samples 

Sample TI 
weight, found,* 

9 % 

Standard 
deviation, 

% 

Tl 
added, 

% 

Total 
Tl found, 

% 

5 3 x 10-e 0.5 x 10-e 10 x 10-e 13 x 10-h 
14 x 10-e 

1 6.5 x 1O-s 0.37 x 10-s 5.0 x 10-s 11 x 10-s 
10 x 10-s 

* The average of 5 determinations. 

DISCUSSION 

Brilliant Green is a suitable reagent for the determination of thallium, the main advantages of this reagent 
being high sensitivity, stability of absorbance and absence of fluorescence (which occurs when Rhodamine 
B is used). The Brilliant Green itself is not extractable under the conditions used. The comparatively high 
molar absorptivity allows determination of trace amounts of thallium. 

The preliminary extraction to separate thallium, followed by complex formation in the organic phase, 
is particularly convenient, since it avoids the need to strip the thallium or mineralize the extract, as done 
hitherto. 

Other solvents (e.g., MIBK) give more efficient thallium extraction than d&isopropyl ether but simul- 
taneously increase the extraction of the matrix element unfavourably. 

Indium, iron(III) and gallium are entirely removed by double washing of the ether phase with 3M hydro- 
chloric acid. Any antimony(V) and gold(III) can be reduced with a little copper. 
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Summary-Trace amounts of thallium in high-purity indium are separated from the matrix 
by extraction from 6M hydrochloric acid by di-isopropyl ether. On shaking the extract with 
Brilliant Green in @15M hydrochloric acid, an ion-association complex is formed in the 
organic phase. Interference of other elements is removed by their reduction with metallic 
copper and scrubbing. The proposed method permits determination of 10-5-10-6% thallium 
in high-purity indium with good precision and accuracy. 
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Znaammeafassung-Spurenmengen Thallium in hochreinem Indium werden durch Extraktion 
mit Diisopropyhither aus 6 M Saltiure von der Matrix getrennt. Schtittelt man den Extrakt 
mit Brillantgrtin in 0,15 M Saltiure, dann bildet sich in der organischen Phase ein Ionen- 
assoziationskomplex. Die Storung durch andere Elemente wird durch Reduktion mit metal- 
lischem Kupfer und Auswaschen beseitigt. Das vorgeschlagene Verfahren erlaubt die Bestim- 
mung von 1O-5-1O-6 % Thallium in hochreinem Indium mit guter Genauigkeit und Richtigkeit. 

Resume-Des quantitds de thallium ir l’etat de traces dans l’indium de haute purete sont 
s&par&es de la matrice par extraction d’acide chlorhydrique 6M au moyen d&her diisopropy- 
lique. En agitant l’extrait avec du Vert Brillant en acide chlorhydrique O,lSM, il se forme un 
complexe d’association ionique dans la phase organique. L’interference d’autres eidments est 
elimin&e par leur reduction avec du cuivre metallique et epuration. I-a mtthode propo& 
permet le dosage de lo- ‘-10v6 % de thallium dans l’indium de haute purete avec de bonnes 
fidelite et precision. 

Tolanta, Vol. 21, pp. 97-102. Pergamon Press, 1974. Printed in Great Britain 

EVALUATION OF l-(2-THIAZOLYLAZO)-2-HYDROXY-3-NAPHTHOIC 
ACID AS A METALLOCHROMIC INDICATOR 

(Recieved 15 May 1973. Accepted 9 June 1973) 

Many o-hydroxythiazolyla compounds have been used as metallochromic indicators. Most cannot be used 
at a high pH because of the dissociation of the phenolic proton, but in I-(2-thiazolylazo)-2-hydroxy-3- 
naphthoic acid (TAHN)‘, the acidity of the phenolic proton is lessened by hydrogen-bonding with the 
carboxyl group. 

The formation constants of TAHN chelates of copper, nickel and zinc and its value as an indicator are 
reported here. 

EXPERIMENTAL 

Reagents 

TAHN The reagent was synthesized by the procedure reported previously.’ It was used as a IOw3M 
solution in dioxan. 

Metal ion solutions. These were prepared by dissolving the reagent-grade metal nitrate in water. 
NTA. This was recrystallized from distilled water. 
Buffer solutions. Acetate and borate buffer solutions were used to adjust pH values. 
Ionic strength. Sodium perchlorate prepared from sodium carbonate and perchloric acid was used to 

maintain the ionic strength at 0.1. 
Solvent. Dioxan was purified by the method described previously.2 

RESULTS AND DISCUSSIONS 

Acid dissociation constants 

The colour of strongly acidic aqueous solutions of TAHN changes with increasing pH from yellow to 
orange-yellow, to yellow, to rose owing to the dissociations of the thiazolinium ion, carboxyl group and 
hydroxy group respectively. 

The dissociation constants of TAHN were determined in dioxan-water mixture by the Hildebrand- 
Reilley method.3 The pk values are summarized in Table 1. 

Table 1. Acid dissociation constants of 
TAHN (/L = 0.1, 25°C) 

pkNn p&m” pkoa Dioxan, % 

0.68 3.45 9.83 5 
0.5 3.68 IO.4 20 

3.92 11.5 50 
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Znaammeafassung-Spurenmengen Thallium in hochreinem Indium werden durch Extraktion 
mit Diisopropyhither aus 6 M Saltiure von der Matrix getrennt. Schtittelt man den Extrakt 
mit Brillantgrtin in 0,15 M Saltiure, dann bildet sich in der organischen Phase ein Ionen- 
assoziationskomplex. Die Storung durch andere Elemente wird durch Reduktion mit metal- 
lischem Kupfer und Auswaschen beseitigt. Das vorgeschlagene Verfahren erlaubt die Bestim- 
mung von 1O-5-1O-6 % Thallium in hochreinem Indium mit guter Genauigkeit und Richtigkeit. 

Resume-Des quantitds de thallium ir l’etat de traces dans l’indium de haute purete sont 
s&par&es de la matrice par extraction d’acide chlorhydrique 6M au moyen d&her diisopropy- 
lique. En agitant l’extrait avec du Vert Brillant en acide chlorhydrique O,lSM, il se forme un 
complexe d’association ionique dans la phase organique. L’interference d’autres eidments est 
elimin&e par leur reduction avec du cuivre metallique et epuration. I-a mtthode propo& 
permet le dosage de lo- ‘-10v6 % de thallium dans l’indium de haute purete avec de bonnes 
fidelite et precision. 
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ACID AS A METALLOCHROMIC INDICATOR 

(Recieved 15 May 1973. Accepted 9 June 1973) 
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at a high pH because of the dissociation of the phenolic proton, but in I-(2-thiazolylazo)-2-hydroxy-3- 
naphthoic acid (TAHN)‘, the acidity of the phenolic proton is lessened by hydrogen-bonding with the 
carboxyl group. 
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EXPERIMENTAL 
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maintain the ionic strength at 0.1. 
Solvent. Dioxan was purified by the method described previously.2 

RESULTS AND DISCUSSIONS 

Acid dissociation constants 

The colour of strongly acidic aqueous solutions of TAHN changes with increasing pH from yellow to 
orange-yellow, to yellow, to rose owing to the dissociations of the thiazolinium ion, carboxyl group and 
hydroxy group respectively. 

The dissociation constants of TAHN were determined in dioxan-water mixture by the Hildebrand- 
Reilley method.3 The pk values are summarized in Table 1. 

Table 1. Acid dissociation constants of 
TAHN (/L = 0.1, 25°C) 

pkNn p&m” pkoa Dioxan, % 

0.68 3.45 9.83 5 
0.5 3.68 IO.4 20 

3.92 11.5 50 
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HO COOH 

Formation of metal chelates 

Copper. Copper forms blue-violet chelates with TAHN at pH > 15. By the method of continuous 
variation, it was found that copper forms a 1 :l chelate up to pH 9. Figure la shows the absorption spectra 

0.6 

0 I 
500 600 500 

Wavelength, nm 

Fig. 1, Absorption spectra of Cu- and Zn-TAHN chelates (5 % v/v dioxan-water, 5-cm cell) 
Cu, Zn: 2 x lo-%f, TAHN: 4 x IO-“&i 
(a) Cu-1, pH 25-3; 2, pH 4-l; 3, pH > 55 
(b) 211-1, pH > 7; 2, pH 6.3; 3, pH 5.9; 4, pH 4.4 

of copper-TAHN chelates when copper is in excess. The presence of isosbestic points at 500 and 610 nm 
indicates the equihbrium CuA + H* e CuHA+. Since copper reacts with TAHN at very low pH 
and the spectral difference between CuA and CuHA * is very small, the formation constants of copper-TAHN 
chelates am determined by using a metal buffer solution consisting of copper and excess of nitrilottiacetic 
acid (NTA). The absorbances at 610 nm of 5 % v/v dioxan-water solutions containing copper (30.9 x 10-4M), 
NTA (3% x IW4M)and TAHN (6.00 x 10e6M) were measured over the pH range 3-7 at 25” with a S-cm 
ceil. 

The conditional stability constant of copper-TAHN chelate is given by equation (1) (charges are omitted 
for simplicity): 

KGW = w = Kc,.& + K&HA/HI) (1) 
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where [(CuA)‘] is the total concentration of CuA and CuHA+ and 

K 
[CuAI [CuHA] 

CUA = [Cul[Al’ 
-P 

KcHuH* - [CuA][H] 

Since at 610 nm the absorbance of CuA isequal to that of CuHA and the absorbance of free TAHN is 
negligible, we have 

where A and E are the absorbance and the molar absorptivity respectively of the copper-TAHN chelate. 
On the other hand [A] can be obtained from the total TAHN concentration C, : 

[A]= [A’]= CA - KCuWl 
a*(H) a*(u) 

(3) 

where &(Hi is’the side-reaction coefficient taking into account the acid dissociation of TAHN. Also [Cu] can 
be calculated from the composition of the metal buffer solution and its pH value: 

Icul _ EM _ Gdw, 
KcdXl KdCx - Cc.1 

where Cc. and Cx are the total concentrations of copper(I1) and NTA, and ax(u) is the side-reaction coefficient 
taking into account the acid dissociation of NTA. Figure 2 shows a plot of logKcc.*,. as. pH. Kc., and KgUHA 
were evaluated by a curve-fitting method. 
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Fig. 2. Plot of log&,~,. w. pH. 
Solid line is the theoretical curve. 

Nickel. Nickel(II) forms red-violet chelates with TAHN at pH > 3, the molar ratio of nickel to TAHN 
being 1 :l at pH < 6, and 1:2 at higher pH. The formation of NiHA+ is observed in the pH range between 
3 and 5. As shown in Fig. 3 the absorption spectra of NiHA+ and NiA are slightly different and show isos- 
bestic points at 543, 550 and 578 nm. From the absorbances at 543 nm of the solutions containing TAHN 
and a 2-50-fold excess of nickel, the conditional stability constant of nickel-TAHN chelate, KtN,*), 
calculated, and KNIA and KWIHA were obtained by the method described for copper. 

was 

The shape of the absorption spectrum of the 1:2 chelate is similar to that of the 1 :l chelate, but the 
molar absorptivity is twice as great . 

The formation constant of NiAz’- is defined by equation (5). 

logK,*,,, = log g + pA 
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Fig. 3. Absorption spectra of Ni-TAHN chelates 
(5 y0 v/v dioxan-water, 5cm cell) 

600 

1, Ni: 4 x 100”M, TAHN: 2 x 10e6M solid line: pH 6, dotted line: pH 4 
2, Ni: 2 x 10q6M, TAHN: 10wsM, pH 8 (against reagent blank) 
3, TAHN: 10-sM, pH 8. 

When the solution is 2 x lo-*M in nickel and contains a 5-lo-fold excess of TAHN, and its pH is > 6, 
the concentration of nickel ion not combined with TAHN can be neglected. The ratio [NiAJ/[NiAl can be 
obtained from the absorbances at 580 nm, and equation (5) used to determine KfitAz. 

Zinc. Zinc(H) forms a pink-red chelate with TAHN at pH > 6. Fig. 16 shows that the only chelate formed 
is ZnA and its stability constant was evaluated from the equilibrium constant K and koa (the dissociation 
constant for the phenolic proton) : 

[ZnAlIHl &.A 
K=iEj@ixj=-iil 

ZnAz’- does not form at pH less than 9. 
The formation constants of copper, nickel and zinc are summarized in Table 2. Although the formation 

Table 2. Formation constants of TAHN 
chelates (p = 0*1,25”C, in 5 % v/v dioxan- 

water) 

Cu(II) 12.29 3.82 
Ni(I1) 9.70 490 8.0 
Zn(II) 7.57 

constants of 1 :I chelates of TAHN are almost of the same order as those of l-(2-thiazolylazo)-2-naphthol 
(TAN), if the acid dissociations of TAHN and TAN are taken into account, the formation constants of 1:2 
chelates of TAHN are much smaller than those of TAN (Fig. 4). 

Use as a metallochromic indicator 

TAHN is a favourable metal indicator because the dissociation of a proton from the phenol group occurs 
at a higher pH and 1:2 chelates are Lass easily formed than in the case of other o-hydroxythiazolylazo 
compounds. The second factor is advantageous in the case of nickel titration. 

The optimum conditions for the EDTA titration of copper or nickel with TAHN as indicator are deter- 
mined by the pM-pH diagrams (Fig. 5). ‘ss These results are confirmed by the photometric titrations. Copper 



SHORT COMMUNICATIONS 101 

5 IO 

PkNH * pkOH 

IS 

Fig. 4. The relation between the dissociation constants and the formation constants of metal 
chelates 

A lo@L, 0 Iw&I~, l 1ogKL 0 log&,* (1) PAR [e(2-pyridylazo)resorcinol], 
(2) PAN [I-(2-pyridylazo)-2-naphthoil, (3) PAC [2-(tpyridylazo)4methylphenol], 
(4) TAR [4-(2-thiazolylazo)resorcinol], (5) TAN, (6) TAHN, (7) TAC [2-(2-thiazolyl- 
azo)-rlmethylphenol]. 

(I)A/ 

2 4 6 6 2 4 6 6 

PH PH 

Fig. 5. pM us. pH diagrams 
1, pM for 100% excess of ligand; 2, pM for 50% colour change of indicator; 3, pM in 
absence of l&and. 
(a) copper, (6) nickel. 
Metal: 10v3M, TAHN: 10-5M 
pH 2-7: 0*4M acetate buffer 
pH 8-9 : 0.2M ammonia buffer. 
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can be titrated in a pH range from 3 to 8 with a sharp colour change from blue-violet to yellow or orange- 
yellow at the equivalence point. In the case of nickel a sharp colour change can be obtained at the equivalence 
point in thepH range between 6 and 9. The addition of a small amount of blue dye (10’“M) such as Methylene 
Blue or Bromocresol Green improves the contrast of colour change. 

TAHN is recommended as an indicator in the titrations of copper and nickel. 
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%mraaar~-The acid dissociation constants of I-(2-thiaxolylaxo)-2-hydroxy-3-naphthoic acid 
(TAHN) and the formation constants of Cu(II). Ni(I1) and Zn(II) chelates of this dve have been 
determined spectrophotometrically at 25” in a 5 g vjv mixture of dioxan and waier. The for- 
mation constants of the 1:2 chelates are smaller than those of other o-hydroxythiaxolyla 
compound chelates.TAHN is a satisfactory indicator for the titrations of Cu(I1) and Ni(I1) 
with EDTA. 

-Die S&uedissoziationskonstanten von l-(2-Thiazolylaxo>2-hydroxy-3- 
naphthoe&re (TAHN) und die Bildungskonstanten der Chelate dieses Farbstoffs mit Cu(II), 
Ni(II) und Zn(I1) wurden bei 25” in einer 5 % V/V-Mischung von Dioxan und Wasser spektro- 
photometrisch beatimmt. Die Bildungskonstanten der 1:2-Chelate sind kleiner als die anderer 
Chelate von o-Hydroxythlaxolylaxoverbindungen. TAHN ist ein xufriedenstellender Indikator 
ftlr die Titration von Cu(II) und N&II) mit EDTA. 

R&snm&-Gn a d&ermine spectrophotometriqut a 25” dam un melange a 5% (v/v) de 
dioxane et d’eau les constantes de dissociation acide de l’acide I-(24hiazolylaxo) 2-hydroxy 
3-naohtoiaue eTAHN) et les constantes de formation des ch6lates de Cu (II). Ni (II) et Zn (II) 
de & coloram Les co&antes de formation des chelates 1:2 sont plus .petites que celles‘dk 
ch6lates d’autres o-hydroxythiaxolyla composes. Le TAHN est un indicateur satisfaisant pour 
le titrage de Cu (II) et Ni (II) a 1’EDTA. 
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COMPARISON OF THE ION-EXCHANGE BEHAVIOUR OF 
ZIRCONIUM, THORIUM, VANADIUM, URANIUM, STANNIC 

AND TITANIUM TUNGSTATES 

(Received 20 June 1972. Revised 7 May 1973. Accepted 16 May 1973) 

Titanium tungstate (TiW) and its ion-exchange properties have been described previously,‘-’ Amphlett” 
has observed that the composition and the ion-exchange properties of amorphous zirconium phosphate 
depend on the conditions of preparation. We have therefore synthesized zirconium, uranium, stannic, 
thorium and vanadium tungstates under conditions identical to those for titanium tungstate.z In this report 
we summarize their properties. 
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Titanium tungstate (TiW) and its ion-exchange properties have been described previously,‘-’ Amphlett” 
has observed that the composition and the ion-exchange properties of amorphous zirconium phosphate 
depend on the conditions of preparation. We have therefore synthesized zirconium, uranium, stannic, 
thorium and vanadium tungstates under conditions identical to those for titanium tungstate.z In this report 
we summarize their properties. 
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Preparation 

EXPERIMENTAL 

The tungstates were synthesized under conditions given in Table 1. The reagents were mixed at room 
temperature with continuous stirring and were allowed to stand for 24 hr at room temperature. The super- 
natant liquid was decanted, the gel filtered off, and washed with distilled water. The product so obtained 
was dried at 80”. The dried product (-40 g) was immersed in 100 ml of l.OM nitric acid to remove the 
foreign ions adsorbed during the preparation. Very little of the compound dissolved during this process. 
Finally the exchangers were washed with demineralized water to remove the excess of acid and again dried 
at 80”. 

Table I. Conditions of preparation and some properties of zirconium, thorium, uranium, vanadium, stannic and titanium tugstates. 

Ion-exchange MctaFlt,* Sodium Volu,me Prr+pt IO”- 

Solub~lity 

material tung- rat,0 
,,,,;; Chemi- 

Cal exchange 
Appearance of the 

dried material 
state, PH compo- capacity, 

M sition, me918 
Water 6M HNOs 

W/M 
-- 

MW MW 

Zirconium w3 zrc 0.3 (I:]) 3.8 0.4 036 0.0 @O 0.33 028 
tungstate 

Wb7e’b;,~paque 

GrW) 
Thorium (i) 0.3 ThN 0.3 (1:l) 0.8 _ _ - _ - - Precipitate does not 
tungstate fOl?lY 
(Th-W) (ii) 0.3 ThN 0.3 (1:2) 3.4 - 0.0 - - - - White opaque particles 

Vanadium 
tungstate 
(V-W) 
Uranium 
tungstate 
(UW) 
Stannic tungstate 

(S”(IV)W 
Titanium 
tungstate 
(TiW) 

@3 vs 0.3 (I:]) 3.5 - - Dissolved Brown-green 
completely - - opaque particles 

0.3 UN @3 (1:l) 2.8 1.1 0.82 @O O-0 0.25 CO10 Yellow opaque 
particles 

0.3 S”(IV)C 0.3 (1:l) @3 0.3 I+0 0.006 0006 0.050 0.010 Wh’.‘h;,h”y 

0.3 Ti(IV)C 0.3 (1:l) I.0 I.1 0.80 00 0.0 0.0 0.0 Lemfxlesyllow shiiy 

l Zr = zirconyl; V = vanadyl; U = uranyl; C = chloride; S = sulphate and N = nitrate. 

RESULTS 

Physical properties 

The properties of the ion-exchange materials are summarized in Table 1. The materials are stable in water 
and can be used in column operations. 

Composition 

A lOO-mg portion of the exchanger was dissolved in 25 ml of concentrated sulphuric acid. Tungsten was 
separated from tin, zirconium or uranium with a-benzoinoxime and estimated.’ Tin(IV) in the filtrate was 
determined volumetrically with dichromate.5 Zirconium6 and uranium’ were determined gravimetrically. 
The results are summarized in Table 1. 

The components of the ion-exchange materials dissolved by water and 6M nitric acid were determined by 
the methods used earlier.’ Tin,‘, zirconium9 and uraniumlo were estimated spectrophotometrically. The 
ion-exchange capacity of all the exchangers for potassium was determined as usual. The results are given 
in Table 1. The pH titrations were carried out by the method of Topp and Pepper,” 0.5 g of exchanger being 
taken in a 250-ml conical flask, treated with a total of 100 ml of O.lM sodium chloride and O.lM sodium 
hydroxide in varying ratios by shaking for 6 hr and the pH of the supernatant liquid then being measured. 
The pH decreases because the H+ ions released by the Na+ neutralize some of the sodium hydroxide. There 
is only one break in the titration curves so the exchangers are monofunctional. 

Determination of distribution coefficients 

Some distribution coefficients were determined by the method used before.? Al’+, Ins+ and Fe”+ were 
adsorbed completely on ZrW, UW and SnW but only negligibly on TiW. The results are summarized in 
Table 2. 
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Table 2. Distribution coefficients for 
some metal ions on various tung- 

states in water (pH 5.3) 

Metal 
ion 

lo- 2 x Kd value, ml/g 

ZrW UW SnW TiW 

Mg’ + 3-o 3.0 7.0 0.66 
Cal + 13-O 0.86 8.3 l-33 
Sr2 + 7.0 l-00 7-O 6.0 
Baz+ 5-o o-50 5-o 10-o 
Zn’+ 2.5 1.12 264 3.5 
Cd2+ 6.2 140 13.4 1.8 

DISCUSSION 

The thorium tungstate showed no ion-exchange behvaior and vanadyl tungstate dissolved when immersed 
in water, so only xirconium, uranium, stannic and titanium tungstates were examined in detail. The solu- 
bility in water and 6M nitric acid was found to increase with the difference in electronegativities between 
the two components of the exchanger. 

_ Ti Mo 

- Ti So 

o---4 Tk w 
*----a sn MO 

- Tin h6xocyonot6rroto 
*---J n w 
L Ti Sb 

2.4 - 

4 6 6 

Prrcipitation. PH 

Fig. 1. Effect of precipitation pH on ioncxchange capacity. 

Figure 1 shows the effect of precipitation pH on the ion-exchange capacity of numerous ion-exchangers 
synthesixed in our laboratory, both in earlier studies”-I6 and the present work. The precipitation pH is 
the pH of the reagent mixture before precipitation starts. In our earlier studies it varied from 0 to 10, and 
was adjusted in the case of titanium molybdate by adding sulphuric acid, of thorium tungstate by adding 
nitric acid, of tin hexacyanoferrate by adding sodium hydroxide, and of titanium antimonate and tungstate 
by adding ammonia solution. The precipitation pH of ion-exchangers which were synthesized for this paper 
was o-2-4, and was simply that of the mixture without further addition of acid or base. The amorphous 
gels obtained in this way do not show reproducible properties. It is therefore surprising that even so there 
is the general trend that ion-exchange capacity increases with decrease in precipitation pH. exceptions 
probably being due to the non-reproducible nature of the gels formed. 



SHORT COMMUNICATIONS 105 

- TIM0 

o--0 TiSe 

*---a ThW 

o---4 SrlMO 

- Tin hrxocyonoferrolr 

_ Ti Sb 

I I I I I I I 
0 2 4 6 6 IO 12 

Precipitation. pH 

Fig. 2. Effect of precipitation pH on cation/anion ratio in the exchangers. 

Figure 2 shows the effect of precipitation pH on the composition of the six exchangers. Only three of the 
22 points plotted are against the general trend that as the precipitation pH increases the cation/anion ratio 
also increases. This appears understandable since at higher pH the cation is precipitated as a hydroxide 
while the anion remains in solution. The same explanation holds for solubility in nitric acid increasing with 
increase in precipitation pH. The solubility behaviour in water is different from that in nitric acid because 
hydrolysis becomes the predominant factor. The apparently anomalous behavior of titanium molybdate may 
be due to complex formation by titanium with the sulphuric acid used to adjust the pH. 

An unusual and interesting feature of titanium tungstate is the negligible adsorption of tervalent ions 
such as Fe+3, Al+’ and In+ ‘. Other tungstates show complete adsorption of these ions. In view of this 
characteristic property and its high stability it can be more useful than other tungstate ion-exchange materials 
for the separation of tervalent from univalent and bivalent ions. Stannic tungstate has a very high capacity 
for Zn and therefore it can be used to separate Zn from numerous metal ions. 
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Summary-Zirconium, thorium, uranium, vanadium, stannic and titanium tungstates have 
been prepared and their properties such as ion-exchange capacity, Kd values of metal ions, 
chemical composition and stability have been compared. Titanium tungstate was found to be 
the most stable, and to have negligible capacity for tervalent cations. 

B-Die Wolframate von Zirkonium, Thorium, Uran, Vanadium, Zirm(IV) und 
Titan wurden hergestellt und ihre Eigenschaften, wie Ionenaustauschkapazitlt, K,-Werte von 
Metallionen, chemische Zusammensetxung und Stabilitat verglichen. Titanwolframat erwies 
sich als am stabilsten, und seine Kapazitat fii dreiwertige Kationen ist vernachliissigbar. 

R&mn&Gn a prepare les tungstates de xironium, thorium, uranium. vanadium, etain stan- 
nique et titane et compare leurs proprietts telles que la capacitt d’echange d’ions, les valeurs 
K., des ions m&alliques, la composition chimique et la stabilitb. On a trouve que le tungstate de 
titane est Ie plus stable, et qu’il a une capacite ndgligeable pour les cations trivalents. 
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A wide variety of methods for the titrimetric determination of lead, in which EDTA is used as the titrant 
with varying results, appears in the chemical literature. Reilley and Barnard’ list 58 different methods of 
which 37 are direct titration, and 5 are substitution titrations. Barnard2 and Sriveeraraghavar? also list a 
variety of direct, back, and substitution titrations for lead. 

Because of the large number of samples to be analysed in this study, it was considered much more desirable 
to be able to mask the tin than to carry out a separation. A variety of masking agents1.2 for tin is listed in 
the literature. Sodium fluoride, triethanolamine, tartaric acid, and citric acid are but a few of those listed. 
None of these appeared to be particularly effective for tin(H), but worked with varied effectiveness for tin(IV). 

The direct titration of lead at pH 5 with EDTA, with Xylenol Orange’-’ as the indicator, was chosen 
because it offered the desired sharp end-point. The alloys were dissolved in a solution of sodium fluoride 
and nitric acid at room temperature. Under these conditions the sodium fluoride effectively masked the 
tin(IV). 

The samples to be analysed resulted from composite eutectic alloy studies of binary alloys of lead and tin 
which were carried out in this laboratory. The samples were prepared in the form of small diameter rods 
which varied in composition along their length. In order to follow these changes in composition each rod 
was cut into several sections on a lathe. The lathe turnings from each cut, varying in weight from 15 to 
750 mg, were used for chemical analysis, and the solid sections between the cuts were used for metallurgical 
studies. It was felt that in order to obtain representative analytical data each portion of turnings should be 
dissolved in its entirety. The method given below gave results quickly, simply and with good accuracy. 
The proper conditions for dissolution, masking and titration, and the effects of high salt concentration are 
discussed. 
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EXPERIMENTAL 

Reagents 

Standard Iead solution. Lead metal (99.99% purity), was dissolved in nitric acid (1 + 1). The solution 
was transferred to a l-1. flask and diluted to volume with distilled water. 

EDTA solution, 0.02M. The disodium salt of EDTA(14 g) was dissolved in 250 ml of water which con- 
tained 1-2 g of sodium hydroxide. When a clear solution was obtained the pH was adjusted to 6 with nitric 
acid and the solution was diluted to 2 1. with water. The solution was standardized against the standard lead 
solution, by the procedure described below for the determination of lead but omitting the addition of 
sodium fluoride and tartaric acid. 

Dissolving solution. Sodium fluoride (10 g) was weighed into a 250-ml polypropylene beaker containing 
100 ml of distilled water, to which was added concentrated nitric acid (100 ml). 

Xylenol Orange indicator solution, 0.25 %. 

Dissolution 

When the total sample size was 100 mg or less, the samples were weighed and transferred to 30-ml poly- 
propylene beakers. Larger samples up to 750 mg in size were weighed and transferred to IOO-ml polypro- 
pylene beakers. One ml of dissolving solution was added for each 20 mg of sample to be dissolved. Following 
addition of the dissolving solution the samples were allowed to stand at room temperature from half an hour 
to overnight to complete the dissolution. Samples containing 80% or more lead or those containing one 
large chunk of alloy tended to dissolve more slowly. A piece of clear plastic film was placed on each beaker 
and taped on to make a tight seal to prevent evaporation. Application of heat was avoided, to prevent the 
formation of insoluble metastannic acid. When dissolution was complete, the samples up to 100 mg in size 
were transferred to 150-ml glass beakers, diluted to 40 ml and titrated with 0*02M EDTA as described 
below. Samples larger than 100 mg were transferred to volumetric flasks and diluted to volume with water 
so that the fluoride concentration was 0.7% or less and appropriate aliquots were taken for the titration. 

Lead titration 

An aliquot containing 15-36 mg of lead was transferred by pipette into a 150-ml beaker. If the entire 
sample contained less than 15 mg of lead the entire sample was taken. Then 300-600 mg of tartaric acid, 
as needed to prevent the lead from precipitating as lead fluoride after pH adjustment, were added to those 
sample portions which contained 8 mg of lead or more. The volume was adjusted to 100 ml and 0.5-1-O g of 
hexamine was added to buffer the solution. The pH was adjusted to 5.0 with concentrated ammonia solution 
and nitric acid (1 T 4). From 4 to 9 ml of 0.02M EDTA, dispensed from a IO-ml Class A burette, were 
required to titrate the recommended amount of lead. The titration was rapidly carried out, with Xylenol 
Orange as the indicator. A sharp colour change from red to yellow was observed and the point where no 
additional colour change took place was used as the end-point. 

RESULTS AND DISCUSSION 

The results of standardization and the final procedure are reported below. Useful hints and observations 
during development of the methods are discussed. 

The EDTA was standardized against the standard lead solution. Eleven identical portions were taken 
containing 37.85 mg of lead and the buffer. Three portions contained 500 mg of tartaric acid, three portions 
contained 500 mg of tartaric acid and 500 mg of sodium fluoride and the other five portions contained only 
the lead and buffer. The mean found for the EDTA was 0*02059M, standard deviation 8 x 10m6M. 

Table 1 illustrates the results obtained when lead was titrated in the presence of tin. Pure lead and tin 
metal were individually weighed, mixed together in ratios ranging from approximately 1:4 to 4:l to simulate 
the composition of the alloys likely to be encountered, and then dissolved according to the described procedure. 
The lead content varied from 5.32 to 41.72 mg within the ratio ranges. The mean absolute error for the 15 
determinations was ~003 mg. 

Both hexamine and sodium acetate were effective as buffers for the titration, but hexamine was chosen 
because a sharper end-point was obtained. 

Tartaric acid was added to the sample solutions to prevent precipitation of the lead. In the absence of 
tartaric acid, lead, if present in large amounts, precipitated as the fluoride when the pH was raised. 

Tin(N) was effectively masked by fluoride in a nitrate medium if the fluoride was present as the alloy 
was being dissolved. Addition of fluoride following dissolution in hydrochloric acid or hydrobromic acid 
did not result in complete masking of the tin. For effective masking it proved necessary to oxidize the tin 
to the quadrivalent state. 

A range of concentrations of sodium fluoride and nitric acid was used for dissolution of the lead-tin 
alloys. Ideally the lowest concentration of fluoride that maintains the tin in solution in the nitric acid medium 
should be chosen. A higher concentration of fluoride than necessary only tends to obscure the Xylenol 
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Table 1 

Approximate ratio of 
lead to tin, w/w 

1:4 

2:3 

3:2 

4:l 

Lead taken, Lead found, 
mg mg 

34.84 34.87 
26.13 26.17 
17.42 17.45 
8.71 8.70 

31.91 31.94 
21.27 21.29 
10.64 10.66 
5.32 5.29 

30.98 30.99 
23.24 23.33 
15.49 1548 
7.75 7.74 

41.73 41.82 
31.30 31.37 
20.87 20.90 

Grange end-point. The concentration of fluoride and the ratio of fluoride to nitric acid used in the procedure 
were chosen to be useful over a wide range of tin and lead concentrations as illustrated by Table 1. With 
solutions of high salt concentration a sharper end-point was obtained by diluting the solutions to 120 ml 
before titration. In samples where less than 10 mg of lead was present the end-point was improved if the 
volume was kept to 40-50 ml during the titration. It was also possible to sharpen the end-point of the 
titration of those samples which contained only small amounts of lead by not adding tartaric acid. If any 
precipitation did then occur on pH adjustment, the pH was lowered to about 2 or until the precipitate 
redissolved. The 300-600 mg of tartaric acid were then added, the pH readjusted to 5.0 and the titnttion 
begun. 

The dilution of the sample is the only phase of the procedure which may consume a considerable 
amount of time. This depends, of course, on the sample composition, the physical form and the quantity 
of material involved. The method of dissolution has the advantage of requiring little or no attention and is 
ideally suited for working with a large number of samples at one time, thus the dissolution time per sample 
may also be minimal. 
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Smnmary-Binary alloys of lead and tin were dissolved in nitric acid (1 + 1) containing 10% 
sodium fluoride. The tin(IV) was effectively masked by the fluoride. The lead was quickly and 
accurately titrated with EDTA in a hexamine-buffered solution, with Xylenol Orange as 
indicator. 
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Zusammenfassnng-Bin&e Legierungen aus Blei und Zirm wurden in Salpetersaure (1 + 1) 
gel&t, die IO% Natriumfluorid enthielt. Das Zinn(IV) wurde durch das Fluorid wirksam 
maskiert. Das Blei liel3 sich mit EDTA in mit Urotropin gepufferter Lijsung mit Xylenolorange 
als Indikator rasch und genau titrieren. 

R&nn&-On a dissous des alliages binaires de plomb et detain dans de l’acide nitrique (1 + I) 
contenant 10% de fluorure de sodium. L’Ctain (IV) a ete efficacement dissimult par le fluorure. 
On a titrd le plomb rapidement et avec precision par I’EDTA dans une solution tampon& a 
l’hexamine, avec l’Orar& Xylenol comme indicateur. 

Talonra, Vol. 21, lop. 109-I 11. Pergamon Press. 1974. Printed in Great Britain. 

A NOTE ON THE DETERMINATION OF THORIUM IN THE 
PRESENCE OF SOME BIVALENT METAL IONS 

(Received 20 March 1973. Accepted 25 April 1973) 

Spinola Costa and Tavares’ published a critical paper dealing with complexometric determination of 
thorium in the presence of lead, copper, nickel, mercury, bismuth and antimony. In contradiction of earlier 
work* they found that all these metals, even in O-05 mmole amounts, interfere with determination of thorium 
at the optimal pH 24-28, with Methylthymol Blue as indicator. They also studied various masking agents 
such as BAL, thioglycollic acid, 3-mercaptopropionic acid, thiourea, thiosulphate, bis-(2-hydroxyethyl)- 
dithiocarbamate, for elimination of these interferences and found that none of them was able to mask 
properly all the elements mentioned. 

Some years ago we published our experiences with the application of triethylenetetraminehexa-acetic acid 
(‘ITHA) in complexometry.3 With TTHA it is possible to determine many bivalent metals and some tervalent 
metals as 2 : 1 (MIL) complexes at pH 5-55 (hexamine buffer), using Xylenol Orange as indicator. On the 
other hand thorium, scandium, indium, bismuth, and rare earths form only 1 : 1 complexes. A number of 
papers have been published applying TTHA in complexometric determination of metal mixtures, which 
cannot be analysed by EDTA titration.4-6 

We have now paid attention to the problem of how to determine thorium in the presence of bivalent 
metals, avoiding the use of any masking agents. Such a determination is based on a new principle. If we add 
thorium to a solution of Zn2TTHA complex, then zinc is quantitatively displaced (changes are omitted): 

Zn21THA + Th = ThTTHA + 2 Zn (1) 

The zinc liberated can be determined by EDTA titration, with Xylenol Orange as indicator. Because 2 moles 
of EDTA are required per mole of thorium added, 1 ml of 0.05M EDTA corresponds to 5.80 mg of thorium. 
All bivalent heavy metals form 2 : 1 complexes with TTHA and displace zinc according to the equation 

ZnZITHA + 2 Me = Me2TTHA + 2 Zn (2) 

and the consumption of EDTA is the same whether we determine these elements directly with EDTA or 
after the displacement reaction with Zn2T’THA. The determination of thorium is now obvious. We determine 
the sum of the elements by DTPA titration of one aliquot, and in another aliquot the amount of zinc displaced 
according to equations (1) and (2). The difference between the two titrations gives the amount of thorium. 
We lose the advantage of the lower equivalent obtained in the determination of thorium in the absence of the 
other metals but we do not need any masking agents. This method cannot be used, of course for the deter- 
mination of thorium in the presence of metals forming 1 : 1 ITHA complexes, because they also displace 
zinc from TTHA according to equation (1). On the other hand this reaction is very suitable for the deter- 
mination of thorium after its separation from many other metals by precipitation with sodium hydroxide in 
the presence of triethanolamine. 

EXPERIMENTAL 

Reagents 

EDTA, 0.05M. Standardized with lead nitrate, with Xylenol Orange as indicator. 
DTPA, O.OSM. Prepared by dissolving 19.65 g of diethylenetriamine-N,N,N’,N’,N’, penta-acetic-acid in 
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130-150 ml of hot 1M sodium hydroxide and diluting to 1 litre with redistilled water, and standardized as 
for the EDTA. 

Zinc chloride, 0.5M. F%parcd by dissolving 16.15 g of pure zinc in the minimum necessary amount of 
hydrochloric acid and diluting to 500 ml with redistilled water. By appropriate dilution @1 and 0.OSM solu- 
tions were prepared, and checked complexometrically. 

ZnJ7’HA, RIM (@2Min zinc). Prepared by dissolving 12.5 g of the free acid in 30 ml of water, neutraliz- 
ing with O-2M sodium hydroxide (total volume at this point must not exceed 100 ml) and adding the calcu- 
lated amount of 05M zinc chloride and diluting to 250 ml. The necessary amount of zinc was determined by 
dissolving 025 g of TTHA in water and a few ml of O-lG2M sodium hydroxide, diluting to 100-200 ml, 
slightly acidifying, adjusting the pH to 5-5.5 with solid hexamine, and titrating with O*lM zinc chloride, 
using Xylenol Orange as indicator. From the amount of zinc solution consumed (about 20 ml) the necessary 
amount of 0*5M zinc chloride for (12.5 g) of TTHA is calculated (about 100 ml). 

Solutions @OSM) of thorium nitrate and other metal salts of zinc, lead, cadmium, cobalt, nickel etc. were 
prepared from reagent grade chemicals and their strength checked complexometrically. 

Determination of thorium in pure solutions 
Proceahre. To the slightly acidic solution of thorium nitrate in a 250-ml titration flask add sutllcient 

O*lM &TTHA to give an excess. After 10 min add a few drops of Xylenol Orange and adjust the pH to 
5-5.5 with hexamine. Titrate the solution with 0.0% EDTA from red-violet to lemon-yellow. 

1 ml of 0.05M EDTA = 5.80 mg of thorium 

The solution of thorium must be acid (pH 2-3). otherwise it hydrolyses and the reaction (1) is too slow or 
incomplete. The amount of Znl’ITHA solution need not be measured precisely, but there must be an excess: 
1 ml of @lM Zn2’MHA is sufficient for 23.2 mg of thorium. 

Determination of thorium and bident metals 
For such determinations we need two aliquots of sample solution. In one we determine the sum of titratable 

metals, including thorium, with DTPA by direct or back-titration. In the second we determine with EDTA 
the zinc displaced from its TTHA complex. For the first titration we cannot use EDTA, because its complex 
with thorium gives a colour with the indicator and makes the determination impossible. 

Procedure. To a slightly acidic sample aliquot add a small excess of O+OSM DTPA, dilute to 150-200 ml, 
adjust the pH to 5-55 with hexamine. add Xylenol Orange indicator and titrate with 0.05M zinc solution 
from yellovv to red-viokt. 

To another aliquot (pH l-2) add an excess of ZnlTTHA solution and let stand for 10 min. Then dilute 
the solution to 150-200 ml, adjust the pH to 5-55 with hexamine, and after 2-3 min titrate slowly with 
O-OS&f zinc chloride, using Xylenol Orange as indicator. 

The diierence between the titration values gives the amount of thorium: 1 ml of O*OSM EDTA = 11.60 mg 
of thorium. Some results are summarized in Table 1. 

Table 1. Determination of thorium in the presence of some bivalent metals 

Consumption of Consumption of 
Thorium 

Th taken, Me taken, 0,OSM DTPA. 0*lMZn2TTHA added, O*OSM EDTA, Found, Difference 
W mg ml ml ml W mg 

11.98 
35.93 

119.76 
35.93 
11.98 
23.95 
11.98 
11.98 
Il.98 
11.98 
59.88 
23.95 
35.93 
il.98 

119.76 

- - 
- - 
- - 
54 Pb 8.41 
15Ni 6.16 
32 Zn 12.06 

108 Pb 11.54 
108 Pb 11.55 

3 cu 210 
17cu 6.35 
3cu 6.25 
5Cd 3.05 

58 Cd 13.35 
30 co 11.55 
3 co 1140 

f 

3 
3 
3 
7 

: 
3 
5 
2 
5 
5 

10 

2.10 
6.28 

2@69 
11.50 
7.16 

14.10 
12.57 
1260 
3.11 
7.37 

11.43 
5.12 

16.45 
12.59 
21.65 

12.2 
36.0 

120.0 
35.0 
11.6 
23.7 
12.0 
12.2 
11.7 
11.8 
60.1 
24.0 
36.0 
12-l 

118.9 

+0*2 
fl.0 
+0*2 
-0.0 
-0.4 
-0.3 
-0.0 
+0*2 
-0.3 
-0.2 
f0.2 
+0*1 
+o*o 
+0*1 
-0.8 
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The method is suitable for up to 100 mg of thorium and up to 50 mg of nickel, copper, cadmium and 
zinc, and 100 mg of lead. The back-titration with zinc is more convenient as it avoids blocking of the indicator 
(in the presence of copper, nickel and cobalt) if reaction (2) does not proceed entirely quantitatively. 

DISCUSSION 

The mechanism of the displacement reaction can be explained as follows. The ZnlTTHA added to the 
acidic solution of bivalent metals (pH 2-3) is more or less dissociated, according to its apparent stability 
constant. At this acidity all bivalent cations are more or less bound by the ‘ITHA dissociated. Because they 
form more stable complexes than zinc with TTHA they are bound to TTHA quantitatively after adjustment 
of the pH to 5-55 with hexamine. For example, lead, after mixing with Zn*TTHA, does not give a precipi- 
tate with sulphate. The displacement reaction with nickel is a little slow and traces of nickel can then block 
the indicator. For this reason the second determination is performed by addition of excess of EDTA and 
back-titration with zinc solution. 
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Summary-A new method for complexometric determination of thorium in the presence of 
bivalent metals without their masking is presented. Two aliquots of metal solution are neces- 
sary. In one the sum of thorium and other metals is determined by DTPA titration. The second 
aliquot is treated with Zn2TTHA complex. Only thorium, forming a 1 : 1 complex with 
TTHA, displaces twice its molar amount of zinc from the complex, while other elements displace 
only an equimolar amount of zinc. The amount of thorium corresponds to the difference of 
consumption in the two titrations. 

Zusammenfessung-Es wird ein neues Verfahren zur komplexometrischen Bestimmung von 
Thorium in Gegenwart zweiwertiger Metalle ohne deren Maskierung angegeben. Es sind zwei 
abgemessene Teile der Metall-Lbsung notwendig. In einem wird die Summe von Thorium und 
den anderen Metallen durch Titration mit DTTA bestimmt. Der zweite Teil wird mit dem 
Zn,TTHA-Komalex behandelt. Nur Thorium. das mit TTHA einen I:l-Komplex bildet. 
setzt aus dem Komplex das doppelte seiner molaren Menge an Zink frei, andere Eiemente nur 
eine Lquimolare Menge. Die Menge Thorium entspricht der Verbrauchsdifferenz bei den belden 
Titrationen. 

Resume-On presente une nouvelle methode pour le dosage complexometrique du thorium en la 
presence de mttaux bivalents sans leur dissimulation. Deux aliquotes de solution de m&aux 
sont necessaires. Dans l’une, on determine la somme du thorium et des autres mttaux par 
titrage au DTPA. La seconde aliquote est traitee par le complexe ZnlTTHA. Seul le thorium, 
formant un complexe 1 : 1 avec le TTHA, deplace deux fois sa quantite molaire de zinc du 
complexe, tandis que les autres elements deplacent seulement une quantitt tquimolaire de zinc. 
La quantitt de thorium correspond a la difference de consommation dans Its deux tin-ages. 
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ANALYTICAL DATA 

EXTRACTION OF METALS INTO CHLOROFORM WITH SOME 
DERIVATIVES OF PHENYLACETIC ACID 

(Received 8 June 1973. Accepted 3 July 1973) 

In previous communications we have reported the extraction of some metal phenylacetates into chloroform,1 
and several applications.2 

We have found that these extractions can be made still more selective. For example from acetate solutions 
only iron is extracted. In the presence of fluoride only copper is extracted. From solutions containing nitrilo- 
triacetic acid only uranium is extracted.* 

We considered that the extraction behavior of further derivatives of acetic acid might be interesting 
and further improve this type of separation. For this purpose we have used chloroform solutions of di- 
phenylacetic acid, naphthylacetic acid and naphthoxyacetic acid. 

EXPERIMENTAL 

Solutions (1M) of phenylacetic acid (PAA), diphenylacetic acid (DPAA) and naphthylacetic acid (NPAA) 
were prepared by dissolving 68.1, 106.2, and 93.1 g respectively of the compounds in 500 ml of pure chloro- 
form. A O.lM solution of I-naphthoxyacetic acid was prepared by dissolving 10.1 g of the acid in 500 ml 
of chloroform. A O*SM solution cannot be prepared, because of the low solubility of the acid in chloroform. 

Solutions of various metal salts (O.OSM) were prepared from reagent grade chemicals and standardized 
complexometrically. 

Procedures 

Metal solution (0.05&f, 5 ml) was pipetted into a 150~ml separatory funnel and diluted to IO,25 or 70 ml 
Then 10 ml of extractant were added with thorough stirring, and were followed by 10 ml of saturated hex- 
amine solution. The mixture was shaken for 1 min. The chloroform phase was run off, and the aqueous 
phase was washed twice with 5 ml of pure chloroform. The metal left in the aqueous phase was determined 
complexometrically. 

DISCUSSION 

The results are summarized in Table 1. All the acids studied extract copper, iron and lead. For other 
cations the extractability increases roughly with increasing molecular weight of the acid but the selectivity 
decreases. The solubility in chloroform of some salts of these acids also decreases with increasing molecular 
weight of the acid. 
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Table 1. Extraction according to the described piocedure. 
Influence of dilution of aqueous phase 

Aqueous phase 

Volume, concn., Metal Phenyl- Diphenyl- Naphthyl- Naphthoxy- 
ml M acetic acid acetic acid acetic acid acetic acid 

10 

25 

0.02 

0.001 

cu 
co 
Ni 

:: 
Zn 
Mn 
E 

In 
Ga 

cu 
co 
Ni 
El 

Zn 
Mn 
Fe 
Al 
:a 

99% 100% 100% 
25 56 6 
18 67 50 

100 83 96 79 precip.’ 61 
96 96 93 
0 31 2 

100 precip.’ precip.’ 
precip.* precip.’ precip.’ 
precip.* precip.’ 100 
precip.’ 93 precip.’ 

100 100 100 
7 18 0 
0 63 26 

96 6 100 74 precip.’ 48 

5 94 82 
0 14 0 

100 precip.’ precip.’ 
precip.’ precip.’ precip.’ 

100 precip.’ 100 
precip.4 precip.’ precip.’ 

100% 

:50 

precip.’ 69 
96 

precip.’ 
100 
97 

100 
1003 

100 
14 
37 

Pm4P’ 

P+P.: 

“YE?’ 
97 
94 

precip.2 

70 3.5 x 10’. cu 
co 
Ni 
Pb 
Cd 
Zn 
Mn 
Fe 
Al 
In 
Ga 

100 
0 
0 

100 
0 
0 
0 

100 
precip. 

100 
100 

98 
8 

29 
100 

6:’ 
14 

precip.’ 
precip.’ 
precip.’ 
pnxip.z 

99 
0 
3 

precip.’ 
47 
41 

0 
precip.’ 
precip.’ 

99 
precip.& 

100 
0 
3 

precip.’ 
6 

precip.l 
precip.’ 

100 
92 
95 

precip. * 

1 Precipitate in both phases. Separation impossible. 
z Partly extracted. Phase separation. 
3 Will dissolve after 5 min. Extract is clear. 
* Quantitative extraction. Extract is cloudy. 

From an analytical point of view phenylacetic acid is exceptionally good for separation of iron, copper 
and lead. 
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Summary-A comparison has been made of phenylacetic, diphenylacetic, naphthylacetic and 
2-naphthoxyacetic acids as extracting agents for metal ions. Phenylacetic acid is much superior 
to the others. 

Zusammenfassung-Phenylessigslure, Diphenylessigsaure, NaphthylessigsIiure und ZNaph- 
thoxyessigsaure wurden als Extraktionsmittel fur Metallionen verglichen. Phenylessigs&.tre ist 
den anderen weit tiberlegen. 

R6sume-On a effectue une comparaison des acides phtnylacetique, diphenylac&ique, naph- 
tylacetique et 2naphtoxyacetique comme agents d’extraction pour les ions m&alliques. 
L’acide phenylacttique est beaucoup superior aux autres. 



ACID-BASE TITRATION CURVES FOR ACIDS WITH 
VERY SMALL RATIOS OF SUCCESSIVE 

DISSOCIATION CONSTANTS 

BRUCE I-I. CAMPBELL and LOUIS MEITES 

Department of Chemistry. Ciarkson College of Technology, 
Potsdam. N.Y. 13676. U.S.A 

(Recewed 4 Ju1.r 1973. Accepred 15 September 1973) 

Summary-The shapes of the potentlomctric acid-base trtratron curves obtamed m the ncutrahza- 
tions of polyfunctronal acids or bases for whrch each successive dissociation constant is smaller 
than the following one are examined. In the region 0 < f i 1 (wherefts the fractron of the equival- 
ent volume of reagent that has been added) the slope of the titration curve decreases as the number 
1 of acidtc or has~c sites increases. The difference between the pH-values at f = 0.75 and f = 0.25 
ILI\ ( I /Ilog 9 ab the‘ lower Imitt of1t5 maxm~um value. 

In the derivation of equations that describe potentiometric acid-base titration curves for 
polyfunctional acids, it is generally assumed that pKi+, is larger than pKi. There are a 
number of difunctional acids for which the ratio of the thermodynamic constants K,/K2 
is very little larger than the “statistical” ratio of 4.00, and this has prompted some authors 
to consider the problem of distinguishing such acids from monofunctional ones. Sturrock’ 
suggested a criterion based on the value of A(pH), which is defined as the difference 
between the values of pH at two points, one at 75% and the other at 25% of the way from 
the start of the titration to the single end-point that can be discerned. For a monofunc- 
tional acid A(pH) = log 9 = 0.954 if both the acid and base are moderately concentrated2 
and if the acid is neither very strong nor very weak. If the solution is dilute, or if K, is 
either very large or very small, A(pH) < 09.54 for a monofunctional acid or base. As is 
well known, the titration curve for a monofun~tional acid is indistinguishable from that 
for a difunctional acid having K,/K2 = 4.00. If K,/K2 is larger than 430, the value of 
A(pH) for a difunctional acid exceeds that for a monofunctional acid having K, = 
(KI,'K2)*: if K,/K2 is smaller than 4.00, the value of A(pH) is less than that for such a 
monofunctional acid. 

So far, acids for which K,/K2 is very much smaller than the statistical value have not 
been considered, and it is with these that this paper is concerned. The following derivation 
describes how A(pH) depends upon the number of acid sites and upon the magnitude of 
the difference between pK, + 1 and pK,. 

Although very small values of K,/K, + 1 are unusual. two cases that could exhibit such 
behaviour are described here. Consider a molecule containing a fairly strongly acidic 
group so placed that it is folded into the centre of the molecule and thus unable to disso- 
ciate. and a weakly acidic functional group that is exposed to the solution and hence to 
dissociation and attack by a base. When this outer group is neutralized. the change in 
charge on the molecule might cause a change in convolution of the molecule, bringing the 
more strongly acidic group to the outside and rendering this acid group susceptible to dis- 
sociation and attack. In this case. it will be the order in which the two protons are removed 
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that will dictate which of the dissociation constants is taken as K, and which as Kz, 
whereas in the ordinary case the order with time is the same as, and is governed by, the 
order of the equilibrium constants. 

The second example would arise if addition of a proton yielded a protonated species 
that decomposed to form a base stronger than the original one. As will’be shown later, 
the resulting equilibrium titration curve not only has just one end-point but is also abnor- 
mally flat around its mid-point. This is just the behaviour that is displayed by titration 
curves for dialkyldithiocarbamates.3 

The graphs shown in Figs. 1, 2 and 3 
Model 9 1OOA programmable calculator 

were obtained by means of a Hewlett-Packard 
and a model 9125A plotter. The curves pertain 

PH 

Fig. I. Plot of fraction of species. 2. I’S pH for a trlfunctional acid with pK, = 3. pK, = 4. 
pK, = 5. 

PH 
Fig. 2. Plot of fraction’ of species, 9. cs. pH for a trifunctional actd with pK, = 6. pK2 = 4. 

pK3 = 2. 
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Fig. 3 Titration curve of a trifunctional acid with a monofunctlonal strong base. pK, = 6, pK2 = 
4. pK, = 2. c: = 1M. I’ = 3. 

to a trifunctional acid. Although those in Fig. 2 have the same general shape as those for 
a monofunctional acid, they are much steeper in the vicinity off = 05, where pH 5 pK, 
for the monofunctional acid while pH w l/3 [p(K,K,K,)] for the trifunctional one. 
Because values of A(pH) taken from plotted titration curves, such as the one in Fig. 3, are 
subject to fairly large graphical errors, those quoted below were obtained from numerical 
calculations made with a digital computer. 

The titration curve is described by the equation 

(l/j) 
f= 

i 4) CH~A - C(H+) - (OH-)1 
i=l 

Cn+ + r [(H+) - (OH-)] ’ 
(1) 

wherefis proportional to the amount of titrant added and is equal to 1.00 at the last (jth) 
equivalence point. j is the number of acidic sites, CHjA is the initial formal concentration 
of H,A. I’ is the dilution parameter defined as the ratio of CnjA to the formal concentration 
of the titrant (which is assumed to be monofunctional), and ai is the fraction of the total 
A that is present as the ith species. Equation (1) is combined with the familiar expression 
for xi 

ith term 

xi = [H+]‘+ [H+]‘-‘K, + . . . + K,K2...Kj ’ 

to obtain an implicit relationship between [H ‘1 and 1: This was solved at f = 0.25 and 
0.75 and A(pH) was obtained from the resulting values. Figures 4 and 5b are drawn for 
acids of different j but with (K,K,...Kj)' ‘j always equal to lo-‘. For a monobasic acid 
this value would correspond to the maximum on a plot of A(pH) against PK,~,~. As 
Ki/Ki+ I decreases the titration curve becomes flatter and A(pH) decreases, but if Ki/Ki+ 1 
is as small as lo-’ a further decrease in it has no perceptible further effect on A(pH), which 
is also insensitive to variations of I’ in this range of acid strength. This limiting value of 
A(pH) is plotted against j in Fig. 4. and may be shown to be proportional to l/j. In the 
following paragraphs an algebraic proof of this proportionality is given. Figure 5 shows 
how the limiting value of A(pH) depends on (l/j)XpK, which is equal to the negative logar- 
ithm of the geometric mean dissociation constant. and on the concentration of the acid 
titrated. 
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I 

I, 0.5 

4 

0 I I I I I I I 1 
6 3 0 

Fig. 4. Dependence of the limiting value (see text) of A(pH) on j for the titration of a polyfunctional 
acid with a monofunctional strong base with (K,K2.. .K,) 1 ’ = IO-‘. Values Indistinguishable kom 

those shown here are obtained whenever C: 2 IO-‘M and K, K,_, I IO-’ 

0.6 

‘1 

(I/J) IpK 

h 

Fig. 5. Dependence of A(pH) on (a) (I/j)XpK, for (0) a difunctional acid with K,/K2 = IO- ’ and 
(A) a trifunctional acid with K,/K2 = K,/K, = IO-‘, and(h) the concentration of a trifunctional 

acid with pK, = 9. pK, = 7, and pK3 = 5. with r = 2. 
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If dilution. dissociation of H iA. and dissociation of water are all neglected, equation (1) 
becomes 

f= (I.ij) i iz,. 
i=l 

We define a parameter 111, as equal to KJK, + , and assume all the lili to be very small; 
A(pH) is then independent of 177. Under these conditions only the species H,A and AJ-’ 
are important and therefore every x except CQ, and x, is equal to zero. Of these, the former 
does not appear in equation (3) because the index has 1 rather than 0 as its smallest value. 
Hence every term in equation (3) is either zero or excluded, with the sole exception of x,. 
and equation (3) can therefore be written as 

,f’= i(jg,) = 2,. (4) 

KIK2K,...Kj 

'I= [H+]j+ K,K2K,...Ki' 

equation (4) may now be written as 

K,K,K3...KJ 

.f= [H+]‘+ K,K,K,...Ki' 

(5) 

(6) 

From the definition above of 177~ 

K, = K,/n1, 

K, = K,,i1772 = K,/(777,771,) 

1-I 
Ki = K, n(l/777,), 

i=l 

(7) 

(8) 

(9) 

and. upon substitution into equation (6). 

K 1 's 1 /771i 

f= 
i=l 

j- 1 

[H ‘1’ + K 1 n l/rrZi 

which can be solved for [H ‘1 giving 

n hence 

:1 -m-t 

(10) 

(11) 

pH = pK, - flog[(l -_f-)/” - (l/j)log (12) 

To examine the dependence of A(pH) upon j.f can be set equal to 0.75 and then to 0.25. 
The difference between the resulting pH-values gives 

A(pH) = (1 ‘j)log9 = 0.954/j (13) 
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The corresponding titration curve has only one point of maximum slope (see Fig. 3). no 
matter how many protons are on the original acid. In the region 0 c f c 1 the curve is 
symmetrical aroundf = 0.5 and in this interval the sign of the second derivative changes 
only once. 

Because the value of (log 9)/j can be thought of as a limit of A(pH) as 111 goes to zero. 
it can also be used in general to aid in developing an empirical formulation of the depen- 
dence of A(pH) upon m. For a difunctional acid having tn < 5, Meites’ gave the empirical 
equation 

A(pH) = O-478 + O-253 rn) + OGO74 1~. 

The intercept may be compared with the theoretical value of 0.4772. It is suggested that 
the general form for a j-functional acid is 

A(pH) - (l/j)log 9 = a& + bm + . . . , 

and is valid as long as nz is not too much greater than the statistical value. 
It is not possible to apply a similar treatment to polyfunctional acids for which Ki is 

larger than Ki+i* This is because all the terms in u are then important and the resulting 
equations are impossible to solve in a closed form. 

One last aspect of equation (13) is that acids of the type considered here could be used 
to prepare buffers of much higher buffer capacity than those that can be made from mono- 
functional ones or the familiar polyfunctional ones. 

Acknowledgement-We wish to express our thanks to the National Science Foundation and the Eastman Kodak 
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study. 
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Zusammenfassung-Die Form der potentiometrischen &ire-Basen-Titrationskurven bei der Neu- 
tralisation polyfunktioneller Sauren oder Basen. bei dcncnJede individuelle Dissoziationskonstante 
kleiner ist als die der nachfolgenden Stufe. wird untersucht. Im Bereich 0 < j < I (wo f’der zugege- 
bene Bruchteil des aquivalenten Reagensvolumens ist) nimmt die Steigung der Titrationskurve ab, 
wenn die Anzahlj saurer oder basischer Funktionen zunimmt. Die untere Grenze fur die Differenz 
der pH-Werte beif = 0,75 undf= 0,25 betragt (l/j) log 9. 

R&me-On examine Ies formes des courbes de titrage potentiometrique acid+base dans les neu- 
tralisations d’acides ou bases polyfonctlonnels pour lesquels chaque constante de dissociation suc- 
cessive est plus petite que la suivante. Dans la region 0 < f’< I (oh fest la fraction du volume 
equivalent de reactif qui a ite aJoutee). la pente de la courbe de titrage decroit quand le nombre j 
despositionsacidesou basiquescroit. Ladifferenceentre les valeurs de pH aj’ = 0.75 etf = 0.25 a (l/j) 
log 9 pour limite infirieure. 



THE EFFECT OF HN03, HCI AND HBr ON THE 
FLUORESCENCE OF THE ALUMINIUM COMPLEX 

OF I-(24’YRIDYLAZO)-‘-NAPHTHOL AND 
AN IMPROVED FLUOROMETRIC PROCEDURE 

FOR DETERMINATION OF ALUMINIUM 

P. R. HADDAD, P. W. ALEXANDER and L. E. SMYI-HE 

Department of Analytical Chemistry, Universrty of New South Wales. P.O. Box 1, 
Kensln~ton. N.S.W., Australia 2033 

fRecetced 11 hnr 1973. Accrpred 28 Ju/I. 1973) 

Summar) The lluore~ccncc of the alummmm complc\ of I-(2-pyridvlitzo)_2-naphthol (PAN) is 
both ~t~~hrlt/~d ,md ~1~11~11l~~d b\ IO ’ tf HNO, HCI or HBr Other acids tested have no effect. 
An tmproted tluoromctrtc procedure wtth a detectton hmrt of O+KIi ppm. increased precision and 
reduced Interferences over the extsting AI-PAN method is described. It is satisfactory for the deter- 
minatron of alummtum m bronze when an ion-exchange separation is used. but is not suitable for 
the determination ofalummium m plants The acidified Al-PAN is unsuitable for the determination 
of nickel(U) and fluoride by fluorescence quenching. 

The fluorescence of the aluminium chelate of l-(2-pyridylazo)-2-naphthol (PAN) was first 
reported by Surak et al. in 1964.’ They described a direct fluorometric procedure for the 
determination of aluminium and applied it to the analysis of clays and mineral colloids. 
Schenk and Dilloway have employed the fluorescence of Al-PAN for the determination 
of nickels and fluoride3 by fluorescence quenching. The deter~nation of nickel relies 
on the fact that the stability constant of Ni-PAN is considerably higher than that for Al- 
PAN, so that nickel displaces aluminium from Al-PAN to form the non-fluorescent Ni- 
PAN complex. The quenching procedure for fluoride is based on the reaction 

Al-PAN + sF- --+ AlF; -X + PAN 

Fluorescent Non-fluorescent. 

Several workers’-4 have noted that both the stability and fluorescence of AI-PAN 
depend markedly on the amount of ethanol present in the solution containing the complex. 
In 95”,, ethanol fluorescence is low and the complex gradually decomposes over a period 
of 30 days or more. The use of absolute ethanol increases the intensity of fluorescence and 
improves the stability. although decomposition still occurs at a measurable rate, for at 
least 24 hr. 

This paper describes how some acids enhance the fluorescence and improve the stability 
of Al-PAN. This has enabled an improved method for the fluorometric determination of 
aluminium to be developed. The suitability of acidified Al-PAN stock solution for the 
determinatjoll of nickel and fluoride by quenching procedures is also discussed. 

1 ‘3 
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EXPERIMENTAL 

Reagents 

Standard a/uminium solutions. Pure (99.99%) aluminium was used to prepare aqueous solutions and analytical 
grade AI(N0,),.9H20 was used for ethanolic solutions. A 1000.ppm ethanoiic solution of Al was prepared by 
dissolving 0.0138 g of the nitrate in 250 ml of absolute ethanol. 

Ethanol. Commercial absolute ethanol doubly distilled and stored over a molecular sieve. 
~ydroc~~orjc acid. Analytical grade reagent doubly distilled 
PAN lob3 M ~lution. Prepared by dissolving @0678 g of the Merck reagent in 250 ml of absolute ethanol. 

Procedures 

General. Wavelengths used for Al-PAN and acidified Al-PAN were 510 and 560 nm for excltatlon and emls- 
sion, respectively. The excitation and emission spectra for Al-PAN were identical to those for acidified Al-PAN 
except for the height of the main fluorescence peak at 560 nm. These spectra are shown in Fig. I. In ail cases. 
i-cm quartz cells were used to contain the solutions, and a Hitachi-Perkin-Elmer MPF-2A mstrument was used. 

To bring about equilibrium prepared solutions were allowed to stand at room t~lll~r~lt~ire for 24 hr or were 
heated in a water-bath at 40” for 1 hr and then allowed to cool for I5 min. 

1 I I I 1 
500 520 540 560 580 

Woveisngth, nm 

Fig. I. Excitation and emission spectra for Al-PAN (and acidified Al-PAN). 
A. Excitation spectrum. B, Emission spectrum. 

Testi~g~r efict of acids. First, water solutions of the acid to be tested were prepared m the concentration 
range lO-4-1 N and 10-4M solutions of Al-” and PAN were made by dilution of the stock solutions. Then 
I.0 ml of 10S4 M Al”, @25 ml of acid solution and S-0 ml of IO-“ M PAN were added in turn to a 25-ml 
volumetric flask and the mixture made up to the mark with absolute alcohol. In this manner the percentage 
of ethanol was kept constant at 99 Y, for each of the aad concentrations used The solutions were then allowed 
to come to equilibrium. 

Dcrermination ofuluminium. The stock solutions of Al and PAN were diluted to give the desired concentration 
level. Nitric acid, IO-’ 1M, was prepared and standardized against borax. This acid was used exclusively for ail 
aluminium ~terminations. 

Calibration curves covering severa ranges were prepared. and the technique used IS rllustrated below by refer- 
ence to a particular example. The procedure &scribed can be adapted to other concentrations provided the 
AI: PAN ratio is kept at I :5. The acid conccntrat1on used. however. was always O.IM when a IOO-fold dilution 
was US&l. 

A calibration curve in the range O-03 ppm A13’ was prepared by adding O-3.0ml of IO-‘hi aluminium. 
0.25 ml of @IM mtric acid and 5.0 ml of IO-‘&f PAN in turn to a 25-m] volumetric Rask and dilutmg the 
contents to the mark with absolute ethanol. The solutions were then allowed to reach equilibrium. Unknown 
solutions were similarly rrcated. 
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Qurr7cltrr1g ~IYX&~~Y. The procedures of Schenk and Dilloway’.3 for the determmatlon of mckel(l1) and fluor- 
I& were followed except that determmations were attempted at the IO-“M level It should be noted that the 
Al-PAN stock solution used for the determination of nickel(ll) is not sultable for the determination of fluoride 
because of the presence of excess of alummium. 

Anal~,sls of samples Plant material was obtained predried and powdered. Samples (I g) were placed in an air- 
oven at 90. for 18 hr m order to attam constant weight. This heating period was sufficient for all samples used. 

The sample was transferred to a platinum crucible and gently heated over a mlcrobunsen flame until emission 
of volatile components ceased. The crucible was then heated for 12 hr m a muffle furnace at 500 Heating was 
continued after this period if any black specks of carbon remained. After coohng. the crucible was placed on 
a boiling water-bath and the ash dlgested with 5 ml of IO M hydrochlorrc aad. For all samples analysed. complete 
dlssolutlon of the ash was achieved. The digest was then allowed lo cool. 

The procedure for analysis of bronze samples was as follows. An amount of material corresponding to 4Opg 
of Al m the final solution (usually 0.01 g) was weighed out and the bronze dissolved in 2 or 3 drops of concen- 
trated nitric acid. The solution was then gently heated on a hot-plate until all mtric acid had been removed and 
the residue was redissolved In IO ml of IO M hydrochloric acid. After the solution had been warmed shghtly to 
cn\urc compIcIc Jl\solutlnn. It 4;~s allowed lo cool. 

411 anion-c\changc column \+as prepared as described by Lewis er u/..~ except that Amberlite CG400 (IOO- 
200 mesh) resin and a column length of I5 cm were used. The column was pretreated by alternate washing with 
IO0 ml of distilled water and 100 ml of 10 M hydrochloric aad, the process being repeated three times. The 
column was ready for Ion-exchange separation after the final acid washing. 

The IOM hydrochloric acid sample solution (ash dtgcsl or dtssolved hronsc) prepared as described above was 
added to the Ion-exchange column and washed into the resm with I@15 ml of IOM hydrochloric acid. The 
column was then eluted with 100 ml of IOM hydrochloric acid. the collection of eluate being commenced Im- 
medlatel! after addition of the acid. Where several successive samples were bemg treated. the column was washed 
\\ Ith 100 ml of distilled water followed by 100 ml of 10M hydrochloric acid before addition of the next sample 

The eluate was placed in a beaker on a hot-plate and evaporated under moderate heat (below 140 ) to about 
5 ml. Care was necessary to ensure that the temperature did not exceed 140 or that evaporatron lo dryness did 
not occur, because of potential losses of alumimum as the chloride. The pH of the solution was then adjusted 
to 1.3 with aqueous ammoma and the volume made up to 25.0 ml m a graduated flask with hydrochloric acid 
of pH I.3 The pH-adjustment step was used so that further addition of acid was unnecessary. When a 50-fold 
dilution of the sample was used m the fluorometric stage. a pH of 1.3 m the sample digest produced the correct 
acid concentration in the final Al-PAN solution. 

A l.O-ml allquot of the sample digest nas transferred to a 50-ml volumetric flask containing 5 ml of IO-3 M 
PAN and made up ro rhr mark with absolute ethanol. After a suitable development time. fluorescence measure- 
ments were made in the usual way. 

RESULTS 

Eflect of acids on AI-P AN fluorescence 

Acids tested were HNO,. HCl, HBr. H,SO,. H,PO, and CH,COOH within the con- 
ccntration range lUeh- lo- ‘h’. Of the acids cyamined. only nitric. hydrochloric and hydro- 
br6mic were found to affect the fluorescence intensity; the remaining acids had only the 
effect of added water. Figure 2 shows the way in which the fluorescence intensity varies 
with acid concentration. Log [acid] is used in preference to pH because of the difficulties 
associated with measuring pH in an alcoholic medium. 

Idcnr~c:~l enhancements \\ere produced h! thcsc three acids with the maximum effect 
at ;L concc’ntrallon of IW”.Lf. The anions NO;. Cl-. Br- alone produced no enhance- 
ment. Similar graphs to Fig. 2 were prepared at lower concentrations of aluminiurn, but 
the position of the maximum remained unaltered. This led to the conclusion that the rele- 
vant criterion was the acid concentration and not the ratio of metal to acid. Hence it is 
not necessary to vary the acid concentration for different concentrations of aluminium. 

Under the conditions described in the experimental section the fluorescence of acidified 
.41 PAN was five times that of Al-PAN alone. This enhancement can be increased to a 
f:~ctor of ten if conditions are adjusted to provide a maximum percentage of alcohol while 
11111 m,~lnta~ning an acid concentration of IOe3M. 
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Log [Acid] 

Fig. 2. Fluorescence of Al-PAN vs. acid concentration. 
A, HNOI, HCl, HBr. B, Al-PAN alone. C, H,SO,, H,PO,, CH,COOH. 

The order of addition of reagents affected the time taken for a stable fluorescence to be 
reached. The final intensity of the fluorescence, however, did not vary with the order of 
addition of reagents. The sequence Al3 + + acid + PAN resulted in a development time 
of 1 hr for heated solutions, whereas any other sequence gave development times in excess 
of 2 hr. 

Effect of acids on stability of Al-PANJluorescence 

The instability of the Al-PAN fluorescence has been reported previously, a gradual de- 
cline in fluorescence intensity being noted.2q3*5 This decline continues for 30 days in 95% 
ethanol medium and 24 hr in absolute ethanol. 

The addition of nitric. hydrochloric or hydrobromic acid at a concentration of 10e3M 
stabilized the fluorescence of Al-PAN and completely eliminated any decomposition. On 
addition of the acid, the fluorescence rose sharply for 40 min and then became stable for 
10 days, after which time a gradual decline occurred. 

The increased stability of the acidified Al-PAN solution allowed it to be prepared as 
a stock solution and stored unchanged for a period of 10 days. 

Fluorometric procedure for determination of aluminium 

The enhancement of the fluorescence and stability of Al-PAN has been applied to the 
development of an improved fluorometric procedure. Calibration curves were constructed 
over several concentration ranges of aluminium and the effect of nitric acid examined. A 
five-fold enhancement was produced with identical results being obtained from solutions 
left for 24 hr at room temperature and those heated at 40” for 1 hr. The calibration curve 
was reproducible for a period of 10 days, so it was not necessary to prepare fresh curves 
within this period. 

The detection limit wasO*OOl ppm Al. as compared with the limit of0027 ppm suggested 
by Surak (‘I II/.. ‘.’ for the existing Al- PAN Iluorometrvz procedure. 
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Table I. Estimation of preclsmn of Al -PAN and AI-PAN-HNO, methods 

Fluorescence 

117 

[Al”]. /qw, Method used 

0.3 PAN 
0.3 PAN 
01 PAN 
0.1 PAN 
0.3 PAN-HNO, 
0.3 PAN-HNO, 
0.1 PAN-HNO, 
0.1 PAN-HNO, 

Temp. YZ Mean SD RSD. % 

15 59.3 IO.0 17.0 
40 60.9 10.0 16.5 
15 56.4 9.9 17.7 
40 60.8 1 I.7 19.3 
15 49.2 1.3 2.6 
40 51.4 1.5 2.9 
15 53.7 64 12.0 
40 48.5 5.4 11.2 

Precision. The precision of the method was studied and compared with that of Surak’s 
method. The relative standard deviation (RSD) of 10 replicates of the same concentration 
for two different concentrations (0.1 and 0.3 ppm) was calculated. Within each group of 
10 replicates, the first solution was arbitrarily set to 50 units on the fluorometer scale and 
the remaining solutions compared with it. The results are shown in Table 1. 

Table 1 shows that the RSD at the 0.3-ppm level for the acidified solutions was con- 
siderably less than for neutral solutions. This difference is not so marked at the O*l-ppm 
level, although the RSD was lower for the acidified solutions. Similar values were obtained 
for the RSD regardless of the method used to bring the solutions to equilibrium. 

These results indicate that precision is improved by addition of acid. 
I~+~r~nc~s. Interferences in the Al-PAN fluorometric procedure have been reported 

previously.‘~3~s The only other element which fluoresces with PAN is cobalt. Co(I1) can 
be air-oxidized to Co(II1) which is then able to form a diamagnetic fluorescent complex 
with PAN. Co-PAN does not represent an interference in the Al-PAN method because 
the emission wavelengths are well separated. 

Of more importance. however. are ions which tend to quench the fluorescence of Al- 
PAN [sucl~ as F- and Ni(II)]. Nitric acid suppressed the quenching effect of fluoride except 
when very large excesses of fluoride were present. and appreciably reduced the effect of 
nickel(I1). Nickel does interfere, but the use of an excess of PAN permitted the method to 
be used in its presence provided that an Ni : Al ratio of 5 : 1 was not exceeded. Where appre- 
ciable amounts of nickel were present, the solution became red, owing to the red Ni-PAN 
complex. This red colour increased self-absorption effects and necessitated either further 
dilution or use of standard addition techniques. and this is recommended when the colour 
suggests the presence of nickel. 

Other elements which form coloured complexes with PAN (e.g., Cu, Zn, Fe) are poten- 
tial interferents if present in sufficient concentration to cause absorption of the Al-PAN 
fluorescence. The critical concentrations of these elements depends on the solution matrix 
being used. In the analyses performed it was considered advisable to test this inner-filter 
effect by addition of a known small amount of aluminium and comparison with an inter- 
ferent-free matrix. When the effect was observed, it was necessary to dilute the sample to 
decrease the absorption or to use standard addition procedures. 

Apart from fluoride. no anions were found to interfere. 

Fl~orrscrr~~ quruchirug proceduws 

The use of acidified Al-PAN as a stock solution for the determination of nickel and 
fluoride by quenching procedures was examined. 
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Since there was no observed quenching unless a large excess of fluoride was present the 
quenching procedure is not applicable to the determination of fluoride. 

Nickel(H) gave rise to slight quenching, but this was not observed below IO- ‘M con- 
centrations, compared with levels of 10w9M found to be feasible by Schenk and Dil- 
loway.’ The quenching was irregular and no satisfactory calibration curves could be pre- 
pared This behaviour is attributed to the increased stability of Al-PAN when an appro- 
priate acid is added. 

Analysis of samples 

. Dry-ashing of plant samples has been used previously in the determination of alu- 
minium,6 and is particularly suitable for such analyses because of the non-volatility of alu- 
minium oxides. Provided procedural errors (such as allowing the sample to ignite) are 
avoided, there are no detectable losses of aluminium during dry-ashing at temperatures 
up to 500”.6 In addition, dry-ashing has the advantage of allowing the sample to be taken 
up in concentrated hydrochloric acid, thereby facilitating the ion-exchange separation of 
aluminium. 

Lewis et al. have described a selective ion-exchange procedure for aluminium.’ The 
sample is dissolved in IOM hydrochloric acid and passed through an anion-exchange 
column, which takes up the many elements which form complex chloro-anions. Aluminium 
is not adsorbed. Of the potential interferents in the Al-PAN procedure, only nickel(I1) is 
eluted with aluminium. Hence, this separation technique is particularly applicable to the 
analysis of aluminium bronzes where a large excess of copper and tin exists. The 
method also seemed relevant to plant samples, where aluminium is present in very small 
concentrations compared to other elements. 

When a calibration curve was prepared by passing standard amounts of aluminium 
through the ion-exchange column, extremely high blank levels of aluminium were 
observed The amount of aluminium in the resin was determined by three independent 
methods. 

Table 2. Aluminium content of Amberlite CC%00 (100-200 mesh) 
anion-cxhenge resin 

Method Value, ppru Remarks 

Emission spectrography 
Calorimetry’ 
Fluorometry (Al-PAN) 

300 Qualitative estimate 
120 2 samples 
104 1 sample 

Very high values of aluminium were found (Table 2), and other batches of the resin gave 
rise to similar results. Blank values corrccponding to SC)- 100 ppm Al were obtained in the 
effluent when the resin was left in contact with IOM hydrochloric acid for any appreciable 
time (> 1 day). These high values are attributed to the leaching effect of the acid. It is there- 
fore important that the column is stored containing water only and is pretreated before 
use with several alternate washings with distilled water and I OM hydrochloric acid. 

Recovery of added aluminium from the column was examined by performing the fluoro- 
metric determination of known amounts contained in a synthetic brass matrix. The results 
appear in Table 3. 



Fluoromctrrc procedure for determmatton of alummium 1’9 

Table 3 Recovery of added Al from a synthetic brass matrrx 

Al added. jlq Al found, 1111 Recovery, I:,, 

1000 100.4 100.4 
100 99.4 99.4 
50 49.5 99.0 
IO 9.9 99.0 

The sample matrtx comprised IO mg of Cu and IO mg of Zn 
In 10 ml 0r ion! HCI 

Materials used for plant analysis consisted of two grass samples (of unknown Al content) 
and the standard kale material supplied by Bowen. ’ These samples were satisfactorily 
ashed and digested and were passed through the ion-exchange column without problems. 
However, heavy precipitates were formed when an aliquot of the aqueous sample solution 
was added to ethanolic PAN. This resulted in very low values for aluminium, probably 
because of its coprecipitation with the alcohol-insoluble chlorides present in the sample. 
Analysis of the precipitate showed it to contain mostly sodium, which is found in relatively 
high concentrations in plant material (standard kale contains 2594 ppm Na).* For this rea- 
son. the Al-PAN fluorometric procedure described in this paper was considered unsuit- 
able for plant analysis. 

Bronze samples analysed included three samples which had been analysed for alu- 
minium gravimetrically with oxine. and a British Chemical Standard bronze (No. 304). 
Results for the analyses of these bronzes are shown in Table 4. 

Table 4. Analysis of bronzes. by ton-exchange separatton and use of acidified Al-PAN 

Sample 
No. 

I 
7 ; 

4 

Maternal 

Descrtption NI content, ‘I0 

Al bronze 
Al Al bronze bronze 3.8 

BCS No. 304 4.75 

Al content (PAN method) 

Mean. q0 SD. ‘I<, 

9.82 (7)* 0.021 
0.87 2.17 (5) 

(5) 
0.12 OGO4 

9.85 (9) 0.052 

Previous Al 
analysis. 9, 

9.87 
0.5-1.0 1.8-2.2 

9.82 

* The figures m brackets are the number of determmations performed. 

The precision of results for nickel-free samples was better than that for the two samples’ 
containing nickel. The reason for this was that greater dilutions and more manipulations 
were required for the latter. Despite this. precision for these samples was still acceptable 
and the method was considered suitable for the determination of aluminium in bronze. 

CONCLUSION 

The fluorescence of Al-PAN has been found to be both stabilized and enhanced by the 
presence of some inorganic acids. This observation has led to the development of a fluoro- 
metric method with improved sensitivity and precision over the existing Al-PAN method. 
The new method has proved satisfactory for the determination of aluminium in bronzes 
but is unsuitable for plant samples. 

The acidified Al-PAN was found to be unsatisfactory for use as a stock solution for 
the determination of nickel(H) and fluoride by fluorescence quenching procedures. 
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Zuaammenfaasung-Die Fluoreszenz des Aluminiumkom p lexes von I-(2-Pyridylazo)-2-naphthol 
(PAN) wird durch 10e3M HN03, HCl oder HBr sowoh 

. . . 
stabthstert als such verstiirkt. Andere 

untersuchte S3iuren haben keinen Effekt. Es wird ein verbessertes fluorometrisches Verfahren mit 
einer Nachweisgrenze von 0,001 ppm, erhijhter Genauigkeit und verminderten Storungen 
gegentiber der vorhandenen Al-PAN-Methode beschrieben. Es reicht fiir die Bestimmung von Alu- 
minium in Bronze aus, wenn man eine Ionenaustausch-Abtrennung verwendet, aber zur Bestim- 
mung von Aluminium ist es nicht geeignet. Die anges;iuerte Al-PAN-Losung eignet sich nicht zur 
Bestimmung von Nickel(H) und Fluorid durch Fluoreszenzloschung. 

R&urn&-La fluorescence du complexe de l’aluminium avec le l-(2pyridylazo) ?-naphtol (PAN) 
est H la fois stabilide et exaltee par HNO,, HCl ou HBr IO-’ M. Les autres acides essay& n’ont 
pas d’influence. On decrit une technique fluorimetrique amelioree avec une limite de detection de 
0,001 ppm, une precision accrue et des interferences reduites par rapport a la methode Al-PAN 
existante. Elle est satisfaisante pour le dosage de I’ alumimum dans le bronze quand on utilise une 
separation par echange d’ions. mars ne convient pas au dosage de l’aluminium dans plante. 
L’AI-PAN est impropre au dosage du nickel(H) et du fluorure par extinction de fluorescence. 
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Summary-A critlcal examination IS made of the theories and recommendations of MacCalium 
and Tanner. Prime. Draper. and Ingraham and Marter concermng the apphcability of the Ar- 
rheniusequatton to the kmeticanalysrsof data ohtamed by non-isothermal thermal analysts. Except 
t’or the l,t\t nwn~toned thc\e thccwrcs arc found to he of qucsttonahle validity. It IS suggested that 
;I numhc’~ 111 IKII)I :, ~-elated to the expertmental procedure and the assumpttons made about the 
decomposttton processes studred. require more extenstve mvestigatton before the theorettcal limi- 
tattons of the Arrhenms equation can be adequately assessed. 

The validity of the Arrhenius-type representation of data obtained by non-isothermal ther- 
mogravimetry (TG) and related techniques. e.g., DTG, DTA and DSC, has frequently been 
debated over the past few years. 

The equations normally utilized in the kinetic analysis of ~ermoanalytical data are: 

d.\- 
- = ,&-E’Rr.f(g)t 
dt 

dx A 
dT=;e -E’RT*.f(X), 

where s is the degree of conversion, r the time, A the pre-exponential factor, E the acti- 
vation energy. R the gas constant, T the absolute temperature, and a the linear rate of 
heating, and evaluation methods based on these equations have been reviewed widely.‘-’ 

It has been found that. even with the same experimen~l data, different evaluation 
methods may result in different values for kinetic parameters such as activation energy, 
pre-exponential factor and reaction order. 2.4*5 The parameters have also been observed 
to change with changes in the applied heating rate,6*7*8 and parameters calculated from 
data obtained in non-isothermal experiments have been found to differ from those 
obtained under isothermal conditions with the same type of sample.5*9 

These discrepancies have often been attributed to inadequacies of the Arrhenius-tee 
representation given in equations (I) and (2). Modified equations and new theories have 
emerged in attempts to’create consistency between theory and the actual phenomena. 

In this critical examination. the theories and modifications proposed by Ingraham and 
Marier.’ ’ Draper. ’ ’ MacCallum and Tanner’ ‘J 3 and Prime9 are discussed at length, and 
an attempt is made to assess their validity. 

1 .: I 
T4L \ol 21 ‘\o I f) 
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Ingraham and Marier” have proposed a modified kinetic equation: 

du 
dr = A’Te- E,RT*f(.K), 

which takes into consideration the temperature-dependence of the pre-exponential factor. 
This can be represented by: 

A = kesiR.T= A’T, 
h 

where k is the Boltzmann constant and h the Planck constant. Compared to the corr.e- 
sponding parameters obtained by using equation (1) the activation energy is slightly 
smaller, and the pre-exponential factor at normal temperatures is up to about three orders 
of magnitude smaller, when equation (3) is used for the calculation. 

Draper’ ’ considered the Arrhenius equation [equation (l)] to be applicable only to iso- 
thermal processes and proposed that it should be represented with the d.u/dr term as a partial 
derivative: 

= Ae-E’RT.f(.y). 

He suggested that the introduction of the linear heating rate, a, into equation (I ) to obtain 
equation (2) was mathematically incorrect because the time term used in the expression 
for the linear heating rate was fundamentally different from the corresponding time term 
of equation (5). He regarded the latter as “isothermal time”. ti, and the former as 
“temperature-variation time”, t,. and proposed that the total differential of the conver- 
sion should be written as 

(6) 

In isothermal processes tr is constant and the second term is zero. while in non-isothermal 
processes t, remains unchanged and the first term is zero. According to Draper. in order 
to obtain correct results from non-isothermal analysis it is necessary to carry out the 
analysis in such a way that tI remains constant. 

Draper and George I4 identified the t, variable and found that to keep it constant a hy- 
perbolic heating rate. 8. is required, where 8 is defined by 

(7) 

It can be shown that in this case 

s IT 

1 Ae-“IRT 
where 

R 

tl= --El’ (9) 
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Values for the rate constant at different temperatures can be obtained from equation (81, 
and with these data the activation energy and pre-exponential factor can easily be catcu- 
lated. 

MacCallum and Tanner’ 2~1 3 expressed a perference for isothermal procedures. They set 
out to show that the original Arrhenius equation is not applicable to non-isothermal pro- 
cesses. On the basis of Kissinger’s formulation: 

x =“/(T,tt, (IO) 

they reason as follows. The derivative of the conversion function [equation (lo)] is 

cis=($dt+(+ 
and hence the reaction rate 

From equations (1) and (5) it follows that 

ds 
- = A,-E’RT’f(X) + 
dr 

1.P.. 

(11) 

(12) 

(13) 

(14) 

Thus the Arrhenius equation is not applicable to the non-isothermal processes in which 
the term (&/c’T), has a value other than zero. 

Prime9 has used the same line of reasoning as MacCallum and Tanner and has, further, 
attempted to identify the (&/i?T), term of equation (13). By integrating equation (5) and 
differentiating with respect to the time and temperature he obtained the relationship 

where 

(15) 

AT is the difference between the temperature at a particular time and the temperature at 
which the reaction started: AT = T - 7;. 

Substitution for Z and (i~:‘ir), into equation (15) gives 

and, with this equation one can obtain values for A and E/R by plotting ln(dx/dt)/ZJ(x) 
against 1 IT. 

The suggestions above for achieving consistency reflect markedly different opinions con- 
cerning the nature and origin of the discrepancies. We have considered these theories, and 
find that apart from that of Ingraham and Marier they are of doubtful validity. 
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Draper’s theory was developed to satisfy a requirement that experimental data from 
non-iso~ermal and isothermal processes should be the same. When this is so, an integral 
of the form shown in equation (8) can be used for the evaluation, which may be carried 
out in a simple manner by plotting the data in the logarithmic form: 

In F(X) - In l = In A - j& = In k(T), f1fU 

where k is the rate coefficient, The experimental data required from non-isothermal exper- 
iments when Draper’s concept is applied lie on lines parallel to the ordinate in Fig. 1. 

Time, min 

Fig. I. fsotkermal and non-isothermal reactlion routes. The u-h line corresponds fu a tkermogravi- 
metric trace characterized by the following variables: E = 40 kcal/mole: A = 10” min-’ : n = 1; 
a = 4 deg/min. The isotherms have been catcuiated for the same kinetic parameters and for temper- 

atures belonging to degrees of conversion 0*1.0+X _ . ,0,9 on the non-i~therrn~~l curve. 

Although, in calculations based on isothermal measurements, the ~ons~ncy of time is 
convenient, if one wishes to compare various isotherms, it is not altogether necessary. The 
kinetic constants can be determined from data obtained in other ways, including data 
obtained by using linear temperature programing. A practical example of this situation 
is marked by the line u-b in Fig. 1. It should be noted that the time scale on the abscissa 
of Fig. 1 applies only to the isothermal x--t functions which are indicated by continuous 
lines. The condition that the X-T data pairs obtained by non-isothermal expe~ments 
should also be obtainable by isothermal processes should be considered as fulfiIled. From 
Fig. I it can be seen that a series of stepwise isothermal processes will be eyuivaIent to 

a single non~i~thermal procedure. The physical meaning of equation (6) is that any AY- 
AT change in an experimental conversion-temperature (u-77 function can be achieved 
with a suitable combination of isothermal and hyperbolically-programmed steps; thus any 
conceivable reaction route should be considered as “legitimate”. The same conclusion has 
been arrived at by Simmons and Wendfandt, *’ 

If equation (i}, which describes only a momentum of the X-F-T function, is integrated 
with strict regard to the nature of the time-temperature relationship, at each step of the 
reaction path the derivation remains true. This means that it is not necessary to introduce 
two different time scales. 



If equation (1) is integrated for a hyperbolic heating rate [equation (7)] we obtain equa- 
tion (8) regardless of the possibility of different time scales. Such integration is the usual 
practice for producing equations for non-isothermal evaluation purposes. Thus, if we use 
a linear heating rate. equation (2) is integrated in the following form: 

(19) 

The main advantage of using hyperbolic heating rates is that equation (I ) can then be di- 
rectly integrated. whereas with linear programming the calculations are more complicated 
and, if approximations are involved. not completely accurate. Hyperbolic and exponential 
temperature programming have been reported by Farre-Rius and his co-workers.’ a 

In line with Kissinger’s earlier suggestion’ ’ both ~acCallum and Prime assume that 
the conversion is a state function of two independent variables, namely the time and tem- 
perature. Some problems regarding derivations based on Kissinger’s formulation [equa- 
tion (lo)] have already been considered in detail elsewhere.” In particular it has been 
noted that partial differentiation cannot be applied to this expression. since the above- 
mentioned assumption is not valid. 

If one substitutes data into equation (15) it can be seen that Prime’s approach can lead 
to surprising results. Thus. if the values of Z corresponding to an activation energy of 
13 kcal/mole and an initial decomposition temperature (ri) of 55” are substituted into 
equation (15) then the calculated reaction rate at 100” is almost six times larger, and the 
reaction rate at 200 is almost eleven times larger. than the reaction rate under normal 
isothermal conditions at the same degree of conversion.’ The explanation for these un- 
likely results lies in the ma~ematical treatment employed. The procedure.’ however, has 
not been described in detail, although a reference was made to a future publication which 
we have not been able to find. 

On the outline of the derivation given by Prime,’ at least two procedures can be devised 
to obtain expressions that might lead to equations (15) and (16). However, in both deriva- 
tions. it is necessary to make incorrect assumptions in order to arrive at Prime’s equations. 

Consider. for example. the more demonstrative of the two procedures mentioned above. 
From the isothermal equation 

= Ae-E’RT -f(s), 

we obtain by iiltegration : 

and by subsequent differentiation: 

d 
s 

.’ ds 
- = d(Ae-E’Rr . f) . 

0 f(s) 
1.e.. 

dFfs) = AeeEjRT & t* dT + dt . 

(ii) 

(iii) 
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where the right-hand side of equation (iii) is a total differential, From (iii): 

dFf,u) = AeeEjRT 
i 

&a z - 

and hence: 

i.e., 

Thus 

F(x)= j;$-)= j~Ae-~/RT[~.~.t+ i)dr. 

-f& = Ae-E'RT ($ * g * t i- 1) dt, 

and 

f VI 

WI 

(vii) 

i.e., we obtain equation f 17) 
If the dT/dt term in equation (iv) and in the subsequent derivation is regarded as some 

sort of heating rate a very serious error is committed. Equation (iii) is an expression des- 
cribing only some properties of the x-T-t ~~~~er~f reaction surfaces, and is limited by 
the x = 0 and c = 0 lower integration boundaries. 

Its application to actual isothermal reactions gives the obvious result: 

F(x) = 
I 

’ AewEjRT ~ dt , 
0 

(viii) 

since the term containing d7’ must be zero. 
Equation (iii) cannot generally be applied to non-isothermal processes since, according 

to the original assump~on, its time parameter is the time spent in a reaction proceeding 
from _Y = 0 to .X isothermally at a constant temperature (T), There is, however, one excep- 
tion to this limitation. If Draper’si assumptions of two different time scales are applied 
to equation (iii) one obtains: 

dF(x) = Ae-EIRr 
! 

+&dT+ dc, . 

Equation (iiia) can be applied to non-isothermal reactions proceeding through hyperboli- 
cally-programmed and isothermal steps. The conditions dt, = 0 and dT = 0 lead to equa- 
tions (8) and (viii) respectively. 

The incorporation of a generally-expressed heating rate in equation (iii) leads to the 
expression : 

dF(x) = Ae-“IRT $ tf g + 2) dt, . 
T 

(iva) 
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Since tr in this equation can only be interpreted in terms of a constant hyperbolic heating 
rate and for this condition dtridt, = 0. we obtain: 

dQ) = A C,-‘:‘R7‘.dr,. . 

which is again equivalent to equation (1). 

(viiia) 

Some results from a DSC study on the curing of an epoxy resin given by Prime’ appear 
to justify his theoretical treatment. From measurements at different heating rates he 
obtained values for the activation energy and pre-exponential factor by using equations 
(1) and (17). He compared these two sets of results and values obtained from isothermal 
measurements and calculated by using equation (1). The results from equation (17) are, 
indeed. in better agreement with the isothermal ones than those calculated by using non- 
isothermal data in equation (I). However. it was surprising to find that results calculated 
from non-isothermal measurements on the basis of equation (1) were in better and better 
agreement with those obtained from isothermal ones as the heating rate increased. 

This phenomenon would suggest a highly exothermic reaction. where in some cases the 
spontaneous temperature rise in the sample might exceed that from the applied heating 
rate. Thus the actual sample temperature might be consistently higher than that assumed. 
The larger the difference between the real and assumed temperatures, the larger would be 
the activation energy calculated on the basis of equation (I ). since the preset linear heating 
rate and thus the assumed temperatures are generally used in the evaluation procedure. 
For such behaviour, however. the measuring routine employed, and not equation (I), must 
surely be held responsible. 

The introduction of a temperature-dependent term in equation (1) must, naturally, 
modify the calculated activation energy values. 

To ascertain the basis of the difference in the values of the kinetic constants calculated 
from equations (I), (3) and (17). we need first to define the quantity “experimental acti- 
vation energy’“. Ec,p. This is given by the relationship: 

Ecxp I din k 
dT RT’ 

because it is determined by studying the temperature dependence of the rate constant. 
From equation (3) we can derive the expression 

dlnEr 1 E RT+E ----+ E-----1 
d7- T RT” RT’ 

(20) 

f21) 

and from equations (20) and (21) we obtain 

E em =RT+E. (221 

Thus El.,,, increases linearly with the temperature as RT increases, from O-6 to 2 kcah’mole. 
over the temperature range from 300 to 800 K. From equation (17) the rate constant, k, 
can be expressed as AZe-“‘RT, hence: 

d Ink dlnZ E -------=- - . 
dT dT + RT’ 

(23) 
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We have found that the particular function in the published experiment could be approxi- 
mated as: 

z c C(T- T,’ :, (24) 

where C is a constant. 
Using this expression for Z, we obtain from equation (23): 

dlnk 1 E __ -. 
-=ZAT+RT’ dT 

From equations (25) and (20) a new expression for Ecxp is now derived: 

Eexp = RT2 
m+ E. 

(25) 

(26) 

The 1/2RT2/AT term could be expressed in an approximate form. Thus, using the pub- 
lished data:’ 

E 
exP 

- 33T-0’64 + E. (27) 

According to equation (27), Eexp, i.e., the E values calculated without using the Z-value 
correction, should decrease with increasing temperature. The value of the 33T-0’64 term 
ranges from about 10 to about 1.5 kcal/mole as the temperature rises from 50 to 200”, and 
the higher the average temperature of the reaction the smaller the difference between the 
average values of Eexp and E. It should be noted that the average reaction temperature 
increases with increasing heating rate. and this is why the published activation energies 
move closer to one another and the differences between the corrected and uncorrected 
values also decrease with increasing heating rates. Thus in Prime’s treatment the errors 
attributed to the use of equation (1) appear to have been overcome by the use of equation 
(17). In fact, in this instance, we have one of those rare occasions when an incorrect theory 
is applied to a suitable set of data to yield acceptable results. 

Some authors6,‘** have reported that kinetic parameter values obtained by non-isother- 
mal thermoanalytical methods change with changing degrees of conversion and/or chang- 
ing heating rates. They find that values for the activation energy usually increase with de- 
creasing heating rates, approaching the isothermally-obtained value. 

The changes in heating rate and degree of conversion usually correspond to changes 
in temperature, but the effects of these changes on the calculated E values are more drama- 
tic than the increase expressed by equation (22). In such cases the theory of Ingraham and 
Marie?’ is not of practical value. However, this theory appears to be acceptable theoreti- 
cally, unlike the other three. 

The lack of agreement amongst practical results may be attributed to many factors. such 
as differing assumptions about the reaction mechanism, inadequate heating rates, too large 
a sample-size, and uncontrolled thermal behaviour. 

These practical and procedural factors may have an over-riding effect on the data 
obtained from thermoanalytical measurements of any type. If such effects are not eli- 
minated or taken carefully into consideration, the results obtained from different exper- 
imental conditions will obviously disagree. 
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There seems to be no fundamental reason why the non-isothermal nature of measure- 
ments should be responsible for disagreement between isothermally and non-isothermally 
obtained results. If the reaction mechanism remains unchanged as the reaction proceeds, 
these results can. indeed. be in good agreement. ” We think that further work is required 
on the influences of the above-mentioned factors and similar phenomena on the exper- 
imental data and/or the results of particular procedures of evaluation. Only when satisfac- 
tory procedures have been established for obtaining the appropriate data can it be decided 
whether or not the underlying theory. i.e., the Arrhenius-type representation of the kinetic 
processes. requires modification. 
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Zusammenfassung-Die Theorten und Empfehlungen von MacCallum und Tanner. Prtme. Draper 
und Ingraham und Marter bezughch der Anwendbarkett der Arrhenius-Gleichung auf die kine- 
tische Anal\se von Daten aus der mchttsothermen Analvse wurden kritisch iiberpriift. AuRer der 
zuletzt erw~ihnten erweisen such dtese Theoricn als van fraglicher Giiltigkeit. Es wird angedeutet. 
da8 etne Anzahl ,011 Faktoren. dte mtt dem Versuchsverlauf zu tun haben, und die iiber dte unter- 
suchten Zersetzungsprozesse gemachten Annahmen noch ausfiihrlicher untersucht werden miissen. 
ehe die theorettschen Begrenzungen der Arrhemus-Gleichung hinreichend abgeschltzt werden 
khnnen 

Resumes On fait un ekamen crtttque des theortes et recommandattons de MacCallum et Tanner. 
Prime. Draper et Ingraham et Mnrter concernant la possibihtt d’applicatton de I’equation d’Ar- 
rhenius ;I I’nnalysr ctnettque des donnees ohtenues par I’analyse non-isothermtque. A I’exception 
de le dermere menttonnee. on a trouve que ces theories sent de validite douteuse. On suggere qu’un 
certain nombre de facteurs relatifs a la techmque experimentale et les hypotheses faites sur les pro- 
cessus de decomposttton etudtes exigent une recherche plus developpee avant que les limitations 
theortyues de l’equatton d’Arrhentus putssent etre apprectees convenablement. 
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Summar> ILz~tl~d~~~~.c II<>\\ I~CIII~~C~ IWXI TOI- ti~cdc~~gr~of~.a~~~~~l~n~~ci~c~~~~~;~nd for dat;t c\aluat~on 
promlsr: to mcrea~c the certutntj ~th whxh larpc. mbomogeneous. and segregated masses of 
materml (mountains) may be analysed for interesting constituents. These methods are du-ected to- 
ward the integration of work originating within several dtsaplmes, and utilize different kmds of 
sampling constant to control error. 

Griffiths’ has remarked that no organized attempt has been made to resolve the problem 
of sampling in the mineral industries (or the geosciences). This is not the overs~tement 
it may at first appear. Algorithms for solution of the problem have not been used. This 
is probabl> due to a lack of lialson between disciplines. Miesch’ has Identified part of the 
problem: “Analytical errors include errors due to crushing, splitting, homogenization, 
laboratory subsampling. procedures at bench or instrument, and even recording and typ- 
ing the lab report. The analyst has to be concerned with these sources of analytical error, 
but from the geologist’s standpoint, it’s the total analytical error that’s important.” 

Most investigations of the geochemical sampling problem, with some notable excep- 
tions. have been directed toward devising sampling patterns. The principles of field sam- 
pling design has been treated in depth: see, for example. the references cited by Griffiths.’ 
This aspect of geochemical sampling is outside the scope of this paper, which emphasizes 
problems arising after the field sampling pattern has been established. 

These problems have all been more or less ~oroughIy treated in their parts: this paper 
suggests integration of these parts as a first try at the “organized attempt” mentioned by 
Griffiths. 

The key to the overall sampling problem may lie in the fact that analysts are seldom 
able to control error incurred during preparation of the sample presented for analysis. At 
best. they have the possibility of m~suring the ~mpleability of material received, and of 
giving warning of potential difficulties at other levels of sample treatment. Even this possi- 
bility does not occur routinely. 

When submitted samples are inhomogeneous or non-uniform, they are apt to be unrep- 
resentative of the field samples from which they were prepared. Evaluation of the results 
is in consequence doubly frustrated; analyses are not reproducible, and also do not repre- 
sent what they are supposed to. This frustration is often attributed to analytical error or 
to poor analytical discrimination.” Sometimes investigators are led to manipulate such 
results statistically. and censor those which do not fit a preconceived model. 

It has been observed’ that many data sets which do not fit a normal (Gaussian) distribu- 
tion may be transformed”.’ into new data sets which will fit this distribution, by conver- 
sion of the individual values into Iogarithms and addition of suitable constants. Mathema- 

Iii 
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tical devices are used7-9 to establish that part of the Iog-normal distribution which is 
beyond the reach of an analytical method because of lack of sensitivity. Rules of varying 
complexity have been proposed for eliminating “outhers”. One of the more trivial of these. 
which has the virtue of being easily’ understood, is that “bad” analyses should be repeated 
in the hope of a “better” result. This rule is based on the empirical observation that enough 
“repeats” will usually generate a value compatible with any desired model. 

The manipulation of data to fit a normal, a log-nor~1, or some other ideal distribution 
is sometimes productive. More often, what is needed is a technique for adjusting available 
models to fit the data. To this end, the properties of non-Gaussian distributions are receiv- 
ing attention.“- 2 An effort is developing to overcome difficulties induced through indis- 
criminate use of the Gaussian approximation and the log-normal empiricism and to avoid 
extrapolation of observed variance beyond the process step in which it originates. 

THE SAMPLING OF MOUNTAINS 

Why do we wish to sample a mountain? For the purpose of this article, we wish to dis- 
cover not only how much of valuable element X it contains, but also to find the distribu- 
tion of this element within the mountain. To do this, samples must be taken, they must 
be reduced in size to a few grams, and they must be analysed. 

A distinction between “samples” and “subsamples” is worth while. A sample of a moun- 
tain is not necessarily a representative sample of the mountain. The composition of a 
mountain with respect to the element X is only found through analysis of many samples, 
none of which can reasonably be expected to be individually representative. The overall 
concentration of X in the mountain could best be found by taking as many samples as 
possible, reducing them properly, mixing them and finally making one analysis by the most 
accurate method available. This would, however, tell nothing of the way in which the ele- 
ment X is distributed throughout the mountain, and would provide the mining engineer 
with only a preliminary overall grade estimate. 

A subsample is a split of a sample, prepared in such a way that there is some confidence 
in its having the same concentration of X as the sample from which it originated. Between 
samples of the mountain, one expects there to be differences in X-content; indeed, such 
differences provide a picture of the distribution of X in the mountain. Between subsamples 
of the same sample, one hopes that there will be no difference in X-content, 

The process of reducing a sample (which may weigh many pounds or even tons) to a 
laboratory subsample (which may weigh a few grams or less) may have to be different for 
every constituent. A ~oroughly adequate reduction scheme for constituent X may be in- 
adequate for constituent I! For example, molybdenum may be present in veins or large 
rosettes. while tin or gold may be evenly distributed in minute grains of cassiterite or native 
metal. Each of these mineral species carries its own comminution characteristics. Zinc may 
be concentrated in one part of the mountain, and lead in another. If more than one element 
is of interest, two or more different, overlapping, and co-ordinated sampling and subsam- 
pling schemes may have to be devised Of course, an adequate sampling scheme for one 
element may result in oversampling for another; this obviously does no harm. 

There are many sources of error in the sampling and reduction process. and for success 
all of these must be considered. The information chain leads from the mountain to the 
balance pan through sample collection and reduction. It then leads back to the mountain 
via chemical or instrumental analysis and evaluation of results. This chain is no stronger 
than its weakest link. Efforts directed toward strengthening any other link are wasted. 
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One must first discover which link is the weakest, and, since all data originate at the 
analytical link. this link should be examined first. A primary analytical requirement is the 
capability to analyse homogeneous samples for the element X with the required accuracy, 
precision. speed, and confidence. When the measured concentration of X in successive sub- 
samples shows an unacceptable variance, it is necessary to discover how much of this vari- 
ance is due to analytical error, and how much to subsampling error. 

Sometimes it is difficult to isolate and clearly define analytical error; nevertheless, its 
definition is an essential,first step toward control of the overall information-gathering pro- 
cess. If, by definition. analytical error is to include crushing, splitting, homogenization, and 
subsampling error. there will be no possibility of isolating and defining it. It will remain 
the catch-all for geochemical confusion. 

There are several methods by which analytical and subsampling errors may be separ- 
ated. To measure analytical error, repetitive analyses of samples of known uniformity is 
the most straightforward method. If such samples are not available, as is often the case, 
comparisons of method performance by use of different sample weights may be useful, or 
repetitive analyses of selected samples before and after grinding to a finer grain-size may 
yield the required information. The difference in variance of results on fine and coarse 
samples. or on small and large samples, provides an estimate of both subsampling and 
analytical variances. and permits their separation. 

When confidence in analytical methods has been established by such means, it is poss- 
ible to investigate the sampling and subsampling characteristics of the material in the 
“mountain.” This investigation must take place in three or more overlapping stages. The 
problems at each stage are conveniently defined in terms of sampling constants. 

SAMPLING CONSTANTS 

We define three types of sampling constant. 
1. A laboratorysamplingconstant.” useful in describing the subsampling characteristics 

of laboratory samples and submitted samples. 
2. Gy’s sampling constant.’ 3-1 ’ useful in controlling the reduction of field samples to 

laboratory size. 
3. Visman sampling constants.16-‘9 useful during the design of field sampling pro- 

cedure. 
Of these sampling constants. those of Gy and Visman have unquestioned claim to 

priority. Each reflects basic sampling principles; they differ only in emphasis and field of 
applicabilit!. If Griffiths’ challenge is to be eventually met. they will all be combined 
into a trul! general sampling theory. 

The homogeneity or uniformity, and hence the subsampling characteristics, of a well- 
mixed laboratory sample or submitted sample may be defined, with respect to the element 
X. by a laboratory sampling constant 

K, = R’w, (1) 

where R is the relative 
may be estimated from 
subsample weight ~3: 

subsampling error incurred by using subsamples of weight w. R 
the coefficient of variation of a series of N analytical results for 

R = 100 s1.T: = , KS/b, 



where s is the estimated standard deviation and K is the mean of N analytical results by 
a precise analytical method. The distribution of the N analytical results must be approxi- 
mately Gaussian, or they must be randomly grouped (according to the central limit 
theorem) to yield such a distribution. Other methods of estimating K, have been sug- 
gested. l2 These include physical measurements of various kinds. Like Gy’s constant (see 
below), K, is descriptive of the material, is independent of sample or subsample size, and 
has no relation to analytical error. 

In using the method of repetitive determination to estimate K,, it is very important that 
N be large enough to permit estimation of the frequency of occurrence of isolated high-X 
mineral grains. Principles governing the selection of N are the same as those used by Vis- 
man and Gy (see below) except in circumstances where the distribution of analytical results 
does not follow a Gaussian pattern, and calculations based on the Gaussian approxima- 
tion do not apply. Such circumstances arise far more frequently at the laboratory subsam- 
pling level than at other levels in the sampling process. 

When samples or subsamples are small and the overall concentration of X is low. it is 
always possible that none of N samples or subsamples will contain a grain of high-X 
mineral. For example, a lOO-mg subsample of a 200-mesh rock powder containing 20 ppm 
SnOz may carry only one grain of cassiterite. Several IO-mg subsamples of this rock 
powder may show no grain of cassiterite. The occasional lo-mg subsample which does 
carry a grain of cassiterite will show about 200 ppm SnOz. It is impossible, in this example, 
for any single IO-mg subsample to show the true overall concentration of SnO,. If the 
sample is lOO-mesh instead of 200-mesh, 160 ppm SnO, might be missed entirely if lo-mg 
subsamples are taken. If the lOO-mesh sample contains 1600 ppm (O-16”/,) SnO,, an average 
lOO-mg subsample will contain 10 grains of cassiterite. and successive IOO-mg subsamples 
will generate results of high variance, because each subsample will contain a randomly 
varying number of cassiterite grains. The results will show a Poisson distribution in 
which successive results differ by multiples of about 160 ppm, and with a standard devia- 
tion of ,/lO x 160. or about 500 ppm. If this distribution should be attributed to analytical 
error, or if it were extrapolated to supposed field relationships. false conclusions might 
be drawn. 

At the field sampling level. a similar situation may prevail. For example. one 3-mesh 
grain of MO& in a 36-kg sample contributes about 0.04”, MO to a I-kg split of that 
sample. See the example given at the end of this article. 

Because of such considerations. it is of importance to consider carefully the subsample 
weights required by various analytical methods, and to relate those requirements to par- 
ticle size and other characteristics of the submitted samples being examined. This is most 
easily done through use of the laboratory sampling constant K,. 

Defining K, in terms of relative sampling error, instead of in terms of variance or stan- 
dard deviation, has several advantages. It is the weight in grams needed to ensure (689; 
confidence) a result which differs from the mean by no more than 17,. The square root 
of the sampling constant is numerically equal to the coefficient of variation of a set of 
results obtained from I-g subsamples by a precise analytical method. In the construction 
of a calibration curve for an analytical method, the length of error bars may be calculated 
from K, values of’ the respective samples and calibrating standards without reference to 
the concentrations of X in either, if a blank measurement establishes the intercept on the 
ordinate. 

Only after laboratory subsampling error has been brought under control IS it possible 
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to begin evaluation of processes by which submitted samples are prepared from field 
samples. 

The principles which ought to guide bulk sample reduction have been thoroughly devel- 
oped by Gy.‘3-‘” Gy’s sampling constant is defined in his basic sampling equation 

C = M&d3 =,fghJJ, (3) 

where M is the weight of sample required to attain a relative sampling variance s& and 
d is the linear dimension of the largest pieces in the lot to be sampled. The sampling con- 
stant C is the product of several factors-a shape factor,f, a particle-size distribution factor 
g. a liberation factor 1. which approaches zero for completely homogeneous material and 
unity for completely heterogeneous material. and a mineralogical composition factor 

JJJ = (1 - U)(r - LJl’ + Uf)lU, (4) 

where I’ and I are the densities of the ore mineral and the gangue respectively, and a is 
the average ore-mineral content expressed as a fraction of the whole. Gy’s sampling slide- 
rule’ ’ permits quick calculations using these principles. The slide-rule carries a table giv- 
ing corrcspondlnp values of I and tljL. the ratio of biggest particle size to liberation size 
(l.c., largest particle size of the component of interest). 

A simpler principle. which must, however, be applied with caution, involves use of the 
Tyler screen scale.” Very often, if a sample is reduced to pass the next finer screen on 
the , 2 scale. one-half of it may be split out without loss of information, and the split 
remains representative of the whole. Obviously, the grains of high-X mineral must be 
reduced in size during crushing for this rule to be valid. Mere breaking up of aggregates 
or reduction of gangue minerals will not have the desired effect. The several factors and 
devices described by Gy must remain in consideration if sampling mistakes are to be 
avoided. 

However the field samples are treated during preparation, it is necessary to monitor 
reduction errors, because no reduction theory can be exactly applied. Replicate submitted 
samples should be prepared in sufficient number for sure detection of inadequacies in the 
reduction process: this should be done as early in an exploration as possible, to avoid 
generation of meaningless data. Gy’s sampling constant and its associated arguments pro- 
vide the best available means for controlling and strengthening the third essential link in 
the information chain. 

An) field sampling operation involves two essential steps, the devising of a sampling 
pattern (which must always fit circumstances dictated by Nature), and the physical process 
of collection (which is often similarly restricted). These steps may well be guided by the 
“General Sampling Theory” of Visman.’ 6-‘9 

Visman’s theory. as applied to the analysis of unknown materials which are both inhom- 
ogeneous and segregated. requires the collection of two series of samples, one series of 
small samples and one series of large samples. The members of each series are reduced 
and analysed. care being taken that variance in the results does not originate from errors 
of sample reduction. from laboratory subsampling error, or from analytical error. The im- 
portance of controlling reduction error. using G!cs principles or their equivalent. and of 



snoozing laboratory sub~mpling and analytical errors, is obvious. If any of these IS out 
of control the variances which are important to the application of Visman’s theory may 
represent, not the sampling characteristics of the mountain, but a jumble of mixed errors, 

Visman sampling constants are calculated from the formulae 

A = w,w*(sf - s;)/(wz - WI), (5) 

B = 5:: - A/w,, (6) 

where A is a homogeneity constant, B is a segregation constant, sf is the small-sample vari- 
ance, s$ is the large-sample variance, w1 is the small-sample weight, and w2 is the large- 
sample weight. 

The constants A and EI having been determine& the expected variance in the combined 
results for N samples, each of weight w, is given by 

S’ = A/W+ BIN, (7) 

where W = Nw. the total weight of samples of weight tt‘. Note that as the segregation con- 
stant B increases, the number N of samples taken assumes greater importance. If the ore 
body, shipment, or mountain is not at all segregated, B is zero, and it makes no difference 
into how many increments the total weight of samples W is divided With segregated 
materials, there is evidently an optimum field sampling weight IV,,,~ which will yield a most 
precise estimate of the X-content of the mountain for any given total weight W of field 
samples. By differentiating (7) with respect to w and equating to zero, this optimum weight 
is found to be 

W 
opt 

= A/B = y/N. (8) 

As data accumulate during an exploration, or during a mining operation, increasingly 
accurate estimates of A and B will permit adjustment of field sample weights so as to 
obtain the most ~nfor~tio~ at the lowest cost. 

Visman’s sampling theory was developed semi-empirically. Duncan,” Visman et al.,“e 
Visman,” and Switzer ” have examined it critically in the light of statistical theory, and 
its validity in several respects has been established. However, some of its approximations 
may not be tolerable in real circumstances when segregation is extreme. A major approxi- 
mation is the assumption of a linear relationship between segregation-induced variance 
and sample size. By taking three or more (instead of two) series of samples of differing 
size, it is possible to establish a size-variance curve more accuratefy,‘8*‘Q and thereby 
avoid approximations which may not be valid in a particular case. 

An important practicaf. fact which may influence selection of field sample weights is that 
subsamphng errors (as distinct from sampling errors) are likely to be small for small 
samples, maximum with medium-size samples, and to diminish as samples become very 
large (always sup~sing that sound reduction procedures are followed). For example. a 4-in. 
length of drill core can be completely ground to pass a 100- or ZOO-mesh sieve, and will 
exhibit negligible sub~mpling error in comparison with the very large difference which 
may be expected between samples. With very large samples (over 100 kg). reduction errors 
and sampling aberrations are likely to cancel in any we&devised and well-directed reduc- 
tion process. It is with medium-size (I-10 kg) samples that such accidents as the loss or 
gain of rich ore or nuggets is most likely. Should it turn out that the optimum field sample 
weight is close to that at which mistakes and accidents are more iikely, sampte weight 
~~djustment may be desirable. Generally, if the calculated optimLlm field sample weight 
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is very large or very small, practical considerations may override it. It nevertheless remains 
an important guide to efficient sampling procedure. 

Because of these interrelated considerations, it is probably not possible to write general 
definitive directions for arriving at an optimum field sampling weight. Such directions 
must be derived for each particular case, following a careful assessment of practical 
problems and a knowledgeable application of appropriate statistical principles. 

USEFUL RELATIONSHIPS 

Several useful relationships, based on statistical principles, have been developed by 
Engels and Ingamells** and Ingamells and Switzer. l2 

R = loo x (H - L),i;;?iK~n* (7) 

R max = 50 x (2p - l)/Jn(p - pzl, (81 

c = sZ/(K - L), (9) 

2 = (K - L)*js*, (10) 

I7 = H/c - L/c, (111 

u3 = w/d!?, WI 

p = 1 --(I - e-z)h’, (131 

K, = IO4 x (K - L)(H - L)u3d,‘KF;‘, s41* 

where 

R = relative subsampling error in analyses of a two-component mixture of uniform 
grain size, in %. 

H = the X-content of the high-X mineral, in %. 
L= the X-content of the low-X mineral, in “/‘,. 

K = the overall concentration of X, in %. 
R max = the maximum possible value of R for a mixture of two minerals of the same 

density 
n = the effective number of grains in a subsample of w g. 

P = 1 - q = the proportion of the low-X mineral. 

(I = 1 - p = the proportion of the high-X mineral. 
c = the contribution of a single grain of high-X mineral to a single analytical result 

on II \\‘-f subsample. 
z = the average number of grains of high-X mineral in a single subsample of w g. 

s* = the variance in a set of N analytical results. 
u = the effective linear mesh size, in cm 
P = the probability that at least one of N sub~mples is free from high-X mineral 

grains, i.e., that the lowest in a series of Iv results represents the X-content of 
the low-X mineral or gangue. 

d = a function of mineral densities, usually closely approximated by the density of 
the high-X mineral. 

* A derivation of (14) IS pen m the appendtk 

TAL Vol ?I No 2-C 
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CORRELATION OF THE VARIOUS SAMPLING CONSTANTS 

The three types of sampling constant may be compared by placing them in similar 
format. 

V ismun 

s2 = A/w + B = NS’, (15) 

GY 
9 = cKv/w (B = O), Cl@ 

Ingamells and Switzer 
s2 = 1o-4 x K,K2/w (B = 0). (171 

Only the formulation by Visman includes a segregation constant. The three homogeneity 
constants are related as follows, by inspection of equations (15) and (16) and from equation 
(14): 

A = CK”d3 = K,zP x IfIr4 = (K - L)(N - L)u3d. (18) 

The usefulness of sampling constants can be enhanced by employing one or more of 
the relationships in (18). For example, if C can be estimated by using the processes de- 
scribed by Gy, A can be found from {18), avoiding tfre necessity for two series of results 
called for by (5) and (6). Equation (6) can then be used directly to find B. 

With well-mixed samples, 23 is zero, and the relationships in (18) may be used to find. 
for example, the effective grain siz$ of an ore mineral or the concentration of X in the 
gangue. 

APPLICATION 

The exploration of a mountain (or other inhomogeneous and segregated mass of mater- 
ial) for the element X should be pursued according to a flexible but well-defined plan, 
which is revised continuously as the data accumulate. 

Initial samples may be small and should be collected as inexpensively as possible. Some- 
times a few expertIy collected hand-~mples will suffice for preliminary work. These should 
be used to investigate the mineralogy of the deposit, to evaluate subsampling problems 
in a preliminary way, to develop analytical methods, and to establish laboratory pro- 
cedures appropriate to the investigation. Initial samples will likely not be representative 
in the sense that they contain the same proportion of X as the whole mountain, but they 
may be used to generate several “standard” or “reference” samples which will permit 
calibration and control of routine analytical methods. Several such standards should be 
prepared, repetitively analysed by a rapid and precise method to establish sampling con- 
stants for the element X, and then by primary (usually classical) methods to determine 
their exact composition. Appropriate secondary methods should be selected and devel- 
oped Subsampling problems, characteristic of the material in the mountain, will be noted. 
If small subsamples are t_o be used in analytical work, the ~stributions of the results may 
be non-Gaussian. 

After such preliminaries have been completed, and a sampling pattern has been devised, 
suites of samples of differing size will be collected, and Visman constants calculated from 
the results. Estimates of the optimum field sampling weight will be continually reviewed 
as exploration proceeds. A size-variance curve, characteristic of the mountain, will be 
cons~ructed~ 
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All sample reductions will be made, of course, according to Gy’s principles, the relevant 
constants being progressively revised. Analytical methods and subsampling procedures 
will be altered as necessary, in conformance with changing estimates of sampling 
constants. 

Initial analytical work may often be performed by rapid approximate methods, using 
as controls the reference samples referred to above. As exploration proceeds, it may 
become necessary to use fewer, larger samples and more accurate analytical methods to 
define the ore body adequately. For example, d.c. arc spectroscopy, invaluable in prelimi- 
nary surveys, may not be capable of the necessary precision and accuracy simply because 
the analytical subsamples it demands are too small; fewer determinations by another 
method using larger subsamples may be more useful. 

The calculated field sample weight may vary from a few grams to many tons. The 
number of field samples needed for the required overall precision may vary from a few 
dozen to many hundreds. Often, some informed subjective judgement must be applied, and 
theoretically optimum procedures must be modified to conform to such practical realities 
as cost and the law of diminishing returns. One cannot avoid a basic principle of sampling, 
that a IO-fold increase in precision for a given procedure requires a loo-fold increase in 
total weight of sample. Obviously, the greatest gain lies in the optimization of sampling 
and subsampling procedures, and not in the blind accumulation of vast quantities of data. 

EXAMPLES 

Many examples of actual application of the principles outlined above are given in the 
references cited.‘2*13,16,18*22 Summaries of two of these and two original examples follow. 

Use of tile laboratory sampling constant K, 

In K-Ar and 39Ar-40Ar dating of minerals, samples of known age are essential for 
calibration and control. Several such reference samples are widely distributed among prac- 
tising geochronologists. Sampling constants K, for potassium in several of these have been 
determined” by repetitive determination and by physical examination and microprobe 
analysis. Table 1 shows some of these values. Knowing the sampling constant for potas- 
sium or for radiogenic argon for a reference sample, a geochronologist can readily calculate 
the probable error introduced by using this sample as a calibrating standard. If he wishes 
to establish the precision of an analytical method, he may make repetitive determinations 

Table 1. Samphng constants for potassium in K-Ar reference samples 

Sample Description 

Bern 4M 
Bern 4B 
USGS P-207 
Mica = Mg 
LP-6 Bio 40-60 # 
PSC’ Or-l 
MIT B-3203 

Muscovite 
Btotlte 
Muscovite 
Phlogoplte 
Blotite 
Orthoclase 
Blohte 

10.40 0.020 0.14 0.18 
9.47 0.012 0.11 0.11 

10.4 0.168 0.41 I.5 
10.18 00IO OQO 0.00x 
1@03 0.005 0.07 0.045 
14.92 O@O 0.00 OQOX 
9.05 0.19 044 1.7 

* Subsample wetght necessary to ensure a relattve standard deviation due to subsampling of less than lo% with 
98”, confidence. K, IS the subsample weight necessary for a relative standard deviation of 1% with 68% confi- 
dence. , K, is numerically equal to the coefficient of variation expected in a series of repetitive determinations 
usmg l-g subsamples. Mica-Mg and PSU Or-l have never shown any measurable subsampling error for potas- 
sium. 
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on the reference sample, and attribute observed variance above that predicted by the sam- 
pling constant to error in the analytical method. In some instances, the sampling constant 
for radiogenic argon may be the same as that for potassium; this will be true if the refer- 
ence sample is geochronologically homogeneous; it will not be true if the sample contains 
two or more generations of potassium-bearing mineral. Little work has been done on esti- 
mation of sampling constants for radiogenic argon in geochronological standards. Prelimi- 
nary work with LP-6 Bio 40-60# indicates that its sampling constant for radiogenic argon 
may bc higher III:III that for potassium. This makes it less desirable as a “Ar-‘L”Ar stan- 
dard than, for example, the Bern biotite 4B. 

Early K-Ar standards such as the MIT biotite B-3203 and the USGS muscovite P-207, 
prepared before the importance of mineral purity was fully recognized, have proven inade- 
quate as either reference materials or calibrating standards. This is reflected in high values 
of K, for potassium (Table 1). 

Suppose a geochronologist uses his method for potassium to make eight determinations 
of K20 on LP-6 Bio 40-60#. The subsample weight is 0.02 g, and the average of the eight 
determinations is 10-l 1 y0 K,O, with an estimated standard deviation of 0.30%. The rela- 
tive standard deviation is 3*0”/,. The relative standard deviation due to subsampling error. 
calculated from v K, = tiO7. is m = O.O7/JO*O2 = 0.49%. The investigator can be 
sure that the variance in his results is mostly due to analytical error, and can apply himself 
to its correction. Had he used, instead, the reference sample P-207, interpretation of similar 
results would be very different. With P-207, the relative error due to subsampling. calcu- 
latcd from L K, = 0.41. is O-41 , 0.02 = 2+“,,. Most of the observed error derives. not from 
the analytical method, but from the essential non-uniformity of the reference sample. 

Use of Gy’s sampling constant, C 

This example is borrowed from a pamphlet on Gy’s sampling slide-rule, distributed by 
D. J. Ottley, Cerro Corporation, New York.i5 

The assay error in a zinc ore of top size about 2 cm and a practical liberation size of 
about 0.2 mm, and which contains 6.6% Zn as ZnS, is calculated from d/L= top particle 
size/liberation size = 100; whence 1, the liberation factor, is 0.05. For a lo-kg sample, esti- 
mating the shape factorfat 0.5, the particle-size distribution factor g at 0.25, and a minera- 
logical composition factor m = 43 g/cm3, yields a sampling constant C = 0.27 g/cm3. 
Finally, si = Cd3/M = 0*00022, and sR = 0.015. Out of 100 samples, 95 would assay 6.6 + 
0.2% Zn (if lo-kg ore samples were taken, and they were properly reduced and subsampled 
for analysis). If the top particle size were 4 in. (10 cm) instead of 2 cm, the sampling con- 
stant C would be about 0.11 g/cm3, and about 2 tons of sample would be required to 
ensure (95”/, confidence) that an assay would yield the true Zn content within O*l”,. 

This example may serve to emphasize the intractability of real-life sampling problems. 
The 2 tons of sample called for in the example having been collected, it must. in practice, 
be reduced, without change in composition, to a few grams for analysis. Often, the largest 
error is incurred at this stage. 

Use of Visman’s sampliny constunts A and B 

In the examination of a molybdenum ore body, three sets of samples were collected from 
drill cores: 100 4-in. core sections, 100 lo-ft core sections, and 100 50-ft core sections. 
Molybdenum determinations on the three sets of samples yielded standard deviations of 
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0?338”,. 0.245”; and 0~181°,~. Using core lengths instead of sample weights, Visman con- 
stants A and B were calculated from the 4-in. and IO-ft lengths. the 4-in. and 50-ft lengths, 
and the IO-ft and 50-ft lengths. using equations (5) and (6). Sampling constants so obtained 
were A = 0221, B = 0.038 for the first pair, A = 0.225, B = 0.028 for the second pair, and 
A = 0.343, B = 0026 for the third. The optimum core-length lies somewhere between 5 
and 15 ft, and 5000 IO-ft core lengths will establish the overall MO concentration in the 
ore body to within _t 50/o relative error (68”/ confidence). 

One other example will be given. This example demonstrates the important fact that 
variance in analytical results may be generated at any level of the sampling-analysis struc- 
ture. in any link of the chain which leads from the mountain to the balance pan, and should 
not be extrapolated past that link. 

Thirty molybdenum determinations on 2-kg splits of 3-mesh (0.67 cm) 36-kg ore samples 
showed values ranging from 0.172 to 0.321% MO, with a mean of 0.220% and a standard 
deviation of 0.0349%. The 2-kg splits were reduced to lo-mesh (0.2 cm) and about 100 g 
of each were ground to 150-mesh for analysis. Analytical subsamples were 2 g in weight. 

Calculation of c and z from equations (9) and (lo), assuming L= 0.172 [the probability 
of this is 0.99 from equation (1311 shows that the distribution is skewed and approximately 
Poisson with interval c = 0.0253 and an average effective number of large high-MO grains 
per subsample, z = 1.91. It is possible to calculate the mesh size at which this distribution 
is generated. by using equations (I I ) and (12). 

Table 2. Molybdenum values on three scparatc X-kg samples 

Weight of 3-mesh 
(0.67 cm) 

ground to IO-mesh 

A 

lloog 

B 

36 kg 

c 

80 g 

(0.20 cm) 
Weight of IO-mesh 

(0.20 cm) 
ground to 150-mesh 

(0.0105cm) 

MO. ” o (2-y analytical subsnmplcs) 

(Separate I O-mesh 
samples. ground to 
1 S&mesh for 
analysis). 

0.279 0.273 0.300 0.298 0.332 0.333 
0.310 0.299 0.318 0.318 0.293 0.289 
0,255 0.252 0.285 0,284 0.275 0.278 
0,257 0,250 0,299 0.299 0.302 0.303 
0,253 0.274 0.318 0.317 0,310 0.313 
0.279 0.273 0.302 0,306 0.313 0.319 
@334 0.324 0.307 0.306 0.347 0.350 
0,269 0,264 0.274 0.275 0.375 0.376 
0.356 0,343 0.306 0.305 0.245 0,244 
0.290 0,280 0 283 0.285 0.329 0.323 

7 0.2867 
s 00317 
c 0.0303 
R 1.10 

I l,l”,, 

Analysts-B Rowles. C Gra). Chmax Molybdenum Corp. 

0 2994 0.3125 
0.0142 0.0370 
0X181 0.0202 
3.07 3.37 
4.7”” 11.9”” 
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Corresponding values of mesh size and sample weight for the observed value of c are 
as follows 

3 mesh (0.67 cm) 3486 g 
10 mesh (0.20 cm) 91 g 

150 mesh (p0105cm) 0.013g 

Since the analytical method uses a 2-g subsample, and since 2-kg samples of the 3-mesh 
(O-67 cm) material were taken for grinding to lO-mesh, the skewness of the distribution 
must have been largely generated at the lo-mesh level; it does not, therefore, necessarily 
reflect either analytical error or the distribution of MO in the ore body. 

To help confirm this deduction, three of the 36-kg 3-mesh samples were treated in differ- 
ent ways, which are summarized in Table 2. Analytical error, measured by differences 
between duplicates, is less than a third of the sampling error, and is therefore inconsequen- 
tia1.23 As before, the data exhibit an approximately Poisson distribution, indicating the 
occasional presence of ore-mineral grains. The effective sample weights at the lo-mesh 
level are known, and the mesh size of the particles responsible for the variance in the 
results can be estimated as before, from (11) and (12). These particles are about IO-mesh. 
The relative standard deviation for the three sets of.results varies closely with the square 
root of the weight of IO-mesh material which was reduced to 150-mesh. This confirms that 
the observed variance was generated at the lo-mesh level. Further confirmation is pro- 
vided by the fact that sample B shows an improvement in sampling precision not much 
greater than is generated by the increase in the amount of lo-mesh material which was 
reduced to 150-mesh. The reduction in relative deviation from about 12% to about 4% 
is mostly due to increased sample (not subsample) size at the 150-mesh level. The duplicate 
determinations show that negligible subsampling error is generated at the 150-mesh level. 

Another approach using the data in Table 2 yields essentially the same conclusion. A 
maximum subsampling error may be calculated from (8). The data show that the ore 
approximates to the maximum error case at the IO-mesh level of sampling. Since variance 

Table 3. Molybdenum determinations on 2-kg splits of a single 36-kg sample 

Mo, % Analytical error 
Subsample (2-g analytical subsample) MO. “; 

1 0.265 0.260 0005 
2 0.273 0271 oQO2 
3 0.250 0.247 oGO3 
4 0.259 0.259 0000 
5 0.260 0.259 OGOI 
6 0.297 0.297 OGOO 
7 0.253 0.252 OOQl 
8 0.255 0.255 OGOO 

x 0.264 0.263 
s 0.0152 0.0156 OGO1 

Omitting outliers (subsamples No. 6) (see text) 

0.259 0.258 

0.0078 oGO75 
3” 0 3% (‘L = 4”;) 

Analyst-C. Gray. Climax Molybdenum Corp 



Geochemical analysis and sampling 153 

at the lo-mesh level is high, it is not possible to obtain from the data any good estimate 
of sampling characteristics at coarser sampling levels. However, some distortion of the 
Poisson distribution suggests that there may be occasional grains of high-MO mineral, 
much larger than lo-mesh. which contribute a few “outlying” or “anomalous” values. 

To confirm these deductions, eight 2-kg splits were taken from a single 3-mesh 36-kg 
sample. Each was ground to pass 150-mesh, the whole 2 kg being put through the screen, 
and 25-g subsamples were analysed for MO. Results are shown in Table 3. One of the eight 
samples shows an anomalously high value, indicating the presence of a single large grain 
of high-MO mineral in that-split. The difference between the anomalous value and the aver- 
age of the other seven is 0*035Y, MO. If this difference is due to a single grain of high-MO 
mineral, the linear dimension of such a grain is about 0.5 cm. 

The conclusion is that the 3-mesh ore contains sparsely distributed grains of high-MO 
mineral, a few of which are as large as 0.5 cm. but most of which are about IO-mesh 
(0.2 cm). When only 2 kg of the 36-kg samples are reduced to an analytical sample, there 
is almost no possibility that the analytical results will accurately reflect either the MO con- 
tent or the distribution of Mo in the mountain. Methods of data evaluation which attempt 
to associate observed variance in this example with field relationships are likely to yield 
false conclusions. 

CONCLUSION 

The processes of sampling a mountain (or other inhomogeneous and segregated mass 
of material), analysing the samples, and interpreting the results are subject to many errors. 
The use of three types of sampling constant permits estimation and control of these errors. 
Non-Gaussian statistics may often best describe the distribution of analytical results. 
There is a possibility of determining the origin of observed variance and skewness and 
thereby avoiding the extrapolation of such variance beyond the process link in which it 
originates. 

The information chain which leads from the mountain to the balance-pan via sample 
reduction and subsampling and then to analysis and data evaluation is no stronger than 
its weakest link. Efforts to strengthen any other link are wasted. 

APPENDIX 

The derivation of (14) may be of interest. 
By defimtion. 

K, = R'u 

The wetght of a subsample. W. IS the sum of the wetghts of two constituent mmerals: 

(1.4) 

\I = \\‘, + I)‘,,. 

For umform gratn stze II. the number of parttcles m wetght w IS 

(2A) 

II = \I ,. d, u3 + M ,/d,u”. WI 

where dL and dH are the denstttes of the low-X and the high-X minerals respectrvely. Let the number of grains 
of high-k’ mineral per subsample be Z: then the number of grains of low-X mineral is 77 - 2. From (2A) and 

(3A) 

1,’ = -_tl,u” + (17 - z,d, I?. (4A) 
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For a two-mineral mixture in which the high-X mmeral IS a mmor constituent (the common case in mining explo- 
ration), Poisson statistics apply, and the standard deviation in a set of results is 

s= Ct 1, (5A) 

where c is the contribution of a single grain of high-X mineral to an analytmal result Also, the overall X-con- 
centration in the average subsample is the sum of the gangue contribution and the contribution of I grains of 
high-X mineral: 

K = L+ c:. (6A) 

Eliminating c from (5A) and (6A) gives 

52 = (X - L)‘::. (7A) 

Also. by definition and from (7A). 

R’ = ]()~,s’/K? = 104fK - Liz KJ:. IxA) 

Substituting (4A) and (XA) in (I A) gives 

K J04WL)Zu’ 
I 

K2 C 

d 

H 
_d +nd 

L I. . 1 PAI z 
From 

K = 0 - qw)L+ Q-L 

where qr is the weight proportion of high-X mmeral. 

qW = (K - L)i(H - f.). 

The volume proportion of the high-X mineral is 

q = Z/II. 

The relation between (I and qW is 

r dt.q, 
’ = ; = d,(l - qw.3 + d,y, 

Substituting (I I A) in (I 3A) gives 

OOA) 

(IIA) 

(124 

(13A) 

z q--c 4.W - L) 
n d,(H - K) + d,(K - L) 

Substitutmg (l4A) in (9A) gives 

K, = 
104(K - L)‘u3 

K2 C 

d 
H 

_ d 
I. 

+ dL(K - L) + ddH - K) d 

d,(K - L) 
I. 1 = IO4 x (K - L)(H - L)lr3d/K’ 

:: 
1 . 
4. 
5. 
6. 
7. 
8. 
9. 

IO. 
I I. 
12. 
13. 
14. 
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Zusammenfassung-Zur Zelt im Planungsstadium befindliche Verfahren zum Entwurf von Pro- 
benahm+Schemata und zur Auswertung von Daten versprechen, die Sicherheit zu erhahen, mit 
der grofie. inhomogene und entmischte Materlalmengen (Berge) auf interessante Bestandteile ana- 
lysiert wer’!.n kannen. Die Verfanren zielen auf das Zusammenwirken von Arbeitsmethoden, die 
ihren Ursprung in verschiedenen Fachgebieten haben, und verwenden verschiedene Arten von Pro- 
benahmekonstanten. urn den Fehler zu kontrollieren. 

R&sum&-Les mtthodes qul sont maintenant tlaborees pour I&de de schCmas d%chantillonnage 
et pour l’tvaluation de donndes promettent d’accroitre la certitude avec laquelle des masses de 
mat&e grandes, non homogtnes et divisies (montagnes) peuve.nt itre analysks pour les consti- 
tuants inttressants. Ces mCthodes sont dirigdes vers l’inttgration du travail provenant de plusieurs 
disciphnes. et utilisent diffirentes sortes de constantes d’&hantillonnage pour contrbler l’erreur. 
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Emory-The oxrdatron of mandelic acid. ethylene giycoi, glycerol and n-mannitol by the pyro- 
phosphate complex of manganese(II1) and wsth man~anese(II1) sulphate was studred. It was shown 
that benzaldehyde is formed by oxrdation of mandelic acid. which undergoes no further oxidation. 
In the case of ethylene glycol, glycerol and n-mannitol the reactions do not follow a simple course 
and therefore are not of analytical utility. The effect of acidity and time on the course of the reac- 
tions was found and a procedure for the indirect trtrimetnc determination of mandelic acid with 
both reagents proposed. 

Compounds of tervalent manganese are strong oxidants, with formal redox potentials and 
stability in solution which depend upon the acidity and the presence of complexing agents, 
e.g., fluoride, phosphate or pyrophosphate.’ Complexing agents increase the stability of 
solutions of manganes~II1); however, they decrease the value of the corresponding forma1 
redox potential as well as the reactivity of manganese(II1). The use of these species in titri- 
metric analysis has been reviewed.’ 

In the reactions of organic compounds with manganese(II1) compounds, a certain selec- 
tivity can be traced.’ The pyrophosphate complex of manganese(II1) does not oxidize sim- 
ple alcohols and simple and un~turated carboxylic acids; in contrast, it readily reacts with 
pinacol and other 1,bglycols. Further, this reagent does not oxidize formaldehyde and 
trichloroacetaldehyde, whereas other substances of aldehyde character are oxidized further 
than to the corresponding carboxylic compounds. This fact is explained by the assumption 
that the first step of the reaction is a slow acid-catalysed enolization and only the enol 
formed is further oxidized. Manganes~III) in the form of mangane~(III~ sulphate is less 
stable but more reactive than the pyrophosphate complex. 

Detailed information on the reactions of manganese(II1) compounds with organic com- 
pounds is contained in the review by Waters3 and in a recent monograph.4 

In the present paper. the oxidation of mandelic acid, ethylene glycol, glycerol, and D- 

mannitol by the pyrophosphate complex of manganese(II1) and with manganese(II1) sul- 
phate was studied from the viewpoint of analytical utilization of these reactions. Kemp 

Ii7 
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and Waters proposed the following mechanism for the oxidation of x-hydroxycarboxylic 
acids. 5 

H 

R OH A 
‘c/ “\ ’ + Mn(III)$ C \Mn(III) 

H’ ‘COOH H’ ‘CO’ 

- R-CHOH + CO2 + Mn(II) 

8 

R-CHOH + Mn(II1) - RCHO + Mn(I1) + H’ 

For mandelic acid it could thus be assumed that benzaldehyde would be the product of 
its oxidation, and this cannot form an enol and therefore cannot be oxidized further. The 
analytical use of this reaction (in contrast to the oxidation of the polyalcohols studied) 
follows from the results given in the experimental part of the paper. 

EXPERIMENTAL 
R~~genfs 

Potassium prrmungtrr~utr. 0.1 N (0.02M). 
Potassium dichromutr, 0. I, 0.05. @02 and 0.0 1 N. 
Ferrous sulphate, 0.1, 0.05, 0.02 and O.OlN in 05N sulphuric acid. Standardized daily by potentiometric 

titration with standard potassium dichromate solution. 
Sodium pyrophosphate. saturated solution. 
Mtrngunrse(ll) bulphare. 0.5M. 
Sulphuric acid, 2. 4, 8, 12 and 16N. 
2,4-Dinitrophenylhydrazine. Saturated 
Mandelic acid, 0*01,0.02, 0.03, 0901. R 

olution in 2M hydrochloric acid. 
GO2 and 0903.U. Prepared by dissolving an accurately weighed amount 

of the pure substance and diluting to I litre. 
The other chemicals used were of p.tr. purity. 
Munganrseffff) pyrophosphatr solution. This reagent was prepared for each experiment by adding 5.0ml of 

0.5M manganese(H) sulphate to 1090 ml of 0.1 N potassium permanganate and dissolving the manganese diox- 
ide formed in 45 ml of a freshly prepared mixture of a saturated solution of sodium pyrophosphate. 4N sulphuric 
acid and @5M manganese(U) sulphate in a 30:5: IO ratio.” 

Manganese(Jll) sulphate solutions. These solutions were prepared by electrochemical oxidation of manga- 
nese(II) at a platinum electrode with an area of 1 cm‘. at a current density of 20 mA/cm’. As the base electrolyte. 
0.25M manganese(H) sulphate in 6M sulphuric acid was employed.’ The auxiliary electrode was separated by 
a frit. The titre was determined by potentiometric titration with ferrous sulphate. 

Procedures and results 
Oxidation ofmandelic acid with the pyrophosphate complex ofmunganese(lll). The dependence of the oxidation 

rate on the sulphuric acid concentration was first measured, under otherwise constant conditions. To the reagent 
solution, 70 ml of sulphuric acid of appropriate normality were added and. after thorough mixing. the solution 
was placed in the thermostat, in which it was maintained at 20 for 30 min. Then IOW ml of OGiLf mandelic 
acid were added, the solution was mixed carefully, and placed m the thermostat again. After another 30 mm. 
the unconsumed manganese(II1) complex was determined by potentiometric titration with ti I .V ferrous sulphate. 
The stabilization of potentials during the titration IS too slow in 8N sulphuric acid medium8 and therefore it 
was necessary to decrease the acidity by the addition of 50 ml of distilled water before the back-titration. Any 
possible change in the reagent titre was compensated by a parallel blank determination. The results obtained 
are given in Table I. All results given in this and other tables are the average of three measurements. 

Table 1. Consumption of manganese(II1) pyrophosphate complex by mandelic acid, as a function of sulphuric 
acid concentration; temperature 20”. time 30 min 

H,SO, N 1 2 4 6 8 
Reagent consumption, equiv/mole 033 0.47 0.84 1.25 1.66 
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From the results It appears that two equivalents of reagent per mole of mandelic acid, corresponding to Its 
quantitative oxidation to benzaldehyde and carbon dioxide. nught be consumed in an analytically acceptable 
time m 4N sulphuric acid medium. The rate of reactlon’ln this medium was therefore exammed (Table 2). 

Table 2. Rate of oxldatlon of mandehc acid with manganese(II1) pyrophosphate complex (4N H,SO, medmm 
at 20”) 

Time, hr 
Reagent 
consumption, 
equicinwle 

0.5 1 2 4 6 8 .I0 12 24 

0.84 1.22 1.67 1.91 2.01 1.99 2.00 1.99 2.00 

That benzaldehyde 1s formed was proved by forming the 2,4-dinitrophenylhydrazone, and comparing its m.p. 
and infrared spectrum with those of an authentic specimen. 

Os~datior~ ofn~delrc acrd +vith muryar~esr(lll) sulphace. First, the dependence of the oxidation rate on the sul- 
phuric acid concentration was measured, by adding 30 ml of sulphuric acid of the required normality to 10.00 XI-II 
of CO1 N manganese(II1) sulphate. mixing thoroughly, placing the solution in the thermostat at 20” for 30 min. 
adding 1OGO ml ofOQO25M mandelic acid. mixing and agam placing in the thermostat, then after 5 mm tltratmg 
the unreacted manganese(II1) potentiometrically with 0.01 N ferrous sulphate. A blank determination was again 
performed The results obtamed are given in Table 3. 

Table 3. Consumption of manganese(II1) sulphate by mandehc acid, as a function of sulphurlc acid con- 
centration; temperature 20”, time 5 min 

H,SO,.N 2 4 6 8 
Reagent consumption, equiv/rnole 1.55 1.18 1.06 0.99 

The time deprndence of the ovldatlon in 2.V sulphurlc acid medium was measured at 20 It is not sultable 
to work at a lower acldlty. because 01 the decreasmg reagent stablhty with decreasmg sulphurlc acid con- 
centration The results are given m Table 4 

Table 4. Rate of oxidation of mandehc acid with manganese(W) sulphate (2N H?SO, medium at 20”) 

Ttme, ~1 
Reagent 
consumption. 
equir/rnole 

5 10 15 30 60 90 120 240 

1.55 I .80 1.92 1.99 2.00 2.00 2.00 2.00 

The formatIon of benzaldehyde was established as above. 

Recornrmvlded procedures 

M rrh r/u* p~~rophosphare compk~. Add 70 ml of 8N sulphurlc acid and lOGO ml of @Ol-0.03M mandelic acid 
to the manganese(lI1) pyrophosphate solution prepared by the procedure given above. Mix. set aslde for 12 hr 
at laborator? temperature. and then tltrate the unconsumed manganese(II1) potentlometrically with tit N ferrous 
sulphate. Run a blank drterrnmatlon. Calculate the amount of mandehc acid from the difference between the 
values for the blank and the determination (I ml of 0.1 N ferrous sulphate corresponds to 7607 mg of mandelic 
actd) 

U’rrh ~ar~ycrncse(ll) arlphate. Add 40 ml of &stilled water and 1OGO ml of OGOl-0033M mandelic acid to 
10.00 ml of 0.01X manganese(II1) sulphate m 6M sulphuric acid, mix carefully, let stand for 2 hr at laboratory 
temperature. then titrate the unconsumed manganese(II1) potentiometrically with 0.01 N ferrous sulphate. Run 
a blank and calculate as before (1 ml of 001N ferrous sulphate corresponds to 0.7607 mg of mandelic acid). The 
results obtained are given in Table 5. The standard deviations were calculated from 10 determinations. 

Ov,tlrrtroii of rrh ~knr c//l~col. q/j cerol, crud u-marmrto/ 

With polyhydroxy compounds of the CH20H(CHOH),CH,0H type it would be expected that the products 
of then oxidation with compounds of tervalent mangane’se would be formaldehyde and formic acid; these sub- 
stances should not be appreciably further oxi&zed.2 

Although this basic assumption was verified. it was found that these reactlons are not of analytically utility, 
because then rate IS too low at laboratory femperature and at 50’ the formaldehyde and formic acid formed 
are further oxlchzed ’ ” 
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Table 5. Determination of mandelic acid 

Mandelic acid Mandelic acid Standard deviation. 
taken. rng found, rng r11g 

15.21 
3043 
4564 

1,521 
3.043 
4.564 

Oxidation with manganese(ll1) pyrophosphate complex 

15.25 0.18 
3040 0.14 
4566 0.14 

Oxidation with manganese(II1) sulphate 

1.519 0014 
3.038 0.017 
4.561 0019 

DISCUSSION 

The advantages of the proposed procedure follow from its comparison with other 
methods of oxidation of the substance to be determined. The method using the oxidation 
of mandelic acid with excess of zinc manganate(IV)’ ’ is performed at loo” and the benzal- 
dehyde formed is immediately distilled from the reaction mixture in order to prevent its 
further oxidation. Another method is based on the oxidation of mandelic acid with excess 
of potassium periodate at the boiling point in a special apparatus; the carbon dioxide 
formed is then determined.” Our method is simpler and does not require any special 
apparatus. The simplicity of the method is comparable to that of the method using oxi- 
dation of mandelic acid with lead tetra-acetate, *13 the drawback of the latter method is 
that the reagent preparation is somewhat more complicated. 

REFERENCES 

I. A. Berka. J. Vulterin and J. Zyka, Newer Rrdor Tirrtrrir.\. Pergamon, Oxford. 1965. 
2. A. Y. Drummond and W. A. Waters, J. Cltem. Sot., 1953. -t35. 
3. W. A. Waters, Quart. Rev.. 1958, 217. 
4. K. B. Wiberg, O?ti~ctiori in Orgunic Chump Part A. p. 186. Academic Press. New York, 1965. 
5. T. J. Kemp and W. A. Waters, J. C/tern. Sot., 1964. 1192. 
6. A. Berka and Z. Zavesky, Cask. Furrn.. 1969. 18, 9. 
7. R. G. Sehm and J. J. Lmgane, Anal. Chirn. Acta. 1959, 21, 536. 
8. J. Barek and A. Berka, Mikrochim. Acta, in Press. 
9. J. Barek, Diploma Thesis. Charles University, Prague, 1972. 

10. I. Prochazkova, Diploma Thesis. Charles University, Prague, 1972. 
11. F. Bister and J. H. Wolf, Ar:neimittrlforschrrrly. 1952. 2, 423. 
12. L. Maros. I. Perl-Molnar. M. Szahacs-Pmter and E. Schulek, Acttr Chim. Ad. Sci. Huru~.. 1959. 21, 91. 
13. A. Berka. V. Dvoiik and J. Zyka, Mikrochirn. Acra, 1962,541. 

Zusammenfaswng-Die Oxidation von Mandelsaure, k;thylenglykol, Glycerin und o-Mannit mit 
dem Pyrophosphatkomplex von Mangan(II1) und mit Mangan(II1) sulfat wurde untersucht. Es 
wurde gezeigt, daD durch OxidaAion von Mandeltiure Benzaldehyd gebildet wird; dieser wird nicht 
weiter oxidiert. Im Falle von Athylenglykol, Glycerin und o-Mannit verlaufen die Reaktionen 
kompliziert und besitzen daher keinen analytischen Nutzen. Der EinfluB der Aciditat und der Zeit 
auf den Verlauf der Reaktion wurde verfolgt und ein Vertahren zur indirekten titrimetrischen Bes- 
timmung von Mandels&ure mit beiden Reagentien vorgeschlagen. 
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R&urn&-On a etudti I’oxydation de I’actde mandehque, de I’Cthyleneglycol. du glycerol et du D 
mannitol par le complexe pyrophosphate du manganise(II1) et avec le sulfate de manganese(II1). 
On a montri que par oxydation de I’acide mandehque, il se forme du benzaldehyde qui ne subit 
pas d’oxydabon ulterieure. Dans le cas de I’tthylbneglycol, du glycerol et du o-mannitol, les reac- 
tions ne suivent pas un tours simple, et ne sont pas par consequent d’utilite analytique. On a trouve 
I’influence de l’acidite et du temps sur le tours des reactions, et I’on propose une technique pour 
le dosage titrimetrtque indirect de I’acide mandilique avec les deux reactifs. 



POTENTIOMETRIC DETERMINATION OF AUTOPROTOLYSIS 
CONSTANTS OF SOLVENTS 

(Received 9 March 1973. Accepted 7 June 1973) 

Most of the methods for the determmation of the ionic product of water are also used for the determmation 
of autoprotolysis constants of non-aqueous amphiprottc solvents. The older methods and results are summarized 
by Beans and Oakes’ and the recent ones by Clever 2 In all potentiometrtc versions of the method it is essential 
to have a strong acid and a strong base. For many non-aqueous solvents, however, this condition is difficult 
to achieve, mamly because of the lack of strong bases. This obstacle IS usually overcome by combinmg the poten- 
tiometric method with some other method-very often with conductimetry.” Unfortunately the results so 
obtained sometimes show a difference of several logarithmic umts and even in the opimon of the authors them- 
selves4 cannot be considered as definitive. 

We therefore present an Independent potentiometric method for the determination of autoprotolysis constants, 
which does not requtre both a strong actd and a strong base. To simplify the treatment, the present work deals 
with a system in which the activity coefficients are kept constant. 

THEORY 

Suppose we have a solvent SH in which a weak base B is titrated with a strong acid HA. The followmg proton 
transfer equilibria are estabhshed’ 

B+H++BH+ 
SH + H’ +SH; 

HA+A- + H’ (1) 
SH +S- +H+ 

According to the electroneutrality rule 

[S-l + [A-] = [BH+] + [SH;]. (2) 

Smce [A-] = [HA],,, in the alkahne region. pcH = -log[SH;] and K,,, = [B][SH;]/[BH+]. after some re- 
arrangement we obtain : 

[S-] = [B],,,/(l + 10pcH-pK~~+) - [HA],,, + 10-pcH (3) 

[B],,, and [HA],,, are the total molar concentrattons of the base and the actd in the titrated solution. Inserting 
(3) Into the Nernst equation E = Ei’ - klog[S-] we obtain the equatron 

E = Eg’ - klog{[B],,,/(l + 10pcH-pK~~+) - [HA],,, + lO-pcH; , (4) 

from whtch the constant Ei’--the standard potential of the cell in the alkaline region-an be computed. For 
this purpose the pKau_ value and the pcH values at each point of titration must be known. This requirement 
IS easily fulfilled since the actd ts strong and the value of Ej’--the standard potential of the cell m the acid 
region-can easily be found after the equivalence point by means of the equation: 

E:’ = E - klog([HA],,, - LB],,,) (5) 
Then pcH IS calculated from the well-known relationship pcH = (El’ - E)/k. The value of K,,, is calculated 
from the relattonships: 

KBH+ = 
[SH;] (1 - AH) , 

AH 
(6) 

‘i, = CHA1tc.t - CSH;l + &/‘CSH;I 
CBI,,, 

(7) 

In equatrons (6) and (7) there are two unknowns-K aH+ and the autoprotolysis constant KSH. The problem 
is solved by means of a successtve approximatton procedure in whtch first a rough value of K,,+ IS found by 

I 6: 
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neglecting the value of Ks, in equation (7). Then a rough value of Ks, by means of (4) and p&n = (EF - Eg j/k 
is found and the calculations are repeated until convergence is obtained 

When a weak acid is titrated with a strong base, similar equations can be derived: 

E: = E + kWCBl,,,t - CHAI,,1 , (8) 
E = E: + klog{[HA],,,/(l + 10pS-pKA-) - [B],,, + IO-ps;, (9) 

where pS = -log[S-] and K4 is the dissociation constant of the conmgate hose ofthc acid HA. 

K~_ = CS-I(1 - Ii,) 
firI 

ris = CB1t.t - cs-1 + &km-l 
CHAI,,, 

(10) 

(11) 

To prove the validity of the proposed method. some experiments were performed as described in the euperi- 
mental lvnrt below. It was essential. however. to choose an approprtate solvent. for which the mdgnnude of the 
autoprotolysis constant is quite certain. It is evident why the first step was the determination of the autoprotolysis 
constant of water. 

EXPbRIMEhTAL 

Rcw/cwt\ 

Twice-distilled water was used. Ethylene glycol (EG) was distilled irr cucuo (10 mmHg) over drred sodium 
sulphate. Potassium chloride, p.a., was recrystallized from water and dried at 105’. Hydrochloric acid solutions 
were prepared by saturation of the solvent with dry hydrogen chloride. The sodium hydroxide solution was free 
from carbonate. Diphenylguanidine (DFG) was recrystallized from benzene and dried in uacuo. Triethylamine 
(TEA) and monochloroacetic acid (MCA). p.tr.. were used without further purification. 

Measurrmrnts 

The potentiometric measurements (+0.2 mV) were carried out at 25.0 f 0.1” with a Radiometer pH-meter 
type PHM4. A single glass electrode (Radiometer type G 202 B) and a silver-silver chloride reference electrode 
were used for all potentiometric measurements. 

Table 1. The primary data of the potentiometric titrations 

Series I Series II Series III Series IV 

HCl, ml E, mV HCI, ml E, mV NaOH, ml E, mV HCl. ml E, mV 

0.0 + 285.6 00 
5.0 + 276.3 0.2 

l@O + 264.3 0.4 
12.0 + 258.1 0.6 
14.0 + 249.8 0.8 
16.0 + 238.4 I.0 
18.0 +219.3 1.4 
18.5 f2106 2.0 
19.0 + 198.6 2.4 
19.5 + 1764 3.2 
20.0 -216.0 4.0 
205 -254.1 4.4 
21.0 -269.1 4.8 
22.0 -285.2 5.4 
23.0 - 294.4 5.7 
25.0 - 306.8 6.0 
28.0 -317.7 6.5 
31.0 - 324.9 7.5 
35.0 -331.5 8.0 
40.0 -338.0 9.0 

-313.2 0.0 
-310.7 0.3 
- 308.3 0.5 
- 3060 0.7 
- 303.5 1.0 
-301.0 1.5 
-295.9 2.0 
- 288.0 2.5 
- 282.3 3.0 
- 270.0 3.5 
-254.8 4.0 
- 244.9 4.4 
-231.2 4.8 
- 182.8 5.2 
+ 156.5 6.0 
+ 200.5 6.5 
+221.2 7.0 
+ 239.8 8.0 
+ 245.2 9.0 
+ ‘59.5 IO.0 

+ 233.9 
+ 230.2 
f 227.9 
+ 225.5 
+221.7 
+214.7 
+ 207.2 
+ 198.2 
+ 188.0 
+ 174.5 
+ 152.9 
+ 103.2 
- 259.8 
- 290.3 
-312.0 
-319.3 
- 325.0 
-333.0 
- 338.8 
- 343.0 

0.0 - 250.0 
0.5 - 234.3 
1.0 - 220.2 
1.5 - 207.7 
2.0 - 196.3 
2.5 - 185.3 
3.0 - 173.8 
3.5 - 161.5 
4.0 - 144.0 
4.5 - 114.0 
5.0 + 285.7 
5.5 +337.3 
6.0 + 353.0 
6,5 + 362.5 
7.0 + 369.3 
8.0 + 378.9 
9.0 + 385.4 

10.0 + 390.3 

Conditions: l-50 ml of H1O + 20 ml of 0.0921M NaOH titrated wtth 009061U HCI; ,U = I (KC]). U-15 
ml of H,O + 5 ml of 0.1005M TEA titrated with 0@05M HCI: p = I (KC]). III-15 ml of Hz0 + 5 ml of 
0.106OM MCA titrated with @I 147M NaOH: p = 1 (KCI). IV-20 ml of 0.0237M DFG titrated with O.lM 
HCI in EG: LI = 0.1 (KCI). 
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Table 2. Calculation of El, pcH values and pKBH. for the titration of TEA wrth hydrochloric acid In aqueous 
medium. The pK,,. values are found after the first step of the applied successive approxlmatlon procedure 

HCl 
added. mcsr, E 

ml tnV 
PK,,- = 

-lo& -ii&i”) 

0.00 -313.3 11.552 
0.20 -310.7 11.510 
0.40 - 308.3 11.469 
0.60 - 306.0 11.431 
0.80 - 303.5 11.388 
100 -301.0 11.346 
1.20 - 298.4 11,302 
1.40 - 295.9 1 I.260 
1.70 -291.9 11.191 
2.00 - 288.0 11.126 
2.40 - 282.3 11.030 
2.80 - 2766 10.934 
3.20 -270.0 IO.822 
3.60 - 262.4 IO.700 
4.00 - 254.8 IO.565 
4-40 - 244.9 IO.398 
4.80 -231.2 10.166 
5.10 -217.0 9.933 

OGOOO 
0.0181 
0.0362 
0.0543 
0.0724 
0.0905 
0.1086 
0 1267 
0.1538 
0.1810 
0.2172 
0.2834 
0.2896 
0.3258 
0.3620 
0.3982 
0.4344 
0.4615 

0.0360 10082 
C-0720 10359 
0.1081 10.514 
0.1441 10615 
0.1801 IO.688 
0.2161 IO.743 
0.2521 IO.788 
0.3062 10837 
0.3602 10877 
0.4322 10911 
0.5043 10941 
0.5763 10956 
06484 10.966 
0.7204 1@976 
0.7924 10.980 
O-8645 IO.971 
0.9185 10985 

HCl 
added 

ml 
E meas 

mb’ 
ml HCI 

after EP 
[HA],,,(rno/e/l.) 
after EP I = /rl -k.logh 

E:’ = L,, 
- klogh 

5.70 + 156.5 0.09 3.169. 1O-4 207.0 363.5 
6.00 + 200.5 0.39 1.357.10-J 169.6 370.1 
6.50 +2212 0.89 3.039.10-3 148.9 370.1 
7.00 + 232.2 1.39 4.659.10-3 137.9 370.1 
7.50 + 239.8 1.89 6.220.10-3 130.5 370.3 
8.00 + 245.2 2.39 7.725. 1O-3 124.9 370.1 
9.00 + 253.4 3.39 1.058.10-2 1169 370.2 

1 OTUI + 159.5 4.39 1,324.10-’ 111.1 370.4 

RESULTS 

Determmation of the autoprotolyss constant of water 

The titrations were performed in a cell with liquid Junction. at constant ionic strength p = I (KC]). This ionic 
strength was chosen because some recent determinations ‘.’ of the autoprotolysis constant of water were per- 
lormed at this lomc strength. and showed a low scatter. A plot of E,,,, - klog[H+] as a function of [H’]’ 
showed that the liquid junction potential had a low value and could be neglected. 

Three types of titration were performed: (i) strong base (sodium hydroxide) with strong acid (hydrochloric 
acid). (ii) weak base (triethylamme) with strong acid (hydrochloric acid) and (iii) weak and (monochloroacetlc 
acid) with strong base (sodium hydroxide). The aim of the first titration was check the response of the electrodes. 
The primary data results are shown m Table I. The determination of the ionic product of water by means of 
the proposed method was performed m the same cell with the second and third type of titration. The primary 
results for the latter are shown in Table 1. For the sake of brevity only the titration of triethylamine (TEA) with 
hydrochloric acid will be discussed. The equivalent point after neutralization of TEA was found by means of 
;I Gran plot ’ The known excess of hydrochloric acid was used to find El’. The calculations performed are shown 
111 T.~hle 2 The pcH valttcs for each titration point were calculated and rough pK”,- values were found (see 
I .~hlc 2) BSC.III~~ 01 the LI\L’ 01 ,Ippr”\lmarlon 111 cquatlon (71. the \alucs for ph’ a~ showed scatter Then the value 
of ph,,. was usr‘d III equauon (41 to tind the constant Ei. The calculation of the rough value of pK, 1s shown 
m Table 3 Once the value of pK, was known, the whole calculation was repeated with exact solution of (7). 
until convergence was obtamed The values of pKBH_ and pK, and their approximations to a constant value 
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.TEA 
OMCA 

14.2 

Number of approximations 

Rg 1. Plot of pK,,+ and pK, values us. the number of approxrmatrons m the course of the 
calculations. 

in the course of the calculations are shown in Fig. 1. The same figure shows the results of the third experiment. 
It can be seen that the value of the constants pK an+ and pK, became convergent after the lifth or sixth iteration. 

The final values for pK, are m fairly good agreement for all three titrations (13.90 + 0.005, 13.97 f 0.08 and 
13.93 F 0.1) and with the reported values (13.80)’ and (1 3.96)6 at thts iomc strength. 

Determination of autoprotolysis constant of ethylene glycol (EG) 

A cell without liquid junction. at constant ionic strength p = 0.1 (KC]) was used for titration of the weak base 
DFG with hydrochlorrc actd (Table 1). The complete drssociation of the latter was proved in a preliminary exper- 
iment. The experimental data were treated as described above. The autoprotolysis constant found for EC was 
pK,o = 15.4 f 0.2. in good agreement with the only reported9 value for pK,o, 15.6 at 30” and ionic strength 
p=o 

DISCUSSION 

The weaker the base (or acid) is. the greater the uncertainty m the constant obtamed because the term pcH - 
pK,,+ m equation (4) [see also (9)] begins to be very small compared to the error of pcH determmation. The 
error depends on the accuracy of the potentiometric measurements. but an upper limit of 3-4 logarithmic units 
difference between the dissociatron constant of the weak base (or acid) and K,, could be set as a restriction on 
the applicability of the method. It 1s clear, however, that the stronger the base (or acid) is. the more precise the 
results. 

As mentioned above, the other requirement of the method is the presence of at least one strong protolyte, 
acid or base. which is necessary to define the p&H; or the PCS- scale in the solvent. Bjerrum deduced that 
ton-patr formation occurs to a consrderable degree in solvents which have dielectric constant lower than 40. 
and thus IS to some extent true for acids and bases. It follows that It will be difficult to apply the proposed method 
In such solvents. 

A further restrictton on the method is the maintenance of a constant ionic strength. For solvents with drelectric 
constants 35 -30 and hr.ahcr. this requirement can still he fulfilled It is not difficult. however. to derive eauations 
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Summary-A new method is proposed for determination of autoprotolysis constants by titration 
of a weak acid with strong base or strong acid with weak base, and applied to water and ethylene 
glycol (EG). The constants found were pK, = 1390-13~97, and p&o = 15.4 f 0.2. 

Zusammentassung-Ein neues Verfahren zur Bestimmung von Autoprotolysekonstanten durch 
Titration einer schwachen sure mit einer starken Base oder einer starken sure mit einer 
schwachen Base wird vorgeschlagen; es wurde auf Wasser und Wthylenglykol (EG) angewandt. Die 
gefundenen Konstanten smd pKw = 13.90. pKFc. = 15.4 _I 0.2. 

R&m&On propose une nouvelle mtthode pour la ditermination des constantes d’autoprotolyse 
par titrage bun acide faible avec une base forte ou d’un acide fort avec une base faible, et l’applique 
g l’eau et & l’dthylineglycol (EG). Les constantes trouvCes sont pK, = 13.90-13.97 et pKFc; = 
15,4 * 0.2. 

Tulunra Vol. 21. pp 168-171. Pergamon Press 1974. Prmtcd m Great Bwam 

OXIDIMETRIC DETERMINATION OF THIOUREA, THIOSULPHATE AND 
SULPHITE WITH THALLIC PERCHLORATE IN ACID MEDIUM 

(Received 11 July 1973. Accepted 24 September 1973) 

The use of thallium (III) as an analytical reagent has not received much attention.’ although kinetic studies’ have 
been made. Thallium (III) is a mild oxidizing agent but the redox process in some cases IS very fast. The oxidation 
of thiourea, thiosulphate and sulphite is almost instantaneous and these species can be determined either indir- 
ectly by rcnction with excess of thallium (III) and iodometric hack-titration or by direct titration with /‘cthouy- 
chrysoidine as indicntor. The earlier methods - 3 ” for the determination of thlourea are indirect and not always 
quick. Several method&” exist for the determination of thiosulphate, but are complicated or require critical 
condition$ except iodimetry. l2 Similarly, various indirect methods6*10.‘3~‘7 have been reported for the deter- 
mination of sulphite. Permanganate ‘s has been employed for the direct titration of sulphite in the presence of 
iodine monochloride. The main difficulty in a direct titration of sulphite has been the formation of dithionatelg 
which is not oxidized by the permanganate. 

Thallic perchlorate reacts rapidly according to the equations 

Tl(II1) + 2CS2(NHt)z * Tl(1) + 2H’ + (H?NCSNH): > (1) 
TI(llI) + SO:- + H20+TI(I) + 2H’ + SO;- 1 (2) 

TI(III) + 2&O;- -) Tl(1) + S,O:- (3) 

The advantage of using thallium (III) perchlorate as a reagent 1s that it is stable, unaffected by air and light and 
is non-hygroscopic. 

EXPERIMENTAL 

Reagents 

Thnllic perchlorate solutton. Prepared by dissolving thallic oxide in 60% perchloric acid, and standardized 
iodometrically.20 The acidity is checked by titration. Some potassium bromide is also added to reduce the hy- 
drolysis of TI(III) at high pH. 
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Table 1. Titnmetric estrmation of thiourea wrth thalhc perchlorate 

Amount of thiourea, mg 
Direct trtration Indirect titration 

Taken Found Taken Found 

0.76 0.76 
I .52 I ,53 
2.18 2.19 
2.28 2 29 
3.04 3.05 
3.80 3.80 
4.56 4.55 
5.38 5.39 
6.84 6.86 
9.12 9.10 

13.68 13.70 
15.2 1525 
19.0 19.05 
22.8 22.75 
26.6 26.5 

1.52 1.52 
2.66 2.66 
3.04 3.05 
4.56 4.57 
5.32 5.3 
608 6.09 
7.98 7.98 
9.12 9.13 

1064 10.65 
18.6 18.6 

Table 2 Titrtmetrtc estimatton of thtosulphate with thalhc perchlorate 

Amount of thiosulphate. ruy 
Direct titration Indirect titratton 

Taken Found Taken Found 

2.48 2.48 
2.96 2.96 
7.45 7.47 
9.93 9.94 

12.41 12.42 
14.88 14.89 
22.32 22.32 
24.82 24.80 
27.28 27.29 
49.64 40.65 
55.85 55.84 
74.46 74.45 

1.24 1.24 
2.48 2.48 
3.72 3.72 
6.2 1 6.20 
8.67 8.07 
8.69 8.69 
9.30 9.30 

10.55 10.55 

Table 3. Titrimetrrc estimatron of sulphite with thallic perchlorate 

Amount of sulphite. mg 
Direct titration Indirect titration 

Taken Found Taken Found 

1.26 1.26 
2.52 2.50. 
6.30 6.30 
7.56 7.57 

12.6 12.6 
17.6 17.6 
18.9 18.8 
25.2 25.3 
31.5 31.4 
44.1 44.2 
50.4 50.5 
63.0 63.0 

0.63 0.63 
1.26 1.27 
2.52 2.53 
2.84 2.83 
3.47 3.46 
4.73 4.72 
5.36 5.36 
7.56 7.55 

10.08 10.07 
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Thiourea, sulphlte and thiosulphate solutions. Standardized iodometrically.” 
p-Erho.xychr.wodine. 0.2% alcoholic solution. 

Procedure 

A known volume of thiourea. thiosulphate or sulphite solution was taken m a 50-ml flask and sufficient sul- 
phuric or perchlorlc acid added for the acidity not to be less than 0.5 .M durmg the titration. A drop of mdlcator 
was added The solution was vigorously swirled after each addition of TI(III), and towards the end, the titrant 
was added dropwise at intervals of 10-15 sec. The end-poixit was marked by disappearance of the pink colour. 
Since thiosulphate decomposes in acid solutions, ” the acid concentration should not be more than 1.0 M. 

For the indirect determination a known excess of thallic perchlorate was added and the surplus back-titrated 
iodometrically. 

The results are given in Tables 1,2 and 3. 

Interferences 

Zn’+, Cu2+, Fe2’, Ni2+, Co’*, Mn2+. Ba2’ SO:+ and NO; have no effect in the direct determination but , 
Cl- and Br- interfere by forming strong complexes with T1(III)23-25 which are not reactive and hence prevent 
oxidation by the TI(II1). The inhibition by chloride has already been reported26*2’ Cu2+ and Fe’* interfere in 
the indirect determination. but chloride and bromide do not. 

Department of Chemistry P. D. SHARMA 

University of Rajasthan Y. K. GUPTA 

Jarpur. India 
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Summary-Conditions have been established for the titrimetric estimation of thiourea, thiosul- 
phate and sulphite with thallic perchlorate, with visual end-points, in perchloric and sulphuric acid 
medium. In the direct determination, chloride and bromide interfere. In the indirect iodometric 
dctcrmination. 01 L and Fe” intcrferc. hut chloride and bromldc do not. 
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Zusammenfassung-Die Bedingungen zur ntrtmctrtschen Besttmmung von ThioharnstofT. Thtosul- 
fat und Sulfit mit Thallium (Ill)-pcrchlorat In ubcrchlorsaurer oder schwefelsaurer LBsung mtt 
visueller Endpunktsbestimmung wurden festgelegt Bet der dtrekten Bestimmung storen Chlorid 
und Bromid. Bei der indirekten jodometrischen Bestimmung storen Cu2+ und Fe2+, nicht jedoch 
Chlorid und Bromid. 

R&sum&-On a etabli les conditions du dosage titrimetrtque de la thiouree, du thiosulfate et du 
sulfite avec le perchlorate thalhque. avec pomts de fin de dosage visuels, en milieu acides perchlor- 
tque et sulfurtque. Dans le dosage dtrect. le chlorure et Ic bromure g&rent. Dans le dosage iodome- 
trtque mdtrect. Cu’ + et Fe’+ get-rent. mats pas le chlorure et le bromure. 

SIMULTANEOUS ION-BEAM COLLECTION FOR PRECISE MEASUREMENT 

OF NUCLIDIC ION-CURRENT RATIOS IN SPARK-SOURCE 

MASS SPECTROMETRY 

Stmultaneous ton-beam collection has been employed for many years for precise measurement of isotopic ratios 
m mass spectrometers employing electron bombardment or surface ionization ion-sources.’ Although this tech- 
nique was also used with the spark-source mass spectrometer as early as 1941.’ it has not been used in recent 
developments3 concerned wrth electrical ion-detection. This note describes a simultaneous beam-collector system 
and Its application to analytical problems in spark-source mass spectrometry. 

Figure I illustrates the Mattauch-HerTog ton-optical system used with the radiofrequency (t-f) spark ion- 
source ’ Photopl-.Iphlc loll-dctcctlon. used for most sludics v, ith lhc spark. ton-sourcc.i I!, xcolllpalllcd l-T> pwt- 

ioning a photoplate along the focal plane. Electrtcal ton-detection has also been successl’ull~ applwd III rcccnt 

A Spark Ion source 

t 

analyzer 

,Focal 
To ta,C1$n~+~ra m 

/ 

plane 

\ 
m/z resolving slit 

Fig. I. Schematic drawmg of special collector used with a spark-source mass spectrograph ion- 
optxal s! stem 

years and IS accomphshed by makmg two concurrent measurements mvolving the electrtcal signal from the total 
beam momtor and the signal from the particular ion focused at the collector in the focal plane. This type of 
reference to the total ion-beam is necessary because of the erratic nature of the ion-currents produced in the 
rf spark Ion-source. Such ion-current intenstty measurements are generally satisfactory when homogeneous sam- 
ples are sparked and form both electrodes. However. for many studies, heterogeneous samples or dissimilar 
sparking electrodes must be used and the total ion-beam no longer serves as an accurate reference for specific 
ton-current\ 
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Simultaneous ion-beam collector 

if a portion of the grounded plate which lies along the focal plane (see Fig. 1) is replaced by a suitably sized 
Faraday collector. then two or more ion-currents which are mass-resolved along the focal plane can be measured 
simultaneously. The ratios of these signals can be measured independent of variations of ion-current signals in 
other portions of the spectrum Figure 2 is a schematic drawing of such an ion-beam collector. The defining slit- 
width is set by adjusting the distance between the two trough-like Faraday collectors. The ion-beam enters the 
focal plane at an angle of about 45”. The ends of the Faraday troughs are therefore tapered to permit particular 
m/z ions to pass through the slit without touching any surfaces and be detected by either a second Faraday eollec- 
tor or an el~~on-multipIier. A collector assembly based upon this scheme was constructed which allowed all 
ions within a mass range. Am, corresponding to * 15% of the m/z focused at the slit, to be collected Any desired 
mass range could be accommodated by altering the length of the assembly. 

ton beam 

image defining 

Fig. 2. Spark-source mass spectrograph special ion-beam collector. (A and B are connected 
electrically.) 

The advantage of this collector when used with heterogeneous Nd,O,-graphite pelleted samples IS illustrated 

m Fig. 3. In the experiment the iJzNd+ ion-current was focused at the collector slit. This ion-&rent was then 
alternately referenced to the special cotlector ion-current signal due to all of the other Nd+ ion-currents and 
to the total beam monitor signal. Each data point in the figure represents the ratio of integrated ion-current 
signals obtained during 10 sec. The larger fluctuations noted for total beam monitor referencmg are attributed 
to variations in the concentrations of major ions in the total beam (Le., Nd’, NdZC, C+, O+, and CO+). The 
special collector obviates these variations and only the ratio of i4*Nd* to the remainine ion-currents due to c 
singly-charged neodymium ions is measured 

04 5’ I 

Sequent101 measurements - 

Fig. 3. Improvement m measurmg precision of i 4aNd’ from a Nd,O,-graphite pellet sample. (Ion 
beam referencing by two different techniques: data in solid circles. with collector shown in Fig. 

i ; data in open circles, with conventional total ion-beam monitor 
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Applrcatrorr 

A successful application of this collector has been in the routine monitormg of other rare-earth impurities in 
rare-earth oxides. This technique utilizes the higher detection sensitivity of electrical detection in mass-spectral 
regions near large matrix ion-currents. for the determination of trace-level impurities at spectrum positions adja- 
cent to that for the matrix rare earth. 

A second application mvolves measuring relative isotopic abundances m oxide-graphite pellet samples. Table 
1 gives some results for the dysprosium isotopic relative abundances for three separate sample pellet loadings. 
Each measurement is the result of eighteen IO-set observations 

Table 2 shows some results for titanmm nuchdes observed for three TG-graphite pellet loadmgs The cause 
of the large measurement bias for all the isotopes and the higher standard deviation for 4*T~+ has not been found 
although the results suggest a possible systematic error. The 4hTi’ signal decreases down the table and the cause 
for this systematic deviation. not present in measurements of 4’Ti+. 49Ti+ and sOTi+, is also unknown at 
present The measurements for 4’T~e. 49T~‘. and ““TI’ show precisions comparahlc IO those obtained for the 
dyspi-o,ium nucldc\ 

4 third application ol’ the \pccu~l collccto~ h,~s hccn in the determination of concentration profiles of trace 
amount\ of &I. Fc. (‘r. TI and Nh in \;in;idium d~lli~s~on couples One sparking clcctrodc is a rod (2 5 x 25 
I~~I~~)C‘OI~\III~IIII~~ 111~ \,III;I~ILII~ J~lluwn couple :III~ 1l1c other I\:, OM75-111 diamctcr purcpold wire Although V -. 
V’-_ Au and Au’- ‘111 contribtnc a~gn~ticant and varymg amounts to the total ion-current. the spccml collector 
detects only the V _ ion-stgnal which serves as a better ion-beam reference for the analytical measurements than 
that from the total beam momtor The results for iron. obtained by referencing to the monitor and the special 
collector. are shoan in Fig 4. Fourtcen samplings. separated h! approximately 0.9 mm. were made along the 

Table 1. Spark-source mass spectrometric measurement of relative isotopic abundances for Dy m a Dy,O,-gra- 
phite pellet sample electrical detection 

Trial ib4Dy 
Abundance. 7, 

lh3D 
Y 

1 MD 
Y i6iDy 1 bOD 

Y 

Loading I 1 33.49 24.59 23.98 16.20 1.73 
2 33.80 24.04 24.17 16.23 1.76 
3 33.59 24.32 24.12 16.23 1.75 
4 33.67 24.22 24.18 16 14 1.78 
5 33.62 24.29 24.20 1613 1.76 
6 33.73 24.23 23.93 16.35 1.75 

Av 33.65 24.28 24.10 16.22 1.76 

Loading II 

Loadmg III 

Av 33.60 24.16 24 27 16.2’ I 75 

Av 33.82 24.25 24.02 16.16 

Overall av 33.70 24.23 24.12 16.20 
Std. devn 0.18 0. I 8 0.17 0.10 

33.52 24.18 24.26 16.30 1.74 
33.83 24.21 23.98 16.21 1.77 
33.30* 24.24 24.40* 16.30 1.77 

33.49 24.47 24.21 16.07 1.75 
33.68 24.04 24.19 16.34 1.76 
33.80 23.82* 24.58* I6 10 1.69* 

33.87 24.08 2401 16.30 1.74 
33.65 24.46 24.02 16.11 1.76 
33.77 24.24 2409 16.15 1.76 
34.07* 24.25 23.94 15.99 1.76 
33.61 24.40 24.11 16.13 1.75 
33.83 24.20 23.99 16.23 1.75 
33.89 24.13 24.02 16.21 I .75 

I.75 

1.75 
0.019 

* If these value\ are rejected nccordmg to the 95”,, Student r-teat. the results becomc. 
.A \ 3370 24 24 24.08 1620 1.76 

Srd JC\Il 0.13 013 0.1 I 0.10 0.012 
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Table 2. Measurement of Ti relattve isotopic abundances for Ti in a TtOz-graphite pellet sample 

Trial 46Ti &‘Ti 
Abundance 

48Ti “9Ti 5oTi 

Loading I 

Av 2163 1911 63102 Ii56 1490 

Loading II 

2171 1922 6333 I 1534* 1473 
2165 1901 64078 1567 1501 
2172 1923 64042 1564 1496 
2155 1909 62416 1558 1492 
21.51 1900 61641 1556 I486 

2156 1917 63411 1562 1508 
2150 1894 61538 1570 1495 
2151 1925 61698 1559 1502 
2145 1892 61063 1563 1491 
2134 191 I 61529 I560 1497 

Loading III 

Av 2147 1908 61848 1563 1499 

1 2140 1905 64945 1563 1491 
2 2124 1892 66404 1570 1500 
3 2123 1896 66732 1566 1481 
4 2118 1916 65459 1560 1483 
5 2110 1902 63530 1558 I494 

Av 

Overall av 
Std. devn. 
Rel. std. 
devn.. “(, 

2123 

2144 
19.0 

1902 

1907 
12.0 

0.9 0.6 

65414 

63454 
1832 

2.9 

1563 1490 

1561 1493 
9.00 9.00 

0.6 0.6 

* If this value is rejected according to the SST,,, Student r-test, the standard deviation becomes 4 and the relative 
standard deviation 03%. 

vanadium bar with each sampling consisting of nine readings IO set in duration. The precision is given m the 
upper portion of the figure and shows that beam referencing with the special collector ytclds de~niuon~ only 
about one half as great as those when the conventional total beam monitor IS used. 

Conclusion 

Simultaneous ion-beam collection has been shown to improve the precision of electrical ion-detection 
measurements in the analysis of heterogeneous samples by spark-source mass spectrometry. This improvement 
results from the use of a specific matrix ion-current signal as the reference rather than the ion-current signal 
from the conventional total ion-beam monitor. The general utility of the spark-source mass spectrometer is con- 
siderably broadened by this easily installed ion-detector. The ion-collector described here is limited in mass range 
because only one signal at a time can be detected with an electron-multiplier or second Faraday collector. How- 
ever, simultaneous multiple ion-beam collection can be adapted advantageously to other analytical problems 
by altering the design of the collector. 
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Summary-Simultaneous ion-beam collectlon techniques make significant improvement possible 
m the precision of measurements when electrmal Ion-detection ts used with the spark ion-source. 
The advantage of reference of specific Ion-current srgnals only to those from desired regions of the 
mass spectrum is that reproducible measurements may be made on heterogeneous samples such 
as oxtde-graphtte pellets. For example. isotoprc ratio measurements from separate samplings of 
an oxtde (pelleted wrth graphite) are reproducible to better than +05%. The technique is also ad- 
vantageous when sparking dtssrmtlar electrodes. such as a gold probe and a metal bar. 
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Zusammenfassung-S1multane Ionenstrahl-AutTangtechniken erm6glichen wesenthche Verbcsser- 
ungen in der MeOgenauigkeit, wenn mit der Funken-Ionenquelle der elektrische lonennachwels bcr- 
wendet wird. Der Vorteil, spezifische Ionenstromsignale nur auf solche aus erwtinschten Gegenden 
des Massenspektrums zu beziehen, liegt darin, da5 man an heterogenen Proben wie etwa 0\1d 
GraphIt-Tabletten reproduzierbare Messungen machen kann. Zum Beispiel sind Messungen dcr 
Isote~nverh~Itnis~an separaten Proben eines mit Graphit verpre5ten Oxids besser als auf &OS”,, 
reproduzierbar. Das Verfahren ist such van Vorteil. wenn man unter~hiedliche Elektroden 
abfunkt. etwa eine Goldsonde und einen Metallstab. 

R&mm+-Les techniques de collection simultande de faisceaux d’ions rendent possible une amClio- 
ration importante dans la precision des mesures quand on utilize la dCtection d’ions Clectrique avec 
la source d’ions B dtincelles. L’avantage qu’il y a B rapporter des signaux ion-courant spdcifiques 
settlement B ceux des rt?gions dCsir6es du spectre de masse est que des mesures reproductibles peu- 
vent &re effectu&s sur des ~chantillons h&rog&nes tels que des pastilles oxyde-graphite. Par 
exemple. des mesures de rapport isotopique d’tchantillonnages &parts d’un oxyde (en pastilles 
avec du graphite) sont reproductibles h mleux que +O+‘,. La mithode est aussi avantageuse 
quand on fait jarllir les &incelles entre des ilectrodes dissemblables, comme une sonde d’or et une 
barre m&allique. 

THE DECOMPOSlTiON AND SUBSEQUENT 
ANALYSIS OF Rh. Fe FOR IRON 

(Receiurd 27 Auytfst 1973. .4cfYjtlrrl3 I .lugust 1973) 

Little information is avmlable about the analysis of rhodium alloyed with base metals. Typical problems arise 
in the decomposition of these alloys, as some of them behave more nobly than pure rhodium itself. Alloys m 
which Rh predominates are not attacked by acids and bases. Mixtures of molten salts are also unsmtabie for 
decomposition of these alloys Finely powdered Fe-Rh (SO at.“,;) can be dissolved in a mixture of sodium and 
po&~lssiL~m persulphate (I : 11. hut tt is a rather time-cons~lming procedure. 

Bcamlsh :md co-t\ orkcrs’ L cu,tmtned the gencrul bchaviour of platinum metals m an ,ttmosphcre of chiorinc 
and round that pure rhod~unr c;~n bc yuantltatl\cl\ convcrtcd into RhCI, 111 a stream ol chlormc at about 71X) 
Intermetallic FeRh, however, behaves more nobly towards chlorine than pure Rh does. We have found that It can 
be decomposed by the dry chlorination procedure if the temperature is increased to 900’. At about looo” the 
decomposition rate is 20 mg/hr in a gas stream of 50 miimin. 

The apparatus used IS shown in Fig. I. A 5- IO-mg sample IS placed in a quartz tube (.+i) which is heated rn the 
electric furnace (B). The chlorine, which is passed through sulphurlc acid in order to controi conveniently the 
gas flow at 1 bubble/set, is led over the sample. Both rhodium trichlortde and iron trichloride sublime. The salts 
partially condense on the wall of the quartz tube outside the oven and partially form a cloud of particles which 
precipitate in the container D; the particles act as condensation nuclei for the chlorme gas which condenses m 
D as the container is cooled by liquid nitrogen in the Dewar E. 

The Pyrex container is m open connection with the air. A slow stream of air enters the container when D is 
cooled. This counter-flow prevents a loss of dust during the decomposition. When the container is brought to 
room temperature the condensed water prevents an escape of chloride. A quartz-Pyrex graded seal (F) is used 
between the quartz tube and Pyrex container: with a joint irregular results were found. The apparatus is opened 
near G by cutting the glass. 

FeCl, is hygroscopic. RhCI, formed in this way is completely insoluble in aqueous media. The apparatus is 
washed with IO-ml portionsof0.l M hydrochloricncid.Thscollccted washingsare filtered to rcmovc RhCI,. boiled 
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Fig 1 The apparatus for chlorinatron of Fe-Rh 
A: quartz tube (drameter 20 mm). B: electrtc oven at 1000 C: Pyrex mlet tube (drameter 6-8 mm) 
D: Pyrex contamer in open connection with the air. E: Dewar with liquid nitrogen. F: glass-quartz 

graded seal. G. place where apparatus is cut. H. A&O, heat-shield and tube insulatron. 

to expel chlorine. and made up to 250 ml. Then 5-ml portions containmg about 1.5 pmole of Fe(III) are used 
for the titrations 

The Iron content I\ determrned complexometrtcally by photometric tttration Excess of EDTA is added and 
hack-tnrated wrth Ce3-. Xylrnol Orange hcrng u\cd as Indicator (pH 5.5. hcxammc buffer). The wavelrngth for 
maxrmum Ce-X0 absorptron IS 575 nm. 

The method has been tested wtth Fe alone, with seperate pteces of Fe and Rh and finally with Rh-Fe samples 
(50 at.“;) which had shown no loss of weight when manufactured. 

Some of the results (means of five tltrattons) are shown m Table I 

Table 1 

Taken in tube 

8.87 mg Fe 

2.61 mg Fe + 5.04 mg Rh 
3.08 mg Fe + 10.2 mg Rh 
564 mg FeRh (50 at 7,) 
6.31 mg FeRh (50 at %) 

IO.13 mg FeRh (50 at y/,) 
9.82 mg FeRh (50 at %) 

16.32 mg FeRh (50 at “G) 
12.24 mg FeRh (50 at “,) 
20.2 mg FeRh (50 at 7,) 

Fe found 

8.83 mg 
8.84 mg 

2624 mg 
3.06 mg 

505 at % 
50.2 at % 
49.9 at % 
49.8 at % 
50.5 at P’ 
49% at :,” 
SO.0 at % 

J. KRAGTEN 
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RFFFRFYCES 

I. M. A. Hill and F. t. Beamish. &~tr/. C/WI.. 1950. 22, 590-594. 
2. F. E. Bramish. 771~ .driulyricul Cl7er77rxr!~ of rhe .loh/c M~lrru/.~. pp. Y. 15. Pergamon. Oxford. 1966. 

Summary-Rhodium alloyed with base metals can be decomposed by dry chlorination at lOO@. 
The reaction product sublimes and can be freed from the insoluble rhodium trichloride by filtration 
after the apparatus has been washed out. The condensation of the excess of chlorine in a liquid- 
nitrogen trap was found very effective for the prevention of sample loss during decomposition 
stage. 

Zuaammenfasmmg-Mit unedlen Metallen legiertes Rhodium kann durch trockene Chlorierung 
bei 1000” aufgeschlossen werden. Das Reaktionsprodukt sublimiert und kann nach dem Aus- 
waschen des Apparats durch Filtration bon dem unliislichen Rhodmmtrichlorid befreit werden. 
Zur Vermeidung eines Verlustes an Probe wahrend des Aufschlusses erwies sich die Kondensation 
des iiberschtissigen Chlors in einer mit fliissigem Stickstoff gektlhlten Falle als sehr wirkungsvoll. 

R&n&-Le rhodium allit a des metaux de base peut Etre decompose par chloration s&he a 1000”. 
Le produit de reaction se sublime et peut Otre lib&C du trichlorure de rhodium insoluble par 
filtration apres que l’appareil ait CtC lave. On a trouve que la condensation de l’excbs de chlore 
dans un piege a l’azote liquide est tres efficace pour empicher une perte d’ichantillon pendant le 
stade de decomposition. 

DETERMINATION OF YTTRIUM IN ROCKS BY NEUTRON 
ACTIVATION AND A SIMPLE GROUP SEPARATION 

(Received I1 July 1973. Accepted 3 1 August 1973) 

Yttrium in rocks is most often determined by optical emission spectrography, and in recent years also by X-ray 
fluorescence spectrometry. The applications of neutron-activation analysis have been few, mainly because the 
only yttrium isotope exhibiting sufficiently high sensitivity, 64-hr ‘OY is a pure b-emitter. In addition, yttrium , 
is not easily separated from the rare-earth group, which includes a number of nuclides with far higher activation 
cross-sections than that of 89Y. This apparently makes the determination of yttrium by neutron activation almost 
impossible unless elaborate chromatographic separations are carried out. The previously reported methods for 
yttrium in rocks by neutron activation have all involved some kind of group separation followed by separation 
of the individual rare-earth elements on ion-exchange columns.‘-4 More recent neutron-activation methods for 
rare-earth determinatton5 ’ are based on Ge(Li) y-spectrometry directly on the rock samples or on group 
separated fractions. thus leaving yttrium undetermined. 

The use of ,!i-counting in activation analysis is usually assumed to require a sample of high radionuclide purtty 
in order to work satisfactorily. In the cases of some nuclides with high-energy /I-emission, however, this simple 
counting technique may be useful even when rather complicated radionuclide mixtures are concerned It has been 
shown to be feasible to determine potassium9 as well as phosphorus lo in rock samples without use of radiochemi- 
cal separations. This seemed to indicate that yttrium might be determined by a )V-counting method, if the rare- 
earth group could be separated from other activities. 
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EXPERIMENTAL 

On neutron activation, all 14 stable members of the lanthanide group give rise to activities of sufficiently long 
half-life to interfere with the measurement of “Y. The contribution from some of these nuclides may be eli- 
minated by suitable use of absorbers. while in other cases, such as ““La, i4’Pr. “‘Eu and IbhHo, P-particles 
of very high energy are associated with the decay. In addition, other types of radiation such as X-rays and soft 
y-rays may interfere. The nuclides of potential interest m this connection are listed in Table I. 

The standard procedure used when the activity of a nuchde emitting high-energy P-rays IS to be measured 
in the presence of a complex mixture of interfering activities, is to count the sample through two different 
absorbers. the thickness of which is selected so that one eliminates conversion electrons and low-energy /I-par- 
ticles. while the other is sufficiently thick to discriminate against the P-rays of the nuclide to be determined. thus 
transmitting only ;I-rays and to some extent X-rays. The difference between the two observed count-rates will 
mainly represent contribution from high-energy b-emitters. 

In order to decide whether yttrium could be determined according to such a procedure in the presence of rare 
earths with natural distributions, the following experiments were carried out. 

Standard solutions of yttrium and the 14 rare earths, made by dissolvmg weighed amounts of the spectroscopi- 
cally pure oxides m nitric acid and diluting to appropriate concentrations with water, were irradiated in sealed 
polyethylene tubes for 1 hr m the JEEP 11 reactor (KJelier. Norway). The thermal-neutron flux was about 
I.5 x IO’ 3 n. cm- ‘. set- ’ and the cadmium ratio of gold about 3.0 in the irradiation position. Aliquots (100 $1, 
of the irradiated solutions were adsorbed on separate circular pieces of filter paper placed in small circular alu- 
mimum cups (20 mm &a.) for activity measurements. The samples were counted 4, 7, IO and 13 days after the 
irradiation. A Geiger-Muller counter with conventional shelf arrangement was used. The window thickness of 
the tube was 10 mg/cm’, and the effecnve diameter was 28 mm. The samples were counted with three different 
aluminium absorbers. namely 210 mg/cm’ (activity A,). 350 mg/cm’ (activity A2) and 1280 mg/cm2 (activity A,), 
discriminatmg ,&parncles of maximum energy m61.0.90 and 2.5 MeV respectively. The differences A,-AJ and 
,4-A, were calculated for each sample and divided by the weight of element present. These specific activity 
values were divided by the correspondmg value for yttrium. and the “relative interference factors” thus obtained 
are listed in Table 1. 

From these observations it is evident that the elements Ce, Pr, Nd, Gd, Dy, Er and Lu do not represent any 
significant Interference in the analysis of samples with natural distributions of the rare-earth elements. provided 
that the measurements are postponed to 13 days after the end of the irradiation. If absorber 2 IS chosen rather 
than absorber 1. the Tm interference also becomes almost insignificant. Furthermore, the elements Sm. Tb and 
Yb are also of relatively little importance in this respect. Of the remaining elements La, Eu and Ho, lanthanum 
will be the maJor interference in most rock samples, owing to a higher abundance than the other two elements. 
The relative interference from La could be further reduced by increasing the decay time, but this would result 
in considerably more difficulties with Eu. Tb and Tm. which involve long-lived nuclides. A decay time of 13 days 
and the use of absorbers 2 and 3 therefore seemed to be a good compromise for application to geological 
materials. 

It appears that the elements yielding significant interference m the determination of yttrium, and the content 
of which must therefore be known, namely La, Sm, Eu, Tb, Ho and Yb, can be readily determined by neutron 
activation followed by a group separation of the rare earths and subsequent Ge(Li) y-spectrometry. The prelimi- 
nary results therefore indicated that a determination of yttrium might well be combined with such a procedure 
provided that the sample is prepared in a form suitable for P-counting with an end-window tube. 

4p~l1corron to sillcatr rocks 

As test material for this investigation. five U.S. Geological Survey standard rocks with considerably different 
rare-earth distribution patterns were selected. As the content of most rare earths in these rocks was well known 
from previous work in the author’s group and elsewhere, a new determination of the elements expected to inter- 
fere with the measurements of yttrium was not carried out. The following procedure was applied. 

Samples of about 100 mg, packaged in aluminmm foil, were irradiated for 20 hr as described above, together 
with an yttrium standard solution sealed in a quartz ampoule. After 12 days’ delay, the samples were transferred 
to nickel crucibles containing carriers of Y (20 mg). La (1 mg). Eu (0.1 mg) and Dy (0.1 mg) and fused with 2 g 
of sodium hydroxide pellets. in an electrothermal burner. The fusion cake was removed by centrifuging washed 
with water and then dissolved in 25 ml of 9M hydrochloric acid. Solvent extraction with 25 ml of SO’/; tri-n-butyl 
phosphate m toluene was then performed, and the rare-earth elements were subsequently precipitated from the 
acid phase by addition of a few ml of concentrated hydrofluoric acid. The fluoride precipitate was centrifuged, 
washed with water. filtered off on a membrane filter and then mounted on a cardboard sample holder for /3- 
countmg. Ahquots (100 ~1) of the Y standard solution were processed in the same manner as the rock samples, 

The TBP extraction step was introduced m order to remove 46Sc (and 4’Sc from Ca). More than 98% of the 
scandium is extracted mto the TBP phase. while less than ST/, of the heavy and less than 2:; of the light rare 
earths are extracted 
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SHORT COMMUNICATIONS 1x1 

The fl-acnvtty measurements were performed on the followmg day according to the procedure described above. 
After the countmg, chemical ytelds were determined by re-activation. The precipttates were removed from the 
sample holders and activated for IO sec. and after a 2-hr delay subjected to )I-spectrometry with a Ge(Li) detector 
system for the measurement of 16’Dy, ‘sZmEu and 14”La The 14”La acttvtty was recorded through a 2-mm lead 
absorber. The yield for Y was assumed to be the same as that for Dy. In all cases the difference in yield for the 
three elements investigated was less than 101,. No correcttons for differences in chemical yield were therefore 
mtroduced in the calculation of interferences. 

The differences in count-rates obtained with the two absorbers were corrected for contributtons from lan- 
thanide activtttes by applvmg the empirical correctton factors of Table I (13 days’ delay) adjusted to 20 hours’ 
irradtatmn. and a\:~~lahlc II~CI-;I~LII.C data for La.’ ’ SIII.‘~ ELI.’ ” I%.“’ Yh” and Lu” III the USGS. standard 
rocks. For Ho and Tm. in whtch cases no data seemed to be available except for W-l. the contents were estimated 
on the basis of values for the neighbouring elements and general knowledge on rare-earth distributions m rocks. 

RESULTS AND DlSCUSSlOk 

The results obtained for the yttrium content of the five USGS. standard rocks after appropriate corrections. 
are given in Table 2 and compared with data by other workers. Each sample was run in duplicate. and the agree- 
ment observed Indicates that a very good preciston may be obtamed by the present method down to low yttrium 
levels. 

The accuracy of the results ts mainly dependent on the accuracy wtth which the correction factors, as well 
as the concentrations of the rare earths in question, are known. The magnitude of the correctton m the case of 
a sample enriched in the “cerium-group” of rare earths as compared to one more abundant in the members of 
the “yttrtum-group” may be demonstrated by giving figures for the per cent contribution of elements to the 
observed count rate m the case of a G-2 and a BCR-1 sample: 

G-2: Y. 41.6: La. 49.2; Sm, 1.6; Eu, 6.3; Tb. 0.8; Ho. 0.3; Tm. 0.1; Yb, 0.1. 

BCR-1 : Y. 89.3 ; La, 5.3 : Sm. 0.5 ; Eu. 3.6 : Tb. 0.8 ; Ho, 0.2; Tm, 0.1 ; Yb, 0.2. 

This would indicate that m the case of samples with rare-earth distributions not deviating too much from that 
of chondritic meteorites. the exact knowledge of rare-earth concentration is not critical for the present method. 
The results obtained for BCR-1 and W-l should therefore presumably be fairly accurate. For samples with a 
distinct enrichment in the lighter rare earths. however, accurate data become important, especially for lanthanum. 
An error of lo”, in the La value for G-2 would yield a corresponding error of about 12”,, n-r the result for Y. 
which Indicates that the results obtained m the present work for G-2 and GSP-1 are probably less accurate than 
the others. 

A comparison with the available literature data seems to support the conclusions already drawn. The present 
values for AGV-1. BCR-1 and W-l are in good agreement with Flanagan’s average valuesi and Fleischer’s 
recommended value” respectively For W-l. the agreement with previous neutron-activation work also appears 
sattsfactory. In the case of G-2 and GSP-1. the present results are considerably lower than Flanagan’s averages. 
This might mdtcate systematic errors in the method. The data upon which Flanagan’s average values have been 
calculated. however. show a rather large spread. and additional work seems to be necessary before a firmer con- 
cluston can be drawn on this point. It should be noted that Rey et al. have also obtained a low value for Y in 
G-2 by neutron activation. 

If nuchdes other than those belonging to the rare-earth group are carrted through the radiochemical separation 
procedure. addtttonal systematic errors may occur. From previous work by the author” it appears that none 
of the maJor long-lived contributors to high-energy /I-radiation from irradiated rocks (IX., 32P, s”Rb. 122--124Sb) 
except the rare-earth group are likely to interfere appreciably In samples with high concentration of uranium, 
the possibility of interference from fission-product acttvtties in the rare-earth region should not be overlooked. 

The present method. although perhaps not espeaally attractive for routine determination of yttrium alone, 
should provide a valuable supplement to acttvation analyses where a number of rare earths are determined by 
group separation and Ge(Li) y-spectrometry. enabling yttrium to be included among the elements to be deter- 
mined. without any significant increase in work load. It would be necessary, however, to determine a set of correc- 
non factors specially for the /I-counting system to be used. 

lnstftutt for atomenergf E. STEINNES 
ISOtOpe ,!,AhOl’AtOlieS 

Kleller. RiOWA!’ 
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Summary-A neutron-activation method is proposed for the determination of yttrium in rocks by 
separation of the rare-earth group and b-counting. Interferences from rare-earth nuclides and the 
necessary corrections are discussed, and results for some standard rocks are presented. The method 
is suitable for combination with rare-earth determinations by group separation and Ge(Li) 
y-spectrometry. 

Zasammenfaaanng-Ein Neutronenaktivierungsverfahren zur Bestimmung von Yttrium in Ges- 
teinen durch Abtrennung der Gruppe der seltenen Erden und /&ZBhlung wird vorgeschlagen. Die 
Storungen durch Nuklide der seltenen Erden und die notwendigen Korrekturen werden diskutiert 
und Ergebnisse fur einige Standardgesteine angegeben. Das Verfahren eignet sich zur Kombinauon 
mit Bestimmungen seltener Erden durch Gruppenabtrennung und Ge(Li)-y-Spektrometrie. 

R&mn%On propose une mtthode par activation de neutrons pour le dosage de l’yttrium dans 
les roches par separation du groupe des terres rares et comptage 8. On discute des Interferences 
des nuclides des terres rares et des corrections necessaires, et prtsente des resultats pour quelques 
roches etalons. La m&ode est convenable pour une combinaison avec les dosages de terres rares 
par separation de groupe et spectrometrie y Ge (Li). 
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ALUMINIUM WITH FERRON AND 

A QUATERNARY AMMONIUM SALT 

KATSUMI GOTO,* HIROKI TAMLJRA. MITSUKO ONODERA and MASAICHI 

Faculty of Engmeermg, Hokkaldo Umverslty, Sapporo, Japan 

(Received 3 May 1973 Accepted 15 June 1973) 

OF 

NAGAYAMA 

Summary-The reproduclblhty of the ferron method for alurnmmm has been greatly Improved by 
the addrtlon of cetyltrrmethylammon~um chloride (CTMAC) The Improvement IS attributed to 
reduction of the reagent blank and Increased stability of Al(ferron):- The alurmmum-ferron com- 
plex formed m the presence of CTMAC has an absorption peak at 385 nm The interference from 
iron can be ehmmated by apphcatlon of a correction based on measurement at two wavelengths 

A number of reagents have been proposed for the spectrophotometrlc determination of 
alummlum Most have distinct disadvantages, the reagent blank 1s usually high and varies 
with pH and with some of the reagents, Beer’s law 1s not obeyed even if the pH and other 
variables are controlled with extreme care 

Of the numerous reagents proposed, 8-qumolmol (%hydroxyqumohne or oxme) seems 
to give the most reliable results l-3 However, 8-qumolmol forms an msoluble complex 
with alummmm which has to be extracted mto an organic solvent before the spectrophoto- 
metric measurements 

An attempt was made to ehmmate the extraction step by using ferron, the 7-lodo-5-sul- 
phonic acid derivative of 8-qumolmol, but it became apparent that m spite of its rather 
wide use.4-7 reproducible results are not obtained unless extreme care 1s taken to control 
the pH and other variables In addition, the calibration curve 1s non-linear at higher con- 
centrations of alummlum It was found that the dlfficulhes associated with the use of ferron 
can be ehmmated by addition of a cationic surfactant 

EXPERIMENTAL 

Reagents 

Ferroll solutron Dissolve 0 8 g of ferron m 100 ml of 40% v/v aqueous N,N-dimethylformanude 
CTM4C-KC/ sol~rttor~ Dissolve 2Og of cetyltr~methylammonmm chlonde (CTMAC) m 800ml of water Add 

150 g of potassium chlonde and dilute to 1 htre 
Buffer sohtlou (pH 5) Dissolve 327 g of so&urn acetate trlhydrate m water, add 34 ml of glanal acetic acid 

and &lute to 1 htre 
Standard alummw~~ solutron. 50 ppm Dissolve 0 8792 g of alummmm potassmm sulphate, AlK(SO&)l2H,O, 

m a small volume of water containing 1 ml of concentrated hydrochloric acid and dilute to 1 htre w1tl-1 water 

Place an ahquot of sample contammg not more than 6Opg of alunumum m a 25-ml volumetric flask, add 
2ml of ferron solution 3ml of buffer and 5ml of CTMAC-KC1 solution Dilute to volume and measure the 
absorbance at 385 nm against a reagent blank 

* Present Address Facult\ of Lnerature and Science Toyama Umverslty Toyama, Japan 
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DISCUSSION 

Ferron dlssoclates m two steps * 

G, -H+_ 6, -H+_ 6, 

:: 8 
o- 

PKL = 2.50; pK2 = 7 11 (O*lM KCl) 

It 1s believed that the doubly charged species (designated hereafter as ferron’- I combmes 
with alumimum through the N and 0 atoms 

IO 

400 500 600 / 

Wovelength. nm 

IO 

kg I Absorption spectra (l-cm cell, agamst dIstIlled water) 
A 50 pg Al/25 ml final volume, B 50 pg Fe/25 ml final volume. C reagent blank 

Figure 1 shows the absorption spectra of the ferron complexes of alummlum and n-on 
formed m the presence of CTMAC, and that of the reagent blank The absorption peak of 
the Al-ferron complex 1s moved to 370-385 nm by the addltlon of CTMAC The u-on com- 
plex has an absorption spectrum which IS quite different m shape from that of the alu- 
mmmm complex. Both Iron(I1) and u-on(II1) give rise to virtually the same absorption 
spectrum, Indicating the oxidation of u-on(II) durmg complex formatlon 

The addlhon of cetyltrlmethylammomum chloride brought about many advantages 
over the usual spectrophotometrlc procedure Tetradecyld~methylbenzylammomum chlor- 
Ide (Zephlramme) and cetylpyrldmlum chloride can be used m place of CTMAC, but with 
ferron these surfactants sometlmes form preclpltates which dissolve in excess of the surfac- 
tant. 

One of the advantages of the addltlon of CTMAC IS the much lower reagent blank (Fig 
2). This perrmts a higher concentration of ferron to be used. This IS especially advan- 
tageous when u-on 1s present m the solution because Iron reduces the concentration offer- 
ron available for complex formatlon with alummlum 



CTMAC. M X IO2 

loo- 

Spectrophotometrlc determmatlon of alummmm 

01 

t 

I 2 3 4 5 b r e 

CTMAC Added, ml 2% solution 

(Tot01 volume 25 ml 1 

Fig 2 Effect of CTMAC on reagent blank 

Fig 3 Effect of pH m the absence of flMAC 
A 60 pg Al agamst reagent blank, B reagent blank agarnst water Total ferron 5 7 x 10e4M 

185 
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In the absence of CTMAC, the reagent blank varies with pH (Fig. 3). In addition, the 
formatron of the alummium-ferron complex is not complete at pH values where the re- 
agent blank is low. In the presence of CTMAC, on the other hand. the formation of the 
alummium complex is complete over the pH range 4-6, where the 
and less susceptible to pH changes (Fig 4) 

reagent blank is low 

Fig 4 Effect of pH on the formatron of Al-ferron complex m the presence of CTMAC 
Ferron 18 x 10-“M, CTMAC 04% (1 25 x 10-*M), total acetate 0 36M, KC1 04M A 

5Opg Al/25 ml agamst water, B 5Opg Al/25 ml agamst reagent blank. C reagent blank 

The cahbration curve is linear in the presence of CT’MAC but not m its absence. Beer’s 
law is obeyed when a sufficient quanuty of CI’MAC is present, but deviations occur when 
it IS not. 

As shown above, formation of the alummmm-ferron complex is complete over a wide 
range of pH in the presence of CTMAC, but it is recommended that the pH be adJusted 
to within 40.2 because the reagent blank changes shghtly with pH 

Another problem is that the reagent blank changes with the ioruc strength, but this can 
be overcome by the addition of sufficient potassium chloride. 

The error due to the pH and iomc strength effects on the reagent blank can be reduced 
by using smaller ferron concentrations The ferron concentration could be reduced to one 
fourth that given m the recommended procedure, if alummrum is the only cation present 
which combmes with ferron. 

Iron interferes strongly by formmg an intensely coloured complex with ferron, but the 
error due to iron can easily be corrected by determmmg the absorbance at two wave- 
lengths Simultaneous determmation of ahunmmm and iron is also possible by this tech- 
nique. For determmatton of only the alummmm, however, it is more convement to make 
the measurements at two wavelengths at which the iron complex has the same absorptiv- 
ity, so that the absorbance due to the n-on IS self-compensatmg (Fig 5) 9*‘o Suitable wave- 
lengths are 385 and 455 nm Table 1 shows that when this method IS used, iron can be 
tolerated m amounts up to 25 times that of the alummmm present (w/w). 

Calcium, magnesium, sulphate and chloride ions have no effect on the determmation 
of aluminmm, but zmc, copper, cadmium and manganese interfere by forming complexes 
with similar absorption spectra. Of these metal ions. however, only alummmm is masked 
by addition of 1 ml of 0 5 M sodium fluoride per 25 ml final volume It is therefore possible 
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to determme the concentration of alummlum by measuring the difference between the 
absorbances obtained m the presence and absence of sodmm fluoride 

Wavelength 

Fig 5 Prmclple of two-wavelength spectrophotometry 
In normal spectrophotometry. species A IS determmed from the absorbance at wavelength 1, The 
error introduced by the presence of B ~sE,,,~ (a, - a2) In two-wavelength spectroscopy, the &ffer- 
ence between the absorbances at i, and / 1, (al - a,). IS measured on a two-wavelength spectro- 
photometer If / 2 1s selected so that ~,,,a = E,,,~ then a, - u3 = a2 - a4 = (E,~,~ - E,, *) [A] and 

IS independent of [B] 

Table I The effect of Iron on the two-wavelength spec- 
trophotometrx determmatlon of 20 pg of alummmm 

(total vol 25 ml) 

Fe added, w Al found ju/ 

0 200 
200 190 
300 200 
500 193 

The use of catlomc surfactants m the spectrophotometrlc determmatlon of metal ions 
with anionic dyes has been reviewed by Kohara and Ishlbashl” and by Ueno I2 Some 
of these ternary systems have been apphed to the determmatlon of alummmm 13-16 

The roles of catlomc surfactants m these apphcatlons have been &scussed by many m- 
vestlgators, including Bailey et al ’ 7 Kohara et al * 8 and ShiJo and Takeuchr l9 It is gener- 
ally accepted that the catiomc surfactant shifts the absorption peak of a metal-dye complex 
to a longer wavelength A considerable mcrease m sensltlvlty 1s often achieved by addition 
of a surfactant, this IS considered to be partly due to the enhancement of dlssoclation of 
acid groups on the dye molecule, which favours the formation of higher complexes with 
greater absorptivity 

However the sensltlvlty of the ferron-alummlum system 1s not greatly enhanced by the 
addition of CTMAC An enhanced dlssoclafion of the OH group of ferron 1s observed only 
at low ionic strengths and CTMAC seems to have httle effect on the dlssoclatlon constant 
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at higher ionic strengths. Nevertheless, better reproducibility was achieved by the addition 
of CTMAC even in the presence of large quantities of potassium chloride. It is apparent 
therefore that some other factors are responsible for the improvement. 

The poor adherence to Beer’s law of the usual ferron method may be attributed to the 
simultaneous formation of two or more complexes between alummium and ferron. Figure 
6 shows the distribution of aluminmm between various ferron complexes as a function of 

IO-’ IO -’ 10-S 

[Ferron*-] 

Rg. 6. Dwrtbution of various Al-ferron species as a function of free ferron’- concentration. Cal- 
culated from stabrlrty constant data reported by Langmyhr and Storm* (log K’S 7 6. 7 I and 5 6 

m DIM KCl) 

free ferron2- concentration. The distribution was calculated from the stability constants 
reported by Langmyhr and Storm.* It shows that at free ferron2- concentrations lower 
than 10m4A4, considerable quantities of Al(ferron); exist in equilibrium with Al(ferron)j- 
and that the ratio of these two alurninmmferron complexes to each other varies with fer- 
ron2- concentration. Even if the pH and the total ferron concentration are strictly 
adjusted to constant values, the concentration of free ferron2- will vary with the total con- 
centratron of alummunn. Therefore, the ratio of Al(ferron):- to Al(ferron); may vary with 
the concentration of alummmm, leadmg to deviations from Beer’s law. Although it is 
expected that Beer’s law is strictly obeyed at ferron2- concentrations higher than 10V4M, 
a high ferron2- concentration should be avoided because the ferron2- ion has a high 
molar absorptivity near the absorption maximum of the Al(ferron):- 

Figure 7 shows the average number of moles of ferron bound per mole of alumimum, 
as a function of ferron2- concentration, as calculated from a potentiometrm titration 
curve. In the absence of CI’MAC, it increases gradually as the ferron2- concentration m- 
creases, mdmating the successive formation of 1: 1, 1:2 and 1:3 (aluminmm.ferron) com- 
plexes. In the presence of CTMAC, on the other hand, the average number of moles of 
ferron bound per mole of alummmm mcreases very steeply as the ferron concentration 
reaches a critical level, and approaches 3 at a lower ferron2- concentration than m the 
absence of CTMAC. There was no indication of the formation of 1: 1 and 1.2 complexes. 
It is therefore concluded that CTMAC increases the stability of the 1:3 complex, relative 
to that of the I.1 and 1:2 complexes. This is easily understood if it is considered that the 
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1 3 complex has the highest negative charge and ~111 be the most stablhzed by the pow 
twely-charged mlcelles of quaternary ammomum catlons 

-7 -6 

log, ferron 

Fig 7 Averdge number of moles of ferron bound per mole of alummmm as a function of ferronl- 
concentration (I M KCI present) 
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the experiments This work wds partly supported by a grant from the Mmlstry of Education of Japan 

REFERENCES 

1 C H R Gentry and L G Sherrmgton, Aaalrst. 1946.71,432 
2 K MotoJlma J Chem Sot Japan Pure Chenl Secrlon. 1955.76,903 
3 K Goto CIlern Iud Lond 1957 329 
4 W H Davenport, Jr Anal Chern, 1949, 21, 710 
5 K Potzl Z Anal Chem . 1966 223, IO 
6 W J Traversy Method7 fool Chernlcal Allalvszs of Waters, Waters Branch, Department of Flshertes and For- 

estry. Canada 197 1 
7 J D Hem and C E Roberson u S Geol Survey Water-Supply Paper 1827-A. 1967, p 23 
8 F J Langmyhr and A R Storm. Acta Clter,l Scand 1961.15,1461 
9 B Chance ReL Scl Inst~ 1951 22,634 

IO S Shlbata and M Furukawa, KagaLu To Kog\>o (Tokyo), 1970,23,668 
11 N Ishtbashl and H Kohara. Dontr Nervs Letret, 1971. No, 66.2 
12 K Ueno Burlsrkr KagaLu 1971.20,736 
13 H Nlshlda and T Nlshlda hd. 1972. 21,997 
14 T Ozawa tbld. 1969 18,745 
15 J E Chester. R M Daenal and T S West. Talanta, 1970. 17. 13 
16 Y ShlJo and T Takeuchl Burzsel\t Kagaku 1968. 17,61 
17 B W Badey J E Chester R M Dagnal and T S West. Talantn 1968.15, 1159 
18 H Kohara N Ishlbashl and T Masuzakl, Bunsekr Kagaku, 1970,19,467 
19 Y ShiJo and T Tdkeuchl ~hrd 1971.20.297 

Resume-Ld reproductiblhte de la methode au ferron pour I’alunumum a ett grandement ame- 
horee par l’addltlon de chlorure de cetylmethylammonmm (CTMAC) L’amihoratron est attnbde 
a une reduction du temom du reactlf et a une stablhte accrue de Al(ferron):- Le complexe alu- 
mmlum-ferron forme en la presence de CTMAC a un pm d’absorptlon a 385 nm L’mterference 
du fer peut itre Chmmee par l’apphcauon dune correctlon basee sur la mesure a deux longueurs 
d’onde 

Zusammenfassung-Die Reproduzlerbarkelt des Ferronverfahrens zur Alummmmbesummung 
wurde durch Zugdbe van Cetyltr~methylammonmmchlortd (CTMAC) stark verbessert Die Ver- 
besserung wnd auf dre Verklemerung des Bhndwertes und auf erhonte Stablhtat von Al(ferron):- 
zuruckegfuhrt Der m Gegenwart von CTMAC geblldete Alummmm-Ferron-Komplex hat em 
4hsorptlonsnl,~allllum beI 3X5 nm Die Storung durch Elsen kdnn vermleden werden mdem man 
rme Korrektur anbrlngt die .mf der Messung be] zwel Wellenlangen beruht 
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Summar!--Drmedone droxrme forms coloured complexes only w~tb cobalt, mckel and copper tons 
m alkaline solutron Acrdtficatton and solvent extractron enables cobalt (l-50 pg) to be determmed 
spectrophotometncally without Interference A spectfic spot test for cobalt IS based on the same 
reachon 

Compounds with the 1,Zdioxime grouping have received a great deal of attention as ana- 
lytical reagents The mechanism of their reactions with metal ions has_ been studied in 
detail Compounds with the 1,3-&oxime grouping, however, have received very little atten- 
tion, probably because the dioxime groups are too far apart to form chelates with metal 
ions It should be appreciated, however, that although the formation of a chelate ring con- 
fers added stability on a complex, complexes that do not contam chelate rings are not 
necessarily unstable, and may also possess many other desirable analytical qualities, such 
as high molar absorptivity, rapid and selective formation, and solubihty m water or 
orgamc solvents 

NOH 

HsC 

Q H3C 
NOH 

(I) 

Dimedone (5,5-Qmethylcyclohexane-1,3-dione) is readily oximated to give a 1,3-droxime 
(I) This paper describes the synthesis of the dioxrme, the mvesugation of its reactions with 
metal ions and the consequent development of specific and sensitive methods for the detec- 
tion and spectrophotometric determmation of cobalt, and shows that a 1,3-&oxime is a 

useful chromogemc reagent 

Reagerl t 

Dimedone dioxime is a white, crystallme compound, m.p 170”, readily soluble m most 
organic solvents, including alcohols and chloroform, it is also soluble m alkalme aqueous 
solutions. but is sparingly soluble m water 

Reactzons wztlt metal zons 

The reagent was tested for reactions with 19 metal ions Mg2+, Co2+, UOf’, A13+, 
Ni’+. Ba’+. Mn”‘. Cu2+. Fe’+, Fe3+. Zn2+. Sn4+. Pb2+. Cd2+, Th4+, Pd2+, Be2+, Ti4+ 

191 
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or Agf (500 pg) were mixed with 2 ml of sodmm acetate buffer solutions over a pH range 
of 4-9 and 2 ml of an 0*5?4 ethanohc solution of dimedone dtoxime. After the mixtures 
had stood for half an hour, cobalt had formed an Intense yellow colour. mckel a green 
colour and copper a pale green colour m solutions at pH 8 and 9 No other metal ions 
gave a vrstble reaction with the reagent, and no reactions were observed at lower pH 
values. Subsequent experiments showed that the nickel and copper reactions could easily 
be suppressed, so methods for the specific determmation and detection of cobalt could be 
developed. 

Development of a quantitatwe spectrophotometrzc method for cobalt 

The absorption spectra of the reagent and tts cobalt and nickel complexes are shown 
m Fig. 1. The cobalt complex has an absorbance maximum of 400 nm; that of the nickel 
complex is at 385 nm, whereas that of the reagent IS m the ultraviolet and ends at 450 nm 

Wavelength, nm 

Fig I Absorption spel tra of alkahne solutions of(u) Co” (50 pgg). (h) NI” (50 pg), obtamed un- 
der the optlmdl condltlons. after 30 mm. (c) dlmedone dloxlme, (d) Co” (5Opg) after extractlon 

The absorbance given by the cobalt and nickel complexes Increased with increasing pH 
This is illustrated m Fig. 2 Maximal colour development for cobalt is achieved at pH 9- 
9.5, which is obtained when 0.2 ml of 0.05 M sodium hydroxide solution is added to a very 
dilute aqueous solution of cobalt nitrate. 

The reaction between cobalt or nickel and the reagent occurred slowly, 45 mm being 
necessary for complete colour development m a solution containing 5 ppm of cobalt at 
the optimal alkalimty The colour remained stable for at least another 20 mm In all sub- 
sequent experiments, therefore, the reaction mixture was allowed to stand for an hour The 
amount of reagent added also affected the degree of colour development for cobalt As 
shown m Table 1, a final reagent concentration of at least 0.2% is necessary for almost 
complete colour development. 

On the basis of these results, it was possible to devise a procedure for the determmation 
of cobalt m aqueous solution When measured at 4OOnm a linear calibration graph IS 
obtained up to 50 pg of cobalt per 10 ml, but there is a positive intercept on the absorbance 
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axis A rectilmear calibration graph, of only half the sensitivity but passing through the 
origin, IS obtained by measuring the absorbance at 450 nm. The molar absorptivity is 
2.30 x lo41 mole-’ cm-’ at4OOnmandl 10 x 1041.mo1e-1.cm-1 at450nmmalka- 
line aqueous solution The sensitivity at 400 nm accordmg to Sandell’ is 09023 pg/cm2 

0 05M sodium hydroxide added, ml 

Fig 2 The effect of sodmm hydroxide addmon on the absorbance of aqueous solutions (pH 4) 
contammg 50 pg of (a) cobalt (h) mckel, final volume IO ml 

In the procedure developed for cobalt, ppm of mckel and copper give chromogemc reac- 
tions and therefore interfere It was found, however, that acidification of the solution of 
the coloured complexes immediately destroyed the nickel and copper complexes, but not 
that of cobalt A simrlar phenomenon is reported to occur with the nickel, copper and 
cobalt complexes of mtroso-R salt on addition of mineral acids ’ Addition of 0.2 ml of 
0.1 M hydrochlortc acid completely decolourized a lo-ml alkahne solution contammg 50 pg 
of nickel as its dimedone dioxime complex, prepared by the recommended procedure. The 
cobalt complex was slowly destroyed (Table 2). There was also a marked immediate mihal 
decrease m the absorbance of the cobalt complex and a shaft m the absorbance maxrmum 
to 350-380 nm 

Although the addition of hydrochloric acid removes the mterference of nickel, the slow 
decomposition of the cobalt complex precludes precise measurement of the absorbance. 
Solvent extraction was mvestigated, therefore, as a means of stabmung the cobalt complex 
The cobalt and nickel complexes were not extracted from the alkalme solution by chloro- 
form, isoamyl alcohol or methyl isobutyl ketone, but the cobalt complex could be 
extracted mto these solvents from an acidified solution The nickel complex could also be 
extracted from suitably dilute acidic solutions The effect of various concentrations of hy- 
drochloric acid on the absorbance of the extract is shown in Fig 3. It shows that some 
extraction of the mckel complex occurs at low acidity, but the effect of mckel IS completely 

Table 1 Effect of reagent concentration on the absorbance of the cobalt complex at 400 nm 

Reagent. ml* 00 01 02 04 08 10 15 20 40 
Absorbance 000 040 0 82 1 20 I 60 1.65 1 70 1 75 180 

* In IOml of solutlon contammg 5Og of cobalt and 0 2 ml of 0 5M sodium hydroxide 
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Table 2 Effect of ttme on the absorbance of an acldrfied solutton of the cobalt complex 

Ttme, mm 00 10 20 30 40 60 80 
Absorbance* 
at 370 nm 0 66t 046 040 035 0 34 0 30 028 

* Absorbance of 50 pg of cobalt after addttron of 0 2 ml of 0 1 A4 hydrochlortc actd to the alkahne test solutton 
prepared accordmg to the recommended procedure 

t Absorbance before acrdtficatton = I 65 

eliminated by addition of sufficrent acid. The molar absorptlvrty of the cobalt complex IS 
sumlar to that measured mltrally m the acidified solution The absorbance maximum m 
methyl lsobutyl ketone is at 370-380 nm (Fig. I). On the basis of these results a procedure 
was developed for the determmation of I-50 pg of cobalt by use of actdnicatron and sol- 
vent extraction. The molar absorpttvtty IS 1 13 x IO4 1 mole- ’ cm- L and the Sandell senst- 
tivlty OQO57 pg/cm2 

0.1 M hydrochloric actd added, mt 

FIR, 3 The effect of hydrochlortc actd addttton on the absorbance of (a) Co’+. (h) NI?+ complexes 
rn methyl tsobutyl ketone 

The effect of nickel on the absorbance of the cobalt complex when the extracnon pro- 
cedure IS used IS shown m Table 3 At least 50 ,ug of mckel are without effect. Analysis 
of syntheuc cobalt and mckel nnxtures confirms these results (Table 4) 

There was no interference from 50 pg of the following spectes on the determmatton of 
25 pg ofcobalt: Cu’+, Mg’+, LJOi+, Ca’+, V(V). Zn’+, Cd’+ and Fe’+, but when metals 
that combme with hydroxyl ions are present, care should be taken that more alkali is 

Table 3 Effect of mckel on the cobalt absorbance 
(extractton procedure) 

Ntckel cone 
&IO ml 

Absorbance of 
1oggco 25 jig co 

00 0185 0 425 
10 0184 0 425 
30 0186 0 430 
50 0 190 0431 
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added to ratse the pH to 9 O-9 5. Stmtlarly, precauttons must be taken with hydrogen phos- 
phate and other protonated amons Tartrate (0 5 mg). citrate (0.3 mg), mtrate (0 2 mg), ace- 
tate (0.15 mg). sulphate (0 25 mg) and phosphate (0 5 mg) tons dtd not interfere m the deter- 
mmatron of 50 pg of cobalt, but 100 pg of cyanide tons almost completely destroyed the 
cobalt complex 

Table 4 Determmatlon of cobalt m the presence of 
mckel 

Taken, ~1s 
Co found, 

co Nl K7 

300 30 300 
100 40 103 
200 50 200 
25 0 30 25 3 
150 40 153 
50 50 50 

Development of a specific spot testfor cobalt 

The reaction between cobalt and drmedone dioxime can be used to provide a rapid, sen- 
sthve and specific test for cobalt Although the cobalt complex forms slowly at room tem- 
perature, formatton 1s almost complete within 1 mm tf the solution 1s heated to 60” The 
interferences of nickel and copper may again be removed by acidifymg the solution after 
complex formation The nickel and copper complexes are destroyed immediately, but the 
cobalt complex dissoctates only slowly ;ttscolour persists for at least 2 hr. If the cobalt com- 
plex is extracted from the acidic solution mto methyl tsobutyl ketone, the complex is even 
more stable 

The behaviour of numerous ions was mvestigated, using the test procedure described 
below. The tons investigated were those studied m the prehmmary tests (above) and Cr3+, 
Zr4+. Hf4+ In3+ , NH:, phosphate, citrate, tartrate and acetate The only visible reactions 
m the alkalme solution were that cobalt gave a yellow colour and nickel and copper gave 
green colours: only the cobalt complex remained on actdificatlon and no other colour 
developed The tolerance of the test procedure to other ions is summarized m Table 5 

Table 5 Tolerance of cobalt test to other Ions 

Cobalt 
&? 

Other Ion. 
KJ 

Cobalt 
KJ 

Other Ion, 
K7 

50 N?+(lOO) 
50 N1’+(500)* 
50 NHa(500) 
20 Cu2+(50)t 
20 Al”+(lOO)t 
10 Ca’+(200) 
10 N?+(lOO)* 
10 Fe2’(50)t 

10 Zn2 + (1OO)t 
10 . V(V) (1OO)t 
10 H,P0;(500) 
5 Mg2 +(l@O) 
5 Cd2 + (SO)? 
5 citrate (500) 
5 tartrate (500) 
5 acetate (500) 

* On addltlon of 0 8 ml of 0 1 M hydrochloric acid 
t 6-10 drops of the sodium hydroxide solution required to bnng the 

pH to9 
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Larger amounts of hydrolysable ions can also be tolerated if more alkah is added to raise 
the pH to above 9. 

Nature of the complex 

The cobalt:hgand ratio in alkaline solution was measured by Job’sZS3 method and the 
mole ratio method.4 Job’s method indicated the formation of 1.1 and 1.6 cobalt:hgand 
complexes (Fig. 4). The mole ratio plot showed the formation of only a 1.6 complex. When 
m sufficiently high concentration, therefore, dimedone dloxime (HL) must act as a umden- 
tate hgand. As complex formation occurs only m alkaline solution, the oxime anion L- 
is probably the bmdmg species. Thus m alkaline solution the complex is probably 
(CoLz-). The amonic nature of the complex precludes extraction from alkaline solution 

I 
16 

\ I I 

1 I I 1 I I I I I I I 
100 SO 60 TO 60 SO 40 30 20 IO 0 

0 

Fig 4 Job plot for the cobalt complex, measured at 4OOnm and corrected for reagent absorbance 
A = ml of lo-‘A4 Co2+, B = ml of 10m3M reagent 

Acidification immediately decreases the absorbance to 36% of its mrtial value (Table 2). 
An extractable, and therefore uncharged, species is formed. The two-thirds reduction in 
absorbance roughly indicates the loss of four hgands, so that the uncharged complex could 
be CoL2. Prolonged contact with the acid causes further. slow, breakdown of the complex: 

CoLz + 2H+-,Co’+ + 2HL 

Conclusion 

The method proposed is highly selective for cobalt. It is sensitive, and the reagent, 
although not yet commercially available, IS easy to synthesize from simple chemrcals. A 
comparison with some other reagents is included (Table 6). Nitroso-R salt is the most sen- 
sitive reagent, but is experimentally difficult to use m that it needs accurately controlled 
heating to achieve reproducible complex formation 

The spot test is sensitive and is specific for cobalt. It uses a simple reagent, can be carried 
out rapidly, and is unaffected by much larger amounts of most ions. Few other tests for 
cobalt have the advantages of the present one. The common tests5 with r-mtroso-j?-naph- 
thol, thiocyanate and rubeamc acid lack specificity, and only the rather time-consuming 
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Table 6 Comparison of dlmedone dloxlme wtth some other spectrophotometrlc redgents for cobalt 

Reagent 
Wavelength 

nn7 

Molar Sandell 
absorptlvlty sensltlvtty 

1 mole-’ cm-’ ,ug/cm” Interferences R&S 

Nltroso-R 
salt 

2-Nltroso- 
I-naphthol 

Thlocyanate 
Ion 

420 340 x IO4 
520 I 40 x lo4 

530 140 x 104 

620 loo x 103 

Isomtroso- 
drmedone 

FUrlI 
T-dloxlme 

2,2’-Dlpyrldyl 

314 

350 

197 x to4 

186 x IO“ 

ketoxlme 388 I95 x 104 

Dlmedone 400 2 30 x 104t 00023 
dloxlme* 380 1 13 x lO”$ 00057 

00019 
00042 

00042 

0055 

00030 

00030 

- 
- 

Pb’+, Fez+ 

CU2+,B13+, CI-3’ 
NI”. Fe3+ 

Fe” CU’“, Cr3+ 
NI” 

Cu”,N?‘, Fe’+ 
Pb”, Ag+ 

Fe’+. Fe3+, Cu’+ 
Pb’+ 

Cu*+, NIP+ 
- 

1 
1 

1 

I 

8 

9 

10 

* Present work 
t Alkaline solution 
: Solvent extraction procedure 

test with nrtroso-R salt m an Ion-exchange resmS ~111 detect smaller concentrations of 
cobalt The p-rutrophenylhydrazone of dlacetylmonoxlme” provides a selective but less 
sensltlve test for cobalt but the same derivative of 3-lsomtrosopentane-2-one’ gives a specs- 
fit reactlon as sensmve as the present test The reagent. however. 1s more difficult to 
prepare 

EXPERIMENTAL 

Dlmedone (2Og) was dzssolved m ethyl alcohol (lOOmI) III a round-bottomed flask A solution of hydrouyl- 
dmmomum chloride (2Og) rn 15 ml of water was adjusted to pH 6 Z-7 5 with sodmm carbonate. and mlxed with 
the dlmedone solution The mixture was heated under reflux on a boiling water-bath for about 2 hr Sufficient 
water was then added to mssolve the sodmm chloride formed and the mixture was evaporated to So-60 ml The 
sohmon was left overnight to allow complete crystalhzation The crystals were filtered off. washed with water 
and dried under vacuum on a hot-plate at 6% The product was recrystallized twice from 50Y0 aqueous ethyl 
alcohol The crystais were small whtte needles (m p 170’1 Analysis found C, 56 6”/,, H. 8 O”;, N, 16 3O,, calcu- 
lated for CsH,,N,O, C 56 4’,. H, 8 2”,, N 16 4p, 

Dlmedone dloxlme IS readily soluble m alcohols. chloroform and alkahne aqueous solutions, but IS sparmgly 
soluble m water 

I77 ctKah7t~ w~7mn To a IO-ml volumetrlcflask add an approprzate amount ( ~5 ml) of test solution contammg 
(t 50 [~g of cobalt follo\hrd b! .I ml of 0 5”,, dlmedone dtoxrme solution m ethyl alcohol and 0 20 ml of 0 05M 
sodium hydroxide and dilute to 10 ml with dlstllled water Allow the solution to stand for 1 hr and measure 
IIS absorbance at 400 nm m l-cm cells agamst a smular solution to which no cobalt has been added Prepare 
a cahbratmn graph m ‘1 srmiiar manner from soluttons contammg 3 5-50 fig of cobalt 
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By solvent e’trractlon To a IOO-ml separating funnel add an appropriate amount (< 5 ml) of test solution con- 
tammg I-5Opg of cobalt, followed by 4 ml of 0 5:; dimedone dloxime solution and 0 2 ml of 0 05M sodium hy- 
droxide solutron. Make up to 1Oml with water, and allow to stand for an hour Add 4 ml of methyl lsobutyl ketone 
and 02ml of 0 1M hydrochlortc a&, and shake well for 1 mm to extract the cobalt complex After removal 
of the orgamc layer, add another 4ml of the organic solvent, shake agam for 1 mm and remove the organic layer 
Combme the extracts, and make up to lOm1 wtth the same solvent Measure the absorbance at 380nm m I-cm 
cells agamst a slmdar extract of a solution to which no cobalt had been added Prepare a cahbratlon graph m 
a simtlar manner 

Detecnon of cobalt 

Treat succeswveiy m a senurmcro test-tube a few drops of the test solution with a few drops of a saturated 
solution of the reagent m ethyl alcohol Add a few drops of water followed by 2 or 3 drops of 005M sodium 
hydroxide and heat for 0 5 mm m hot water (60.) Add SIX drops of methyl lsobutyl ketone followed by four drops 
of 0 1 M hydrochlonc acid and shake the mixture well A yellow extract mdicates cobalt A green colour formed 
m the aqueous alkahne soluhon but destroyed on aadificafion mdlcates copper or mckel 

Ident&atton hnut 05 pg of cobalt, 
Ddution hnut. 1 2 x lo6 
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R&u&La &oxlme de la &medone forme des complexes colores seulement avec les ions cobalt, 
mckel et cmvre en solution alcahne L’aadlficahon et l’extrachon par solvant rend possible la 
ddtermmaflon spectrophotomCtnque du cobalt (I-50 pg) sans mterfirence Un essal i la touche 
spictfique du cobalt est bad sur la mame reactlon 

Zusammenfassung-Dlmedondloxim blldet nur rmt Kobalt-. Nickel- und Kupfenonen m alka- 
hscher Losung farblge Komplexe Ansauern und Extraktlon erlauben eme storungsfrele spektro- 
photometrrsche Beshmmung von I-50 pg Kobalt. Auf der selben Reaknon beruht eme spezlfische 
Tupfelprobe fur Kobalt 
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Summar!-Potent1ometrlc and spectrophotometrlc studies on Semt-Methylthymol Blue (SMTB 
or H,L) h,ive been performed The dcld-base dnd Co(lI). NW). Cu(II) dnd Zn(Ilt_hgdnd redctlon 
stolchlometrles were determmed, and the formation constants of the correspondmg proton and 
metal complexes. and the molar absorptlvltles were calculated Evidence was found for the 
formatlon of 1 1 Co(H). N1(11) and Cu(II) complexes, and 1 1 and 1 2 Zn(II) complexes Cu(II) 
formed the hydroxo-complex, Cu(OH)L3- but no hydroxo-complexes of the other metal Ions 
were observed SuggestIons are made concermng the probable structure of the complexes 

The mono-substituted product Semi-Methylthymol Blue, 3[N,N’-dl(carboxymethyl)- 
ammomethyl]thymolsulphonphthalem (SMTB)’ z IS also synthesized when Methylthymol 
Blue. 3,3’-b~s[N,N’-d~(carboxymethyl)am~nomethyl]thymolsulphonphthale~n (MTB)’ 1s 
prepared Earlier,’ we separated SMTB from MTB, and pomted out its utility as a com- 
plexometrlc reagent and photometric indicator for the determmatlon of a number of metal 
ions 

Although there have been many mvestlgatlons of MTB and Its metal complexes, we have 
not found accounts of the dlssoclatlon equlhbrla of SMTB and of Its metal complexes The 
present work remedies this lack of mformatlon 

EXPERIMENTAL 

The procedures, apparatus and reagent solutlons were those used prevlously.3 together with SMTB which was 
purified’ by cellulose column chromatography and Ion-exchange by the batch method The product was the free 
dcld form of SMTB [m p 198-199 (decomp ), found C. 61 I”,. H. 64”,, N 2 I”“, calculated for C32H3,09- 
NS H,O C 61 04”,, H 6 24”,, N. 2 22”,] The purity of the SMTB determmed by potentlometrlc tltratlon, was 
near11 100”, 

RESULTS AND DISCUSSION 

Fornlurlort constants of SM TB 

Absorption spectra of SMTB (H,L) at differing pH values are shown m Fig 1 and the 
potentlometrlc titration of SMTB 1s shown m Fig 2 Two protons per hgand molecule 
may dlssoclate between a = 0 and a = 2 (where a = moles of base added per mole of 
hgand) At higher pH region two more protons may dlssoaate, one between a = 2 and 
a = 3. and the other above a = 3 Between pH 2.5 and 6 6, the absorption curves are 
almost ldentlcal. mdlcatmg dlssoclatlon of two protons from the carboxyl groups In alka- 
lme medium the equlhbrlum between the yellow and the purple blue SMTB corresponds 
to dlssoclanon of a proton from the phenol group Above pH 10, the colour changes from 

T4L\ol 21 ho :-B 199 
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wavotrn9m , nm 

Rg. 1 Absorphon spectra of SMTB at different pH values 
T,=283 x 10-s~,pH.1-I84,2-281.3-509,4-771,5--1017,ri--1233.7-l352 

light blue to deep blue, but that of Thymol Blue does not, so this mvolves the dlssoclatlon 
of the proton of the quaternary nnmo&acetate group (derived by proton transfer from the 
sulphomc acid group). 

The four actd forma~on constants and the molar absorptlvmes are calculated by means 
of the methods gtven prevlously,4 and are tabulated m Table 1 

Porenaometrlc mvestlgatlons of metal complexes 

Potenttometnc titration of each metal, SMTB, and l-2,1 : 1 and 2 1 molar ratms of each 
metal to SMTB were perfoimed. The results for the l-1 molar ratro of CojII), N$II), Cuf II) 
and Zn(I1) to SMTB are presented m Fig. 2. 

PH 

6 
2 Co-SMTB 

3 NI-SMt0 

4 4 Zn-SMTB 

5 Cu-SW.8 

J I 1 I 1 I 
0 I 2 3 4 5 

0 

Fig 2 Potentlometnc tttratton curvesof SMTB m the presence of the followmg met& eons dt 25 & 
0 I’C m 0 1 M KNO, solutions, I-SMTB alone, Z-Co(H) SMTB f 1 I), 3--Nt(ff) SMTB (1 I), 

4--Zn(It) SMTB(1 I). 5--C&I) SMTB fl I! 
n = number of moles of base added per mole of SMTB T, L-990 x IO-* iM, ?- 
991 x 10-4M, 3-9-25 x 10-4M, 4-943 x 1O-4 M, 5-929 x 10-4 M, T, ?-- 

909 x 10-4M,3--839 x 10-4M,4--1 07 x 10-j M.5-962 x IO--‘A4 
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Table 1 Acid formatlon constants, wavelengths of absorption maxlma and molar absorptl- 
vlhes of SMTB 

Ion 

HJ- 

H,L- 

Wavelength 
&lrx* 
nm 

4.52 

452 

Absorpttvlty. 
lo41 mob?-’ cm-’ 

1 79 

1 79 

Eqmhbnum 
constant, 

log k 

20’ 

H,LL- 44-I I 77 
281* 

761* 
HL3- 603 164 760 

L‘+ 607 3 65 1212 

* Data measured by means of pH tltratlon at 25 + 0 1 ‘C, p = 0 1 (KNO,). the rest by 
means of spectrophotometry at room temperature, p = 0 1 (KNO,) 

Each curve consists of two well-defined buffer regions, a long one termmated by a sharp m- 
flectlon at a = 3 and the other between a = 3 and a = 4, mdlcatmg the formation of a 
reasonably stable monoprotonated metal chelate species. 

For the 2 1 metal hgand system, hydrolysis of free metal Ion takes place beyond a = 4, 
correspondmg to the pH regton where each metal hydroxide preclpltates The extent of 
the buffer region for the hydrolysis of the free metal Ion mdlcates that not more than one 
ion can combme with one SMTB molecule 

The average numbers of protoq5+” hgand’ and hy droxyl Ions8 bound to the complexes 
were evaluated from potentlometrtc data as described prevlously.3 The results suggested 
the presence of three complex species, MH,L, MHL- and ML2-, for Co(H) and NlfII), 
of four species, MH,L, MHL-, ML’- and ML:-, for Zn(I1) and of three speaes, MHL-, 
ML’- and M(OH)L3-, for Cu(I1) 

The formatlon constants of these metal complexes were calculated from mass balances 
and e~ectroneutrallty, utlhzmg the successtve approxlma~on method descabed m detail 
previously3 and are hsted m Table 2 

Spectrophotometrlc lnvestlgatlons of complexes 

The absorption spectra of SMTB solutions contammg 2: 1 mole ratio of Co(II), Nl(II), 
Cu(I1) and Zn(I1) to SMTB at different pH values were measured between 350 and 700 nm. 

Table 2 FormatIon constants of zmc(II), copper(H). mckel(i1) and cobalt(I1) complexes with SMTB at 25 f 
01 C /i=Ol(KNO,) 

Log c 
Reactjon Co(H) NI(II) Cu(I1) Zn(I1) 

M’+ + L4- HL;1!-;HL- 1275 12 37 135 I2 92 
M’+ + 7 16 7 26 17 699 
M’+ + H?L’- = MH,L GnzL 2 52 2 14 3 03 
M” + 2L4- *ML:- G,, 19 94* 
ML’- -t OH- G M(OH)L3- KOH 

$T 
3 6t 

MHL- *ML*- + H’ 653 700 63 620 
MH,L=MHL- + H” JG&. 290 248 3 24 

* Data measured by Bjerrum’s method 
t Data determmed by means of spectrophotometrq at room temperature 



202 TA~ASHI YOSHIUO SADAAKI MLRA~A%~~ dnd MEGL;W KAGAWA 

06 

0 400 500 600 

Wowngm, nm 
Fig 3 Absorption spectra of Zn(IIt_SMTB complexes at dltTerent pH values 

T,, = 860 x lO-5 M. T, = 3 84 x IO-j M pH I-l 83 ,?-309,3-557.4-9 10.5-1357 

Among these metals, Zn(II), Co(I1) and N1(11) behave similarly and Cu(I1) differently. The 
results for Zn(I1) and Cu(I1) are compared m Figs. 3 and 4. 

Zn(lZ), Co(1Z) and N@I) complexes Below pH 12, the Zn(II), Co(I1) and Ni(I1) com- 
plexes show similar patterns of the absorption spectra The pH ranges and the wavelengths 
at the absorption maximum for the respective spectrum bands are presented in Table 3, 
together with the complex species which are discussed below. In the case of Zn(II), the 
changes m the absorbances at the maximum wavelengths of 448,485 and 517 nm are plot- 
ted agamst pH m Fig. 5 The mole-ratio methods were used to investigate the composition 
of the metal complexes formed m the pH ranges tabulated m Table 3 The combmmg 
molar ratios for each metal ion are 1.1 at each pH, except for Zn(I1) at pH 100 (1.1 and 
1:2) These facts may m&cate the presence of four Zn(I1) complexes, MH,L, MHL-, 
ML’- and ML;-, and that of three Co(I1) and Nr(I1) complexes. MH2L, MHL- and 
ML’-, below pH 12. 

06 

06 

Wavdoqth, nm 

Fig 4 Absorptton spectra of Cu(lI)-SMTB complexes at different pH values 
T,, =693 x 10-5M.T, =264x 10-5M.pH 1400.2-655.3-~98.4~l213.5~~355 
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06 

2 4 6 6 IO I2 

PH 
Fig 5 Absorbance of Zn(II). Cu(II)-SMTB complexes as function of pH 

I Wavelength 1--448nm,2485nm,3--517nm,T,, = 860 x 10-5M,TL = 384 x IO-‘M II 
Wavelength l-475 nm, 2-525 nm, 3-558 nm, Tc, = 6 93 x 10e5 M, TL = 2 64 x IO-’ M 

Below pH 3-O the absorption band for Zn(I1) shifts shghtly to shorter wavelength with 
Increasing pH as shown m Fig. 3. The bands for Co(I1) and for Ni(I1) also shift, below 
pH 2.8 and 2 5 respectively. Moreover, the spectra for these pH ranges are similar to those 
of SMTB solutions at pH 4-6.5 where the acid species H,L’-, which is formed by disso- 
ciatmg two protons from carboxyl groups, predommates. It may be suggested that the m- 
maI displacement of the two protons to form the complex MH,L mvolves the removal 
of two protons from the carboxyl groups, and these metal Ions combme with the oxygen 
atoms of these groups. Accordingly the spectra would not change greatly. 

With increase of pH from the value stated above for each metal, the spectrum band shifts 
to longer wavelength and the solution colour changes from yellow to orange, and the 
absorption of the Zn(I1) complex at 485 nm becomes maximum at pH 5.57 as shown m 
Fig. 5. The absorption of Ni(I1) at 480 nm becomes maximum at pH 5 05, and that of 
Co(I1) (at 477 nm) at pH 5.01 These pH values correspond to those at the first mflection 
pomts, which are at a = 3 m the potentiometric titration curves shown m Fig. 2. These 
changes of the spectra may therefore indicate that the dissociation of a proton from the 
complex MHzL and the formation of the complex MHL- is complete at the pH values 
stated The small change m colour of the solution may lead to the assumption that the 
conversion from MHzL to MHL- is accompanied by the dissociation of the proton which 
bonds to the nitrogen atom of the immodiacetate group, and that the metal combines with 
the mtrogen atom. This assumption may be supported by the facts that the formation con- 
stants of the SMTB complexes MHL- for Co(I1) and Zn(I1) are almost the same as the 
corresponding values for nmnodiacetic acid,9 even though the values for Ni(I1) are shghtly 
different, as shown m Table 4. 

Above about pH 5, new bands appear near 520nm for Zn(II), and the absorbance m- 
creases with increase of pH and remains constant about pH 8-12 as shown m Fig. 5 Also, 
bands occur at 590 and 600 nm for Co(I1) and Ni(I1) respectively, and these metal com- 
plexes behave lrke the Zn(I1) complex. Each solution is red-purple near pH 6, and purple- 
blue above pH 7 It seems obvious that a proton of the phenol group dissociates, to yield 
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the complex ML’-, the metal Ion combmmg with the oxygen atom of the phenol group 
Above pH X. formatton of the complex ML’- IS complete and no new complex spectes form 
up to pH 12 

Cu(ll)corr+e\r\ Below pH 13. the Cu(II)complexes show srmilar patterns of absorbance 
change, and the maximum wavelengths and pH ranges are hsted m Table 3 The mole-ratio 
method shows that the Cu(IItSMTB complexes formed m the pH ranges hsted m Table 
3 are all 1 * 1 

Although the other three metal tons show two patterns of absorbance change, the CufII) 
complex shows only one and the curve shifts slightly to longer wavelength wtth Increase 
of pH from 2 to 5, The solutton IS orange It may be considered that the dtprotonated 
complex IS not formed and the mttial complex formed is MHL- 

Above pH 5 the band shifts to longer waveleng~s and the spectrum becomes broad as 
shown m Fig 4; the absorbance at 525 nm Increases wrth Increase of pH as shown m Frg. 
5 The colour of the solutton changes from orange to red-purple This change may corre- 
spond to the conversion from MHL- to ML’- Above pH 8 the spectrum changes very 
httle The hehaviour of the spectrum indicates the same type of MHL- and ML’- 
complexes for Cu( II) as for the other three metal ions 

With increase of pH above IO, the spectrum band becomes broader and the absorbance 
at 558 nm mcreases (Figs 4 and 5) up to pH 11.5 and then becomes almost constant, This 
behaviour 1s not observed with the other three metal ions The formation of a new complex 
species may be considered, shown by the mole-ratio method to be 1.1 The equillbrlum 
for the formatton of thts complex may be represented by 

CuL’- + ?zOH- z$ Cu(OH),L”+“‘- , Kg;oH, L -_ CCu(oHkL1 n [CuL] [OH]” 

The plot of log[Cu(OH)“L]/[CuLJ us pOH gave a strarght Ime with siope n = 1 and 
IP Cu(OH)L was evaluated graphtcally from the pOH value obtained when the log term was 
equal to zero lo 

As the pH is mcreased above pH 13, the spectrum for each metal ion complex becomes 
almost the same as that of SMTB, which mdmates that m strongly alkahne medmm the 
complexes are unstable and dtssocrate to give the metal hydroxide and L4- 

From the absorptton spectra, the absorption maxima and the molar absorptivities were 
obtained and are tabulated m Table 3 

SMTB is a branched quadridentate hgand centred on the nnmodracetate nitrogen atom 
The stabthty constants of the Co(I1). Ni(II), Cu(I1) and Zn(I1) complexes MHL- and 
ML’- for SMTB are listed m Table 4, together with the correspondmg values for mtrilo- 
trtacettc acid (NTAl.’ ’ ” am~noethylimlnodlacetlc acrd (AEIDA),13 and 2,2’,2”-triammo- 
trtethylamme (TREN)” 4 which are branched quadrrdentate hgands of a type similar to 
SMTB 

The trend of the metal co-ordmatton abtluy IS NTA < SMTB(ML) + AEIDA 
< TREN The SMTB complex stab&ties are roughly the same as those for AEIDA, 
though differences arise from metal to metal The difference m structure between SMTB 
and AEIDA IS that the ammoethyl group of AEIDA 1s substttuted by the sulphophthalem 
group Accord@!. the phenol oxygen atom may have almost the same affimty for metal 
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Table 4 Formation constants of transItIon metal complexes 

Llgand (L) 
Log K 

Cu(I1) Nl(II) Zn(II) Co( II) 

IDA* 10 55 8 30 702 701 
SMTB(MHL)t 77 7 26 699 7 16 
NTA* 13 16 1154 1066 104 
SMTB(ML)t 135 12 37 1292 1175 
AMIDAS 1590 1373 1193 11 78 
TRENg 188 148 128 1465 

*A= 0 1,30” 
t~=01,25” 
g/l = 0 I, 20” 

Ions as the ammoethyl mtrogen atom of AEIDA, that IS. as an ammo group of a polya- 
mine, and this 1s a larger affinity than expected 

It IS of mterest that both the MHL- and ML2- SMTB complexes &ffer less m stablhty 
from metal to metal than those of the other chelating agents. Also, the stability order for 
ML2- 1s Cu(I1) > Zn(I1) > Co(I1) > Nl(II), but that for MHL- 1s Cu(I1) > N1(11) > 
Co(I1) > Zn(I1). This 1s not the normal trend expected for the other lrgands. These and 
some other properties of the complexes may be explained if the sterlc configurations and 
the co-ordination numbers of the metal Ions are consldered 

Figure 6 shows the varlatlon of the absorbance ofeach metal-SMTB complex over the pH 
region in which the complex MHL- may predommate. From it, the pH values can be 
obtamed at which the complex MHL- 1s formed and then by dissoclatlon of a proton 1s con- 
verted mto ML’- The Cu(I1) complex MHL- may be present over the widest pH range, 
the ranges being m the order Cu(I1) > Ni(I1) > Co(I1) > Zn(I1) This behavlour 1s that 
expected from the potentlometrlc titrations. The first mflectlons of the curves for Cu(I1) 
and N1(11) are sharper than those for Co(I1) and Zn(I1). as shown m Fig 2 This may sug- 
gest that the sharper the inflection of the curve, the more stable the complex (MHL-) and 
the wider the pH range m which It exists. 

From the properties discussed above, Cu(I1) and N1(11) may take a planar configuration 
as m I and II 

CuHL- or NIHL- (1) CuLZ- or NIL’- (II) 

It may be sterlcally lmposslble for the oxygen atom of the phenol group m I to be 
brought mto a position frans to the nitrogen atom, because of being so far away from It. 
The result may be that one of the posltlons CIS to the nitrogen atom IS occupied 
by the phenol oxygen atom. Accordingly the conversion from MHL- to ML’- would be 
difficult to perform, and the complex MHL- exist over a wide pH range In the arrange- 
ment assumed, one of the carboxyl groups may remam unto-ordmated and SMTB func- 
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06 m CO(P) 

04 
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2 4 6 8 IO 

QH 

Fig 6 Absorbance of Co(H) N](U), Cu(II). Zn(II)-SMTB complexes as function of pH 
Wavelength I475 nm. II480 nm, 111477 nm. IV485 nm T,_ I-2 64 x lo-’ M, II- 
248 X lO_SM, III-306 x IO-‘M, IV-384 x 10-5M T,., I-693 x 10-5M, II- 

527 x 10-5M,III-643 x 1O-5 M.IV-860 x lo-‘M 

tton as a terdentate hgand. so that the stabthty constant of the ML’- complex for Cu(I1) 
and Nt(I1) may not be as large as expected 

For the structure of the quadrtdentate SMTB molecule, the most stable geometrical ar- 
rangement seems to be tetrahedral, m which one phenol oxygen atom and two carboxyl 
oxygen atoms co-ordinate wtthout strain CIS to the nitrogen atom and all available sites 
on the metal ton are occupted by the four groups of SMTB. The relatively high stabrhty 
of the Zn(I1) complex ZnL’- and the narrow pH range where ZnHL- is predommant, 
may be attributed to the tetrahedral bonding as shown m III and IV. As seen m III the 
phenol oxygen atom of ZnHL- co-ordinates at an unoccupied site cis to the nitrogen atom 
without difficulty, to form ZnL’- as shown m IV 

ZnHL- (III) ZnL2- (IX) 
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Co(I1) may take an octahedral arrangement, which is normal for it. as shown in V and 
VI for the complexes CoHL- and CoL’-, respectively. 

CoHL- (Y) CoL2_ m.c) 

The six-membered chelate rmg, which mvolves the phenol oxygen atom. metal ion and 
nitrogen atom in the complex ML2-, may be the most stable stertcally when each bondmg 
angle IS 120” as shown m VII. For the octahedral CoL’-, the positions 2 and 6 are oriented 
at angles of 90” to the central metal ion. The formation of the chelate rmg may cause dis- 
tortion of the octahedral configuration and reduce the stabihty On the other hand. a tetra- 
hedral structure cannot arise wtthout serious stram, because of the 10928’ angles required 
For these reasons, the stability of ZnL’- is slightly larger than that of CoL’-. though that 
of ZnHL- is not 
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R&urn&-On a effectue des ttudes potentlometnques et spectrophotometrtques sur le Bleu de 
Semi-Methylthymol (SMTB ou H,L) On a ditermmi les stoechlometrles de reactlon aclde -b,lse 
et Co(II). N](U), Cu(Il) et Zn(IIbcoordmat et calcult les constantes de formatlon des complexes 
proton et metal correspondants, et les absorptlvltes molalres On 4 trouve des preuves en fdveur 
de la formation de complexes I 1 Co(H), NI(II) et Cu(lI), et de complexes I I et I 1 Zn(I1) Cu(II) 
forme I’hydroxo-complexe, Cu(OH)L3- mals on n’a pas observe d’hydroxo-complexes des ‘lutres 
tons metalhques On fait des suggestlons concernant la structure probable des compleves 
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Zusammenfassung-Semlmethylthymolblau (SMTB oder H,L) wurde potentlometrlsch und spek- 
trophotometrlsch untersucht Die Stochlometrlen der Reaktlonen mlt Sauren, Basen. Co(II). NI(II), 
Cu(I1) und Zn(II) wurde ermlttelt und die Bddungskonstanten der entsprechenden Protonen- und 
Metallkomplexe sowle die molaren Extmktlonskoeffiventen berechnet Es wurden Bewels fur die 
Blldung von 1 I-Komplexen mtt Co(H). Nl(II) und Cu(II) sowle von 1 I- und 1 2-Komplexen mlt 
Zn(Il) gefunden Cu(ll) blldete den Hydroxokomplex Cu(OH)L3-. beI den anderen Metalhonen 
wurden keme Hydroxokomplexe beobachtet Fur die wahrschemhche Struktur der Komplexe 
werden Vorschlage gemacht 
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Summar\-Potentlometrlc and spectrophotometrlc studies on acid eqmhbrla and reactions with 
Co(II) NI(II) C‘u(II)dndZn(ll)for Mcth>lthymol Blue (MTB)dre deuzrlbed The cqtnhbrlum con- 
stants have been calculated MTB has been found to form I 1 and 2 I (mole r&lo of metal to 
hgand) complexes, mcludmg protonated ones The probable configuratlon of the complexes and 
the effects on the stablhtles have been dtscussed 

Methylthymol Blue, 3.3’-bls[N,N’-dl(carboxymethyl)ammomethyl] thymolsulphonphtha- 
lem (MTB or H,L) was first introduced and purified by Korbl ’ MTB reacts with metal 
ions, and forms deep blue complexes It 1s an excellent metallochromic and photometrlc 
Indicator for a number of metal Ions m acid and alkaline solutions. 

The acid dlssoaatlon constants of MTB have been reported by Korb12 and other 
workers,3 4 but the MTB was not completely pure MTB purified accordmg to Korbl’s 
method contains some mono-subsmuted product SMTB.” 3-[N.N’-dl(carboxymethyl)- 
ammomethyl] thymolsulphonphthalem MTB differs from SMTB m two Important ways 
(l) the buffer region between the first and second mflectlon pomts on the potentlometrlc 
titration curve of MTB 1s at lower pH than that of SMTB6 @H at mid-point of the buffer 
region 1s 7-O for MTB. 7.4 for SMTB). (11) m alkaline solution, the wavelength of the absorp- 
tion maximum of MTB 1s longer than that for SMTB6 (617 nm for MTB, 601 nm for 
SMTB at pH 13 51) The titration curve of MTB (purified by the Korbl method’) showed 
a buffer region at higher pH than that for our MTB (mid-region pH about 7.4). Moreover, 
the earlier value of the wavelength at the absorption maximum of MTB m alkaline solu- 
tion differs from ours (about 604nm at pH 13.5) These facts suggest that the MTB 
purified by Korbl contained small amounts of SMTB and other impurities 

Metal complexes with MTB have been studled by many mvestlgators. Tlkhonov’ has 
reported that Co( 11). NI( II). Cu( II) and Zn( II) form 1 I complexes with MTB. and Tataev8 
has reported the spectrophotometrlc properties of these metal complexes 

In the previous work,” the separation and purlficatlon of MTB was reported In the 
present work. the acid equlhbrla of MTB and the reactlon of four metal Ions. Co(II), Nl(II), 
Cu(Il) ‘ind Zn(II). and MTB 111 aqueous solutions from pH 1 5-14 are studled potentlo- 
metncall~ and photometncallq The mechanism of the complex formatlon has been elucl- 
dated and the forrnatlon constants of the complexes are evaluated 

III 
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EXPERIMENTAL 

Reagents 

MTB The reagent was synthesized and punfied by means of cellulose column chromatography and batch 
ion-exchange ’ Column ton-exchange results m adsorption of MTB on the resin The punty of the product was 
estabhshed by elemental analysrs, potenfiometnc atratlon, paper chromatography, and the absorption spectrum. 
The product was the free and form of MTB [mp 252-256”(decomp ), found C, 56 0%) H, 6-l%, N, 3 5% Calcu- 
lated for C37H440,3N2S 2H20, C, 56a5%, H, 6 IO%, N, 3 530/J The punty, determmed by potentlometrlc 
titration,* was 99 7% 

Stock solutrons ufmetat tons, 001 M Standardized with EDTA 
Buffers Standard solutions’ were used All reagents were analytical grade materials 

Procedure 

Potenttometnc and photometnc measurements were performed as described prevtously * The acid formatIon 
constants of MTB were calculated as m previous work.“’ 

The formation constants of the metal complexes were calculated m two steps In the first, It was assumed that 
only 1 1 complex spenes exist d the mole raho of metal to hgand IS 1 1 and the rmxture 1s titrated with alkah, 
and that 2 1 complexes can be neglected, the formatton constants of the 1 1 complexes were calculated from 
the “1.1” titration curve, and were then used to calculate the formatlon constants of the 2 1 complexes from 
a “2 1” htraaon curve In the second step. both 1 1 and 1 2 complexes were taken mto account m the “I I” 
curve dnd theconstmtsfor the I 1 complexes were corrected by ustng those of the 2 1 complexes and these new 
values were used to calculate those of the 2 I complexes from the “2 I” htratlon curve These two steps were 
repeated until the no further change m the constants occurred 

The calculation was done with a mo&ficatlon of Schwarzenbach’s” and Martell’s“*’ methods. In the 
mathematical treatment, TL 2 total analytlcal concentration of hgand m all forms, TM = total analytical con- 
centratton of metal ion m all forms, a = number of moles of base added per mole of hgand, k, = formatron 
constant of hgand, k, = [H,L]/[H~_~LJ[H], Kg,,, = successive formatton constant of complex M,H,L, 
K&i t = CM~H,Ll/[Ml~M~- ,H,J-1, f&i,~ = 
CM,+-I/EMiH,- ,LlCHJ 

formation constant of protonated complex M,H,L, K$&+ = 

The formahon constants of the 1.1 complexes were calculated from the mass balances and electroneutrahty, 
uttltztng the successtve approxunatton method which was described m detail previously ’ 

For the system of hgand H,L and metal Ion M, m whtch the 1 1 complexes MH,L (t = 0, 1, N) and 
the 2 t complexes M,H$L (t = 0. I, &f) are formed, the analyttcal concentrations of bgand and bf metal 
ton can be represented by equatxons (I) an’d (2). and el~troneutraiity gives equatron (3) 

T,, = ,$ CWI + ,io W-U-1 + i CM&L1 (1) 
t-0 

TM = [M] + $ [MH$] + 2 5 EM,W-1 
I=0 r-0 

(2) 

(6 - a)?-, = [H] - [OH] + i r[H,L] + i @W,LI + ; 049-W1 (3) 
151 I=, ,=L 

Equations (I). (2) dnd (3) can be wrttten In terms of [MI, [MH,L] and [M,H,L) as follows. 

T, = U,CMH,Ll/CW f ~n,CMHJ-I i- ~nCW4tLl 

Tnc = [M] + V,[MH,L] + SW,[MzH,LI 

T, = X,CMH,LI/EMI f YJMHJ.1 f Z,CM,W-~ 

(4) 

(5) 

(61 

where 

Y. = .$ r[H]‘K,‘/[H]“K:, Z, = ; I[HJ’K:/[HI”K; 
I=* 
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K, = !X,!Iz I, (K, = I), T, = (6 - a) T, - [H] + [OH] 
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K! = GHLK;H?L G”,,(Kf, = 1) 

Kf = K::HLK:>H~L K:~H,L (K;: = 1) 

The simultaneous equations (4), (5) and (6) are solved m the usual way for 
the successive formatlon constant of the complex M2H,L IS then given by 

K” M>H,,L = [M,H,L]I[M] [MH,L] (11 = 0 1 

The \dlU’Z Of hllHnL hds obtamed by means of successive approximation 

[M]. [MH,L] and [M,H,L], and 

. M) (7) 

The values of Ir,. K&,, and K[,,L 
obtalned b! the methods mentloned above were used to calculate the value of KizHm, Equation (7) mvolves 
M form&on constants of protonated complexes KzrH.,. (I = 1.2, , M) For a set of values assumed for 
KH MIH,L the correspondmg %glue of Ki,,_L was calcu&&at points on the tltratlon curve m a certam range of 
(I values over which the complex M?H,L was assumed to be predommant The values for Ki,,,, were varied 
and the set thdt gnve mmlmum vdrlatlon for KizHmL was taken as correct and so was that value of KEzHmL 

In the second step the simultaneous equations (I). (2) and (3) were solved for [M] [H,L] and [MH,L] m 
the sdme ad\ as for the complex M:H,L, and the formatIon constant of the complex MH,L IS given by 

K%,~L = [MH,L]/[M] [H,L] (II = 0. I. , N) (8) 

As for correction of I<” MH.L by utihzmg KiIH,,, and Ki,,,, obtamed m the first step, a corrected value of K& 
v,as obtamed from equation (8) by varlatlon of the values for KG,,, Then a corrected value of Kz,,_, was calcu- 
lated from equation (7). by utlhzmg the correct values of ICE,<,_ and JCL,,, These calculations were repeated 
until no further correctlon For each constant was obtained 

To determme the value of M the average number” of hydrogen ions bound to the 2 I complexes was calcu- 
lated 

6, = f $MJV-l/? [M&V-l 
,=1 ,=o 

(9) 

In ‘I soluuon ~ont~mmg excess of metdl Ion. It may be assumed that only 2 I complexes predommate and free 
11+1nd \p~c\ ,mJ I I complcxcs ‘ire ncphglble From equations (I I dnd (3). AH IS gtven by 

ii,, = 1(6 - tr)Ti - [H] + [OH]) T, (10) 

Absorption spectra of MTB at different pH values are shown m Fig 1 and the potentlo- 
metric tltrahon of MTB 1s shown m Fig 2 Three protons dlssoeate between a = 0 and 
n = 3 (where a = moles of base added per mole of hgand). At high pH three more protons 
dissociate. one between a = 3 and a = 4. and the other two above a = 4 At pH from 1 8 
to S 3. MTB h,is almost Identical absorption curves with absorption maxlma at 435 nm, 
although three protons are dlssoaated according to the potentlometrlc tltratlon In this 
pH range. two protons. one from the sulphomc group and the other from one of the four 
c,~rho\!l group\. ma> be transferred to both ammo nitrogen atoms Only a small change 
m the spectrum ma> be expected from &ssoaatlon of three protons from the carboxyl 
groups 

Above pH 5.4. new bands appear near 600 nm, and with mcrease of pH the solutions 
change colour from yellow to purple blue, possibly because of proton dlssoclabon from 
the phenol group With mcrease of pH from 11-O to 12 5 the absorption maximum shifts 
to sllghtlq shorter wavelength. the absorptlvlty decreases and the colour becomes grey 
Above pH 12 5 the absorptivity gradually increases and the colour changes from grey to 
deep blue This behavlour at pH above 11.0 1s not observed for Thymol Blue, so It presum- 
ahI\ mvolves the dlssoclatlon of an ammo-group proton of each lmmodiacetate group 
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Wavdrngth, nm 

Rg 1 
T 

Absorption spectra of MTB at different pH values 
L== 199 x 10-5M,pH 1--182,2-5O8,3-666,4---87O,5-t15l,6-3l52 

4x acid formation constants of MTB and the molar absorptlvltles were calculated, and 
are tabulated m Table 1 The pK values for MTB obtamed by Korbl and Kak6E’ are 
higher than ours, and the differences cannot be accounted for by the difference m lomc 
strengths used. This fact supports the points above about the relative purity of our 
samples. 

I, 
6 

2 3 4 5 6 7 6 

a 

Fig 2 Potentlometric tltratlon curves of Co(IIX N1(11). Cu(II), Zn(lI)-MTB complexes at 25 of: 
0 1°C In 01 M KNOS solutions with followmg molar ratios of metal ion to hgand 

I--MTB alone, 2--Co(U) MTB (1 I), 3-Zn(I1) MTB (1 I), 4-N1(11) MTB (1 I), 5- 
Cu(II) MTB (1 I), ~-CO(H) MTB (2 I), 7-Nl(II).MTB (2 I), 8-Zn(I1) MTB (2 1). 9- 
Cu(I1) MTB (2 I), a = number of moles of base added per mole of MTB TL l-l 01 x IO-’ M, 
2-9-l 00 x 1O-3 M Th( 2-101 x IO-’ M, 3-989 x lO-4 M. 4-9.98 x 1O-J ,$.I. 

5-l 00 x 10e3 M, 6 and 7-l 92 x IO-’ M. 8-l 91 x low3 M.9-I 90 x IO-’ M 
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Table 1 Acid formdtlon constdnts. wdvelengths of absorption maxlma and molar absorptl- 
vmes of MTB 

Ion 

Wdvelength 
‘lll.X% 
,111, 

Absorptlvtty 
IO41 mole-’ cm- 

Equlllbrlum 
constant 

log I\ 

HJ- 435 1 89 1 8* 
H,L- 435 I 89 20* 
H&L’- 435 1 89 304” 
H,L’- 475 I x9 6 85”. 691 
H?L’- 607 2 15 
HLZ- 458 12 11 14 
L“_ 617 421 1294 

* Data measured by means of pH tltratlon at 25 + 0 l”C, p = 0 l(KNO& the rest by 
means of $pectrophotometry at room temperature p = 0 I(KN0,) 

Poteimometm riwestzgatror~ of cornpleses 

Potentiometric titrations of MTB solutions containing 1 2, 1 1, 2.1 and 3-l molar 
ratios of Co(H). Ni(II). Cu(I1) and Zn(I1) to MTB were performed, and Fig 2 shows the 
results for the I 1 and 2 1 mole ratios as to each metal All four metal ions behave semi- 
larly 

At medium pH. each 1 1 (molar ratio of metal to hgand) curve exhibits a buffer region 
over an interval which corresponds to 1 mole of base per mole of hgand and IS termmated 
by a sharp mflection at LI = 5, mdtcatmg the formation of a stable diprotonated complex 
MH,L’- which has dissociated completely to a monoprotonated complex MHL3- at a = 
5 The dissociation of a proton from the complex MHL3- and the formation of a sample 
complex ML4- occur at a > 5 In more acidic media. more highly protonated species 
may be formed For 2 1 or 3 1 metal.hgand molar ratios, all of the available protons of 
the hgand are neutralized m a single step, with the formation of bmuclear complexes On 
the “3 1” curve. beyond a = 6, there 1s a long buffer region on the alkaline side, corre- 
spondmg to hydrolysis of free metal ton This buffer region is similar to the pH region 
where metal hydroxide precipitates. and its extent over two units of a indicates that there 
1s one mole of free metal ion per mole of hgand. and that not more than two metal ions 
can combme with one MTB molecule 

The average numbers of hydrogen ions bound to the metal complexes were cal- 
culated, those for the 1 1 complexes from the “1 1” curve as previously’ and those for the 
2 1 complexes from the “2 1” and “3 1” curves by equation (10) The results suggested 
the presence of the four complex species. MH,L-, MH2L2-, MHL3- and ML4- with the 
exception of MH,L- for Cu(II),m the “1 1” solutions They also suggested the existence 
of two bmuclear complexes M?HL- and M,L’- m the “2.1” or “3.1” solutions for 
each metal 

These formation constants were calculated by means of the methods stated above, and 
are hsted m Table 2 

Spectrophoromemc rnvestzgatlor7 of complexes 

The absorption spectra of MTB solutions contammg 1.1 and 2.1 mole-ratios of metal 
ion to hgand at different pH values were measured between 350 and 700 nm, and the varia- 
tion of absorbance with pH was studied All the complexes behaved similarly at pH-values 
<9 5 but differently at higher pH 
TAL\ol 21 ho J--C 
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Table 2 Formation constants of cobalt(II), mckel(II), copper(I1) and zmc(I1) complexes with MTB at 25 _+ 0 I C 
/L = @I(KN03) 

Log K 

Reaction 

Ml+ + L6- G ML”- 
M’+ f HLS- z$ MHL’- 
M2+ f H2L4- =MH2L2- 
M2+ + H,L’- = MH,L- 
M’+ f ML4- ‘M L2- 
Ml+ + MHL-‘%&HL- 
M,L’- + ZOH- + M2(OH)*L4- 
MHL3- +ML’- + H+ 
MH,L2- +MHL’- + H+ 
MH9L- +MHzL2- + H+ 
M,HL- = M,L’- + H+ 

Co(I1) NI( II) Cu(II) Zn(I1) 

1269 1266 1405 1331 
10.59 1029 1129 1093 

;$; 6 I 78 55 2 738 29 8 II 1 6 30 56 

iilL 

&P 

110 39 I1 4 28 26 124 46 II 38 1 

K~zwLL 

2 9* 
1084 1056 IO 18 IO56 

K&L 633 6 59 608 6 II 
K&L 2 10 1 78 2 30 
GHL 38 351 22 33 

* Data determined by means of spectrophotometry, P = 0 l(KNO,) 

The absorption spectra of the “1: 1” solutions for Nl(I1) and Cu(I1) are shown m Figs 
3 and 4. Figure 5 shows the variation of absorbance with pH for Nl(I1) all the whole pH 
range investigated, and Fig. 6 that for Co(II), Cu(I1) and Zn(I1) at pH above 9. Table 3 
shows the pH range, wavelength of maximum absorbance and molar absorptlvlty for each 
metal complex. 

Metal complexes at low pH. The absorption spectra of the “1.1” solutions for Co(II), 
Ni(I1) and Zn(I1) were almost Identical to that of MTB at pH below 3, with a shift to 
slightly longer wavelength [maximum absorbances at (435,438 440 and 443 nm for MTB, 
Co(II), Nl(I1) and Zn(II), respectively] From these results and the potentlometnc data, the 
mltlal complex formed may be MH3L-. Since the absorbances are not so different from 
that of MTB, the lmtial three protons may be released from the carboxyl groups The metal 
Ion may combme with two carboxyl groups attached to one of the rmmo nitrogen atoms. 

06 

0 
400 500 600 

Wavelength, m-n 

Fig 3 Absorption spectra of MTB soluttons contamrng I mole of N1(11) per mole of MTB dt differ- 
ent pH values 

Th(=200x 10-SM,7-L= 200 x 10-5M pH I-278,2403,3413,4-563.5-813,6- 
1007,7-1220.8-1344 
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0 
400 500 600 

Wavelength, nm 

Fig 4 Absorption spectra of MTB solutions contammg 2 moles of Cu(I1) per mole of MTB at 
dtfferent pH values 

T,,, = 401 x 10-sM. T, = 198 x lo-‘M pH 1-I 91, 2-279, 3427. 4-940, S-1222, 
6-04MNaOH.74OMNaOH 

PH 
Fig 5 Absorbances of N](H)--MTB complexes as functions of pH 

TL = 200 x IO-’ %I TM 1 dnd 2-200 x IO-’ M.3 dnd4-399 x IO-’ M wdvelength I- 
453nm.2-614nm.3455nm.4-6lXnm 

I II m 
OS- - 2 

z 06- : -A- 

8 

3 04- -Y- 

02- 
I I I I I I I I 

9 II 13 9 II 13 9 II I3 

PH OH PH 

Fig 6 Absorbances of Co(H). Cu(II). Zn(II)-MTB complexes as functions of pH 
1 7-L = 203 X 1o-T M, 7,” l-203 x 10e5 M 2401 x IO-’ M. wavelength l--S98 nm, 
2408 nm II TL = 198 x 10m5 M. T,, l-l 96 x 10-5 M. 2-3 99 x 10m5 M, wavelength 
I-583nm 2--6llnm III TL = 200 x IO-'M, Tc,, I-201 x IOe5M 2400 x lo-‘M, 

wavelength I-611 nm 2-618nm 
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as shown m I, because the sterlc hmdrance of the bulky sulphonphthalem group might 
make it lmposslble for the remammg carboxyl groups co-ordinate to the same metal ton 

MH,L- (I) 

With increase of pH, the absorbance maxima for Co(II), Ni(I1) and Zn(I1) gradually shift 
to slightly longer wavelength as shown m Fig. 3. Between pH 3 and 5 the colour of each 
solution changes from yellow to blue-yellow. This may suggest dissociation of the proton 
bound to the nitrogen of the immodiacetate group co-ordmatmg to the metal ion in the 
complex MH,L- and formatton of the dtprotonated complex MH2L2- with the nitrogen 
co-ordmatmg to the metal ton as shown m II. 

-0OC2HC 

-OOC2HC 

MH,L’- (II) 

On the other hand. the behavlour with Cu(II) IS different below pH 5 At pH 1 8 the 
absorption bands of Cu( 11~ MTB “1 I” solutions are at longer wavelengths than those for 
the other metals, and the absorbance decreases with mcrease of pH At pH between 3.4 
and 5.0, the absorbance 1s constant with maximum absorbance at 450 nm and these curves 
are similar to those of the other metals at pH about 4 where the complex MH,L2- is pre- 
dommant [curve 3 m Fig. 4 for Cu(II), curve 3 m Fig 3 for Nr(II)] The colour changes 
from yellow to purple-yellow This fact probably mdtcates that the complex MH,L- 1s 
not formed, and that the mitral complex formed as MH2L’-, the MTB releasmg four 
protons from the carboxyl groups and from one of the unmo nitrogen atoms, and 
that the formula is given by-II. 

At pH about 5-9 5. all four metal ions behave similarly New bands appear near 
600 nm. the absorbances at this wavelength mcrease with increase of pH, and the colours 
of the solutions change to blue for Co(II). green-blue for Ni(II), blue-purple for Cu(II), and 
purple-blue for Zn(I1) These changes may correspond to the converston from MH2L2- 
to MHL3- The strong colour changes suggest change of the electromc structure of the 
sulphonphthalem group, so the dissociated proton 1s probably from the phenol group, and 
the metal ton combines further with the oxygen atom of thus group and the formula of 
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the complex MHL’- IS given by III. At pH about 9-10, dependmg on the metal, the 
absorbance remains almost constant, mdicatmg complete formation of MHL3-. 

In the case of the “2: 1” solutions for Co(II), Nt(II) and Zn(II), the behavtour of the 
absorbance 1s similar to that of the correspondmg “1: 1” solutions below pH 3. The mole- 
ratio method showed that the combining mole ratio of metal to hgand is 1: 1 for each 
metal. The formation of the binuclear complex is not considered m this pH range. Between 
pH 3 and 4, although the absorbance maxima are at almost the same wavelengths as those 
for the corresponding “1. I” solutions. the absorptivities doffer, as shown for N1(11) m Fig 
5. The results of the mole-ratio method clearly show the formation of bmuclear complexes. 
On the other hand, for Cu(II)-MTB “2: 1” solutions, the wavelength of the maximum is 
slightly different from that of the “l-1” solution (450 nm for the “1: l”, 445 nm for the “2.1” 
at pH 1.8) and the absorptivtty becomes clearly different from that of the “1.1” above 
pH 25. This shows that Cu(I1) forms the bmuclear complex at lower pH than the other 
metals. 

In the corresponding pH ranges the diprotonated complex MH2LZ- is predommant in 
each “1: 1” solution, and considering the results of the potentiometric titrations, the follow- 
mg is assumed. The initial binuclear complex is M2HL-. The small changes m the spectra 
may indtcate that the second metal ion combines with the carboxyl oxygen atoms and the 
immo nitrogen atom which are unto-ordinated to the first metal ion (see II), and that the 
proton attached to this nitrogen atom is released, the arrangement of the complex M2HL- 
being given by IV. 

Above pH 4, the absorbances of all four “2 : 1” soluttons near 450 nm decrease and new 
bands appear near 610 nm, and with increase of pH the colours change from yellow to 
deep blue for Co(I1) and Nt(II), and to deep purple-blue for Cu(I1) and Zn(II), which may 
indicate dissociation of the phenol proton m the complex M?HL- and the formatton of 
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the complex M2L’- by the co-ordmation of each phenol oxygen atom to a metal ion as 
shown m V 

Metal conrple\-es at hzgh pH The absorbances for all metal*hgand “1.1” solutions 
behave similarly above pH about 9. The mtensities and the maxtmum wavelengths are 
constant, mdicatmg complete formation of the complex MHL3-. With increase of pH 
from about 10, depending on the metal, the absorption maxima shift to shorter wavelength 
and the mtensities decrease as shown m Figs 5 and 6, and there are strong colour changes. 
The change is slight for Ni(I1) as shown m Fig 3, and great for Co(II), Cu(I1) and Zn(I1) 
as shown for Cu(I1) m Fig 4 The changes become mimmal at pH 13. The maximum absor- 
bances are at 584, 615. 538 and 540 nm for Co(II), Ni(II), Cu(I1) and Zn(II), respectively 
at pH 13. and the solutions are purple. blue, purple-red and red-purple, respectively From 
these facts and the log Kim values (Table 2). the reactions may mvolve the dissociation 
of the proton attached to the unto-ordmated nnmo nitrogen atom (see III) and the forma- 
tion of the complex ML4- as shown m VI 

-0OCzHC 

> 
-0OC2HC 

Above pH 13 for each “1 I” solution, the absorbance mcreases and the maxima shift 
to longer wavelength. the spectra becommg similar to that of MTB It may be consrdered 
that each metal complex ML4- is unstable m strongly alkame medium and dissociates 
to form the correspondmg metal hydroxide and L6- 

The absorbances of(“2 1” solutions for Co(II), Ni(II) and Zn(I1) are almost constant from 
pH 9 to 11 5, mdicatmg formation of the complex MzL2- and no further formation of the 
h ydroxo complex With increase of pH from 11.5, the absorbances decrease abruptly and the 
maxima shift to shorter wavelength, although this change IS shght for Ni(I1). At pH about 
13. the spectra and the colours are similar to those of the “1: 1” solutions, and the mole- 
ratio method shows the combmmg mole ratios are I.1 With further increase of pH, sharp 
and strong bands appear which are snmlar to those of MTB This may show that the 
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Co(II), Nl(I1) and Zn(I1) MzLZ- complexes are unstable m strongly alkaline medium and 
dissociate m two steps, first by dlssociatlon of M,L”- to the metal hydroxide and ML’-. 
and secondly of ML4- to the hydroxide and L6- 

On the other hand, the intensity of “2.1” Cu(I1) solutions increases and the absorbance 
maximum shifts slightly to longer wavelength, and the mole-ratio indicates a 2’ 1 com- 
pound. The formation of the hydroxo-complex M2(OH),L”+“‘- may occur. and the com- 
plex equlhbrium be represented by 

CuzLz - + nOH- + CuJOH),L” +“)- ; K:,H,coHjnL = CCu2(oH)nL’ 
[Cu,L] [OH]” 

TheHplot of log [Cu,(OH),L]/[Cu,L] us pOH gave a straight line with slope II = 2 and 
CUI(OHj2L was evaluated graphically from the pOH value obtained when the log term was 

equal to zero;14 the value obtained was lo2 ‘. 
Above pH 12.4 the intensity decreases and the absorbance maxlmum shifts to shorter 

wavelength, and the spectrum and the colour of the “2: 1” solution m 0 4 M sodium hyd- 
roxide are sirmlar to those of the “1: 1” solution. In much more alkaline medium a sharp 
and strong absorption band appears, identical to that of MTB. This may show that the 
binuclear hydroxo complex for Cu(I1) is also unstable in strongly alkaline medium and 
dissociates to metal hydroxide and L6- in two steps as the other three metals do. 

Stahdities of complexes 

The formation constants of the metal-MTB complexes are summarized m Table 4. 
together with those for SMTB ’ The stabllmes for MTB complcxcs arc consistent with 
the trends shown by the potentlometrlc tltratlon curves 

Table 4 FormatIon constants of cobalt(U), mckel(II), copper(I1) and zmc(II) complexes with MTB and SMTB 
at 25 + 0 1°C. p = 0 l(KNOJ 

Log K 

WIU N1(11) Cu(I1) Zn( II) 

SMTB MTB SMTB MTB SMTB MTB SMTB MTB SMTB MTB 

& 7 2 16 52 6 1 55 78 2 7 26 14 2 738 29 77 8 II 699 3 03 2 6 56 30 

&L $“, 

I275 I059 I2 37 1029 135 I I 92 1’92 1093 

K$L 
1269 39 1266 4 28 1405 46 1331 38 
II0 II 26 I24 II I 

The stablhty constants for the MH,L, MH,L and MzHL complexes follow the Irvmg- 
Williams order, Ijut those for MHL, ML and MIL do not. those for Cu(lI) and N1(11) 
being lower than expected. Cu(II) and Nl(I1) may take a planar configuration and one of 
the carboxyl groups may remam unto-ordmated, resultmg m decrease of the stablhty For 
the complexes MHL3-, ML4- and M2L’- for Cu(I1) and Nl(II), It may be more correct 
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to show two chelate rmgs as m VII instead of the three chelate rings shown m III, VI and 
\ 

The 1 1 complexes MHL, MHzL and MHJL for MTB have the same co-ordmatlon 
configuration as the complexes ML, MHL and MH,L for SMTB,6 if the other N-methyh- 
mmodlacetate group of MTB 1s regarded as unto-ordmated However, the stabilities of the 
MTB complexes are lower than the correspondmg SMTB complexes except for the 
MHL (SMTB) and MH,L (MTB) complexes with Cu(I1) This general effect may be due 
to the unto-ordmated N-methyhmmodlacetate group acting as an electron-acceptor, 
and reducing the electron densities both m the sulphonphthalem rings and the co-or- 
dmated nnmodracetate group 

The dlssoclation of the MTB complex MHL results m the great increase in the stability 
of the complex ML, although the configuration of the chelate rings does not change, and 
the greater stabllltj than that of the SMTB complex ML This may be due to the lone-pair 
of electrons on the unto-ordmated and unprotonated ammo nitrogen atom, actmg as an 
electron-donor 

The &ssoaatlon of a proton from the MTB complex MzHL greatly mcreases the stabl- 
hty of the complex M,L This may be explained by a change m the chelate rmgs, that IS, 
m the complex M2L both the phenohc oxygen atoms, which have a large affinity for metal 
ions (almost the same as that of an ammo group of a polyamme),’ are co-ordmated to 
a metal ion. whereas. m the complex M,HL they are not, as seen m V and IV respectively 
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Resume- On decllt dc~etudezpotentiometrlques et spectrophotometnques sur les equhbres dcldes 
et les reacnons avec Co(lII N1(11) Cu(I1) et Zn(I1) pour le Bleu de Methylthymol (MTB) On a 
caicule les constantes d’equlhbre On a trouvi que le MTB forme des complexes 1 1 et 2 1 (rapport 
molalre du metal au coordmat) mcluant les complexes protones On dlscute de la configuratlon 
probable des complexes et des Influences sur les stablhtes 
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Zusammeofassung-Potentlometrtsche und spektrophotometrlsche Untersuchungen uber die 
Sgure-Basen-Glelchgewichte und die Reaktlonen von Methylthymolblau (MTB) mlt Co(U) NI(II) 
Cu(I1) und Zn(I1) werden beschrleben Die Glelchgewlchtoskonstanten wurden berechnet Es 
wurde gefunden, daI3 MTB 1 I- und 2 I-Komplexe (Molverhaltmsse Metall Llgand) sofile pro- 
tomerte Komplexe bddet Die wahrschemhche Konfiguratlon der Komplexe und die Emfusse auf 
lhre Stab&at werden dlskutlert 
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Summary-The errors m absorption measurements m spectrophotometry, caused by the use of 
non-monochromatic hght have been calculated Gaussan functions have been assumed for the 
wavelength-dependence of the Intensity of the mcldent hght falhng on the cell and the absorbance 
of the compound measured Results found are slrmlar to those found with parabohc functtons 
Expertments have been made to compare the results of the calculations wtth experImenta 
values The agreement IS fatrly good m most cases 

In the first paper’ errors m absorption measurements caused by the use of non-monochro- 
matic light were calculated for the case that absorbance wavelength and light-Intensity us 
wavelength curves were both parabohc m nature. This assumption seems reasonable, but 
1s arbitrary. Therefore snmlar calculations have been performed on the assumption that 
both curves are Gaussian. which also seems reasonable The assumptions have been com- 
pared with each other, and with some experiments. 

DERIVATION OF EQUATIONS 

Assumptions 

For convenience the wavelength ,4 at the absorption maximum of the component mea- 
sured (Fig I) 1s taken as reference and asslgned the value zero The absorbance at this 
value i. = 0 1s EO, at other wavelengths E, IS often given m fair approxlmafion by 

E, = E, e- l/2(4/0’ (1) 

The half-bandwidth 1s defined m the usual way as the wavelength region where E, varies 
between 1/2E0 and EO The value of the half-bandwldth is 2p 42 In 2 (see Fig 1). 

EX 

Fig I 

I 
Eo------ 

Ahsol h.lncc E, ‘I\ .I function of wavelength , 
175 _-- 
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Rg 2 Intensity of mcldent hght 1: as a function of w‘ivelength 

For the intensity of the light falling on the cell, Zz (Fig. 2). the function 

Zi = I0 e - 1/2((1-2)/cr)~ 
(2) 

IS assumed, where 1’ is the maximum light-Intensity falling on the cell, z IS the difference 
in wavelength units between the maximum of the light-mtensity curve (Fig. 2) and the 
maximum of the absorption curve (Fig. 1) Here the half-bandwidth IS 22 ,/2 In 2. 

In these considerations sm&r assumptions have been made as rn the first paper,’ which 
are fulfilled in most cases. They are not repeated here. 

Calculations 

We introduce again the quantities b and k. They have the same physical meanmg as 
in the first paper.’ The mathematical relations between these quantities and z, a and /? 
are now slightly different, however: 

b 40 - &, 
= half-bandwidth of Zz curve 

J2= z 
2x42 In 2 

(3)* 

k _ half-bandwldth of E, curve j? 

half-bandwidth of 1: curve = r 
(4) 

The measured absorbance E, and the relative error AE/Eo are given by the same formulae 
as m the first paper* 

(6) 

Substltutlon from (1) and (2) tn (5) grves. 

E, 

* Note In cquatmn (7) In rcfcrcncc I I” m the numerator should be replaced by I,,, 



Error In dbsorption measurements 

Table I Errors m the dbsorptlon measurement 

227 

h 10’ 10’ 5 10’ 100 s 1 10-O 5 

100 75 >90 >90 >90 >90 >90 
50 29 29 >90 >90 >90 190 >90 

20 5 40 4256 4265 >90 490 >90 z-90 

10 1 38 1298 1302 7479 15 17 >90 >90 r90 
5 035 3 45 3 47 2942 3019 >90 >90 >90 
1 

i 006 002 060 0 19 582 1 85 605 1 93 4258 1605 4923 2096 >90 * >90 >90 
05 001 008 084 086 766 1004 31X*5266 * 

02 001 006 055 056 516 648 * 

0 001 005 050 051 468 576 2914 5001 * 

The values are given m per cent (- 100 A/Z/E,) 
* See Table 2 

Results of calculatzons 

Calculations have been performed similar to those m the first paper. Results have been 
summarized m Tables 1 and 2 If m Table 1 two values are given m one column, the first 
value gives the error at E, = 005, the second at E0 = 2.0 In all these cases the error 
depends practically lmearly on the absorbance, the deviation from lmeartty bemg always 
below l”, absolute, generally much less Moreover m many cases one IS interested m much 
smaller absorbance ranges than considered here.3 In such cases the linearity is better than 
suggested by the figures given here. 

For all cases of practtcal importance, values for E, have been compared with those 
given m Tables I and III of reference I The same order of magnitude 1s found 

It seemed useful to compare the results of the calculations with experrmental values In 
practice, measurements made under condmons where non-lenear cahbration curves may 
be expected are most important The Zeiss ELKO-II was known to have good stability, 
and data provided by the manufacturers showed that the half-bandwidth of the filters was 
of a suitable magnitude (5-20 nm) It was expected that use of these filters would yield non- 
linear calibration curves Compounds were selected having absorption-curves fairly resem- 
blmg Gaussian or parabohc functtons m the wavelength-region used Then absorption 
spectra agreed well with the literature’ and all solutions were perfectly stable and showed a 
linear relation between absorption and concentration, as found by measurement with the 
Hilger UVICHEM H1620 at the tops of the absorption curves and with a bandwidth 
of about 1 nm These measurements also supplied the E0 values used. 

Table 2 Errors m the absorbance measured for cases marked with an asterisk m Table 1 

IL-1 A=1 k = 10-O 5 k = 10-O 5 r = 10-05 
E0 h=l h=05 h =05 h =02 h=O 

005 65 24 41 14 79 08 7481 60 47 
01 65 83 4175 79 15 75 21 61 81 
02 6691 42 97 81 03 76 01 6441 
05 7013 4671 84 34 78 28 7137 
10 14 46 5286 - 88 28 81 63 19 82 
20 8031 63 13 92 46 86 53 88 39 

The values are given m per cent ( - 100 AE/Eo) 
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Error m absorption measurements 229 

Because unexpected results were found m a few cases. measurements were also made 
with a Hllger UVISPEK H700 A theoretical difficulty is that its mtenslty curve is trrangu- 
lar. but because of the agreement between the results for Gaussian and parabolic functions, 
it may be expected that calculations with triangular functions will give similar results A 
practical difficulty 1s that m its ordinary mode of operation the half-bandwldth of the m- 
strument 1s too small. Therefore the height of the slit was reduced to 0.1-O 2 mm, thus 
allowmg measurements to be made with values of half-bandwidths comparable to those 
used with the filter instrument 

Measurements were made with aad-base mdlcators Stock solutions (0.05% m ethanol) 
were prepared and small amounts of these solutions were diluted with buffers to give the 
desired values of E, 

Results are given m Table 3 Values of AE/Eo are given only for E, values 0 05, 1-O and 
2.0 Values between E, = 0.05 and E. = 1-O were calculated and measured The calculated 
values of AE,‘E, varied linearly with Eo, the same holds wlthm experimental error for the 
measured values, if it 1s taken mto account that the values of 6, k and E. are not known 
exactly 

1 If the calculations with parabolic functions are compared with those made with 
Gaussian functions, the absolute values of AE/E, are somewhat different, but the varlatlon 
of AE/E,, with E. 1s closely slmllar 

2 The value of AE/E, increases linearly with the concentration m all cases measured 
This 1s important for analytlcal practice, If the followmg 1s consldered. The use of non- 
monochromatic light gives rise to non-lmear cahbratlon curves Therefore errors are mtro- 
duced tf m the calculation of a cahbratlon curve, a linear relation between concentration 
and absorbance 1s assumed From the practical pomt of view one 1s interested m the mag- 
nitude of the error caused by the non-validity of this assumption The linear relation 
between AEIEO and Eo. found here, allows us to calculate this magnitude (see reference 
2) 

3 The change m AE/Eo often agrees fairly well with the theoretlcal values, but there 
are several exceptions if the ELKO-II measurements are considered No explanation can 
be given (It was for this reason that the UVISPEK measurements were performed) For 
practical analysis this pomt seems unimportant, however. 

4thwrc Ied~lrrwlt-The Authors thank Drs J M van Kats of the Electromc Computmg Centre of the State Um- 
verslty Utrecht for gwng adwce on performmg the calculations, and the Laboratory for AnalytIcal Chemistry 
of the Umverslt) of Amsterdam for the use of the ELKO-II 
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R&sum+On 4 calcule les erreurs caustes par I’emplol de lurmere non-monochromatlque dans les 
mesures d absorption en spectrophotometrle On a adrms des fonctlons gauwennes pour la dipen- 
dance de I’mtenslte de la lumlere mcldente tombant sur la cuve et de l’absorbance du compoi 
mesurr par rapport a la longueur d’onde Les resultats trouvis sont semblables a ceux trouves avec 
drs fonctlons pardbohques On d effectue des experiences pour comparer les resultats des calculs 
au\ \&urs r\perlmentdles L’accord est assez bon dans la plupart des cas 
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Zusammenfassung-Es wurden dte Fehler berechnet, dte be1 Absorptlonsmessungen m der Spek- 
trophotometne durch die Verwendung mcht monochromattschen Llchtes verursacht werden Fur 
dte Wellenlangenabhan~gkelt der Intensttat des auf die Zelle emfallenden Llchtes wurden Gauss- 
funkttonen angenommen und me Extmktion der Verbmdung gemessen Die Ergebmsse smd denen 
ahnhch, dte man mtt parabohschen Funkttonen findet Es wurden Versuche gemacht die Ergeb- 
msse der Berechnungen mlt experlmentellen Werten zu verglelchen Die Uberernsnmmung 1st m 
den metsten Fallen ganz gut. 



THE ERROR IN ABSORPTION MEASUREMENTS 
CAUSED BY THE USE OF 

NON-MONOCHROMATIC LIGHT-III 

APPLICATION TO LINEAR CALIBRATION CURVES 
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Laboratory for AnalytIcal Chermstrq, State Uruverslty, Croesestraat 77a, Utrecht, Holland 

(Recetved 9 May 1973 Accepted 31 August 1973) 

Summar)-When m spectrophotometry the absorption IS measured with non-monochromatlc 
hght. a curved cahbratlon curve IS often obtained Some errors are Introduced lf a hnear 
cdhbrauon curve is still used The magmtude of these errors has been calculated 

In spectrophotometry. cahbratlon curves prepared with non-monochromatic light are 
often curved Sometimes. however, linear cahbratlon curves are still used, but no mforma- 
tlon seems available on the consequences of domg so In this paper some of these conse- 
quences are discussed It 1s based on the first papers of this senes’v’ where we investigated 
the error caused m the absorption measurement itself if non-monochromatic light 1s used. 
From the results it followed that m many cases a nearly linear relation exists between the 
relative error AE/Eo = (E, - &J/E, and the absorbance E,, where EO 1s the absorbance 
measured with monochromatlc light at the absorption maxlmum of the compound mvestl- 
gated. and E, IS the absorbance measured with non-monochromatic light It has now been 
found that this relation between the relative error and the absorbance gives some mforma- 
tlon about the magnitude of the error introduced when linear cahbratlon curves are used 
m such cases 

General aspects of the use of calzbratlolt curves 

In the use of cahbratlon curves two steps have to be dlstmgulshed. the preparation of 
the curve (giving the relation between absorbance and concentration) and the appltcmon 

of the curve to the measurement of unknown concentrations. A linear curve 1s generally 
represented by the relation 1 = FX + 7 where ~3 = the absorbance, x = the concentration 
and 11 and ;I are estimated from the measurements Absolutely correct values of p and 7 
cannot be found. because of the errors made m the measurements. The best estimates of 
,D and ;‘, represented by HI and c respectively, are generally calculated by the method of 
least squares 

In the present calculation the presence of systematic errors 1s neglected 
PI eparatlou of the cuwe If the values found m the preparation of the curve are given 

by curve 2 m Fig 1, the calculated linear curve may depend largely on the choice of the 
concentrations where the measurements are made. If, however, enough measurements are 
made and if a random choice over the whole concentration range 1s carefully considered, 

TAL \ 01 21 Co 7-D 231 
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E 

Fig 1 1 Curve obtarned by measurmg with monochromatlc hght at the absorption maxlmum 
2 Curve obtained by measurmg the non-monochromatic hght 3 Calculated strarght lme from 

curve 2 

it may be assumed that the difference between ,u and m and between 7 and c (see Fig. I, 
curve 3) is very small. 

Applzcatzon of the curve. If the calzbratzon curve IS applied zn order to convert absor- 
bances mto concentratzons, zt zs zmposszble to elzmznate the errors resulting from the 
assumption that the curve 1s truly linear. Each measurement made 1s erroneous except zf 
made at the two points of intersection (Fig. 1). If, however, the cahbratzon curve IS used 
in order to make many measurements over the whole concentratzon range of the curve. 
an e&mate may be made of random error introduced by doing so. Thzs random error and 
the conventzonal random error zn the measurement may be combined in the usual way 
to gzve the total random error m the application of the curve. 

Calculatzons 

Preparatzon ofthe curve An example of the calculatzon 1s given for the case that the con- 
centratzons are 0, 1, 2, 3, 4 and 5 (arbitrary units) and measurements are made against 
water. The resulting values for the absorbance are given zn Table 1, where p 1s the E, of 
the blank, a gives the zncrease zn E, between two cahbratzon points, e 1s the relative error 
of the blank and d 1s the increase of the relative error zn each of the cahbratzon steps (e 
and d generally have negative values). In order to keep the results comparable, zn these 
calculatzons the same concentratzon region was considered and the total increases m the 
absorption and zn the relative error over this region were given the values 50 and 5d re- 
spectzvely in all cases. 

Wzth the usual formulae for the least-squares method, we find m = pd + (I + ae + 5d 
and c = p + pe - 3*33ad. Similar calculatzons may be made wzthzn the same con- 
centration range zf the number of equidistant cahbratzon points 1s changed The results 
show that m zs independent of the number of calzbratzon points However, c gradually 
changes and zf 5, 11 or 26 calzbratzon points are taken we find c = p + 17~ - 3 13ad, c = 

PfPe- 3.75ud and c = p + pe - 4*OOad respectively. It zs apparent that zn the lzmztzng 
case the value wzll be about c = p + pe - 4 2ad. The systematic errpr zn c introduced by 
the non-monochromatzc character of the light IS therefore about -0+2ntf zf 26 cahbratzon 
points are used and increases to about lad zf only five calzbratzon points are used 
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Apphcatron of the curve. Here two types of error have to be distmguished. One IS the 
conventional error m the measurement, mcludmg the sample preparauon, Thus error IS 
random m character and Its magmtude can be decreased by the performance of more 
measurements on the same sample. For us, however, It is mterestmg to consider the error 
due to the use of a hnear cahbration curve Here tt does not help us to repeat the measure- 
ments of the same sample, because the error IS systematic m nature in this case. However, 
a calibration curve is gener~ly used m order to make a great number of concentration 
measurements. If this IS the case, and tf the measurements are situated randomly over the 
whole concentration range, many different values for this systematic error ~111 occur. 
These values may be treated as random values The magnitude of the standard devtation 
now Introduced, is approximated by the pooled standard devtatron sV It 1s calculated by 
the formula sp’ = XA2/n where n is the total number of measurements made durmg the 
period that this curve is applied, and A is the distance between the “true” curve (2) and 
the calculated curve (3), see Fig. 1. Calculations performed m a similar way as above show 
that sP is about 2.0ad for large values of n. The same value 1s obtained rf measurements 
are made against a blank. 

Conclusions 

1 When non-mon~hromatlc light is used, a non&near ealibtauon curve often artses 
The vaiue of (E, - &J/E0 IS often directly proportional to .&_ The preceding papers’.’ 
give a general impression of the correctness of thts proporttonality, but it has to be checked 
for every smgle case. 

2. If concluston Its correct but a linear caltbration curve 1s used, the slope of this curve 
will be correct, but the Intercept wtll have a systematic error that decreases from about 
f Oudatn = 5 to about O-2ad at n = 26. 

3. In apphcatton of the curve, the assumptron that the curve IS linear leads to a system- 
atic error for each smgle measurement. This error becomes random tf we perform many 
measurements over the whole concentration range, and Its ~gnitude IS about 2 Oad. This 
value cannot be decreased by replicate deter~nations 

4. The effect on the results of the analysts depends on a and d As an example consider 
measurement of Chlorophenol Red (absorbance maxunurn 570nm) when a filter with a 
transmisston maximum at 587 run and a half-bandwidth of 21 nm IS used.’ If m the prep- 
aratron of the callbratlon curve equ~dlstant measurements are made m the region from 
E0 = 1.0 to E, = O-6, we find a = O-1 and d 21: O-012. If only stx measurements are used 
m this region the systematic error m the intercept of the cahbratton curve IS about (4.2 - 
3.3) x 0.012 x 0.1 = OGOl absorbance umts (A.U.). If 26 measurements are made and the 
same absorbance regron IS used, the systematic error rn the intercept decreases to (4.2 - 
4‘0) x 0.012 x 0 I = 0.~24 A U In the apphcation of the curve the value of s,, IS 
2 x 0.1 x 0.012 = 0 0024 A U (if the cahbration curve IS constdered correct)_ 

These results have been applied to some examples of practical analysis given m the 
literature. Calrbratton curves gtven by Sandell for the determination of btsmuth wtth 
iodrde,3 tron wtth throcyanate4 and zmc with dithtzone5 are shown m Figs. 2 and 3. The 
E* values for iron and zmc were estimated by extrapolatron of the curve m the lower con- 
centration range. Estimates of d from intermediate pomts of the cahbranon curve could 
be made only very roughly, because of the small size of the curves Therefore a mean value 
of d was calculated from the value Sd for the error at the highest concentration The (rough) 



Error m absorption measurements 

Table 2 Values of a and d calculated from literature data 
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BI Fe Zn 

a (m A U ) 0 0272 0164 0119 
d 00081 0 038 0 058 

estimates calculated from the Intermediate points were not m contradiction with this mean 
value Results of the calculations of a and d are given m Table 2. 

5. The errors calculated in this way may be combined in the conventional way with 
errors due to measurement and sample treatment. This pomt is not discussed here. 

6. It should be noted that extrapolation of calibration curves m the situations described 
here is even more dangerous than in other cases. 
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R&sum&Quand en spectrophotomttne on mesure I’absorptlon avec une lurmbre non-monochro- 
matlque, on obtient souvent une courbe d’italonnage mcurvee Quelques erreurs sont mtrodmtes 
SI une courbe d’italonnage lmtalre est toutefols utlhsee On a calculd la grandeur de ces erreurs 

Zusammenfassung-Wenn be1 der Spektrophotometrle &e Extmktlon rmt mcht monochromans- 
them Llcht gemessen wlrd, erhalt man oft eme gekrummte Elchkurve Man macht emlge Fehler, 
wenn man dennoch eme hneare Elchkurve verwendet Die GroBe dleser Fehler wurde berechnet 
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Summar>-The theor) of d c and d c amperometrlc tmations based on complexometrlc reactlons 
IS presented It IS shown that when EL,’ > .E$,i and log KM,,_ < log Kh(,,L. M, and M,, can be 
sequentlnlly determmed bv d c as well as a c amperometrlc tltratlon If, on the other hand E&‘,* > 
E&i dnd log k,,, > log f&,,,,_. a stepwlse tttratlon can be performed only by a c amperometry 
The effect of oxygen on an a c amperometrlc tltratlon IS also dlscussed The stepwlse ac 
amperometnc tltratlon of cadmium and zmc with EGTA at pH 6 m the presence of oxygen and an 
excess of 0 OS M acetate dlustrates the theory 

When a solution contains different metal tons, it IS often of interest to determine the con- 
centration of a single metal as well as the total metal concentration A solutton containing 
two metal tons, M, and Mu, can be successtvely analysed for both by complexometrtc tttra- 
non. tf the difference between the stability constants 1s great enough (say, A log K > 3). 

Skrifvars and Rmgbom’ have successively titrated two metal ions with the aid of dtffer- 
ent mdicators and complexmg agents The theorettcal calculattons for stepwtse titrations 
can be performed with condtttonal constants ’ 

The determmation of cadmium and zmc m the same solutton has been mvesngated by 
several workers Flaschka and Carley3 have determmed both m the same solutton by 
photometrtc tttration with EGTA m the presence of an excess of Murextde at pH 10. How- 
ever, no equthbrmm calculations were presented. Nakagawa and Tanaka4 determmed zmc 
m the presence of cadmtum by polarography, using a hgand buffer made of a complexmg 
agent and an excess of a polarographtcally inert metal ton (EGTA-Ba). Theoretical calcu- 
lations based on equthbrmm calculations were presented The theory of a method for the 
amperometrtc titratton of cadmmm m the presence of zinc, utthzing d.c. polarography, has 
been discussed ’ For the titratton of lOa M cadmmm m the presence of 10T2 M zmc with 
EGTA. zmc is masked with 0 1 M acetylacetone. 

In this study a method 1s presented by which both metals can be amperometrically 
titrated with the aid of a c polarography. 

THEORY 

Equthbrmm calculattons are useful when constdering the feasibility of using alternatmg 
current for the stepwise amperometric tttratton of M, and Ml1 with a complexmg agent 
L These calculations are treated briefly below 

When the ratio KhlrLIKMIIL exceeds a certam value, M,, will not interfere m the 
titratton of M, If K~,t_IK~r,,_ and the stability constant for M,tL are both high enough, 

137 
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M, and M,, may be successively titrated with L. For the tltratton of M, III the presence 
of MII, the followmg expression for the calculation of the mmlmum condltlonal constant 
for M,L IS valid’ (if aMr = 1, x~M,,) > QL(~ and [MJKM,,L > 1). 

log KM,L - AlogK + pM,I (1) 

where 

A log K = log KM,L - log KM,,‘, 

LfaUH) > %Yd interference IS caused by protonation of ligand and not by M,,, and there 
is a critical pH value for quantitative titration. 

If MI1 or MI takes part in interfering side-reactions, the corresponding yM,,-or Q,- 
coefficients must be in traduced. 

When both MI and MI1 participate in Interfering side-reactions during the titration of 
MI in the presence of Mn, the expression for the conditional constant for M,L can be 
written 

where 

log KMiL’ ry AlogK + Aloga + PM;, (2) 

A log O! = log EM,, - log cIM, 

Thrs means that A log Q is positive when log uMn > log zMp which increases the value of 
log I&,. Thus, it may be advantageous to add a masking agent (HX) m a stepwise 
titration of M, and M,, with L. It should be noted that a tltratlon of M,, with L IS possible 
lf log KM;,L > 7. 

Polarographlc consrderattons 

For a stepwlse amperometrlc titration of M, and MI1 with L to be possible, the half-wave 
potentials of Mt and MI, must be &fferent, r.e., E# # E$z * 

Dwect current amperometrx trtratlon. When EL{* > EL{: and KM,L > KMrrL a titration 
of M, and M,, with L can be performed in two ways 

(a) The sum of M, and M,, 1s obtained by tltratlon with the potential set at E, 
(EA -=z EL{:), a titration curve of the kmd presented in Fig. 1 being obtained. 

(b) M, only 1s determined with the potential set at E, (Ei: > E, > Ed:). The titration 
curve 1s also of the kmd m Fig. 1. 

Thus, two titrations are needed to determme both M, and M, by d c. amperometrlc 
tltratlon with L. Smce deaeratlon after each addltron of tltrant IS necessary, it IS a laborious 
method. 

Alternatmg current amperometrlc tltratlon. When E&’ > E$t and KM,L > KMlnL, a step- 
wise titration of M, and M,, with L can be performed with the potential set at E = Eh;f 
The titration curve IS of the kind shown m Fig. 2. One tltratlon only 1s needed for the 
determination of M, and M,,. No deaeration IS necessary smce the oxygen 1s u-reversibly 
reduced at a dropping mercury electrode (DME), and thus does not cause any polar- 
ographic peak m a.c. polarography. 

* For clarity, EL” LS used throughout Instead of the usual El 12 
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Volume of tltrant 

Fig 1 Amperometrrc tltratlon of an electroacttve substance (or the sum of several such substances) 
with ‘1 non-electroacnve tltrant. the product bemg non-electroacttve at the apphed voltage 

M, and M,, may be titrated stepwise by both a.c. and d.c. amperometry if Eh’,2 > E$ 
and KhlrL > KMI,,_ > 10’. A suitable potential E in dc. polarography is then 
Ehi2 > E > Ezi and m a.c. polarography E = Etif. 

[Mu] should be proportronal to ii, [lb = I,, ( I/, + V)/ V,], where L,, is the diffusion current, 
V, IS the mitral vol of solution and I/ the vol of tttrant. 

Even though an u-reversible process may take place at the DME, rt does not necessarily 
follow that the process can be detected by a.c polarography. If the reaction takes place 
before the reduction (or the oxldatron) of the ion to be determmed, rt may have a consrder- 
able effect on the determmatlon of this ion (m this case Mu) For example the polar- 
ographlc reduction of oxygen causes two waves that may interfere with the d.c measure- 
ments of other electroactlve substances Kolthoff and Mtller’ have found that the half- 
wave potential for the first wave IS practically independent of pH, and 1s -0 05 V cs SCE 
m most buffer solutions between pH 1 and 10 In blphthalate buffer the half-wave potential 
IS, however, moved from -0 1 to -0.15 V us SCE 

Smce the reduction of oxygen IS u-reversible, tt can be assumed that the oxygen waves 
do not interfere with the a c. polarographlc analysts. However, the reduction of oxygen 

Volume of titrant 

Fig 2 Stepwtse amperometrlc tltratton of two electroacttve substances, MI and Ma, wtth a non- 
electroacttve tltrant, the products being non-electroacttve at the applied voltage 
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causes formation of hydrogen peroxide and hydroxide ions, and if other electroactive sub- 
stances (metal ions) react with these, the oxygen may give rise to interference. even in a c 
polarography. 

It is well known from dc. polarography that, m the presence of oxygen. the solution 
to the electrode is very alkaline in comparison with the total solution This IS probably 
also true for a.c. polarography, where interference due to hydroxide precipitation or hyd- 
roxo-complex formation may occur at or close to the electrode 

Bond and Canterford have investigated the determmatton of Cd(I1). In(II1). Pb(I1) and 
Tl(1) by a.c. polarography and found that oxygen interference is negligible in 5 M hydro- 
chloric acid medium, but such a medmm cannot be used for complexometric a c ampero- 
metric utranon of the metals mentioned. 

Head’ has studied the a.c. polarographlc determmation of zmc in deaerated and oxy- 
genated solutions, and found that the peak heights for zmc are higher for the deaera ted solu- 
nons. A zmc peak which was not sensmve to oxygen was obtamed if the solution was made 
alkaline or if it was buffered to pH 6.5. 

Since tt is difficult to measure a correct pH value m the tmmedtate neighbourhood of 
a mercury drop, theoretical calculations have been performed instead. They indicate the 
most suitable condinons for the a.c. polarographlc determmation of zinc, when the forma- 
tion of hydroxo-complexes is taken mto account. 

The stability constants for different zinc hydroxo-complexes are log /?I = 4.4, log p3 = 
14.4 and log p4 = 15.5 If 99% of the zmc is to be m the form of Zn2 ’ ions, interference 

due to ZnOH+ begins at pH 7.6. Head’ found that oxygen does not affect the zinc peak 
at pH 10. At pH > IO.6 the zmc is m the form of Zn(OH):-, whtch means that OH--tons 
do not affect the a.c. polarographrc determmation of zmc at these pH values The addition 
of a suitable maskmg agent (HX), mimmizes the formation of the hydroxo-complexes by 
favourmg ZnX,. 

In the presence of, e.g., O-05 M acetate, &OH+ begms to form at pH(76 + log x~,,,J 
At pH 6.4, L%znAE N 10’ 4 and the interference of ZnOH+ begins at pH 8. Thus some im- 
provement results from using acetate. 

EXPERIMENTAL 

Reagents 

Cadmium and zmc nrtrate solutions 
Inert electrolyte Potassium mtrate solution, 0 1 M 
suffer soluttons Hexamme solutlons to give pH 5 0, 5 5 and 6 0 
Sodrum acetate solutton, 1 M 
EGTA solutton, 9 5 x IO-” M 

Polarograph 

A Metrohm Polarecord E261 was used A Metrohm ac Modulator E 393 with an dc voltage of 30 mV,,, 
at 50 Hz, and a Metrohm EA 249 tungsten electrode were used for a c polarography The mercury level wds 
kept at a constant height An SCE wtth a I M sodturn rutrate agar-agar bridge was used 

RESULTS 

Alternattng current polarography of zmc m the presence of oxygen III dt~erent solutions 

Figure 3 shows calibration curves for zmc at different pH values, obtained with the use 
of a c. polarography at E,, . iI2 The calibration curve obtamed m the presence of O-05 M ace- 
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3- 

a 
i 

0 2 4 6 6 10x16" M 

C zn 

Fig 3 Alterndtmg current polarographlc determmdtlon of zinc m 0 1 M KN03 at .Ei’ = - I 01 V 
m the presence of oxygen 0 pH = 5@60. [AC-] = 005M. 8 pH = SO. 0 pH = 55, 0 

pH = 60 

tate 1s linear up to zmc concentrations of 8 x 1O-4 M In an acetate-free solution at pH 5- 
6. zmc cannot be determined m the presence of oxygen because zmc hydroxo-complexes 
are formed at a dropping mercury electrode Thus the stepwlse titration of cadmmm and 
zmc with EGTA should be performed m the presence of O-05 M acetate 

Tztratron of cadnmm and mc 

In the stepwlse titration of cadmium and zmc with EGTA the cadmium tltratlon 1s mde- 
pendent of pH when pH > 6 and ~1~(~,,) > aL(H), according to equation (2) The titration 
of zinc. on the other hand, 1s dependent on pH according to 

K 
K ZnL 

ZnL = 
MZ” %H) 

This step therefore determines the pH for the whole tltratlon. A pH of 6.0 1s the optimum 
value for this titration when the electrode reactions and a suitable buffer substance (hexa- 
mine) are taken mto account 

The condltlonal constants for CdL at pH 6 0 and p = 0 1 m the presence of zmc and 
an excess of 0 05 M acetate, and for ZnL at pH 6.0 and p = 0 1 m the presence of an excess 
of O-05 M acetate, are tabulated below (L = EGTA. log KCdL = 15.6 and 
logKznL = 1’8) 2 

PC,, = 35 p&,=40 log KZ” L 

66 71 60 
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For the calculatron of z MCACj accordmg to the equation 

the following constants have been used: 

Zn 13 21 

Since z&(H) is 10°*02 c 1 at pH 6, x& can be neglected m equation (3). 

(3) 

E. vs. SCE 

Fig 4 Altematmg current polarogram of an aerated solution that IS 3 0 x 10e4 M m both cad- 
mmm and zmc at pH 6 0 m the presence of an excess of 0 05 M acetate and at 0 I A4 KNOj 

Figure 4 shows an a.c. polarogram of an aerated solutron which IS 3.0 x lob4 M wtth 
respect to both cadrmum and zmc at pH 6.0 The correspondmg d.c. polarogram of a de- 
aerated solution IS presented m Fig. 5. The half-wave potentrals of cadnuum and zmc are 
-0.58 and - 1.01 V respectively. On the basrsof the condrtional constants calculated above, 

Table 1 Results from a c amperometrlc utratlon of cadnuum and zmc with EGTA 

Cadnuum, mmole Zmc, mmole 

Added Obtained Added Obtained 

300 x 1o-2 299 x 10-2 268 x 1O-2 271 x lo-’ 
304 x 1o-2 266 x 1O-2 
295 x 1o-2 269 x lo-’ 

1003 x 1o-2 9.83 x 1o-2 0893 x 1O-2 0950 x lo-’ 
9.88 x 1O-2 0.950 x 10-z 
9 79 x 10-Z 0980 x 1O-2 
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‘d 

-0 25 -075 -I 25 v 

E, VI SCE 

Fig 5 Dtrect current polarogram of a dearated soluhon that IS 3 0 x 10V4 M m both cadmium 
and zmc at pH 6 0 m the presence of an excess of 005 M acetate and at 0 I M KN03 

It can be deduced that a stepwrse a.c amperometrrc tttratton of cadmmm and zmc with 
EGTA can be performed at pH 6.0. 

A typical titration curve 1s srmrlar to that m Fig 2, and some typical results are gathered 
m Table 1 Good results are achieved when the cadmmm and zmc concentratrons are of 
the same order of magnitude but high zmc values (by about 6%) and low cadmmm values 
(2%) are obtained when the ratro Cd/Zn 1s 10 However, the results achieved are relatrvely 
good 
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R&urn&-On presente la theorte des tltrages amptrometrlques en courant contmu et courant alter- 
natlf bases sur des reactions complexomCtrtques On montre que si E,$2 > EL{: et log KhllL < log 
K Mr,L. M, et M,, peuvent itre determmts sequenttellement par tttrage amperometrtque en courant 
contmu ausst blen qu’en courant altemabf St, d’autre part, Ek,2 > E&f et log KY,,_ > log I&, 
un titrage par paliers ne peut etre effectue que par amp&omttrte en courant alternattf On Qscute 
aussl de I’mfluence de I’oxygtne sur un tltrage amptromitnque en courant alternattf Le tttrage 
amperometrlque en courant alternattf par pahers du cadtmum et du unc a l’EGTA a pH 6 en 
presence d’oxygene et d’un excts d’acttate 0 05 M lllustre la theorte 
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Zusammenfassung-Fur amperometrlsche TItratIonen nut Glelchund Wechselstrom. &e auf kom- 
plexometrlschen Reaktlonen beruhen. wlrd die Theorle vorgestellt Es wlrd gezelgt. daD unter den 
Bedmgungen EL,’ > EL: und log KYIL < log KUlrL M, und Ml1 durch amperometnsche Trltratlon 
mlt Glelch- und Wechselstrom nachemander bestlmmt werden konnen 1st dagegen E$’ > EL,: 
und log K,,, > log KHllL, dann kann eme stufenwelse Tltratlon nur nuttels Wechselstrom-Amper- 
ometrle durchgefuhrt werden Auch der EmfluB von Sauerstoff auf die amperometrlsche Tltratlon 
mlt Wechselstrom wlrd dlskutlert Die stufenwelse amperometrlsche Wechselstrom-Tltratton von 
Cddmlum und Zmk mlt EGTA heI pH 6 III Gegcnw‘lrt bon %ue:Istoff und emem i’brrschul3 von 
0 05 M Acetat lllustl lert die Thcorle 



SHORT COMMUNICATION 

RAPID EXTRACTION AND SPECTROPHOTOMETRIC 
DETERMINATION OF VANADIUM(IV) WITH 

THIOTHENOYLTRIFLUOROACETONE 

(Recerred 23 May 1973 Accepted 26 June 1973) 

Thlotheno!ltnfluoroncetone (STTA) has been used m this laboratory for the extraction of transItIon elements ’ 
The studies have been extended to the extractlon of vanadmm(IV) It can be extracted at pH 5 0 with 0001 M 
thlothenoyltrlfluorodcetone m carbon tetrachlonde-butanol mixture (1 I) The greemsh-yellow complex can be 
medsured spectrophotometrlcally at 450 nm The proposed method IS simple, rapld, selecuve and affords clean- 
cut separation dnd quantitative determmatlon of vanadmm(IV) at rmcrogram levels 

EXPERIMENTAL 

T/trot/trrw~ Itr tfhror oo~twtw [l l,l-trtpuoro-4-2-(thren~~~4-mercaptobut-3-en-2-on~~~A)] Synthesized from 2- 
thenoqltrlfluorodcetone by the usual procedure * An approximately 0001 M STTA solution in carbon tetrachlor- 
Ide was used The reagent 1s preferably preserved m a refrigerator, but is stable for 6 months at room temperature 
provided the temperature does not exceed 0’ during the synthesis 

I UJIW~I/ m/p/tote wlutrott The monohydrate (1 70 g) was mssolved m 100 ml of dIstIlled water containing 1% 
of sulphurlc dctd The solution was standardized complexometrlcally wtth EDTA3 with Enochrome Black T as 
Indlcdtor The stock solution wds diluted IO-fold (vanadmm concentration 91 s/ml) 

Grrlrl al ,” ocerilrr (’ 
A l-ml dhquot of the diluted vanadyl sulphate solution (91 pg of V) was diluted and Its pH adjusted to 50 

with 001 ‘M sulphurlc acid and 0 01 M ammonia solution, m a total volume of 25 ml It was then shaken for 
about IO mm with 5 ml of 0 001 M thlothenoyltrtfluoroacetone m carbon tetrachlorlde and 5 ml of butanol The 
Id)ers were allowed to separate The greenish-yellow complex of vanadmm(IV) was measured spectrophotometn- 
cnll! at 450 nm agamst d redgent blank The concentration of vanadmm(IV) was computed from a cahbratlon 
graph 

RESLILTS AND DISCUSSION 

S/h’1 ,I 111 ,” “,“” I,<‘\ 

The .ihsol pt~on spccu urn of the complex measured dgamst a reagent blank. has a maxlmum at 450nm (Fig 
I I The reagent 11~s dn dbsorption maximum at about 425 nm. and the difference m absorbance between the com- 
pie\ ,Ind the excess of reagent used 1s maxlmal at 450 nm The molar absorptivity of the complex at 450 nm 1s 
7T y IO’ I niolc~’ cn- ’ The sensltlvlt) of the method ds defined by Sandell IS 00014 pg/cm2 Beer’s law IS 
ohc\cd up to ‘I conccntrrtnon ofdhout I I !cg,‘ml m the extract at 450 nm. The absorbance of the complex remams 
constant for up to X0 hr 

The ehtrdctlon N\~S studled over the pH range from 0 5 to 8 00 (Fig 2) The optimum pH IS 4 4-5 3, and 5 0 
\\ds selected as bemg about m the middle of the range 

411 other Lctor\ hemg kept constant the concentration and volume of the reagent were vaned, and an equal 
volume of butanol wds used It wds observed that the extractlon of 91 kg of vanadmm was complete with 5 ml 
of 0 001 21 STTA m the presence of 5 ml of butanol The extractlon was mcomplete at lower concentrations of 
reagent Vdrlmg the volume of 0001 M reagent used showed that the extraction IS quantltatlve with 5 ml of re- 
.Igent m the prerence of equal volume of butanol Hence for quantltatlve extractlon It 1s suffinent to use 5 ml 
of0 001 \I STTA 111 the presence of 5 ml of butanol for about 90 fig of vanadium The amounts of 0 001 M STTA 
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Fig 1 Absorptton spectra A = V (IV)-STTA complex agamst reagent, B = V (IVFSTTA complex 
agamst CClb, C = Reagent agamst CC14, V= 7 138 x 10eJ M, STTA = 0001 m m CCI, + bu- 
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Fig 2 ExtractIon of V (IV) ‘1s J function of pH V (IV) = 7 138 x IO-’ M 0001 M STTA + bu- 
tanol(l I) 
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dnd butdnol were vdrlcd the totdl volume bemg kept dt 10 ml Extrdctlon wds mdximdl when the volume rat10 
wdS1 1 

Per god of equrlrhr atlou 

The period of eqmlibrdtlon was varied from 2 to 20 mm, d wrist-action flask-shaker bemg used ExtractIon 
was quanntdnve dfter 8 mm of equilibration It IS therefore recommended to shake the mixture for at least 10 mm 

Lithium sodmm. potassmm dmmomum and magnesium sulphates were tested as saltmg-out agents m the 
concentration range 1-4 M None enhanced the extractlon 

Several ions were exammed for then effect on the extraction of vanadmm(IV) The tolerance hmlt was taken 
as the amount of foreign ion reqtured to cause f?“, error in the vanadmm(IV) recovery (Table 1) It was observed 
that a large number of Ions were tolerated m weight ratios (to vanadmm) of 120 1 and 60 1 Other Ions were 
tolerdted dt much lower ratios (1 1) The ions showmg strongest interference were cadmium. mercury(H), mangd- 
nese(II) and EDTA Several sequestering agents were tolerated m larger proportions Hence they were used to 
reduce the Interferences of some Ions eq gold and alumnnum with oxahc acid. or non(III), cermm(IV) and 
zircomum (IV) with cttrtc dad, by formation of amomc complexes which are not extracted along with vanadium 
(IV) Also trlbutyl phosphate4 s was used to extract sliver and lead selectively, dlethylammonmm dlethyldlthlo- 
carbamate’ for cobalt(B). x-funldloxlme’ for mckel and acetylacetone’ for copper At the acldlty used for extrac- 
non of these Ions vanddium(IV) remamed unextracted m the aqueous phase, and could subsequently be 
extracted and determmed wnh 0001 M STTA m carbon tetrachlorlde 

Table I Effect of diverse Ions on determmatlon of 91 pg of V 

Foreign 
Ions Added as 

Tolerance Foreign 
limit. n*q ions Added as 

Tolerance 
hmit. mg 

Tl’ TINO, 50 Ge4’ GeCl, 120 
Ag’ AgNO, 01” Rb’ RbCl 100 
Pb’- Pb(NO& 2Hz0 01” Cs’ CsCl 100 

&u:; 
CuSO, 5Hz0 0 25* ReO; KReO, 20 
SbC13 3H,O lo’ Mo,O;; (NH,),Mo,O,, 4H20 20 

A?+ AsCl, 100’ wo:- Na2W04 2H,O 50 
Au” HAuCl, Hz0 05 SeOi _ Na,SeO, 100 
Pt’- HZPtCl, Hz0 01 TeOi- 50 
Tl*- 

Na,TeO, 
TICI, 4H20 03 NO, NaNO, 50 

Fe3 * FeSO, 7H,O 05’ F- NaF 100 
Cr3 _ Cr(NO& 05 I- KI 100 
co’- Co(NO,): 6H:O Olh Br- NaBr 100 
Nl” NISO, 2H,O 01’ CN- KCN 100 
Nb’- NbzO, 05 SCN - KSCN 100 
T‘lZ- TazO, 05 szo:- Na2S20, 5H,O 100 
tJ0;- U02(N0& 6H20 05 so:- Na,S0,2Hz0 100 
Th’+ Th(N03)4 4H10 100 PO:- Na2HP0, 100 
Ce”- Ce(SO,), 4H,O 1 0’ c,o:- H&O, 2H,O 200 
Be’ * BeSO, 4H,O 02 CHTCOO- CH,COOH 200 
Zl’- ZrlN03iS 1 0’ Ascorb- Ascorbic acid 200 
Rh7’ RhCI, 2H20 10 Malonate’- Malomc acid 200 
Ru”- RuCl, 02 c1t3- Cltrlc acid 200 
B‘I’ + Ba(NO,I, 2H20 100 Tart3 - Tartanc acid 200 
SF’ SrlN03): ‘Hz0 100 TU- Thlourea 200 

Selective extraction with (a) trlbutyl phosphate. (b) d~ethylammomum diethyl&thlocarbamate, (c) cx-funldlox- 
Ime cd) acet>lacetone Interference ehmmated by masking with (e) oxahc v) cltrlc acid 

Thus the proposed method possesses several advantages The method IS rapld, simple and reasonably selective 
It IS possible to qudntltatlvelq extract and determme vanadmm (IV) at trace concentrations ExtractIon and deter- 
mmdtlon IS complete within 30 mm As httle as 4 6 pg of vanadmm can be determined and the results are repro- 
duclble The average recover! of vanadium (IV) 1s 99 9 + 0 1”” relative standard devlatlon + 1 17; 

T-\L \ol 21 ho 7 -F 
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Summary-Thlothenoyltfluoroacetone m carbon tetrachlonde-butanol (I I) IS used for extrac- 
tion and spectrophotometnc determmatlon of vanadmm (IV) at pH 4 5-5 The greemsh-vellow 
complex IS measured spectrophotometrlcdlly at 450 nm The system conforms to Beer’s I,I\c ober the 
range 2-1 I &ml of extract The colour of the complex IS stable for at least 80 hr Vdnddlum (IV) 
was quantitatively extracted and determmed m the presence of 120 1 w/w ranos of various Ions 
The method was made selective by using common sequestenng agents or pnor extraction with trl- 
butyl phosphate, dlethylammomum dlethyldtthlocarbamate, a-funldloxlme or acetylacetone The 
method ts rapid, ample, selective and sensitive 

R&u&On utlhse la thlothenoyltnfluoracttone en titrachlorure de carbone-butanol (I 1) pour 
I’extractlon et le dosage spectrophotometnque du vanadmm (IV) a pH 4 5-5 On mesure spectro- 
photomttrlquement le complexe Jaune-verdltre a 450 nm Le systZme obelt a la 101 de Beer dans 
le domame 2-11 @ml d’extr;ut. La coloration du complexe est stable pendant du moms 80 hr Le 
vanadium (IV) a Cd extralt et ditermmd quanfitahvement en presence de &vers Ions dans les rap- 
ports 1 12Op/p On a rendu la m&ode dlectlve en utlhsant des agents sequestrants communs 
ou une extraction prealable avec le phosphate de mbutyle. le dethykhthlocarbamate de dllthylam- 
momum, I’a-furyldroxlme ou l’acitylacetone La mdthode est raplde. simple. stlectlve et sensible 

Zusarnmenfassung-Thlothenoyltnfluoraceton m TetrachlorkohlenstofButanol (I 1) wlrd zur 
Extraktlon und spektrophotometnschen Bestlmmung von Vanadlum(IV) beI pH 4,5-5 verwendet 
Der grunhchgelbe Komplex wlrd be1 450nm spektrophotometnsch gemessen Das System 
gehorcht lm Berelch 2-l 1 &ml Extrakt dem Beerschen Gesetz Die Farbe des Komplexes 1st 
wemgstens 80 h lang stab11 Vana&um(IV) wurde m Gegenwart verschledener Ionen lm Gewlchts- 
verhaltms 120 1 quahtahv extrahtert und bestlmmt Das Verfahren wurde durch Verwendung gan- 
gger Abfangreagentren oder durch vorausgehende Extrakhon mlt Tnbutylphosphat, Dlathylam- 
momum&athyl&thmcarbamat, a-Funldioxlm oder Acetylaceton selektlv gemacht Es geht schnell 
und 1st emfach, seiektiv und empfindhch 



THERMODYNAMIC IONIZATION CONSTANTS OF 
PARA-SUBSTITUTED N-PHENYL- 

BENZOHYDROXAMIC ACIDS 

The thermodynamic lomzatlon constants. pK,, of para-substltuted N-phenylbenzohydroxamlc acids represented 
b> the general formula 

-N-OH 
0, 

x-0 C=o 
0 

(X = OCH, CH,. F. Cl Br or NOZ) hdve been determined b) the pH-tltrdtlon method Owing to the msufficlent 
soluhlht! of h~drou,:mlc .+clds m w.lter ,md IO”,, dloxan Hater medium the tltratlons were performed m mlxed 
solvent media 11: 20.30 40 45 ,tnd SO”,, v v dloxdn-water mixtures The hydroxdmlc acids were prepared by the 
modified method of Pn)adarshml and Tandon ’ The method of measurement was described earlier 2 The 
magnitude of the errors m pK, 1s of the same order as reported for the ortho-aads 2 The results are gven m 
Tdble I An emplrlcal linear relatIonshIp between pK, and mole fraction II. of dloxan IS given m Table 2 

Table 1 Thermodynamic pK, values of p-substituted N-phenylbenzohydroxanuc acids at 35” m dloxan-water 

Dlox,m “(, I I 
20 30 40 45 50 

X II = 0050 il = 0083 II = 0 123 n = 0147 n=Ol74 

OCH, 949 990 1042 10 76 11 13 
*CH3 9 27 9 75 10 33 1067 1098 
*H 9 13 9 63 1020 - 1096 
F Insoluble 961 10 16 1049 1084 
Cl Insoluble Insoluble 1002 1035 1068 
Br Insoluble Insoluble Insoluble 1034 1065 
NO, Insoluble 9 02 9 52 9 82 1015 

* Reported earlier 3 
II = mole fraction of dloxan 

This Imearlt! IS ?lmllar to that for the ortho-substituted acids 
The effect of pdrd-substituents on the pK, of hydroxamlc dcids is similar to that for the benzolc aads, DK 

OCHJ > CH3 L= H > Cl > Br > NO2 

Table 2 Empirical relatlonshlp between pK, and n at 
35- pK, = ml + C 

X Ill C 

OCH, I3 00 8 84 
*CH, 1390 8 55 
*H 1451 8 45 
F 1400 846 
Cl 1300 844 
NO2 1225 800 

* Reported earlier 3 
Values for the bromo-compound could not be deter- 

mmed because the compound was soluble m 50 and 45% 
dloxan-water onl) 
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Summary-Thermodynarmc Ionization constants of para-substituted N-phenylbenzohydroxanuc 
acids have been determined m &oxan-water rmxtures at 35” The plot of mole frachon of dloxan 
us pK, IS hnear at tlus temperature, whereas that of pK, us 100/D IS linear over a narrow range 
of dlelectnc constants (D) but at lugher mole fraction of dloxan IS Influenced by non-electrostatic 
Factors 

R&sum&On a determmt les constantes d’lomsatlon thermodynanuques d’aades N-phtnylbenzo- 
hydroxarmques para-subshtuts en milanges dloxane-eau a 35” Le traci de la fracaon molalre de 
dioxane par rapport au pK, est hnialre i cette tempirature, tandls que cehu du pK, par rapport 
B 100/D est hn&ure dans un dtrmt domame de constantes dlelectrlques (D), maIs i une fraction 
molatre plus tlevie du dloxane 11 est mfluenct par des facteurs non-electrostatlques. 

Zusamrneafassung-Die thermodynarmschen Iomsahonskonstaten parasubstltmerter N-Phenyl- 
benzhydroxamsauren wurden m noxan-Wasser-Genuschen be1 35” errmttelt Die Auftragung von 
pK, gegen den Molenbruch von Dloxan 1st be1 cheser Temperatur hnear, de von pK. gegen 100/D 
1st m emem engen Beretch von Dlelektnutatskonstanten (D) hnear. be] emem hoheren Molenbruch 
von Dioxan wlrd slejedoch durch mchtelektrostatwhe Faktoren beemflul3t 
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PROTONATION CONSTANTS OF NJ’-ETHYLENE-BIS- 
[2-(0-HYDROXYPHENYL)]GLYCINE 

(Rrceroed 7 June 1973 Accepted 16 AuquJt 1973) 

The protonation constants of N,N’-ethylene-bls [Z-(o-hydroxyphenyl)]glycme (EHPG = HLX) hnherto reported 
have been determmed potentlometncally’ and spectrophotometrlcally 2 Investrgahons of the Iron compounds 
of EHPG bemg carried out m tins laboratory’ 4 require very rehabie values of the hydrolytic constants of the 
EHPG Prehmmary mvestlgahons mdlcated that the constants were somewhat at vanance with those given 
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previously’ z and further studies were required Potentiometnc tltratlons were therefore done at 25 0” and an 
ionic strength of 0 I, and the results calculated by the error-rnmlmlzatlon method discussed earher,5 the 
previously reported values’ ’ being used as mmal estimates Figure 1 shows a typical titration curve 

pH'5- 

a 
s 

P 

E 

I I I I I 
l7l.I m-2 m-3 WI.4 

ml NoOH added, m=molo rotlo NoOH/EWG 

Fig I Tltratlon of 2 x 10e3M EHPG (total acid content 7905 x 10W3A4) with OOIOOM 
NaOH p = 0 1 (NaNO,) at 25 O-C The curve IS calculated from the values reported in Table I 

(L, ddtd) The points represent the expenmental data 

The results are reported m Table 1 The first and second protonation constants are nearly equal, thus the spe- 
cies HZXZ-. HX3- and X’ exist simultaneously, and under these nrcumstances faulty values for the constants 
are hable to be found The present calculation method. companng two completely chfferent least-squares func- 
tions. IS assumed to exclude incorrect results The nearly equal magnitude of these two constants IS reasonable 
smce the two phenol groups involved are at sites remote from each other Previously. the first constant was 
reported as higher (log L = 11 85) In the spectrophotometnc determmations m 0 1M potassium nitrate medra, 
at 297 nm. an error may have been caused by the absorption maximum (137 distilled water)observed in this region 

Table I Protonatlon constants of EHPG (H,X) at (25 0°C and 1~ = 0 1 (NaNO,) 

Reaction 

Mmlmlzmg U, Mmlmlzmg L’? 

Std Std 
log L devn log I, devn 

Previous work 

(0) (b) 
log k log k 

H’ + X4- = HX3- 1080 005 1075 005 1168 11 85 
H’ + HX3- = HJ- 1058 0.04 1056 003 1024 1056 
H’ + H,X’- = H,X- 8 75 005 871 002 864 8 78 
H++H,X- =H,X 629 005 6 24 001 6 32 6 39 

(a) potentiometry’ 
(h) spectrophotometry’ 

(295 nm) for solunons containing potassium mtrate only (the absorptivity of which IS also somewhat pH-depen- 
dent) This and the similar rnagrutude of the first two protonation constants might explam the different values 
obtained prevlousl> 

Ur~~oersrr~ 0fZo~dhrrr11 KNUTHENNING SCHRG~DER 
Nolgeslaeierhqslrole MAHERYOUSEFEL-SHEIK 
Depal rnleflr of Chermsrr J 
N-7000 i?otld/~c~r~~t \or ttal 
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Summary-Protonatlon constants of N,N’-cthyhne-btsr2-(tr-hydroxyphenyl)]gi~clne have been 
determmed ~te~ttorne~~~y, with least-squares treatment of the results The constants f0 iiV 
NaNO,) are log k, = IOgO,!ogkl = 10%.fogk, =:8%logX,=629 

Rdsume-On a ddtermmC les constantes de protonatlon de la N N’-ethylene-bls[2-(o-hydrouy- 
phdnyl)Jgiycme potentlom&nquement. avec tmltement des rdsultats par la methode des momdres 
carres Les constantes<NaNQ, 0, 1 M) sent log A, = 10.80, log hl = iO.58, log I\, = 8 75 log 
k * = 6.29 

~~~fa~g-~~e ~~otonl~u~skons~~~~ von i’V,N’Athy~eo-blsf2-fo-hydroxyphenyi)~ gIy- 
cm wurden potentlometnsch bestlmmt und die Ergebmsse nach der Methode der klemsten Quad- 
rateausgewertet Die Konstanten In 0 I M NaNO, qmd logI,, = 1080 Io~/+~ = 1058 log I\, = 
8,75, log k4 = 6329 

liulanta, Vol 21. pp 252-255 Peraomon Press 1974 Prmtcd m Gredr Brmun 

(Recezued 20 July 1973 Accepted 13 September 1973) 

Aj~~u8h sevemI PMR st~.~dtes~-~ of g-h~~rox~ul~~i~ and tts derrvatmes hare been reported, fhese haye gester- 
aEy been concerned wzth a small number d wrn&r compounds exammed at a frequency of 60 MHz Ira the 
present work, we report new mformatton obtamed at 220MHz for a wide range of denvatlves, mciudmg a 
number of 8-hydroxyqumolmes that have not been studled prevrously The use of the 220 MHz frequency 
allows easier mterpretatlon of spectra 

EXPERiMENTAL 

Derwatwes of %hydroxyqumolme 

8-Hydroxyqumolme and its Z-methyl, 5.chloro, S-mtro, 5,7-dlchloro and !?,‘I-dtbromo derlvatlves were 
obtamed ~rnrner~al~y and punfied by standard procedures The folfowtng derrvatrves were synthestzed by 
metbods m the literature 2-~~yi-~~7-dtb~mo,~~ 3phenyt’ ’ 7-(?‘-th1hrmyli.~’ 2-~~-~~r~dy~~‘~ 4-methyl.*J 
s-phe~yi,~ ’ ~h~oro~~y~,16 5-methyl,” I-pfier~yi,~ 5 I-chloro.’ ’ 7-t-butyi, I* and ‘i-methyl ” The 2.~-d~~tby~ 
denvahve was a&able m the faboratory 

PMR spectra 

AIi spectra were obtamed &urn ~~prox;mate~~ 0 I M ~0~~~~~~~ in deutero~h~orofo~m at a frequency Of 

2X MHz, by usmg a Varmn HR-220 spec~~meter wttk te~~methy~sl~affe as an snternat reference The operahng 
temperature of the spectrometer was 18 2 1’ Many of the spectra showed hrst-order spidhng and asslgnments 
were made on the basis of previous work” and compdrlson of couplmg constants Results are summarized III 
Table I 

The ~rom&c protons of ~-b~droxyquln~ilne exhtblt two atmost ~nd~~ende~~ spm systems those m the pyrt- 
dme rmg showmg AMX structure and those m the phenohc nng ABC SubstItutlon on the nng nucleus s~gn~fi- 

cantly slmphfies the spectrum, permrttmg easier asstgnments The couphng constants he m a fairly narrow range 
and agree with literature datd ‘-’ 
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metbods m the literature 2-~~yi-~~7-dtb~mo,~~ 3phenyt’ ’ 7-(?‘-th1hrmyli.~’ 2-~~-~~r~dy~~‘~ 4-methyl.*J 
s-phe~yi,~ ’ ~h~oro~~y~,16 5-methyl,” I-pfier~yi,~ 5 I-chloro.’ ’ 7-t-butyi, I* and ‘i-methyl ” The 2.~-d~~tby~ 
denvahve was a&able m the faboratory 

PMR spectra 

AIi spectra were obtamed &urn ~~prox;mate~~ 0 I M ~0~~~~~~~ in deutero~h~orofo~m at a frequency Of 

2X MHz, by usmg a Varmn HR-220 spec~~meter wttk te~~methy~sl~affe as an snternat reference The operahng 
temperature of the spectrometer was 18 2 1’ Many of the spectra showed hrst-order spidhng and asslgnments 
were made on the basis of previous work” and compdrlson of couplmg constants Results are summarized III 
Table I 

The ~rom&c protons of ~-b~droxyquln~ilne exhtblt two atmost ~nd~~ende~~ spm systems those m the pyrt- 
dme rmg showmg AMX structure and those m the phenohc nng ABC SubstItutlon on the nng nucleus s~gn~fi- 

cantly slmphfies the spectrum, permrttmg easier asstgnments The couphng constants he m a fairly narrow range 
and agree with literature datd ‘-’ 
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H,.H,,H, 

El0 75 &I 

Chemrcal shaft, corn 

Frg 1 

The chemrcal shifts of the H2 protons are m the range 8 63-9 35 ppm, although dll cxccpr the v&~c for the 
S-nitro denvanve are below 8.87 ppm Apart from the 5-mtro substttuent, the chemrcal shafts of H, are not appre- 
nably mfluenced by substrtuents m the phenolic ring. The proton IS shrelded the most by the 4-methyl substrtuent 
and deshielded the most by the 5-mtro group The H1 protons have chemrcal shafts m the range 7 3-7 89 ppm 
the two highest values corresponding to the 2-phenyl and 2-(2’-threnyl) derrvanves The deshteldmg of the proton 
orrho to an aromatrc rmg IS consrstent with results for 2-phenylqumolme ’ The chermcal shafts of the H4 protons 
he m the range 7 94-8 90 ppm and, as expected, are affected by 5-substttuents somewhat more than are the Hz 
and H, protons Methyl substrtuents m the 2-positton shreld the H4 proton the most whereas greatest deshteldmg 
IS exhrhted by electron-wrthdrawmg groups m the 5-posthon The H,, H, and H, protons have shafts m the 
7 O-7 6 ppm reDon (except for the Hs proton adJacent to the 5-rutro substttuent, whrch IS at 8 60 ppm). and of 
these the H, protons adJacent to the phenohc OH have shafts whrch are almost all wtthm 0 I ppm of the chemrcal 
shaft of the correspondmg proton m the parent molecule The chemtcal shafts of the vartous dtkyl substrtuents 
are as expected, r y , the 7-methyl protons of the 2.7-dtmethyl dertvattve. adJacent to the phenohc OH are 
shreided the most whereas the deshteldmg Influence of the qumolme nitrogen and bromme atoms dffect the 2- 
methyl substrtuent of the 2-methyl-5,7-drbromo dertvattve to the greatest extent The OH absorptron IS present 
m the spectra of all the dertvatrves as a broad peak 

The spectra of the more complex molecules. e y . _ ‘-(2’-pyrrdyl). 2-(3’-threnyl) dnd 3-phenyl-8-hydrowyqumohne 
rllustrate the Increased mformatron that can be obtained by using d frequency of 220 MHz The f&e mterpre- 
tatron of the spectrum of the 2-(2’-pyrtdyl) derrvattve (Ftg I) affords an mterestmg example The doublet of doub- 
lets at 8 73 ppm IS assrgned to the pyndyl proton ddJaCent to the nttrogen dtom (He ) by compdrtson with the 
spectra of pyrtdme and Its Lsubstttuted dertvatrves ” This proton IS spilt by Hs and Hj JS c, = 5 0 Hz ,md 
J 4 h = 1 5 Hz respectively. further couplmg IS mdrstmgutshable An apparent trtplet dt 8 58 ppm mtegrattng 
for two protons can be asstgned to a parttal superposttton of the pedks due to HJ dnd H4 of the pyrrdyl group 
The proton with a shaft shghtly downfield at 8 60 ppm IS assigned to Hd m VEW of the 8 ~-HZ couplmg constdnt 
J 46 = 1 5 Hz respecttvely, further couplmg IS mdtstmguishable An .tppdrent triplet dt X 58 ppm mtegrdting 
Hs, has Its shaft at 7 85 ppm and the 8-hydroxyqumohne H, doublet its dt 8 26 ppm A complex clred of pedks 
at 7 26-7 52 ppm, mtegratmg for three protons, can be dscrtbed to H,, H, dnd H, Proton H, cdn be dts- 
tmgutshed clearly at 7 21 ppm 

Acknowlrclyrmcnt-We wash to thdnk the 220 MHz Nuclear Magnettc Resonance Centre dt the Ontario Research 
Foundatton, Sherrdan Park, for the use of the spectrometer 
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Summary-The PMR spectra of I-hydroxyqumolme and eighteen denvatives have been obtained 
at 220 MHz For several of the compounds. PMR spectra have not been reported previously The 
use of 220-MHz frequency considerably faclhtates the mterpretatlon of spectra from such com- 
plex derlvatlves as 2-(2’-pyrldyl) and 2-(2’-thlenyl)-8-hydroxyqumolme 

R&urn&On a obtenu les spectres RMP de la I-hydroxyqumoltme et de dlx hult dtrlvis i 220 
MHz Pour plusleurs des composts les spectres RMP n’ont pas et& rapport& anteneurement 
L‘usage de la force de champ 220 MHz faclhte conslderablement I’mterprttanon de spectres de 
derives complexes tels que les 2-(2’-pyndyl) et 2-(2’-thinyl) 8-hydroxyqumoleme 

Zusammenfassung-Die ‘H-NMR-Spektren von 8-Hydroxychmolm und achtzehn Derlvaten wur- 
den be1 220 MHz aufgenommen Von mehreren dleser Verbmdungen waren blsher keme Protonenre- 
sonanzspehtren bekdnnt Die Verwendung der Feldstarke zu 220 MHz erlelchtert die Interpre- 
tat&on der Spektren so komphzlerter Derlvate w:e 2-(2’-Pyrldylb und 2-(2’-Thlenylb8-hydroxy- 
chmolm erhebhch 
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Summary-A temperature-controlled graphite furnace for atomic-absorption analysis has been 
built and tested. The temperature of the graphite tube was monitored with an infrared-sensitive 
detector. SampIes were introduced directly or VW a separately heated graphite cup. Micro-samples 
of solid btological tissue were anaiysed directly for Zn, Mn and Co and the sensitivities for 1% 
absorption were 0.05.2 and 10 pg respectively. The salt content of the tissue limits the sample sizes, 
owing to non-specific absorption. The ashing conditions were mvestigated and found to be espe- 
cially critical for Zn. 

During the last few years there has been an increased interest in flameless methods for 
atomic-absorption analysis because of the increased sensitivity which can be obtained with 
this technique. A number of different cells have been described in the literature and several 
makers of atomic-absorption equipment now offer flameless cells as accessories. L’vov’ 
described a furnace consisting of an electrically heated graphite tube in a closed cuvette 
chamber. The sample was introduced by means of a carbon electrode in the middle of the 
tube. The electrode was heated by an electrical spark. This cons~uction has been devel- 
oped further by L’vov and co-workers and their work has been summarized.t Massmann 
used an open electrically heated graphite tube for atomic absorption and a slotted tube 
for atomic fluorescence. The tubes were flushed with an inert gas. The sample was intro- 
duced into the-tube with a syringe before heating. West and Williams4 described an ar- 
rangement in which a carbon rod, suspended between tungsten clamps, was heated electri- 
cally. The rod was mounted in a closed quartz cell and the sample was applied directly 
on the rod. A lightbeam passes just above the rod and when the heat is switched on vapori- 
zation starts and absorption by the atomic vapour may thus be recorded Similar construc- 
tions using other materials and other means for producing atomic vapours have also been 
developed. A recent review5 covers the work on flameless methods. Modified models of 
the cells used by Massmann and by West are available commer~ally. Headridge and 
Smith6 described an induction-heated oven with a larger vapour chamber for the deter- 
mination of the easily vaporized elements in steel samples. 

It should be possible to modify Massmann’s and West’s apparatus so that solid samples 
can be analysed directly. L’vov has already used his cell for solids. A cell similar to that 
described by L’vov was therefore built. Preliminary tests showed that close control of ato- 
mization is essential, especially for the easily vaporized metals Zn, Cd, and Pb. An im- 
proved model incorporating separate heating of the cuvette and the sample cup will be 
described in this paper. 

257 
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A number of papers have described the analysis of biological samples. Blood. serum 
and urine have been analysed by MatouSek and Stevens’ (Mg, Fe, Cu. Pb, Zn), by Welz 
and Wiedeking* (Cu, Fe, Li, Pb), by Norval and Butler9 (Pb), Hwang, Ullucci, Smith and 
Malenfant” (Pb), and by Glenn et al. I1 (Cu). A more thorough investigation, in which 
interferences in clinical applications were studied, has been made by Amos et al.” David- 
son and Secrestr ’ analysed blood plasma and urine for chromium, using both dry and wet 
combustion. Biopsies were analysed for copper, after dissolution in nitric acid, by 
Stevens.r4 All these workers used liquid samples which were diluted or ashed before analy- 
sis by the flameless method Analysis for trace metals in biological samples has also been 
carried out by helium glow spectrophotometry., An electric glow discharge surrounding 
a heated filament in a helium atmosphere excites atomic emission. Vurek15 reports detec- 
tion limits for Ca, Cd, Cu, Fe, Hg, K, Mg, Na, Pb and Zn in the range lo- “-lo- I2 g. 
The sensitivity approaches that of the flameless absorption methods but the sample hand- 
ling is more difficult, especially for solids. The sample sizes are restricted to the amount 
which can be applied to the filament without loss. Vurek applied nanolitre liquid samples. 
Barnett and Kahn16 determined copper directly in solid biological samples with a heated 
graphite tube atomizer. 

EXPERIMENTAL 

Apparatus 

Cell design. A carbon cuvette, 10 cm long, was made from spectra-grade carbon (Ringsdorff RWO). A 4-mm 
hole was drilled through the carbon rod The electrical connection consisted of heavy brass blocks. 1 in Fig. 
1. Samples were put into a cup of a prefabricated spectrographic electrode (Ringsdorff RWO). The sample cups 
could easily be interchanged by placing them in a metal holder which could be tightly fitted into the oven by 
a bayonet socket. The sample cup was spring-loaded so that direct contact was made with the graphite cuvette. 

Fig. I. Schematic view of graphite furnace. 
l-brass contact, 2-graphite contacts fitted into steel holders. 3-heat shields of carbon, 

4-graphite cuvette, 5-sample electrode, 6-electrode holder. 

It was heated by a separate, electrically insulated, circuit connected to the cup by two spring-loaded contacts, 
2 in Fig. 1. The contacts consisted of carbon, fitted into steel holders. An eccentric was used to control the contact 
movements. Heat shields, 3 in Fig 1, of carbon were used to reduce radiation heat losses. The cuvette and sample 
cup were enclosed by a water-cooled gas-tight chamber with O-ring-sealed quartz windows. Electrical insulation 
was achieved with mica sheets and connections to the power supplies were made through IO-mm copper 
“banana”-jacks. An inert gas could be introduced via a Hamilton valve. Another Hanulton valve was used as 
outlet to a vacuum pump, a pressure meter or to the atmosphere. 

A quartz window was mounted orthogondhy to the plane shown in Fig. I. A hole was drilled through the heat 
shield so that radiation from the cuvette could be monitored. A photodiode (HP 4220) was mounted in a screw 



A temperature-controlled graphite tube furnace 259. 

contact which could be attached to the wmdow holder. A red filter permitted only radiation of wavelength longer 
than 700 nm to reach the photodiode. A 1ens.J = IO mm, could also be mounted in the holder to collect more 
radiant energy. The lens was only used for temperature control below 900”. The infrared-radiation was used as 
input to a temperature controller. The control was synchronized with the mains frequency so that one power 
cycle could be passed through the cuvette as the smallest energy unit. A power triac was used to switch the current 
and the switching was always performed when the a.c. passed zero. The maximum output of the power supply 
was 550 A at 27 V, or 15 kW. The voltage could be decreased so that thermal overshoot at a given operating 
temperature was largely prevented. The sample cup was heated by an unregulated floating power supply provid- 
ing 300 A at 5 V. or 1.5 kW. This voltage could be decreased with a variable transformer. A switch network 
allowed low heatmg for solvent evaporation and medium hcdt for ashing. The temperature-control circuit is 
described in a separate paper.” 

By rotating the cuvette, the furnace could be used in the Massmann mode. The samples could be loaded di- 
rectly into the cuvette by an Oxford sampler. 

Optical arrangement. A hollow-cathode lamp was mounted on an optical bench, followed by a quartz con- 
denser and a mechanical chopper which interrupted the light-beam at a frequency of 100 Hz. The light-beam 
then passed through the graphite furnace and into a monochromator (Heath Co., 700 E). A Hamamatsu R 456 
photomultiplier was used together with an amplifier containing a parametric operational amplifier (Analog 
Devices model 303) a phase-sensitive amplifier synchronized with the chopping frequency and a filter. A Heath 
logarithmic recorder was used so that the readings were linear in absorbance. 

Procedure 

Solid samples were weighed in aluminium boats and transferred to the carbon sample cups with glass micro- 
tweezers. The handling was carried out under a stereo-microscope. Normal sample size was between 1 and 30 a. 
Liquid samples, e.g., standard solutions, were transferred to the sample cups with an Oxford micro-sampler with 
disposable plastic tips. These plastic tips gave better results than micro-syringes since metal ions adhered to the 
needle and glass walls of the latter. The solvent was evaporated either in a separate oven or in the graphite furnace 
in the low-power mode. Samples up to ‘100 ~1 could be handled conveniently, depending on the size of the cup. 
Normally lo-~1 or 25-p] samples were used 

After drying. which in the graphite furnace required about 1 min, the samples were ashed for usually 3 min 
at a temperature below that at which noticeable vaporization of the metal starts. Argon, or in some cases air, 
was flushed through the oven during these two steps. After that the oxygen was flushed out of the graphite furnace 
with argon or nitrogen and the pressure was adjusted to the desired value, usually l-2 atm, before the gas flow 
was stopped. The heating cycle was started so that the cuvette attained the desired operating temperature; 2-3 set 
after thts temperature was reached the heating of the sample cup was started. The metal vaporizes into a cuvette 
at a constant temperature. The metal vapour diffuses through the graphite walls and through the open ends. 
The absorption increases during l-2 set, reaches a maximum and decreases owing to diffusion losses. The heaters 
were switched off after about 10 sec. After a cooling time of about 1 min the furnace is ready for the next sample. 
A sample can thus be analysed every 6th min. 

The graphite cuvette could be used for 400-500 analyses at the temperatures used for metals such as zinc and 
lead. The graphite flakes off and the thickness of the walls decreases during the life-time of the cuvette. As a 
result of this the calibration curve will change slowly but the temperature remains constant as it is controlled 
optically. 

Reagents 

A synthetic stock salt solution for the preparation of standards for body fluids was made according to Dawson 
and Walker ‘* It contained NaCl 5.08 g/l., KC1 2.86 g/l., CaCO, 0.312 g/l., MgCl, .6 H,O 0418 g/l., 98% H2S04 
0.67 ml/l.. cont. HCI 8.7 ml/l.. NH4H2P04 3.09 g/l. For standards this solution was diluted 50 times. 

RESULTS AND DISCUSSION 

Evaporating couditions 

The vaporization conditions were determined for each metal by introducing standard 
liquid samples into the sample cup, drying and ashing at different voltages of the sample- 
cup heater. A voltage sufficient to vaporize the metal into the heated graphite cuvette was 
then applied and the absorbance was measured. The procedure was repeated and the 
absorbance was plotted US. the ashing temperature, see Fig. 2. The temperatures were 
determined by using a thermocouple or an optical pyrometer. The maximum permissible 
ashing temperatures were found to be 420” for Zn. 1180” for Mn and 900” for Co. The 
melting points are zinc 417”. manganese 1244”. cobalt 1495” and cobalt chloride 724”. 
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Fig. 2. Ashing temperatures for Zn (V), Co (0) and Mn (0) in an inorganic salt solution. 
40 ng of Zn (307.6 nm), 1.5 ng of Co (2W7 nm) and 0.5 ng of Mn (279.5 nm) were determined in 

N-fold diluted matrix solution. 

It thus seems likely that the chloride in the matrix provided by the standard text solution 
decreases the vaporization temperature of cobalt. The decrease in recovery of cobalt 
starts more slowly than it does for the other metals, which might indicate a mixture of 
cobaltous compounds. Gorsuch IQ has shown that dry-ashing of zinc in the presence of 
chloride results in large losses, but that these can be reduced by the presence of sodium. The 
matrix used contains large amounts of sodium chloride, which reduces zinc losses. The 
operating temperature for actual samples should be below that at the knee of the curve as 
the vaporization temperature might be slightly dependent on the dominating anion 
in the sample. For actual biological samples there might be a loss of low-melting 
zinc compounds even at temperatures considerably below 420”. A separate investigation 
with different equipment is necessary in order to study this source of error. In the present 
set-up, smoke and salt make measurements during ashing impossible. Investigations of the 
conditions necessary for complete ashing were made with a hydrogen lamp instead 
of the hollow-cathode lamp. Smoke and salt produced a non-specific absorption whereas 
the specific metal resonance absorption could be neglected when this lamp was used. 

Amount of salt. pp 

Fig. 3. Salt effect on the absorption of Mn. Co and Zn. 
The upper curves show the depression effect on resonance absorption in presence of the salt. The 

lower curves show the non-specific absorption and scattering by the salt. 
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It was found that the temperature needed for complete ashing was higher for Zn than 
the temperature at which vaporization losses occurred. It was therefore necessary to apply 
a correction for the non-specific absorption ,and this correction was obtained from a 
separate run on a similar sample, with a hydrogen lamp. Complete ashing was possible 
for Mn, Ni, Cr, and Co without losses of metal. 

A 

03. 

02. 

01. .I;\ 
210 220 230 240 250 260 2?0 260 290 

"In 

Fig. 4. Absorption of 4 pg of synthetic salt as a function of wavelength, obtained with a continuous 
light source. 

Samples to be analysed for zinc were ashed at a temperature at which the losses were 
negligible (400”). The ashing was thus incomplete but most of the organic material was 
removed. A temperature sufficient for complete vaporization was set (1250”) and the analy- 
sis was performed as described under “Experimental”. Two absorption peaks were 
obtained on the recorder. The first was caused by residual organic material, as shown by 
a similar run with a hydrogen lamp. The second peak, which for small residues is separated 
from the first, represents the sample resonance absorption. Matou*sek and Stevens’ noted 
a similar time separation between organic material and metals. Segar and GonzaleszO 
tried selective evaporation as a means of separating metals and separating them from 
major salts in sea-water. The method was unsuccessful for Zn, Cd, Pb, and Ag but showed 
some success for Cu, Fe, Mn, Co, Ni, and V. In sea-water the method was successful only 
for Fe. 

Salt effects 

The influence of various amounts of the synthetic salt solution described above was in- 
vestigated with the hollow-cathode lamps, using the lines at 240.7 nm for Co, 403.1 for Mn 
and 307.6 for Zn. The lower part of Fig. 3 shows how the lines were attenuated because 
of the non-specific absorption and scattering when the amount of synthetic salt was in- 
creased. 

Figure 3 also shows another effect of the presence of larger amounts of salt, namely a 
decrease in the selective absorption. The zinc was vaporized at a slower rate than Co and 
Mn. Salt decreases the rate of heat transport in such a way that the ratio of atomization 
time to mean lifetime of zinc in the cuvette increases. This affects the peak height.’ 

The wavelength-dependence of the non-specific absorption was also studied by means 
of the hydrogen lamp. This absorption was found to be highest at 230 and 245 nm as 
shown in Fig. 4, but is so large that it cannot be neglected in any part of the range investi- 
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Table 1. Recovery tests for Co and Zn in ussue samples 

Element Type of 
(wavelength, nm) sample 

Standard 
addition. ng Found, ng Recovery, “/;, 

co (N37) ~y~ar~urn - 0.0 
Myocardium 6.5 6.9 106 
Myocardium 8.5 8.2 96 

Zn (307.6) Pancreatic tissue - 0.0 
Pancreatic tissue 22.0 240 109 
Pancreatic tissue 42.0 43.0 102 

Table 2. Sensitivities and detection limits in organic matrices for 
elements determined 

Element 
fwavelength, nm) 

Co (2407) 
Mn (279.5) 
Mn (403*1) 
Zn (213.9) 
Zn (307.6) 

~siti~ty,~g 

9 x lo-r2 

; ; ;;I:: 

7 x lo-‘4 
6 x lo-” 

Det limitt 
in a 200-jig 

tissue sample, rig/g 

45.0 
3.5 

400 
035 

3000 

* Extrapolated values from calibration curves 
7 Det limit corresponds to about 1% absorption and is calcu- 

lated from sensitivity data. 

Table 3. Effect of dry ashing of tissues at the ashing temperature used for Zn (420”) 

Total After 
Type of tissue weight, w ashing, H Residue. “/, 

Ashing in Myxine-liver 377 76.5 20.3 
the cuvette Myxine-liver 354 6.50 18.4 

Ashing in a M yxine-Iiver 271 588 21.7 
muRe furnace Myxine-liver 206 521 25.3 

Myxine-islets 98 15.0 15.3 
Myxine-islets 165 35.1 21.3 

Mean 20.4% 

Table 4. Zinc content in some solid tissues from hamsters 

Type of sample 

Pancreatic islets 
Pancreatic tissue 
Myocardium 

Range, Values obtained 
Number of myjf~g with Same AAS * 

determinations wet weight mg/lOO g wet weight 

4 7.1-to.4 6-13 
4 1*1-1.5 l-I-2.4 
8 1 Q-2. I - 
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gated. This absorption is likely to result from scattering by condensed particles as well 
as from molecular absorption. 

The upper limit of the amount of salt which can be present in an analysis will depend 
on the salt composition and it will probably also depend on the dimensions and construc- 
tion of the cuvette. The lowest concentration of an element that can be determined in a 
tissue can be calculated from this maximum sample weight and the detection limit for the 
element. The maximum weight of tissue which could be analysed before interference from 
the salt was found to be 200 pg dry weight, for Zn at 213.9 nm. 

Table 5. Metal contents in hagfish (mg/lOOg wet weight, 
mean values) 

Type of sample Zn Mn co 

Liver 3.5 0.15 0.06 
Skeletal musculature 2.9 0.10 - 
Pancreatic islets I.7 0.42 010 

Recovery and sensitivity 

Standard additions were made with the appropriate metal and the synthetic salt solution 
to samples of heart and pancreatic tissues. The results are shown in Table 1. The cobalt 
and zinc contents of the tissues used were below the detection limit. A comparison of ana- 
lytical curves made from standard additions and directly from standard salt solutions 
showed the results were identical. 

Standard solutions were analysed and the amount of metal which produces 1% absorp 
tion. i.e., the sensitivity, was calculated and the result is shown in Table 2. The sensitivities 
found are about the same as those reported by L’vov and better than those reported for 
commercial instruments. 

The relative standard deviation was about 5% when standard solutions were used. The 
evaluation was made from the peak height on the recorder. 

The losses of weight when the samples were ashed in platinum boats in the cuvette and 
in an oven with an air atmosphere at 420” for 15 min were compared. Table 3 shows that 
direct ashing in the graphite furnace destroys the same amount of material as ashing in 
air. 

Some typical results are given in Tables 4 and 5. To make these results comparable with 
published data the values given are referred to wet weight of tissue, it being assumed that 
the dry weight of the sample was 25% of the wet weight. The values in Table 4 can be com- 
pared with those obtained with flame AAS by Havu. 21 There is good agreement between 
the results obtained by the flame AAS and the flameless AAS. 

For Myxine, however, there are no references for Zn, Mn or Co, but it has been shown 
that Mn can take part in the liberation of insulin. Our investigation indicates good agree- 
ment with the values reported by Havu (Table 4) and there was a four times higher con- 
centration of manganese in islets than in normal tissues. 

Samples weighing a few micrograms may show an inherent variation in composition 
compared with larger samples which may level out some inhomogeneities. Such effects will 
be studied separately as well as the effects of various dissection procedures. 
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Zusammenlassun-Ein Graphitofen mit geregelter Temperatur zur Atomabsorptionsanalyse 
wurde gebaut und getestet Die Temperatur des Graphitrohrs wurde mit einem infrarotempfind- 
lichen Detektor iiberwacht. Die Proben wurden direkt oder iiber einen getrennt geheizten Gra- 
phittiegel eingeftihrt Mikropro~n von &tern biologi~hem Gewebe wurden din&t auf Zn, Mn 
und Co analysiert; die Empfin~~hkeiten fur 1% Absorption betrugen 0,05,2 bxw. 10 pg. Der Salz- 
gehalt des Gewebes begrenzt wegen nichtspezifischer Absorption die ProbengroBe. Die Veras- 
chungsbedingungen wurden untersucht und bei Zn fur besonders kritisch befunden. 

R&m&-On a construit et essaye un four en graphite ti temperature controlee pour l’analyse par 
absorption atomique. La temperature du tube en graphite est controlde par un detecteur sensible 
a l’infrarouge. Les ~hantillons sont in~odu~ts direetement ou par ~inter~diaire dune capsule 
en graphite chauffee dpar&ment. Des micro-&hantillons de tissus biologiques solides ont et& analy- 
s& directement pour Zn, Mn et Co, et les sensibilites pour 1% d’absorption ont et& respectivement 
de 0.05, 2 et 10 pg. La teneur en se1 du tissu limite les grosseurs des Cchantillons a cause de 
l’absorption non specifique. On a etudib les conditions d’incineration et les a trouvees 
particulibrement critiques pour Zn. 
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Summary-Reaction rates between water and the Karl Fischer reagent have been determined by 
potentiometric measurement for various compositions of the Karl Fischer reagent. The study has 
been made with an iodine complex concentration of 0.3-1.2 mM and sulphur dioxide complex at 
O.Ol-05M. The concentration of excess of pyridine had no measurable effect on the rate of the 
main reaction. The reaction was found to be first-order with respect to iodine complex, to sulphur 
dioxide complex. and to water. The rate constant was (I.2 k 0.2) x IO3 1’. mole-‘. see-‘. In an 
ordinary titration it is therefore essential to keep the sulphur dioxide concentration high for the 
reaction to go to completion within a reasonable time. The extent of side-reactions was found to 
be independent of the iodine concentration at low concentrations. The side-reactions increased 
somewhat with increasing sulphur dioxide and pyridine concentrations and decreased to about 60% 
when the temperature was lowered from 24” to 7”. 

Since its introduction in 1935 many variations in the composition of the Karl Fischer re- 
agent have been described in the literature. Stoichiometrically, 1 mole of iodine, 1 mole 
of sulphur dioxide and 3 moles of pyridine are necessary for each mole of water. The pyri- 
dine enters the reaction as complexing agent for the other constituents. 

C,H,N. I, + C,H,N. SO* + CH,OH + H,O -, 2 C5HSNH+. I- 

+ CSHSNH+. SO&H;. (1) 

Smith, Bryant and Mitchell’ recommend a three-fold excess of sulphur dioxide and pyri- 
dine. A hydroxylic solvent like methanol is also necessary in order to obtain a complete 
reaction. Kolthoff and Elving’ state that the most widely used reagent is prepared as a 
methanolic solution containing the other components in the ratio 12:3 SO,: 10CSH,N. 
There seems to be no systematic investigation which relates the composition to the func- 
tion of the reagent. 

It is known that parasitic side-reactions’ take place in the reagent and that these cause 
difficulties in the storage of standardized solutions. A number of preventive measures have 
been tried, e.g., cold storage, splitting into two solutions, use of methylcellosolve or forma- 
mide, etc. instead of methanol. The effect of the side-reactions is not limited to a decrease 
of the titre, as there are also side-reactions at the end-point when nearly all the iodine has 
been consumed. Clearly these latter cause more difficulties as they give rise to drift of the 
end-point whereas the former can easily be controlled by standardization. The nature of 
the side-reactions taking place in the vicinity of the end-point is not known, but it has 
been observed33 4 that the rate is nearly independent of the iodine concentration within 
the range 0-1mM iodine complex. 

The rate of the electrode response in the indicating system will of course be critical in 
the determination of the homogeneous reactions taking place in the reagent. A study of 
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the electrode response has been made and is reported in a separate paper5 together with a 
coulometric procedure for the trace determination of water. It was shown that the response 
was rapid when the concentration of the iodine complex was at least O*lmM in excess at the 
end-point. A potentiometric procedure was described and it has been used in the present 
investigation. 

EXPERIMENTAL 

The cell has been described earherS as well as the source of the chemicals. The sampie com~rtment was filled 
with 4.0 ml except where stated otherwise. The reference and auxiliary chambers were filled with Karl Fischer 
reagent to the same level. Some of the added sulphur dioxide will be stoichiometrically consumed by the iodine 
added In order to obtain an accurate measure of the excess of sulphur dioxide, it was determined iodimctrtcnlly 
in water solution. An excess of iodine was added and back-titrated with thiosulphate. 

An LKB 16300 Coulometric Analyser was used in a constant current mode, i.e., a constant current was passed 
through a generating electrode-pair. The anode was located in the sample compartment and the cathode in the 
auxiliary compartment. The concentration of the iodine complex thus increased linearly with time. The indicating 
electrode system of the cell, described earlier,s was used to follow the reactions in the solution. It was connected 
to a digital voitmeter, and the potentiaf readings were noted as a function of time. 

The response of the reagent towards stepwise changes in the water content was studied by addition of S-1Od 
of methanol-water mixture with a Hamilton syringe. The response of the indicating electrode system was moni- 
tored on the voltmeter as described above. The generating current was of course switched off during that time. 

RESULTS 

The muin reaction 

The relation between the electrode potential of the indicating electrode system and the 
concen~ation of the iodine complex (C5HSN. I& was determined from a titration curve 
obtained by generation of small amounts of iodine. Such a titration curve is shown in the 
inset in Fig. 1 and the abscissa gives the number of pmoles of complex in 4.0 ml of Karl 
Fischer reagent. A separate curve was made for each reagent composition and it was 

Time, min 

Fig. 1. The influence of various concentrations of sulphur dioxide on the rate of reaction at an 
initial iodine complex concentration of I.OmM. 1.4 pmoles of water were added so that the final 
iodine complex concentration was 0.65mM. [SO,]:(A) O*OlM, (a) 003M, (0) QO6M, (0) 0.17M, 
(0) @50M. The left inset curve shows the redox potential of the indicating electrode system as a 
function of Fole of iodine complex generated The right inset curve shows the redox potential 
as a function of time when 1.4 ymoles of water were added to the sample compartment. Curve 

(A) 0.01 M S02. (B) 0.03M SO?, (C) @I 7M SOz. 
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repeated each day in order to cancel changes in the reference electrode potential. These 
titration curves were used to calculate the amount of water reacted at a certain time. The 
right-hand part of the inset in Fig. 1 shows the response of the indicating electrode when 
1.4 pmoles of water were added rapidly to the solution in the cell. 

The response time of the indicating electrode system was checked by rapidly generating 
a small amount of iodine and noting the electrode response. The combined mixing and 
electrode response time was found to be 2-5 set in the interval 0.3-I .5mM iodine complex 
and was independent of the concentration of the other components in the solution. This 
time delay and its variation are superimposed on all results presented in the following. 

0 12345676 

Time, min 

Fig. 2. The mfluence of various concentrations of sulphur dioxide on the rate of reaction at an 
initial iodine complex concentration of 0.35mM. 0.35 pmole of water was added. 

[SOz]: (0) 0.03M. (0) 0.06A4, (A) 0.17M, (0) 05OM. 

The influence of the pyridine-sulphur dioxide complex concentration on the reaction 
rate was studied in a methanol solution 1 .OmM in iodine complex, 0.2M in pyridinium iodide 
and 1M in pyridine. The concentrations of sulphur dioxide were determined by 
analysis so that the amount of pyridinium methyl sulphate formed could be taken into 
account. Figure 1 shows the result and it is seen that the reaction becomes very slow for 
low concentrations of sulphur dioxide. Figure 2 shows a similar experiment in which a 
lower concentration of iodine complex was used and it is seen that the reaction rate has 
decreased further. Figure 3 shows the variation of reaction rate with the iodine complex 
concentration, with a magnified time scale. During the reaction this concentration will de- 
crease by 0.088mM in the runs shown in Figs. 2 and 3 and 0.35mM in Fig. 1. Figure 3 
also shows the effect of a decrease in the temperature from 24” to 7” and it is seen that 
the temperature-dependence of the main reaction is rather low. 

The total pyridine concentration was varied in the range @7-3M in order to study its 
influence on the rate of the main reaction. The rate seemed to be independent of the pyri- 
dine concentration. In all cases there was an excess of pyridine of at least 0.M over the 
amount required stoichoimetrically. 
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V I I I 1 I I 
0 IO 20 30 40 50 60 

Timr, SW 

Fig. 3. The rate of reaction at a constant concentration of 05OM sulphur dioxide as a function 
of the iodine complex concentration and the temperature. @35 pmole of water was added. 

(0) IGnnSf C5HsN.II at 24”, (A) 1QmM CSHSN.II at 7”. (0) 0.35mM C,H,N!Ir at 24”, 
(A) 0-35mM CSH5N .I1 at 7“. 

Kinetics of the reaction 

From the results presented in Figs. l-3, the rate of reaction can be calculated for various 
combinations of reactant concentration and various assumptions of reaction order. The 
rate was determined graphically as the time derivative. A plot of pseudo second-order rate 
equation, where the sulphur dioxide complex was present in 046M excess, gave good 
linearity, proving that the reaction is first-order with respect to the iodine complex and 
also with respect to water. Table 1 shows the rate expression for a number of values of 

Table 1. Reaction rate and rate constant for various combinations of reactants 

Time, (C,HSN. I*), (C,HsN. Sol), (HzO)v 
set mM M M 

45 @81 0.030 OGOO16 
95 0.68, 0030 OGOO3s 
10 0.28 057 OGOOO18 
15 @27, 017 OGXtO16 
30 026s @17 OGOOOO7 

: 030, 0060 0.27, @ofjO E 

120 @266 0060 o+mmo4 

4W-W. 121 
dr 

mole.l-‘.sec-’ 

3.8 x 1O-6 
@9 x 1o-6 
3.0 x 1o-6 
1.05 x 1o-6 
0.4, x 1o-6 
1.25 x 1o-6 
03, x lo-” 
09, x lo-’ 

k. 
IO’.l’.mole-‘.sec-’ 

I.0 
1.3 
1.2 
1.4 
1.3 
1.4 
1.4 
1.4 

Mean value: 1.3 

the concentrations. It was found that the experiments could be satisfied by the following 
equation : 

_ d CC,HsN.I,l 
dt 

= k . [C5H5N. I21 . [C5H5N. SOJ . [H,O]. 

The rate constant, k, includes any possible contribution from the pyridine and methanol, 
which were always present in a large excess. The rate constant calculated from equation 
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(2) shows good constancy. Tests of other kinetic models could not be made to fit at all. 
As the concentrations vary over a large range such a test becomes quite sensitive. 

The rate constant found, k = (1.2 & 0.2) x 1 O3 . l2 . mole- ’ . set- ’ can be used to calculate 
the reaction rates in cases where it is difficult to make accurate measurements and to differ- 
entiate between slow electrode response and slow reaction. If 1.8 pg of water are titrated 
coulometrically in 4.0 ml of the solution used by the author in an earlier paper5 (0.5 M 
sulphur dioxide complex. 0.1 M iodine complex, 1 M pyridine) 82 set will be required for 
99.9% reaction and 54 set for 99.07; reaction. It was assumed that the iodine complex con- 
centration was kept around 0*15mM. 

Side-reactions 

The extent of the side-reactions at the end-point was measured by connecting the 
titration cell to the coulometric analyser in the normal operating mode as described ear- 
lier.5 A decrease in the concentration of the iodine complex from the preset value resulted 
in generation of more iodine and the amount was measured by the integrator of the instru- 
ment as a function of time. The cell was filled with 4.0 ml of reagent and the amount of 
iodine generated was noted. Then another experiment was made with 2.5 ml of reagent 
of the same composition. It was found that the rate of iodine consumption was approxi- 
mately proportional to the reagent volume. This proves that the cell was gas-tight and that 
the observed effects were due to homogeneous reactions in the reagent. 

Table 2 shows the drift expressed as pg of water/min for different concentrations of pyri- 
dine and sulphur dioxide complex at two temperatures. There was a significant decrease 
in the drift with temperature. The drift was only slightly influenced by the amounfof pyri- 
dine and even less by the amount of sulphur dioxide complex. The concentration-depen- 
dence of the drift is so low that it should be safe to conclude that these components are 
not directly involved in the kinetics of the side-reaction. 

Table 2. Drift expressed as pg of Hz0 pet min in 4 ml of reagent as a function 
of the concentration of sulphut dioxide, pytidine and the temperature 

Temp.. CGH,Nl Drift. &nzn 
“C M 0.03M SO2 0.17M SO2 0.5M so1 

24 0.5 0.18 0.21 - 
0.7 - - 0.22 
1.0 - - 0.23 
1.5 0.23 0.29 0.34 
3 - - 0.38 

7 0.5 0.15 0.15 - 
0.7 - - 0.13 
I .o - 0.15 
1.5 0.17 0.18 0.22 
3 - - 0.32 

The effect of the iodine complex concentration on the drift was investigated by compar- 
ing the drift in a reagent when the generating system was in operation all the time and 
when it was switched off for some period. When the generation was stopped, all the iodine 
was successively consumed and after some additional time during which no iodine com- 
plex was present. the generating electrodes were switched on again. Then there was an im- 
mediate generation of iodine until the original concentration was reached again. It was 
found that the drift was independent of whether the iodine complex was present or not, 
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This experiment was repeated for a few compositions with various amounts of sulphur 
dioxide and pyridine and the result was the same. It was observed earlier3* 4 that the drift 
is constant and independent of the iodine complex concentration. The drift values given 
by those authors are of the same size as those given above when the volume and composi- 
tion of the reagent are taken into account. For low iodine complex concentrations the 
extent of side-reactions seemed to be independent of even the presence of the iodine com- 
plex. The drift value was found to be higher than the decrease in titre of a fresh unspent 
Karl Fischer reagent with the same composition. The rates of side-reactions in an unused 
reagent are known to be dependent on the source of the pyridine and to decrease with 
the age of the prepared solution. It was also observed that the drift rate at the coulometric 
end-point was dependent on the make of the pyridine. 

The finding that the drift in the spent reagent was independent of the iodine complex 
would seem to contradict the mechanisms for the side-reactions given as possible explana- 
tions by Smith et al.,’ equations (3) and (4). 

I2 + SO1 + 3CSH5N + 2CHJOH--, CSH,N(CH3)S04CH3 + Z&H,NHI (3) 

I2 + 2S02 + 4C,HSN + 3CH,OH+ QH,NHSO,CH, + Z&H,NHI 

+ CSH,N(CH3)S04CH3. (4) 

DISCUSSION 

Close to the end-point of a titration the concentration of both water and iodine complex 
must be very low. In order to get as high a reaction rate as possible the concentration 
of the third constituent influencing the rate should be kept as high as possible. Even when 
the sulphur dioxide concentration is as high as 05M, which is higher than that normally 
used in the published procedures, the reaction still takes rather a long time, namely 54 
set to 99% and 82 set to 99.9% completion in the example given above. In this example 
the titration was made to a defined concentration of iodine complex, 0.1-O. 15mM. 
Attempts to titrate to a point corresponding to “zero” concentration of iodine complex 
will therefore fail, as the reaction slows down before “zero” concentration. 

For determination of small concentrations of water large samples are normally required 
and this will dilute the reagent so that the actual sulphur dioxide concentration becomes 
very low at the end-point. Of course, dilution with pure methanol in the titration vessel 
should be avoided and for standardization purposes pure water added with a rnicrosyringe 
should be considered as a better alternative than a larger amount of water-methanol solu- 
tion. Back-titration with water-methanol has been extensively used as it is assumed to give 
a better end-point. As shown in this paper the reaction may appear to stop at a false end- 
point if the reagent is diluted so that the sulphur dioxide concentration becomes low. This 
procedure may thus result in a systematic titration error and the water content of the 
sample may appear to be a function of the waiting time. 

Taking all these aspects into account it should be possible to formulate an optimum 
reagent composition for application in coulometric titrations: l.OM pyridine was chosen, 
as the rate of the drift increased with the pyridine concentration. A properly made Karl 
Fischer reagent should contain as small an excess of pyridine as possible as the rates of 
the side-reactions then become lower. There must be sufficient pyridine for complexing 
the other components and for neutralization of acids in the sample. A concentration of 
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l.OM pyridine was selected with these aspects taken into account, giving an excess of 
0.2M. The iodine concentration was selected to be 0.1 M as this, after reaction with water, 
produced a sufficiently high concentration of pyridinium iodide for 100% current efficiency 
at the generating electrode.5 A larger amount would have consumed more sulphur dioxide. 
Sulphur dioxide was added in an amount corresponding to 06M which, after reaction 
with water, gives an effective excess of sulphur dioxide complex of 0.5M. This was suffi- 
cient for the present application as the dilution with sample amounted to at most 203,. 
A survey of the literature. see, r.g., British Standards6 and ASTM,’ shows that most deter- 
minations are carried out with an actual concentration of sulphur dioxide complex around 
0.1 M. This results in a reaction five times slower than with the mixture recommended 
here. 

For manual titration with a burette, a procedure in which unnecessary dilutions are 
avoided will result in great improvement. In this case a thorough study of the titre stability 
should be performed before recommending a new composition. 
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which was supported by grants from the Swedish Board for Technical Development and from the Bengt Lund- 
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Zusammenfassung-Reaktionsgeschwindigkeiten zwischen Wasser und dem Karl Fischer-Reagens 
wurden durch potentiometrische Messungen bei verschiedenen Zusammensetzungen dcs Karl 
Fischer-Reagens bestimmt. Dte Untersuchung wurde mit Konzentrationen des Jodkomplexes von 
0.3-1.2 mM und des Schwefeldioxidkomolexes von 0.01-0.5 M durcheeftihrt. Die Konzentration 
des uberschiissigen Pyridms hatte keihen mel3baren EinfluB auf die Gischwindigkeit der Haupt- 
reaktion. Es wurde gefunden. dal3 die Reaktion in Bezug auf Jodkomplex. Schwefeldioxidkomplex 
und Wasser erster Ordnung ist. Die Geschwindigkeitskonstante betrug (1.2 + 0,2) 
x 10’ l’.mol-‘,sec- I. Es ist daher bei einer gowijhnlichen Titration wesentlich. da8 man die 
Schwefeldioxidkonzentratton hoch halt. damit die Redktion in angcmcsscncr Zcit ;~hpcschlosscn 
1st. Bei niedrigen Konzentrationen 1st das Ausmal3 der Nebenreaktioncn unahhanp~g bon dcr Jod- 
konzcntration. Die Nebenreaktionen nahmen mit stetgender Schwefeldioxid- und Pyridinkon- 
zentration etwas zu und fielen auf etwa 60:; wenn die Temperatur von 24’ auf 7’ gesenkt wurde. 

Rbum&-0n.a determine les vltesses de reaction entre l’eau et le reactif de Karl Fischer par mesure 
potentiometrique pour diverses compositions du reactif de Karl Fischer. L’etude a ite faite avec 
une concentration en complexe diode de 0.3-1.2 mM et en complexe d’anhydride sulfureux de 
0.01-0.5 M. La concentration de l’exces de pyridine n’a pas d’influence mesurable sur la vitesse de 
la reaction principale. On a trouve que la reaction est du premier ordre par rapport au complexe 
d’iode. au complexe d’anhydride sulfureux. et a I’eau. La constante de vitesse est (1.2 + 
0.2) x IO3 1’ .mole-’ ‘set-‘. Dans un titrage ordinaire. il est par consequent essentiel de mainten; 
elevee la concentration en anhydride sulfureux pour que la reaction sott complete dans un temps 
raisonnable. On a trouvi que le taux des reactions secondairesest independant de la concentration en 
iode am. faibles concentrations. Les reactions secondaires augmentent quelque peu avec I’aug- 
mentation des concentrations en anhydride sulfureux et pyridme et decroissent a environ 60% 
quand la temperature est abatssee de 24’ a 7.. 
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COMPLEXING PROPERTIES OF 
2-(2’-HYDROXYPHENYL)%HYDROXYQUINOLINE 
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(Recnved 27 Auyust 1973. Accrpted 6 Septmhrr 1973) 

Summary-The reactions of the new hgand, 2-(2’-hydroxyphenylbg-hydroxyquinoline wtth 
selected metal ions have been studied. With Co(H), Ni(II), Cu(II), Zn(II) and Cd(II), 1: 1 complexes 
are formed in solution which are considerably more stable than the corresponding complexes of 
8-hydroxyquinohne. With Al(IIIk stable 1: 1 and 2: 1 complexes are formed. With the aid of mole- 
cular models. the enhanced stability is attributed to the formation of a strain-free 5.6 bicychc che- 
late-rmg system. 

The metal complexes of 2-substituted %hydroxyquinoline ligands have been the subject 
of several studies. It is well known that 2-alkyl and 2-aryl substitution results in metal che- 
lates of lower stability than those of 8-hydroxyquinoline, presumably because of steric in- 
teractions which inhibit chelate formation.1-3 Of interest are 8-hydroxyquinoline ligands 
with 2-substituents containing a potential donor atom. It has been shown that for rigid 
ligands such as 4.5-disubstituted acridines, which can be regarded as 2-substituted 8-hyd- 
roxyquinolines, both the 2-substituent steric effect and chelate ring-strain may operate, 
with the result that terdentate co-ordination, if it occurs at all, may not necessarily lead 
to more stable chelates than those of 8-hydroxyquinoline.4 In studies with derivatives con- 
taining more flexible 2-substituents such as 2’-thienyl,” aminomethyl.” hydroxymethyl.” 
and carboxaldehyde oxime,h it was found that only the 2-aminomethyl derivative behaves 
clearly as a terdentate ligand and gives metal chelates substantially more stable than those 
of 8-hydroxyquinoline. With other ligands, low donor basicity and/or strain in closing the 
second chelate ring cause the formation of either terdentate complexes with little enhance- 
ment in stability, or bidentate complexes in which the 2-substituent behaves as a blocking 
group. 

We wish to report here on the complexing behaviour of a new terdentate ligand, 2-(2’- 
hydroxyphenyl)-8-hydroxyquinoline (HPQ). This ligand forms terdentate complexes of 
greatly enhanced stability and the principle upon which this behaviour is based could be 
of importance in the design of useful analytical reagents. 

EXPERIMENTAL 

All chermcals used were either of analysed grade or of a puritv suitable for the purpose intended. Reagent-grade 
I.Cdioxan was purified as described elsewhere.’ Stock metal& soluttons (-0.01 M) were prepared from the 
perchlorates and standardtzed by accepted EDTA procedures. 

2-(2-H vd~os~pherl~/)-8-/~,dros~~/uir~o/rrlr. HPQ was prepared as follows. To a fresh solution of 2-lithmm-lith- 
mm phenoxide (0.082 mole). prepared as described by Gilman and Arntzen.’ an anhydrous ether solution 
(100 ml) of I-methoxyqumoline (0.075 mole)’ was added dropwise with sttrring over a 30-min period The orange 

* Present address Atomic Energy Commission of Canada. Ltd.. Chalk River. Canada. 
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reaction mixture was snrred for an addinonal2 hr and then poured over ice. The aqueous layer was removed 
and neutralized to yield a mixture of a solid and an 011. Complete recovery of the product was ensured by extrac- 
tion of the ether layer with 200-ml aliquots of 2 M sodium hydroxide until no further precipitatton occurred 
on neutralization of the basic solution. Recrystallizatton from aqueous ethanol yielded a flaky yellow solid (a 
dihydro compound), m.p. 91-95’. Two grams of this compound were refluxed in 50 ml of nitrobenzene for I hr. 
Extraction of this solution with 200 ml of 2 M hydrochloric acid gave a yellow solid on neutralization. Recrystalli- 
zation from aqueous ethanol produced bright yellow crystals of 2-(2’-hydroxyphenyl)8-methoxyquinoline. m.p 
160-161~ ; yteld 2W;, (4 g), based on 8-methoxyquinoline. Four grams (0.016 mole) of this compound were refluxed 
for 24 hr in 48% hydrobromic acid. After cooling to 0”. the precipitated hydrobro~de salt was filtered 0% and 
dissolved in water. This solution was made b%IC and filtered to remove any insoluble matter. and the fiitriik 

neutralized The orange precipitate obtained was recrystallized from aqueous ethanol to give HPQ, m.p. 116 
117”; yield 16”6. based on 8-methoxyquinoline. Calculated for C,sH, ,OsN: C. 759%; H. S-06’,; N. 605”,. 
Found: C, 759”& H, 4.8%; N, 59%. The infrared spectrum (hexachloro-1,3-butadiene mull) showed two broad 
-OH absorption bands at + 3200 (as in 8-hydroxyquinoline) and at -2500 cm-‘. The band-shift to 2500 cm- ’ 
mdicates strong hydrogen-bonding of the 2’-OH group, probably intramolecularly to the ring nitrogen atom. 
Strong hydrogen bonding is also indicated by the large downfield shift (to IS.6 ppm) of the 2’-OH group m 
the lOO-MHz PMR spectrum; the 8-OH resonance is at 166 ppm. Integration accounted for the correct number 
of protons. The involvement of the 2’-OH group in hydrogen bonding was confirmed by the PMR spectrum 
of 2-(~-hydrox~henyl~8-methoxyquinotine in which a single -OH resonance at 16 ppm IS observed. The 
absence of the Hz resonance (a quartet) in the spectrum of HPQ showed that substitution of the hydroxyphenyl 
group had occurred in the 2-position of the quinoline nucleus. The mass spectrum gave a parent-ion peak (nrie = 
237) corresponding to the calculated molecular weight. HPQ absorbs strongly in the ultraviolet region: for 
HsL+ (pH I),< = 4.1 x 1041. mole-’ cm-’ at i.,, = 290 nm: for H,L (pH 7).e = 4.2 x IO’at i.,,,,,, = 277 nm: 
forHL- (pH 12),e = 3.0 x 104at I,,, = 291 nm. In the range pH 13-I 5. the spectra Indicated a further drssocrntion 
to L-2. 

Test-tube reactions of NPQ 

The reactivity of HPQ was determined in test-tubes with drop quantities of 24 different metal-ion solutions 
(-@02 M) and an excess of the reagent (alcoholic solution). The pH was fixed at 1.0, 26. 5.0, 7.5 and 10-O with 
a small quantity of appropriate buffer solutions. The aqueous phase was extracted with a few ml of chloroform. 
The appearance of a precipitate or a colour in either the aqueous or organic phase was noted 

Appropriate metal-ion and reagent blank tests were made. As expected, HPQ is not seiective, parttcularly at 
pH 10. Of special note was a positive test recorded for Al(III). 

Acid dissociation constants 

The pK(NH) and pK(8-OH) values were obtained potenttometrically in SOY/, v/v aqueous dioxan at ionic 
strength &1 (adjusted with sodium perchlorate) and 25”. using a weighed quantity of -@7 mmole of HPQ. The 
titration procedure, the value of the correction factor and of pK,, and the method of calculation were essentially 
as described previously. ‘*to Corrections were made for sodium-ion error and volume contraction of aqueous 
dioxan solutions. In equations for [HsL+] and [H,L], the terms([HL-] f CL’-If and EL*-], respectively, were 
ignored Because of its high value, pK(Z’-OH) was determined spectrophotometrically. Absorbance measure- 
ments were made at two chosen pH values and the following equation was solved for K(2’-OH): 

K(2’-OH) = {e,+.C,_([H+]2 - [H+]r) + A,[H+], - A:[H+]r)/(A2 - A,), 

where C, = analytical concentration of HPQ. The value ofen,_ was obtained at pH 12, where [H,L] and CL”-] 
are negligible. A series of &Y-OH) values was obtained at 302 and 291 nm. using several pairs of calculated 
pH values in the pH range 135-14. The pK vafues for HPQ are: pK(NH) = 2.74 + 0.02. pK(8-OH) = 10.28 + 
0.02. pK(Y-OH) = 143 & 0.3. 

petal-chelate~r~r~on constants 

These were determined potentiometrically m the usual manner4.” using 5.00 ml of standard metal-ion solu- 
tion (-O-01 M) and HPQ:metal-ion ratios of 1: 1.2: 1 and 3: 1 [S: 1 for Al(III)]. The hydrolysis curve of each 
metal ion was obtained by titration in the absence of ligand. For the 2+ Ions. analysis of the trtration curves 
and Job plots suggested that only 1: 1 complexes are formed. Thus, rt was possible to calculate a formation con- 
stant for each point in that part of the titration curve over which chelation occurs. using K, = ti/(l - ri)[L’-1. 
The final value of the formation constant was taken as the mean value in the li range e2-0.8. The general equa- 
tionsof Hearon and Gilbert4 were used for the calculation of [L’-) and il. For AI( a 2: I complex is formed: 
below Tf = 0.8, a drift in pH occurred (see Discussion), causing a distortion in the formatron curve, and reliable 
values of K, could not be obtained: nevertheless, Bjerrum’s ii/2 method was used to get approximate values of 
K, and K2 Formation constants for the metal-ions studied are given in Table I. 
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Table 1. Formatton constants of HPQ with selected metal ions, 50% v/v 
aqueous dioxan, ionic strength = 0.1.25” 

logK, logK, 

Al(W) 19.8 + 0.5 (11.98) 14.9 +_ 0.1 
Co(I1) 15.42 k @02 (9.65)h - 
Ni(I1) 1600 + 0.03 (10.50)h 
Cu(I1) 2360 i 0% (13.29)h - 

Zn(I1) 15.82 f 0.04 (9.45)’ - 
Cd(I1) 12.57 + 0.03 (8.22) 

The numbers in brackets are log K, values for the corresponding I-hydroxy- 
quinolinates, for which the Al(II1) and Cd(I1) values were determined in the 
present work. The precision measure for the HPQ formation constants is the 
average deviation from the mean value given by several titrations. 

DISCUSSION 

The synthesis of HPQ has been previously reported by Towle” who was interested in 
the potential antiseptic properties of the compound. Towle’s procedure, which does not 
employ an oxidizing agent (e.g., nitrobenzene), gave a yield of 1%. The use of nitrobenzene 
as reported above increased the yield 16-fold. A mild oxidant is required for the oxidation 
of the 1,2-dihydro compound which results from hydrolysis of the intermediate of the 
organolithium reaction. Evidence for the dihydro compound was obtained from the in- 
frared and mass spectra of the hydrolysis product. In Towle’s report, a complete character- 
ization of HPQ was not made. The characterization reported herein provides conclusive 
evidence for the synthesis. 

The low pK(NH) value (2.74) of HPQ relative to that for 8-hydroxyquinoline (4*16)6 
could be attributed to steric hindrance to solvation of the protonated nitrogen, owing to 
the 2-substituent5*’ and to hydrogen-bonding between the 2’-OH proton and the ring 
nitrogen atom. The infrared and PMR evidence for such bonding is supported by Cour- 
tauld molecular models. This interaction would also account for the decreased pK(8-OH) 
value (10.28) compared to that for 8-hydroxyquinoline (1 1.20),6 since bonding of the &OH 
proton to the nitrogen atom would be inhibited and an increase in acidity expected. The 
precision (kO.3) of the pK(Z’-OH) value is poor for several reasons, primary among which 
are a slow decomposition of HPQ in strongly basic solutions, non-constancy of ionic 
strength because of the high concentrations of alkali required, and incomplete dissociation 
of sodium hydroxide in the medium.” 

The titration curves for the HPQ complexes of Co(II), Ni(II), Cu(II), Zn(I1) and Cd(I1) 
were of a simple form, yielding a single buffer zone in the range pH 5-75 [for Cu(II), 2.5-31 
corresponding to the release of two protons per metal ion. Job plots, which were ideal in 
shape, showed the stoichiometry of the complexes to be 1: 1, i.e., of the type ML with both 
-OH protons liberated on chelation. These plots were obtained at 290 nm and at pH 8 
(i.e., beyond the pH range for the formation of ML). Under the conditions used, no poten- 
tiometric or spectrophotometric evidence was obtained to suggest the formation of com- 
plexes of the type ML:-. In the titrations, precipitation of the Cu(II), Zn(I1) and Cd(I1) 
chelates occurred, but sufficient results were obtained before the precipitation to allow 
computation of the formation constants. Although the pH range for reaction between 
HPQ and Cd(I1) was 7-8. the precision of the formation constant calculated from results 
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for titrations of different molar ratios was good, suggesting that hydrolysis was noi h ser- 
ious problem. Also, hydrolysis of water co-ordinated to the terdentate complexes was not 
observed in the range pH S-10. as has been found with 1: 1 (cationic) complexes of other 
terdentate ligands.4 We conclude that for the HPQ complexes, it must occur at a higher 
pH range as a result of the formation of both neutral and more stable chelates. Our 
attempts to prepare solid metal chelates in high purity for analysis failed. due primarily 
to pre~pitation of the ligand, but the results obtained corresponded much more closely 
to 1: 1 than 2: I complexes. 

The reaction of HPQ with Al(II1) is more complex. For each reactant molar-ratio (i.e., 
1: 1, 2: 1 and 5 : 1 ), a buffer zone was observed in the range pH 3.5-5.0, corresponding to 
two protons per Al(II1) ion. This pH range decreased with increasing molar ratios, suggest- 
ing that the proton release is due to chelation rather than hydrolysis. Since the titration 
for a 1: 1 molar ratio also yielded two protons per Al(III), the reaction must correspond 
to the formation of a 1: 1 terdentate complex. For the ratios 2: 1 and 5: 1, a second buffer 
zone also corresponding to two protons per Al(II1) ion was observed at pH 6-8. The pH 
range of this zone decreased with increasing molar ratio, indicating the formation of 
AlL;. Beyond pH 8, the titration curves for the 2: 1 and 5 : 1 molar ratios could be quan- 
titatively interpreted in terms of the amount of free ligand calculated to be present on the 
basis of a 2: 1 stoichiometry for the complex. For the 1: 1 moIar ratio, two regions of pro- 
ton release were observed above pH 5 (at -pH 7 and 9), each corresponding to a one- 
proton release. During the titration, an orange-yellow precipitate appeared at about pH 7 
and redissolved above pH 9. These results suggest the formation of AlLOH and 
AlL(OH);. 

The formation constants for the Al(III~HPQ complexes were interpolated from the ri 
curve which, apart from a small distortion in the E range @2-O%, was classical in form, 
with plateaux at E = 1.0 and 2.0. The distortion can be traced to a downward drift in pH 
readings, beginning at -pH 3.7, when the titration solution is allowed to stand. The drift 
is not due to either the formation of a solid phase or to simple Al(II1) hydrolysis, even 
though partial hydrolysis of AI(II1) has occurred by pH 3.7. The reactions which are in- 
volved in the hydrolysis of Al(II1) have been studied extensively. There is agreement that 
polymeric hydroxo species predominate over mononuclear species, and that a character- 
istic of these species is their slowness in reaching equilibrium. Turneri has shown that 
the reaction between 8-hydroxyquinoline and such polymeric Al(II1) species is slow. A 
similarly slow reaction with HPQ would account for the drift in pH-meter readings. This 
condition means that the reaction between HPQ and Al(III) (in polynuclear form) is 
mechanistically complex and that during titration, it was not at equilib~um in the pH 
range corresponding to the first buffer zone. Thus, the value for log I(, must be regarded 
as questionable. 

The 1: 1 complexes of HPQ are much more stable than the corresponding 1: 1 complexes 
of both S-hydroxyquinoline (Table 1) and the 2-alkyl and aryl substituted derivatives,’ 
providing strong evidence that HPQ functions as a terdentate ligand. The complexes are 
also considerably more stable than the reported 8-hydroxyquinoline derivatives with 2- 
substituents bearing potential donor atoms. For example, the Cu(II) complex is 14.5 log 
units more stable than the 1: 1 4,5_dihydroxyacridine complex,4 even though the total 
donor atom basicity of HPQ is only 2 pK units greater. Because of the chelate-ring strain, 
4,5-dihydroxyacridine behaves as a bidentate ligand in which the unto-ordinated -OH 
group acts as a sterically hindering group.4 Molecular models (Courtauld) show a high- 
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strain barrier to the formation of a bicyclic chelate-ring system in which each ring contains 
five members. The strain is eliminated, however, if the 2-substituent is flexible and contains 
a donor atom situated such that a 5,6 bicyclic system is formed. This is the case with HPQ ; 
the models show an essentially strainless fit for terdentate co-ordination. In turn, terden- 
tate co-ordination results in the elimination of the 2-substituent steric effect, a more 
favourable entropy factor (e.g.. in terms of particle numbers), and a more favourable 
enthalpy term (e.g.. an M-OR bond vs. an M-OH2 bond). 

It is of special interest to compare the complexing behaviour of HPQ with that of 2- 
hydroxymethyl-8-hydroxyquinoline (HMQ). Stevenson and Freise#’ were unable to con- 
clude from stability data whether HMQ behaves as a terdentate ligand in solution. Con- 
struction of models suggests, however, that formation of a terdentate complex (i.e., 5,5 
bicyclic system)involves ring strain which would reduce the stability from a maximal value; 
replacement of the -CH,OH substituent by a -CH,CHIOH group would yield a more 
effective ligand. An additional factor with HMQ involves the very weakly acidic nature of 
the side-chain -OH group. Once complexed to a metal ion, a very stable -0-M bond 
should result; however, the pH range required for this particular interaction may be so 
high that hydrolysis would result. It is possible that the pH range over which Stevenson 
and Freiser computed fi data was such that the -OH group either remained uncomplexed 
or was involved in a weak interaction as M---O-R. These two possibilities may not 

!I 
apply to the Cu(II) complex, which is apparently so stable that its formation is complete 
at low pH. The Cu(II)-HPQ complex is also extremely stable and was noted to behave 
similarly in the present study. 

HPQ and 2-aminomethyl-8-hydroxyquinoline (AMQ)6 are the only two reported 2-sub- 
stituted derivatives which clearly form terdentate complexes. In the case of HPQ, the 
orientation of the donor atoms yields an unstrained 5,6 bicyclic ring system. For AMQ, 
the models suggest that some strain exists in the 5,5 ring system but apparently it is not 
sufficient to reduce the formation constants to the level of those for 8-hydroxyquinoline. 
The formation constants for the complexes of 2-aminoethyl-8-hydroxyquinoline would be 
most interesting in this regard, but we have not been able to synthesize this ligand. 

The present work suggests that the most stable complexes derived from terdentate 
ligands based on 2-substituted 8-hydroxyquinoline will result from the formation of a 
strain-free 5,6 bicyclic chelate-ring system (in conjunction with the selection of a suitable 
donor atom). Such ligands would be useful, for example, as sequestering agents or spectro- 
photometric reagents, or even as titrants after sulphonation to enhance aqueous solubility. 
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Zusammenfassung-Die Reaktionen des neuen Liganden 2-(2’-Hydroxyphenyl)_8-hydroxychinolin 
mit ausgewiihlten Metallionen wurden untersucht. Mit Co(H), Ni(I1). Cu(I1). Zn(I1) und Cd(H) 
werden in Losung 1: 1-Komplexe gebildet. die wesentlich stabiler sind als die entsprechenden Kom- 
plexe rnit 8-Hydroxychinolin. Mit Al(II1) bilden sich stabile I: l- und 2: I-Komplexe. Mit Hilfe von 
Betrachtungen an Molekillmodellen wird die erhohte Stabilit& der Bildung emes spannungsfreien 
5,6-bicyclischen Chelatringsystems zugeschreiben. 

R&mm&--On a emdie des reactions du nouveau coordinat. 2-(2’-hydroxyphenyl) 8-hydroxyquino- 
leine avec des ions metalliques choisis. Avec Co(II), Ni(II), Cu(I1). Zn(I1) et Cd(II), 11 se forme en 
solution des complexes 1: 1 qui sont considerablement plus stables que les complexes correspon- 
dants de la I-hydroxyquinoltine. Avec AI(III), il se forme des complexes stables I : 1 et 2: I. Avec 
l’aide de modiles molbculaires, la stabilite accrue est attribute a la formation dun systeme noyau 
chtlate bicyclique 5,6 exempt de tension. 
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Summary-In a further attempt to enhance the possibility of interpreting the formation function, 
a number ofspecial shapes ofthe formation function are discussed, which give rise to a pseudo cross- 
over point. It IS shown that under certain conditions a pseudo cross-over point can be found 
m the followmg cases: (1) two series of homonuclear complexes, (2) a mixture of a series of 
homonuclear and polymerrc complexes. (3) a series of mononuclear complexes and two polynuclear 
complexes with nearly the same composition, (4) a system which gives a real cross-over point, and 
one or more polynuclear complexes. (5) a system of two polynuclear complexes. The conditions 
are mamly discussed in terms of the composition of the complexes. Calculated curves illustrate the 
different possibilittes. 

In a previous paper’ it was reported that a system composed of mononuclear and 
homonuclear or polymeric complexes gives rise to a family of formation functions showing 
a real cross-over point: all curves intersect at one single point. Taking into account the 
experimental uncertainty, however. the experimentally obtained formation curves will in- 
tersect each other within a small range. Nevertheless for a number of systems it can be 
proved that the theoretical formation curves will intersect each other not in a single point 
but within a small range. This can be called a pseudo or apparent’ cross-over point. 

In the case of acid-base systems some authors make the same distinction. Bye3 and Sou- 
chay4 assert that in acid-base equilibria a real isohydric point is found in a system where 
two species dominate. The cross-over point is called here the isohydric point, since it 
appears at a fixed pH value. According to these authors a pseudo isohydric point will be 
found when at least three species are present in solution. Other authors, such as Car- 
penis-’ and McBryde* make no distinction between those two forms of cross-over points. 

In this paper a number of systems are discussed which give under certain conditions 
a pseudo cross-over point. In this discussion the cases for which the probability of fulfilling 
all conditions is extremely low are excluded. The discussion is essentially restricted.to the 
composition of the complexes. 

MATHEMATICAL TREATMENT 

For a series of complexes B,A, the degree of formation 2 is given by 

C&Bqpbq-lap 
’ = 1 ; ~~q~qpbq-lap 

4 P 

(1) 

‘79 
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where b is the concentration of free metal ion, a the concentration of free ligand. p,,, the 
overall concentration stability constant of the complex B,A,, defined as 

(2) 

In these equations B stands for the metal ion and A for the ligand. In a previous paper’ 
it was proved that the sign of (dZ/aB), was determined by the function $A which in its 
general form is given by equation (3) 

l(l,, = C x(4 - l)(p - Z~)P,,bq-2~P. 
4 P 

(3) 

The conditions for a pseudo cross-over point can be given by: (a) (aZ/JB), = 0 for a 
value ofa’ in the range pa - Apa < pa‘ < pa + A pa, Apa having an arbitrary value ofabout 
O-01; (b) (aZ/dB),. has a sign different from (dz/~?B),.. for pa’ i pa - Apa and pa” 2 
pa + Apa; (c) the conditions under (a) and (b) must be fulfilled for a relatively large range 
of total metal ion and ligand concentration. 

The following systems can be discussed. 
1. Two series of homonuclear complexes B,.A, and B,, A, in a region where b is negligi- 

bly small in comparison with B. The functions $, and tjz are defined as: 

1 pPppaP 
*’ = Q' c /.3Q’paP ’ (4) 

(5) 

If the minimum value for p in the first homonuclear series is pi min and the maximum value 

is PICA, then tji will go from pi mi JQ’ to p1 ,,JQ’. In the same way ti2 will vary from 
p2 mi JQ” to p2 ,JQ”. These limits are called tjimin and ~irnax. Substitution of $i and ti2 
in equation (l), taking into account that b + B gives: 

(6) 

This can be transformed into: 

Q’b’Q’-2’(@I - Z)~~~,aP - -Q”b@“-2)($2 - Z)~&-,aP. (7) 

Substitution of $, and +2 in $A gives 

@A = Q’(Q’ - l)b’P-2’($1 - Z) c &,up, 

+ Q”(Q” - l)b@“-I’(+, - Z)~&yp. 

Substitution of (7) in (8) gives 

IC/a = (Q’ - Q”)Q’b’Q’-2’(11/1 - Z) c /&J.I~, 

or 

+A = (Q” - Q’)Q”b@” -2’(rl/z - Z) C /?p”pd’. 

(8) 

(9) 

(10) 
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It can be derived from equation (6) that if $i = $J? then $I = Jr, = 2; if it/l < $2 then 
Jt,<Z<tlt,andif~,>~,then~,>Z>~z. 

The following two cases can be discussed: 

I)~ and (c/2 will have an odd number of intersection points. Suppose there is one intersec- 
tion point. At that point $I~ = 4(/t = Z and +.., = 0. Below that point $1 c Z < $2 and 
from (9). J/A > 0 if Q’ < Q” and $A -C 0 if Q’ > Q”. Beyond that point, $, > Z > $z and 
$A will take the sign of Q’ - Q”. 

(h) $1 min < $lminand +lmax < 1c/lmirx. 

$1 and cl/l will have an even number of intersection points or none at all. Suppose there 
are two intersection points. The sign of +A is given below as a function of $, and $2. 

$AQ' > Q") ICIAQ' < Q") 

$; 2 $; <o >o = 0 = 0 

;: I g; >o <o 
= 0 = 0 

$1 < 11/2 CO > 0. 

In Figs. 1 and 2 these two possibilities are illustrated. The curves are calculated with 
the computer program ALTH described before. 1 In Fig. 1 the formation curves for a 
mixture of complexes with composition B, A, B2 A4 and B, A,, B, A, are shown. $, varies 
from 0.5 to 2 and $2 from 1.25 to 1.75. One cross-over point is found. In Fig. 2 a mixture 
of a series B, A, B, A, and a series B,A,, B,Ae is considered. Here tj 1 varies from O-5 
to 1 and ti2 from 0.75 to 2. Two cross-over points are found. 

2. A series of homonuclear complexes BP A,, and a polymeric series (Bqfl A,,W),, when b is 
negligibly smatl in comparison with B gives a pseudo cross-over point. 

2 

t 

1 

la0 9.0 6.0 5.0 co 3.0 

Pa 
) 

Fig. I. TheoretIcal curves for two series of homonuclear complexes: B&As. B,A, and B,A, B2A,. 
log f?.+s = 40.0, log &, = 45-o 
log 821 = 9.5, log f!& = 25.0. 
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z 

1 

93 6.0 20 6.0 50 60 31) 
ll 

Fig. 2. Theoretical curves for two series of homonoclear complexes: B, A, Bz A2 and B&AS. B,A*. 
logB2, = 9.0, log j?,, = 16.0 
log& = 30.0. log 848 = 50.0. 

Let #i and #2 be defined as: 

(12) 

+A can be expressed as: 

$A = (Q’ - l)b’Q’-” z @ - Q’Z)&+zp + 2 (nq” - i)(np” - nZq”)B,b’“4”- Z)unp’: (13) 
P ” 

where & is the stability constant of the complex Bng-AllpP. Substitution of $I and ti2 in +A 
gives: 

+A = Q’(Q - 1)(4(/i - Z)b@‘- ‘) c &pp + Q”($~ - 2) C n(nq” - l)&,b’ng”- 2’unp“. (14) 

P R 

Substitution of $i and $2 in 2 gives, after some transformations: 

(11/i - Z)Q’bQ’ C PgpaP = -(I)~ - 2)~” c nbnq”&anP’~ 
n 

(1.9 

Substitution of the left-hand term of equation (15) into equation (14) gives: 

The sign of @A is determined by both the expression (ez - 2) and the expression between 
curly brackets. However it is very improbable that the sign of the latter will change in the 
neighbourhood of the cross-over point, thus the sign of $,_, is determined by (ti2 - Z). For 

+* = Z, @A will vanish. It can be seen from equation (16) that the sign of $A will change 
at that point: a pseudo cross-over point will be found. 

An example of such a cross-over point is given in Fig. 3. A series of homonuclear com- 
plexes B2 A, B2 A, and a polymeric series (&A&, gives a pseudo cross-over point at 2 w 1. 
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8.0 6.0 50 h0 3.0 2.0 1.0 

Pa 

Fig. 3. TheoretIcal curves for a series of homonuclear complexes and a polymeric series: B, A, B, A4 
and BJAJ. BhAh. 

log&, = 7.5, log/Y,, = 20.0 
log p,, = 21.0. log Phh = 46.0. 

3. Mononuclear complexes with two polynuclear complexes with nearly the same com- 
position give a pseudo cross-over point. Let 11/i and $z be defined as 

(17b) 

(18) 

*A = q’(q’ - l)(til - ~,)&~p~b(q’-2)ap’ < 0. (1% 

If mononuclear complexes BA . . . BAN with N > I/J~,,,~~~ are present, all formation functions 
intersect each other between $i and ti2. If 41/r and $, do not differ too much, this system 
gives a real cross-over point. In Fig. 4 an example of a mixture of BA, BA, and B 1 o A, o, 
B, o A, I is shown. As can be seen, all formation curves intersect between 2 = 1 and 2 = 
1.1. 

4. A system consisting of a series of complexes which gives a real cross-over point, and 
one or more complexes the contribution of which to the formation function may be neg- 
lected in the region of that point, can give a pseudo cross-over point This case is obvious 
and needs no further proof. 

In order to illustrate this case theoretical curves were calculated. The initial set of com- 
plexes was BA, and BIA,. As mentioned before, a real cross-over point at Z = 15 is 
found. To this system a complex BzAz was added, with increasing stability constant: a 
pseudo cross-over point at 2 = 1.5 is found. For still higher values of jIz2 the contribution 
of B4Ah is small and the pseudo cross-over point is found at Z = 1. For intermediate 
values of pz2 both complexes contribute to the formation function and the intersection 
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2 

2 

1 

a0 70 5.0 6.0 3.0 2.0 0 

Fig. 4. Theoretical curves for a mixture of mononuclear complexes and two polynuclear complexes 
with nearly the same composition: BA, BA, and B,,A,,. B,,A,, 

h3 81 I = 5.0, log j,, = 100 
log B lo.10 = 85.0, log /&.,I = 90-o. 

points will fall between I and 15. This is shown in Fig. 5. It certainly cannot be considered 
as a pseudo cross-over point, but it illustrates that a family of formation curves which at 
first sight cross each other at random is theoretically well possible. Therefore it should 
be emphasized that only if there is sufficient evidence, may formation curves with an 
abnormal shape be rejected on account of too great experimental errors. 

5. A system consisting of two polynuclear complexes B,.A,. and B,.A,. can give a cross- 
over point. 

Substitution of equation (1) into $A gives 

(1 + q’&,,b@‘- W” + q”flqup,,b(q”- W”‘) 
(20) 

A necessary condition that the formation curves intersect each other is that the third 
term of the numerator is negative. Thus if p‘/q’ < p”/q” then 4’ > q”: the complex with the 

a0 7.0 a0 
Pa 

Fig. 5. Theoretical curves for three complexes BA,, B,A,, BIA,. 
log/q, = 14.0; log /?z2 = 170; log 846 = 50.0 
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Fig. 6. Theoretical curves for two polynuclear complexes: B,A,, BIA,. 
log 824 = 30.0: log 844 = 38.0. 

lowest p/q ratio must contain the most metal ions. It can easily be shown that two com- 
plexes belonging to a “core + links” series B(A,B), do not fulfil this condition and the for- 
mation curves will not intersect each other. Two complexes with the same amount of 
ligand molecules will always fulfil this condition. However, the observance of a pseudo 
cross-over point in this case will be critically dependent on the values of the stability 
constants and therefore it is not very probable that it will be found in a system consisting 
of two polynuclear complexes in a region where b is not negligible in comparison with B. 
Otherwise it is a special case of I. In Fig. 6 an example of such a pseudo cross-over point 
is shown for the two complexes B4A4 and B,A,. 

CONCLUSION 

In this paper five systems of complexes are discussed, giving under certain conditions 
a family of formation curves with a pseudo cross-over point that can hardly be dis- 
tinguished from a real cross-over point. The conditions are, with the exception of case 5, 
to a first approximation independent of the values of the stability constants. 

When treating experimental data showing a cross-over point, methods should be used 
to distinguish a pseudo from a real cross-over point. This can be achieved by enlarging 
the concentration ranges and changing the ratio of total ligand to total metal ion con- 
centration. This is mostly limited in scope, however. At higher concentrations precipitation 
may occur and at lower concentrations the accuracy of the measurements may be ques- 
tioned. Also the change of the ratio of total ion to total ligand concentration is in some 
cases limited as has been shown by Cabani.’ Another method is, when possible, to calcu- 
late the mean value for p and 4, using methods described by Sillenio 

At any rate, to avoid premature conclusions about the compo~tion of the complexes, 
care should be taken when treating experimental data showing formation curves with a 
cross-over point and all possible compositions should be thoroughly discussed. 

Ackrlow/edger,lerlr-The authors wish to thank Prof. Z. Eeckhaut for helpful &scussions. 
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Zusammenfcwmg-In einem neuen Anlauf. die Interpretations-miiglichketten der Bildungsfunk- 
tion zu verbessem, werden eine Anzahl besonderer Formen der Bildungsfunktion diskuttert. die 
zu einem Pseudo-Kreuzungspunkt flihren. Es wurde gezeigt, dal3 unter bestimmten Bedigungen in 
folgenden Fallen ein Pseudo-Kreuzungspunkt gefunden werden kann: (1) zwei Reihen homonuk- 
learer Komplexe; (2) ein Gemisch einer Reihe homonuklearer und polymerer Komplexe: (3) eme 
Reihe einkemiger und zwei mehrkernige Komplexe mit nahezu der glelchen Zusammensetzung: 
(4) ein System, das einen reellen Kreuzungspunkt und einen oder mehrere polynukleare Komplexe 
gibt; (5) ein System von zwei mehrkernigen Komplexen. Die Bedingungen werden hauptdchlich 
in Bezug auf die Zusammensetzung der Komplexe diskutiert. Berechnete Kurven verdeutlichen die 
verschiedenen Miiglichkeiten. 

R&snm&Dans un nouvel essai pour accroitre la possibilite d’interpretation de la fonction de for- 
mation, on discute dun certain nombre de formes speciales de la fonction de formation, qui don- 
nent naissance a un point de pseudo-chevauchement. On a montrt que dans certaines conditions 
un point de pseudo-chevauchement peut Btre trouvb dans les cas suivants: (1) deux series de com- 
plexes homonu&aires, (2) un melange dune strie de complexes homonucleaires et polymeres. (3) 
une drie de complexes mononucleaires et deux complexes polynucleaires ave sensiblement la 
m&me composition, (4) un sysdme qui donne un point de chevauchement reel, et un ou &vantage 
de complexes poiynucleaires, (5) un systeme de deux complexes polynuckaires. Les conditions sent 
principalement discutbs en fonction de la composition des complexes. Des courbes calcultes illus- 
trent les differentes possibilitts. 
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INVERSE VOLTAMMETRY OF ANTIMONY WITH 
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Summary-A method is suggested for the determination of traces of antimony by inverse voltam- 
metry of the solid phases formed with triphenylmethane dyes (Crystal Violet, Methyl Violet and 
Malachite Green) as the precipitants. The authors have studied the effect of concentration, adsorp- 
tion and oxidation of the triphenylmethane dyes, potential and time of pre-electrolysis, and con- 
centration of antimony(II1) and some other elements on the polarogram shape and stripping cur- 
rent. A method for determining antimony traces in chromic salts is described as an example. 

Triphenylmethane dyes (TPMD) are widely used in solvent extraction. Usually, the ion- 
pairs formed by the interaction between dye cations and inorganic anions are quite soluble 
in organic liquids. In aqueous media polyionic aggregates are formed which precipitate 
under certain conditions. As a rule, the oxidation state of the element is important, e.g., 
antimony(V) interacts with TPMD, but antimony(II1) at similar concentrations does not 
form a precipitate. This feature makes it possible to utilize TPMD in the technique of in- 
verse voltammetry of solid phases, ’ for concentrating and determining elements which 
exhibit different oxidation states. Since in inverse voltammetry preconcentration occurs 
on an electrode, its course must depend on at least the following factors: (1) dye adsorption 
on the electrode-solution interface, (2) orientation of the dye relative to the electrode sur- 
face, (3) electrode passivation by the precipitate formed. 

In the present work an attempt has been made to investigate the role of these factors 
in the preconcentration of traces of antimony on a graphite electrode, in the form of ionic 
associates with Crystal Violet (I), Methyl Violet (II) and Malachite Green (III), and the 
possibility of determining traces of antimony by this means. 

EXPERIMENTAL 

Reagent5 

Doubly distilled water and high-purity reagents were used. Solutions were always freshly prepared. 

Apparatus 

Polarograph On-02 IJ JI A was used. Polarograms of dye oxidation and reduction at different rates of elec- 
trode potential scan were obtained with the aid of a potentiostat II-5827 with potentiometer KCII-4 as a record- 
ing device. Graphite electrodes were soaked with epoxy resin, with polyethylene-polyamine, or paraffin plus 
polyethylene.‘~’ A saturated calomel electrode served as the auxiliary and reference electrode. 

Procedure 

The experimental technique has already been described.‘.’ The adsorption of the dye is followed from the cath- 
odic and anodic polarograms recorded with constant scanning rate from + 1.0 to - 1.0 V. 

TALVol ?I No 4-C 287 
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RESULTS AND DISCUSSION 

Neither oxidation nor reduction currents are observed when the dye concentration in 
the solution is low (C < 1 x lo-‘M) and the electrode has not been preliminarily kept 
at a certain potential. The anodic polarogram recorded after cathodic polarization of the 
electrode for a certain period of time shows anodic current peaks (Fig. 1. peaks 1 and 2) 

IO 0.6 @6 0.4 @2 0 -0.2 -04 

Fig. I. Polarograms for Crystal Violet. 
Solution: O.IM H,SO, + I x 10b6M CV (I); 1.M HCI + I x 10m6M CV (11,111) 

Electrolysis duration (t) 3 min at potential of 0.0 V (I, II); +0.8 V (III); scan-rate = 0.125 V/set. 

near +O-8 and +0*9 V in O*lM sulphuric acid. If hydrochloric acid is used as a back- 
ground electrolyte, the second peak is masked, probably by the chloride-ion oxidation cur- 
rent. Preliminary polarization of the electrode at potentials more positive than + O-7 V in 
acid medium is accompanied. by the appearance of two cathodic peaks, one at a potential 
of + O-5 V, which corresponds to the data given elsewhere,j and the other at -0.35 V (Fig. 
1, peaks 3 and 4); peak 3 jncreases with shift of the preliminary electrolysis potential in 
a positive direction. The peaks are apparently due to oxidation (1 and 2) or reduction (3) 
of the substance on the electrode surface, indicated3 by the linear dependence of the cur- 
rent maximum on the electrode potential scanning rate. 

Peak 3 is explained by reduction of the dye oxidation products accumulated during the 
preliminary electrolysis. The data presented by Galus and Adams4 confirm this supposi- 
tion together with the fact that this peak does not appear if the preconcentration electro- 
lysis is done at potentials too low for the dye to be oxidized. 

Peaks 1 and 2 appear to be due to adsorption processes since the reverse electrode pro- 
cesses do not take place. No reduction currents are observed on the cathodic polarograms. 
Thus it may be thought that the heights of peaks 1 and 2 and the quantities of electricity 
in the respective potential ranges would give information about the dye adsorption. As 
the dye cations carry an electrical charge, the dye adsorption and orientation must 
obviously depend on the sign and magnitude of the electrode surface charge. 

Figure 2 shows the dependence of the peak oxidation current (peak 1) for Crystal Violet 
upon the electrode potential during the preliminary electrolysis. Similar results were found 
for all the dyes investigated. The zero-charge potential for graphite in solutions which do 
not contain a specific adsorbate lies in the interval from 0 to -0.2 V us. SCE.5*6 In the 
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Fig. 2. The dependence of the maximum current of Crystal Violet oxidation (Peak 1. Fig I I on 
the precon~ntration potential. 

15M WC1 + I x If)-“A4 CV: I = 3 min: scan-rate = 0*12.5 V/see. 

presence of specifically adsorbing cations the zero-charge potential shifts in a positive 
direction by 0.1-02 V, depending on the cation and its concentration.’ Taking into consi- 
deration the properties described and the data given in Fig. 2, it may be concluded that 
the maximum dye adsorption is observed in the potential range near the electrode zero- 
charge potential the dye cations are oriented to the electrode surface by the portion with 
the maximum electron density. Meantime unoccupied electropositive portions appear to 
serve as locations for association of the dye with anionic antimony complexes. 

The pre~on~ntration of antimony at the electrode-solution 
schematically similarly to that described earlier.’ *2T8 

[SbCl,]3--+[SbCl,]- + 2e 

[SbCl,] - + TPMD + + [SbClJTPMD 

V 

I 0.5 

B 

3 $ 
o-3 

a 
2. 

LD 
0 1 

14 
/3 

.2 
I 

interface may be presented 

(1) 

1 (2) 

Fig. 3 Cathodic polarograms obtained after electrolysn. 
(1) I.% HCI + 8 x 1O-8M Sbff,: (2) 5 x 10-6M CV + 8 x IO-BM SbCl,; (3) 5 x 10-6M 

CV + I..%4 HCl:(4) 5 x IO-‘/& CV + 1*5&f HCI + 8 x i0-8M SbCI,. 
r = tOmin: potential = 10.8 V: scan-rate = 0.125 Visec. 
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v v ek ’ 
Fig. 4. The dependence of the maximum current of electro~issolution of the antimony compound 

with various dyes on the preconcentration electrolysis potential. 
(I) 4 x lO+M SbCl, + 15M HCl + 2 x 10-4M CV; (II) 4 x IO-“M SbCl, + 15M HCl + 

22 x 10-sM MV; (III) 4 x 10-6M SbCl, + 15M HCl + 2 x lo-‘M MG. 
t = I min; scan-rate = 0.125 V/see. 

The reaction is apparently possible only in the presence of at least three components in 
solution: antimony(III) ions, chloride ions and TPMD. The data in Fig. 3 confirm the vali- 
dity of the statement. The cathodic polarogram shows an antimony reduction current only 
when all the necessary components are available in the solution. The peak current for 
stripping a compound formed from reactions (I) and (2) depends on the electrode ‘potential 
during the preconcentration stage (V,,) on the pH, on the concentrations of antimony, 
TPMD and chloride, and on the duration of the electrolysis. 

C x Id (M)(MV,MG) 

c x lo~hl,Kv, 

Fig. 5. The dependence of the electro-dissolution maximum current of antimony compounds with 
various dyes and the cathodic currents of the dye oxidation products (peak 3, Fig. I) on the con- 

centration of the latter. 
Solutions: 15M HCl + 4 x IO-“M SbCIl f .YM CV (I): MV (II); MG (III); I’-III-the same 

without SbCl,. 
Scan-rate = 0.125 V/set; t,, = I mitt; potential = 0.8 V. 
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The first of these effects is illustrated in Fig. 4. The maximum preconcentration takes 
place at + 0.8 V. At potentials below this, antimony(II1) is not oxidized, and at higher 
potentials there is interference from oxidation of the electrolyte. At this electrode potential, 
besides the dye cations, their oxidation products may also take part in the precon- 
centration of antimony because of simultaneous oxidation of the antimony and the dyes 
under these conditions. It is important to choose the optimum dye concentration: on the 

I V 
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C x IO’ (Ml 

Fig. 6. The dependence of the electro-dissolution current of the chloroantimonates of Crystal Vio- 
let (I), Methyl Violet (II) and Malachite Green (III) on antimony(II1) concentration, m 1.5M HCl 

that is 5 x 10e6M in TPMD. 
Polarograms correspond to 4 x IO- * A4 SbCl,; 

r = 10 min (a); 5 min (h); scan-rate = 0.125 V/set; potential = +O% V. 

one hand, it must be sufficient to ensure an adequate sensitivity of the determination but, 
on the other hand, an increase in the dye concentration will result in a greater accumu- 
lation of the oxidation products on the electrode surface and thus a larger current for the 
reduction of these products (Fig. 5, curves I’, II’, III’) which in turn interferes with the anti- 
mony peak. Figure 5 shows that the dye concentration must be chosen between 0 and 
2 x 10e4M for I and 0 and 2 x 10m5M for II and III. Further increasing the dye con- 
centration without improving the preconcentration conditions for antimony just leads to 
increased interference (peak b, Fig. 3). A lOO-fold excess of the dye in relation to Sb(II1) 
is the optimum. Making the solution 1.2-15M in hydrochloric acid provides the optimum 
acidity and chloride concentration. 

Figure 6 shows the dependence of the peak height on antimony concentration for the 
three dyes studied. At high concentrations of antimony(II1) or after prolonged electrolysis, 
electrode passivation is observed and compound formation practically ceases (Fig. 7). A 
linear calibration graph may be obtained with Ct < 4 x lo-” mole*min. l.- ‘. The anti- 
mony reduction current is then directly proportional to electrolysis time and antimony 
concentration. 



292 KH. 2. BRAININA and A. B. TCHERNYSHOVA 

0 I 2 3 4 
10.x Ct (mole mln PI 

Fig. 7. The dependence on Ct of the electricity equivalent to the amount of chloroantimonates of 
Crystal Violet (I), Methyl Violet (II) and Malachite Green (III) deposited from solutions 1.5M m 

HCl. .uM in SbCI, and 2 x 10-“A4 in CV. or 2 x 10-sM in MV or MG. 
Potcnt~al = 0.X V: scabratt‘ = 0.125 V:sec: tL, = I mm. 

It may be seen from comparison of the data in Figs. 6 and 7 that the determination of 
traces of antimony with Malachite Green as precipitant has an advantage because the cur- 
rent corresponding to a given antimony concentration is higher than with the other dyes 
studied. This may be due to the better stability of the Malachite Green molecule.’ 

For the analysis of solutions containing relatively large amounts of antimony, 
(C c 10b5M) higher dye concentrations may be used, and in this case a larger peak is 
produced if Crystal Violet is used. Moreover, electrode passivation starts later in this case, 
enabling the method to be used over a wider concentration range. 

Table I. The influence of some ions on the reduction current of the antimony(V) 
compound with Malachite Green (MG). Solution: 15M HCI + 4 x IO-‘A4 
SbCls + 2 x IO-jM MG; t = 5 min; scan-rate = 0.125 V/W; potential = +@8 V 

Ion introduced Concentration, 
M 

Maximum reduction 
current. pA 

Fe’+ 

CUz+ 

Bi’ ’ 

I- 

$1 

- 
5 x 1o-3 
6 x IO-’ 
5 x lo-) 
5 X 1o-4 
5 x lo-’ 
5 x 1o-4 
5 X lo-3 
6 x 1O-4 
1 x 1o-3 
5 x 1o-b 
5 x 10-5 

no influence 
5 x 1o-5 
5 x 10-a 

1.14 
1.16 
1.14 
1.13 
1.15 
1.11 
I.12 
1.10 
1.13 
1.14 
1.14 
I.13 

1.14 
1.15 
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The relative standard deviation for the determination of antimony is 674, the limit of 
detection (by the 30 criterion) being 3 x lO_sM Sb(II1). 

The results in Table 1 illustrate the effect of certain other ions on the determination of 
antimony with Malachite Green. It is apparent that the method is much more selective 
than those described earlier.8*10 As an example, the determination of traces of antimony 
in chromium(II1) salts is given. 

Procedure 

Dissolve I g of the chromium(ll1) salt in 15 ml of 1.5M hydrochloric acid. add 0.5 ml of a 4 x 10m4M solution 
of Malachite Green. dilute the solution to 20 ml, transfer it to the electrolysis cell and carry out preconcentration 
of anttmony on a graphite electrode at +08 V potential (us. SCE) for 5-10 min. Wait 15 set after stoppmg stir- 
ring. and record the polarogram with a constant potential-scanning rate. The dissolution current peak for anti- 
mony is observed in the range from + 0.7 to + 0.6 V. The antimony content in the test sample is calculated from 
the peak height with the aid of the calibration graph or by the standard addition method. 

CONCLUSION 

It may be concluded that electrode polarization at a sufficiently high potential in a solu- 
tion containing TPMD, chloride and antimony(II1) ions is followed by formation of spar- 
ingly soluble compounds of Sb(V) with TMPD on the electrode surface. These compounds 
can be stripped when the potential is scanned in a negative direction. The cathodic peak 
current is proportional to the concentration of antimony(II1) in the test solution. 

It is necessary to choose the optimum TPMD concentration because of possible distor- 
tion of Sb(V) cathodic polarograms as a result of adsorption and oxidation-reduction of 
the TPMD. 
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Zusammenfassung-Ein Verfahren zur Bestimmung von Antimonspuren durch inverse Voltamme- 
tne der mit Triphenylmethanfarbstoffen (Kristallviolett, Methylviolett und Malachitgriin) als 
Fallungsmittel gebildeten Festkorper wird vorgeschlagen. Die Autoren untersuchten den EinfluB 
von Konzentration. Adsorption und Oxtdation der Triphenylmethanfarbstoffe, Spannung und 
Dauer der Vorelektrolyse sowie der Konzentration von Antimon(lI1) und einigen anderen Ele- 
menten auf die Form des Polarogramms und auf den WiederaufllisungsStrom. Als Beispiel wird 
em Verfahren zur Bestimmung von Antimonspuren in Chrom(IIl)-Salzen beschrieben. 

R&m&-On suggtre une mtthode pour le dosage de traces d’antimoine par voltammitrie inverse 
des phases solides formees avec les colorants du triphtnylmtthane (Cnstal Violet, Violet de Mtth- 
yle et Vert Malachite) comme agents de precipitation. Les auteurs ont itudie l’influence de la con- 
centration. de l’adsorption et de l’oxydation des colorants du triphlnylmithane, du potentiel et du 
temps de pre-Clectrolyse. et de la concentration de l’antimoine (III) et de quelques autres elements 
sur I’allure du polarogramme et le courant de dissolution. On dtcrit une mdthode pour le dosage 
de traces d’antimome dans les sels chromiques comme exemple. 
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Summary-A simple and highly selective spectrophotometric method for the determination of 
cobalt based upon the rapid reaction with PAN in the presence of surfactants and minute amounts 
of ammonium persulphate at pH 5.0 ts described. The cobalt(III) chelate is made water-soluble by 
a neutral surfactant. Triton X-100, combined with sodium dodecylbenzene sulphonate (DBS). 
lron(II1). bismuth tin(IV) and aluminium are masked with oxalate or citrate. Iron(I1) must be 
absent. The other metal-PAN chelates. except that of nickel, are readily decomposed by EDTA. 
Up to 150 fig of nickel does not interfere. When larger amounts up to 625 Rg are present, the 
absorbance can be corrected by measurements at two wavelengths. In a strongly acid medium 
(below pH 0.5) the nickel and other metal chelates are completely and instantaneously decom- 
posed. while the cobalt(II1) chelate remains unchanged. When, in place of EDTA, several ml 
of 6M hydrochloric acid are added after the colour development, nickel in quanttttes up to 
1250 pg can be tolerated. A several hundredfold excess of zinc and manganese does not interfere. 
At 620 nm Beer’s law is obeyed over the cobalt concentration range 04-3.2 pg/ml. The precision 
(95”” confidence) IS + I.0 pg for 1OOpg of cobalt. The molar absorptivity is 1.90 x 104 1. 
mole- ’ .cm- ‘. 

The analytical application of 2-pyridylazo compounds has been extensively studied. It is 
generally accepted that 1-(2-pyridylazo)-2-naphthol (PAN) and 4-(2-pyridylazo)-resorcinol 
(PAR) are very versatile reagents for the determination of numerous trace metals.’ 

The immediate advantage of PAR over PAN is the water-soiubility of both it and its 
chelates. Hence the applications of PAN as a spectrophotometric reagent are generally 
associated with extraction of the metal chelates into an organic solvent. Except in the 
determination of palladium most PAR complexes have absorption maxima lying between 
490 and 550nm.” With PAN a wider range of wavelength can be used which gives a 
greater possibility of choosing a measurement wavelength at which the interference of 
foreign ions is minimized. This increases the selectivity of PAN and makes possible certain 
simultaneous determinations3 Accordingly, if the PAN chelates could be dissolved in 
water. a highly selective and simple spectrophotometric method could be established, 
which would be superior to PAR methods, especially in selectivity. 

In a few studies with PAN, solvent extraction has been avoided by using mixed solvent 
systems4 or by adding a dispersing agent such as gum arabic5 Recently it has been found 
that several kinds of metal chelates, such as germanium phenylfluoronate,6 metal oxinates’ 
and metal diethyldithiocarbamates,8.9 can be made soluble in water by addition of surfac- 
tants. This appears to be a good means for dissolving the PAN chelates in water. 

In the present study on a variety of PAN chelates it was found that for spectrophoto- 
metric determination with PAN. cobalt was the most suitable element because of its rapid 
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reaction with PAN and the formation of a stable chelate. The cobalt chelate can suc- 
cessfully be rendered soluble when both a neutral and an anionic surfactant are used. The 
method established is simple, rapid and highly selective. 

EXPERIMENTAL 

Ri%$MfS 

Standard solutions of nickel and cobalt were prepared from high purity metal sponge. Other metal-ion solu- 
tions were prepared from high purity reagents dissolved in an appropriate acid solution and then diluted to the 
desired concentration. The final acidity of the solutions was about 0.01 N. Other reagents used were of analytical 
grade. A 0.1% PAN solution in methanol was used. Buffer solution of pH 50 was prepared from 05M acetic 
acid and 05M sodium acetate. The surfactant solution consisted of 20 g of Triton X- 100. 2.5 g of sodium dodecyl- 
benzenesulphonate (DBS) and 77.5 g of water. 

Procedure 

Analiquotofstandard metal solution was placed in a %-ml volumetric Rask and 5 ml of& 1M ammonium oxalate 
and 2 mi of the surfactant solution were added. Next, 2 mI of 0.17; PAN solution. 5 ml of pH 5 buffer (with addi- 
tions of suitable amounts of sodium hydroxide solution if required) and 0.05 g of ammonium persulphate were 
added successively. The flask was shaken gently so that bubbles were not formed. The solution was allowed to 
stand for 3 min, and finally 5 ml of 0*05M EDTA were added. The mixture was then made up to volume with 
distilled water and mixed well by shaking vigorously. The colour intensity was determined against a blank as 
the reference solution, at a wavelength of 620nm. Except for the surfactants. the order in which the reagents 
are mixed has a marked effect on the colour reaction of metaIs with PAN. 

RESULTS AND DISCUSSION 

As has already been shown, EDTA can be used to decompose all PAN chelates except 
those of cobalt, iron and nickel, thus improving the selectivity of PAN very considerably.3 
Hence it was important to examine the influence of iron and nickel on the determination 
of cobalt with PAN. 

When PAN is added to a slightly acidic or neutral solution of cobalt(II), the cobalt(I1) 
chelate is first formed, but is readily oxidized by dissolved oxygen to form the green cobalt- 
(III) chelate,’ which is formed quantitatively and fairly rapidly in the pH range 24-65. 
A period of 10 min is required for full colour development, but by the addition of several 
tiny crystals of ammonium persulphate constant intensity is reached in 3 min at room tem- 
perature. Absorption spectra of cobalt(IIIA nickel and iron(I1) and (III) chelates formed 
at pH 5 are presented in Fig. 1, It is apparent that both iron(I1) and (III) seriously influence 
the determination of cobalt. In the present study, 620 nm was chosen for determining the 
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Fig. 1. Absorption spectra of PAN chelates for cobalt(Ii1). nickel and non(II. III) formed at 
pH 5. 

I. FefII) 26 .ug; II. Fe(III) 26 pg; III. Co(II1) 54 pgig; IV, Ni 23 kg; V. blank 
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absorbance of cobait(II1) cheiate, because the absorbance at 620 nm due to the nickel che- 
late seems negligible if the nickel concen~ation is low. 

As has been reported, the iron(I1) chelate is unstable,’ the solution becoming turbid after 
standing for 20min. Furthermore, no suitable masking reagents were found for iron(I1). 
On the other hand the influence of iron(II1) can be eliminated by the addition of 
ammonium oxalate or citrate before colour development. Hence any iron in the sample 
must be made tervalent. 

The nickel chefate is formed over a wide pH range (3-10) but the rate of colour develop- 
ment depends largely on the PH. In acetate buffer it requires about 60 min for full colour 
development, but only 10min in ammonia buffer. The slow reaction in acetate medium 
(Fig. 2) makes it possible to reduce the influence of nickel, by masking the unreacted nickel 
with EDTA. The pH of the solution is adjusted to 5 with acetate buffer, because iron(II1) 
is effectively masked with either oxalate or citrate at this PI-I, and the buffer solution has 
maximum buffer index at this pH. 

o- 
, , I t I I t I I8 1 I I 

0 20 40 60 60 100 120 

min. 

Fig. 2. Rate of colour development and stabihty of PAN chelates for Co (54 pg) and Ni (28 gg) 
at pH 5. 

Absorbance is measured at 620 nm for Co+1V)and at 568 nm for Ni (V). I DBS, oxalate and EDTA 
are absent; II oxalate is added before colour development. DBS is absent; III DBS and oxalate 
are absent. EDTA is added after colour development; IV DBS, oxalate and EDTA are present; 

V DBS and oxalate are added before colour development. 

Figure 2 shows the rate of colour development and stability of the cobait(II1) chelate. 
When DBS is omitted, the cobalt~II1) chelate solution is less stable, and the solution tends 
to become turbid after 70 min (curve I), or even sooner when oxalate or EDTA is present 
(curves II and III). Curve IV shows that the combination of the two surfactants is required 
to stabilize the solution. The effect might be regarded as ion-pairing between DBS and 
the chelate, as the chelate is of the type (CoL,)+. The rate of colour development of the 
cobalt(III) chelate is not affected by the presence of either oxalate or citrate. 

Table 1 shows that up to 2 mg of iron(II1) can be tolerated in the presence of oxalate 
or citrate. However, if calcium is present in large amounts, calcium oxalate is precipitated, 
thus restricting the use of oxalate as a masking reagent. Accordingly, citrate is preferred 
in such cases. Up to 5 mg, and probably more, of iron(II1) is masked when fluoride is used 
in conjunction with oxalate. 

As shown in Table 2, quantities up to 150 pg of nickel are tolerated without appreciable 
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Table 1. Influence of iron(II1) on the determination of cobalt 

Cobalt. ptj Iron( III). M Absorbance at 620 nm Masking reagents 

54 0 0.339 
54 1010 0.340 
54 1510 0.339 
54 2010 0.346 
54 2520 0.352 

5mlofO.lM 
ammonium oxalate 

27 0 0.169 
27 1010 0.169 
27 1510 0.170 
27 2010 o-173 
27 2520 0.176 

5mlofO.lM 
ammonium citrate 

27 0 0.170 
27 2520 0.170 
27 3520 0.170 
27 4530 0.170 
27 5040 0.172 

5mlofO.lM 
ammonium oxalate 
and 0.1 of g 
KF crystals 

Table 2. Influence of nickel on the deter- 
mination of 27 pg of cobalt 

Nickel, pq Absorbance at 620 nm 

0 0.170 
50 0.170 

100 0.172 
150 0.173 
200 0.182 
250 0.196 

error. When larger amounts are present, there are two means of eliminating their interfer- 
ence. One involves correction of the absorbance by measurement at two suitable wave- 
lengths, e.g., 620 and 606 nm. If the ratios of the cobalt absorbances at each wavelength, 
&;,/4;,, and the nickel absorbances at the same wavelengths, A~&,/&,, are constant 
then 

(A 620 - A~:,MA,O, - bA;\,) = a, 

where AezO and AhOb are the total absorbances at the wavelengths indicated, and a and 
b are the cobalt and nickel ratios respectively. The experimental value of a was found with 
fairly good accuracy to be 1.050 i 0905. On the other hand the value of b was not repro- 
ducible because the wavelengths are far from that of a peak for the nickel chelate (568 nm). 
However, a value of 1.87 for b, gives satisfactory correction, as shown in Table 3. It is evi- 
dent that nickel in quantities up to 625 c(g does not interfere in the determination of 27 pg 
of cobalt. 

The other way to reduce the influence of nickel depends on the difference in the behaviour 
of the two PAN chelates towards acid. The cobalt(III) chelate is very stable and 
remains unchanged even in strongly acidic solution, whereas that of nickel is rapidly 
decomposed below pH 0.5. This behaviour is put to good use in determining cobalt in 
the presence of nickel and most other metals forming chelates with PAN which are com- 
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Table 3. Influence of foreign 10x1s on the determination of cobalt 

Elements Added, ~9 Absorbance at 620 nm Remarks 

co 
Ni 

ca 

Fe(lI1) 

Bi 

Sn(I1) 

Al 

Cr(III) 

V(V) 

cu 

Pb 

Zn 

Mn 

27 0.170 

250 0.167 
625 0.168 

1250 0.130 
2500 0‘107 

625 0,171 
1250 0.170 
1900 0.158 

500 0.170 

1000 0.168 

2010 0.173 
2520 0.176 

5030 0.172 

2700 

1500 
2700 

5700 

1830 

1.500 

1010 

2500 
4100 

3750 0*170 
5190 0.170 

3580 0,172 
9470 0.170 

0,171 

0.172 
0.171 

0.172 

0.171 

0.170 

0.170 

0.170 
- 

Correction method 

Decompositton wtth 
acid 

Flltered 

Oxalate or citrate 
added 

Oxalate and KF (0.1 g) added 

Prtor oxidation to 
Sn(IV), and oxalate added 

White precipitate 

pletely dissociated in a strongly acid medium. The addition of several ml of 6M hydro- 
chloric or nitric acid instead of 5 ml of @05&f EDTA is more than adequate for the pur- 
pose. In the recommended procedure pH 5 was chosen for the colour development, but 
the more acid the solution is during the colour development, the slower the rate of the 
formation of the nickel chelate. Even below pH 3, the cobalt(II1) chelate is formed quanti- 
tatively but the rate is gradually reduced so that the lower limit of pH for quantitative and 
rapid formation is 2.4. The rates of formation of nickel. cobalt and iron chelates are summar- 
ized in Figs. 3 and 4. When 2 ml of 6M hydrochloric acid are added to the coloured solu- 
tion developed at pH 2.4 in a citrate buffer solution, the pH is lowered to 0.5. Under these 
conditions the nickel chelate is completely and instantaneously decomposed, and quanti- 
ties up to 1.25 mg of nickel can be tolerated. These results are also summarized in Table 
3. The larger the amounts of nickel that are present. the more incomplete is the reaction 
of cobalt with PAN, because the 2 ml of PAN solution is insufficient for the quantitative 
formation of the chelate. Formation of the cobalt chelate at pH 2.4 shows the disadvantage 
of being unable to prevent completely the formation of the iron(II1) chelate by means of 
citrate or oxalate (Fig. 4). Although the iron-PAN chelate is decomposed by acid, the PAN 
released cannot be utilized by the cobalt (curve III. Fig. 3). and iron(II1) in large amounts 
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Fig. 3. Influence of pH on the rate of colour development for Co(III)-PAN chelate. 
Sodium citrate and hydrochloric acid were used to adjust pH. Co: 27pg. I, pH 2.4; II, pH 1.7; 

III, pH 1.1. 

” 
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mln 

Fig. 4. The rate of colour development for nickel and iron(I1, III) chelates in acid solutions. 
Buffer solutions (HCI-citrate) were added before colour development. Absorbance is measured at 
552 nm for Fe(III), at 770 nm for Fe(I1) and at 568 nm for Ni. I. Fe(II1) 26 Pg pH 25; II, Fe(U) 

26 pg pH 2.5; III, Ni 50 pg. pH 2.4: IV, Ni 25 pg. pH 3.2. 

consumes so much PAN that lower values for cobalt are obtained. Hence the recom- 
mended procedure is preferred for samples containing larger amounts of iron, and the acid 
decomposition method for samples containing larger amounts of nickel. 

The absorbance of the cobalt(II1) chelate measured at 620 nm follows Beer’s law for 
solutions containing O-160 pg of cobalt in 50 ml of solution. On the basis of the calibration 
curve, the 95% confidence limit was calculated by the least-squares method for the median 
of nine samples, the absorbance of which was 0530: 100 pg of cobalt can be determined 
with a precision of f I.0 pg. The molar absorptivity was found to be 1.9 x lo4 1. mole- ’ . 
cm-’ at 620 nm. 

The influence of other ions is summarized in Table 3. It is apparent that the influence 
of nickel is very pronounced, and copper was found to behave similarly. When larger 
amounts of nickel and copper are present than those indicated in Table 3, the amount of 
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Frg. 5. Decomposttron of 
and EDTA (5 ml of 005M 

0 20 10 60 80 
min. 

nickel chelate (NI 56 ng) with 1.1~phenanthroline (5 ml of 0.1% soln.) 
soln.) at room temperature or I,lO-phenanthroline; I pH 3.2; II pH 3.6; 

III pH 40 EDTA : IV pH 3.2. 

PAN and EDTA must be increased. For the complete and rapid decomposition of the cop- 
per chelate, l,lO-phenanthroline is more effective than EDTA. The nickel chelate is also 
decomposed by l,lO-phenanthroline in 10 min at pH < 3 at room temperature. Although 
EDTA can decompose the nickel &elate at pH below 4, the reaction is very slow and heat- 
ing to above 50” is necessary for rapid decomposition. In this respect EDTA is inferior 
to l,IO-phenanthroline. The behaviour of the nickel chelate towards both l,lO-phenanth- 
roline and EDTA in an acid medium is shown in Fig. 5. At pH 5, used in the recommended 
procedure, the reaction of l,lO-phenanthroline with the nickel chelate is slow, since about 
2 hr are required for complete decomposition. Therefore it is difficult to measure the absor- 
bances at the two wavelengths precisely. On the other hand, although the decomposition 
by LlO-phenanthroline is complete in 10 min below pH 3, the alternative use of the strong 
acid method is preferred because the chelates are instantaneously decomposed. Therefore, 
no further studies were made of the use of l,lO-phenanthroline. Among the elements not 
examined in the present study palladium would have a serious infhtence on the determina- 
tion.’ Since it is generally accepted that palladium reacts with PAN even in the presence 
of EDTA whereas cobalt and nickel are completely masked, correction of the absorbance 
would be possible. 

Although the suitability of various surfactants as solubilizing agents has not been shown 
in detail. Triton X-100 was found to have the best properties in general, for the various 
PAN chelates. It has the advantage of dissolving more of the chelates and PAN itself. 
Cationic surfactants, such as cetyltrimethylammonium chloride, have the property of pro- 
moting the second acid dissociation of PAN whereby the blank solution turns red even 
at pH 7. Hence Triton X-100 was the preferred surfactant for the present purpose, used 
in conjunction with DBS. 
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Zusammenfaasung-Eine einfache und sehr selektive spektrophotometrische Methode zur Bestim- 
mung von Kobalt wird beschrieben. Sie beruht auf der raschen Reaktion mit PAN bei pH 5.0 in 
Gegenwart oberfllchenaktiver Stoffe und ganz geringer Mengen Ammomumpersulfat. Das Kobalt- 
(III)-Chelat wird durch ein neutrales Netzmittel. Triton X-100. in Verbindung mit Natriumdode- 
cylbenzolsulfonat. (DBS) wasserloslich gemacht. Eisen(llI), Wismut. Zinn(lV) und Aluminium 
werden mit Oxalat oder Citrat maskiert. Eisen(I1) muD abwesend sein. Die anderen Metall-PAN- 
Chelate at&r dem von Nickel werden durch EDTA leicht zerlegt. Bis 150 pg Nickel storen nicht. 
Sind griiI3ere Mengen, bis 625 lug, anwesend, dann kann die Extinktion durch Messungen bei zwei 
Wellenliingen korrigiert werden. In einem stark sauren Medium (unter pH 0.5) werden die Chelate 
von Nickel und den anderen Metallen augenblickhch und vollstlndig zerlegt, wahrend das Kobalt- 
(III)-Chelat unverandert bleibt. Werden statt EDTA einige ml 6M Salzslure nach der Farben- 
twicklung zugesetzt kann Nickel in Mengen bis zu 1250,ug zugelassen werden. Em mehrhundert- 
father UberschuB von Zink und Manaan start nicht. Bei 620 nm ailt das Beersche Gesetz im Kon- 
zentrationsbereich 44-3.2 pg Kobal;pro ml. Die Genauigkeit -(Vertrauensgrenze 95”;) betrlgt 
+ 1,Opg auf 1OOpg Kobalt. Der molare ExtinktionskoetIlzient betriigt 1,90 x IO41 mol-‘cm-‘. 

R&sum&-On d&it une methode spectrophotometrique simple et hautement selective pour le 
dosage du cobalt, bas& sur la reaction rapide avec le PAN en la presence d’agents tensioactifs et 
de faibles quantitds de persulfate d’ammonium a pH 5.0. Le chtlate de cobalt (III) est rendu soluble 
dans I’eau par un surfactant neutre. le Triton X-100. combine avec du dodecylbenzenesulfonate 
de sodium (DBS). Les fer (Ill), bismuth, etain (IV) et alummium sont dissimules par l’oxalate ou 
le citrate. Le fer (II) doit Btre absent. Les autres chelates m&al-PAN, a l’exception de celui du nickel, 
sont aisement decomposes par I’EDTA. Une quantite de nickel jusqu’a 150 pg ne gene pas. Quand 
des quantites superieures allant jusqu’a 625 pg sont presentes, l’absorbance peut etre corrigie par 
mesures a deux longueurs d’onde. Dans un milieu fortement acide (en-dessous de pH 0.5). les che- 
lates du nickel et desautres metaux sont decomposes complctcment et instnntanement . tandis que 
le chtlante du cobalt (Ill) reste inchange. Quand, au lieu d’EDTA. on ajoute plusieurs ml d’acide 
chlorhydrique 6M aprbs developpement de la coloration, le nickel en quantites allant jusqu’a 
1250 pg peut &tre tolere. Le zinc et le manganese plusieurs centaines de fois en exces n genent 
pas. A 620 nm, la loi de Beer est suivie dans le domaine de concentration en cobalt 0.432 pg/ml. 
La precision (confiance 95%) est + I,0 pg pour 100 pg de cobalt. Le coefficient d’absorption molaire 
est 1.90 x lo4 1. mole-’ cm-‘. 
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THERMOMETRIC TITRATION OF ACIDS IN PYRIDINE 

(Received 25 July 1973. Accepted 9 October 1973) 

Titration of simpie monobasic acids in pyridine with an uncharged base, has been shown”’ to involve the follow- 
mg equilibria: 

HX(H+ X-) KHx ZZZ=H+ +X-, (1) 

B+ H’ m?% BH+, (2) 

BH+ +X-A c_ BH+ X- (BHX). (3) 

Although the evidence from potentiometric titrations’ is not convincing in our conductometric titration’ of 
nitric acid us. 1,3-diphenylguanidine (DPG) consideration of the equilibria above has yielded satisfactory agree- 
ment between the observed and calculated plots. The conductance of the solution decreased linearly up to the 
end-point and then rose gradually (also in a linear fashion) and the detection of the end-point was relatively 
easy. It was of interest to investigate the thermometric titration of such acids in pyridine. The acids considered 
for the study were: perchlortc, hydriodic, nitric, hydrobromic, acetic, benzoic, o-nitrobenzoic and picric acids and 
2.4 and 2,5-dini~ophenol. 

With the exception of o-mtrobenzoic acid for which no pii, estimate is available the pll, vaiues of all these 
acids and phenols are known.3*4 An approximate estimate of pK, is available for picric acid.’ It was expected 
that a correlation between these values and the trends observed in the thermometric titrations would be exhi- 
bited. It was further expected that the results would be of value in providing some estimate of the heats of reaction 
fneutralization) in favourable cases. 

EXPERIMENTAL 

The picric. benzoic and o-nitrobenzoic acids were of reagent quality; the slightly damp picric acid sample was 
squeezed between folds of filter paper and then air-dried at room temperature. Reagent-quality acetic acid was 
dried by the usual method. Preparation and purification of all other chemicals have been reported earlier.’ 

Procedure 

The titrant was delivered at a constant rate mto a calorimeter, while the change in temperature of the solution 
was detected by a thermistor (Sargent Model S-81620) and recorded. In each run, 40 ml of titrand were placed 
m a vacuum-jacketed (glass) calorimeter. A constant-drive syringe pump (Sage Instrument Model 249:2) burette 
was used; a length of Teflon tubing was attached to the end of the syringe for delivering the titrant into the 
calortmeter. Before starting a run, the solution ofacid in the calorimeter and the titrant, ~.e., the solution of DPG 
contamed m the syringe burette, were allowed to attain temperature equilibrium in an air-conditioned room 
maintamed at 21 & 2’. The contents of the calorimeter were kept agitated with a Teflon-coated magnetic stirrer 
for about a minute before a tstration was actually started, and sttrring.was continued until well beyond the theor- 
etical end-point. 

A Wheatstone bridge (Sargent Model S-8 1601) was used, with the thermistor as one arm. The bridge imbalance 
was amplified through a Keithley Model 150 AR microvolt ammeter and then recorded on a Sargent strip-chart 
recorder. An R-C hook-up with a 250-mF capacitor and a 100: 1 voltage divider consisting of a l-MR resistor 
and a I O-k52 resistor, was attached across the recorder terminals to minimize the noise. 

A chart speed of 1 in./min and a rate of titrant delivery of 0.843 ml/min were used in all runs. 
~ere~~i~j~lur~o~~ ~~wuf~r-eq~jvuie~f of&e ca~ori~efer assembly. The water~qui~lent of the calorimeter system 

was ascertained by determining the temperature change caused by the addition of a known amount of ice-cold 
water to a given quantity of water contained in the calorimeter assembly. An average value of 16-O cal/deg was 
obtained from three separate determinations. 

TAL Vol 21 No 4-D 
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Time - 

Fig. 1. Time-temperature plots. A-HClO* (O~lOOOkf); B-HI (0~0247M); C-HNO, (01105M): 
D-HBr (@0479&f); E-2&%nitropheno1(0~1013M); F-picric acid (0.1013M); G-o-nitrobenzoic 

acid (@1013&f). 
Full-scale recorder sensitivity: plots A, C, D, E, G, 3mV: plot g. 1 mV; plot F, 10 mV. 

Temperature calibration ofthe chart paper. The temperature change as recorded in mm of chart paper was cali- 
brated by running several titrations of aqueous solutions of sodium hydroxide against hydrochloric acid under 
identical experimental conditions. The total heat liberated per mole of reactant in each of these titrations was 
obtained on the basis of the averagc number of chart divisions (mm) representing the temperature change 
at the titration end-point, the volume of solution at the end-point and the water-equivalent of the calorimeter 

I I”. 
- 

Time - 

Fig. 2. Time-temperature plots. A-acetic acid (CO1 12M); E-benzoic acid (MI 16M); C-ben- 
zoic acid (Q1164M); D-_ZSdinitrophenol(@O990M); E-2,5-dinitrophenol (OW99M). 

Full-scale recorder sensitivity: plots A, B, E, 1 mV; plots C, D. 3 mV. 
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determined as above. The average of the heats (657 i @30 x JO’ mm.cal/deg) was then equated with the heat 
of neutralization of sodmm hydroxide. 13.5 kcal/mole. Thus. at a sensitivity of I mV full-male deflection. I mm 
of chart paper on the temperature axis would correspond to 2.06 + QO9 x 10m3 deg. This value was used m 
ascertaining the temperature change associated with a particular titration in pyridine. 

RESULTS AND DISCUSSION 

Typical titration curves for perchloric, hydriodic, nitric, hydrobromic. picric and o-nitrobenzoic acids and 2.4 
dinitrophenol are given in Fig. 1. The plots are linear with little or no curvature and are marked by fairly sharp 
breaks in the vtcinity of the theoretical end-points. Comparison of the results summarized in Table 1, indicates 
that at higher concentrations the correspondence of the thermometric end-points with those ~iculated on the 
basis of a 1: 1 reaction between the acid and DPG is good. The lack of agreement at lower concentrations of 
the acids may be due to a number of factors. The amount of heat evolved at lower concentrations is small, and 
dilution effects may become serious. This suggests that higher titrant concentrations might improve the situation, 
but when a higher concentration of the titrant is used. the small time-interval required in delivering the titrant 
mtroduces additional problems. 

Table I. Results of thermometric titrations of acids in pyridme 

HX* cnx. iW* cope, M 
Number of Volume Heat of 

chart divisions& of DPG. ml reactionf 
tF?h? Obsd. C&d. ~CUl/~~~ 

HCIOI 
(3.26) 

;.I39, 

HNO, 
14.06) 

HBr 
(436) 

Picric 
acid 

(35) 

o-Nttro- 
benzoic 
acid 

2.4-Dmitro- 
phenol 

(4.38) 

Acetic 
acid 

(JO 1) 
Benzoic 

acid 
19.8) 

2+Dimtro- 
phenol 

(5.76) 

01000 
0~0100 

DO247 
0.0025 

0.1 105 
00111 
0.0055 

QO479 
0.0104 
O+JOJ4 

0.1013 
0.0101 
0~0010 

0.1013 
0~0101 
0‘0010 

0.1013 
O*OlOJ 
0@010 

0.0112 

01164 
0.0116 
@ooJJ 

0@990 
0.0099 
O%JlO 

1.023 
0.486 

1.057 
0.486 

1.023 
1.023 
0.486 

1 Q43 
1.043 
0.486 

1.043 
l@J3 
0.486 

1.043 
1.039 
0.486 

1.039 
1,039 
0.486 

I.057 

1.039 4.500 - 
1.039 0446 - 
0.486 0.091 - 

J ,039 3.820 - 
1.039 0.380 - 
0.486 0*080 - 

107.5 (3) 
175 (1) 

135.0 (1) 
48.5 (0.3) 

1665 (3) 
208.0 (0.3) 

86.5 (0.3) 

1035 (3) 
675 (1) 
325 (0.3) 

44.0 (10) 
198.0 (0.3) 

16-O (@3) 

167.0 (3) 

gZ lif 
2105 (3) 

83.5 (1) 
10.0 (0.3) 

3.890 
0.762 

@940 
0.227 

4.290 
O-480 
0.472 

I.910 
0446 
0.160 

3.840 
0.420 
0.084 

3.850 
0.432 
@i185 

3-880 
0440 
0,084 

3.890 574 
0.823 - 

0940 9.35 
0.210 - 

4.000 8.12 
0408 - 
0.455 - 

1.830 11.27 
0.397 - 
0115 - 

3.870 7.74 
0.387 - 
0.082 - 

3.880 8.85 
0.388 - 
0.0825 - 

3-910 11.19 
0*39I - 
0.083 - 

0.425 - 

* Numbers m brackets indicate the pK, values of the actds. 
t 40.0 ml of solution used. 
# Represents the distance travelled by the pen, on the temperature axis. to reach the end-point at the full-scale 

sensitivity (mVJ given in parentheses. 
il’ The specific heats and the densities of the solutions were taken to be the same as those of pyridine (specific 

heat = 0.431 cal:deg. density = 0.9781 g/ml at the experimental temperature), and heats of mixing and dilution 
were not taken into account. Each mm of chart paper was equated to 2% x 10e3 deg, at 1-O mV sensitivity, 
for calculating the heats. assuming a J : 1 reaction between the acid and the base. 
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The plots for acetic and benzoic acid and 2.5-dinitrophenol show considerable curvature (Fig. 2). and the 
curve-shape is not improved at increased acid concentration. Consequently, location of the end-point for these 
acids is not feasible. In view of the large difference in pK, values (acetic acid? 10.1: benzoic acid:’ 9.8; 2.5-dinitro- 
phenol:” 5.8) it seems possible that the titrations in these cases are far less complete than for the first group of 
acids discussed above (Fig. 1). Incidentally. the earlier report’ on potentiometric titration of the acids appears 
to be vague and incongruous. We have not notlced any homoconJugation for any of the acids. and we are inclined to 
believe that they all conform to the simple titration scheme suggested m equations (I t(3). It is interestmg to 
note in this connection that although acetic acid proved too weak for end-point estimation, thermometric 
titration using DPG as the base5 yielded a distinct end-point for benzoic acid in acetonitrile which is an aprotic 
but protophobic solvent of moderate dielectric constant. 

The molar heats of reaction (in kcal) as calculated in the present work from titration data at the highest acid 
concentration used are given in Table 1. Excluding the case of o-nitrobenzoic acid for which no pK, estimate 
is available, and of hydriodic acid which might involve a large experimental error due to the low concentration 
(@0247 M) used, the heats seem to follow the same sequence as the pK, values of the acids. No explanation of 
the trend can be offered at this stage. 
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Summary-Thermometric titration of HClO,. HI, HNOI, HBr, picric acid. o-nitrobenzoic acid, 
2,4- and 2,5_dinitrophenol, acetic acid and benzoic acid have been attempted in pyridine as solvent, 
using 1.3-diphenylguanidine as the base. Except in the case of 25dinitropheno1, acetic acid and 
benzoic acid, the results are, in general, reasonably satisfactory. The approximate molar heats of 
neutralization have been calculated. 

Zusammenfaasung-Die thermometrische Titration von HCIOI, HJ, HNOs, HBr, Pikrinslure, o- 
Nitrobenzoes;iure, 2,4- und 2,5-Dinitrophenol, Essigsiiure und Benzoetiure wurde in Pyridin als 
LGsungsmittel mit 1,3-Diphenylguanidin als Base versucht. Au&r bei 25-Dinitrophenol, Essig- 
s%ure und Benzoedure sind die Ergebnisse im allgemeinen recht zufriedenstellend. Die ungelhren 
molaren Neutralisationswlrmen wurden berechnet. 

Rhtm&-On a essay6 le titrage thermomktrique de HClO,, HI. HNOs, HBr, acide picrlque. acide 
o-nitrobenzo’ique. 2,4- et 2,5-dinitrophinols, acide acetique et acide benzo’ique en pyridine comme 
solvant, utilisant la 1,3-diphknylguanidine comme base. En exceptant les cas du 2,5-dinitrophlnol, 
de l’acide acdtique et de l’acide benzo’ique, les rtsultats sent, en gin&al, raisonnablement satisfai- 
sants. On a calculd les chaleurs molaires de neutralisation approximatives. 
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EXTRACTION OF PRUSSIAN BLUE INTO CHLOROFORM 
IN THE’PRESENCE OF AJATIN 

(Rrceivrd 3 July 1973. Accepted 29 October 1973) 

The Prussian Blue method remains the best for the determination of small amounts of ferrocyanide.‘.’ Roberts 
and Wilson’ optimized the conditions for rapid development of stable colloidal solutions of Prussian Blue by 
adding a mixture of ferrous and ferric sulphates to an acidic solution of ferrocyanide ion. In adapting their 
method to the analysis of beet molasses, we found the optimum concentrations are in the range ONj25-OlM 
ferrous iron, OGOl-O.OlM ferric iron, and @005-0.25M (or more) sulphuric acid, these values being related to 
the final volume. Under these conditions, the absorbance reaches its maximum value after about 15 min and 
remains unchanged during the next two hours. After a day the Prussian Blue coagulates, but if the solution is 
shaken for a few seconds the precipitate is redispersed and the original absorbance value is restored. 

The procedure of Roberts and Wilson allows determination of down to 2.5 pg of ferrocyanide ion in a final 
volume of 25 ml. For the samples containing very low amounts of ferrocyanide, they suggested a concentration 
step to bring the total amount of ferrocyanide above this level. This is done by collecting the Prussian Blue on 
a kieselguhr pad, redissolving it in a small volume of potassium hydroxide solution and forming it again under 
controlled and reproducible conditions and in a small volume. 

The present paper deals with the extraction of Prussian Blue into chloroform in the presence of ajatin 
(dimethyl-laurylbenzylammonium bromide), which seems to be a promising alternative for concentration pur- 
poses 

Reagents 

EXPERIMENTAL 

All reagents were of analytical-reagent grade except the 10% w/v ajatm solution (Slovakofarma, Hlohovec. 
CSSR). Doubly distilled water was used. The chloroform was purified by washing with dilute sulphuric acid. 
then dilute sodmm hydroxide solution and distilling twice. 

Standard firrocyanide stock solution. Potassium ferrocyanide trihydrate (0.249 g) was dissolved in water con- 
taining 2 ml of 005M potassium hydroxide and made up to 250 ml. The solution was stored in the dark. Standard 
dilute ferrocyanide (IO pg/ml) solution was prepared on the day of use by fiftyfold dilution of the stock solution 
with OQO5M potassium hydroxide. 

Solution of iron sulphates. To 50 g of ferrous ammonium sulphate hexahydrate and 5.25 g of ferric ammonium 
sulphate dodecahydrate 15 ml of cn. 18M sulphuric acid were added, and after dissolution of the salts in water, 
the solutron was made up to 250 ml and filtered into a polyethylene bottle. 

Procedure 

For the calibratron curve. to a series of 25-ml standard flasks add dilute ferrocyanide solution to cover the 
range O-100 pg, followed by 0.5 ml of 10s; ajatin solution to each. Fill to the marks with water, transfer the con- 
tents to 50-ml separatory funnels each containing 10 ml of chloroform, add 1 ml of “iron sulphates” solution, 
let stand for 15 mm. then shake them for 1 min. Measure the absorbances of the chloroform extracts at 700 nm 
against pure chloroform in 2-cm cells. Treat samples in the same way. 

Efsecr qfrhe concentration ofaptin. A mrxture of 10 ml of water, 3 ml of dilute ferrocyanide solution, 1 ml of 
non sulphates solution and a varied amount (< 1 ml) of ajatin solution was diluted to 15 ml wrth water and let 
stand in 50-ml separatory funnel for 15 mm. The Prussian Blue formed was extracted into 10 ml of chloroform 
by shakmg for 1 min. The extract was filtered through paper and its absorbance A measured against chloroform 
as reference. The distribution coefficient D was calculated from 

D= 
A observed x 1.5 

A mDx,mal - Aobserved. 

.Ej’~r oft/w ~o~~centrar~o~~ 41 sulphuric ucid. A mixture of water. a chosen amount of sulphuric acid of known 
concentration. 0.5 ml of lo”, ajatin solutron. 1 ml of iron sulphates solution and 3 ml of standard ferrocyanide 
solution was diluted to 25 ml in a standard flask. transferred into a 50-ml separatory funnel, and after 1520 min. 
extracted with 10 ml of chloroform. and the absorbance of the extract measured. 

307 
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Selectivity ofthe extraction. A weighed amount of the salt to be investigated was placed in a Z-ml graduated 
flask and dissolved in about 15 ml of water. then 1 ml of 036M sulphuric acid and 5 ml of standard ferrocyanide 
solution were added and the flask was filled to the mark with water. The solution was transferred into a 50-ml 
separatory funnel containing 10 ml of chloroform 0.5 ml of 10:; ajatin solution and 1 ml of iron sulphates solu- 
tion were added and after 30 min the Prussian Blue was extracted and its absorbance measured and compared 
with that obtained with the same amount of ferrocyanide in the absence of the salt being investigated. 

RESULTS AND DISCUSSION 

The extraction of Prussian Blue from OG43M sulphuric acid is maximal when the concentration of ajatm in 
the aqueous phase exceeds about 0003&f. At higher ajatin concentrations, the aqueous phase tends to foam when 
shaken and therefore concentrations above ea. 0406M are not suitable. Moreover. at these higher concentrations 
the extracts exhibit a white turbidity, so they are not suitable for s~trophotometry. When the concentration 
ofajatin is beIow ~~3~, the degree of extraction decreases. and the unextracted Prussian Blue forms a precipi- 
tate at the phase boundary. A similar effect was observed when the concentration of sulphuric acid increased 
above @IM, as shown in Fig. 1. Aqueous solutions of Prussian Blue behave markedly differently from the 
chloroform extracts: the aqueous solutions are only moderately stable and the Prussian Blue coagulates over- 
night, but the solutions in chloroform are stable for at least one month. Further, when aqueous solutions of Prus- 
sian Blue are filtered through paper (Schleicher & Schuell No. _58g3) about 907; of the Prussian Blue is retamed 
by the filter, but there is virtually no loss from chloroform solutions. 

These observations raise the question of the nature of the extraction process. Some infor~tion on this can 
be obtained from Fig. 2, where it can be seen that at higher concentrations ajatin combines with Prussian Blue 
in a I: I molar ratio, and at low concentrations in about 2: 1 ratio. Since no attempt has been made to determine 
the molecular weight of the species extracted, the mechanism of the extraction remains unclear, but the extraction 
obviously cannot be explained by the formation of ion-pairs since Prussian Blue is not an ionic species: on the 
other hand, formation of mixed ferrocyanides (such as those known for alkali metals) is improbable with such 
a large cation as ajatin3 Only negligibb differences were found between the visible absorbance spectra of Prus- 
sian Blue are filtered through paper (Schiiecher and Schuell No. 589’) about 90Y0 of the Prussian Blue is retained 

Although the mechanism is unknown. the extraction of Prussian Blue would be of value for analytical purposes 
provided it is sufficiently selective. The results of a preliminary mvestigation of this aspect are listed in Table 
1. The extraction is essentially unaffected by thousandfold molar ratios (with respect to ferrocyanide) of sodium 
chloride, potassium fluoride, potassium dihydrogen phosphate, and boric, acetic. lactic, tartaric, citric and suc- 
cinic acids, hundredfold ratio of potassium iodate, and tenfold ratios of potassium iodide. potassium nitrate. 
sodium thiosulphate and oxalic acid but potassium bromide, potassium thiocyanate, sodium dihydrogen hypo- 
phosphite or salicylic acid can be tolerated only in molar amounts similar to that of ferrocyanide. The suppres- 
sion of the interferences has to be based on understanding their mode of action. By increasing the acidity of 

Fig. 1. Effect of the acidity on the extraction of Prussian Blue from 5.2 x 10-‘A4 ajatin medium. 
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-3 

l‘%’ bATIN 

Fig. 2. Effect of the concentration of ajatin on the extraction of Prussian Blue from 3.84 x 10eZM 
H,SO, medium. 

the aqueous phase from 0.02M to 00935M sulphuric acid. weak acids can be converted into their undissociated 
forms and then cannot bind the ajatin cation, and decrease its effective concentration. Otherwise, at lower aci- 
dity. part of the Prussian Blue remained unextracted,just as though there were not enough ajatin. Another source 
of interference is the presence of reduction or oxidation agents which can change the proportion of ferrous to 
ferric iron being added. For example, oxalic acid reduces ferric iron and slows down the rate of formation of 
the Prussian Blue. Such interferences may obviously be avoided by adjustment of the redox potential of the 
aqueous phase before the addition of the solution of iron sulphates. Other compounds such as tbiocyanate or 
salicylic acid interfere by complexing iron. Their effect might be avoided by increasing the amount of iron sul- 

Table 1. Selectivity of the extraction of Prussian Blue from @0935M HaSO, 

Recovery of ferrocyanide, % 

Compound added IoikY 100” lo* 

NaCl 100~5 97 
KBr 24.4 44 
KI 1 102 
KF 95.5 
KSCN 3: 87 
KNO, 106 
KIOS 168 92.5 
H,BO:, 112 
Na2S103 1 92 
KH2POI 96 
NaHzPOz 49 
Acetic acid 104 
Succinic acid 101 
Lactic acid 108 
Citric acid 98 
Tartaric acid 945 
Oxalic acid 109 
Salicyiic acid 52 

* Numbers indicate the mofar ratio of the compound to the ferrocyanide. 

1’ 

110 

97 

100 

100 
100 
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phates added. A special case is represented by nitrate, which interferes by precipitating ajatin. Increasing the 
amount of ajatin might eliminate this unwanted effect. Another way to achieve higher selectivity might be to 
use. another solvent. 
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Summary-Extraction of Prussian Blue into chloroform in the presence of ajatin (dimethyl-lauryl- 
benzylammonium bromide) is proposed for the concentration and determination of fcrrocqanide 
ion. Optimum concentrations of sulphuric acid and of ajatin have been established and the selecti- 
vity of the extraction has been investigated. Ways of eliminating some interferences are discussed. 

Zusrmmenf8wuq-Es wird die Extraktion von Berlinerblau in Chloroform in Gegenwart von 
Ajatin (Dimethyllaurylbenzylammoniumbromid) beschrieben und fiir die Anreicherung und Bes- 
timmung des Ferrocyanions vorgeschlagen. Es wurden die optimalen Konzentrationen von Schwe- 
felsiiure und von Ajatin ermittelt und die Selektivitit der Extraktion untersucht. Die Wege zur Eli- 
minierung einiger Storungen werden diskutiert. 

R&sum&L’extraction du bleu de Prusse. en chloroforme en presence d’Ajatin (bromide de dimethyl- 
laurylbenzyiammonium) est d&rite et proposie pour la concentration et determination du ion 
de ferrocyanide. Les meilleures concentrations de I’acide sulfurique et d’Ajatine furent etabhes et 
la selectivite de I’extraction fut examinee. La facon d’elimination de quelques difficult&s est discutte. 

Tulanra Vol. 21. pp. 310-312. Pergamon Press. 1974. Prmted in Great Britam 

SEPARATION OF CARRIER-FREE 48Sc TRACER AND ITS 
DETERMINATION BY ISOTOPIC DILUTION 

(Received 29 August 1973. Accepted 30 October 1973) 

A survey of earlier work on the analytical chemistry of scandium reveals that the separation. purification and 
estimation of the element is one of the most difficult problems in inorganic chemistry. Conventional proce- 
dures’-* such as solvent extraction, ion-exchange, chromatography etc., are generally applied for its separation. 
Attempts have been made by several workers s-s to separate carrier-free scandium tracer from irradiated 
titanium by chemical methods which are often time-consuming and difficult. The present work describes a simple 
method of separating carrier-free ‘%c (half-life 1.83 days) from an irradiated metal titanium target. 

EXPERIMENTAL 

Chemical reagents used were of analytical grade. Spectroscopically pure titanium metal, in small pteces, was 
encased in polyethylene bags and irradiated with a 16MeV neutron source at a flux of 2 x 10’ n.cm-%ec-’ 
for 20 hr. %c tracer with 44-hr half-life was formed according to the reaction 4*Ti,, (n,p) ‘?Sc, i. 

The irradiated metal was left for 12 hr to eliminate any short-lived radioactive species. and then was dissolved 
in hydrofluoric acid in a polyethylene beaker. The solution was almost neutralized with ammonia and the pH 
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adJusted to 5 4 by addItlon of 20 ml of a mixture of @JM acetic acid and @lM ammonium acetate (1: 1). then 
t 0 ml of @ f M calcium chloride were added. The tracer was completely co-precipitated with the calcium fluoride 
formed. The calcium fluoride was reprecrpitated, filtered off, transferred to a beaker and fumed with perchloric 
acid to remove any hydrofluoric acid. It was then dissolved in 25 ml of cont. hydrochloric acid. To the acid solu- 
tion about 0.5 ml of 30°b hydrogen peroxide was added and the scandium tracer was extracted with an approxi- 
mately equal volume of tributyl phosphate.’ The tracer was finally stripped into aqueous medium, in the carrier- 
free state. by shaking the organic phase with 75 ml of water Any residual tributyl phosphate was removed by 
shaking the aqueous phase with 25 ml of diethyl ether. The amount of scandium activity in the aqueous phase 
was determmed by isotopic dilution. 

Calcium fluoride was used as the non-isotopic dduent for determining the scandrum. To the aqueous solution 
contajnlng the tracer (polyethylene beaker) a few drops of dilute ammonia solution were added and the pH was 
adJusted to 2-3 with acetic acid. Then lOm1 of @lM calcium chloride were added and the scandium was co- 
precipitated with calcium fluoride by additron of dilute hydrofluorrc acrd m presence of alcohol. The solution 
and precipitate were stirred on a hot water-bath with alcohol-water mixture for about 15 mm. The precipitate 
was separated by centrifugation. Varrous fractions of the precipitate were transferred to previously drred and 
weighed counting trays and dried and weighed. The activity in each tray was measured with an end-window 
G.M. counter. 

To verify the half-life, the activity measurements were repeated at intervals for 100 hr. The decay curve was 
linear and gave a half-life of 44 hr. 

DISCUSStON 

Calcium fluoride was found to be a good non-isotopic diluent for scandium. It has little tendency to complex- 
formation under the experimental conditions and is highly insoluble in acetic acid. The tracer was uniformly 
distributed in the solid phase. The uptake of scandium by calcium fluoride was shown to be complete by using 
carrrer-free 48Sc to determine calcium. A known amount of the ?& activity was added to a solution containing 
a known quantity of calcium which was then precipitated as fluoride in acetic acid medium as described. The 
activity of a known weight of precipitate was measured and used to determine the precipitate weight. The results 
had a maximum error of 25:~ which is reasonable for the technique. 

B.C. PURKAYASTHA 
N~YARANIANDA~ 

REFERENCES 

I. D. F. Peppard. G. W. Mason and J. L. Maier. J. Inorg. Nucl. Chem., 1956.3, 215. 
2. A. R. Eberle and M. W. Lerner. Anal. Chem., 1955,27, 1551. 
3. M. Lederer. Anal. Chim. Acm. 1956. 15, 46. 
4. B. C. Purkayastha and K. N. Dutta. J. In&an Chem. Sot., 1967,44,907. 
5. U. Sch~ndewolfand J. W. Irvine. Anal. Chem.. 1958,30,906. 
6. H. Walki. Phys. Rer.. 1937.52, 777: 1940.57, 163. 
7. P C Stevenson and W. E. Nervik. Ra~rQcbemtstr~ of Rare Earths, Scandium Yttrium and Actinium, NAS-N 

3020. pp. X4-205: X9-210: ?I&21 1. U.S. Atomtc Energy Commission. NAS-NRC. 1961. 
8. H. F. Aly. M A. El-Haggan, Mrcroch~m. Acta. 1971. 4. 

Summary-An easy method for speedy and quantitative separation of carrier-free scandium tracer 
formed by the 48Ti,,(n,p)48Sc,, nuclear reaction has been develoned. Senaration of4*Scfl-83 dirvs) 
from the target tita&m metaiwas carried out by co-preciprtatin’g the tracer with calcium fluoride 
precipttated at pH + 4 from the solution of irradiated titanium in hydrofluoric acid. The freshly 
formed fluoride precipitate was dissolved in cone. hydrochloric acid. and the tracer extracted with 
tributyl phosphate and then stripped into aqueous medium. The carrier-free tracer was estimated 
by isotopic dilution. with calcium Ruoride as non-isotopic diluent. 

Zusammenfassung-Eme leichte Methode zur raschen und quantitativen Abtrennung von trtiger- 
freiem Scandiumtracer wurde entwickelt. der durch die Kernreaktion ‘sT& (n,p) 48Sc2, gebildet 
wurde. Die Abtrennung von 4BSc(1.83 Tage) vom Target aus metallischem Titan erfolgte durch 
Mitfallung des Tracers mit Calciumfluorid_das bei pH 2 4 aus der Losung des bestrahlt& Titans 
m Ftuf3s%ure aefallt wurde. Der frisch eebildete Fluoridmederschlaa wurde in konzentrierter Saiz- 
tiure gel&t. der Tracer mit Tributylp~osphat extrahiert und dann& w&Brrges Medium zuriickex- 
trahrert. Der trlgerfreie Tracer wurde durch ~soto~nverd~nnung mit Calc~um~uorid als nichtiso- 
topem Verd~nnungsmittel bestimmt. 
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IGum&-On a &labor& une m&hode simp& pour la s&paratioa rapide et quantitative du traceur 
scandium exempt de support forti par h r&sction m&hire ‘“Ti12 fnp) JaScz i . La s+aration de 
‘eSc (183 jourf de II~ cible de titane m&ailique a Cte me& par copr&rpitation du traceur avec 
le fluorure de calcium precipitc! ii pH _ 4 de la solution de titane irradi& dam I’acide Ruorhydrique. 
Le pr&ipitO de fluorure fraichement forme a et& dissous en acide chlorhydrique concentre, et le 
traceur extrait au phosphate de tributyle puis rieextrait en milieu aqueux. Le traceur exempt de 
support a &e doi par dilution isotopique, av@c du fluorure de calcium comme diluant non- 
isotopique. 

(Ei~eg~ngen tam 10. September 1973. ~n~enomrnen am 29. ~~~#b~r 1973) 

Em&e optische Spezialgliiser sind ~~h~~~t~her Natur und enthalten Thori~m(IV~ und Lantha~III~~ 
als ~aupt~s~ndte~e. Die ~i~tar~urel~~bkeit sol&et+ Glliser bietet giinstige ~~in~n~n l%r die quantita- 
ti~~ek~herm~~tri~be Thorium- und ~nthan~stimm~ng. Bekanntlich Iii& sich T~r~u~IY) mit Jodat aus 
salpetersaurer LiSsung in Form schwerl&lichen Thorium(XV)- jodats fiRen: 

Th*+ + 4 JOB * IJ Th(JO& 1. (1) 
Die dabei auftretende Enthalpie~nd~ru~3 ist exotherm und wird fur eine Thorium(IV)nitra~~s~n~ die Q3M an 
Salpeters&re ist, d~ktth~mometr~~b zu AH3a8 = - 43Q kf{Mol ermittelt.’ Der R~ktion~blauf wird in 
Gegenwart Yen Las * und an&en Seltenen Erdmetallionen nicht gestiirt. 

Die ~~u~~ktione~ des Tbori~(~) and ~ntb~~(III) mit Uxa’at verlaul%n in 0,3.&f SalpetersPiure gleicb- 
falls exotherm: 

Th’+ + 2 C@,‘- --* Th(C,O,), 1 ; AH,,, = - 52.3 kY/Mol, (2) 

2 La3* f 3 C20dz- + La,(C2011)s 1 : AH2s8 = - 4Q6 kJ/Mol. (3) 

Die quantitative Bestimmung der beiden Glaskomportenten wird in aliquoten Anteilen der salpetersauren 
Au~~~~-Starnrnl~sun8 ~o~~~ornrnen~ Der Thori~mge~lt der untersucbten C&probe ergibt sich u~it~l~ 
dun& d~ektthe~o~~~~ I~jka~on der Thor~~IV~jo~t-~Run% w&end der ~nt~n~~lt aus der 
di~ktthe~o~tr~~~n Sum~~bestimmun~ beider Kationen als Ox&ate erhalten w&d. 

Apparatur und Meflbedingungen 

EXPERIMENTELLER TEIL 

Thermometrisches Analysengeriit “Directhermom”.’ Eichgeradenverfahren, M&bereich: “2x”’ (AT = 45”); 
G&ah: 101t4oo mg That bzw. La&,, Rea~e~irnm~rs~~nspi~tte, 20 ml. 

~~ag~~z~~~ wid t&ungetr 

Suipet~s~ur~~ 65?& 2.A. 
R eugmz I: 100 8 ~aliumjoda~ z.A. werden in einer M~~bun~ van 250 mt destiliiertem Wasser und 250 ml kon- 

zentrierter ~I~ters~ure m der W&me aufgeliist. Nach dem Abkilhlen der salpetersauren ~~l~um]o~tl~sunE 
auf Raumtemperatur wird von eventuell Auskristallisiertem abfiltriert. 

Reagenz If: f 00 g Oxals&redihydrat werden zu I Liter destilliertem Wnsser gel&t. 
TIPoriumnitrat-Stammliisunil. Es wlrd eine w;i&ige Thotiitmnitrat-Stammiiisung bereitet dm in 1 ml 4 mg ThO, 

eatsiilt Als Eichsubstanz wird Thorium(IV)nitrat-Rexabydrat, z.A. wrwendet, dessen effektiver Tboriurn~a~~~t 
durch komplexometrische Titration gegen ~re~eatech~~~i~lett vorher ermitteh wird.$ 

Lanthanniacrt-StammlBsung. Es wird eine w&B&e Lanthannitrat-Stammliisung angesetzt, die in 1 ml 4 mg 
LatOs enthiilt. Als Eichsubstattz diem Lanthan(III)nitrat-hexahydrat; der tats&chliche Lanthangehalt ist vorher 
durch kompiex~metri~he Titration gagen XylenoIoraa~~ zu best&men3 

E~~~~~~e~. In t%-ml Me~k~i~~ werden jeweils 5 ml SalpetersZure, 45%ig zA. vorgelegt, 25, 54 75, 100 
und 125 m1 Thoriumnjtrat- bzw. Lanthannitrat-Stammtiisung ab~i~t~ert, und mit destilhertem Wasser wird his 
zu den ~~brnarken auf~~~~it. 
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GIasaufschlu@ wtd Analysenl&wag 

Die EinwaagengrGDen der zu untersuchenden Gliiser werden so bemessen, dal3 ihre Gehalte an Thorium bzw. 
Lanthan dem Bereich zwischen 1.50 und 350 mg ThOz bzw. La,Oj entsprechen. 

Die Einwaage der feinzerrlebenen Glasprobe wird in einem 2%ml Becherglas mit 40 ml konzentrierter Salpe- 
tersPure bis zur Trockene eingedampft. Der R&k&and wird in 12.5 ml Salpeterdure. &S%ig z.A. aufgenommen. 
Die AufschluBl~sung wird in einem 250-ml MeBkolben mit destilljertem Wasser bis zur Eichmarke erg;inzt. Fiir 
die Bestimmungen werden von dieser AurschluB-Stamml~sung jeweils 100 ml in 250-ml MeBkolben pipettiert, 
und mit destilliertem Wasser wird bis zu den Eichmarken aufgetillt. 

Ausfihrerl der Messungen 

Die El&,-, Analysxmlijsun@n und das Reagenz werden auf die Ausgangstemperatur von 25 rt 0.1 etngeStdt. 

Die Priifliisung wird m die MeOzelle des Analysengeriites gegeben. Die 20-ml Immersionspipette wird mit dem 
Reagenz I bzw. II geftillt. Die MeDzelle wird verschlossen und das Magne~~~werk in Betrieb gesetzt. Der Tem- 
peraturausgleich zwischen Prilfilisung, Reagenz in der Immersionspipette und Me~zellenumgebung findet inner- 
halb 5 Minuten statt. Die MeDbriicke wird eingeschaltet. Nach Kontrolle aul’vollstPndigen Temperaturausgleich 
wird die MeIJbriicke auf Nullstellung des Anzeigegerlites abgeglichen, das Reagens aus der Immersionspipette 
in die Priiflijsung eingespritzt und der sich einstellende Mel3wert registriert. 

VERSUCHSEROEBNISSE UND VERFAHRENSBEWERTUNG 

Die Ab~ngigke~t der Temperatur~nderung des Reakt~onsgemisches vom analyti~hen Gehalt folgt der 
linearen Funktton 

Y =aibx (4) 

Die Konstanten a und b der Eichfunktion (4) werden aus den Eichdaten fir x (mg ThOz bzw. La,O,) und y 
(AT = “C) mittels vereinfachter Regressionsrechnung erhalten.“ 

Der Thoriumgehalt der Probe ergibt sich dann zu 

der Lanthangehalt errechnet sich nach 

MI - Ma 

Masse-2 La,O, = 
biLa,(C,O,),I ’ ‘O” 

mg Glaseinwaage . 

In Glelchung (6) bezeichnen: 

(6) 

(yA_ ~a: MeBwerte der Anafysenprobe; Reaktionstypen in Klammern I ] ). Die an mehreren Gl&ern erzielten 
Ergebnisse wurden iibereinstimmend zu den aus konventionellen Analysen stammenden Daten gefunden. 

Die Verfahrensbewertung ergibt liir die Standardabweichung in der Mitte des MeBbereiches” s = 3,l mg ThOZ 
(20 Besttmmungen) und s = 1.7 mg La,O, (20 Bestimmungen). Flir die Doppelbestimmung beider Glaskom- 
ponenten werden etwa 1.5 Stunden beniitigt. 

Saaie-Gfas G.tn.&H. 
69 Jena. D.D.R. 
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Zuaarmneafassung-Es wird ein fir die Betrtebskontrolle geeignetes Schnellverfahren zur quantna- 
tiven Thorium- und Lanthanbestimmung in nichtsilicatischen Gllsern beschrieben. Die Analyse 
erfolgt aus salpetersaurer GlasaufschluBlijsung. Der Thoriumgehalt ergibt sich durch direktther- 
mometrische Indikation der exotherm verlaufenden Thoriumjodat-Flllungsreaktion. wlhrend der 
Lanthangehalt aus der Summenbestimmung beider Kationen als Oxalate erhalten wird. Anwen- 
dung findet das “direktthermometrische Eichgeradenverfahren”. Die Standardabweichung in der 
Mitte des Megbereiches wird zu s = 3.1 mg ThO, und l,? mg La,O, ermittelt. Die Analysenzeit 
betrlgt co. 1.5 Stunden. 

Summary-A rapid method is described for the determination of thorium and lanthanum in non- 
silicate glasses. It is suitable for routine use. in a works laboratory. The samples are dissolved in 
nitric acid. The thorium content is calculated from the measured heat of precipitation of thorium 
iodate, and the lanthanum content by difference from the heat of precipitation of both thorium 
and lanthanum oxalates together. The apparatus is calibrated by using standard solutions of the 
two metal ions. The standard deviations for the middle of the range (around 250 mg of the oxides) 
were 3.1 mg for Thor and 1.7 mg for La,Oa. An analysis takes about 1.5 hr. 

R&urn&On d&it une mithode rapide pour le dosage du thorium et du lanthane dans des verres 
sans silicate. Elle convient pour l’usage de routine dans un laboratoire de fabrication. Les echantil- 
Ions sont dissous dans l’acide nitrique. La teneur en thorium est calcuke a partir de la mesure de 
la chaleur de precipitation de l’iodate de thorium, et la teneur en lanthane par difference a partir 
de la cbaleur de precipitation des deux oxalates de thorium et de lanthane ensemble. L’appareil 
est Ctalonne en utilisant des solutions &talons des deux ions mttalliques. Les &carts types pour le 
milieu du domaine (aux environs de 250 mg des oxydes) sont de 3. I mg pour Thor et 1.7 mg pour 
La*Os. Une analyse necessite environ 1.5 h. 

Tnlanto. Vol. 21, pp 314-318 Pergamon Press 1974 Pnnted I” Great Brwatn. 

SPECTROPHOTOMETRIC DETERMINATION OF IRON(I1) WITH 
l,lO-PHENANTHROLINE IN THE PRESENCE OF 

LARGE AMOUNTS OF IRON(II1) 

(Received 5 September 1973. Accepted 8 October 1973) 

The determination of iron(R) in the presence of large amounts of iron(II1) has practical importance in the investi- 
gation of the corrosion of iron and in the treatment of waste-waters from mining and the steel industries. 

For determining Fe(I1) the I,lO-phenanthrohne (phen) method has been widely used However, when the con- 
centration of Fe(II1) is more than a few IO’s of ppm selective or specific determination of Fe(R) is impossible, 
smce high results are obtained owing to the formation of Fe(III)-phen complexes and/or an Fe(III)-hydroxide 
precipitate. To avoid this difficulty, it has been proposed that the bathophenanthroline method and an extraction 
procedure should be used,iW4 with or without a masking agent (phosphate,3 pyrophosphate4) for the Fe(III). 

Verbeek’ proposed a modification of the phenanthroline method, in which fluoride was used as masking agent 
for Fe(III), but this modification has not been widely accepted perhaps for fear of interference by the fluoride’ 
in formation of Fe(phen)3’+. In fact. the development of colour is sometimes impaired by the excess of fluoride 
if it is added to the solution previously. In view of this situation. it seemed worth examining the effect of Huoride 
in the formation of Fe(phen),’ + and finding the proper conditions for use of Huoride as the masking agent. 

It was found in the present investigation that the fluoride interferes by accelerating the aerial oxidation of 
Fe(I1). Fortunately, this effect can be inhibited almost completely by keeping the solution at a low PH. Thus. 
we were able to use fluoride for masking by choosing proper working conditions. 
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EXPERIMENTAL 

Reagents 

Analytical-grade chemicals were used in the preparation of reagent solutions. 
Sulphuric actd (I + 4). 
Ammoniun~ fluoride solution. 2M Dissolve 18.5 g of ammonium fluoride in water and dilute to 250 ml. 
I. IO-Pherzarlthrolrrle rllortoh~~d~ochloride tnol7ohJ~drutr so1ut10~. I ‘I,, 
Hexametltylenrterr(17etetrarttinr hufler solutiort, 3M. Dtssolve 105 g of hexamethylenetetramine m water and dilute to 

250 ml. 
Standard won(ll) solution. 100 ppm. Dissolve 0.7022 g of Mohr’s salt [FeSO.,(NH&SO,.6HrO] in 500 ml of 

water previously acidified with 2 ml of concentrated sulphuric acid. and dilute with water to 1 htre. 

Reconmended procedure 

Ptpette 15 ml of sample solution containing Fe(H) (up to 7 ppm) and Fe(W) (up to 2500 ppm) mto a polyethyl- 
ene beaker. Add I ml of sulphuric acid (I + 4). 2 ml of ammonium Ruortde solution. 2 ml of l.lO-phenanthroline 
solution. and 3 ml of hexamethylenetetramme buffer in that order. swirling the solution after addition of each 
reagent. Transfer the solution to a 25-ml graduated flask and dilute to the mark. Mix thoroughly and measure 
the absorbance at 510 nm. 

DISCUSSION 

Optmum conditions 

It was intended to mask about loo0 ppm of Fe(III) with fluoride. The working conditions were determined 
so that fluoride did not interfere with the reaction between Fe(H) and l,lO-phenanthrohne but masked Fe(II1) 
completely. 

4,7701rr71 01 .\u/phuric acid. To LI solutton contammg Fe(Il). sulphuric acid and ammonium fluoride were added 
in that ord.er, and the colour was measured after the addtttons of phenanthrohne and buffer. Figure I shows 
the effect of the amount of acid on the colour intensity. It is seen that, in the presence of fluoride, the absorbance 
is constant if the volume of acid added is at least 1 ml. The pH-values indicated in Fig. 1 were measured just 
after addition of the fluoride 

” 0.5 I.0 1.5 2.0 

(I+41 HaSO,, ml 

Fig. I. Effect of sulphurtc acid on the absorbance. 
Volume 25 ml. 40 irg Fe’ _ 

4117ourtr of fluoride. Ammonium fluoride was chosen because of its large solubility. Figure 2 shows the effect 
of the amount of fluoride on determmatiob of Fe(H) m a mixture of Fe(I1) (40 ag) and Fe(II1) (20 mg). The mask- 
mg was done at pH 2.5. The positive error caused by Fe(II1) IS elimmated by the addition of more than 2 ml of 
the fluoride solution. A large excess of the fluoride has no effect. This means that Fe(phen):+ is quite stable 
towards fluoride substttution. It should be noted that the use of hydrofluoric acid in place of fluoride salts gives 
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low results. Presumably hydrotluorlc acid accelerates even at low pH the aertal oxidation of Fe( II). 
A!nount ofphmunthrolinr. Figure 3 shows that m the presence of 20 mg of Fe(lll) at least I ml of I”, phenanth- 

roline solution is required for maximum colour development for Fe(lI) even though the FelITl) IS masked by 
Ruoridc. This is scvcral times the quantity rcquircd in the abscncc of FcIlIl). I( may bc that much orthc phcnanth- 
roline is consumed by the formation of colourless mixed complexes of FellII) with Huoride and phenanthroline, 
It cannot be due to competition” between fluoride and phenanthroline for Fe(H), since log K for FeF’ IS only 
1.5 and log K for Fe(phen)‘+ is 5*9.‘*s 

Choice of buffer. Hexamethylenetetramine was used as buffer. Ammonium acetate can also be used Sodium 
acetate cannot be used because of the formation of a white precipitate, presumably Na,FeF, 

P 

o-5 - 

a 

00 
2M NH,F, ml 

Fig. 2. Effect of ammonium fluoride on the determination of Fe” in the presence of Fe’+. 
Masking pH < 2.5, volume 25 ml, 40 pug Fe”, 20 mg Fe”. 

oI O-5 I-0 I.5 2.0 

I ‘o/o o-phen, ml 

Fig. 3. Effect of I,lO-phenanthroline on the absorbance. 
-c- 40 pg Fe*+. 20 mg Fe’+, 3 ml 2M NH,F, volume 25 ml. 

- -CL-~ 40 ~(g Fe’ l . volume 25 ml. 

Sr~rhi/ir~ofco/r,ur. When phenanthrolineand buffer are added to a mixed solution of Fe(lI)and FelllI). without 
masking with fluoride. the colour intensity Increases with time’ owing to photoreduction of the Fe(ill)-phen 
complex.’ “’ In the present procedure with Huoridc. the colour is stable for more than an hour under diffused 
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sunlight, even at 1000 ppm concentration of Fe(II1). Thus. the reduction of Fe(II1) is effectively Inhibited by the 
addition of fluoride. However. the colour intensity increases with time even in the presence of fluoride when an 
old phenanthroline solution is used. Hence. the phenanthroline solution should be renewed every 4 weeks. 

An~ount of FefJJJ). It was found that up to 2500 ppm of Fe(II1) had no effect on the determination of Fe-(H). 
Larger quantities of acid and fluoride should be added if the Fe(III) concentration is higher than 2500 ppm The 
calibration curve is not affected by the presence of Fe(II1) if the proper conditions are used 

Funcnon of fluoride 

Theextent ofmterference offluoride in the colour development was found to increasewith the time t elapsing before 
the addition of phenanthrolme and buffer. A detailed study was made of this phenomenon on Fe(II) solutions 
at different pH-values with and without fluoride addition. Figure 4 shows how the logarithm of the absorbance 
A changes with t. A, being the absorbance for r = 0. It is seen in all cases that log A/A, decreases linearly with 
ttme. The decrease in A IS considered to be caused by decrease of the amount of Fe(I1) by aerial oxidation which 
IS known to be a first-order reaction with respect to Fe(H).’ r- * 4 The oxidation IS apparently accelerated by the 
presence of fluoride but is completely inhibited even in the presence of fluoride, if the pH is lowered below 25. 
In the proposed procedure. enough acid is added for pH to be 2.5 after the addition of the fluoride solution. 

2.7 

2-9 

(6.61 
3-2 

PM 

(‘6-n 
3.6 

J 

1, min 
Fig 4. Effect of the time elapsing before the addition of l.lO-phenanthroline and buffer on the 

absorbance. 
Temp. 25”. [Fe’* Jo = 5 ppm. PO, = i atm (0, gas was bubbled through the solution). 

-0--O-l&f NaF. 
--a- - No NaF was added. 

Order of adds tion of reugenrs 

In Verbeek’s procedures the fluoride is added after the phenanthroline. the reverse of the order used by us. 
His procedure is successful to a certain extent since the phenanthroline stabilizes Fe(II) against oxidation and 
the simultaneously formed Fe(III)-phen complex is easily decomposed by fluoride. However, if the determination 
is carried out in dayhght, a high value is obtained because the FefIII jphen complex undergoes photoreduction 
to the Fe(II~phen complex before the addition of fluoride. The effect of the time of exposure to direct sunlight 

Table 1. Effect of the time of exposure to sunlight before the addition 
of fluoride, on the absorbance obtained by Verbeek’s procedure. 

(Volume 25 ml, 40 pg Fe’+. 20 mg Fe3+’ 

Time, itrirt 0 5 10 15 
Absorbance 0.311 0.350 0.420 0.740 

is shown in Table 1. Hence, considerable care must be taken when Verbeek’s procedure is applied to the deter- 
mmation of Fe(H). Our procedure has the advantage that exposure to sunlight during the addition of reagents 
does not affect the determination. The proposed order of addition of reagents is more reasonable than that of 
Verbeek’s procedure. 
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Summary-A study was made to establish proper conditions for the selective determination of 
Fe(U) by the l,lO-phenanthroline method in the presence of large amounts of Fe(III). It was shown 
that Fe(II1) is effectively masked by fluoride. The pH of the solution to be masked should be below 
2.5 in order to prevent acceleration by the fluoride of aerial oxidation of Fe( I Il. 

Zasammenfassung-Geeignete Bedingungen zur selektiven Bestimmung von Fe(H) mit dem 1.10- 
Phenanthrolin-Verfahren in Gegenwart groDer Mengen Fe(III) wurden ermittelt. Es wurde gezeigt. 
da0 Eisen(II1) durch Fluorid wirksam maskiert wird. Der pH-Wert der LSsung, in der maskiert 
werden soli, sollte unter 2.5 liegen, damit nicht die Luftoxidation von Fe(I1) durch Fluond besch- 
leunigt wird 

RksumLOn a effectd une Ctude pour ittablir les conditions convenables pour le dosage selectif 
de Fe(I1) par la m&ode a la l,lO-phtnanthroline en la presence de grandes quantitCs de Fe(II1). 
On a montri que Fe(II1) est efficacement dissimulk par le Auorure. Le pH de la solution g dissi- 
muler doit btre au-dessous de 2,5 afin d’eviter l’acctltration par le fluorure de l’oxydation de Fe(I1) 
par I’air. 

RAPID AND PRECISE DETERMINATION OF TOTAL SULPHUR 
IN SODA-LIME-SILICA GLASSES 

(Received 18 August 1973. Accepted 8 October 1973) 

Fincham and Richardson’*’ have shown that sulphur will exist in silicate and aluminate melts entirely as sulphide 
if the partial pressure of oxygen is less than 10m5 atm and as sulphate at oxygen partial pressures above 10-l atm. 
There is no reason to suppose that glass will behave differently and. since the glasses under consideration are 
made under oxidizing conditions, it can be ass’umed that the sulphur is present as sulphate. Sulphur dioxide is 
released from the melt by reaction of the sulphate with the silica of the glass but in the absence of a flux this 
is a lengthy process requiring extremely high temperatures.l 

A few workers have used an iron/tin flux for the determination of sulphur in glassJ.5 whilst others have used 
this or vanadium pentoxide for siliceoush.’ or refractory materials.’ Takahashi’ has investigated boric acid and 
red lead as fluxes for glass. Some of the authors avoided the troublesome conversion of sulphur dioxide into 
trioxide by operating with inert atmospheres; all have absorbed the sulphur oxides in aqueous solutions. The 
reliabilities of the methods have been assessed by testing pure compounds or comparing the results with those 
obtained gravimetrically. 

The method discussed here is superficially similar to those mentioned above. i.e., thermal decomposition of 
the sample with the addition of a flux and measurement of the sulphur oxides. The possible sources of error 
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m the method are ((I) mcomplete destruction of the sample, (bf the oxidation of sulphur dioxide to trioxide, (c) 
mcomplete absorptron of these gases, (d) reliability of the standard glasses. In earlier work” we showed that 
(h) and (c)could be successfully compensated for by using sulphur dioxide as the standard (by injecting the gas 
into the furnace tube m such a way that it reproduced the variable rate of production and molar ratio of sulphur 
oxides from the sample). Our mitial work showed that the precision obtainable by using the “Sulmhograph” 
sulphur analyser was an order of magnitude better than that expected of gravimetric analysis This indicated 
that the latter could not be used for standardizing glasses with the reliability required to test either (n) or the 
accuracy of the whole method. To overcome these problems rt was felt necessary, at the risk of repeating the 
work of others. to survey the whole field of possible fluxes in order to find at least two useful ones so that a 
collaborative assessment could be made with equivalent levels of precision. 

EXPERIMENTAL 

Appuratus 

Wosthog Sulmhograph 12, sulphur analyser. 
Wosthoff electrostatic precipitator. 
Carbolite Furnace. type CFM4/145O/VT. 
Alumma Furnace tubes (500 mm x 20 mm id.). 
Unglazed porcelain boats (50 x 10 x 10 mm), 
Wosthoff gas pump. type M22aX. 
Wosthoff gas dosing devices, types DSlO and DS2 
Mixing vessels. borosilicate glass (various sizes). 
The instrumental layout was as described previouslyrO with the addition of a halide absorber. Chloride in the 

glass is volatilized as hydrogen chloride; the alumina furnace tube and heat shield removed some 83% of the 
chloride and the absorber a Further 157; The absorber was placed between the electrostatic precipitator and 
the conductivity cell. The use of the standardzation equipment has also been described.r” 

Reagents 

Vanadiuv~ pentoxtde. Heat ammonium metavanadate (analytical-reagent grade) for several hours at 550”.*’ 
The finely ground material has a very low sulphur blank 

Halide absorber.‘2 Fuse together 25.4 g of potassium pyrosulphate and 31.2 g of silver sulphate, cool and crush 
to 10-30 mesh (about O+-1.75 mm). 

Accurately weigh about 100 mg of glass (30 mesh) and 50 mg of vanadium pentoxide and mix thoroughly. 
Transfer to a porcelain boat and pyrolyse at 1450” in oxygen with a fast gas flow to minimize adsorption (for 
our mstrument. 652 ml/mm). Record the sulphur dioxideabsorption and measure its height, slope and curvature. 
Cahbrate the instrument with sulphur dioxide by suitable choice of the variables in the standardization equip 
ment to match these parameters. 

DISCUSSION 

Durmp analysis the removal ofthe sulphur dioxide from the glass is aided by high temperature to ensure reac- 
tion. tow viscosity to allow bubble for~tion, and ~int~an~ of the glass m a thin layer to facilitate rapid 
diffusion. The fluxes studied were intended to assist at least one of these fuactions. 

A semi-quantitative investigation was carried out on a wide range of fluxes consisting of acidic, basic and 
amphoterrc oxides, metals and inert supports. As would be expected some fell into more than one category. Seven 
were chosen For more detailed study; in all analyses a thin layer of melt was ensured by limiting the weight of 
glass to 100 mg. 

(1) Silica. 1 g. Furnace temperature 14004 The silica was thought to act mainly as an inert support, as the prod- 
uct was a smtered mass. 

(2) Vanadium pentoxrde. 50 mg. 1450 . The exact functton was a little uncertain but it probably acted to some 
degree m breaking down the sulphate” in additton to reducing the viscosity.r3 

(3) Sodium carbonate, 100 mg, 1450”. The main function was to reduce the viscosity. 
(4) Iron powder. 250 mg. 1400’. The glass and iron were heated under nitrogen for two minutes before the 

combustion in oxygen, to give a smooth melt and to reduce the sulphate to sulphide.r*’ About 10% of the sulphur 
was released during this stage. the rest was burnt off in the oxygen. 

(5) Copper Fotl. 600 mg. 1400’. The function and procedure were similar to those for iron and although very 
effective. the copper proved to be too reactive for the porcelain boats, as well as giving poor precisron. 

(6) Ttn rod. 2 g. 1400- The tin was used as a means of attaining a very high temperature. Glass was piled 
on to a pellet of tin. uhtch had a long combustion time” 
2000. 

(about 20 set) and reached a temperature well above 
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(7) Lead oxide (red lead). Although very reactive there was considerable carry-over of lead oxides, which 
caused a continually dimhushing signal by absorbing sulphur dioxide. 

The fluxes were used to analyse two soda-lime-silica glasses (Table 1). As most of the fluxes act in different 
ways the results were therefore derived from different analytical methods, each requiring its own characteristic 
calibration. There is remarkable agreement, particularly between those using vanadium pentoxide. Iron and cop 
per, suggesting that there was complete reaction. At that time halide interference (hydrogen chloride carry-over 
into the cell, causing increased conductivity) was not considered to be a problem and the absorber was not in- 
cluded Later work revealed the error. 

An interla~~tory test was carried out on the vanadium pentoxide and iron methods (with halide absorber) 
and a vacuum-fusion/~ss spectrometric method, for five different production glasses. The mass spectrometric 
method is specific for sulphur dioxide and systematic errors arise only from inefficient evolution or calibration: 
no systematic bias was found for any of the three methods. The results (Table 2) show the agreement to be good. 

It had been noted earlier that some sulphur dioxide is lost from the iron melt during the prelimmary reductton 
under mtrogen. The sulphur is therefore evolved in two stages which are impossible to match exactly during 
calibration. For this reason, together with ease of manufacture, low blank and more easily controlled reaction 
rate (hence better calibration), vanadium pentoxide is the preferred flux. 

The completeness of reaction was confirmed by analysing sodium sulphate. The reactton proved to be ex- 
tremely rapid, making calibration difficult (c$ ref. 10, organic compounds)giving a slightly high result (F = 22.7”, 
S, s = @18; theoretical = 225%). As it was expected that the technique would be used also for barium- and lead- 
containing glasses barium sulphate (a = 13.7 “/, S, s = @04: theoretical = 13.7’;) and lead sulphate (.X = 10+3”, 

Table 1. Comparison of fluxes (all results expressed as “A SO,) 

Flux 
Glass I, Glass 2. 

R s f s 

Silica 
Vanadium 

nentoxide 

0.229 0*005 0.300 0*003 

0.225 @007 0.340 0*002 
Sodium 

carbonate 0.194 0.003 0,290 0*002 
Iron 0.211 0.004 0.328 0.007 
Copper 0.217 0011 0.325 0.016 
Tin 0.197 0*014 0.305 0*005 

Table 2. Collaborative results (all results expressed as ‘li’, SOS) 

Glass 

1 
2 
3 
4 
5 

Iron flux, v,os flux. Mass spec.. 
R s ?? , .Y 

0.205 OX)04 0213 0.007 0.207 
0.328 0.007 0.338 oQO2 0.319 
0.267 DO04 0.257 0.007 0.229 
0.321 0.003 0357 0004 0.301 
0.244 0004 0.220 0.002 0.248 

S, s = 0 15; theoretical = 106”/,) were tested. The results indicate that barium glasses should present little trouble 
but that slight losses will occur with lead glasses. 
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Summary-A method is described for the deter~natjon of total sulphur in small amounts of soda- 
Iime-silica glasses (100 mg or less). The crushed glass is mixed with vanadium pentoxide and 
decomposed at 1450’ under oxygen. The sulphur is quantitatively removed from the glass and 
determined by a conductometric technique. The method is standardized by accurately injecting sul- 
phur dioxide into the furnace tube. The analysis time is about 10 mm and the overall precision 
(2s) is of the order of Sp,. 

Zu~rn~nfu~~-E~ne Methode zur Bestimmung des Gesamtschwefels m kleinen Mengen von 
Soda-~Kalli-KleselsBure--Gl~sern (100 mg oder wenrger) wtrd beschrteben. Das gemahlenc Glas 
wlrd mlt Vanadiumpentoxid gemischt und be1 1450 unter Sauerstoff zersetzt. Der Schwefel wird 
dem Glas quantitatlv entzogen und mit emem konduktometrischen Verfahren bestimmt. Die 
Methode wird durch genaue Injektion von Schwefeldloxid in das Ofenrohr standardisiert. Die 
Analysendauer betrlgt etwa 10 min und die Brutto-Genauigkeit (2s) liegt in der Gegend von 57; 

R&sum&--On decrit une methode pour le dosage du soufre total darts de petites quanti3s de verres 
de silice-chaux sodie (100 mg ou mains) Le verre broyk est mHang6 avec du pentoxyde de vana- 
dium et dt‘composi B 1450” sous oxyg8ne. Le sulfure est sipart quanbtafivement du verre et dtter- 
mm6 par une technique conductim&rique. La mCthode est italonnCe en injectant avec pr&cision 
de I’anhydrtdc sulfureux duns le tube dur four. Le temps d’analyse est d’environ 10 mn et la prici- 
soon globale (2 s) est de l’ordre de 5’1, 
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ANNOTATION 

LIMITS OF THE MOLAR-RATIO METHOD 

(Received 25 June 1973. Accepted 29 October 1973) 

The molar-ratio method introduced by Yoe and Jones’ for Investigation of complexation equilibria is still 
favoured by some authors owing to its simple experimental background. A recent study of the method and a 
list of previous papers in the area has been published by Momoki et cl.’ Many textbooks of analytical chemistry 
discuss the method. but usually inadequately. The conditions for proper application of the molar-ratio method 
are similar to those for the obeying of the Lambert-Beer law. For these reasons it is useml to point out some 
particular features of the molar-ratio method. 

The method can produce quite wrong results if (a) metal and ligand do not react in one constant ratio, (b) 
a certain limit of effective stability is not reached and (c) other complexing species (from buffers and masking 
reagents) are not present in excess and constant concentration. 

Constant ratio of metal and ligand in the reaction is checked by plotting the molar-ratio curves for several 
suficiently differem wavelengths (A,? 5 30 nm). The break in the curve should occur at the same ratio of total 
metal and total ligand concentrations. 

The limit of effective stability can be most conveniently estimated by writing the concentration-effective stabi- 
lity constant relationship in a normalized form 

Ry = (x - my)?1 - ny)“, (1) 

where 

R = c.&‘--” (2) 

and x = c&r, y = c/cL. K designates the effective stability constant c is the actual concentration of the complex 
with a metal to ligand ratio m/n and cr., and cL are the total concentrations of the metal and ligand, respectively. 
The intensity of the measured signal (effective absorbance, fluorescence intensity, number of pulses, em.) should 
be proportional to the actual concentration of the complex (i = const. c). The total ligand concentration is kept 
constant. 

If the complexation is complete (R = 0 and K = cc;) the function y =f(x) gives two straight lines. The first 
passes through the points x = y = 0 and x = m/n, y = l/n. The second goes through the latter point and is paral- 
lel to the x-axis. Obviously the point x = m/n, y = l/n is the intersection of both straight lines, where the value 
of x estimates the ratio m/q and therefore determination of this is the goal of the method. 

For real complexes y = f(x) is a comphcated curve (with points of inflection in the range 0 < x c m/n if m > 1) 
that approaches the theoretical straight lines at points x = y = 0 and x B 1, y = l/n as the complexation 
becomes complete. Since the determination of x = m/n is required we must define a limiting deviation from m/n 
that makes that determination still reliable. Taking into account the usual complexes with ratios m/n l/l, l/2, 
l/3, 114. 2/2 and 2/3 it is convenient to introduce for that deviation L\li,,, = W5. 

Further we must introduce a limiting deviation from the shape of the quantitative curve. The quantitative curve 
has its tangent at the point x = y = 0, tan a = l/m. For minimum experimental value of the tangent we may 
take tan a_ = 0.99/m so that we have the equation of the straight line 

y = 0~99X/lll. (3) 

The second straight line (which should be parallel to the x-axis) can be constructed from measurements 
obtained for x = 2 and x = 3. The reason for using these particular values is that if x > 10 there is often a change 
in the complex composition so that a complex with a different ratio m/n or a mixture of several complexes with 
various ratios m/n are formed (the latter occurs in complexation with dithixone,’ 8-hydroxyquinoline4 and acetyl- 
acetone). The equation of the straight line through the points x = 2, y, and x = 3, ys is given by 

!’ = (y3 - y2)(x - 2) + )‘l. (4) 

The mtersection of these two straight lines is usually at a lower value of x than the theoretical m/n for quantita- 
tive complexation (the experimental curve more or less indicates the formation of complexes with a higher 
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number of ligands than n see Fig. 1) so that after the introduction of the deviation A,i, we have for the limn 
of intersection 

Y = ffllll - O-05. (3 

Combining equations (3)-(5) we obtain 

y3 = 
@99(1/n - 005/m) - yr 

m/n - @05 - 2 
+ )‘z_ (6) 

If we write equation (1) for points x = 2, y, and x I 3, y, we obtain two equations which after the ehmunation 
of R give 

(3~~=~(~~~. (7) 

From equations (6) and (7) we can easily calculate the value of y2 for various values of III and II. The values of 
R we calculate from (1) written for x = 2 and yl. These values (they are the highest acceptable limit) indicate 
the conditions where the error in the determination of m/n does not exceed 0.05. They are collected in Table 
I. 

Table 1. Limiting values of -log R for some common complexes 

m n Yl* -log R* Yzt -log Rt 

1 1 0.9735 1554 a9603 I.367 
i 2 0.4740 2,059 04590 1646 
I 3 0.3066 2546 0.2905 l-904 
1 4 0.2228 2950 0.2059 2074 
2 2 0.4923 3,298 0.4886 2.950 
2 3 Q3205 3.480 0.3135 2.895 

* x = m/n - @03. 
t Y = !lI/ll - 0.05. 

To sattsfy the values of R from Table I we should make a proper selection of total concentrattons and the cell 
path-length. The curves y =f(.x) corresponding to the limiting values of -log R are presented m Fig. I and 
compared with other curves. 

The good methods for quantitative determination of metals based on complexation require that the function 
i = F(cJ (for the meaning of i see above) should be relatively independent of the total ligand concentration. The 
formation of a single complex between a metal and a ligand is described by equation (1). Assuming that a decrease 
from cL to cJ2 gives a I ‘?/, decrease in the amount of complex formed. we have from f I) 

2”Ry =(u - O.~I~~)~( 1 - 1.98ny)=. 

The chmmatton of R by combinatton of (I) and (X) rcsuits in 

18) 

where 

x = nrv(t - @99)/(1 - I), (9) 

t = [2(1 - ,r\*)/(l - 1.98ni+-j”“. (10) 

Employing (9) and (IOL WC can calculate the rclatronship between y and Y for any parttcular complex and by 
inserting the VdheS obtained into equation (I) we get the value of R. That calculation has been performed and 
is expressed graphically as the dependence between --log R and J in Fig. 2. 

In s~trophotometry the usual total Iigand con~ntration is 10-4M. That means that for complexes with 
metal/ligand molar ratio l/l, i/2, I/3. l/4,2/2 and 2/3 the minimum values of log K are 4.37, 9.65, 1390, 18.07, 
1495 and i&90 respectively, if the determination of the value of m/n is to be true (4,, = 0.05). The calculation 
is based on the values of R given in Table 1. Assuming x = 010 (tenfold excess of ligand) a good method for 
determination of metals (based on Fig. 2) requires for the same total hgdnd concentration and sequence of com- 
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Fig. 1. 
(a) m/11 = l/I: 1 
3 ( 165). 4 (2X@). 
2 (i.00). 3 (2.07). 

03 

01 

I 2 I 2 

The function y = f(x) for complexes of various ratio rnjn (and - 
(-log R = OQO). 2 (1GO). 3 (1.37). 4 (2.00). 5 (3.00). 6 (cz); (b) l/2: 
5(3.00). 6(z); (c) l/3: 1 (O*OO), 2(1-00). 3t1.90). 4(3*00). 5(a); 
4(3~0), 5 (4.00). 6 (5GO). 7 (a): (e) 2/2: I (2-00), 2 (2.451, 3 (2.95). 

6 f% f: ( f-1 213: 1 (2*00). 2 (2.90X 3 (4w. 4 r5w, 5_(“J _ 

K 

H , 

6 

x 

,log R). 
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Fig. 2. The functfon -tog R = f(s) for complexes of various ratio m/n. 
I (I I). 2(1:‘2). 311,131 4(1/4). 5(2,‘2), 6(2/3). 

The degree of complex formation is > 99”, (nyix 2 099). 
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plexes the following minimum values of log K: 6.14, 10.97, 16.06, 21.93, 16.98 and 21.80 respectively. It is obwous 
that not many spectrophotometric methods meet these requirements. 
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Summary-The limiting factors (one constant molar-ratio of metal to ligand, constant excess 
of masking reagent and buffer, and high enough effective stability) of the molar ratio method 
are discussed. The lowest values of the effective stability constant for the true metal/ligand 
ratio to be determined for the complex and for a metal determination to be relatively independent 
of ligand concentration are calculated. 

Zwammeahaeung-Die Grenzen der Methode des molaren VerhBltnisFs werden diskutiert: nur 
ein Komplex, konstantes molares Verhliltnis Metall:Ligand, konstanter UberschuD von Maskier- 
ungsreagens und Puffer, hinreichend hohe effektive Stabilitlt. Die Mindestwerte der effektiven Sta- 
bilititskonstanten wurden berechnet, die fti den Komplex das wahre Metall: LigandVerhlltnis zu 
ermitteln gestatten und eine Metallbestimmung von der Ligandkonzentration relativ unabhlngig 
machen. 

R&urn&On discute des facteurs limitatifs (un complexe seulement, rapport molaire constant du 
m&al au coordinaf ex& constant d’agent dissimulant et de tampon, et stabilitk rCelle suffisam- 
ment blev&e) de la m&hode des rapports molaires. On calcule les valeurs les plus faibles de la con- 
stante de stabilite r&elle pour que le vrai rapport mttal/coordinat soit dbtermink pour le complexe 
et pour que le dosage d’un m&al soit relativement indbpendant de la concentration du coordinat. 
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Summary-The trend toward mcreasmgly pure metals and semiconductor materials makes in- 
creasmg demands upon their analytical characterization. The limits of direct methods of analysis 
(optical spectroscopy, mass spectroscopy, and activation analysis) can already be observed. In 
many cases. therefore. the contaminating elements have to be enriched before their determination. 
or they have to be separated from the matrix. These additional procedures increase the systematic 
possibilities of error (blank value. effects of adsorption, volatilization. etc.). General methods are 
described for their extensive elimination. especially during the decomposition and enrichment pro- 
cedures. When these procedures are closely coupled with suitable detector systems, numerous ele- 
ments (Be. B. C:N. 0. Si. P, S, Se. Te. As. Sb and others) can still be determined very accurately 
in ng and pg amounts m the most diversified matrices. 

All the naturally-occurring chemical elements are in practice to be found in all materials, 
inorganic or organic, though of course in very different amounts. The abundances of the 
elements depend primarily on the history of the creation of our solar system. The elements 
have. however, been markedly separated and enriched on the earth. The original distribu- 
tion of the elements-that of our solar system-is found in the world accessible to us, only 
in living things (Fig. 1). However, our raw materials come for the most part from the 
earth’s crust, of which some eight elements account for more than 98.6% (Table 1. first 
column). From these simple considerations we can deduce that the analytical determina- 
tion of traces of these very common elements is likely to meet with greater difficulties than 
is that of the considerably less common elements such as Hg, Tl, Au, Re and so on (Table 1, 
last column). 

That every sample contains all the elements--even if in very small amounts-arouses 
scientific curiosity as to the true properties of the elements. Even today it is the properties 
of considerably impure forms which are being studied and described. Thus, e.g.. the plasti- 
city of Ti. Zr and W increases with increasing purity. Beryllium is also described in most 
textbooks as a hard. particularly brittle metal at normal temperatures, but the same metal 
purified by zone-melting is, in contrast, in certain crystallographic planes, a very ductile 
material. 

Just as surprising is the variation of the electrical, optical and magnetic properties of 
many elements with purity. This dependence of properties on the presence of impurities 
is however much more complex than one might at first assume: as an example, the chemi- 
cal impurities in crystalline materials do not have an independent existence; they interact 
with the “physical” impurities-the lattice defects such as holes, displacements, disloca- 
tions and so on (Fig. 2)’ 

* Presented at the International Symposium on Microchemical Techniques. 19-24 August 1973. Pennsylvania 
State University. Pennsylvania U.S.A. 
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Fig. I. The abundance of the elements in the cosmos (1) and in living organisms (2) (after C. T 
Horovitz; Scientific Repor& University of Tllbingen, BRD, 1972) 

What then do we understand by an “ultrapure” metal? In basic research on an ultrapure 
metal is understood as one having properties which do not change significantly upon 
further purification. 

In the particular case of the interdependence of foreign atoms and crystal lattice defects. 
it has been possible for metallurgical physicists to deduce from the number of dislocations 
occurring in a given volume, and the number of foreign atoms involved, that the properties 
of the parent material will no longer be dependent on the concentration of the impurity 
when it falls below lo- * to lo- lo%. In other words, a metal may be considered to be pure 
in the sense of this limiting purity, when the concentration of foreign atoms falls below 
1 part per milliard (ppM). Present-day technology simply does not allow this degree of 

Table I. Order of abundance of the elements in the continental crust (after R. S. Taylor, Grochim. Cosmo- 
chim. Acta. 1964.28, 1273) 

1o-z 10-3 1O-4 1o-5 
% % % % 

” 
0 

0 464 Ti 57 Rb 9 Th 9 Tb 9.1 
Si 2815 H 14 Ni 7 Pr 8.2 I 5 
Al 8.23 Mn 10 Zn 7 60 Tl 4.5 
Fe 5.63 P 10 Ce 6 

g 
5.4 Cd 2 

Ca 4.15 F 6.3 Y 3.3 Ge 5.4 Sb 2 
Na 2.36 Ba 43 La :.S DY 3. Hg I.8 
Mg 233 Sr 3.7 Nd Hf 3 Bi 1.7 
K z! s 2.6 co 2.5 Yb 3 In 1.0 

C 2.0 SC 2.2 Be 2.8 *g @7 
Zr 1.6 Li 2 Er 2.8 Se 0.5 
Cl 1.3 N 2 U 2.7 Re 0.05 
Cr I.0 Nb 2 Sn 2 AU 

ii?z 
m 

Ga 1.5 Ta 2 2X.3 
Pb 
B 

I.2 AS 1.8 
1.0 MO 1.5 

?z Eli 1.2 
Ho 1.2 
cs 1.0 
W I 
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purity to be obtained. The levels of impurities, including gases, in the purest metals avail- 
able at present are still in the ppM region. 

Further purification means that the analyst must extend the limits of detection of his 
methods by at least an order of magnitude beyond the desired degree of purity of the par- 
ticular matrix. to help optimize the refining procedure. In order to simplify the concept 
of this task. we suppose that the impurities are uniformly distributed in the sample, 
although we are aware that this state is only approximately attained even in the case of 
a single crystal. 

9949999 

Ez22% 
9999999 
9999999 
Q9QQG’QQ 

0 b 

d f 

Fig. 2. Order and diskder in a crystal lattice. 
(a) perfect order; (h) deformation by foreign atoms; (c) &formation by interstitial foreign atoms; 

(d) vacancy; (e) dislocation; (f) twinning plane. 

Nowadays we can grow quite large single crystals of a few selected materials. However, 
as the purity of a material increases, not only its scientific but also its monetary value in- 
creases exponentially with the size, and it is a sound assumption that quite insufficient 
amounts of high-purity materials are likely to be available for analytical investigation. 
Therefore the trend of trace techniques is in the direction of smaller sample amounts, and 
of course of lower limits of detection, aiming at the limiting concentrations already men- 
tioned. 

This simple question of the complete listing of the impurities in an ultrapure sample 
has already necessitated the development of a completely new field of analysis to cope with 
the determination of absolute amounts of elements in the pg range (Fig. 3). 

A further aspect of increasing interest, particularly in the case of polycrystalline mater- 
ials. is the micro-distribution of the impurities, for example along grain boundaries in the 
crystal. This problem calls for the use of such techniques as laser emission spectroscopy, 
electron- and ion-microprobe techniques, to determine absolute amounts of elements at 
the pg level and below. But impurities accumulated on the surface of a sample lead to very 
misleading analytical results, with the discrepancy between the observed and the real 
values increasing as the surface-to-volume ratio of the sample increases. Metals exposed 
to air rapidly adsorb gas molecules on their surface. A monomolecular layer on a l-mm 
cube corresponds to about 1Ol4 atoms, so one can calculate that this represents about one 
adsorbed atom for 10’ metal atoms in the cube, or about 1 ppm of impurity. It is clear 
that such an amount must be taken into account as a blank value when making a bulk 
analysis. and further. that concentrations below this level simply cannot be determined. 
Here the analyst must modify his techniques or develop new ones so as to be able to detect 
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Fig. 3. Methods for the analytical characterization of purest materials. 

these small amounts. Auger spectroscopy and secondary-ion mass spectroscopy offer 
attractive possibilities in such cases. 

All trace analysts should be in agreement that direct instrumental methods (Fig. 4B) in 
which the sample is directly excited to produce a signal proportional to the concentration 
of the element sought, must be preferable to multistep procedures such as the classical sep- 
aration schemes (Fig. 4A).’ The advantages lie in the smaller systematic errors and expen- 
diture of time, particularly in the case of large numbers of similar samples. For the deter- 
mination of extreme traces we can already fall back on non-destructive activation analysis, 
emission spectrography, or spark-source mass spectroscopy. But one may often find that 
the resolution of the method is inadequate, or that the standards required for calibration 
of these direct methods are not available. For such reasons we are often obliged, in extreme 
trace analysis, to fall back on procedures with branching structure or perhaps with the 
more preferable chain structure (Fig. 4C), whereby the errors of the individual steps ac- 
cumulate in an alarming way according to the law of propagation of errors. 

A - tree 
0 - bundle kpaclousi 

C - chain Isequenhal) 

l operatlon 

C l result 

0 no result 

Fig. 4. Structure of analytical procedures (after Kaiser’). 
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Fig. 5. Survey of application ranges of the most important determination methods for individual 
elements under optimal conditions. 

The core of the problem lies not only in the preparation of the sample, but also in the 
separate steps for decomposition, separation, and enrichment of the traces3 Sensitivity is 
perhaps the least of our worries at the moment, as we have available a whole range of 
detectors, both chemical and physical, which offer very good sensitivities for many ele- 
ments-even in the pg range-after they have been separated, though the variation from 
element to element and method to method is quite considerable (Fig. 5).4 

Far from being satisfactorily solved, however, is the problem of getting the ng or pg 
amounts of the trace to be determined out of the sample and to the appropriate detector 
while introducing the absolute minimum of systematic error. For this reason we are pri- 
marily concerned with optimizing the combination of decomposition, separation, and 
determination steps so as to reduce the accumulated errors to a minimum (Fig. 6). The 
difficulty of eliminating these sources of systematic errors becomes even more serious in 
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the ppM range, and eventually it becomes the main problem. In this case it must be men- 
tioned that one can be very successful, if the experiences and methods of ultramicro analy- 
sis5 are used. There is also another reason to introduce micro techniques. The majority 
of direct instrumental methods used in extreme trace analysis are comparative methods. 
which are sensitive to changes in the matrix. Further, it is unusual to find standard samples 
which have very low concentrations of a particular element, and at the same time a similar 
composition to the unknown sample. Therefore determination procedures which are 
applicable after separation are much easier to calibrate. One only needs to prepare from 
a pure material a dilute solution ( 10m4 to IO- ’ M) of the appropriate element, and add this 
to the sample or the reference solution, e.g., from an ultramicroburette. which can be han- 
dled with good reproducibility.’ Most solution techniques-emission spectroscopy with 
liquid samples, atomic-absorption spectroscopy, inverse voltammetry etc.-can be cali- 
brated in this manner for many elements down to the pg range, and sometimes with statis- 
tical errors less than 5%. Multi-stage procedures involving preconcentration of very small 
amounts of traces may sometimes, because of this ease of calibration, be preferable to a 
single-stage direct method. 

The best way of eliminating systematic errors would be to carry out all stages of the 
multi-stage procedure in a single closed system with the minimum of surface area, and 
made of an inert material. We might describe this in terms of the earlier analogy, as culti- 
vating a branch-like or chain-like procedure with as short and as few branches as possible, 
and protected in a glasshouse from external influences. Of course in practice, and depend- 
ing on the matrix and the elements to be determined, this may be far from easy. 

This principle may be successfully exploited when the element to be determined can be 
liberated straight away in the decomposition stage as a gaseous compound and remain 
so in the subsequent separation and trapping stages before the determination. Examples 
are the determinations of carbon as COz, or sulphur as SO, or as H2S, depending on 
whether the sample is cornbusted in oxygen or pyrolysed in hydrogen. This principle can 
be applied to any of the other elements which readily form gaseous compounds, such as 
boron, silicon, phosphorus, selenium, arsenic and antimony. 

We can always start with the very attractive assumption that gaseous reagents such as 
oxygen and hydrogen can be prepared in a very high state of purity, and remain so on 

Fig. 7. Sample heated (1) in a tube furnace; or by high-frequency excitation with (2) and wlthout 
(3) crucible. 
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storage over long periods. The interaction between sample during decomposition and the 
containing vessel, and therefore also the blank value, can be kept very small, since the size 
of the sample can be optimized in relation to the surface area of the reaction vessel and 
the contact time minimized. The first condition can be met by constructing a very small 
sample-holder out of a particularly suitable material, and the second by heating the sample 
only for as long as is necessary to ensure complete conversion, for example by high-fre- 
quency or microwave induction heating of only the sample and its holder [Fig. i’(2)], and 
not the complete apparatus [Fig. 7(l)]. The ideal conditions of no contact between sample 
and container can be attained by means of levitation-melting in which the sample is both 

7 

l 

Fig. 8. Scheme for the relative conductometric determination of C and S m the ng-range in high 
purity metals. 

(I) O,-Purification; (2) clean bench; (3) decomposition vessel; (4) HF generator; (5) separation 
column; (6) measurement cell for relative conductometry. 

suspended and heated in a magnetic field of suitable high frequency and power until com- 
pletion of the decomposition reaction [Fig. 7(3)J. Adsorption of the gaseous products on 
the walls of the vessel can be largely eliminated by baking out the entire vessel, particularly 
when the vessel can be flushed with a suitable carrier gas. Interfering components may 
be separated on a time basis by gas c~omato~aphy, and if need be may themselves also 
be determined. 

This attractive principle may be illustrated by the following real example. It is now poss- 
ible for us to determine less than 5 ng of carbon and sulphur simultaneously in a variety 
of metallic matrices and thus to improve on the existing procedures by at least two orders 
of magnitude (Fig. Q6 The etched sample is weighed in a dust-free atmosphere and then 
transferred through a dust-free, air-lock [Fig. 8(2)] to the reaction chamber [Fig. 8(3)], and 
decomposed by induction heating in very pure oxygen. The reaction products COz and 
SO, pass together with the oxygen as carrier gas through a special separating column [Fig. 
8(5)] with very different retention times for the two components (about 5 min difference) 
and are absorbed in a dilute solution of sodium hydroxide [Fig. 8(6)]. They are detected 
(first the CO2 and then the SOz) by measuring the small change in conductance of the 
solution as compared to a reference cell. This relative condu~timetric measurement has 
been optimized so that less than I ng of carbon or of sulphur gives a detectable signal. 
The limitations of the system lie not in the detector system, however, but in the spread 
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of the blank values which are mainly due to traces brought in by the sample and the 
oxygen. Nevertheless we are in the position to determine 5 x 10m9 g of carbon or sulphur 
in 1OOmg of metal with a relative standard deviation of around 10%. This corresponds 
to a limit of detection of about 5 ppM. 

However, the problem of calibration of this relative method raises a number of ques- 
tions. 
(1) Exactly what change in conductance does a given amount of CO? or SO1 produce‘? 
(2) How much CO1 or SOz is lost by adsorption between combustion and measuremenr? 
(3) To what extent and in what way do the combustion characteristics of the matrix mater- 

ial affect the formation of CO2 and SOz? 
(4) Do the metal oxides produced act as getters for these gases? 
The first two questions can be answered by the simple process of adding known amounts 
of synthetic gas mixtures to the combustion cell and to the absorption cell by micro tech- 
niques, but such a calibration procedure still does not automatically allow one to state 
the carbon or sulphur content of a metal sample with confidence. For this, the last two 
questions also have to be answered. Again it must be pointed out that we rarely have stan- 
dards for trace elements in this concentration range, and this conventional approach to 
calibration is invalid. However, it proved possible in the case of iron as matrix, to obtain 
results in agreement with those from the gas standard-addition method, by adding instead 
mg amounts of standard steel samples. 

The same technique of addition of small amounts of standard steels enabled the combus- 
tion characteristics of other metals to be investigated, and the important parameters of 
rate and duration of heating to be established. For the standardization of the sulphur 
determ~ation, however, we had to fall back on a second, independent, and absolute 
method, to check the combustion procedure. This may be done, in the case of metals with 
melting points below 1200” (e.g., Cu, Ag, Au), by heating the metal in a stream of hydrogen 
at 12Wanddetermining the resultant hydrogen sulphide argentometrically with bipotentio- 
metric end-point detection (Fig. 9). This titration method was developed earlier for sul- 
phur determination in organic elemental ultramicro analysis.’ 

Fig. 9. Apparatus for a titrimetric determination of ng-amount of sulphur in metals after decom- 
position in hydrogen. 
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This example serves to show that under some circumstances one is obliged in the devel- 
opment of a new method to fall back on other independent methods. Another example 
also illustrates this approach. In the determination of very small amounts of nitrogen in 
refractory metals such as niobium the existing methods based on fusion-extraction suffer 
from limits of detection in the ppm range, and need to be improved by at least two orders 
of magnitude. In this case as in the previous one, the difficulty lies not in the detector but 
in the blank due to adsorbed nitrogen on the surface of the sample and the decomposition 
vessel, and we had to develop a new decomposition procedure in which the sample is 
melted while freely suspended in a high frequency field. as already described. Because there 

Fig. 10. Apparatus for the determination of gas contents below 1 ppm in metals after 
levitation-melting.8 

(1) Recorder; (2) total-pressure mdtcator; (3) sample inlet via au-lock; (4) window; (5) water- 
cooled boat in which the sample is melted by induction heating (levitation) without evolution of 
gas from the crucible; (6) HF oscillator; (7) control valve for reactive and for inert carrier gas; 

(8) partial-pressure recorder; (9) partial-pressure indicator; (10) turbomolecular pump. 

is no contact with the sample holder (Fig. 10) the blank can be kept very small, and more- 
over stepwise heating makes it possible to bake out nitrogen adsorbed on the surface of 
the sample before the fusion stage at a higher temperature, when the nitrogen within the 
sample is released and then determined. The actual determination of the nitrogen released 
is carried out mass spectrometrically.’ 

The improvement in the detectability realized by this new method is particularly appar- 
ent when one compares the coefficients of variation of both procedures as a function of 
the amount of nitrogen being determined (Fig. 11). 

This relative method, based on purely physical techniques, had of course to be cali- 
brated, and as usual there were no reliable standards. Another research group tackled this 
problem from a purely chemical standpoint. It is somewhat ironic that the answer should 
lie in the old classical absolute method developed over 100 years ago by Kjeldahl. The 
various improvements introduced during a century of use of Kjeldahl method-in which 
all the stages were still carried out quite separately-had made possible a reproducibility 
of l-2 pg of nitrogen. which was not good enough for the purpose. The reasons for the 
error are the high N-blanks from the reagents and the air in the laboratory, coupled with 
the rather large volume of solution for the final determination after separation of the 
ammonia by steam-distillation. The amount that can be determined can be reduced by 
two orders of magnitude by using a special micro decomposition stage in a Teflon bomb, 
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Fig. 11. Comparison of the coefficients of variation for the determi~tion of nitrogen in niobium. 
l By conventional fusion extraction; X by levitation melting. 

liberating the ammonia by treatment with specially purified sodium hydroxide, distilling 
it in a circulating distillation apparatus and titrating with biamperometric end-point detec- 
tion (Fig. 12). The standard deviation of this micro procedure is about 5 ng.’ 

Combined decomposition-separation procedures are also useful even in applications 
where the reaction products can be retained in the gas phase only at relatively high temper- 
atures. This principle, originally introduced by Bunsen, attracted an awakened interest in 
the 1950’s under the name “volatilization analysis” (Fig. 13).3 Nanogram amounts of vola- 
tile elements or compounds can be separated in a stream of carrier gas from relatively non- 
volatile matrices at tem~ratures up to a practical limit of 140@, and condensed in a capil- 
lary or on a cold-finger. In this way, e.g., zinc, cadmium lead or thallium may be separated 
from, e.g., aluminium, iron or manganese. Similarly selenium and arsenic can be separated 
as their oxides at temperatures up to 800” from, e.g., copper or silver. The principle may 
be extended by the application of induction heating whereby the whole process may be 
carried out in a closed system. The second renaissance of these techniques has been in 
flameless atomic-abortion spectroscopy today, but both variations are only applicable 
when the volatile elements do not form non-volatile compounds such as spinels, carbides, 
nitrides or phosphates with the material of the excitation source, the matrix, or with other 
components present in the matrix. Such sources of systematic errors, which seriously re- 
strict the usefulness of such methods, are all too often overlooked. 

How do these combined decomposition-separation-determination procedures compare 
when a liquid or a solid reagent has to be used in the reaction to produce the volatile com- 
pound? Apart from the increasing difficulty of obtaining the reagents in the necessary state 
of purity, the principle of the closed system can rarely be adhered to. Either the decomposi- 
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Fig. 12. Circulating distillation apparatus for the determination of ng-amounts of nitrogen accord- 
ing to the Kjeldahl principle. 

(1) Sodium hydroxide solution; (2) wash and absorption solution; (3) buffer solution; (4) outlet 
tube; (5) gas stirrmg; (6) platinum generator and indicator electrode pairs; (7) aluminium block 
with electrical heating elements; (8) PTFE stopper with holes 8a; (9) cooling water; (10) heating 
element; (1 I) sulphuric acid adsorbed on pumice stone; (12) determination cell; (13) sample com- 

partment: (14) cavity for determination cell. 

tion and separation or the separation and determination stages may be combined. 
Whenever such a combination is feasible, it makes some improvement possible. Combina- 
tion of the decomposition and separation steps can be illustrated by the determination of 
< 1 ppm of silicon in pure metals. If the matrix forms no volatile fluoride the sample can 
be dissolved in a micro-distillation apparatus made of PTFE (Fig. 14) with a mixture of 
hydrofluoric, nitric and perchloric acids. The volatile fluoride of silicon can be collected 
by carrier-gas techniques. After its isolation the silicon can be determined by various sensi- 
tive methods in the ng range.” 

The combination of the separation and determination steps can be illustrated by the 
following example. None of the usual methods for the determination of boron, such as 
spectrophotometry or flame atomic-absorption came anywhere near coping with the prob- 
lem in extreme trace analysis. The one method is too prone to systematic errors, and the 
other is not sensitive enough. Flameless atomic-absorption spectroscopy also runs into 
serious difficulties as the cell materials used-graphite, tantalum or rhenium-react with 
boron at the high temperatures involved, to form non-volatile compounds. An alternative 
is to convert the boron in a close system (Fig. 15) by chemical reaction into a volatile com- 
pound. e.g.. BF3. which can then be passed into an argon plasma where its emission is 
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Fig. 13. Device for the separation of volatile impurities from a non-volatile matrtx by evaporation 
into a capillary or onto a cooling finger. 

Fig. 14. PTFE apparatus for sample decomposition with hydrofluortc acid and separation of sili- 
con and boron in the ng-range by fluoride distillation. 

(I) Decomposition vessel (PTFE); (2) aluminium heating block; (3) aluminium pressure plate 
screwed to 2; (4) cavity for thermoelement; (5) cavity for heating-elements; (6) cooling water 
spiral; (7) bubble counter; (8) PTFE syringe for decomposition acid; (9) PTFE connecting tube 

and stopper; (IO) polypropylene standard flask. 
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excited. So far it is possible to detect less than 1 ng of the isolated boron in this way.” 
The principle may of course be extended to all those elements which can form volatile 
halogen compounds or hydrides. 

But what of those procedures in which all three steps have to be carried out separately 
-unfortunately by far the commonest state of affairs? To the systematic errors of the 
individual steps are now added those arising from transfer of the elements from one system 

Ftg. 15 Mtcrowave excttatton for the emisston spectrophotometric determination of elements in 
the ng- and pg-range after their volatilization into an argon plasma. 

(1) Decomposltron vessel; (2) heating block with temperature controller and thermometer; (3) syr- 
mge; (4) quartz tube; (5) resonant cavity; (6) microwave generator (200 W); (7) carrier gas (argon); 
(8) fine control valve; (9) flowmeter; (10) optical system; (11) monochromator, detector, ampli- 

fier ; ( 12) recorder. 

to the next. Positive errors are generally attributable to impurities present in the labora- 
tory air, in the reagents and in the material of the containing vessels, and negative ones 
to adsorption and volatilization. 

One of the most demanding and also important problems is that of meeting the necess- 
ary conditions of cleanliness at the workbench and in the laboratory. In addition to the 
abundant elements already discussed, the air in densely populated areas contains 
numerous other less common elements from industrial and domestic emission and auto- 
mobile exhaust fumes, in sometimes quite appreciable concentrations. These and yet more 
elements may turn up in surprising concentrations in laboratory air, and-depending on 
the past history of the work done-just about all the elements may be found in laboratory 
dust, 

The development in the last few years of high-capacity ultrafilters in connection with 
laminar flow techniques has now reached such a level that whole rooms may be main- 
tained nearly free from dust particles and suspended matter.‘*12 The necessary precautions 
are very demanding, but are an important if not essential step towards improving the limits 
of detection of conventional “open” multi-step procedures by one or two orders of magni- 
tude. especially in the case of the determination of very low Si, Al, Ca, Cu, Fe and Pb con- 
tents. For this purpose “dust-free” laboratories have been built, typical floor plans of which 
are shown in Fig. 16. The purification and storage of the reagents now needed in increasing 
variety is a science in itself. The purest commercially available reagents satisfy our criteria 
in only a very few cases. There are only a handful of reagents such as water, hydrochloric, 
hydrofluoric and nitric acids which can be prepared in an extremely high state of purity 
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Fig. 16. Floor plans of “dust free” analytical laboratories of the Max-Planck-Institute for Metal 
Research in Schwabisch Gmiind. BRD. 

(a) Air filter system; (b) clean bench, polypropylene exhaustive system; (c) clean bench, stainless 
steel; (d) clean bench. polypropylene. 

with reasonable ease (Table 2). The impurities in these reagents lie at present in the lower 
ppM range.12*r3 Other reagents which may from time to time be required can only be puri- 
fied with great expenditure of time and effort for each special case.3 

Of the three separate steps already discussed for solution techniques, it is the first-the 
decomposition or dissolution of the sample-which is beset by the most serious systematic 

Table 2. Degree of purity attainable for water and the most important decomposition acids 
(ppM = parts per mi11iard)13 

Element 
H,O, HNO3, 
PPM PPM 

HCl, 
PPM 

H,SGd, 
PPM 

Pb 
n 
Ba 
Te 
Sn 
Cd 
4s 
Sr 
Zn 
cu 
Ni 
Fe 
Cr 
Ca 
K 
Mg 
Na 

I: 

O-008 0.02 o-07 0.6 
0.01 - 0.01 0.1 
0.01 0.01 0.04 0.3 
0.004 0.01 0.01 0.1 
0.02 0.01 0.05 0.2 
0.005 0.01 0.02 0.3 
O-002 0.1 0.03 @3 
0002 0.01 0.01 0.3 
0.04 004 0.2 0.5 
0.01 0.04 0.1 0.2 
0.02 0.05 0.2 0.2 
0.05 0.3 3 7 
002 0.05 0.3 @2 
0.08 0.2 0.06 2 
0.09 0.2 0.5 4 
0.09 0.1 0.6 2 
0.06 1 1 9 
05 23 6.2 21 
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Table 3. Survey of the most important separation procedures 
in ultratrace analysis of the elements 

Precipitation: co-precipitation 
electrolytic deposition 

Evaporation: distillation 
sublimation 
gas-evolution 

Distribution between two phases: 
Liquid-liquid (shaking) 
Liquid-solid (adsorption) 

(ion-exchange) 
(zone melting) 

Gas-solid (GSC) 
Gas-liquid (GLC) 

errors.3 For this reason much attention has been paid to this particular problem, and most 
inorganic and organic matrices, with the exception of some noble metals, can now be 
brought into solution without gain or impurities from reagents or the environment even 
in the pg range, as has been checked by numerous radiochemical experiments.14’1s 

For the second step-the separation of the impurity elements from the matrix-many 
physical and chemical separation methods can be used, which are very similar to those 
used by the producers of ultrapure materials (Table 3). It is often just a case of choosing 
from the variety of existing procedures or suitably modifying one of them so as to arrive 
at the minimum systematic error. Radioisotopes of the elements in question should, if 
available, always be used to check the recoveries of such procedures. 

Two examples of such multi-step procedures may be quoted, first, the determination of 
traces of Cu, Pb, Zn, Fe, Ni and Co in ultrapure niobium.4 The principle can be applied 
in any system in which the impurities can be electrolytically deposited on a mercury cath- 
ode, leaving the matrix element completely in solution. The sample is dissolved in ultra- 
pure hydrofluoric acid in a Teflon bomb under pressure(Fig. 17). Then the solution must 
be transferred in a dust-free atmosphere into the electrolysis cell, which is also constructed 
of Teflon (Fig. 18A). Ultrasonic stirring of the solution assists the deposition of the trace 
elements at controlled potential, under other conditions which have been optimized by 
using tracer techniques. Ultrapure graphite is used as the anode. Radiochemical yields of 
nearly 100% have been recorded for as little as a few ng of impurity. 

In a second step, the mercury is transferred into an apparatus in which it can be distilled 
off under vacuum, leaving the non-volatile impurities on the bottom of a small graphite 
cup (Fig. 18B). The elements are then determined by flameless atomic-absorption spectros- 
copy. using this graphite cup for excitation. The limit of determination of this method lies 
around lo- * to lo- i ’ g for the different elements. But of course, if need be, other even more 
sensitive methods could be used for the final determination, such as activation analysis, 
chelate GLC, or mass spectrometry. 

The second example serves to show in more detail that in some circumstances only some 
unconventional combinations of steps lead to the desired extremely low limits of detection, 
and that even with otherwise rather favourable general conditions, there are many sources 
of systematic error which have to be investigated in the course of working out the complete 
method. 

The problem is the determination of very low beryllium levels in ultrapure copper. The 
actual method of determination of the separated beryllium is, as is so often the case, the 

TAL Vol ‘I No ?-B 
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5 

-6 

Fig. 17. Device for sample-decomposition in a PTFE vessel under pressure. 
(I) PTFE vessel; (2) PTFE cover; (3) cylinder of stainless steel; (4) pressure spring; (5) heating 
block; (6) thermocontroller; (7) heating element (200 W); (8) PTFE tubes for water cooling; (9) 

grooves of the blow-off valve. 

_-- +P 0 

4GltOKld-clcctrod+ 

5 6 3 Salt Ranbdat sample br&@e solutmn 
7 Hg-cw 

A 8 Pt-&&ode B 

Fig. 18. (A) Electrolytic cell of PTFE for deposition of traces of elements in mercury; (B) device 
for transferring the elements enriched in mercury onto a target for spectrographic determination. 
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least of our worries. It can be determined by chelate GLC or by flameless atomic-absorp- 
tion spectroscopy in absolute amounts as low as lo- l3 g if necessary.” As it is generally 
present in only very low concentrations in laboratory reagents and air, the question of the 
blank is also not very serious. Finally, we have in ‘Be a very convenient radioisotope (half- 
life 53 days, y-emission energy 0.4 MeV) for the study of the method and optimization of 
the working conditions. The systematic errors obtained after optimization of the different 
steps of the procedure are listed in Table 4. 

Table 4. Systematic errors from sample decomposttion to GLC-determina- 
tion of berylhum 

Procedure steps 

Decomposition with excited oxygen 
Decomposition with HN03 under pressure 
Elimination of the interferences 
Formation of the Be-TFA complex 
Removal of the excess of TFA 
Strippmg of alkali from the benzene 
Transfer of benzene phase into the vessel 
Concentration step 
InJection onto the column 

The difficulties begin with the handling of amounts of the order of 1 O- ' to lo- ’ ’ g of ber- 
yllium for addition to the sample: lo-‘M solutions change their concentration after only 
a short time in glass or polythene vessels to such an extent that reproducible spiking is 
not possible. The solution has to be prepared fresh each day and stored in preconditioned 
quartz vessels. Amounts less than 1 ng have to be delivered from a carefully conditioned 
ultramicroburette. In the dissolution of the copper sample-as before in a Teflon bomb 
with an excess of nitric acid-at most 2% of IO-” g of beryllium spike is lost, about half 
an order of magnitude better than with an open system. 

In the subsequent electrolytic separation of the copper-the matrix is deposited this 
time-on to a mercury cathode, serious losses of beryllium are caused by adsorption onto 
the glass wails of the cell. These can be reduced to 1% of their value by using a Teflon 
cell. 

Further enrichment of the beryllium can be achieved by forming the beryllium trifluor- 
acetylacetonate complex and extracting this into benzene. 

The use of a conventional glass or polypropylene separation funnel with a Teflon tap 
leads to considerable losses. In addition, the complex forms about 20 times more slowly 
at these levels than when pg amounts are being handled. Therefore the solution must be 
shaken vigorously for 20 min. Quite surprising too, is the observation that the beryllium 
trifluoracetylacetonate complex in the benzene phase can also be adsorbed onto glass, but 
scarecely at all onto quartz. So only quartz vessels should be used for the centrifugal separ- 
ation of the phases. The benzene phase is then transferred into a small evaporation vessel, 
also of quartz. in which the solution can be concentrated to a definite low volume without 
loss. but only-if the temperature does not exceed 50’ (Fig. 19). From this small, known 
volume. ~1 aliquots are taken and injected onto the GLC column. 

It has proved possible, by following the complete procedure exactly, to transfer about 
1O-‘n g of beryllium through the entire series of steps to the determination, with more than 
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1 Filtered air 
2 Vacuum 

L Insulating plate 
5 coolii water 
6Heating dmnts 
7 NTC-rosiotor 
8 Temperature controtler 

Fig. 19. Device for the- reduction of the volume of an organic solvent to a fixed amount in the 
&range after liquid-liquid extraction. 

go”/, efficiency. If glass vessels are used in place of the quartz of Teflon ones, the systematic 
errors rise by more than an order of magnitude. 

This example is typical of many in the field of analysis of ultrapure materials. Even in 
the ng range in solution chemistry, many new types of interferences begin to disturb our 
trusted accumulated experience in analytical chemistry, and in the pg range one begins 
as a matter of principle to mistrust the conventional analytical approach and to disbelieve 
the results obtained by it. 

From all this it can easily be appreciated why it is important in such multi-step pro- 
cedures, which must be developed for each individual problem, that the impurities to be 
determined should be separated from the sample and transferred to the detecting system 
in as few steps as possible, in vessels of as inert a material as possible, with the minimum 
of surface area, and with the addition of the minimum amount of the purest available rea- 
gents: added to that, the detector should have very high sensitivity and be specific for the 
element concerned, and all of this without either loss or gain of the element in question. 

The question of which method of determination offers the best sensitivity and accuracy 
for a given element is not easily answered: it must be considered in relation to the whole 
procedure and indeed the whole analytical problem. It is not just that the sensitivities of 
a given detector change very much from one element to the next, but also that the deter- 
mination step must be chosen to match the preceding decomposition and separation steps. 

Microanalytical techniques offer more often than not the possible solutions to the pro- 
blems of transferring preconcentrated trace elements in very small volumes or, as in flame- 
less atomic-absorption or emission spectroscopy, onto very small areas for excitation. 

The carehtl working up of such a procedure takes l-2 man-years. Also there is no ques- 
tion that such combined methods are in most cases too time-consuming for their appli- 
cation in routine analysis. Nevertheless this expense and effort are necessary for the intro- 
duction and further improvement of less time-consuming direct instrumental methods 
with success in extreme trace analysis. To pursue each aspect, chemical and instrumental, 
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independently, can only lead to an un~tisfactory partial solution for the analytical charac- 
terization of ultrapure materials. We need them both in a suitably balanced equilibrium. 
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Zusammenfassung-Der Trend zu immer reineren Metallen und Halbleiter-Materialien stellt 
standig wachsende Anforderungen an deren analytische Charakterisierung. Die Grenzen der di- 
rekten Analysenverfahren(optische Spektroskopie, Massenspektroskopie und Aktivierungsanalyse) 
zeichnen sich bereits ab. In vielen Fallen miissen deshalb die verunreinigenden Elemente vor ihrer 
Bestimmung angereichert oder von der Matrix abgetrennt we&n. Diese zustitzlichen Verfah- 
rensschritte erhijhen die sys~ma~chen Fehlerm~~~~ei~n (Blindwerte, A~~ion~ffek~, 
Verfl~chtigunge~ usw.). Es werden generelle Wege zu ihrer weitest~he~den Aus~haitu~ vor 
allem bei den AufschluB- und Anreicherungsv~fahren aufgezeigt. Bei mijglichst enger Kopplung 
dieser Verfahrensscbritte mit geeigneten Detektorsystemen lassen sich zahlreiche Elemente (Be, B, 
C. N, 0. Si. P. S. Se. Te, As, Sb und andere) noch in ng- und pg-Mengen in den verschiedensten 
Matrtces bestimmen. Ausgewlhlte Beispiele aus dem eigenen Arbeitsbereich sollen veranschau- 
lichen. dal3 dieses noch junge Gebiet der extremen Spurenanalyse der Metalle besonders erfolgreich 
bearbeitet werden kann, wenn die Probleme von chemisch und physikalisch orientierten Analytik- 
ern gemeinsam angegangen werden. 

R&urn&-La tendance vers des mbaux et des mathriaux ~mi~ondu~e~s de plus en plus purs 
provoque des demandes croissantes sur leur caracterisation analytique. Les limites des m&hodes 
directes d’analyse (spectroscopic optique, spectroscopic de masse et analyse par activation) peuvent 
deja Ctre observees. Dans de nombreux cas, par consequent, les Uments de contamination doivent 
&tre enrichis avant leur dosage, ou doivent 6tre &pares de la matrice. Ces techniques supplimen- 
taires accroissent les possibilites systematiques d’erreur (valeur du dmoin, effets d’adsorption, vola- 
tiltsation, etc.). On d&it des methodes gtnerales pour leur elimination poussee, specialement pen- 
dant les techniques de decomposition et d’enrichissement. Quand ces techniques sont etroitement 
coupltes avec des systemes detecteurs convenables, de nombreux elements (Be, B, C, N, 0, Sii P, 
S. Se, le. As, Sb et au&es) peuvent encore 6tre doses t&s exactement en quantites de I’ordre du 
ng et du pg dans les matrices les plus diverses. 
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Summary-Bismuth(III1 is retained on a cation-exchange column from dilute acid and is then 
separated from most other metal ions by elution with 0.5M hydrobromic acid. The elution curve 
can be measured spectrophotometrically and automatically recorded. This separation method is 
rapid and is selective for bismuth. 

Although bismuth can be separated from most other metal ions by anionexchange chro- 
matography in dilute chloride media, the chloride complex is so stable that bismuth is 
somewhat difficult to elute from the column. Recently, a forced-flow chromatographic 
method involving elution with a mixture of hydrochloric and perchloric acids was sug- 
gested.’ Hydrobromic acid has been used to separate mercury(II), bismuth(III), and cad- 
mium(I1) from each other and from other metals, on a cation-exchange column2 Bismuth 
was determined by evaporating the hydrobromic acid and titrating with EDTA. 

Several spectrophotometric methods for bismuth make use of the high molar absorp- 
tivity of the bromide complex. Nielsch and Bole3 added enough hydrobromic acid to 
make the sample solution 1.75M in HBr and measured the absorbance of the bismuth 
complex at 375 nm. Stolyarova4 proposed a spectrophotometric method for bismuth in 
which the sample was dissolved in 1M potassium bromide plus hydrochloric acid. 

In the present work bismuth is sorbed onto a cation-exchange column and eluted with 
0.94 hydrobromic acid, by forced-flow chromatography. The absorbance of the bismuth 
bromide complex is detected spectrophotometrically in a flow-through cell and the elution 
curve is automatically recorded. The amount of bismuth is determined with the aid of a 
calibration curve simply by measuring the peak height. This method is selective, very fast, 
and is sensitive to concentrations of bismuth as low as 12 ppM (parts per milliard). 

EXPERIMENTAL 

Apparatus 

The hquid chromatography used was the same as that described previously with the exception of minor modifi- 
cations.’ The “hats” were made from polypropylene Instead of Teflon. An on-off valve was placed just before 
the eluent-selection valve. This was used to turn off the flow of eluent through the column. Previously, this was 
done by turnmg the selector valve to midway between two openings. which works but is not recommended. 

Prehminary work on this project was done with a Chromatronix column LC-6M-13. This column is 
6.3 mm x 13 cm but was shortened for this project to 6 cm. After about a month of use on this project. the non- 
Teflon plastic parts on the column decomposed. The column was replaced with a Kel-F rod, l/4 x 6 in. with 
a 2.6-mm hole drilled the length of the rod. Each end was threaded on the outside for 1/4in. with 28 threads 
per Inch. This allowed the column to be connected to the tubing preceding and following the column by means 
of Chromatronix tube end-fittings and couplings. The resin was held in the column by placing a small wad of 

* Present address: Chemistry Department. Kentucky State University. Frankfort. Kentucky 40601. U.S.A. 
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glass-wool in the outlet end of the column. The glass-wool stayed in place because the diameter of the tubing 
following the column was smaller than the inner diameter of the column. This worked at all pressures used. in- 
cluding pressures as high as 400 psig. The inner dimensions of the column were 2.6 mm x 13 cm. 

Reagents 

The hy~obro~c acid used in this study was Baker Analyzed Reagent, which is contaminated with a little 
bromine. To decrease the intensity of the solvent blank. the bromine was removed by passing the acid through 
a column of Amberlite XAD-7 resin. When the concentration of hydrobromic acid is grenter than about 4- 
5M, the bromine is retained by the XAD7. In this case, the hydrobromic acid was passed through the column 
as the concentrated reagent just as supplied. The bromine is rapidly eluted from the column with water. 

Resins 

The resins used in this study were Dowex 5OW-X8 and Amberlyst IS. The Dowex 5OW-X8 was supplied as 
2O0-400 mesh. The Amberlyst IS resin was ground and sieved, and the fines were decanted. The grain-size 
used was 250-325 mesh. 

Sample preparation 

Solutionsfir interference study. All solutions used for the interference study except those of antimony and tin 
were prepared by dissolving about 10 mmole of the chloride or nitrate of the desired metal in 100 ml of either 
1M or @lM nitric acid Aliquots of these solutions were mixed with an aliquot of a similarly prepared bismuth 
solution and diluted to volume. 

A O+OOlM antimon~~~i) solution was prepared by dissolving i-2175 g of antimony metal in 20-30 ml of concen- 
trated sulphuric acid. It was evaporated to dryness on a hot-plate set at low heat and with a heat-lamp shining 
on it from above. This takes about two days. The residue was dissolved in 100 ml of 2M hydrochloric acid with 
stirring, (glass rod). One ml of this solution was mixed with 10ml of 1M hydrochloric acid and then diluted 
with water to 100 ml. Aliquots of this solution were then mixed with bismuth solution. 

A 09OlM antimony(V) solution wag prepared by dissolving 1.2175 g of antimony metal in IO-20 ml of aqua 
regiu, and evaporated to dryness on a hot-plate; the residue was dissolved in 25 ml of 6M hydrochloric acid. 
and then diluted to 100 ml. One ml of this solution was diluted to 100 ml with water. 

A tin(iV) solution was prepared by dissolving tin in aqua regia. evaporating to dryness. dissolved in 100 ml 
of 2M hydrochloric acid, and diluting with water. 

NBS 53b. About 150 mg of the alloy were dissolved in 5 ml of concentrated hydrobromic acid and six drops 
of concentrated nitric acid from a Pasteur pipette. The solution was then evaporated to dryness under a heat- 
lamp. The residue was dissolved in 20ml of 2M hydrobromic acid and diluted to lOOm1 with water. During 
this procedure. a precipitate sometimes formed. When a precipitate did form, it was allowed to settle and solution 
to be injected into the column was obtained by decanting some of the clear solution. Since ant~on~II1) was 
present it was necessary to wait 3 min longer before changing eluents from D5M to O-OS&f hydrobromic acid. 

Standard bismuth solution. Ptepared by dissolving 01 g of bismuth metal in 10 ml of 6M nitric acid and diluting 
to 200 ml with water. Five ml of this solution were then diluted to 500 ml with 1M nitric acid, followed by further 
dilution by factors of 01, 0.15, @2 and 025 to yield solutions from which a calibration curve could be made. 
After each injection of an unknown, an injection was made of the standard that had a peak height closest to 
that of the unknown. 

The sample containing bismuth was dissolved in nitric, suiphu& hydrochloric or hydrobromic acid and 
diluted so that the final acid concentration was @25-3*OM, @15-COM, O+l-@7M or 0.07-0~2A4 respectively. The 
pressure on the chromatograph was adjusted to yield a flow-rate of 32 ml/min when the injection valve was set 
in “inject” position with OOSM hydrobromic flowing through the column. The valve was returned to the “load’ 
position so that the sample could be loaded and injected. At 1.5 min the eluent was changed to 09M hydrobromic 
acid. During the first 1.5 min any anionic species present in the sample were eluted. At 25 min, all the bismuth 
was eluted and so the eluent was switched back to @05M hy~obromic acid. At 3-5 min the column was suffi- 
ciently equilibrated with the @OSM acid for the next sample to be injected The injection port could be returned 
to “load” position any time after 25 min. 

The height (or area) of the bismuth peak, measured at 254 nm. is proportional to the amount of bismuth in 
the sample. The amount of bismuth is found from a calibration curve of peak height us. bismuth in standards. 
However, if this procedure is used for actual samples some metal ions are left on the column, occupying exchange- 
sites and shortening the effective column length somewhat. To counteract this effect, which changes the peak 
height, it was found necessary to alternate injections of samples with a standard having a bismuth concentration 
between 50% and 2004 of that of the sample. The amount of bi~uth in the sample is then calculated by propor- 
tion from the measured peak heights of the standard and the sample. When the peak height of the standard had 
increased by lO_20% from that on the calibration curve the metal ions were stripped from the column with 4N 
hydrochloric acid. 
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Fig. 1. Distribution coefficients for bismuth(III), cadmium(IIX antimony(III), and tin(IV) on 
Dowex 5OW-X8. 

RESULTS AND DISCUSSION 

Since bismuth(III), cadmium(II), antimony(II1) and tin(IV) are eluted under similar con- 
ditions from a cation-exchange column, a study was made of the distribution coefficients 
as a function of hydrobromic acid concentration. The results in Figs. 1 and 2 indicate that 
better separations would be expected with Dowex 50 resin. However, an actual column 
study showed that bismuth is eluted much more rapidly from an Amberlyst 15 (A-15) 
column under conditions where the other metal ions would still be retained. Therefore, 
A-15 resin was used in all subsequent column experiments with 05M hydrobromic acid 
to elute bismuth. 

Data have been reported for molar absorptivities of bismuth and other metal bromide 
complexes 6*7 but no data have been given for wavelengths shorter than 300 nm. For that 
reason the’ultraviolet spectrum of bismuth in 0*5M hydrobromic acid was obtained. The 
sample was prepared by dissolving bismuth chloride in concentrated hydrobromic acid 
and evaporating to dryness twice under a heat-lamp. The residue was then dissolved in 
0.5M hydrobromic acid and the spectrum of the solution obtained (Fig. 3). 

The wavelength of maximum absorbance is at 256 nm with a molar absorptivity of 
3.70 x lo4 l.mole- ‘. cm- ‘. The absorptivity at 254 nm, the wavelength at which the detec- 
tor operates, is essentially the same. 

It was found that with 0.05M hydrobromic acid in the column during sample injection, 
bismuth and most other metal ions are retained but mercury(U) is eluted. The bismuth 
is then eluted with 0*5M hydrobromic acid and the peak height is measured. Figure 4 
shows the acceptable concentration range of various acids that may be in the sample solu- 
tion without affecting the bismuth peak height. 

Calibration curves relating peak height to concentration are shown in Fig. 5. By the use 
of three different sample loops it is possible to use the method for a wide range of con- 
centrations. The lower limit obtained with the 969~~1 sample loop was 12 ppM, which gave 
a signal about three times the noise level. Since the signal depends on the absolute amount 
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Fig. 2. Distribution coefficients for bismuth(III), cadmium(U), antimony(III), and tin(N) on 
Amberlyst IS. 
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Fig. 3. Ultraviolet spectrum of bismuth(II1) in 05M HBr. 
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Fig. 4. Peak height of bismuth VS. concentration of acid in sample. Amount of bismuth injected 
each time: HCl, 0.247 pgg; HBr. 0.211 pgg; H*SO,, 0.216 pg; sample loop, 214 4; flow-rate of @05M 

HBr, 3.2 ml/min. 

of bismuth in the sample loop rather than the concentration, using larger sample loops 
should make possible the determination of even lower concentrations. 

At low concentrations there is a slight curvature in the calibration curve but otherwise 
the curve is linear. A calibration curve for the area under the peak as a function of con- 
centration can also be prepared. At concentrations less than 0.1 ppm the blank and the 
unknown had areas which were large in comparison to their difference. For this reason 
the use of area for determining concentration of bismuth is not recommended. 

For the interference studies, a separate calibration curve relating both area and height 
to concentration was prepared from 0.3 to 1 ppm bismuth. For both area and height, the 
curve was linear and passed through the origin on extrapolation. 

A typical separation is shown in Fig. 6. In this case the sample was injected while 0.05M 
sulphuric acid was passing through the column. Under these conditions all four metal ions 

I I I I I I I , 

001 -004 01 0.4 IO 4.0 IO 40 

Concentration of bismuth. ppm 

Fig. 5. Calibration curves for bismuth. with different size sample Ioops. Sample loop sizes: A. 

969 /II: B. 214~1: C. 38.1 ~1. 
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r-+--e 
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Time. min 

Fig. 6. Separation of 6-S pg of Hg(II), 017 pg of Bi(III), 600 pg of Cd(II), and 23 fig of Sb(II1) in 
@SM H2S04. 

Sample loop: 2144; column: 26mm x 13cm. Resin: Amberlyst IS, 250-325 mesh; flow-rate: 
2.7 ml/min. Initial eluent: 05M H,SO,; A, change eluent to 0-05M HBr; B, change eluent to 0.5M 

HBr; S, solvent peak. 

are retained. Mercury(H) is then eluted with OOSM hydrobromic acid. On switching to 
0%4 hydrobromic acid, bismuth(III), cadmium(I1) and antimony(II1) are then eluted in 
succession. 

An interference study was carried out, using as much as a lOOO-fold amount of each 
metal ion, relative to bismuth. The results of this study are given in Table 1. If the error 
was greater than 3”/, the interference study was repeated for that particular interferent at 
a low level. In practically all cases, the relative error obtained by using peak height was 
less than the relative error obtained by using peak area. The relative standard deviation 
of repeated trials, each one obtained by comparison with the standard that immediately 
followed it, was 1.6%. 

The only element that seriously interfered in the determination of bismuth was tin. 
When a lOOO-fold amount was present, the value for bismuth was only 22% of what it 
should have been. In order to decrease the relative error to less than 3’4, the amount of 
tin had to be less than 13-fold if area was used to determine concentration and less than 
5-fold if height was used to determine concentration. It is possible that the tin(IV) on the 
column may hydrolyse and act as an inorganic ion-exchanger that retains bismuth. 

The amount of antimony(II1) that can be tolerated is limited. If 2.4 pmole of anti- 
mony(II1) are injected onto the column previously described, it appears the column is over- 
loaded in that the front edge of the elution.peak is pushed forward enough to overlap with 
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Table 1. Determination of bismuth in the presence of other metals 

Interferent 
(X) 

Cont. of Bi” l , Molar ratio, Rel. error, “/, Rel. error, % 
PM X/Bi’+ Solvent (area) (height) 

Mo(VI) 4.78 
Mo(VI) 4.78 
Mn(II) 4.78 
Zn(I1) 478 
Cr(II1) 4.78 
Cr(II1) 4.78 
Mg(II) 4.78 
Hg(II) 4.78 
Hg(II) 478 
Hg(II) 4.78 
Pb(I1) 4.78 
Pb(I1) 4.78 
Sb(IV) 2.76 
Sb(III) I.10 
Sb(II1) 2.76 
Tartrate 4.78 
Tartrate 3.82 
K(I) 3.82 
Cu(I1) 3.82 
Co(B) 3.82 
Cd(H) 3.82 
Fe(I1) 3.82 
Fe(II1) 4.78 
Fe(II1) 4.78 
Ba(I1) 3.82 
Ba(I1) 4.78 
Al(II1) 4.78 
Ca(I1) 478 
Sn(IV) 2.76 
Sn(lV) 2.76 
Sn(IV) 2.76 

1ooo 
1000 
400 
100 

1000 
loo0 
loo0 
loo0 
1000 
loo0 

100 
1000 
100 

1000 
1000 
loo0 

2 
10 
25 

O.lM HN03 +@8 +21 
t@95M HN03 + 9.2 + 5.4 
0.14M HNOs -2.3 -1.5 
DlM HNOa + 0.3 -1.3 
O.lM HN03 + 1.4 +1*6 
O.lM HN03 -5.3 -4.8 
O.lM HN03 + 1.7 +@6 
O.lM HNO, + 8.3 +1.5 
@lM HNOJ + 25.5 +9.9 
0.14M HNO, + 29.7 + 8.7 
@lM HNO, +1.6 +08 
@lM HNOs + 5.2 + 3.6 
017M HCl + 2.3 +1.4 
O-24M HCl - 15.5 -3.1 
0.24M HCl -0.6 -0.5 
O.lM HN03 + 2.2 +22 
@lM HNO, -5.2 -3.7 
O.lM HN03 -20 -2.7 
@lM HN03 -1.9 - 1.1 
0.1 M HN03 +1.5 +CHl 
@lM HNO, -1.6 -@7 
0.13M HNO, -1.9 -07 
0.10&f HNOs +@6 -0.6 
0.14M HNO,, -5.0 -7.5 
@13M HNO, -4.1 -2.7 
0.26M HN03 - 15.6 - 23.4 
0.12M HN03 -0.9 -0.8 
O.lM HN03 + 1.0 -0.6 
0-13M HCl -3.0 + 1.1 
013M HCl -2.1 -5.8 
@13&f HCl - 5.6 - 8.0 

Table 2. National Bureau of Standard certificate of analysis for sample NBS 53b 

lead 
antimony 
tin 
copper 
bismuth 

% 
84.35 
10.28 

z&t 
0.075 

arsenic 
nickel 
silver 
iron 
aluminium 

% 
0.042 
0.006 
cHlo3 
@002 
oGlo7 

the bismuth peak. The rear edge of the antimony elution peak is not affected. If the amount 
of antimony(II1) injected is reduced to 05 ,umole the elution peak is normal and no diffi- 
culty is encountered. 

An NBS standard sample (No. 53b, lead-base bearing metal, with certificate of analysis 
as shown in Table 2) was analysed as described. The amount of bismuth was found to be 
0.0752% with a relative standard deviation of 1.4% for four trials. The certificate value is 
0.075% bismuth. 
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ZusPmmenfassu~Wismut(III) wird aus verdiinnter Sure auf einer KationenaustauschersIule 
zuriickgehalten und dann von den meisten anderen Metdllionen durch Elution mit 0.5M Brom- 
wasserstofftiure getrennt. Die Elutiohskurve kann spektrophotometrisch gemessen und automa- 
tlsch registrlert werden. Dleses Abtrennverfahren geht rasch und 1st ftir Wismut selektiv 

R6sumGLe bismuth (III) est retenu sur une colonne tchangeuse de cations B partir d’acide dilue. 
puis il est alors &par6 de la plupart des autres ions metalliques par elution B l’acide bromhydrique 
0.5M. La courbe d’blution peut 6tre mesur6e spectrophotom&riquement ou enregistrke automati- 
quement. Cette m&hode dt dparation est rapide et est silective pour le bismuth. 
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SPE~ROPHOTOMETRIC DETERMINATION OF MOLYBDENUM~VI) 

(Rrwiwd 20 Mnrch 1973. Accepted 26 July 1973) 

Dithml,’ 5-phenylpyrazoline-I-dithiocarbonate,’ 2,3-dimercaptopropionic acid3 8-mercaptoquinoline,4 thiogly- 
colhc acids and d&odium ci~i,2-~c~noe~yl~e6 are some of the ~~rn~un~ which have been used for 
the spectrophotometric determination of molybdenum. Molybdenum(V1) with potassium ethyl xanthate in 1.5- 
2M hydrochloric acid medium forms a complex which may be extracted into chloroform, carbon tetrachloride 
and petroleum ether-toluene.’ The advantages of this reaction are its sensitivity and freedom from interference 
by tungsten(V1). titanium(IV), chromium(II1) and vanadium(V). Molybdenum(V1) gives a red colour with 
ammonium thiocyanate in 5-8M hydrochloric acid medium The reduction of molybdenum(V1) and determina- 
tzon with thiocyanate is widely used but the reduction is not q~nti~ti~.’ 

MoIybdenu~VI) in 4-7M hydrochloric acid medium gives a red colour with potassium ethyl xanthate and 
ammonium thiocyanate, extractable into isoamyl alcohol or acetophenone. This may be recommended as a 
highly sensitive and selective mixed ligand method for the spectrophotometric estimation of Mo(V1). 

Reagents 

EXPERIMENTAL 

Po~~ssiunz ethyl xanthace. Prepared by shaking excess of carbon disulphide with a saturated solution of potas- 
sium hydroxide in absolute ethanol. It was recrystallixed from a mixture of chloroform and ether. A 1% aqueous 
solution of the reagent was used 

Sr~~~r~ ff~oly~~en~~ solution. AnaI~~lly pure am~nium molybdate hydrate was dissolved in water con- 
taining a few drops of ammonia. The solution was standardized gravimetrically with 8-hydroxyquinoline.* 

Annnoniunt rhiocyanate solution, 5% 

Procedure 

Place the molybdenum(V1) solution in a separating funnel and add 2-3 ml of 1OM hydrochloric acid, 2 ml of 
potassium ethyl xanthate solution and 2 ml of am~n~um thi~~na~ solution, followed by 3 ml of aceto- 
phenone. Shake vigorously for 2 min. Transfer the deep orange-red acetophenone layer into a small beaker con- 
taining 0.5 g of anhydrous sodium sulphate. Extract twice more with 2-ml portions of acetophenone and combine 
the extracts (even a single extraction with about 5ml of acetopbenone is enough to transkr molybdenum corn- 
pletely mto the solvent layer). Transfer the combined extract to a 1Oml volumetric flask and dilute to the mark 
with the solvent. Measure the absorbance in lcm cells at 380 or 470 nm against a reagent blank prepared in 
a srmlar way. 

Procedure for steel anafysis 

Dissolve an appropriate weight of the sample (1-2 g for @5% MO, @I+2 g for 5% MO) in 50 ml of sulphuric 
acid (1 + 6) in a 15Oml Erlenmeyer flask and oxidize with cone. nitric acid. Boil the solution to expel oxides 
of nitrogen and filter if not clear. Cool to 253 dilute to 100 ml and treat with sufficient ferrous ammonium sul- 
phate to reduce chro~u~V1) and v~a~u~V). Take an aliquot of this solution and add 1 ml of saturated 
ascorbic acid. Then complete the determination by the procedure above. 

Specrrai c~laraeteristics 

RESULTS AND DISCUSSION 

The complexes of molybdenum(V1) with ethyl xanthate and with thiocyanate in 8-1OM hydrochloric acid and 
with a mixture of thiocyanate and ethyl xanthate have absorption maxima at 310 and 50.5 (two), 460 and 460 nm 
respectively (Figs. 1 and 2). The acetophenone extract of the mixed complex has maxima at 380 and 470 nm (Fig. 
3). 

355 
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Wavelength, nm 

Fig. I. Absorption spectra of (A) molybdenum xanthate complex. (B) reagent blank. 

In the mixed l&and method the finai solution (cu. 10 ml) should be 4-7M with respect to hydrochloric acid 
and contain l-f-3.5 ml of am~nium thiocyanate solution and 1.75-3 ml of ethyl xanthate solution. The aceto- 
pbenone extract of the mixed ligand complex is more intensely coloured and stabie. The coiour is stable for 
at least 40 hr. A change: in temperature from 15’ to 35” has no intluence on the absorbance. Maximum cofour 
development takes place instantaneously at room temperature. 

The system obeys Beer’s law over the range 1*2-13.8 ppm of Mo(VIh and the optimum concentration range 
as evaluated from a Ringhom plot is 24-I@2 ppm. The Sandell sensitivity indices are QOO16 and 0+0068 ppm 
MO/cm2 at 380 and 470 nm respectively. 

Ten determinations of 2.7 ppm Mo(VI) gave a mean absorbance value of 0.424 and an SD. of 2.8 x IO-‘. Six 
independent determinations of the reagent blank gave a mean absorbance of W24 and an SD. of 2 x IO-‘. 

O-5 

t 

Wavelength, nm 

Fig. 2. Ab~rption spectra of (~4) moly~enum thi~y~lmtt~ complex. iH) reagent blank. If’l moiyb- 
dcnum thiocyanate xanthate mixed complex (~t~nol-water medium). 
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0,5 r 

Wovebngth, nm 

Fig. 3. Absorption spectra(acetophenone medium)of (A) molybdenum-thiocyanate-xanthate com- 
plex, (B) reagent blank. 

Composition of the complex 

Ammonjum molybdate in 6-8M hydr~~~o~c acid reacts with ~i~yanate to give MoO~~S~)~, which slowly 
decomposes yielding yellow needle-shaped crystals of MoO,CI, (analysis for Cl, 35.2%; talc, 3562%). 

Molybdenum(V1) in hydrochloric acid with ethyl xanthate forms a pink complex MoO&H,OCS,H),. 
In 4-7M hydrochloric acid, with thiocyanate and ethyl xanthate, molybdenum(V1) gives a red complex which 
may be formulated as MOO,,_,, (SCN),, (C,H,OCS,H), , where x is 1 or 2. 

Interferences 

The following cations do not interfere even in IOOO-fold amounts: Na, K, Ba, Ca, Mg, Al, Ce(IV), La, Sn(II), 
Pb, Ti, Zr, As(III), Sb(III), Cr(III), Mn(I1) and Fe(H). In nearly neutral solution, copper( cobalt(I1) and nickel 
give colour reactions with potassium ethyl xanthate. The stability of each of these metal-xanthate complexes 
depends upon pH. In 4-7M hydrochloric acid. they are unstable and give no colour (15fold amounts each). In 
4-7M hydrochloric acid vanadium(V), tungsten(V1) and rhenium(VI1) give colour reactions with ammonium 
thiocyanate and potassium ethyl xanthate. Ascorbic acid masks the interference of a IO-fold amount of vanadium 
and an 8-fold amount of tungsten, relative to molybdenum Molybdenum can be separated from rhenium and 
determined as follows. 

To the mixture of ~lybd~um and rhenium, add 02 ml of 1OM hydr~hlo~c acid and @S-I+0 ml of 1% 
aqueous potassium ethyl xanthate solution. Shake we& extract with acetophenone and separate the organic fayer. 
To this organic layer, add 25-3 mi of hydrochloric acid, 1-2 ml of 1% aqueous xanthate reagent and 2-3 ml of 
5”/ aqueous solution of ammonium thiocyanate. Shake for 5 min with acetophenone, separate the organic layer 
and measure its absorbance at 380 or 470 nm. 

Thousandfold amounts of oxalate, borate, carbonate, citrate, nitrate, nitrite, bicarbonate, fluoride, phosphate, 
sulphate, chloride, bromide and iodide do not interfere. 

Analyszs ufsteeis 

The results of the analysis of two standard steels (mean of four determination) were O-42-044% for Bureau 
of Analysed Samples Standard 60 B (certificate value 0.43%) and 4*9-5.0% for 64 B (4.95%). 
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Summary-Molybdenum(W) gives a red colour with ammonium thiocyanate in 5-8M hydro- 
chloric acid medium, the Sandell sensitivity index being @018 ppm Mo(VI)/cm’. Molybdenum(W) 
in 4-7M hydrochloric acid medium forms a red complex with ethyl xanthate and ammonium thio- 
cyanate and this can be extracted into acetophenone. Beer’s law is obeyed over the range of I.2- 
13.8 ppm, and the Sandell indices at 370 and 470 nm are 0.0016 and 00068 ppm/cm’ respectively. 
The colour is stable for 40 hr. Most cations do not interfere. 

Zuaamm&asaung-Molybdlin(VI) gibt mit Ammoniumthiocyanat in 5-8M Salzlure eine rote 
Farbe; der EmpfindIicl+eitsindex nach San&II betrlgt 0,018 ppm Mo/cm2. In 4-7M Salzsiiure bil- 
det Molybd&n(VI) mit Athylxanthat und Ammoniumthiocyanat einen roten Komplex: dieser kann 
in Acetophenon extrahiert werden. Das Beersche Gesetz gilt im Bereich 1,2-13,8 ppm die Sandell- 
Indices betragen bei 370 und 470 nm 0.0016 bzw. 0,0068 ppm/cm2. Die Farbe ist 40 h lang stabil. 
Die meisten Kationen stiiren nicht. 

R&um&Le molybdkne (VI) donne une coloration rouge avec le thiocyanate d’ammonium en 
milieu acide chlorhydrique 5-8M, l’index de sensibilitt Sandell &ant, 0,018 ppm Mo(VI)/cm’. Le 
molybd&e (VI) en milieu acide chlorhydrique 4-7M forme un complexe rouge avec le xanthate 
d’bthyle et le thiocyanate d’ammonium et celui-ci peut Btre extrait en ac&ophhone. La loi de Beer 
est suivie dans le domaine 1,2-13,8 ppm, et les indices de Sandell g 370 et 470 nm sont 0.0016 et 
0,0068 ppm/cm2 respectivement. La coloration est stable pendant 40 h. La plupart des cations ne 
gZnent pas 

Talonto. Vol. 21, pp. 35E-360. Pergamon Press, 1974. Prmted in Great Britam 

DETERMINATION OF IODIDE WITH CHLORAMINE-T 

(Received 19 July 1973. Accepted 2 October 1973) 

It is well known that addition of excess of potassium iodide to chloramine-T (CAT) solution in acid medium 
liberates iodine: 

{CHS .C6H4S02NCI}-Na* + 2H+ + 21- + CHo .C6H4S02NH2 + I2 + Na”+ Cl-. 

This reaction is widely used for standardization of CAT solutions. I.’ On addition of excess of 01 M CAT to 
approx. O.OlM iodide, we observed the incipient formation of a yellow colour due to iodine but then the 
solution soon became colourless, indicating further oxidation to iodate: 

3(CH,. C,H,S02NCl}-Na+ + I- + 3H,O 4 3CH,. C,H,SOZNH, + IO; + 3Na+ + 3Cl-. 

The yellow colour due to the intermediate formation of iodine disappeared fastest at pH 265-5. In presence of 
@2 M sulphuric acid, the disappearance of the iodine colour was slow at room temperature but was complete 
within 5 min at 50-60“. In presence of >03 M hydrochloric acid, oxidation of the iodide to iodate was found 
to be incomplete. Perhaps simultaneous increase in [H’] and [Cl-] retards the further oxidation. This inhibiting 
action of chloride was not observed when the hydrogen ion concentration was less than @2 M. The iodate formed 
could be determined if the excess of CAT was removed. Dimethyl sulphoxide (DMSO) was chosen to destroy 
CAT because of its known reaction’ and because it has no reducing action on iodate in dilute aqueous solutions. 
The destruction of CAT by DMSO is complete within 5 tnin in presence of > 1.0 M hydrochloric acid at room 
temperature and takes more time at pH 2.65-5. Heating the CAT-DMSO mixture to 50-60”, however, ensures 
complete destruction of CAT in all cases. The solution is then cooled and the iodate determined iodometrically 
as described in the procedure. 
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as described in the procedure. 
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EXPERIMENTAL 

Reagents 

Chloramine-T of initial purity 985% was thrice recrystallized from conductivity water before use. Dimethyl 
sulphoxide and analytical-grade potassium iodide were used as obtained. An approximately 0.01 M iodide solu- 
tion was prepared, and standardized by the Volhard procedure. 

Procedure 

A 20ml portion of the @OlM potassium iodide was pipetted into a glass-stoppered bottle. The pII was 
adjusted to 2-4 with sodium acetate-acetic acid buffer and 20 ml of 0.1 M CAT were added. To ensure complete 
oxidation, this solution was kept at 50-60” for about 5 min, then about 40 ml of @l A4 DMSO and 20 ml of 2 1M 
hydrochloric acid were added. The solution was kept at 50-W for 5 min and then cooled to room temperature, 
20 ml of 109, potassium iodide solution were added and the liberated iodine was titrated with @1 N sodium thio- 
sulphate. From the second equation given above, one mole of iodide yields one mole of iodate and since the 
latter corresponds to six equivalents of iodine under the conditions used, the equivalent weight of the iodide 
IS one-sixth of the atomic weight. Each ml of O*lN thiosulphate therefore corresponds to 2.12 mg (i.e., 
0.0167 mmole) of iodide. Six determinations were done in duplicate for different amounts of iodide and the results 
obtained (Table 11 were accurate to +020/, based on the standard value obtained by Volhard’s method. 

Iilterferences 

It was observed that when excess of CAT was added to 001 M bromide solutions at pH 2-4. a yellow colour 
due to bromine occurred initially, but faded in a few minutes, indicating oxidation to bromate. However, bromate 
was found to be reduced completely to bromide during the heating to 50-60” with DMSO and acid. Hence any 
bromate formed is eliminated at the same stage as excess of CAT and bromide does not interfere. 

Department of Chemistry 
Indian Institute of Technology 
Madras-600036, India 
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G. AIUVAMUDAN 

Table 1. Experimental results of iodide determination 

Iodide taken (based on 
Volhard’s method), mmofe 

0.2119 
02226 
0.2332 
02438 
0.2544 
0.2650 

Iodide found, mmole 

0.2115 
0.2224 
0.2336 
0.2437 
02549 
02655 
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Summary-A method is described for the estimation of iodide, based on its oxidation to iodate by 
the addition of excess of chloramine-T, destruction of the excess of chloramine-T wtth dimethyl 
sulphoxide and determination of the iodate iodometrically. In addition, the dimethyl sulphoxide 
elimmates any interference from bromide or bromate. 

Zusammenfassung-Eine Methode zur Bestitnmung von Jodid wird beschrieben; sie beruht auf 
aeiner Oxidation zu Jodat durch Zugabe eines Uberschusses von Chloramin-T, der Zerstiirung des 
Uberschusses von Chloramin-T mit Dimethylsulfoxid undJodometnscher Bestimmung des Jodats. 
Zus;itzlch besertigt das Dimethylsuffoxid jegliche Wrung durch Bromid oder Bromat 

* Present address: Department of Chemistry. Andhra University, Vi~khapatnam-53~3. India. 
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R&arrr&On d&&t une methode pour le dosage de Piodure, basee sur son oxydation en iodate 
par l’addition dun ex& de chioramine-I, la destruction de l’exc& de chloramine-T par le dimethyl 
sulfoxyde et ie dosage iodometrique de l’iodate. De plus. le dimethyl sulfoxyde tlimine toute inter- 
ference du bromure ou du bromate. 
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TRACE ANALYSIS BY MICROWAVE EXCITATION 
OF SEALED SAMPLES-II 

DETERMINATION OF 4-100 pg OF Cd, In AND Tl IN 05 ml 
OF AQUEOUS SOLUTIONS 

(Receiued 21 June 1973. Accepted 8 October i973) 

In our first publication’ we described the possibility of trace analysis by optical emisston spectrometry based 
on microwave excitation of sealed samples. Because of the increasing interest in metal determinations at the pico- 
gram level, we tried to adapt the technique to that type of problem When scaling down the amount of thallium 
to this level we found that the signal/background ratio decreased more than was expected from the results 
obtained for a few nanogmms. The procedure was therefore changed in two respects. First, we used bismuth 
iodide as a matrix instead of zinc chloride because the background level is much lower (considerations similar 
to those given earlier’ may be used to show that BiIa is suitable from the thermodynamic point of view). Even 
so, amounts below about 20 pg of Tl could not be detected, although detection should have been possible accord- 
ing to the signal obtained for larger amounts. This was thought to be caused by oxidation processes, and the 
difficulties were indeed solved by using hydrogen as a filler-gas. No further experiments were performed to prove 
the presence of oxidation processes. In our first publication we also described the presence of interfering band 
spectra. We have now found other band spectra, which were caused by contamination of the quartz used. We 
therefore have tested five types of quartz for their suitability. 

Apparatus 

EXPERIMENTAL 

The vacuum apparatus is the same as &scribed earher.’ The length of the etectrodeless discharge lamps 
(EDL’s) used was 22 mm, the outer diameter 9 mm and wall thickness 0.4 mm A Hilger and Watts “Large Quartz 
Spectrograph” with photographic detection (slit 20 w) was used for investigation of the band spectra. For quan- 
titative measurements we used the monochromator (reciprocal dispersion 3.3 run/mm, slit 25 pm) and the detec- 
tor of the Techtron AA4 atom&absorption spectrophotometer with mechanical modulation. To compare in- 
tensities over a wide range the relative gain of the amplifier was measured for each of the 20 different steps. The 
intcnsittcs XC expressed in scale-dcllcctions at the highust amplification. All values given were obtained by sub- 
tracting the buckground intensittes. measured at a wavelength @4 nm longer than that of the line observed. The 
niicrowiivt: equipment used WiM an EMS Microtron 200 with retlectcd-powcr mctcr (2450 MHr) and an EMS 
216L(%wave)cavity. Power values given in this paper are found by subtrdctmg retlected power (generally about 
10 W) from incident power. 

Reagents 

Germanium 99999% pure, (Koch-Light, England). BiIs, prepared from “Specpure” BizO,, (Johnson and Mat- 
they, England), dissolved in 30% hydrochloric acid and then treated with hydriodic acid (both acids “Suprapur”. 
Merck, Germanyk and diluted to give a final concentration of @02M for each acid. The metal iodides added 
were all of reagent grade. The hydrogen used was laboratory grade. 

Prepumtion 

First the EDL is degassed for 1 min under vacuum (about @OS mmHg) by heating with a propane-oxygen 
hurncr. Then 15 30 i~g of solid Ge are added as a ‘getter”. Next, about 100 pi of an aqueous solution containing 
both 2-S jfg of Bil, as a “matrix” and the metal iodides to be determined are introduced The solution is frozen 
to dryness. Finally hydrogen is added up to a pressure of 5 mmHg, the EDL is sealed ofI and is then ready 
for use. The complete preparation of six EDL’s takes about 1 hr. 
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lr$uence of hydrogen pressure and power 

RESULTS 

The hydrogen pressure and the power supplied may be expected to influence the emission of an EDL. In some 
experiments to test these effects, the signal of 20 pg of thallium in the matrix described was measured as a function 
of time. In Fig la the influence of the hydrogen pressure at constant power is presented. The optimum hydrogen 
pressure is approximately 5 mmHg. In Fig. lb the influence of the power at 5 mmHg hydrogen pressure is pre- 
scntcd. The optimum power is about 50 W. 

50 

I 

0 

Power 50 W (b) Pressure 50 Torr H 

2 5 Torr Ha n 40 w 

- - 5.0 Torr Ha :: ! I --5ow 
0 I 

: I ------__ 7.5 Torr H2 ________ 60 w 

t, min 

Fig. 1. (a) Effect of hydrogen pressure at constant power, and (b) effect of power at constant hydro- 
gen pressure. 

Because satisfactory results were obtained at a power of 50W and a hydrogen pressure of 5 mmHg, no other 
combinations were tested. It should be noted, however, that the optimum power is slightly dependent upon the 
dimensions of the EDL. but variations of about 20% in the volume of the EDL’s caused no difficulties. No 
attempt is made to explain the influence of power and hydrogen pressure on the shape of the curves. 

Quantitative measurements 

The optical lme-intensities for the metals introduced were measured at a fixed time after switch-on (In 5 min, 
T16. Cd 7). In contrast to the first publication no internal standard was used, because this gave no increase in 
precision. The power was 50 W, the hydrogen pressure 5 mmHg, the volume introduced was nominally 100 4. 
The log-log calibration curves for In, Tl and Cd are linear with a slope very close to the theoretical (for Cd 
a blank of 8 pg was found; in the calibration curve we corrected for this value). 

No calibration curves could be made for Pb and Zn because of the high blank values (about 100 pg). The maxi- 
mum volume that can be introduced is 500 4. This gives the following detection limits (Table 1). 

Table 1. Detection limits 

In 
Tl 
Cd 

PC7 w/ml Wavelength nm 

0.5 1 451.1 
0.5 1 377.6 
0.1 0.2 228.8 

The detection limit given is a theoretical one. It was calculated. by extrapolation, as the concentration of metal 
required to give a signal twice as large as the background noise at the 4pg level. The precision of the method 
IS better than 15”< in most cases. 

It was found that some types of quartz gave much better results than others. This effect appeared wtth both 
helium and hydrogen as filler-gas. A close correlation was found between the intensities of the band spectra 
emitted by a helium-filled EDL and the suitability of the quartz. (It should be noted that helium is more suitable 
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than hydrogen for testing quartz. because with hydrogen as a filler-gas OH-bands and of course H-lines are found 
with all types of quartz used.) The spectra of helium-filled EDL’s during the first 10 min after switch-on were 
compared The spectra were obtained with the Hilger and Watts spectrograph. Water (or OH-groups) in quartz 
can be detected by measuring the infrared transmission at 272 m (OH-band) From five types of quartz we com- 
pared the relative intensities of the bandheads of CO (297.7 nm), OH (306-4 nm), CN (388.3 nm). CH (431.2 nm). 
C, (469-8 nm), the hydrogen-line (486.1 nm) and the infrared transmission at 2.72 pm. (Table 2). 

Table 2. Comparison of some types of quartz 

Type He CO OH CN CH C2 H y, i.r. transm. 

Heraeus “Heralux” S M S 35 
Heraeus “Infralux” 100 
Heraeus “OHF’ s - w - w 90 
Quartz and Silice “Pursil453” S W M M M 90 
Thermal Syndicate “Vitreosil” - SSMSSS 30 

- = Absent; W = weak; M = medium; S = strong. 

It should be noted that two types of quartz, “Heralux” and “Vitreosil”, do not give helium emission although 
helium is used as a filler-gas Both types, in particular “Heralux”, are not suitable for our purposes. Of the other 
three types. in further experiments we only used “Pursil453”, but the other two are also suitable. Possibly there 
is a connection between these differing properties of quartz and the great variation of procedures for degassing 
EDL’s used in atomic-fluorescence spectroscopy, as noted in a review article’ on preparation and use of EDL’s 
in that technique. 

Probably lower limits of detection or determination than given above may be obtained. Somc of the limiting 
factors in our case are the sensitivity of the detection unit and the resolving power of the monochromdtor. 
Another difficulty is the lack of availability of reagents of sufficient purity. Another point is the possible interfer- 
ence of foreign compounds. Chemical conversions may therefore be required in many cases. 

.1 rtctl wwh Ch~wri.sch Luhoratorium 
Rijkksuniversiteit Utrecht 
Croesestraat 77A, Utrecht ’ 
Netherlands 
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Summary-Trace analysis by optical emission spectrometry by microwave excitation of sealed 
samples has been improved by use of Hs as a filler-gas and of BiI, as a matrix. It was found that 
the selection of suitable quartz for the manufacture of the discharge lamps is important. Limits 
of determination of 4 pg in 05 ml may be obtained for In, Tl and Cd 

Zusammenfassung-Die Spurenanalyse durch optische Emissionsspektrometrie mit Mikrowel- 
lenanregung abgeschmolzener Proben wurde verbessert. indem H1 als Fiillgas und BiJ, als Matrix 
verwendet wurden. Die Auswahl geeigneten Quarzes zur Herstellung der elektrodenlosen Entla- 
dungsrohren ist jedoch von entscheidender Bedeutung. Ftir In, Tl und Cd kann man Nachweis- 
grenzen von 4 pg in 05 ml erreichen. 

R&sum&--On a am&ore I’analyse de traces par spectrom&rie d&mission optique bade sur l’exci- 
tation par micro-ondes d’tchantillons scelles par I’emploi de H2 comme gaz de remplissage et de 
BiI, comme matrice, mais la selection du quartz convenable pour la fabrication des tubes a 
d&charge sans electrode est dune importance fondamentale. Des limites de dosage de 4 pg dam 
0.5 ml peuvent etre obtenues pour In, TI et Cd 
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ANNOTATION 

THE EFFECT OF ORTHOPHOSPHATE ON THE GRAVIMETRIC 
DETERMINATION OF PYROPHOSPHATE 

(Received 8 October 1973. Accepted 31 October 1973) 

Radionova and Hodakov’ described a method for the gavimetric determination of pyrophosphate in the pres- 
ence of orthophosphate and tripolyphosphate. According to them, precipitation must be done in the pH range 
34-3.6, with zinc acetate. The method has found wide application. 

A shortcoming of this method however. is that in the presence of orthophosphate zinc might be expected’ 
to react by: 

3Zn2+ + 2H,PO,- $ Zn,(PO,), + 4H +. 

In preliminary experiments with solutions containing pure orthophosphate it was found that 1Omg of 
KH2P0, gave an immediate precipitate, 5 mg a precipitate after some hours, and 3 mg gave no precipitate at 
all. These results agree well with the equilibrium solubihty of Zn,(PO,), as a function of pH (Fig. 1). At pH 
3.6 the solubility is about 10e2M and it is clear why in the experiment with 3 mg of KH,PO, there is no precipi- 
tation. In this case the concentration of the orthophosphate is about 3 x 10e4M. 

The aim of the present work is to investigate the effect of orthophosphate on the gravrmetric determination 
of pyrophosphate. 

Reagents 

EXPERIMENTAL 

Solutions of KH2P0,, Na,P,O, and Zn(CH3C00)2 (all pa.) were prepared by dissolving appropriate 
amounts in distilled water. 

5 

I I I 1 

2 4 6 B 

PH 

Ftg. 1. The equilibrium molar solubility (S) of Zn,(PO& as a function of pH. 
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I I I I 
5 IO IS 20 

Time, hr 

Fig. 2. Kinetics of precipitation. Curve 1.--400 mg of KH,PO, ; Curve 2.-mixture of 200 mg of 
KHsPO, and 328 mg of Na,P,O, . 10 H,O. 

Precipitation technique 

To 20-40 ml of the solution containing the phosphate (pyrophosphate or orthophosphate) were added IO ml 
of 25% zinc acetate solution. Then hydrochloric acid (1 + 1) was very carefully added (in the presence of Methyl- 
Orange as guide) until the pH of the solution reached 3.2. More zinc acetate solution was then added to make 
the pH 34-3.6 @H-meter). The final volume of the solution was about 70 ml. After 24 hr the precipitate was 
filtered off and washed with 0.3% zinc acetate solution at pH 3.6. 

The solutions of pyrophosphate were prepared just before use, to avoid hydrolysis of the anion. 

40 - 

N0,P,0,.,,H,0/KH2P0,. w/w 

Fig. 3. The relative error as a function of weight ratio of Na,P,O,. IO H,O to KH2P04. Curve 
I.-Na,P,O,. 10 H,O 190-158 mg; KH,PO, 100-16 mg. Curve 2.-Na,P,O,. 10 H,O 91-79 mg; 

KH,PO, SO-8 mg. 
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RESULTS AND DISCUSSION 
Figure 2 shows the kinetics of precipitation of pure orthophosphate (Curve I), and of a mixture of orthophos- 

phate and pyrophosphate (Curve 2). The relative error for the solution containing 0.4 g of KH,PO, is -6% for 
24 hr. i.e.. 94% of the orthophosphate will precipitate when the Radionova and Hodakov method is used. If the 
precipitation is done quickly enough, for example withm 1 hr, then the error would still be - 12”/., that is 88% 
of the orthophosphate will precipitate. According to Curve 2 the error for the mixture is + 357; for 24 hr, which 
is due to co-precipitation of the phosphate with pyrophosphate. 

Considering the kinetics of precipitation and co-precipitation of Zn,(PO,), by Zn,P1O,, it is impossible to 
suggest improving the Radionova and Hodakov method by variation of the time of precipitation. 

The relative error for analysis of solutions containing pyrophosphate and orthophosphate in various amounts 
is shown in Fig. 3. It is evident that the error depends not only on the ratio ofpyrophosphate and orthophosphate 
but also on the absolute amount of orthophosphate. According to this figure the error is about + 2% under the 
most favourable conditions. Although this error is rather large for gravimetric determination it may still be ac- 
ceptable for control analysis purposes. 

The reproducibility of the method in the absence of orthophosphate was estimated from the results of 6 sample 
solutions each containing @1659g of Na,P,O, 10HrO. The standard deviation was found to be k2.5 x 10m4g 
and the relative error was f 0.25%. 

As a result we may conclude that the method of Radionova and Hodakov for determination of pyrophosphate 
is not free from interference by orthophosphate. It still may be acceptable (with the error of +2%) if the con- 
centration of orthophosphate in the solution is arranged to be below fW2M. In any other case this method for 
determination of p~ophosphate in the presence of orthophosphate would not be reliable. 

Chemico-Technological Institute P. EWADZIEV 

Sofia 56, Darvenitza M. GEORGIEVA 
Bulgaria L. ILCHEVA 
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Summary-The effect of orthophosphate on the precipitation of zinc pyrophosphate has been 
examined and It is shown that co-precipitation of the orthophosphate at pH 3.4-36 is serious if 
the orthophosphate concentration is r@02M. Even with lower concentrations an error of up to 
+ 2jlb may occur 

Zusammenfassmtg--Der EinfluB von Orthophosphat auf die Fiillung VOR Zinkpyrophosphat 
wurde untersucht. Es wird gezeigt, da13 bei pH 3.4-36 die Mitf~llung von Orthophosphat ins Ge- 
wrcht fallt wenn die Orthophosphatko~entration iiber 902M liegt. Selbst mit geringeren Konzen- 
trationen kann ein Fehler bis zu + 2”/, auftreten. 

Resam6-On a examine I’influence de l’orthophosphate sur la precipitation du pyrophosphate de 
zinc et il est montre que la coprecipitation de l’orthophosphate a pH 3,4-3-6 est serieuse si la con- 
centration de l’ortbophosphate est >0,02M. M&me avec des concentrations plus faibles, une erreur 
allant jusqu’g -I- 2% peut se produire. 
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COULOMETRIC TRACE DETERMINATION OF WATER BY 
USING KARL FISCHER REAGENT AND 

POTENTIOMETRIC END-POINT DETECTION 

ANDERS CEDERGREN 

Department of Analytical Chemistry, Universrty of Ume& 
901 87 Umea. Sweden 

(Received 17 April 1973. Revised 13 August 1973. Accepted 12 September 1973) 

Summary-A new approach to the determination of water via the Karl Fischer reaction is de- 
scribed. Iodine is coulometrically generated and the end-point. corresponding to a slight excess 
ofiodine, is detected potentiometrically with a non-polarized platinum electrode. Samples of l-500~1 
contaming 0.05-200 pg of water were analysed with a standard deviatron of 0.015 pg in the range 
0.05-20 pg of H,O. A specially constructed electrolysis cell was used in combination with an LKB 
16300 Coulometric Analyzer and the time for a complete analysis was l-4miq depending on 
sample size. The reagent composition has been optimized in order to enhance the rate of the main 
reaction and to minimize the extent of side-reactions. Decreasing the temperature reduced the 
extent of side-reactions. The displacement of end-point potential on dilution was studied and a 
correction is discussed. 

Because of its specificity the Karl Fischer reagent has been widely used for the determina- 
tion of water in a variety of organic and inorganic compounds since its introduction in 
1935. Comprehensive reviews have been given by several authors.‘-’ In the standard pro- 
cedure the reagent is added from a burette and the end-point is detected amperometrically 
with either a current or a voltage measuring device using two identical polarized Pt-elec- 
trodes. Recently a thorough examination of these “electrometric end-point” techniques 
was made by Beasley et aL4 The non-linear behaviour of the diffusion current at low iodine 
concentration was suggested to depend on the formation of a large ionic complex, 
C5H5N.IZ.S02.NH5C5, in equilibrium with CSH,N.12 and CSH,N*SO,. The calcu- 
lated slope of the titration curve between 5 and 25 @ was only 41% of the slope between 
50 and 250 PA. Trace determinations of water down to 0.2 ppm have been reported.5*6 

The coulometric generation of small amounts of iodine in a Karl Fischer medium eli- 
minates the need for standardization of the reagent, as the stoichiometry is known.’ 
Several commercial coulometric analysers using constant current and amperometric indi- 
cation of the end-point have been developed. 8*g They give an absolute standard deviation 
of approximately 2 ,ng of water for l-5 g samples containing 10-100 pg of water. 

The controlled-potential coulometric method proposed by Lindbeck” has the advan- 
tage of not being limited by the absolute error in the location of the end-point. Lindbeck 
determined 10-74 pg of water in O-1 ml of methanol with an absolute standard deviation 
of @2 pg. He observed a drift corresponding to 053 f O-01 pg/min and noticed that this 
drift was independent of the concentration of iodine in the range O-l mM. He therefore 
produced a known excess of iodine in spent Karl Fischer reagent containing the sample, 
reduced the excess of iodine and determined the drift by repeating the procedure without 
adding any sample. 

367 
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An important modification of the method proposed by Lindbeck was made by Karlsson 
and Karrman. l1 By using a rotating working electrode and a new cell design they could 
use a much larger reduction current. As a consequence, the time of analysis was decreased 
and so was the uncertainty of the drift correction. They reported titrations of O*l-0.2 mg 
of water with an error of 0.15% and the time for one analysis was 3-12 min. The drift cor- 
rected for in their method corresponds to about 0.5 pg of water per min. Recently Karls- 
soni’ improved the method, including better electronic circuitry and design of the electro- 
lysis cell. The lowest value reported, 0.6 pg, was determined with a standard deviation of 
007 pg. In the range 500-5000 pg of water the relative standard deviation was 0.06O-080,:, 
and the mean deviation from the calculated value was about 0.1%. 

In the present work potentiometric end-point detection has been applied to the coulo- 
metric trace determination of water in a Karl Fischer medium. By increasing the rate of 
the main reaction at low iodine concentration (giving high sensitivity in the potentiometric 
indication) the time of analysis has been reduced significantly, especially for small sample 
sizes. This time reduction in combination with a lower drift has increased the sensitivity 
and precision of the coulometric method. 

EXPERIMENTAL 

Cell 

A coulometric titration cell was made from glass with Teflon caps as shown in Fig. 1. It conststs of three 
chambers, one for the auxiliary electrode, one for the sample, with generating and indicating electrodes and one 
for the reference electrode. Electrolytic contacts were made via asbestos-filled liquid junctions. Asbestos (Hop- 
kins & Williams) was plugged tightly with a hard tool into the connecting glass tubes. The generating electrode 
was placed close to the junction of the auxiliary electrode, and the indicating electrode close to the reference 
electrode junction, in order to minimize the interference with the indicating system by the generating electrode 
system. Further, the three compartments were arranged in line so that there should be geometric symmetry in 
the sample compartment. All electrodes were made from platinum; the generating electrode was a flat Pt-spiral, 
diameter 0.3 mm with a total area of 05 cm’, the auxiliary electrode was 36mesh gauze, area 6 cm’, the indicat- 
ing electrode a O-3 mm wire with a crimped Teflon insulation on the stem, and the reference electrode 5 cm’ of 
36-mesh gauze. The sample compartment was stirred with a magnetically driven glass bar. The caps were made 
from solid Teflon with an O-ring seal. Silicone rubber was inserted into holes bored in the Teflon caps, and the 
wires were inserted into the silicone rubber via hypodermic needles which were then removed. A silicone rubber 
septum for sample introduction was fitted into the Teflon cap of the sample compartment. 

1 ~___l________________Sth___________~___: 

Fig. I. Schematic diagram of the titration cell and the LKB Coulometrlc Analyzer. 
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The cell was fitted into a brass block insulated with polystyrene foam. Tap-water could be circulated through 
the block for coolmg. a temperature of 7.0” being normally obtained 

Reagents 

A Karl Fischer reagent composition which has been shownI to give a fast reaction was used. It consisted 
of l.OM pyrrdine (Mallinkrodt Analytical Reagent), O.lOM iodine (Merck p.o.). 0.60M sulphur dioxide (Fluka AG. 
> 99.979; SO1 in steel cans). dissolved in methanol (Merck p.a.. max. @03”/; water). 

Apparatus 

Coulornrcric anal~~ser. The electrodes were connected to an LKB 16300 coulometric analyser. The instrument 
contains a high impedance voltmeter which measures the voltage between the mdrcator and the reference elec- 
trodes. This voltage IS compared with a preset voltage and any deviation amplified and used to control the cur- 
rent through the generating electrode system. Far from the end-point the generating current became about 12 mA 
with this cell. As the preset potential was approached the current was automatically decreased. The way in which 
the end-point was approached could be adjusted with the gain of the instrument so that tt decreased rapidly 
at first and then asymptotically towards zero current. 

The analyser showed the time integral of the current. The range used in this investigation was x 01 which 
corresponds to lo-’ equivalent or 0.5 nmole of water as the last digit in the readmg. 

Procedure 

The sample compartment was filled with 4ml of Karl Fischer reagent. The other cell chambers were filled 
to the same level with the reagent. A hypodermic needle was inserted into the caps for pressure equilibration, 
the caps were put into place, the needles were removed and the cell was turned upside down several times to 
remove moisture on the walls. The cell was so well sealed that introduction of samples caused a small overpres- 
sure which was released after addition of several samples. 

Water was added with a 5 ~1 Hamilton syringe until a colour change occurred in the reagent. There was then 
a small excess of water. The end-point potential was set. on the analyser, which was switched to the titration 
mode. The excess of water was titrated and a small well-defined iodine excess was present when the current 
ceased. The integrator was then reset and the system was ready for sample introduction. Samples were introduced 
with either a Hamilton syringe or an Agla micrometer syringe. When the sample had been introduced the 
titration started and when it was complete, after l-4 min depending on sample size, the integrator was read. After 
resetting of the integrator a new sample could be introduced. 

The reagent in the auxiliary compartment should be changed when the iodine excess is consumed, as indicated 
by the colour. With normal sample sizes about one change a day is necessary. The reagent in the reference elec- 
trode should also be changed when the colour changes, usually once a week. The reagent in the sample compart- 
ment should be changed when it becomes diluted with more than 1 ml of sample. 

REACTIONS 

The main Karl Fischer reaction according to Mitchell’ is: 

SO? 

/ 
C,H,N.I, + C,H,N.SO, + C,H,N + H,O+ 2C,H,NH+I- + C,H,N (1) 

‘0 

which in the presence of methanol proceeds to 

SO? 

/ 
CsHsN + CH30H + CSH,N (2) 

\ \ 
‘SO&H, 

which shows that one mole of water consumes one mole of iodine or two redox equiva- 
lents. There is no information regarding which species actually reacts at an electrode sur- 



370 ANDERS CEDERGREN 

face, but it is possible to write a reaction using only species known to exist in a partially 
spent reagent. 

CSH,N*II + 2C,H,NH+ + 2e- + 2C5H,NI-H’ + C5HSN (3) 

During a titration of the type described in this paper the pyridinium ion and pyridine con- 
centrations remain constant. The electrode potential will then be given by equation (4)if 
the activity coefficients are assumed to be constant: 

E = E’ + R-_Tln CW-W~IJ 
2F [CSH,NHI]’ 

(4) 

The electrode potential of this system proved to be very stable and therefore a half-cell 
with the Karl Fischer reagent was used as reference electrode, simplifying the cell design. 
As the concentrations in the reference electrode compartments remain constant during a 
titration, the electrode potential change of the indicating system will be a measure of the 
redox potential change in the sample compartments according to equation (4). 

RESULTS 
Rate of the electrode reaction 

A number of micromoles of iodine complex, cf. equation (3), were rapidly generated and 
the potential of the indicating electrode was measured with an auxiliary digital voltmeter 
as a function of time. The quantity generated was read from the integrator and a plot of 
the resulting titration curve is shown in Fig. 2. The curve shows that the system approaches 
equilibrium slowly at low concentrations of the iodine complex but rapidly at higher con- 
centration. Separate experiments in which the current direction was reversed allowed a 
similar titration to be made in which no water could be present, as it started from a solu- 
tion with excess of iodine complex present. Provided that the iodine complex con- 
centration was larger than 10T5A4 the electrode response was rapid. The effect of the 
rate of the reaction between the reagent and water is reported in a separate 
paper. 1 5 

p moles CsHsN.12 generoted 

Fig. 2. Titration curve for 4.0 ml ofspent Karl Fischer reagent of the following original composition: 
@lOM iodine, 06OM sulphur dioxide, 1M pyridine in methanol. (0) potential read after 15 set, (A) 

30 sec. (0) 60 sec. 
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Current eficiency 

Barendrecht l3 studied the stoichiometry of the electrode reaction at various current 
densities and mass transfer efficiencies. A large electrode area, a high iodide concentration 
in the reagent and good stirring increased the maximum current that could be passed 
through the cell with 100’~ current efficiency for oxidation of iodide complex to iodine 
complex. Pribyl and Slovak14 reported less than 100’~ current efficiency at low currents, 
t2 mA/cm2 for O.lM iodide complex. Karlsson’ ‘*12 on the other hand obtained very accu- 
rate coulometric results with 0*2M iodide complex solution, with a current density down 
to 1 mA/cm2. This raises the question whether Pribyl and Slovak made a sufficiently accu- 
rate correction for side-reactions in the case of low current densities, as the drift was of 
the same order of magnitude as the rate of generation. 

A test of the current efficiency under the conditions described in this paper, i.e., O2M 
iodide complex. was made and the result is shown in Table 1. A 50 ~1 portion of a solution 
of water in methanol was added with a Hamilton syringe. The recovery was, within exper- 
imental error, independent of current density. 

Table 1. Recovery of water as a function of current density. Sample volumes 50 ~1. 
Electrode area 0.5 cm2 

Current 
density, 
mA/cm’ 

Taken, 
PC? 

Found, 
I47 

Recovery, 
% 

2 51.26 51.37 1Wl 
51.51 100.5 
51.29 1001 

8.8 51.26 51.13 99.7 
51.22 99.9 

24 51.26 51.20 99.9 
51.21 99.9 

Dilution of the solvent 

When a sample is added to the Karl Fischer reagent, it is diluted, which may affect the 
reaction rates’ 5 and the potential of the indicating electrode system. The present method 
required that the amount of iodine complex in the vessel after titration of a sample be iden- 
tical to the amount in the vessel before sample addition. Dilution of a redox couple of 
the type given in equation (3) will theoretically result in a potential change of 

if the activity coefficients and the liquid junction remain constant. 1/ denotes the reagent 
volume and V, the volume added. At 25” a dilution from 4 to 5 ml should cause a change 
of - 2.8 mV. In practice the solution and the electrodes may be non-ideal. 

To test the actual deviation a titration curve for 4-O ml of reagent was recorded and 
another curve for 4-O ml of reagent plus 0.5 ml of methanol was recorded in the same way. 
The iodine complex excess was determined by curve-fitting the experimental data until a 
plot of E vs. -log[C,H,N. I23 became a straight line with a slope of RT/2F, see Fig. 3. 
By using these lines as calibration, a plot of E vs. the amount of excess of iodine complex 
was made and these curves are also shown in Fig. 3. The significance of this plot can be 
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-log CSHSN.I, pmoles C,H,N.Iz 

Fig. 3. The effect of diluting 4.0 ml of Karl Fischer reagent (O*IOM iodine, 0.60&f sulphur dioxide, 
t.OA4 pyridine in methanol) with 65 ml of methanol. The curves to the left represent a plot of - 
lo&CCSHsN. I,] us. E for (8) 4 ml of reagent, (0) 4.0 ml of reagent + 05 mI of methanol. The curves 
to the right show E as a function of the amount of iodine complex generated in (e) 40 ml of reagent. 

(0) 4.0 ml of reagent + 0.5 ml of methanol. 

shown by an example. If the analyser were preset to - 36 mV the 4.0 ml of reagent in the 
cell would contain an excess of 0.94 ,umole of iodine complex. If O-5 ml of methanoli~ 
sample were added and titrated to the same preset potential this diluted solution would 
contain an excess of 0.78 pmole of iodine complex. The diluted solution gives the same 
potential for a lower iodine excess than the undiluted solution. The difference appears as 
a systematic titration error of O-78 - 0.94 = -0.16 pmole. Titration of O-5 ml of methanol 
containing 5.20 pmole of water resulted in the following systematic errors. If the titration 
was made to the preselected potential A, Fig. 3, a deviation of - 018 pimole was found 
which can be compared with the -016pmole evaluated from the graph. At potential B 
a deviation of -0.39 pmole was found which compares well with - @40 estimated from 
the graph. 

Time, min 

Fig. 4. Recorded current-time curves in the titration of some samples of water in methanol. 
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The size of this systematic error will thus depend on the selection of preset potential 
which in actual titrations corresponds to point C in Fig. 3. At this point dilution with 
0.5 ml results in a deviation of -0.07 pmole and a dilution with 100 ~1 in a deviation of 
- 0.014 pmole. A correction for these dilution effects can be made if necessary and then 
it should be possible to analyse a 100 ,Gl sample correctly to within a few nmoles or less 
than 1 ppm water. 

Equation (5) can be tested against the experiments by comparing the AE with the verti- 
cal displacement of the curves to the right in Fig. 3. For a dilution from 4.0 to 4.5 ml equa- 
tion (5) gives AE = - 1.5 mV and Fig. 3 gives -2.2 mV. The difference represents the 
non-ideality of the electrodes and the solution. 

Analytical results 
Owing to side-reactions which are discussed in more detail in another paper,” the 

amount of iodine complex decreases with time. The rate of the decrease was independent 
of the iodine complex concentration in a solution with the composition given in this paper. 
At room temperature the decrease is equivalent to an addition of 0.22 pg of water/min and 
at 7” it is equivalent to 0.15 pg of water/min. All the results reported in this work were 
obtained at room temperature. The mean variation in the blank value was 0*005 pg of 
water/min. The decrease in iodine complex concentration with time was found to be pro- 
portional to the volume, as measured at 2.5 and 4eOml. The given blank values are for 
4-O ml of reagent. Before addition of a sample the integrator and a timer were started. 
When the titration was complete the time and the value of the integrator were noted, e.g., 
every 30 sec. A blank correction was then calculated and subtracted from the results. When 
water amounts of about 0.5 mg was determined the blank correction was about 0.3%. The 
titration time was affected by the time taken by the analyser to decrease the current 
asymptotically to zero, typically 1 min for a small sample and the maximum generation 
current (which was 12 mA). At maximum speed about 65 pg of water could be titrated per 
minute. 

Table 2. Determination of water in methanol 

Sample 
volume, 

PI pmole 

Found 

PSI % VIV 

0.4s O-004 
0.004 
0.005 

1* 0.010 
OT08, 
0009, 

.5t 0.052 
0.05 1 
0051 

1005 1.015 
1.016 
I.016 

0.07 @018 
o-07 0.018 
0.09 O-023 

0.18 0018 
0.15 0015 
0.17 0.017 

O-94 0.0188 
0.92 0.0184 
0.92 @0184 

18.29 00183 
18.31 0.0183 
18.31 0.0183 

* Hamilton 1 ~1. 
t Hamilton 10 ~1. 
5 Agla micrometer syringe. 
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The end-point was selected so that the concentration of iodine complex in the reagent 
was 10e4M, point C in Fig. 3, which gives sufficiently rapid electrode and main reac- 
tions.” Too high a concentration results in a reduced sensitivity. The selected value repre- 
sents a compromise and the slope for the indicating electrode was % 2 mV/pg of water. 
Such a slope requires an instrument with a very stable voltmeter. The performance of the 
system used can be seen from Fig. 4 which is a recording, with an auxiliary recorder, of 
the titration course when a few samples of various size were introduced into and analysed 
in the cell. 

Table 2 shows the determination of water in Merck’s p.a. methanol, on samples of differ- 
ent sixes. The results were corrected for the blank and the 100 ,~l samples were corrected 
by +O-014 pmole for dilution of the reagent. Table 3 shows that added water was quantita- 
tively recovered. 

The series show that the titration efficiency is very good and that water can be deter- 
mined over a very wide range. 

Table 3. Standard addition of water to various solvents 

Solvent 

Sample Mean value Rel. standard 
added, Calculated found, deviation, 

IJl W M % No. of detns. 

Methanol 5 16.47 16.46 0.4 8 
:8 164.7 98.82 164.6 98.90 0.1 0.1 3 3 

Acetic acid 2s 24.82 24.73 0.2 3 

Propan-Z-01 25 24.82 24.87 0.2 5 

DISCUSSION 

True potentiometric end-point determination offers some advantages over the ampero- 
metric methods which have been the only methods in use previously. The reason is that 
there must be an excess of iodine complex if the electrode reaction is to proceed rapidly. 
The normal procedure using amperometric measurements is to wait about 30 set between 
each addition of reagent and a similar waiting time should have been necessary with poten- 
tiometric indication under these conditions. In this paper another composition of the solu- 
tion at the end-point is suggested and it is selected so that both the main reaction and 
the electrode reaction proceed rapidly. The end-point indicating system should be capable 
of locating this point with good precision. The potentiometric system is preferred as the 
only uncertainty lies in the reference electrode potential. In an amperometric method the 
value of the current would also be affected by stirring temperature and electrode geo- 
metry. 

The composition of the solution will affect the quantities measured by electroanalytical 
methods. In the potentiometric determination it will appear as a dilution effect, which can 
be neglected if the sample contains moderate or large amounts of water. An amperometric 
titration to a given value of the diffusion current would be still more sensitive to dilution 
effects. 

In the present work the limit of detection has been decreased by a factor of ten, com- 
pared to earlier trace methods. Because of this the sample size can be decreased for samples 
containing larger amounts of water, which further reduces the dilution effect. The same 
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reagent composition and operating conditions can thus be used to cover a wide range, 
from 05 ppm to 100% water, by working with sample volumes of l-500 4. 

For routine applications there is much to be gained by using the present method. If the 
sample is introduced with a syringe an analysis will take l-4min, depending on the 
amount of water and up to 500 analyses can be performed in succession with the same 
reagent in the sample compartment. The reagent consumption would then be a few ~1 per 
sample provided that each sample contains less than a few y0 of water. 
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Zusammenfassung-Ein neuer Weg zur Wasserbestimmung bber die Karl-Fischer-Reaktion wird 
beschrieben. Jod wird coulometrisch erzeugt und der Endpunkf der einem geringen Jodiiberschul3 
entspricht, potentiometrisch mit emer nichi polarisierten Platinelektrode nachgewiesen. Proben (l- 
500 ul) mit 0.05-200 ue. Wasser wurden im Bereich 0.05-20 ue H,O mit einer Standardabweichunn 
von’0.‘015 pg analysie;t. Eine eigens dafti konstruidrte Eldl&olysezelle wurde in Verbindung mit 
einem coulometrischen Analysengerlt LKB 16300 verwendet; die Gesamtzeit fiir eine Analyse 
betrlgt je nach der Probengriil3e l-4 min. Die Reagens-Zusammensetzung wurde optimal einges- 
tellt. urn die Geschwindigkeit der Hauptreaktion zu erhiihen und das AusmaB der Nebenreak- 
tionen moglichst klein zu halten. Ein Erniedrigen der Temperatur driingt die Nebenreaktionen 
zurtick. Die Verschiebung des Potentials am Endpunkt mit der Verdilnnung wurde untersucht; 
eine Korrektur wird diskutiert. 

R&urn&--On d&it un nouvel acces au dosage de l’eau par la reaction de Karl Fischer. 
De l’iode est engendre coulomitriquement et le point de fin de dosage, correspondant a 
un leger exces diode, est dectectt potentiometriquement avec une electrode de platine non polari- 
see. On a analyst des Cchantillons (l-500 d) contenant 0,05-200 g d’eau avec un &art type de 
0,015 pg dans le domaine 0.05-20 pg de HzO. On a utilisd une cellule d’electrolyse specialement 
construite en combinaison avec un Analyseur Coulometrique LKB 16300, et le temps pour une 
analyse complete est de 14 mn. dependant de la taille de l’echantillon. La composition du reactif 
a Cti rendue optimale afin d’accroitre la vitesse de la reaction principale et de minimiser l’impor- 
tance de reactions secondaires. L’abaissement de la temperature rtduit l’importance des reactions 
secondaires. L’abaissement de la temperature riduit l’importance des reactions secondaires. Gn a 
Ctudie le dtplacement du potentiel du point final par dilution, et on discute dune correction. 
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RAPID DETERMINATION OF THE EQUIVALENCE 
VOLUME IN POTENTIOMETRIC ACID-BASE 

TITRATIONS TO A PRESET pH-I 
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Summary-A new approach to shorten the ttme needed for an acid-base titration has been 
made. The method developed is based on the equation for acid-base titrations derived by Ingman 
and Still. The equation is transformed into such a form that only one titration point is needed to 
calculate the equivalence volume when the titration is carried out to a preset pH which can be 
chosen accordmg to the experimental conditions. The method is used for titration of acetic acid, 
log GA = 4.65. hydroxylammonium ion, log K!* z 6.2. and boric acid. log K!, 4 9.1, with an 
error of 0.1-0.5yW In tttration of hydrogen ascorbate ion, log Ki, - 11.3, the error obtained was 
about 0.3-2”‘. ‘0 

The usual way to describe the course of a potentiometric acid-base titration is to plot the 
measured potential as a function of the volume of added titrant. However, the correspond- 
ing pH value, which is more concrete and gives more information about the course of the 
titration and all the equilibria of the system studied is quite often plotted instead of the 
potential. The curve obtained is S-shaped and the equivalence point is located at the in- 
flexion point of the curve, i.e., at the potential jump. 

Sorensen’ transforms the S-shaped acid-base curve into two straight lines. He titrates 
a strong acid with a strong base and calculates antilog (k, - pH) of the points before the 
equivalence point and antilog (k, + pH) after the equivalence point. The constants k, and 
k2 are arbitrarily chosen to yield numerical values that can be conveniently handled. 
Sorensen’ also transforms the titration curve of a precipitation titration into two straight 
lines. e.g., for titration of chloride with silver nitrate. The straight-line method has been 
further developed by Gran.2 He takes account of the change in volume during titration 
and determines the equivalence point in complex-formation and oxidation-reduction 
titrations by transforming the corresponding titration curves into two straight lines. The 
method developed by Gran’ is limited to the titration of weak acids with stability 
constants up to 10’. The simplifications made by him when deriving his equations are 
no longer valid when K!* > 10’. Ingman and Still3 have developed Gran’s method so 
that weak acids with stability constants up to 10” can be titrated. They assume that 
the titrated acid takes part in one equilibrium reaction only, i.e., the dissociation equilib- 
rium reaction of the acid. By introducing x-coefficients’ into Ingman and Still’s equation, 
more complicated titrations can be treated. 

Ingman and Still3 start by assuming that a weak acid HA is titrated with a strong base, 
e.g.. sodium hydroxide. The concentration of the acid is indicated by Cu,, and the initial 
volume by 4,. The concentration of the strong base is denoted by Co, and the volume 
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added by I/ The consumption of the strong base at the equivalence point is denoted by 
V,, . The authors make the following three assumptions. 

1. The law of mass action must hold for the reaction: 

HASH++ GA= CHAI 
(H) elIA1 

For convenience, charges are omitted. The constant Kk is a mixed constant. i.e., the ac- 
tivities of the hydrogen and hydroxide ions are used in conjunction with concentrations 
of other species. 

The relationship between activity and concentration is defined according to equation 
(2): 

fGf =foEGl (2) 

where& is the activity coefficient of ion G at a certain ionic strength. 
2. The electroneutrality rule for the solution is: 

Frl + l?W = IPHI + Ml (3) 

Equation (3) should also include concentrations of ions originating from the neutral salt 
added to adjust ionic strength. The salts used for this purpose, in this paper potassium 
nitrate and chloride, are completely dissociated, so the concentrations of the anion and 
cation are the same and cancel each other out in the equation. 

The concentration of the sodium ion can be expressed by the following equation: 

[Na] = -!?k 
v, + v 

3. The following equation should be vaIid at the equivalence point: 

K&o, = v,.cn, (5) 

This equation can be regarded as the de~nition of V&. 
After elimination of certain terms and rearrangement of equations (l), (3), (4) and (5X 

the following equation is obtained: 

V W -VX V.{H).Ir;H, +(Vc’V) ([HI - IPHlNl + #I .K!A) (61 
OH 

Equation (6) gives a straight line when ( Kes - V) is plotted against I/ The plot has a slope 
of - 1 and intersects the V-axis at the point KS. By use of equation (6) the equivalence 
point can be located with a considerabIy greater accuracy than with the equations used 
by Sorensen’ and Gran.Z This is especially valid when very weak acids are titrated and 
the approximations assumed by Sorensen’ and Gran’ when deriving their equations are no 
longer valid. 

THEORY 

The chemical industry has begun to make extensive use of computers to regulate and 
control processes. This means that all the measurements carried out in the process must 
be performed quickly and automatically, and the values obtained must be sufficiently accu- 
rate. This is true of both physical measurements and chemical analyses, the results of which 
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are required for control purposes. It follows that the analytical chemist has to develop 
methods of analysis which, in addition to being accurate, can also be rapidly carried out 
and easily automated. 

The methods developed by Sorensen.’ Gran,’ and Ingman and Still3 can easily be 
applied to automatic analyses. These methods use straight lines and the equivalence point 
can be determined by using at least two titration points, Johansson4*’ has developed an 
automatic method of analysis using the Ingman-Still equation (6) in a modified form. 

A method by which a potentiometric acid-base titration can be simplified so that the 
equivalence volume can be calculated from only one titration point, but nonetheless can 
be determined quite accurately, will be presented in this paper. The method is based on 
titration to a preset pH value. 

From equation (6). we can, after a simple mathematical manipulation, obtain: 

& = [(Hi .K:* + &[H] - [OH])(l + (H) .K;,) + l].V 
OH 

+ $ (WI - COHlNl + iHi . G,,) (7) 
OH 

In titration to a certain pH value, the terms {H), [H] and [OH] are fixed. V, and COH 
are known and K&, can be found from tables of the stability constants of acids. Equation 
(7) is then simplified to: 

where 

T/eg = B.I/+ A (8) 

A= $([H] - [OH])(l + (H: Xi,) 
OH 

B= (H).K;, +$ WI - W-W + IW .KH,,) + 1 (10) 
OH 

A and B are constants that can be calculated in advance for any pH value, different acids, 
different values of KEA, and varied values of V,, and Co,,. From equation (8) it is easily 
seen that in titration to a certain pH value for which the constants A and B have been 
calculated in advance, just one titration point, one value of V, has to be known before I&, 
the equivalence volume, can be determined. The titration point needed is naturally the 
volume of added titrant to give the required pH value. It is not always necessary to carry 
out the titration to the same pH value, and the value to be used can be chosen according 
to the experimental conditions. The constants A and B have then to be recalculated for 
the new pH value. 

Titration to a given pH has been used earlier. The pH has been chosen to be as near 
as possible that at the equivalence point. Goldman and Meites’ have considered the end- 
point errors in this type of titration. The error function given by them is not useful when 
very weak acids, e.g., boric acid, are titrated. According to the earlier method the volume 
of added standard base needed to give the desired pH is considered as the equivalence 
volume. In the method proposed, on the contrary, the pH is chosen from an earlier stage 
of the titration and the equivalence volume is calculated from the volume of added stan- 
dard base. 
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In this paper the titration of weak acids with a strong base is studied. The method de- 
scribed can also be applied to titration of a weak base with a strong acid, All the equations 
used have then to be derived from the equation given by Ingman and Still3 for the titration 
of a weak base with a strong acid. 

In Fig. 1 the constant A for different acids has been plotted against pH. The acids used 
are those titrated later on in this paper, acetic acid, hydroxylammonium ion, boric acid 
and hydrogen ascorbate ion. The calculations are based on the values determined by the 
experimental conditions under which the titrations are carried out: V, = lOO*O ml, Co, = 
0*05984M sodium hydroxide, ~1 = 0.1 (KNOJ and T = 25’ at which logfn = -O*OS and 

log&i = -012 according to Gelland,’ and the stability constant.’ log K!*, is for acetic 
acid 465, for hydroxylammonium ion 6.2, for boric acid 9-l and for hydrogen ascorbate 
ion 11.3. The ionic product of water is K,., = lo- 14. 

Fig. 1. Constant A, equation (9). as a function of pH for acetic acid, log Ki, = 465. hydroxyl- 
ammonium ion, log r<& = 6.2, boric acid, log lViA = 9.1, and hydrogen ascorbate ion. log 
K& = 11.3. V0 = 100_0mt, Co, = 0,05984~, iogfn = -0.08 and logf,, = -0.12, T = 25” and 

p = 0.1 (KNO& 

As can be seen from Fig. 1. the constant A is almost zero near the neutral point, but 
increases on the acid side and assumes increasingly negative values on the alkaline side. 
Only the parts of the curves having practical significance have been pfotted. On studying 
equation (9), the expression for A, it will be realized that when pH = 7 is reached the term 
([HI - [OH]) and the constant A will be zero. From Fig. 1 it can also be seen that when 
hydrogen ascorbate ion is titrated, the constant A is quite large and thereby will have a 
greater influence in equation (8) than it does for the other titrations to be presented. 

In Fig. 2, the constant E, according to equation (10). is plotted as a function of pH for 
the same acids and same pH intervals as the constant A in Fig. 1. The same values are 
used for stability constants, activity coefficients, V’,, and Co, as for Fig. 1. 
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As seen from Fig. 2, all the curves have approximately the same shape and tend to 
approach the value 1. This is easily realized from studying the expression for B, equation 
(IO). With increasing pH all the variable terms in equation (IO) decrease and the value of 
the constant B approaches 1. 

0 I 3 I I I 
3 5 IO 12 

DH 

Fig. 2. Constant B. equation (lo), as a function of pH for acetic acid, hydroxylammonium ion, 
boric acid and hydrogen ascorbate ion (condkons as for Fig. I). 

Let us consider the titration of acetic acid, and equation (8). From Figs. 1 and 2 it is 
noticed that if the titration is carried out to the equivalence point, the pH being a little 
higher than 8, A = 0 and B = 1. This is easily realized by substituting these values in equa- 
tion (8) because at the equivalence point i/ = I&. The same deduction can be used in the 
case of hydroxylammonium ion. The value of B at the equivalence point is strongly depen- 
dent on the term (HJ . A$, in equation (10). If the difference between the pH of the equiva- 
lence point and log K& is not very great, as in the case of weak acids, e.g., boric acid 
and hydrogen ascorbate ion, the constant B has a value greater than 1 at the equivalence 
point. From Fig. 1 it can be seen that for titration of boric acid and hydrogen ascorbate 
ion, the constant A is negative. This means that according to equation (g), the constant 
B should have values over 1 when these acids are titrated to the equivalence point, V = 
V 

-l. 

DISCUSSION 

When equation (8) is used to determine the equivalence volume I& and it is desirable 
to find the error in it caused by the error in measuring the added volume of titrant V, 
equation (8) can be differentiated: 

dl& = B.dV (11) 
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According to equation (11) the constant B determines to what extent an error in V in- 
fluences the error in determining l&. As seen from Fig. 2. the plots of B against pH are 
quite steep at the beginning and B is quite large. With increasing pH B decreases rapidly 
and around the pH value corresponding to log KEA the curves become less steep and with 
further increase in pH approach 1. This means that if the pH to which the titration is car- 

’ ried out is much lower than the value of log KHA for the acid considered. the error in V& 
will be much larger than the error made in measuring t . Also the relative error in measur- 
ing V will be largest at the beginning and decrease during the titration. At a pH near log 
K& the error in yC9 would be only twice that of measuring V. In that pH region the buffer 
index of the solution is highest, resulting in an increase of the volume error. the magnitude 
of which depends on the discrimination of the pH-meter. By moving away from pH = log 
iczA to a region of lower buffer index. the volume error. constant B. and hence the error 
in E&, can all be decreased. On the other hand, a titration to pH about log KiA can easily 
be performed exactly to the chosen pH at which the calculated value of constant B is valid. 
This fact increases the usefulness of this pH region. When choosing a pH much higher 
than log rCf-tA in order to move to a region of lower buffer index it may be difficult to stop 
the titration exactly at the desired pH and an erroneous value of constant B may then 
be used. 

If the titration is taken to the equivalence point the constant B will be 1 for acetic acid 
and hy~oxylammonium ion and therefore the equivalence volume yes can be determined 
with the same accuracy as the volume of added titrant can be measured. When titrating 
very weak acids, e.g., boric acid and hydrogen ascorbate ion, to the equivalence point, the 
constant E has values greater than 1. The error in V& is always larger than the error made 
in measuring E/if l& is determined by equation (8). 

These surveys of titration error are valid when the reference pH values used are lower 
than, or the same as, that at the equivalence point. If the acids are titrated to pH values 
after this point the hydroxide ion concentration [OH] is so high that the constant B, equa- 
tion (lo), can have values less than 1. Titrations to such high pH values have not been 
studied in this paper. 

It is apparent from equations (9) and (10) that when the titration is carried out to pH 
values higher than log KEAr small variations in the stability constant of the acid will not 
affect the values of A and B to any great degree. This means that the pH value to which 
titration is performed should not be too low on the scale, in order that an acceptable 
degree of accuracy may be obtained. 

If the literature values for the stability constants’ of hydroxylammonium ion, boric acid 
and hydrogen ascorbate ion were used to calculate A and B, the titration error would be 
so large that the method could not be used, not even if the titration were performed to 
pH values not far away from that at the equivalence point, in order to minimize the in- 
fluence of the incorrect value of the stability constant on the value of B, A variation of 
even 20.1 logarithmic units in the value of the stability constants would cause an error 
of about 10% in determining the equivalence volume if the reference pH values were those 
used in Tables 2 and 3. Such a variation in reported stability constants is not unusual. 

This dependence on reliable values for the stability constants can be avoided if B is efi- 
minated from equation (8). The value of A can be calculated with the literature values for 
the stability constants7 because small variations in log KiA do not effect A appreciably. 
B is eliminated by measuring its value in a calibration titration under exactly the same 
conditions as the analysis is performed. To emphasize the difference between the constant 
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B and that determined by calibration titration, the latter constant may be called B,, and 
expressed by equation (12): 

(12) 

In the calibration titration the initial concentration of the acid and hence I& are accu- 
rately known. In titration to different pH values B,, can be calculated for each pH value. 
Equation (8) can be rewritten, using the constant B,, : 

V -4 = ll,,.v+ A (13) 

If the value of A, however, is appreciably changed although log Ki,., is only slightly 
altered, equations (12) and (13) cannot be used. This is true when very weak acids, e.g., 
hydrogep ascorbate ion, are titrated. The constant A can be eliminated by performing 
another calibration titration to the chosen pH. The following pair of equations is then 
obtained : 

i 

V -1 =B.V, +A 

V (14) 
=q1 = B.V2 + A 

When (14) is solved and an expression 4, similar to B,, is applied, the following equations 
are obtained: 

V 
A,, = eqz . v, - Y?q, * v, 

v, - vz 
(15) 

B vy%Q 
cx = 

1 2 

and equation (8) can be rewritten: 

(16) 

V eq = Rx.V+ %x (17) 

APPLICATIONS 

Titration of a weak acid having a known and reliable value for the spahility constant 

Results obtained from titration of acetic acid with sodium hydroxide are given in Table 
1. Various reference pH values were used in conjunction with equations (8) for calculation 
of liq and (9) and (10) for A and B. The various pH values give equally good results and 
the analyst can choose a value best suited to his experimental conditions. 

Table 1. Titration of acetic acid. CH$JOOH. Co, = @05984M NaOH, V0 = 1WO ml, T = 25.0”. 
p = 0.1 (KNO,). logj” = -0.08. logfo, = -0.12 and log K!, = 4.65. The theoretical value of 

V c4 = 9.43 ml 

PH 
A, 
ml B 

K 
ml 

B.V, 
ml 

K-7 ms Error, 
% 

4.00 1.150 5.478 1.51 8.272 9.42 -01 
4.20 0.507 3.823 234 8.946 9.45 +0.2 
4.50 0.161 2.414 3.85 9.294 9.45 + 0.2 
4.60 @112 2.123 440 9.341 9.45 +0.2 
4.70 0.079 1.892 4.95 9.365 944 +0.1 
5.00 0.030 1447 6.50 9406 944 +0.1 
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Titration of weak acids with unknown values for stability constants 

Calibration results for hydroxylammonium ion, boric acid and hydrogen ascorbate ior 
are given in Table 2. 

Table 2. Titration of hydroxylammonium ion, kH30H, boric acid, B(OH)J. 
and hydrogen ascorbate ion. C,H,O;, with 0*05984M NaOH, V, = 1mO ml, 

T= 25-O”. p = @1 (KNO& logf, = -0.08 and logf,, = -0.12. 

kH,0H !?@!G 
Theoretical V_, = 13.06 rrll Theoretical V,, = 9.70 ml 

PH 
K 
/ill 

A. 
ml B ex 

V, A. 

PH ml Id B ex 

5.80 462 0011 2.824 8.50 1.78 -0.034 5469 
6.00 6.13 0.005 2.130 8.70 2.54 -0GlO 3.835 
6.10 6.91 OGO4 1.889 9.00 399 -0.050 2444 
6.20 7.66 0.003 I.705 9.10 452 -0.055 2.158 
6.30 8.38 0002 1.558 9.20 5.09 -0.063 1.918 
6.40 9.05 O%lOl 1443 9.50 6.67 -0.097 1469 

C,H,O, 
Theoretical V,,, = 14+4ml l&Z = 7.01 ml 

V V 
pH ,‘; ;; 

A , 
5 B C” 

1lGO 4.65 3.39 - 1 I.904 5.579 
1 I.20 7.17 5.34 - 13.504 3.842 
11.30 8.88 6.70 - 14.596 3.225 
1140 11.03 8.42 - 15669 2.693 
11.45 12.28 9.47 - 16.682 2502 
11.50 13.70 1058 - 16.829 2.253 

In Table 3 results are given for two titrations of hydroxylammonium ion, boric acid ant 
hydrogen ascorbate ion performed to the same pH values as titrations of the same acid: 
in Table 2. 

As seen from Table 3, hydroxylammonium ion, boric acid and hydrogen ascorbate ior 
have been titrated to such a degree of accuracy that the method described in this papel 
may be regarded as satisfactory. Naturally the method can also be applied when titrating 
other acids. Even hydrogen ascorbate ion has been titrated with considerable accuracy 
considering its high stability constant. The difference between the accuracy obtainec 
in titrations (a) and (b) of hydrogen ascorbate ion is quite understandable and noI 
unusual when titrating such weak acids. It may be noticed from Table 3 that wher 
the titration is performed to a pH much lower than the value of log K!A for the acid. the 
error is larger than when a pH near to or greater than log KEA is used, in accord wit1 
the discussion in the theoretical part. 

DISCUSSION 

The method proposed has several advantages over conventional procedures. First it ia 
fast, since only one titration point is needed. The numerical calculations are easily per- 
formed. The equivalence volume can be obtained by multiplication and addition or sub- 
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Table 3. Titration of hydroxylammonium ion, NH,OH, boric acid, B(OH),. and hydrogen ascorbate ion, 
C,H,O, .Con = 0.05984M NaOH. 1/, = 1000 ml, T = 25.0 and p = 0.1 (KN03) 

NH,OH 
Theoretical V,,,, = 8.87 ml V,,,,, = 16.28 ml 

PH 
A, 
ml 

V.,* 
ml 

V CSW’ Error. 
ml . “(, 

t;*,, 
Id 

5.80 2.824 0.01 I 3.17 8.96 I.0 5.86 16.56 + I.7 
6.00 2.130 0.005 4.17 8.89 + 0.2 7.71 16.43 + 0.9 
6.10 1.889 OGO4 469 8.86 -0.1 8.67 16.38 +@6 
6.20 1.705 0.003 5.20 8.87 0.0 9.60 16.37 +@6 
6.30 1.558 0032 5.69 8.87 0.0 IO.51 16.38 + 0.6 
6.40 1.443 OGOl 6.14 8.86 -0.1 I I.33 16.35 + 0.4 

Theoretical Ve,,,.) = 11.35 ml V,,,,, = 9.84 ml 

PH B cx 
A, 
ml 

Y‘W 
ml 

V eqtat)’ Error, V fh)? V cqfb). Error, 
ml % ml ml % 

8.50 5.469 - 0.034 2.10 11.45 +@9 1.81 9.86 + 0.3 
8.70 3.835 -0GKl 2.97 11.35 0.0 2.58 9.85 +0.1 
9.00 2444 - 0.050 4.67 11.36 +01 405 9.85 +0.1 
9.10 2.158 - @055 5.31 11.40 +05 4.62 9.91 +0.8 
9.20 1.918 - 0.063 5.95 11.35 00 5.18 987 +0.3 
9.50 1.469 - 0.097 7.82 11.39 +0.4 6.82 9.92 -I- 0.8 

C,H,O, 
Theoretical V,,,, = 9.56 ml V,,,,, = 13.86 ml 

PH el B 
A CIV 

ml 
V W, 
ml 

V eqw. 
ml 

Error, 
% 

v,b,, 
ml 

V Error, Cdbb 
ml 0, /O 

11.00 5.579 -11.904 3.85 9.58 + 0.2 460 13.76 - 0.7 
11.20 3.842 - 13.504 6.01 9.59 +0.3 7.11 13.81 - 0.3 
11.30 3.225 - 14.596 7.55 9.75 + 2.0 8.82 13.85 -0.1 
1140 2.693 - 15.669 9.37 9.56 0.0 11.00 13.95 +0.7 
11.45 2.502 - 16.682 10.50 9.59 +0.3 12.25 13.97 +0.8 
Il.50 2.253 - 16.829 11.73 960 + 0.4 13+io 13.81 -0.3 

traction according to equations (8) or (13) or (17). The error is comparable to that of other 
methods. 

The method can be used in chemical industry, e.g., in control laboratories where fast 
and reliable analysis is required. In processes where flowing acids or bases are con- 
tinuously analysed an automatic titrator using the method could be directly connected 
to a data-logger conveying titration data to a process computer. 

One of the advantages of the method is that the equivalence volume can be determined 
even at pH values lower than that at the equivalence point, and disturbing equilibria and 
reactions which may occur at high pH, e.g., if the strong base is not free from carbonate, 
can be avoided. 

EXPERIMENTAL 

Appnratus 

A dtgital pH-meter (Beckman “Digital”. discrimination 0003 pH units) was used with a Beckman glass elec- 
trode (pH c-14. factory-guaranteed) and calomel electrode. The pH measuring system was calibrated with stan- 
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dard potassium hydrogen phthalate buffer. pH = 4.01 at 25”. for pH < 7 and standard borax buffer. pH = 9.18 
at 25, for pH > 7. This calibration is essential to obtain reproducible results. 

Reagents 

The sodium hydroxide solution was prepared from reagent grade ‘Titrisol” (Merck), special care being taken 
to ensure that the solution was l&e from carbonate. All other chemicals were also of Merck reagent grade. 
Metrohm piston burettes (5 and 10 ml) were used, and the initial volume was measured by pipette. The titration 
beaker temperature was thermostatically controlled at 25.0 f 01”. Weight burettes were used for determining 
the initial concentrations of the acids from which the theoretical consumptions were calculated. 

Procedure 

The titrations were performed in a closed beaker under a nitrogen atmosphere if the reference pH value was 
higher than 7, and before the titration nitrogen was passed through the solution for 15 min in order to remove 
dissolved carbon dioxide. The titration solutions were continuously stirred with a magnetic stirrer. 
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Zusammettfaastutg-Ein neuer Weg xur Verklltzung der zu einer Suture-Basen-Titration beniitigten 
Zeit wurde bescluitten. Dieentwickelte Me&ode beruht auf der von Ingman und Still abgeleiteten 
Gleichung fti %iua;ure-Basen-Titrationen. Die Gleichung wird in eine solche Form gebracht, daB zur 
Berechnung des Aquivalentvolumens nur tin Titrationspunkt beniitigt wird, wenn man die 
Titration bis zu einem festgelegten pH-Wert fuhrt, der den Versuchsbedingungen entsprechend 
gewiihlt werden kann. Das Verfahren wird zur Titration von Essigsiiure, log K”a, = 4.65, Hydrox- 
ylammonium-Ion, log Kk c 6.2, und Bortiure. log Ki, - 9,1, mit einem Fehler von O.l-0.5% 
verwendet. Bei der Titration des Hydrogenascorbat-Ions, log K”m - 11,3, betrug der Fehler 0,3- 
204. 

R&mt&-On a effectue un nouveau progres pour diminuer le temps necessaire a un titrage acide- 
base. La methode d&eloppde est basee sur l%quation pour les titrages acide-base Ctablie par 
Ingman et Still. L’cquation est transformb darts une forme telle qu’un point de titrage seulement 
est necessaire pour calculer le volume equivalent quand le titrage est mene a un pH fix& qui peut 
itre chotsi selon les conditions experimentales. La m&ode est utilis& pour le titrage de l’acide 
acetique, log Kh = 4.65, de l’ion hydroxylammonium, log K& - 6,2 et de l’acide borique, log 

_ 9,1, avec une erreur de 0,1-0,50/, Dans le titrage de l’ion hydrogke ascorbique, log 
- 11,3, l’erreur obtenue est d’environ 0,3-2%. 
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Summary-A newly proposed method of titrating weak acids with strong bases is applied to 
standardize a solution of a strong base, to graphrc determination of equivalence volume of 
acetic acid wtth an error of 0.2”/,, to calculate the stability constants of hydroxylam- 
momum ton. boric actd and hydrogen ascorbate ion and to analyse a mixture of acetic acid 
and ammonium ion with an error of 0.2-0.70,;. 

This paper presents further applications of the method described in Part I.’ 

STANDARDIZING A SOLUTION OF A STRONG BASE 

In Part I, the constants A and B used for determining equivalence volumes were calcu- 
lated according to equations (1) and (2). Careful choice of the pH to which the titration 
is to be performed simplifies these equations to a certain degree. 

A = $([H] - [OH]) (1 + {H) . K;,) (1) 
OH 

B = (H) * KiA + $([H] - [OH])(l + {H) .KL) + 1 
OH 

(2) 

When acetic acid is titrated, the value of the constant A decreases with increasing pH,’ 
and the middle term in equation (2) influences the value of the constant B less and less 
as the pH is increased. If acetic acid is titrated to pH values over 5 the constant A and 
the middle term in equation (2) can be disregarded and equation (7) from Part I is simpli- 
fied to 

V eq = ({H} .K;, + 1). V (3) 

Equation (3) does not include the term CoH, i.e., the equivalence volume can be determined 
without knowing the concentration of the titrant base. Equation (3) is useful when an un- 
known solution of a strong base is to be standardized. Data from such a titration are given 

* Part I: Tulnrrra. 1974. 21, 377 

387 
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Table 1. Standardizing a solution of KOH against acetic acid. Taken: 
47.0mg of CHaCOOH. V, = 5@0 ml, T =‘25.0”, fl = O-1 (KCl) and 

log K:, = 465 

PH (H).K;, + 1 K V GH. CO”. 
ml I?? M M 

5.30 1.224 6.35 7.772 0*1007 0.1006 
540 1.178 6.60 7.775 0.1007 01006 
5.50 1.141 6.82 7.782 0.1006 0.1006 

in Table 1. A solution of potassium hydroxide is standardized against a known amount 
of acetic acid. V& in the fourth column is calculated according to equation (3). The corre- 
sponding concentration of the base is denoted by Con. If a high degree of accuracy is 
sought, the constants A and B can be calculated according to equations (1) and (2) with 
the value of Con. A more accurate value of the equivalence volume can then be determined 
by equation (4), which is (8) in Part I,’ 

V eq =J3-V+A (4) 

and the concentration more exactly obtained. The Con values calculated by using such 
an iteration are also given. 

The same potassium hydroxide solution was also standardized six times against potas- 
sium hydrogen phthalate by conventional titration methods. The value obtained was 
Co, = O-1004 f OGOO2M. The value given in Table 1 agrees well with this one. 

GRAPHIC DETERMINATION OF THE EQUIVALENCE VOLUME 

Equation (4) describes a straight line when KS is plotted against I/. The line has a slope 
of B and intersects the I/,,-axis at A. Different reference pH values give lines with different 
values for A and B. A series of such lines can be plotted for different acids. The direct ratio 
between A and VJC,, is seen in equation (1). In the expression for B, equation (2), the 
middle term has only a slight influence on the value of B, especially if points with pH <4 
and > 10 or very low values of Co, are avoided. A slight variation in the value of Co, 
does not change the value of B to any great degree. It therefore follows that if lines for 
different reference pH values are plotted according to equation (4) for certain values of 
V,, and Con, lines for the same pH value can be constructed for other values Vl and C& 
obtained by using 

W-B (5) 

In Fig. 1 the data in Table 1 in Part I’ for titration of acetic acid, are treated graphically. 
The lines according to equation (4) are plotted for different values of pH, the values of 
A and B valid for V. = 100-O ml and Con = O-05984 A4 being used. From these lines new 
ones are constructed for another titration of acetic acid where V, = 5025 ml and Co, = 
O-1004 M and are also shown in Fig. 1. The data from this titration are given in Table 
2. 
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pH = 4.00 4.20 4.50 4.60 

V. ml 

Fig. 1. Graphic determination of equivalence volumes in the titrations of acetic acid given in (I) 
Table 1 of Part I and (II) Table 2 of this Part. The lines I1 corresponding to the titration given 
in Table 2 are constructed from the lines I. In titration I V,/C,,, = 10’ ” l.‘/mole and in II 

VOIC,, = 10-O 3o 1.2/male. Theoretical Veq, = 9.43 ml and Vq,, = 5.84 ml. 

As seen in Fig. 1 the equivalence volume can easily be determined if lines drawn accord- 
ing to equation (4) are plotted in advance (even one of them will suffice). The lines can 
be replotted for other values of V, and Co, and quite accurate results are obtained even 
then (Fig. 1). It may be noted, furthermore, that with increasing pH the difference between 
the two lines for the same pH, i.e., two different values of V,/C,,, decreases. The difference 
between the two lines when pH = 4.6 is very small, and when pH = 50 they cannot be 
plotted separately in spite of the large difference between the ratios of V,_,/C,,. It may be 
concluded that when acetic acid is titrated to pH over 4-6, although V, and Co, vary 
slightly from one titration to another, only one line is needed for determining the equiva- 
lence volumes in routine analysis. With increasing pH the slope of the lines in Pig. 1 de- 
creases and approaches 1 as discussed in Part I.’ 

Table 2. Titration of acetic acid with @lOO4M KOH, V. = 50.25m1, 
T = 25.0’ and p = 0.1 (KCl). Theoretical V,, = 5.84ml 

PH 4.00 4.20 4.50 4-60 5.00 
C: ml 1.01 1.49 240 2.74 4.04 
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DETERMINATION OF THE STABILITY CONSTANTS OF ACIDS 

The method formulated in this series of papers for titrating weak acids can also be used 
to determine their stability constants. The value of BeX given in Table 2 of Part I’ can be 
used. The expression for Be, is actually the same as for the constant B: 

B ex = I ‘H) X& + &HI - PHI) (1 + U-C : K;,) + 1 

By performance of a calibration titration in order to obtain the constant Be,, the. stability 
constant of the acid under the conditions of the experiment is determined. Equation (7) 
can be solved for K!* : 

B ex -I_ l 

KEA = 
c,, WI - W-U) 

(HI Cl + +- (CHI - COHN 
(8) 

OH 

When the values of Be, given in Table 2 of part I’ are used and K!* is calculated for 
the corresponding pH, the values in Table 3 are obtained. These values are in reasonable 
agreement with the literature values,2 the difference for hydrogen ascorbate ion being not 
unusual for work with very weak acids. 

Table 3. Mixed stability constants of hydroxylammonium ion, NHsOH, boric acid B(OH),, and 
hydrogen ascorbate ion, C6H706f, determined at T = 250”, p = 0.1 (KNOs) and according to 

equation (8) 

ItlHAO~ B(OH), C,>HG 

PH log G.4 PH log GA PH log G* 

5.80 6% 8.50 9.15 Il.00 11.67 
6OO 6.05 8.70 9.15 11.20 Il.67 
6.10 6.05 9.00 9.16 11.30 Il.68 
620 6.05 9.10 9.16 114O 11.67 
6.30 6-05 9.20 9.16 11.45 Il.67 
6.40 6.05 9.50 9.17 11.50 Il.65 

Literature value2 62 9.1 11.3 

It should be emphasized that the values given in Table 3 are determined on the basis 
of one titration, which explains the small dispersion between individual values. 

TITRATION OF A MIXTURE OF TWO WEAK ACIDS 

The method described in this series of papers can also be applied to titration of two 
acids in the same solution. The titration is first performed to a pH value at which the 
weaker of the acids is not dissociated. The volume of titrant added is used to titrate part 
of the stronger acid and the equivalence volume can be determined according to equation 
(4) or (9) [equation (13) of Part I’]. 

‘/eq = Be; I/ + A (9) 

The titration is then continued to a pH suitable for analysing the weaker acid. Subtraction 
of the previously determined equivalence volume of the stronger acid from the value of 
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I/ obtained for the second pH gives the volume of titrant consumed in titrating pa-t of 

the weaker acid. By using equation (4) or (9) or (10) [equation (17) in Part I ‘3. 

if& = B,;V + A,, (10) 

depending on the particular case, the equivalence volume of the weaker acid can be deter- 
mined. If the stronger acid has not been completely titrated at the second pH the value 
of I, used for determining the equivalence volume of the weaker acid will be too large and 
lead to a false result. The second pH therefore must be higher than the pH corresponding 
to the equivalence volume of the stronger acid. This drawback means that the method can 
only be applied if the difference between the constants of the acids is at least four orders 
of magnitude. 

The feasibility of this method has been tested by titrating a solution containing acetic 
acid and ammonium ion. As has been emphasized in Fart I’, the titration error can be 
quite large if the chosen pH is much lower than the value of log K&, of the acid. The 
titration may first be performed to a pH near the value of log K& of acetic acid, e.y., pH = 
4W, and then to pH = 940, i.e., approximately the value of Iog KG, of ammonium ion. 
A calibration titration was carried out in order to determine the constant B,, for 
ammonium ion at this pH. The data from that titration as well as the corresponding B,, 

determined according to equation (12) of Part I’ are given in Table 4. In calculating the 
constant A an approximate value of log K:A = 9.4 was used. 

Table 4. Determination of E,, for ammonium ion at 
pH = 9.40, Co” = 0~1004M KOH, V, = 51.0 ml, T = 

25.0’ and fl = 0.1 (KCI). Theoretical E& = 9.30 ml 

PH 

9.40 - 0,034 4.83 I.933 

Calculation of log KKA according to equation (8) from the value of B,, given in Table 
4 gave a value of log K& = 9.37. This is precisely the value given in the literature.’ 

Data from two titrations of a solution of acetic acid and ammonium ion with a strong 
base are given in Table 5. For ~lculating the equivalence volume of acetic acid according 
to equation (4) the value of B given in Table 1 of Part I was used. The constant ,4 was 
recalculated to allow for the new ratio V,/Co,. For calculation of the equivalence volume 
for the ammonium ion, the values of A and B,, given in Table 4 are used with equation 

(9). 
The error in the equivalence volume of acetic acid is rather too large, but the ammonium 

ion can be titrated with quite a good degree of accuracy. The result of the whole titration 
depends on the accuracy with which the equivalence volume of the stronger acid is deter- 
mined, since any error will influence the calculation of the equivalence volume of the 
weaker acid. In the titrations given in Table 5 the error in V& of acetic acid has probably 
been compensated by another error when pH = 9.44 or the ammonium ion would not 
have been determined so accurately. 

The method described can hardly be used when more than two acids have to be deter- 
mined in the same solution. In titration of a mixture of three acids the difference between 
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Table 5. Titration of a mixture of two weak acids. acetic acid (I) and ammonium ion (2). with 
O*lO@t M KOH. V, = 51.2 ml, T = 25.0’ and 11 = 0.1 (KCI) 

Theoretical Y”, = 360 1111 li& = 477 Ill/ 

y,, = 5.45 ml c:,,* = 3. I5 Ill/ 

PH K 
ml 

B A, 
ml 

V =J,’ 
ml 

Error. 
0,’ ‘0 

(a) 460 1.70 2.123 0.034 364 + 1.1 
(b) 2.57 5.49 + 0.7 

PH K A, V Error, 
ml 

(V- veq,)* B,, 
ml 

w 
ml ml 0 

ro 

(a) 940 6.13 2.49 1.933 - 0.034 478 + 0.2 
(b) 7.14 1.65 3.16 + 0.3 

the constants of the strongest and the weakest acids has to be at least 8 orders of magni- 
tude before the method can be applied. Its feasibility in such cases is therefore questionable 
and such an analysis could succeed only with certain acids. 
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Zusammenfassung-Ein neu vorgeschlagenes Verfahren der Titration schwacher Sauren mit 
starken Basen wird zur Einstellung einer Losung einer starken Base. zur graphischen Bestimmung 
des Aquivalentvolumens von Essigsgure mit einem Fehler von 0.2”/0. zur Berechnung der Stabi- 
litltskonstanten des Hydroxylammonium-Ions. der Bors;iure und des Hydrogenascorbat-Ions 
sowie zur Analyse eines Gemisches von Essigsiiure und Ammoniumionen mit einem Fehler von 
0 2-O 7”~’ benutzt. . 1 ,I 

Resume--On utilise une methode nouvellement proposee de titrage d’acides faibles avec des bases 
fortes pour etalonner une solution dune base forte, pour une determination graphique du volume 
d’equivalence de l’acide acttique avec une erreur de 0,20/, pour calculer les constantes de stabilite 
de l’ion hydroxylammoniurn, de l’acide borique et de l’ion hydrogene ascorbique. et pour analyser 
un melange d’acide acetique et d’ion ammonium avec une erreur de 0.2-0.7”;. 
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Summary-A completely automatic procedure is described for evaluating the functionality j of 
a base from the potentiometric titration curve obtained on titration with standard acid. It involves 
successrve hypotheses that J = 1, 2.. ., fits to the corresponding titration-curve equations, and 
scrutiny of the resulting devtatron patterns. Logical decisions are based on both the existence and 
position of a region in whtch the deviations are much larger than the estimated standard error of 
measurement. 

It is often necessary to classify a substance or its behaviour on the basis of numerical data, 
and much scientific work would be facilitated if this could be done automatically. There 
are three common possibilities. In the simplest, the classification is binary and consists of 
deciding whether the substance behaves in a certain way or not. In another, the classifica- 
tion might be termed “linear” and is equivalent to seeking the value of some physically 
significant cardinal number, which might be the number of successive complexes formed 
by adding ligand groups to a metal ion or the number of acidic or basic functional groups 
in a molecule. In the third, which might be termed “branched”, there is no a priori way 
of arranging all the successive hypotheses in order and the nature of the systematic errors 
associated with one hypothesis may influence the selection of one or another alternative 
as the next to be tested. 

This paper describes an example of linear classification based on deviation-pattern 
recognition and effected without human intervention. The problem considered, the evalua- 
tion of the functionality of a base with the aid of potentiometric titration-curve data, has 
been discussed in detail by Meites and Barry,’ who outlined the deviation-pattern recogni- 
tion-scheme employed here. The automated decision-making procedure outlined here 
should be applicable to any linear classification. 

Procedures for elucidating the formulas and dissociation constants of hydroxo and 
other complexes in solution are well known and some have been more or less completely 
automated.‘-4 A linear classification procedure in which decisions are based on the signs 
of the formation constants calculated on the bases of successive hypotheses has been de- 
scribed by Piljac. Grabarid, and Filipovid’ for elucidating the number of successive com- 
plexes between a ligand and a metal ion. a problem that has received much attention for 
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many years. Classical statistics prescribes comparing the standard deviations obtained 
from regression on the various equations describing the models considered, but may not 
give unambiguous answers; yhen this was done for the present data the balance of 
probability appeared to be that acetate ion is difunctional, succinate ion trifunctional, and 
citrate ion about equally likely to be tetra- or pentafunctional. None of these conclusions 
was accompanied by a confidence level exceeding 0.7, but all are chemically absurd. 
The present procedure takes the natures of the deviations as well as their magnitudes into 
account and, when properly used, yields the correct results. 

The problem may be stated as follows: if a potentiometric neutralization curve shows 
only a single point of maximum slope and if no other information is available, how many 
acidic or basic functional groups does the substance contain? There may be only one, or 
there may be two or more for which the acidic or basic dissociation constants are so nearly 
equal that inflections at all of the successive equivalence points, excepting only the last, 
are either impossible to discern or non-existent. For a difunctional substance Roller6 
showed that there is only one point of maximum slope if K,/K2 is less than 27. 

EXPERIMENTAL 

Data were obtained from titrations of acetate, succinate, and citrate with standard hydrochloric acid. The data 
for acetate were obtained by Mrs. D. M. Barry in titrations of C-0993M potassium acetate with 1.057M hydro- 
chloric acid. Solutions containing accurately weighed amounts of disodium succinate (DOSM) or trisodium citrate 
(0.03&f) and having accurately known initial volumes were titrated in exactly the same way and under exactly 
the same conditions. Every solution contained enough potassium chloride to bring its ionic strength to 3OOM, 
and all of the experimental conditions were identical with those described by Barry and Meites.’ Usually about 
20 data points, evenly spaced along the volume axis between 5 and 120% of the volume of acid required to reach 
the point of maximum slope, were employed. 

COMPUTATIONS 

All the computations were performed on a Digital Equipment Corp. (Maynard, Massa- 
chusetts) PDPS/I computer operated in an early version of EduSystem 25 BASIC and in 
a multi-user configuration that provided 4096 words of user area for this work. This suf- 
ficed for operation with about 40 data points in the worst case, where the tetrafunctional 
hypothesis is examined en route to the final conclusion. 

The programme* embodies the main elements of a general multiparametric curve-fitting 
programme, from which flexibility unnecessary in the present application was removed. 
Input to it includes the co-ordinates of the data points, the estimated standard error of 
measurement (0) of a single pH-value, and the value of the apparent activity coefficient 
of hydrogen ion in the titration medium employed. The last of these is obtained from prior 
titrations of known bases in the same medium;’ provision may be made for evaluating 
it in each successive fit but at the expense of consuming much more computer time. 

Preliminary estimates of Cob, the initial concentration of base titrated. and K,, the con- 
ditional dissociation constant of its conjugate acid, are first obtained, assuming the base 
to be monofunctional, from the location of the point of maximum slope and the interpo- 
lated pH-value halfway to that point. A preliminary test of the monofunctional hypothesis 

* Punched paper-tape and hard-copy listings of the programme BASTEC, with brief directions for use, may 
be obtained by remitting 54.00, to defray the costs of duplication and postage. to the Computing Laboratory 
of the Department of Chemistry of Clarkson College of Technology, Potsdam New York 13676. A copy of the 
parent curve-fitting programme CFT3, accompanied by a I12-page manual of explanation and instruction, and 
with listings in POLYBASfC and FORTRAN-IV, may be obtained in addition for a remittance ofS8.00. 
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is made by using these values to compute the pH at each experimental point and thence 
the quantity R defined by 

R = (PI&,, - PH,,,, )/a 

To provide a visual indication of the progress of the computation, R is plotted against 
the ordinal number of the data point: with points evenly spaced along the volume axis, 
this plot has the same shape as the deviation pattern. A typical plot for acetate, assuming 
0 = 0.03 pH-unit, is shown in Fig. 1. 

EStD.STD.DE". OF A SINGLE W-VALUE*? 0.03 
ycli,-* 1.746 POINT 

MONOBASIC TEST 
NO. 

0 * 

2 * 

9 **10 
2 l 

0 * 

0 l 

0 * 

0 l 

0 I 

0 * 

0 I 
0 f 

******************t*************************************************** 0 

2; ; -;5 

OEWIATION/ESTO. STD. DE". 

MONOB*sIC OR STATlSTICAL POLYBASIC 
KC I ,= I .2,5514E-5 
cc*,- .09,062,.$ 

Fig. 1. Prmt-out obtained with data from a typlcal titration ofacetate with CT = 0.03 pH-unit. Each 
number appearing on the deviation-pattern plot is the units digit of the absolute value of R, so 

that a “5” corresponds to R = f 5. k 15. or f 25. 

One of two things must be true: either there are deviations that are both large and sys- 
tematic, or there are not. Large and systematic deviations are considered to be present 
if there are n consecutive points for which IRI exceeds 3 and for which R has the same 
sign: the required number n is arbitrarily taken as int(Nl/lO) + 1, where Nl is the number 
of data points. If the preliminary estimates of Cob and K, were exact and if there were no 
systematic error involved in the monofunctional hypothesis, the probability of occurrence 
of large systematic deviations (as defined above), which is Nl(erfc R)“/2”- ‘, would be only 
about 3 x lo- ’ even if n were only 2, as it would be if there were only 1 O-1 5 data points. 

The probability that large systematic deviations will appear at this stage, even though the 
base is monofunctional, far exceeds the result of this calculation because neither of the pre- 
liminary estimates is likely to be exact. In Fig. 1 there is a deviation of 90 at point number 
10, which is the nearest one to the equivalence point, because the preliminary estimate of 
CO, is in error by about 2%. Nevertheless it is often possible to identify a base as monofunc- 
tional at this point, especially when ~7 is fairly large, which of course means that the mono- 
functional hypothesis will account for any titration curve if the data are sufficiently impre- 
cise. 

When. for the same data, B is assigned any value between 04025 and 0.025 unit, the 
preliminary estimates do not produce an acceptable fit to the monofunctional hypothesis, 
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BEST esrmOaAS!C 
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*******************t*,***+****************.*~****~****~*******~* 0 
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Fig. 2. Print-out obtained from the data in Fig. I with c = WI05 p&unit. The values of K, and 
Ct given at the bottom of this figure were obtained from the best lit to the monofunctional hypoth- 

esis, whereas those in Fig. 1 are the initial crude estimates based on the same hypothesis. 

as is shown by the upper half of Fig 2. A two-parameter fit to the appropriate titration- 
curve equation is initiated to refine the estimates of CO, and K,. The refined values are 
used to obtain a new deviation pattern like the one in the lower half of Fig. 2, and this 
is scrutinized both to identify the existence of a group of points ~orre~ond~ng to large 
systematic deviations as defined above. and to find the location of the earhest such group. 

There are now four possibilities. If (1) there is no such group of points, the monofunc- 
tional hypothesis is accepted, the values of C$ and K, obtained from the fit are printed, 
and execution terminates. If there is, the first such group may (2) occur at or near the 
beginning of the titration and R may k positive, (3) occur at or near the beginning of the 
titration and R may be negative, or (4) occur only after half or two-thirds of the equivalent 
volume of acid has been added. Case (2) corresponds to a polyfunctional base for which 
the ratios of successive dissociation constants exceed the statistical values,’ case (3) corres- 
ponds to a poiyfunctiona~ base for which these ratios are smaller than the statistical values, 
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and case (4) corresponds to a logical contradiction that is discussed in a later paragraph. 
In cases (2) and (3) the monofunctional hypothesis is replaced by the difunctional one. 

New estimates of CO, and of K 1 and K2 (based on the interpolated pH-values at points 
three-quarters and one-quarter, respectively, of the way from the start of the titration to 
the point of maximum slope) are made and used to construct a preliminary deviation pat- 
tern based on the equations that describe the titration of a difunctional base. If this does 
not contain large systematic deviations the difunctional hypothesis is accepted; if it does, 
the estimates of Cob, K 1. and Kz are refined by a three-parameter fit, and so on. 

Although the process could be continued for as many successive hypotheses as could 
be manipulated in the user area available, there are so few tetra- and higher-functional 
bases for which the successive stages of neutralization overlap too much to be resolved 
by any less stringent analysis that the programme ends at the point where the trifunctional 
hypothesis has been either accepted or definitely rejected. 

RESULTS AND DISCUSSION 

The standard error of measurement of a single pH-value was believed to be approxi- 
mately 0903 pH-unit. With that value of 0, or any other between 0.001 and 0+X)75 pH-unit, 
acetate. succinate, and citrate were correctly classified with data from every titration per- 
formed. 

Acetate could not be wrongly classified with any value of (T down to 0*0005 pH-unit, 
but Occam’s razor was less forgiving with the other bases. Succinate was classified as 
monobasic if ~7 was assigned any value above 0.06 pH-unit, while citrate was classified as 
monofunctional if 0 equalled or exceeded 0.15 pH-unit and as difunctional if 0 lay between 
0908 and 0.1 pH-unit. In all automatic classification schemes, branched as well as linear, 
an erroneous overestimate of the standard error of measurement will entail the danger of 
accepting a hypothesis simpler than the truth. 

One might expect an erroneous underestimate to have the opposite effect, but this 
danger can be minimized by establishing two different criteria for the rejection of a hypoth- 
esis. The aim is to raise the possibility of a logical contradiction like the one illustrated 
by Fig. 3. Here the data and input were identical with those for Figs. 1 and 2 except that 
the standard error of measurement was deliberately assigned an erroneously low value. 
The best fit to the monofunctional hypothesis now gives deviations as large as 6~. Hence 
the monofunctional hypothesis cannot be accepted, but neither can any polyfunctional one 
because it would give rise to large systematic deviations near the start of the titration and 
these are not observed. This is the situation identified above as case (4), and the two criteria 
b!, which it is recognized are (1) the existence of a group of aberrant deviations (2) in a 
region that cannot be accounted for by any subsequent hypothesis. It may be resolved by 
increasing the estimated value of 0 and retesting the prior hypotheses. beginning with the 
first. Occasional misclassifications are still possible if the original underestimate of ~7 is 
gross: in some titrations citrate was classified as tetrafunctional if d was assigned a value 
as small as 0*0005 pH-unit, but the more usual course resembles that shown in Fig. 3 and 
produces both a reasonable estimate of 0 and the correct classification. 

This is a useful result and one that canprobably be obtained in any linear-classification 
scheme. but several dangers must be emphasized. The programme’s library of hypotheses 
must not only be complete but must contain one hypothesis beyond the last acceptable 
one. There must be no appreciable systematic deviations, of either chemical or instrumen- 
tal origin. from the correct hypothesis. Any revision of the estimate of 0, if that estimate 
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Fig. 3. Print-out obtained from the data in Fig. 1 with u = 0-002 pH-unit. 
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has been knowledgeably and carefully made, should prompt a thorough re-examination 
of the chemistry of the system and the instrumentation and technique employed, and an 
unacceptably large final value must be understood to mean either that the system obeys 
some equation not included in the programme or that some essential experimental condi- 
tion has not been met. 

Although automated data-acquisition is now taken for granted, the notion that any clas- 
sification more complex than a binary one can be effected without human intervention 
is more difficult to accept. Nevertheless, the success of the present scheme in discriminating 
among titration curves that are indistinguishable on visual inspection leads us to believe 
that this general approach is potentially a very powerful aid in the interpretation of scien- 
tific data. 
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Zusammenfassung--Ein vollautomatisches Verfahren zur Ermittlung der Wertigkeit j einer Base aus 
der durch Titration mit eingestellter S;iure erhaltenen potentiometrischen Titrationskurve wird 
beschrieben. Dabei wird nacheinander angenommen, daB j = 1.2,. . , bettigt, die entsprechenden 
TTitrattonskurvenGleichungen werden an die MeBdaten angepaDt und die Abweichungen, die sich 
ergeben, systematisch untersucht. Logische Entscheidungen werden darauf aufgebaut, daB und 
wo em Gebiet existiert. in dem die Abweichungen wesenthch grdBer sind als die geschltzte 
Standard abwelchung der Messung. 

R&urn&-On dtcrit une techmque entibement automatique pour ivaluer la fonctionnahte j dune 
base a partir de la courbe de titrage potentiometrique obtenue par titrage avec un acide etalon. 
Elle comprend les hypotheses successives que j = 1,2,. . ., s’adapte aux equations de courbe de 
titrage correspondantes, et I’examen minutieux des dragrammes de deviation qui en resultent. Les 
dectsions logiques sont basees a la fois sur l’existence et la position dune region dans laquelle les 
deviations sont beaucoup plus grandes que l’erreur de mesure type estimte. 
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APPLICATIONS OF ENZYME-CATALYSED 
REACTIONS IN TRACE ANALYSIS-VII* 

DETERMINATION OF LEAD AND INDIUM BY THEIR 
INHIBITION OF ISOCITRATE DEHYDROGENASE 
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Chemistry Department, The University. P.O. Box 363. Birmingham 15. England 

(Received 10 Srprernher 1973. Accepred 21 November 1973) 

Summary-The Inhibition of isocitrate dehydrogenase by lead. indium and calcmm has been stud- 
ied. Methods for the determination of 0.024-l peg of lead and indium. based on this inhibition. are 
outlined. Lead may be separated from some interfering ions by extraction with tributyl phosphate 
in isobutyl methyl ketone. before application of the enzymic reaction. 

Isocitrate dehydrogenase [isocitrate : NADP oxidoreductase (decarboxylating), EC. 
1.1 .1.42], ICDH, catalyses the oxjdative decarboxylation of isocitrate to a-ketoglutarate. 
A nicotinamide nucleotide is the co-enzyme used as the oxidant and a doubly-charged 
cation such as Mg2+ or Mn’+ 1s required to activate the enzyme: 

CH,COOH CH,COOH 

I I 
HC-COOH HCH 

I 
+ NADP+ Mn”,ICDH \ 

I + NADPH + H+ + CO2 
HC-COOH C-COOH 

I / 
OH 0 

(isocitric acid) (a-ketoglutaric acid) 

The reaction proceeds from isocitrate to x-ketoglutarate through an enzyme-bound oxalo- 
succinate intermediate.’ 

There are two isocitrate dehydrogenases.2 One requires NADP as its co-enzyme 
whereas the other requires NAD. The enzyme used in the present study is the purified 
NADP-linked enzyme, obtained from pig’s heart.3-” molecular weight 61 x 103. It is inhibi- 
ted by a wide range of metal ions.(’ and is activated by manganese(H). magnesium, cobalt- 
(II) and zinc ions.(’ The enzyme has been used to determine klg amounts of magnesium 
in blood serum? and ng amounts of manganese, ’ by means of their activation property. 
An interesting method of titrating a sequence ofmetal ions (including Mg’+. Mn’+, Zn’+. 
Co’+, Cu’+, Cd’+ and Ni2’) with EDTA. using the activation and inhibition effects to 
follow the progress of the titration. has also been developed, using this enzyme.6 

Earlier workers showed that ICDH was inhibited by ng amounts of a number of metal 
ions. This paper reports an investigation of the inhibitory effects of lead, indium and cal- 
cium on ICDH. with a view to developing sensitive methods for the determination of these 

* Part VI’ Thrm 1970. 17, 299 
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elements. As many other ions would interfere in such determinations, either by inhibiting 
or activating the enzyme, attempts are made to utilize chemical separation techniques to 
improve selectivity. 

In the discussion that follows, all metal ion concentrations refer to the final solution in 
which the enzyme-catalysed reaction takes place, unless otherwise indicated. 

o,so 
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p 0.45 
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0.40 I I I I 

5 IO I5 20 

Incubation time, mm 

Fig. 1. Effect of incubation time of ICDH with (A) 20 ng of PbzC per ml in pH 83 tris buffer and 
(B) with 20 ng of In3 * per ml in unbuffered water. 

INVESTIGATION OF EXPERIMENTAL CONDITIONS 

Efict of manganese(IZ) ions and pH on the activity of ICDH 

NADP-linked isocitrate dehydrogenase is active only in the presence of an activating 
metal ion. It is most effectively activated by manganese(I1) ion.8 and these were used in 
the present investigation. It was necessary to establish the manganese(I1) concentration 
and contact time with the enzyme required to induce maximal enzyme activity, under the 
conditions used for the metal ion determinations. On incubation of the enzyme with 
6 x lo- 5 M manganese(I1) at 0” in 0.05M Tris buffer (pH 7.5) or water, the activity increases 
slightly at first but there is no further increase in activity after 10 min. As maximal inhibi- 
tion of the enzyme by lead or indium is achieved after 15 min incubation of inhibitor with 
ICDH (Fig. l), this incubation time was used for both activator and inhibitor in all sub- 
sequent experiments. 

The effect of manganese(I1) concentration on enzyme activity, after incubation in pH 
75 Tris buffer solution for 15 min, is shown in Fig. 2. Under these conditions, which are 
those recommended for the determination of indium (see below), greatest enzyme activity 
is stimulated by lo- ‘M manganese(I1). The same concentration of manganese(I1) was 
found to be necessary to give maximal activation under the conditions recommended for 
the determination of lead (pH 8.5 Tris buffer, cu. 0.13 units of enzyme per ml of reaction 
mixture). 

The change in enzyme activity with pH (Fig. 3) shows that maximal activity occurs at 
pH 7.4. 
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o.44 
5.5 $0 4.5 

Fig. 2. ElTect of Mn2+ concentration on ICDH activity after 15 min incubation in pH 7.5 Tris 
buffer. 

Inhibition by lead 

As indicated above, inhibition by lead is maximal after 15 min at O”, and is extensive 
even after 1 min. Incubation is best done at o”, because the enzyme slowly loses activity 
at 25”. Figure 3 shows that inhibition is greatest at pH 8.5. Thus, combination of these 
conditions gives the greatest sensitivity to lead reproducible inhibition being obtained 
over the range 2-70 ng of lead per ml (Fig. 4). 

Kratochvil et aL6 have reported that NADP-linked ICDH is inhibited by traces of many 
metal ions. The effect on enzyme activity of incubating the enzyme with lead (20 ng/ml) 
and other ions (2 pg/ml) in pH 8.5 OOSM Tris buffer was studied. The results are summar- 
ized in Table 1. All the ions investigated interfered, by inhibition (high results) or activation 

I .o- 

J 
0.75- 

s 
0 
5 
a 

0.51 
I I I I I 

7.0 e.0 9.0 

PH 

Fig. 3. Effect of pH on (a) ICDH activity; (b) inhibition by 40 ng of In”+ per ml; (c) inhibition 
by 20 ng of Pb2+ per ml. 
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Calcium concentration, fig /ml 

Indium or lead concentration, q/ml 

Fig. 4. Inhibition of ICDH by various concentrations of (a) Pb”. (h) Cal’. under the recom- 
mended conditions, and of It?+ after incubation in (c) unbuffered water: (d) pH 75 Tris buffer 

solution. 

(low results) except for Al 3+ Complete inhibition of the enzyme was observed in the pres- . 
ence of Hg ‘+, Ag+, Zn2+, Cu2+ and Cd 2+ Most of these results are in agreement with . 
the effects noted previously.6 

In an attempt to develop a selective method for lead, the extraction method of Yadav 
and Khopkarg was investigated. Tributyl phosphate (TBP, 30% solution in isobutyl 
methyl ketone) is reported to separate lead selectively from a wide range of metal ions’ 
in a medium that is 3M in hydrochloric acid and 2M in lithium chloride. The most prob- 
able composition of the extractable lead species is PbC12*2TBP.’ Lead can readily be 
stripped from the organic phase with water, for enzymic determination. The final aqueous 
extracts were flushed with a slow stream of nitrogen to get rid of the last traces of isobutyl 
methyl ketone, which was found to inhibit the enzyme. With use of this method lead (45 
/lg) could be determined in the presence of up to 4.5 mg of Bi3+, &I+. and Cal+. 2.25 
mg of Hg2+. and 1.1 mg of Ag+. These are the maximum tolerance limits as reported by 
Yadav and Khopkar,9 and greater ratios were not investigated. The results are shown in 
Table 2. 

Itlhihition by in&m 

Conditions for maximal inhibition of ICDH by indium were found in a similar manner 
to those for lead. With incubation in unbuffered water for at least 15 min. and the enzyme 
reaction carried out at pH 7.5. fairly reproducible inhibition was achieved over the range 

Table I. Direct determination of lead (20 q/ml) m the presence of other ions (2 jcgiml) 
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Table 2. Determmation of lead after extraction with 30% tributyl phosphate in isobutyl methyl ketone (Pb*’ 
taken = 15 n&ml) 

Other cations. (pg.irnl) 
Pb’+ found, ng/rnl 

- Bi3’ (1.6) Ba2+ (1.6) Ca’+ (1.6) Hg’+ (0.8) Ag’ (0.4) 
15 13 16 13 13 16 

16 13 16 16 13 

2-l 00 ng of indium per ml (Fig. 4). Results for the determination of indium in pure solution 
are shown in Table 3. 

When the enzyme was incubated with indium in pH 7.5 buffer solution for 15 min, the 
inhibition was slightly less sensitive (Fig. 4) allowing 3-100 ng indium per ml to be deter- 
mined. Determinations were more reproducible, however (Table 3). 

In order to eliminate the interference of other metal ions, an attempt was made to deter- 
mine indium after solvent extraction separation. The procedure of Khosla and Rae” using 
extraction by N-benzylaniline in chloroform from a hydriodic acid medium was investi- 
gated. The extraction procedure is simple and the separation of the organic and aqueous 
phases is very rapid. Indium is later stripped from the organic phase with 2M hydrochloric 
acid. When a 9”/, w/v solution of N-benzylaniline in chloroform, reported by Khosla and 
Rae” to separate indium from most metal ions, was used, some benzylaniline appeared 
in the final aqueous solution, resulting in the complete inactivation of the enzyme. To over- 
come this problem the effect of smaller benzylaniline concentrations was investigated. It 
was found that the concentration had to be decreased to 1% to prevent inhibition by the 
extractant. However, when a lOO-fold amount (by weight) of some other ions was present 
with 60 pg of indium. and the 1% extractant solution was used, high results for indium 
were obtained (Table 4). Complete inhibition was observed after extraction when mercury 
and cadmium ions were present in lOO-fold amount. 

The incubation of the enzyme with calcium was done in unbuffered water for 15 min. 
The pH of the reaction solution was the same as for the determination of indium. The 
method allowed the determination of 0.5-10 pg calcium per ml in the absence of interfering 
ions (Fig. 4). 

Stahilitj* of‘ the enl!rtle-ilzhihitor complexes 

The reaction between a cationic inhibitor (M”+) and an active site of an enzyme, (E), 
can be represented by the equation 

E + rrMX+ = M,“+. E 

where II is the number of metal ions bound per active site.” 

Table 3. Determination of indium 

(1) 

No huff27 Taken, rlg/rvl 2 5 10 30 80 
Found. ng/rnl 3 7 13 36 85 

O.OSM 7-m Taken. ng/rn/ 10 20 40 60 80 100 
bufl?r. pH 7 5 Found. ng/rnl 11 23 40 61 77 100 
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Table 4. Determination of indium after extraction with 194 N-benzylaniline in chloroform. (Indium taken = 20 
ng/ml; other ions = 2 fig/ml) 

Other cations 
In3 + found ng/mf 

- _ Pbl+ ca” Co”+ Al3f &2+ Ni” Mg2’ &‘f Cd”+ H$+ 

20 19 47 89 47 39 89 58 28 39 >200 3200 

An equilibrium constant, R, is given by 

K = CUW’I” 
CM;+ . E] (2) 

The relative activity, RA, is proportional to the concentration of free enzyme sites, [El. 
Therefore. the ~on~ntration of inhibited enzyme, CM;’ . E J, is proportionai to (I- RA) so 

1 -RA _ CM:+ .E] 
RA CE j 

(3) 

where RA is the fractional enzyme activity relative to that of the uninhibited enzyme under 
the same conditions. 

A combination of equations (2) and (3) gives 

1 -RA _ CM”‘]” 
RA K 

l-RA 
log RA = n log CM”‘] - log K t51 

A plot of log (1 -RA)/RA us. log CM”‘] should therefore give a straight line of slope n and 
intercept log K. The results of such plots for lead, indium and calcium are summarized 
in Table 5. All three plots give straight lines and the values of n are all approximately unity, 
indicting that one ion per active site is responsible for the inhibition. The equilibrium 
constants confirm that the strength of binding by the enzyme increases in the order 
Ca2+ Q In3+ < Pb2+. 

Table 5. Equilibrium constants for the enzyme-inhibitor complexes 

Inhibitor 

In3 + 

Pb’ + 

ca2+ 

* II nhullrcd. 

Incubation, 
PH 

7.5 

HtO* 

8.5 

H1O* 

I1 K,ll?Ok/l. 

I.15 64 x lo-’ 
I.20 6.0 x lo-’ 
091 3.4 x to-’ 
0.96 4.3 X lo-’ 
@90 24 x lo-’ 

1.04 1.1 X to-7 
l-16 I.3 x lo-’ 
1.20 I.3 x 1o-7 
0.94 1.5 X lo-’ 
1.04 1.4 x IO-’ 

I .07 I.2 X 10-d 
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Adsorption of metal ions on glassware 

Traces of metals are readily adsorbed by glass surfaces. 12* 13* I4 During these investiga- 
tions. it was confirmed that lead is adsorbed by glass, which could lead to serious errors 
when ng amounts of this metal ion were being measured. This source of error could be 
eliminated, however, by putting the enzyme solution into the incubation flask first, fol- 
lowed by the lead solution. The lead was preferentially bound by the enzyme, and no sig- 
nificant amount was lost on the glass surface. To minimize any possible contamination 
from adsorbed lead or other metal ions, however, all glassware was soaked before use for 
several hours in a saturated aqueous solution of disodium EDTA, and rinsed thoroughly 
with water. Adsorption was also minimized by leaving metal ion solutions in contact with 
the glass for as short a time as possible. 

As polyethylene is not so susceptible to these adsorption effects,” all stock metal ion 
solutions were stored in polyethylene bottles. 

The methods described allow the reproducible determination of ng amounts of indium 
and lead and rather larger amounts of calcium. As the enzyme studied is also inhibited 
by a wide range of other metal ions, means of prior separation of indium and lead from 
potential interferences were sought. Solvent extraction was successfully applied for the sep- 
aration of lead, provided no significant amount of extractant found its way into the pres- 
ence of the enzyme. Isobutyl methyl ketone and N-benzylaniline both inhibited ICDH, but 
whereas the ketone could readily be eliminated from the final aqueous solution, and thus 
did not interfere in the determination of lead, N-benzylaniline could not be prevented from 
finding its way into the final aqueous solution, if its concentration was to be sufficient to 
separate indium from other metals. 

EXPERIMENTAL 
The enzymic reactions were momtored m IO mm silica cuvettes in a Beckman DB spectrophotometer by mea- 

suring at 340 nm the rate of formation of NADPH at constant temperature (25.0 k @lo). 

Rragmts 

Water distilled from an all-glass apparatus was used throughout. 
En-_~~ne. Highly purified pig’s heart isocitrate dehydrogenase in 50% glycerol (Sigma Chemical Co.) of activity 

5 fitmole. mg- ‘. min- ’ was stored at 4”. A standard solution was prepared from this stock enzyme daily before 
use by diluting. with 0.05M Tris buffer of the required pH, 20-fold v/v for indium and calcium determinations 
(pH 7 5) and lo-fold for lead determinations (pH 8.5). The standard enzyme solutions were kept in an ice-bath 
during use. 

T~rs(h~dro.~~r~~~t/~~~)~~~~t/~~~at~~~t~~ (Tris) bufir solution, DOSM. Tris (3.03 g) was dissolved in about 400 ml of 
water. adjusted to the required pH with 0.1&f analytical-grade hydrochloric acid and diluted to exactly 500 ml 
wnh water The solution was kept m a thermostat at 25” before use. 

Substrates. A reaction mixture consisting of 30 mg of analytical-grade,trisodium or_-isocitrate dihydrate (ICA) 
and I7 mg of the monosodium salt of nicotinamide adenine dinucleotide phosphate (Sigma Chemical Co.) in 
25 ml of 0.05M Tris buffer solution of the required pH was used. This mixture was kept in an ice-bath during 
use and kept frozen when not in use. When frozen it was stable for weeks. 

Mrtal ion solutions. Stock solutions of indium and lead (200 pg/ml), calcium (120 &ml) manganese 
(5.0 x 10-‘M) and possible interfering ions (ca. 1 mg/ml) were prepared from analytical-grade reagents and 
stored m polyethylene bottles. More dilute solutions were prepared immediately before use by appropriate dilu- 
tion of the stock solutions. 

Procedures 

D~~tcwmotrort ofleud (24-840 y). To a 2 ml volumetric flask add Tris buffer (pH 8.5. ca. 1.0 ml) and exactly 
0.1 ml (0.1 mg of protem = 0.5 units) of enzyme solution previously cooled m ice. Mix gently and add 
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I.2 x IO-‘M manganese solution (exactly 0.1 ml). Mix the contents of the flask aeain and add ~0.5 ml of lead 
solution, at O”, containing 24-840 ng of lead. Make up to the mark with pH 8.5 T& buffer at 0-. trux thoroughly 
and place in ice for 15 min. Add exactly 0.5 ml of this solution to a mixture of ICA-NADP in pH 85 Tris buffer 
(05 ml), pH 8.5 Tris buffer (1.0 ml) and water (1-O ml) all at 25.0”. After exactly 15 min at this temperature. measure 
the absorbance (Ai) at 340 nm in a 10 mm cuvette against water. Repeat the experiment in the absence of the 
inhibitor to obtain the absorbance (A,) resulting from the uninhibited reaction and calculate the percentage inhi- 
bition (%I = IOO(A,,,-A#&). Plot a calibration curve of ‘41 us. lead concentration for the results obtamed from 
standard lead solutions taken through the procedure. A new calibration curve should be made daily. 

Liquid-liquid extraction of lead with triburylphosphare. This was investigated as follows. To 1 ml of solution 
containing 45 pg of lead were added (4 ml of solution containing < 4.8 mg of Bi”‘. Ba” or Ca”. 7.4 mg of 
Hg’+ or I.2 mg of Ag+). To this solution, in a 100 ml separating-funnel. I2M hydrochloric acid (5 ml) and 
4M lithium chloride (10 ml) were added, to make their respective concentrations 3M and 2:M In a total volume 
of 20 ml. The mixture was extracted with 10 ml of 30’4 tributyl phosphate in isobutyl methyl ketone b! shaking 
briskly for 5 min. The layers were allowed to separate, the aqueous layer carefully removed. and lead stripped 
from the organic phase by shaking with water (two 10 ml portions). The aqueous lead solutions were quantita- 
tively transferred to a 25 ml volumetric flask and made up to volume with water. Isobutyl methyl ketone was 
removed from the aqueous solution by passage of a slow stream of nitrogen for 15 min. Aliquots of this aqueous 
solution (0.1 ml contained 0.18 pg of lead) were used for the enzymic determination of lead. 

Determinarion ofindium (24-1200 ng). Use the procedure described for lead, but incubate the enzyme (0.1 ml 
containing 50 pg of protein = 0.25 units) in water instead of tris buffer solution and add < 0.5 ml of solution 
containing 24-1200 ng of indium. Carry out the enzyme-catalysed reaction in pH 7.5 Trls bufier solution at 
25.0 f 0 1”. Plot a calibration graph of%1 us. indiumconcentration. A new calibration curve should be made daily. 

Separation of indium by solvent extracrion with N-benzyluniline. The investigation was made as follows. In a 
50 ml separatory funnel distilled water (6 ml). indium solution (I ml containing 60 ~cp of indium) and 5 ml of 
a solution containing 6 mg of interfering ion were mixed. Solid potassium iodide (3.735 g) and IOM sulphuric 
acid (3 ml) were added. to make the solution I.5M in potassium iodide and X4 in sulphuric acid. in a total 
volume of I5 ml. The contents of the funnel were mixed to dissolve the potassium iodide. and then extracted 
for 2 min with a I’!; N-benzylaniline solution in chloroform (two 5 ml portions). The mixture was swirled gently 
and the chloroform layer separated. The organic phases were combined and indium stripped by shaking for 2 
min with 2M hydrochloric acid (15 ml). The aqueous layer was transferred to a 25 ml volumetric tlask and con- 
centrated ammonia solution was added dropwise until a turbidity appeared. which w’as cleared with a few drops 
of 2M hydrochloric acid, and the solution was then diluted to volume with water. A 0.1 ml ahquot of this neutral 
extract (containing 0.24 /~g of indium) was used for the determination of indium. 

Derermination of calcium (6-120 pg). Use the procedure for indium, but add 0.1 ml of solution containing 6-120 
iig qfcaicium. Plot a calibration curve of “/,I LX calcium concentration. A new calibration curve should be made 
daily. 
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Zusammenfassung-Die lnhiblerung von lsocitrat-Dehydrogenase durch Blei, lndium und Calcium 
wurde untersucht. Es werden Methoden skizziert, wie man auf Grund dieser Inhibierung 
0,02 -1 hcg Blei und Indium bestimmen kann. Blei kann vor der Enzymreaktion durch 
Extraktlon mit Tributylphosphat in Isobutylmethylketon von einigen stiirenden lonen abgetrennt 
werden. 

Rbsum&On a ttudii I-inhibition de la deshydroginase isocitrique par le plomb, I’indium et le cal- 
cmm. On mdique des mithodes pour le dosage de 0.024-I pg de plomb et d’indium. bas&es sur 
cette inhibition. On peut separer le plomb de quelques ions gsnants par extraction au phosphate 
de tributyle en lsobutylm6thyldtone. avant application de la rCaction enzymatique. 
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Summary-A simple and rapid method is proposed for the separation of tervalent gallium, indium 
and thallium by solvent extraction with N-benzylaniline m chloroform from different con- 
centrations of hydrochlortc acid. Thallium and gallium are extracted from 1M and 7+7.5M hy- 
drochloric acid respectively. Indium is finally extracted from hydriodic acid. These metals in the 
final extracts are determined complexometrically. Interference from some cations can easily be eli- 
minated by reduction with sulphite. followed by selective oxidation of thallium(I) to thallium(II1) 
with saturated bromine water, and from others by the use of thioglycollic acid as a masking agent 
in the extraction ofgallium and indium. Most common anions cause no interference. Log-log plots 
of distribution coeffcients vs. concentration of amine for gallium, indium and thallium indicate 
a 2: 1 limiting mole ratio of amine to these metals. 

A variety of techniques have been reported in the literature for the mutual separation of 
gallium, indium and thallium. These techniques are based on precipitation, solvent extrac- 
tion, ion-exchange and chromatographic procedures. These metals have been separated 
by precipitation with hexa-amminecobalt(II1) chloride.’ The solvent extraction methods 
are predominantly based on extraction from different concentrations of hydrochloric or 
hydrobromic acids. Methods for the separation of gallium, indium and thallium have been 
reviewed by Korkisch.’ Irving and Rossotti3 have reviewed the extraction of these metals 
with diethyl ether. These metals have also been separated with tri-n-butyl phosphate4 in 
benzene from different concentrations of hydrochloric acid. Gallium, indium and thallium 
can also be extracted with N-benzoyl-N-phenylhydroxylamine’ into chloroform by adding 
an acetate buffer and adjusting the pH to appropriate values. Recently Fritz, Frazee and 
Latwese# have reported the column extraction chromatographic separation of these 
metals from their aqueous solutions in hydrobromic acid. A fairly good separation can 
be effected by reverse-phase chromatography on Whatman No. 1 paper, treated with bis- 
(2-ethylhexyl)phosphoric acid in cyclohexanone, by elution with 1 or 8M hydrochloric 
acid.’ 

We have recently described the selective extraction of indium with N-benzylaniline in 
chloroform from hydriodic acid media.’ In the present work, conditions have been worked 
out for quantitative solvent extraction of tervalent gallium, indium and thallium with N- 
benzylaniline in chloroform from different concentrations of hydrochloric acid. Thallium 
is extracted from 1M hydrochloric acid. followed by extraction of gallium from 7+7.5M 
hydrochloric acid. and indium is finally extracted from hydriodic acid. Thallium, gallium 

41 I 
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and indium are easily stripped from the organic phase, with acetate buffer. water and 2M 
hydrochloric acid respectively. The metals in the final extracts are determined complexo- 
metrically. Interference from vanadium(V), cerium(IV), chromium(V1). ruthenium(VI1). 
osmium(VII1) and manganese(VI1) can be eliminated by reduction with sulphite, followed 
by selective oxidation of thallium(I) to thallium(II1) with saturated bromine water, and 
from some other ions by, masking with thioglycollic acid in the extraction of gallium and 
indium. Most common anions cause no interference. The proposed method is very simple 
and rapid, and effects a clean-cut separation of these metals from many cations. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical-grade reagents. Aqueous solutions were prepared with doubly dis- 
tilled water. 

Gallium(lll) solution. Prepared by dissolving 1.0 g of gallium nitrate octahydrate in 100 ml of 0.2M nitric acid 
and standardized complexometrically.g Indium(II1) solution was prepared by dissolving 1.782 g of pure indium 
metal in 15 ml ofconcentrated nitric acid, boiling to expel nitric oxides and diluting to 200 ml. More dilute solu- 
tions were prepared by accurate dilution. 

Thallium(lll) solution. Prepared by dissolving 666 g of thallous nitrate in a minimum quantity of water. fol- 
lowed by evaporation to dryness three times, after addition of 5425 and 25 ml of aqua regia respectively. Finally 
the residue was taken up in 120 ml of nitric acid (1 + 1) and the solution diluted to 500 ml. The solution was 
standardized by precipitation of thallous chromate after reduction with sulphur dioxide. More dilute solutions 
were prepared by accurate dilution. 

Thorium solurion, O*OlM. Prepared by dissolving the required amount of thorium nitrate tetrahydrate m 
@OOlM nitric acid and standardized against EDTA (Xylenol-Orange indicator), and diluted as required. 

N-Benzylaniline. Prepared by dissolving 9.0 of purified reagent” (m.p. 36’. b.p. 180”/16 mbar) in 100 ml of 
chloroform. 

Buffer solution. 
Prepared by dissolving 27.2 g of sodium acetate trihydrate in 400 ml of water, addmg 17 ml of glacial acetic 

acid, and diluting to 1 litre. 

Procedure 

Exnaction ofthallium(ll1). To an aliquot of solution containing not more than 10 mg each of gallium. indium 
and thallium, add sufficient sodium sulphite to reduce ions such as vanadium(V), chromium(V1) and cerium(IV). 
which hinder the extraction of thallium(II1). Boil otTexcess of sulphur dioxide. Now gradually add saturated bro- 
mine water to the hot solution till the thallous precipitate completely dissolves and a yellow colour persists. Heat 
the solution at just below the boiling point until the colour of bromine disappears. Cool the solution to room 
temperature and add enough dilute hydrochloric acid and water to give 1M acid concentration in a volume of 
15 ml. Extract thallium(II1) by shaking the solution for I min with IO ml of extractant mixture (5 ml of N-benzy- 
laniline solution and 5 ml of chloroform). Swirl the separating funnel slightly and separate the chloroform layer. 
Repeat the extraction with 10 ml of extractant mixture.Retain the aqueous phase and combme the orgamc 
layers. Strip the thallium from the organic phase with two 35 ml portions of the b&er solution, and transfer 
these aqueous phases to a 250 ml conical flask. Add excess of O.OlM EDTA, 7 drops of O.l’:, Xylenol-Orange 
indicator and back-titrate with O.OOl-001M thorium nitrate. 

Exrracrion of’gallium. To the aqueous phase. after separation of thallium, add 3-4 ml of 80% thioglycollic acid 
solution to mask interfermg elements, and sufficient concentrated hydrochloric acid and water to give 7G-7.5M 
acid concentration in a volume of 40-45 ml. Extract gallium(II1) by shaking for 1 min with 15 ml of extractant 
mixture (5 ml of N-benzylaniline solution and 10 ml of chloroform). Swirl the separating funnel slightly and 
separate the chloroform layer. Repeat the extraction with 15 ml of extractant mixture. Retain the aqueous phase 
for the determination of mdium. Combine the orgamc layers and strip the gallium by shaking for I min with 
two 30 ml portIons of water. Combine these extracts in a 250 ml conical Bask, add dilute ammonia solution until 
a turbidity appears and then clear it with a few drops of I M hydrochloric acid. Now add excess of 0.01 M EDTA 
and adjust the pH to 2.5 f 0.5 with I M ammonia solution (narrow-range pH-paper or pH-meter). Add 7 drops 
of 0.1% Xylenol-Orange indicator and back-titrate with OGOI-O.OlM thorium nitrate. 

Extraction ofindiurn. Evaporate the aqueous solution left after the separation of thallium and gallium, to about 
5 ml to remove excess of hydrochloric acid. Add 3-4 ml of thioglycollic acid to mask interfering elements. and 
enough solid potassium iodide and 9M sulphuric acid to make the solution 1.5M in potassium iodide and 2M 
in sulphuric acid in a volume of 30 ml. Transfer the solution to a separating funnel and extract indium by shaking 
for 2 min with IO ml of extractant mixture (5 ml of N-benzylaniline solution and 5 ml of chloroform). Swirl 
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the separating funnel slightly and separate the chloroform layer. Repeat the extraction with 10 ml of extractant 
mixture. Combme the orgamc layers and strip the mdium by shaking for 2 min with 30 ml of 2M hydrochloric 
acid. Combine these aqueous extracts in a 2.50 ml conical flask and dilute to 75-80 ml with water. Add dilute 
ammoma solution until a turbidity appears and then clear it with a few drops of l&f hydrochloric acid. Add 
excess of O.OlM EDTA, adjust the pH to 25 + 0.5 with I M ammonia solution. add 7 drops of O.l:,, Xylenol- 
Orange indicator and back-titrate with 0001~00lM thorium nitrate. 

RESULTS AND DISCUSSION 

Several ions were examined for interference (Table I). The tolerance limit was set at the 
amount required to cause a relative error of not more than 1*5’:$. Vanadium(V), chro- 
mium(W), cerium(IV). ruthenium(VII1, osmium(VII1) and manganese(VI1) hindered the 
extraction of thallium~III), but did not interfere after reduction with sodium sulphite in 
dilute acid: the solution was boiled to remove excess of sulphur dioxide; thallium(I) was 
selectively re-oxidized to thallium(II1) with saturated bromine water. Palladium(I1) was co- 
extracted but remained in the organic phase during stripping. Tungsten(VI), antimony(V), 
niobium(V). tantalum(V), zirconium(IV) and hafnium(IV) were kept in solution in the pres- 
ence of tartaric acid. Bismuth was more than SO”/ extracted from 1M hydrochloric acid 
and thus strongly interfered in the extraction of thallium. 

Mercury(I1). antimony(III), silver, arsenic(III), lead(II), tin(II,IV), copper( cadmium, 
tellurium(IVf and platinum(II,IV) caused interference in the extraction of gallium, but this 
could easily be eliminated by masking them with thioglycollic acid. ~olybdenum(V1~ in 
the presence of thioglycollic acid, was partially extracted along with gallium, but caused 
no interference in the recommended titration of gallium. 

Cadmium, antimony, tin, aluminium and platinum were extracted from hydriodic acid 
with ~-benzylaniline in chloroform. Indium(III), however, could easily be separated from 
these ions by shaking the organic layer with 2M hydrochloric acid, whereby indium only 
was stripped. 

Common anions such as phosphate, tartrate, citrate, nitrate, sulphate and fluoride did 
not interfere in the extraction of gallium, indium or thallium. The results obtained for 
various synthetic samples are given in Table 2. 

Foreign 
ion 

Table 1 Ions without effect on extraction of gallium. indium and thallium 

Amount, Foreign Amount, Foreign Amount, Foreign Amount, 
W ion n1g ion W ion mg 

Co(H) 
NI(II) 
Zn(II) 
Fe(W) 
Mn(II) 
Cu(I1) 
Cd(II) 
Hg(II) 
Sn(IV) 
Sb(III)* 
AsfIII) 
As(V) 
Ca(Il) 

50 
50 
30 
30 
30 
30 
26 
IO 
10 
20 
20 
20 

100 

Ir(IV) 5 
MOW) 
w(G); 

20 
20 

Cr(V1) 30 
VW) 30 
Ti(IV) 30 
Re(VI1) 10 
Zr( IV)* 30 
Hf(IV)* 30 
Nb(V)* 14 
Ta(IV)* 14 
Sc(II1) 2.5 
Y(II1) 30 

WW 
Sr(I1) 
Pb(I1) 
A&III) 
BelIIl 
TeiIV) 
Ge(IV) 
Pd(I1) 
P@V) 
R h(III) 
OsfVIII) 
Ru(VI1) 

loo 
loo 

10 
27 
30 
30 
30 
10 
10 
30 

::: 

UVI) 
Ce(IV) 
La(II1) 
Eu(II1) 
DYW) 
Sm(II1) 
Tartrate 
Citrate 
Phosphate 
Nitrate 
Sulphate 
Fluoride 

50 
30 
27 

:: 
30 

1000 
1000 
2000 
IO&l 
500 
100 

* In the presence of tartaric acid. 
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Table 2. Analysis of synthetic mixtures of gallium indium and thallium 

Ga 

Taken, #ng 

In Tl Ga 

Found irrg 

In Tl 

344 8.92 9.92 344 8.89 9.92 
1.72 446 4.96 1.72 4.46 4.96 
6.88 357 2.48 6.91 35.5 248 
860 1.78 1.98 8.63 t.77 1.98 
9.46 9.81 9.92 9.50 9.78 9.92 

The concentration of hydrochloric acid was varied from 0.5 to ($4, while the con- 
centration of thallium(II1) and the extractant were kept constant. The volume ratio of the 
aqueous to organic phase was 2.0. The results (Table 3) show that thallium(M) is 
quanti~tively extracted from I-3M hydro~~oric acid. The procedure gives quantitative 
extraction of up to 80 mg of thallium(rI1). A plot of log D vs. log C (C = N-benzylaniline 
concentration) for 1M hydrochloric acid medium gave a slope of 1.70, indicating that the 
extracted species is probably HTlCl,*2N-benzylaniline. Similar experiments show (Table 
3) that with a 3: 1 volume-ratio of aqueous to organic phase extraction of up to 10 mg 
of gallium is quantitative from 64--75M hydrochloric acid and that the same type of com- 
plex is extracted (slope of log D us. log C is 1.90). 

Table 3. Degree of extraction of t~lium(II1) and gallium(II1). 
(Thallium 19.83 mg and gallium l-72 mg; conditions as in the 

procedure except for acidity) 

CHCll, M 

0.5 
1%3.0 

3.5 
4.0 
4.5 
5.0 
5.5 
6.0 

65-7.5 
8.0 

Extraction ‘! * 10 
Tl Ga 

98.0 - 
loO+l 

- z 
96~7 - 
- 58.3 

93.4 - 
- 78.2 

88.9 91.7 
- 100.0 
- 96.0 

The conditions for indium extraction had already been established.* A log D vs. log C 
plot had a slope of 1.70, again indicating extraction of a 1: 2 complex. Variation of the 
extraction-time over the range l-10 min showed that equilibration for 1 min sufficed for 
thallium and gallium, and 2 min for indium. 

Reproducibility 

For ten runs with 1943, l-72 and 8.91 mg of thallium(III), gallium(II1) and indium(II1) 
respectively, the average recovery was 99.8 + 0.2% with a standard deviation of l*O”,,. 
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Zusammenfassung-Ein einfaches und schnelles Verfahren zur Trennung von dreiwertigem 
Gallium. Indium und Thallium durch Extraktion mit N-Benzylanilin in Chloroform aus 
verschieden konzentrierter Salzs;iure wird vorgeschlagen. Thallium und Gallium werden aus 1M 
bza. 7.&7.5M Salzslure extrahiert. Indium sch1ieDlich aus Jodwasserstoffs;iure. Die Metalle in 
den Extrakten werden komplexometrisch bestimmt. Storungen durch einige Kationen konnen 
leicht durch Reduktion mit Sulfit beseitigt werden, wonach Thallium(I) selektiv mit ges;ittigtem 
Bromwasser zu Thallium(II1) oxidiert wird; andere Storungen durch die Verwendung von 
Thioglycols;iure als Maskierungsmittel bei der Extraktion von Gallium und Indium. Die meisten 
gewdhnlich vorkommenden Anionen storen nicht. Doppeltlogarithmische Auftragung der 
Verteilungskoeffizienten gegen die Aminkonzentration zeigt bei Galhum, Indium und Thallium ein 
Grenzverhlltnis von 2 : 1 (Amin : Metall). 

R&sum&-On propose une methode simple et rapide pour la separation du gallium de l’indium 
et du thallium trivalents par extraction par solvant avec la N-benzylaniline en chloroforme a partir 
de differentes concentrations d’acide chlorhydrique. Le thallium et le gallium sont extraits d’actde 
chlorhydrique 1M et 7,&7.5M respectivement. L’indium est tinalement extrait de l’acide iodhydri- 
que. On dose ces metaux dans les extraits finaux complexomttriquement. L’interference de quel- 
ques cations peut itre eliminee aisement par reduction avec le sulfite, suivie d’oxydation selective 
du thallium (I) en thallium (III) par l’eau de brome saturee, et celle d’autres cations par l’emploi 
d’acide thioglycolique comme agent de dissimulation dans l’extraction du gallium et de l’indium. 
La plupart des anions communs ne causent pas d’interference. Les traces log-log des coefficients 
de partage par rapport a la concentration en amine pour le gallium, l’indium et le thallium indi- 
quent un rapport molaire limite 2: 1 de l’amine a ces metaux. 
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Summary-Trace quantities of silver in commercial nickel and its alloys are quantitatively 
extracted from 10% hydrochloric acid medium containing 2% ascorbic acid and 9% potassium 
iodide by a Sp/, solution of tri-n-octylphosphine oxide in 4-methylpentan2sne (MIBK). The 
MIBK-extract containing the silver is then nebulized directly into an atomic-absorption flame. The 
sensitivity for the determination of silver in MIBK is about 6 times that for aqueous media. The 
proposed technique is accurate, rapid, and has a standard deviation of f 0025 ppm at the 1 ppm 
level. The limit of detection is 02 ppm of silver. The method is also applicable to a number of 
elements in aluminium- and iron-base alloys. 

There are many methods for.determining trace quantities of silver, but no simple, gener- 
ally accepted method, which is applicable to a variety of alloy systems and to a variety 
of trace elements. Many techniques are known for the determination of silver around the 
10 ppm level: emission spectrography,’ X-ray spectroscopy,’ spectrophotometry (via 
silver rhodanate), neutron activation4 and atomic absorption.‘, 6* ’ Silver has been accu- 
rately determined directly in plant liquors by atomic absorption. Considerable errors 
occur when the level of nickel exceeds 10 g/l.* An extraction procedure for bismuth and 
leadg* lo has also been applied to the extraction of silver from nickel and its alloys, as well 
as iron- and aluminium-base alloys. A non-aqueous atomic-absorption method has been 
reported for silver,’ ’ but it could not be applied to the analysis of alloys in acid solution 
because the silver di-n-butylammonium’salicylate complex would not form and thus could 
not be extracted. Tri-iso-octylthiophosphate (TOTP) in MIBK has been shown to be a 
good extractant for silver from 4-8M nitric acid12 and used to remove silver from geologi- 
cal materials. The procedure is specific for silver and mercury.13 Silver diethyldithiocarba- 
mate has been extracted before determination by atomic absorption.14 

The mixed solvent proposed for the quantitative extraction of antimony, bismuth, lead, 
and tin9 has been tested as an extractant for ppm levels of silver. The group extractant 
is a 5% solution of tri-n-octylphosphine oxide (TOPO) dissolved in 4-methylpentan-2-one 
(MIBK). 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model 303 atomic-absorption spectrophotometer with a premix chamber and triple-slot Bol- 
ing burner head was used with a Perkm-Elmer silver hollow-cathode lamp and a Sargent Model SRG recorder. 

417 
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The silver resonance line at 328.1 nm was used, and the band-pass was 7 A. When MIBK solutions were 
aspirated, the air pressure was 30 psig with a flow-rate of 24 l./min and the acetylene pressure was 8 psi8 with 
a flow-rate of 2 l./min. 

Reagents 

Standard stock solution ofsiluer, 1000 pg/ml. Weigh IQ00 g of silver metal (99.9999% purity) and dissolve it 
in 10 ml of nitric acid (I + 1) with heating, boil gently, cool, and dilute to 1 litre with water. Mix, then transfer 
to and store in a polyethylene bottle. 

Standard stock solution ofsiber, 5 ~/rn~. Transfer 5 ml of the loo0 ltgiml stock solution to a 1 litre volumctrtc 
flask, add 200 ml of hydrochloric acid (1 f 1). dilute to volume and mix. Store in a polyethylene bottle. 

Working standard solution of silver, I &ml. Transfer 20 ml of the 5 &ml stock solution into a 100 ml volu- 
metric flask, add 20 ml of hydrochloric acid (1 + 1) and dilute to volume. Prepare this solution fresh daily. to 
avoid loss by adsorption. ’ s 

5% TOP0 in MIBK. 
iodide reagent. Prepare daily a solution of 30% w/v potassium iodide and 10% w/v ascorbic acid in 104; v/v 

hydrochloric acid. 
All chemicals used were reagent grade. The hydrochloric and nitric acids were found to contain less than 0.05 

ppM (parts per milliard) silver and the formic acid C-1 ppM silver. 
Class-A volumetric glassware was uhed. 

Calibration curve. Transfer 0, O-5, 1, 2, 5, and 10 ml of working standard silver solution to six acid-washed 
separatory funnels. To each of the solutions add 15 ml of the iodide reagent and dilute to 50 + 5 ml with hydro- 
chloric acid (1 + 9). Pipette 10 ml of the 5% TOP0 reagent into the separatory funnel, shake the funnel for 30 
sec. allow the phases to separate, and drain off and discard the lower aqueous layer. Transfer the organic phase 
to a glass-stoppered vial for measurement. 

Annlysis. Weigh a sample (to the nearest 1 mg) which contains 05-10 @g of silver. Prepare a reagent blank. 
Dissolve 1 g samples in a covered acid-washed 150 ml beaker with appropriate acids. Use a 600 ml beaker for 
10 g samples. Evaporate the solution to dryness. 

Remove the beaker from the hot-plate, cool, and motsten the salts with 5 ml of water per g of sample. Add 
10 ml of hydrochloric acid per g of sample and heat to boiling. Add 88% formic acid dropwise until no more 
oxides of nitrogen are evolved and evaporate to incipient dryness. Dissolve the salts in 20 ml of hydrochloric 
acid (I + I) and heat gently to complete the dissolution. Add ascorbic acid to those samples containing iron. 
The disappearance of the dark yellow colour due to iron(II1) indicates the complete reduction to iron(H). Transfer 
the solution to a 125 ml separatory funnel and extract silver according to the procedure given for the calibration 
curve. 

After its extraction, determine the silver by atomic adsorption, with direct aspiration of the organic phase into 
the acetylene-air flame. Obtain the requisite data for the calibration curve and samples and calculate the amount 
of silver. 

DISCUSSION AND RESULTS 

The TOP0 solvent-extraction technique is a general method for the isolation of metals 
which form anionic complexes, such as HFeX,. The method was initially developed for 
antimony, bismuth, lead, and tin9 and has also been shown to be applicable to thallium,16 
cadmium and copper.” 

Silver chloride (K,, = 2.8 x lo- I*) is appreciably soluble in hydrochloric acid because 
it forms soluble complex ions such as AgCls or AgCl$-. For example, the solubiiity 
of silver chloride in IO’% hydrochloric acid is 74 mg/l at 21”. This solubility is adequate 
for the determination of microgram quantities of silver in hydrochloric acid. Silver iodide 
(K,, = 8.6 x 10-i’) is considerably more insoluble than the chloride. A precipitate has 
been obtained from 02M potassium iodide in 2*3&f hydrochloric acid containing 40 pg 
of silver per ml. ‘~3 No precipitation of silver was observed at the concentrations of silver 
and iodide used in this study. Silver iodide is soluble in solutions of potassium iodide 
owing to the formation of complex ions: Agi;, AgIf-, and AgIk. 

The results in Table 1 substantiate the proposed method. A 100 pg quantity of silver 
in 50 ml ofaqueous phase was treated with IO ml of various extractants. The level of silver 
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Table 1. Variation of extraction parameters for the separation of 100 erg of silver 

419 

Test Extractant 
Aqueous phase, 

10% HCI plus D’ E%t 

1 5% TOP0 in cyclohexane 
2 5% TOP0 in cyclohexane 
3 100% MIBK 
4 100% MIBK 
5 5”’ <I TOP0 in MIBK 
6 5”,, TOP0 m MIBK 

- 
45% KI, 1.5% ascorbic acid 

- 
4.5% KI, 1.5% ascorbic acid 

- 
4.5“) Kl 1.5” ascorbic acid ” . ‘0 

&8 14 
150 91 

0.3 0.6 
4.6 48 
7.7 61 

YY7 99.5 

* A smgle 60-see extraction was used to obtain the distributton coeffictent. D = [Ag]J[Ag],,. 
t Extraction = 100 Dl(D + 5)“);. 

remaining in the aqueous phase was ascertained by means of a second extraction, after 
addition of iodide. with 10 ml of 5% TOP0 in MIBK. Test 6 shows that this is valid since 
the distribution coefficient, D, for the iodide-TOPO-MIBK system is nearly 1000. The 
organic phase was analysed for silver after dilution to 100 ml. Examination of the extrac- 
tion results for tests 1, 3, and 5 shows a low D value when the extraction is performed 
from hydrochloric acid alone, regardless of the extractant. A similar distribution coefficient 
has been obtained’ 9 with TOP0 in an inert solvent, and 2-6M hydrochloric acid. A value 
of about 10 was obtained with 100’~ tri-n-butylphosphate (TBP) and 1M hydrochloric 
acid.” The extracted species’ 1 was HAgC12(TBP)3(H20)2 and when an iodide medium 
was used the AgI,- complex ion was found in the TBP phase.22 A similar species is prob- 
ably formed with TOP0 and accounts for the efficient extraction of silver. No attempt 
was made to identify the extracted species. 

Organic solvents have been widely used in atomic-absorption because they increase the 
efficiency of the process of introducing molecules into the flame.23* 24 The primary use of 
the organic solvent in this study was to separate and concentrate silver. One slight disad- 
vantage with MIBK. as a solvent for TOPO, is its slight solubility in water (270)2s and 
dilute hydrochloric acid. The analytical results are not affected by this solubility because 
a calibration curve is prepared in the same manner. This is an important step to avoid 
errors26 arising from the volume changes occurring when 10 ml of MIBK are equilibrated 
with 50 &- 5 ml of aqueous phases. 

Solvents such as 2,6_dimethyl4heptanone (DMH) or cyclohexane have solubilities in 
water of less than 0.06%. Neither solvent forms emulsions or third phases, both burn in 
the acetylene-air flame, dissolve TOPO, and efficiently extract silver and at first sight seem 
attractive alternatives to MIBK. The calibration curves shown in Fig. 1 illustrate the varia- 
tion in sensitivity as a function of the solvent and the sensitivity for silver in DMH and 
cyclohexane is seen to be less than for MIBK. Also, the burning characteristics and/or nebu- 
lization properties are not as ideal as those of MIBK. Attempts to improve the sensitivity 
by adjustment of the nebulization rate for each system were not successful. Silver is quanti- 
tatively extracted by the 5% TOPO-DMH and 30% TOTP-MIBK systems. Lower sensi- 
tivity was observed for silver with the TOTP system. 

The calibration curves given in Fig. 1 were obtained by using the appropriate solvent 
to zero the instrument. e.g., cyclohexane was aspirated as the reference solvent when the 
silver-cyclohexane solutions were being analysed. The normal working range for silver in 
aqueous media is from 0.5 to 5 pg/ml and in MIBK from 0.05 to 1 pg/ml. The curves were 
drawn on the special paper described by Green. 27 The intercepts of the calibration curves 
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0.2 0.4 0.6 0.6 I.0 I.2 I.4 I.6 I.6 2.0 

WI, pg/ml 

Fig. I. Comparison of atomic-absorption calibration curves for 109: HCI. three non-aqueous sol- 
vents containing 5% TOPO, and 300/, TOPT in MIBK. 

shown in Fig. 1 give an indication of the blank as well as background observed. The 
amount of silver found in the acids and reagents is negligible; therefore, the blank due to 
contamination by silver can normally be ignored. Attempts to eliminate the background 
by purification of the reagents failed. Similar statements could be made for the determina- 
tion of lead by the TOP0 method.g Aspiration of MIBK-TOP0 solutions equilibrated 
with aqueous solutions gave absorption values for the blank ranging from 3 to 70/d at the 
217.0 nm lead line. This effect is not as serious at the higher wavelength used for silver. 
The background for the silver 328-l nm resonance line is about lo/, absorption: a back- 
ground correction is required. When MIBK is used as a solvent for the extraction of silver 
it also extracts some water, hydrochloric acid, and inorganic salts. The presence of these 
materials in the MIBK extract produces light scatter or molecular absorption. This effect 
is more important at shorter wavelengths and is not appreciably reduced by filtration or 
drying of the organic phase. 

The TOP0 method is capable of determining silver under a wide variety of conditions. 
Minor operator-errors will not affect the accuracy. Quantitative extraction of 10 pg of 
silver was obtained when the concentration of hydrochloric acid was varied from 0.1 to 
20% v/v, the level of potassium iodide from 0.3 to 150! w/v, or the amount of ascorbic 
acid from 0.1 to 10 g. A 30 set extraction period has been recommended but complete 
extraction is obtained for any equilibration period greater than 5 sec. The effect of these 
four variables was determined with all other factors kept constant. Nitric acid remaining 
after the dissolution step causes the formation of free iodine in the TOP0 phase. and gives 
low results. Evaporation of the sample to dryness and treating the subsequent hydro- 
chloric acid solution with formic acid effectively eliminates nitric acid. 

Standard materials containing a certified level of silver in a nickel matrix are not avail- 
able. A synthetic standard was prepared with 1 g of 99.999”; pure nickel, spiked with 1 
pg of silver. Twenty synthetic standards were similarly prepared and carried through the 
proposed procedure. This set had a mean of I.002 and standard deviation +0025 ppm. 
The relative standard deviation for a 95% confidence level is 59”. The relative error of the 
average is 0~2%. These data were obtained for sets of 10 on separate days. 
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Table 2. Determination of silver in various standard alloys by the TOP0 method 

Designation Description* Ag found ppm 

INCO-CC 
INCO-CO 
INCO-CO 
INCO-CO 
NBS lllb 
NBS 126a 
NBS 348 
NBS 838 
NBS 55e 
NBS 82a 
NBS 341 
NBS 57 
NBS 87a 
NBS 168 
NBS 169 
NBS 349 
NBS 671 
NBS 672 
NBS 673 
NBS 1194 
NBS 1195 
NBS 1205 
NBS 361 
NBS 362 
NBS 363 
NBS 365 
BCS 310/l 
BCS 387 
BCS 371 
BCS 149/3 
BCS 26013 
BCS 242/l 
BCS 243/l 
BCS 312 
BCS 365 

Electronickel 
Nickel Pellets 
Nickel 123 
Nickel 270 
Ni-Mo Steel 
Ni36 Steel 
Ni26-Cr 15 Steel 
MO High Speed Tool Steel 
Ingot Iron 
Nickel-Chromium Iron 
Ductile Iron 
Refined Silicon 
Aluminum-Silicon Alloy 
Cobalt-Base Alloy 
Ni77-Cr20 Alloy 
Waspaloyt 
Nickel Oxide 
Nickel Oxide 
Nickel Oxide 
A-286 
Discaloy 247 
Alloy 713-C 
AISI-4340 Steel (4) 
AISI-94B17 Steel Modified (10) 
Cr-V Steel Modified (30) 
Electrolytic Iron (- O-02) 
NIMONIC 90t 
NIMONIC 901 Alloyt 
Commercial Nickel 
High Purity Iron 
High Purity Iron 
Ferro Tungsten 
Ferro Titanium 
Permanet Magnet Alloy 
Alcomax 11-l 

<@05 
< 005 
< 0.05 
< 0.05 

0.3 
0.7 
0.8 
0.5 
03 
0.2 
08 
0.2 
0.2 
0.9 
02 
0.2 
@6 
0.2 
01 
07 
04 
O-6 
4 

11 
31 

0.08 
<005 

0.2 
0.5 
0.05 

<@05 
21 
9 

: 

* Values in parentheses are Ag contents @pm) reported on the provisional certificate as the results by a single 
laboratory. 

t Trademarked products: Waspaloy-United Aircraft Corp.: Discaloy-Westinghouse Electric Corp.: 
NIMONIC-The International Nickel Co., Inc.; Alcomax-Aluminum Company of America. 

Results given in Table 2 show the amount of silver found in a number of typical mater- 
ials. The first four materials are various types of commercial nickel. They all contain less 
than O-05 ppm of silver and are not the source of silver found in various alloys. The normal 
low calibration point corresponds to 0.5 pg of silver and an absorbance of about 0.02 
above background. The detection of less than 05 ppm of silver is easily attained by using 
sample weights greater than 1 g. A limit of detection of 005 ppm has been obtained with 
a 10 g sample. This method was used to analyse the first four samples of nickel in Table 
2. 

The working range of the method can also be lowered by reducing the volume of the 
organic phase from 10 to 2 ml. A calibration curve is prepared using 3 ml of the TOP0 
solution, which would leave about 2 ml of organic phase after equilibration. For 01 ,ug 
of silver, the silver level would be 001 pg/ml for 10 ml of extractant or 005 pg/ml for 2 



422 KEITH E. BURKE 

Table 3. Application of the TOP0 atomic-absorption method for the determination 
of 1 pg of silver added to various materials 

Designation Description Ag found M* 

NBS 126a Ni26-Cr 15 Steel @95 
NBS 168 Cobalt-base Alloy 1.1 
NBS 169 Ni77Cr20 Alloy 1.0 
NBS 349 Waspaloyt 1.1 
BCS 310/l NIMONIC 9Ot 1.1 
BCS 387 NIMONIC 901 Alloyt 0.8 
BCS 371 Commercial Nickel 0.8 
BCS 14913 High-purity Iron 1.1 

* Corrected for silver originally present. 
t See Table 2 for identification of trademarks. 

ml. This method was used to analyse a 4 g sample of NBS 365. This sample weight gives 
a silver concentration of 0.04 pug/ml in 2 ml. The limit of detection could also be lowered 
by using scale expansion. 

A few of the iron-base materials have been analysed for silver by another technique. 
Neutron-activation analysis gave the parenthesized values listed for NBS 361-363 and the 
spark-source mass spectrograph for NBS 365.28 

In order to verify further the accuracy of the proposed method several representative 
materials were spiked with 1 pg of silver, dissolved, and carried through the procedure 
with 1 g of the alloy. The recovery of silver from nickel, iron, a steel, a cobalt alloy and 
several nickel-base alloys is shown in Table 3. A correction was made for any silver which 
may have originally been present. The results indicate that silver can be determined by 
the proposed method without interference. 

The proposed technique is not applicable to alloys which are predominantly composed 
of metals which are also extracted along with silver. Normally, it cannot be used for the 
determination of trace quantities of silver in antimony, bismuth, cadmium, copper, gold, 
mercury, the platinum metals, gallium, indium, tin, thallium, or zinc. The method has not 
been evaluated for the extraction of milligram quantities of silver, lead, etc. It is possible 
to separate trace quantities of silver in the presence of up to 50 mg of an element which 
is also extracted, e.g., copper. Additional potassium iodide must be added to dissolve cop- 
per(1) iodide. The BCS standard 180/l (67Cu-30Ni) is not certified for silver. Analysis by 
a controlled-potential method29 indicated 25 ppm and the TOP0 method showed 23 ppm 
for a O-1 g sample. 

Other ions which are likely to be obtained by dissolution of superalloys and which will 
be extracted are iron(III). chromium(W). manganese(VI1). and molybdenum(V1). There . 
are provisions in the procedure to prevent extraction of the first three of these elements 
by reduction to a lower reduction state, e.g., iron(I1) is not extracted. Molybdic oxide is 
formed in the dissolution step and does not interfere. 

The process of removing nitric and hydrofluoric acids from a sample will cause the for- 
mation of insoluble oxides for metals such as molybdenum, tungsten, tantalum, etc. The 
presence of 05-2 g of boric acid or 1 g of molybdic or tungstic oxide did not affect the 
recovery of 10 jig of silver. 

The TOP0 method can be used for group extraction and each determination completed 
by atomic absorption. There is no optical interference nor effect due to the simultaneous 
extraction of a number of trace elements. 
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Zusammenfasstmg-Silberspuren in handelstiblichem Nickel und seinen Legierungen kann man 
quantitativ aus 10% Salzsaure, die 2% Ascorbinlure und 9% Kaliumjodid enthalt, mit einer 
5 Oh-igen Liisung von Tn-n-octylphosphinoxid in 4-Methylpentan-2-on (MIBK) extrahieren. Der 
das Silber enthaltende MIBK-Extrakt wird dann direkt in eine Atomabsorptions-Flamme zer- 
stiubt. Die Empfindlichkeit der Bestimmung von Silber in MIBK ist etwa 6-ma1 so groB wie in 
tiBrigen Medien. Das vorgeschlagene Verfahren ist genau, geht schneil und hat eine Standard- 
abweichung von + 0,025 ppm im 1 ppmBereich. Die Nachweisgrenze betragt 0.02 ppm Silber. 
Die Methode 1Bt sich such auf eine Anzahl von Elementen in Legierungen mit Aluminium oder 
Eisen als Hauptbestandteil anwenden. 

RCum&-Des quantitts d’argent g l’etat de traces dans le nickel commercial et ses alliages sont 
extraites quantitativement a partir dun milieu a 10% en acide chlorhydrique contenant 2% d’acide 
ascorbique et 9:; d’iodure de potassium par une solution a 5% d’oxyde de tri-n-octylphosphine 
en 4-methyl-pentane 2-one (MIBK). L’extrait MIBK contenant l’argent est alors nebulise directe- 
ment dans une flamme d’absorption atomique. La sensibilitt pour le dosage de l’argent en MIBK 
est environ 6 fois celle pour les milieux aqueux. La technique propode est precise, rapide, et a un 
&art type de kO.025 ppm au niveau de 1 ppm. La limite de detection est de 402 ppm d’argent. 
La mithode est aussi applicable a un certain nombre d’elements dans des alliages a base d’alu- 
minium et de fer. 
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Summary-In neutral medmm. picric acid (PA) reacts with chlorpromazine (CPM) hydrochloride 
with the formation of an orange compound. sparingly soluble in water, of molar ratio 
PA : CPM = 1: 1. The compound is thermally stable up to a temperature of about 200°C. The 
m.p. (178°C) can be used for identification of picric acid as well as of chlorpromazine hydro- 
chloride. Chlorpromazine picrate is extracted quantttatively with benzene, and the extract can 
be used for calorimetric determinatton of chlorpromazine hydrochloride. Beer’s law is obeyed in 
the CPM concentration range 10-60 pg/ml. 

As pointed out in our earlier work, ’ 4 phenothiazine derivatives, which occur in aqueous 
solution as large organic cations, react with anionic complexes of a number of metals 
with the formation of compounds, sparingly soluble in water, of general formula 
(PDH),[MeX,]. where: X = Cl, Br, I, SCN; m = 1-3; n = 4-6;Me = metal;PD = pheno- 
thiazine derivative. 

We have also found that phenothiazine derivatives react with some organic com- 
pounds (e.g., picric and picrolonic acids, trinitrobenzene) to form coloured highly 
crystalline compounds. In the present work the preparation, structure and properties of 
chlorpromazine picrate, and its application to extractive calorimetric determination of 
chlorpromazine hydrochloride are described. Chlorpromazine hydrochloride-a typical 
representative of phenothiazine compounds-has found wide application in medicine. It 
exhibits relatively low toxicity, high physiological activity and many-sided pharmacological 
action. Owing to these properties it is often the subject of extensive pharmacological 
studies. 

In the first ten years after the discovery of its therapeutic properties more than 10,000 
papers were devoted to this compound. 

EXPERIMENTAL 

Reagents 

Chlorpromazme hydro&loride [Z-chloro-l&(3-dimethyhminopropyl) phenothiazine hydrochloride], OOZM and 
0~02”. aqueous sohrt~ons. Standardtzed gravimetrically by means of silicotungstic acid.s 

Picric acid (PA), 0.02 M and Cl”, aqueous solutions. 

Preparation and composition of c/t/orpromazine picrate 

Chlorpromazme ptcrate was precipitated by mixing 002M picric acid and chlorpromazine hydrochloride 
in the ratio 1 : 1. The precrprtate was washed with water. dried at room temperature and crystallized from 
methanol. Large orange crystals. consisting of spheroid aggregates of elongated plates, were obtained. 

425 
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The composition of the compound was established by means of the method of continuous vartations and 
spectrophotometric titration. Suitable volumes of PA and CPM solutions were transferred to 50 ml 
separatory-funnels, and shaken with benzene. The yellow extracts were transferred to 10 ml flasks and diluted 
to volume with benzene and the absorbances measured at 405 nm (i.e., at the absorption maximum). The 
graph of absorbance vs. mole fraction of PA gave a maximum corresponding to a 1 : I molar ratio. and 
this was confirmed by spectrophotometric titration. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectrum of chlorpromazine picrate (Fig. 1, curve 3) is similar to that 
of picric acid (curve 2), all three bands characteristic of picric acid being preserved 

I c--e_ 

m a m SW m 41 Iiw 

Fig. 1. Absorption spectra of chloroform solutions: f-chlorpromazine hydrochloride. C = 10 
&ni; 2-picric acid, (U.V.) C = 30 &ml, (VIS) C = 500 &ml; 3-chlorpromazine picrate. 

(U.V.) C = 30 &ml, (VIS) C = 80 &ml; 1 cm cells. 

but intensity of band I is slightly increased, since the spectra of the reagents (PA and 
CPM) overlap. From the viewpoint of mechanism of complex formation it is interesting to 
note: (a) a slight shift (~7 nm) towards longer wavelength of band II in the spectrum 
of the compound as compared to the PA spectrum; (b) an increase in the intensity of 
band III, (c) appearance of a new band IV. The slight shift of band II can be explained 
by an increase in the electron-donor properties of the oxygen atom of the hydroxyl 
group of picric acid. This can only take place if this group acts as a proton donor in 
the formation of a hydrogen bond. The increase in the intensity of band III and 
appearance of the new band IV can be assigned to intermolecular charge-transfer. An 
electron in a non-bonding orbital of the amino-nitrogen atom of chlorpromazine passes 
to free orbitals of the nitro groups of picric acid.6q7 

The characteristic bands and corresponding electronic transitions, as well as &,,,X and 
the molar absorptivity, are given in Table 1. 

Infrared spectra 

Infrared examination (KBr discs) in the region 650-5000 cm-’ was performed with 
the aid of a Unicam SP 200 spectrophotometer (Fig. 2). The spectrum of CPM picrate 
in the region 650-1700 cm-’ is essentially the sum of the spectra of the reagents, with 
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Table 1. i.,,, and log E of chloroform solutions of picric acid and its compound with 
chlorpromazine 

Plcric acid Chlorpromazine plcrate 

&l.W log Q* i.,,, log E* Band Electron transitlon 

249 
338 
375 

3.75 
3.65 
2.78 
- 

256 
345 
374 
405 

4.42 
4.20 
4.08 
3.99 

I 
II 
III 
IV 

*Umtsof~are I.mole-‘.cm-’ 

that of PA predominating, there being only an insignificant shift ( - 15 cm- ‘) and decrease 
in intensity of ~~~,~o~, and I:,,.,~,, bands in the PA spectrum at 1540 and 1350 cm- ‘. 
The significant differences in the spectra occur in the region 2300-3700 cm- ‘. The wide 
band in the region 2300-2600 cm- ’ in the CPM spectrum, characteristic’ of the 
hydrogen atom in the ion-pair R3HN+ - Cl- is shifted to higher frequencies in the 
chlorpromazine picrate spectrum, its intensity decreasing. The intensity of the complex 
band resulting from the overlap of I’(=~~) and vtSHk which occurs at 3150 cm-’ in the 
PA spectrum, is decreased. A new band with a maximum at about 3500 cm-’ appears, 
characteristic of intermolecular hydrogen bonding. 

Fig. 2. Infrared absorption spectra: a-chlorpromazme hydrochloride, b-picric acid, c-chlor- 
promazine picrate. 
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On the basis of these spectroscopic results it can be concluded that the OH group 
of PA and the aliphatic amino-nitrogen of chlorpromazine are responsible for the 
formation of chlorpromazine picrate: 

NO2 O-_H . . . S 

The complex results from the strongly polar hydrogen bonding and the effect of charge 
transfer to the nitro-group a-orbitals. 

This interpretation of the spectra is in fair agreement with the results of examination 
of picric acid complexes with other aliphatic and aromatic amines.g l2 

Derivatograph studies 

A Paulik, Paulik and Erdey “Derivatograph” was used. Chlorpromazine picrate is 
thermally stable up to 200°C (Fig. 3). The insignificant weight loss indicated on the TG 

Sample 02018 g, 

rfme WJ 
Fig. 3. Derivatograph curves of chlorpromazine picrate. 
air-atmosphere in furnace, comparison sample A120,, heated 
3”/min; relative sensitivity, l/2 for DTA, l/5 for DTG. 

at 300” at 
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curve up to 200-C ( - 1.291,) is due to the loss of traces of moisture adsorbed on the 
surface. 

The DTA curve of chlorpromazine picrate shows two thermal effects: an endothermic 
effect with transition maximum at 178C, and an exothermic one with a maximum at 253°C. 
The endo-effect is characteristic of melting of the chlorpromazine picrate crystals, while 
the exo-effect is due to chemical decomposition of the compound and accompanied 
by a weight loss of about 45”/d, as indicated by the TG curve. The minimum at a 
temperature of 253’C indicates violent decomposition of the compound. which is accom- 
panied by evolution of gaseous products. Qualitative analysis of these products showed 
the presence of carbon and nitrogen oxides and water vapour. 

Solubilit!, in water and organic solvents 

The solubility of chlorpromazine in water, determined spectrophotometrically,13 is low 
and amounts to 8.2 x lo-’ M. On the other hand the solubility in organic compoundsr4 
is relatively high, e.g., acetone 0@3M, chloroform 0*043M, benzene 0*019M, ethyl acetate 
O.O17M, methanol 0*0036M. 

Extraction constant 

The extraction constant of chlorpromazine picrate was determined spectrophoto- 
metrically by the modified method of isomolar series.’ 5.1 6 The following formula was used : 

KE = [(m + n)/k](m+n- 1%7-mn-nq.maX(l - ~max)-otl+n) (1) 

where K, = extraction constant, m, n = stoichiometric coefficients of the reaction, k = 
total concentration of reagents (CPA + C,,), ymax = a magnitude determined experi- 
mentally from absorbance measurements. This magnitude can be found from a plot of 
the function _I’ = A ,A,, max = f(x), where A is the measured absorbance of the solution, 

and A0 max is the absorbance corresponding to PA completely combined in the complex. 
The latter is determined separately by absorbance measurements on solutions containing 
a large excess of chlorpromazine: 

x = CPA/(CPA + CCPM)- 

The mean value of log Kk was 5.02 i 0.05, indicating good extraction with benzene. 

Extractire calorimetric determination of chlorpromazine hydrochloride 

The extraction of chlorpromazine picrate into benzene has been used for the calorimetric 
determination. 

PIYJW&XJ. Place the chlorpromazme hydrochloride solution (1-4 up to 150 pg/ml) in a 50-ml separatory 
funnel Add 2 ml of 0.1 “,, PA solution and dilute to 10 ml wtth water. Extract with two successive oortions 
(>5 ml each) of benzene. transferring the extracts to a 10 ml volumetric flask and diluting to the mark 
with benzene Measure the absorbance at 405 nm. in 10 mm cells. using benzene as reference. 

Beer’s law is obeyed over the CPM concentration range from 10 to 60 pg/ml m the benzene extract. 
The error does not exceed i 2.0”,,. The time for a determination is about 20 min. The method has been 
apphed successfully to the determination of chlorpromazine hydrochloride m “Fenactil” tablets. 
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Zusamananfaasrmg-In neutralem Medium reagiert Pikrinsiiure (PA) mit Chlorpromazin-(CPM-) 
hydrochlorid zu einer nur wenig wasserbslichen orangefarbigen Verbindung mit dem Molverhllt- 
nis PA:CPM = 1: 1. Die Verbindung ist bis etwa 200°C thermisch stabil. Ihr Schmelzpunkt 
(178°C) kann zur Identifizierung von Pikrinlure und von Chlorpromazin-hydrochlorid dienen. 
Chlorpromazin-pikrat liiBt sich quantitativ mit Benz01 extrahieren; der Extrakt kann zur 
colorimetrischen Bestimmung von Chlorpromazin-hydrochlorid verwendet werden. Das Beersche 
Gesetz gilt fir 10-60 pg CPM pro ml. 

Resume-En milieu neutre. I’acide picrique (PA) reagit avec le chlorhydrate de chlorpromazine 
(CPM) avec formation d’un compose orange. faiblement soluble dans l’eau, de rapport molaire 
PA:CPM = 1: 1. Le compose est thermiquemcnt stable jusqu’a une temptrature d’environ 200°C. 
Le point de fusion (178°C) peut Btre utiIis6 pour l’identification aussi bien de I’acide picrique que 
du chlorhydrate de chlorpromazine. Le picram de chlorpromazine est extrait quantitativement 
par le benzene, et l’extrait peut btre utilisi pour le dosage colorimetrique du chlorhydrate de 
chlorpromazine. La loi de Beer est suivie dans le domaine de concentration 10-60 yg/ml 
en CPM. 
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Zusammenfassung-Mlt photometrtschen Methoden wurde die Komplexbildung von Zinn(IV) 
mit einfachen ortho-Dtphenolen und ortho-Hydroxychmonen untersucht. Es konnte nachgewiesen 
werden. daR emfache ortho-Hydroxychinone nicht mit Zinn(IV) reagieren. Chloranilsiiure bildet 
SnR2-Komplexe. ortho-Diphenole reagieren zu SnRa-Komplexen. Im Hmblick auf eine analytische 
Bestimmung von Zmn wurde die Komplexbildung mit Hydroxyxanthenfarbstoffen untersucht. 
Die pH-Bestiindigkeit. die Lichtabsorptionseigenschaften. die Loslichkeiten, die Zusammensetzung 
der Komplexe sowte deren Komplexkonstanten wurden ermittelt. Analysenverfahren zur 
Bestimmung von Zmn wurden entwickelt und hinsichthch PrCzision, Empfindlichkeit sowie 
Einfiu(\ von Stbrungen uberpriift. Als Reagenzien konnen Gallein und Oxyhydrochinonphthalein 
empfohlen werden. 

Fur die photometrische Zinnbestimmung wurden in den letzten Jahren zahlreiche 
Reagenzien vorgeschlagen. GriiBere Bedeutung haben davon Quercetin,2 Hamatoxylin3 
bzw. Hlimatein4 Brenzcatechinviolett,’ Phenylfluoron6 und dessen Derivate7.8 sowie 
Gallein’ erlangt. Alle genannten Reagenzien enthalten orthostiindige Sauerstoffdonator- 
gruppen im Molekiil. Es ist aber noch weitgehend unbekannt, ob die ortho- 
Hydroxychinongruppierung oder die ortho-Diphenolgruppierung als analytisch funktio- 
nelle Gruppe fi.ir Zinn wirksam wird. Zur Klarung dieses Problems wurden zunlchst 
Reaktionen des Zinns mit einfachen Verbindungen, die diese funktionellen Gruppen im 
Molekiil enthalten, untersucht. Im Hinblick auf eine analytische Anwendung sind aber 
bei den Verbindungen mit einem umfangreichen Kohlenstoffgeriist bessere Ergebnisse zu 
erwarten. Es wurden deshalb durch systematische Untersuchungen Struktur, L,Cslichkeit, 
Stabilitlit und optisches Verhalten der Zinnkomplexe von Hydroxyxanthenfarbstoffen 
aufgekliirt. 

EXPERIMENTELLER TEIL 

Die photometrischen Messungen wurden mit den Spektralphotometern VSU 1 (VEB Carl Zeiss Jena) und 
DK 2 A (Beckman) ausgefiihrt 

Die Zinnlhsungen wurden aus Ammomumhexachlorostannat(IV) hergestellt. Zur Verhinderung von Hydro- 
lysereaktionen enthalten alle Zinnliisungen einen zehnfachen molaren UberschuD an Weinlure. Die Ionenstarken 
der Losungen wurden mit Natriumperchlorat auf ca. 0,lM und die pH-Werte mit verdiinnter Perchlomaure, 
Essigsaure bzw. Natrmmhydroxidliisung eingestellt. 

*Gilt als Mitteilung Nr. 258 aus der Akademie der Wissenschaften der DDR, Forschungsmstitut fir 
Aufberettung. Freiberg.’ 
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Than (VEB Berlin Chemie), Chloranilsaure (Chemapol, Prag), Phenyltluoron (Merck. Darmstadt) und 
Pyrogallolrot (VEB Berlin Chemie) sind handelsitbliche Reagenzien. Brenzcatechin wurde in frisch sublimiertem 
Zustand verwendet. Synthetisiert wurden Tribromhydroxy-p-chinon.” 2-Hydroxynaphthochinon” sowie die 
Hydroxyxanthenverbindungen durch Kondensation eines Phenylmethanderivates mit der doppehen Molzahl 
eines Phenols unter Ausschlug von Luftsauerstoff. I2 Die Dibromderivate wurden durch Bromierung der 
Hydroxyxanthenverbindungen in Eisessig als Liisungsmittel hergestellt. Die einheitliche Zusammensetzung der 
Reagenzien wurde durch Papierchromatographie unter Verwendung von Flief3mitteln aus Wasser n- 
ButanoliEisessig nachgewiesen. 

Komplexbildung mit einfachen ortho-Hydroxychinonen und ortho-Diphenolen 

Brenzcatechin und Tiron als ortho-bzw. peri-Diphenole sowie Tribromhydroxychinon. 
Chloranilsaure und 2-Hydroxynaphthochinon als ortho- Hydroxychinonverbindungen 
wurden fiir die Untersuchungen zur Feststellung der analytisch funktionellen Gruppe 
fur Zinn herangezogen. In Vorversuchen wurde festgestellt, darj die anwesende Weindure 
keinen EinfluB auf das Komplexbildungsgleichgewicht hat, da die Bedingungen nach 
Cheng ’ 3 

(PM,)~/PM~ ’ 7 

erfullt wird (PM, = Metallionenexponent bei Reaktion mit Hauptkomplexbildner und 
pM2 = Metallionenexponent bei Reaktion mit Hilfskomplexbildner). 

Fur die Komplexbildung sind die Aciditiiten der Donatorgruppen von grol3er 
Bedeutung. Es wurden deshalb die Dissoziationskonstanten der Verbindungen iiberpriift. 
Da sich die Dissoziationsprodukte der Reagenzien in ihren Lichtabsorptionseigenschaften 
unterscheiden, kiinnen die pK-Werte aus den Extinktions-pH-Kurven (i = const.) 
abgeleitet werden. Die erhaltenen Ergebnisse stimmen gut mit den in der Literatur 
angegebenen Werten iiberein.14 I8 

Zur Ermittlung der Reaktionsfahigkeit der einzelnen Verbindungen wurde untersuchf 
ob in Abhiingigkeit vom pH-Wert der Liisungen eine Veriinderung der Lichtabsorption 
eintritt, wenn zu deren Liisungen Zinn(IV) hinzugefiigt wird. Bei Tribromhydroxychinon 
und 2-Hydroxynaphthochinon konnte such bei unterschiedlichen Verhaltnissen der 
Reaktionspartner in der Liisung keine Veriinderung der Lichtabsorption nachgewiesen 
werden. 

Mit Brenzcatechin, Tiron und Chloraniltiiure erfolgt eine deutlich Reaktion. Das 
pH-Gebiet maximaler Komplexbildung liegt hir Brenzcatechin bei pH = 6,5-7,0, fiir 
Tiron bei pH = 5,0-5,5 und fiir Chloraniliiure bei pH = l,O-13. Die Absorptionsmaxima 
der Komplexe liegen bei 285 nm fir Brenzcatechin. 304 nm fiir Tiron sowie 340 und 
540 nm fiir Chloranildure. Auch mit versciedenen Verhaltnissen von Zinn zu Reagens 
blieb das Absorptionsmaximum der Komplexe konstant. Dies deutet darauf hin. dab in 
den Systemen nur ein Komplex gebildet wird. Die Zusammensetzung der Komplexe 
wurde mit der Job-Methode” ermittelt. Chloranilsaure bildet einen Komplex der 
Zusammensetzung von Reagens zu Zinn wie 2: 1 und Brenzcatechin sowie Tiron 
reagieren zu Komplexen mit einem Verhiiltnis von 3 : 1. 

Bemerkenswert ist es, dal3 von den ortho- Hydroxychinonen nur Chloranilsiure 
Zinnkomplexe bildet. Eine Erklirung fur diese Erscheinung liefern die mesomeren 
Grenzstrukturen dieser Verbindungen. Bei den ortho-Hydrohydroxychinonen erfolgt 
Mesomerie zwischen ortho- und para-Chinonstruktur. Bei den Verbindungen mit nur 
einer ortho-Hydroxychinongruppe im Molekill werden hierdurch Elektronen von den 
Sauerstoffatomen abgezogen, und es ist somit keine funktionelle Gruppe zur Komplex- 
bildung mit Zinn mehr vorhanden. Bei der Untersuchung der Komplexbildung van 
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Germanium mit ortho-Hydroxynaphthochinon konnte ebenfalls keine Reaktion nach- 
gewiesen werden. ” Die Chloranils&.tre enthalt zwei ortho-Hydroxychinongruppen mit 
unterschiedlichen Eigenschaften (pK1 = 0.73: pK2 = 3,08). Durch die Ausbildung der 
ortho-Chinonstruktur nach Dissoziation der einem Hydroxylgruppe wird an der anderen 
ortho-Sauerstoffgruppe ein &stand gihnlich dem in den ortho-Diphenolen erreicht. 
Hierdurch wird eine Komplexbildung mit Zinn moglich. 

Komplexbildung mit Hydrox~~santhe~farbstc$2w 

Aus der Reihe der polycyclischen Verbindungen, die ortho-Hydroxychinongrup- 
pierungen enthalten und die sich sowohl in der Stellung der Sauerstoffdonatorgruppen 
als such weiterer Substituenten unterscheiden, wurden folgende Verbindungen auf ihre 
Eigenschaften als Zinn-Reagenzien gepriift : 

Xonthrn 

Phenylfluoren (PF) [2,6,7-Trihydroxy-3-oxo-9-phenylxanthen]. 
Bromphenylfluoron (BrPF) [4,5-Dibrom-2,6,7-trihydroxy-3-oxo-9-phenylxanthen]. 
Oxyhydrochinonphthalein (OP) [2,6,7-Trihydroxy-3-oxo-9-(phenyl-o-carbondiure)- 
xanthen]. 
Bromoxyhydrochinonphthalein (BrOP) [4,5-Dibrom-2,6,7-trihydroxy-3-oxo-9-(phenyl- 
o-carboniiure)xanthen]. 
Gallein (G) [4,5,6-Trihydroxy-3-oxo-9-(phenyl-o-carbonsiiure)xanthen]. 
Bromgallein (BrG) (3,7-Dibrom-4.5.6-trihydroxy-3-oxo-9-(phenyl-o-carbons~ure)- 
xanthen]. 
Pyrogallolrot (PR) [4,5,6-Trihydroxy-3-oxo-9-(phenyl-o-sulfons~ure)xanthen]. 
Brompyrogallolrot (BrPR) [2.7-Dibrom-4.5,6-trihydroxy-3-oxo-9-(phenyl-o-sulfons~ure)- 
xanthen]. 

Die Absorptionswellenliingen und die Absorptionsintensitiiten der geliisten Ver- 
bindungen veriindern sich in Abhiingigkeit vom pH-Wert der Liisungen. Aus der 
pH-Abhlingigkeit der Extinktion (I& = const.) wurden die pK-Werte der Siiuredissoziation 
ermittelt. Tabelle 1 enthiilt die fiir die Komplexbildung in neutraler und saurer Liisung 
wichtigen pK-Werte der ersten beiden Dissoziationsstufen. 

Tabelle 1. pK-Werte der Sauredissoziation von Hydroxyxan- 
thenverbmdungen (pK,-Dissoziation der protonisierten Ver- 

bmdung. pK,-Dlssoziation der ersten Hydroxylgruppe) 

PKO PKI 

PF 2.2 
PFLo 2.21 
BrPF 1.0 
OP 2.5 
BrOP 1.1 
c 1.8 
BrG 1.1 
PR 2.6 
BrPR 0.9 

6.4 
6.31 
4.4 
6.0 
4.2 
6.3 
5.3 
6.1 
5.2 
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Gegeniiber den einfachen Phenolen sind die pK-Werte fur die Dissoziation der ersten 
phenol&hen Hydroxylgruppe erniedrigt. Die Ursache dafiir liegt in der elektronenan- 
ziehenden Wirkung des Ringsystems. Da ~romsubstitution diesen Effekt verstiirkt, sind 
die Biurekonstanten der Bromderivate such urn ein bis zwei GrilBenordnungen griiBer 

als die der unsubstituierten Verbindungen. Substitution am Benzolring hat nahezu 
keinen Einflufl auf die pK-Werte der sauren Gruppen am Xanthengeriist. 

Wird zu Liisungen der betrachteten Verbindungen ZinnfIV) hinzuge~gt, dann wird 
insbesondere in schwach saurer Liisung eine Veriinderung der Farbe beobachtet. Die 
Absorptionsmaxima sind auBerdem noch vom VerhPltnis Zinn(IV) zu Reagens in den 
Losungen abhiingig, wobei sowohl groBe Zinniiberschiisse als such Reagensiiberschiisse 
zu konstanten Wellenkingen der Absorptionsmaxima fiihren. Die Absorptionsmaxima 
der Komplexe, die bei Reagens~~r~huB gebildet werden, sind in Tabelle 2 aufgef~hrt. 
Diese Tabelle enthiilt such die pH-Werte maximaler Bestiindigkeit der Komplexe. 
Gemessen wurde hierbei gegen Reagenslijsungen gleicher Konzentration und gleichen 
pH-Wertes, da die Absorptionsspektren der Reagenzien vom pH-Wert abhlingig sind. 

Die Komplexkonstanten wurden unter der Annahme des Gleichgewichtes: 

AB,=A + nB 

berechnet. Die Konstante K stellt in diesem Falle die globale scheinbare Dissoziations- 
konstante, die fiir konstanten pH-Wert und konstante Ionenstiirke gilt, dar. Fiir den 
Glei~hgewi~ht~s~nd gilt : 

a, b = Ausgangskonzentration der Komponenten A bzw. B; rn> = Extinktionsmodul* 
der L&sung des Komplexes, gemessen gegen Reagensliisung gleicher Konzentration und 
gleichen pH-Wertes. 

Die Berechnung des Extinktionskoeffizienten der Komplexverbindung E&& ist aus dem 
waagerechten Teil der Kurve ml =f(b) miiglich, da hier vollstiindige Komplexbildung 
angenommen werden kann. Hierfiir gilt: 

4, 
4.W” = - 

a 

Die Ermittlung der Zusammensetzung der Komplexe und damit von n ist z.B. mit 
dem Verfahren von Joblg miiglich. Die Werte fiir II und E&, sind dann richtig, wenn 
fiir verschiedene Wertepaare a, b und m,_ mit Gleichung (I) konstante Werte fiir K 
erhalten werden. 

Aus Job-Kurven mit liquimolaren Liisungen wurden bei einer Zusammensetzung von 
a : b = 1 : 2 fiir alle untersuchten Systeme Maxima der Extinktion gefunden. Die Messung 
erfolgte im Absorptionsmaximum der bei Reagensiiberschuh gebildeten Komplexe. Die 
bei Zinn~bers~hu~~ gebildeten Komplexe zeigen nur eine geringfigige Verschiebung in 
Richtung der Zusammensetzung 1 : 1. Dies deutet auf eine weitaus griibere Bestiindigkeit 
der SnR,-Komplexe hin. 

* Die auf eine Kiivetten-Schichtdicke von 1 cm bezogene Extinktion. 
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In Tabelle 2 sind die Extinktionskoeffizienten der Komplexe, die pK-Werte der 
Komplexkonstanten sowie zum Vergleich die Extinktionskoeffizienten der Reagenzien 
angefiihrt. 

Tabelle 2. Komplexkonstanten 

i ‘nl.XI 

nm PH,, 
EiAH* 
lo3 I. mol- * . ~2’~ log pKs 

Ei 4”) 

(extrah.) 
IO3 1. mu/-’ .cm-’ 

PF 510 25 49 830 10.95 96 
BrPF 515 

2: 
32 670 lo,83 72 

OP 510 58 45 10.70 108 
BrOP 515 

;: 
35 4s 1461 76 

G 495 29 3.0 11,07 42 
BrG 498 2; 24 5.0 lo,89 41 
PR 483 16 11.16 - 
BrPR 493 1.7 12 11.12 -- 

Wellenlimgen der Absorptionsmaxima der Komplexe = (1,,,), pH-Werte maximaler Komplexbildung = 
(pH,J, Extinktionskoeffizienten der Komplexe = (~;~a~ ) und der Reagenzien = (sin), pK-Werte der Komplex- 
konstanten. ~>.,a~ in Cyclohexanon. 

Die hiichsten Werte der Extinktionskoeffizienten erreichen die Zinnkomplexe des 
Phenylfluorons und des Oxyhydrochinonphthaleins. Bemerkenswert ist hierbei der 
vergleichweise niedrige Extinktionskoeffizient der entsprechenden Dibromderivate. 

Obwohl sicherlich die Art und die Stellung der Substituenten maggebend sein wird, 
kann bis jetzt noch keine befriedigende theoretische Erkkirung fiir diese Unterschiede 
gegeben werden. 

Der Vergleich der pK-Werte der einzelnen Komplexe zeigt, da13 nur geringe Stabilitiits- 
unterschiede bestehen. In der Regel sind die Komplexe der Bromderivate etwa instabiler 
als die der vergleichbaren unsubstituierten Verbindungen. Substitution am Benzolring 
hat, wie erwartet, keinen Einflub auf die Stabilitiit der Komplexe. 

Loslichkeit der Komplexe und Extraktion 

Die Komplexe von Phenylfluoron und Bromphenylfluoron sind in Wasser schwer 
liislich. Dies macht sich dadurch bemerkbar, dab die Extinktionen der Liisungen nach 
cu. 30 min abnehmen und Niederschliige auftreten. Bei den Komplexen von Oxyhydro- 
chinonphthalein, Gallein und deren Bromderivaten sind iihnliche Erscheinungen, allerdings 
erst nach etwa einem Tag, zu beobachten. Die Komplexe von Pyrogallolrot und 
Brompyrogallolrot sind bei den untersuchten Konzentrationen von < 10e4A4 in Wasser 
1iJslich. 

. Die Schwerli4ichkeit der Komplexe beeintrrichtigt die photometrischen Messungen 
erheblich. Durch Schutzkolloide kiinnen die AusEillungen verhindert werden, allerdings 
wird hierbei die Komplexbildung in starkem Mane zeitlich vertiigert. Geeigneter ist die 
Extraktion der Komplexe, die auberdem eine Abtrennung von Stiirelementen, eine 
Anreicherung sowie unter Umstanden eine Entfernung von iiberschiissigem Reagens 
ermiiglicht. 

Eine gute Extraktion eines Teils der untersuchten Zinnkomplexe ist mit Ketonen, 
Alkoholen und Phosphortiiureestern moglich. Komplexe mit Liganden, die stark 
hydrophile Sulfogruppen enthalten. werden nur teilweise extrahiert. Die Art des Liisungs- 
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mitteis hat nur geringen Einflub auf die Lage der Absorptionsmaxima der Komplexe. 
Die Absorptionsintensifiten sind dagegen unterschiedlich, wobei zu bemerken ist, dab 
die Extinktionskoeffizienten meist grinder als in wiigriger Liisung sind. Die Ursache 
fur diese Erscheinung liegt darin, da0 in den organischen Lijsungsmitteln eine echte 
Liisung der Komplexe und in wiiljriger Liisung je nach Vorhandensein von hydrophilen 
Gruppen eine echte bis kolloidale Liisung der Komplexe erfolgt. Als giinstigstes 
Extraktionsmittel erwies sich Cyclohexanon. Die in diesem Liisungsmittel erreichten 
Extinktionskoeffizienten sind ebenfalls in Tabelle 2 angefiihrt. 

Photometrische Bestimmwng von Zinn in reiner Losung 

Gallein und Oxyhydrochinonphthalein wurden als fiir eine photometrische Zinn- 
bestimmung geeignete Reagenzien ausgewiihlt. Wegen der unterschiedlichen Extinktions- 
koehizienten der Komplexe ergeben sich zwei Anwendungsbereiche. Mit Gallein kiinnen 
Zinngehalte bis maximal 30 pg in 20 ml Liisung und mit Oxyhydrochinonphthalein bis 
maximal 6 pg in 20 ml Liisung bestimmt werden. Das Grundverfahren ist fiii beide 
Reagenzien gleich. 

Arbeitsvorschrift 
Zinneicklosung. Ammoniumhexachlorostannat(IV) wird in einer Ltisung von Weiniiure aufgeliist. Es wird 

ein zehnfacher molarer tiberschug an Weinsiiure als Hilfskomplexbildner verwendet. 
P~rfirlosurr~g. Chloressigiiure (05.M) wird mit Natronlauge auf pH = I.5 eingestellt. 
Rrugrnsliisung. Gallein (100 mg) bzw. 20 mg Oxyhydrochinonphthalein werden in 100 ml Athanol geliist. 
Dte Eichung des Verfahrens erfolgt mit Aliquoten der Zinneichliisung, die im 50 ml Scheidetrichter gegen 

Phenolphthalein neutralisiert werden und danach mit 5 ml Chloracetatpufferliisung auf einen pH-Wert von 
l,8-1.9 gebracht werden. Nach Zugabe von 1 ml Reagensliisung und Ergiinzung mit Wasser auf 25 ml wird 
nach einer Reaktionszeit von 30 min mit genau 10 ml Cyclohexanon 30 set extrahiert. Wasserspuren werden 
durch Zentrifugieren aus dem Extrakt entfernt. Die Extinktionen der Liisungen werden bei i = 496 nm fiir 
Gallein bzw. A: = 510 nm Rir Oxyhydrochinonphthalein in Kiivetten von I cm Schichtdicke gemessen. Als 
Vergleichsliisung dient Cyclohexanon. 

Durch Regressionsanalyse der erhaltenen Megwerte2 ’ wurden folgende Eichfunktionen 
erhalten : 

E = (0,167 4 0,025) + (0,0366 + 0,0014)cs,, pg- ’ 

fiir Gallein als Reagens, und 

E = (0,392 * 0,010) + (OJO49 * 0,0027)c,,, ,ug- ’ 

fiir Oxyhydrochinonphthalein als Reagens : c,,, ist die Menge (in pg) des Zinns im 
Aliquot. 

Die Nachweisgrenzen liegen bei den angegebenen Verfahren bei 1.55 pg fur die 
Galleinmethode und 0.212 pg fiir die Oxyhydrochinonphthaleinmethode. 

Storungen 

Stiirungen der Zinnbestimmung sind durch Komplexbildungsreaktionen anderer 
Liisungsbestandteile, Zerstiirung der Reagenzien durch z.B. starke Oxydationsmittel und 
durch Zinnadsorption an in der wiibrigen Liisung gebildeten Niederschliigen zu erwarten. 
Unter Anwendung des Grundverfahrens wurde iiberpriift, welchen Einflub bestimmte 
Liisungsbestandteile auf die Bestimmung von 10 pg Zinn mit Gallein bzw. von 25 pg 
Zinn mit Oxyhydrochinonphthalein haben. Dabei wurde festgestellt. dab starke 
Oxydationsmittel, z.B. Peroxide, Fe(III), Mn(VII), V(V), Cr(V1). Ce(IV) storen. und es 
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wurde deshalb in allen weiteren Versuchen Ascorbiniiure (25 mg) als Reduktionsmittel 
hi~uge~gt. 

Die Zinnbestimmung wird nicht gestiirt durch: Alkalien, Erdalkalien, Pb, Zn, Cd, Ni, 
Fe im Uberschun von 1000 : 1: B, Al, Tl, Si, As, Sb(V), Bi, La, Ce, Ti, Zr, V, Cr, MO, 
W, Mn, Co, Cu, Hg im Uberschul3 von 100 : 1; Sb(III), Se, Te, Th, Ag im Uberschufi 
von 10 : 1. Stiirungen durch Germanium sind nicht zu beseitigen. In Tabelle 3 sind die 
wesentlichen Stiirungen zusammengefal~t. 

Tabelle 3. Einflug von Liisungsbestandteilen auf die Bestimmung von 10 ~8 Zinn 
bet Verwendung van Gallein und von 2.5 ~8 Zinn bei Verwendung von Oxyhydro- 

chinonphthaiein 

L~~sungsbestandteile 
und Bemerkungen 

&I,) 

Se 

&J) 
VW) ohne 
Cr(V1) 1 Ascorbin- 
~n(V~l) iture 

Ce(IV) F- 
F- und Zr(IV) 
ZrOW,PO& 

Kreseldture 
PbSO, 
BaSO, 
AgCl 

Verhaltms des 
Liisungsbestand- 

teils zu Zinn 

1: 1 
1OO:l 
100:f 
1OO:l 

10: 1 

loo:1 
loo: 1 
loo:1 

1ooo:l 
foo:l 
1OO:l 
loo: I 

gefundene Zinnmenge. 
M 

Gallein OP 

11.1 L8 
l&O 
9.0 

11,O 
; 

7s 
;i 

2: 
3.5 $: 

8.5 7.9 2: 
10,o - 
570 - 

931 
9s $ 
9,7 
83 

Die vorgeschlagenen Zinnbestimmungsverfahren wurden bei der AnaIyse von Erzen 
und Aufbereitungsprodukten erprobt. Diese Materialien haben meist eine komplizierte 
Zusammensetzung. Der sehr schwer liisliche Zinnstein wird durch den AufschluB mit 
Natriumperoxid in Lijsunggebracht. Nach Beendigung des Aufschlusses wird die Schmelze 
mit Wasser aufgenommen und zur Zerstiirung von Peroxiden aufgekocht. Die Suspension 
der Oxide und Hydroxide wird mit Siiure behandelt. Da hierbei insbesondere beim 
Uberschreiten des neutralen pH-Gebietes Zinnoxidhydrate ausfallen kiinnen, wird vor dem 
Ansiiuern Weinsiiure als Hilfskomplexbildner hinzugefiigt. Es empfiehlt sich ebenfalls, 
die zur Zerstiirung der Oxydatjonsmittel notwendige Ascorbinsiiure bereits zuzusetzen. 
Die Aufschlu~~l~;sung wird hierdurch sehr vie1 schneller kfar. Die Menge an Maskierungs- 
reagens und Siiure mu13 so bemessen sein, dafi nach dem Aufftillen im MeBkolben 
Konzentrationen von 5 g’l an Weintiiure. 2,5 g/l an Ascorbinsaure und 0,5N an H+ 
eingestellt werden. Als Sfiure sind Salzsiiure und Schwefeldiure geeignet. 

Von der auf diese Weise vorbereiteten Aufschlu~l~jsung wet-den Ahquote je nach 
dem Zinngeltalt fiir die photometrische Bestimmung abgenommen. In Analogie zum 
bereits beschriebenen Grundverfahren erfolgt die Neutralisation, die Zugabe der 
Pufferliisung und der Reagensliisung sowie die Extraktion mit Cyclohexanon. Nach der 
Entfernung von Wasser aus dem Extrakt wird die Extinktion bei 495 nm bei Gallein 
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bzw. 510 nm bei Oxyhydrochinonphthalein gemessen. Die Schichtdichte der Kiivetten 
richtet sich nach der Zinnkonzentration, die bestimmt werden ~011. Der als Verunreinigung 
in den verwendeten Reagenzien vorhandene Zinngehalt wird durch eine Vergleichsanalyse 
ohne Einsatz von Zinnerz erfal3t. 

Mit dem Verfahren wurde der Zinngehalt von Erzen und Aufbereitungsprodukten 
Altenberger Erztypen bestimmt. Der Analysenfehler betrug 3-5 % (relativ) bei Gehalten 
zwischen 0,l und 1% Sn. 
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Summary--The formation of complexes between tin(IV) and o-diphenols, and o-hydroxyquinones. 
has been studied spectrophotometrically. Simple o-hydroxyquinones do not react with tin(lV). 
chloranilic acid gives an SnRL complex, and o-diphenols give SnRl complexes. The reactions of 
tin(IV) with hydroxyxanthene dyes to give coloured products were considered for their possible 
analytical utility: the pH range, absorption spectrum, solubility and composition of the complexes 
were investigated, and the stability constants determined. Analytical procedures have been 
developed for tin and checked for precision and sensitivity: gallein and hydroxyhydro- 
quinonephthalein (dihydroxyfluorescein) are to be recommended. 

Resume--On a etudie spectrophotometriquement la formation de complexes entre I’etain (IV) et 
les o-diphenyles et o-hydroxyquinones. Les o-hydroxyquinones simples ne reagissent pas avec 
I’btain (IV), I’acide chloranilique donne un complexe SnR 2, et les o-diphinols donnent des 
complexes SnR,. Les reactions de l’etain (IV) avec les colorants de l’hydroxyxanthene pour 
donner des produits color& ont et6 consid&tes pour leur utilitk analytique possible: on a 
ttudik les domaines de pH, spectre d’absorption. solubilitk et composition des complexes et 
determine les constantes de stabilite. Des techmques analytlques ont ete developpees pour 
l’btain et contr&es pour la prixision et la sensibilitk: la gallbine et I’hydroxyhydro- 
quinonephthaleme (dihydroxyfluoresceine) doivent etre recommandees. 



Tdunta.Vol. ?I. pp 439-443 Pergamon Press. 1974 Prmtcd m Great Bmam 
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COPPER, URANIUM AND OTHER ELEMENTS 
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Summary-A simple and selective extraction of molybdenum is described. Tungsten is masked 
with tartaric acid and molybdenum(V1) is reduced in 2M hydrochloric acid by boiling with 
hydrazme sulphate. Iron, copper and vanadium are then masked with ascorbic acid, thiourea 
and potassium hydrogen fluoride respectively. The molybdenum(V) is extracted as its xanthate 
complex into chloroform from 1M hydrochloric acid that is 0.4M potassium ethyl xanthate. 
The complex is decomposed by excess of liquid bromine, and the molybdenum is stripped into 
alkaline hydrogen peroxide solution. The molybdenum is then determined by standard methods. 
Large amounts of Cu(II), Mn(II), Fe(III), Ti(IV), Zr, Ce(IV), V(V), Nb, Cr(VI), W(VI), U(VI), 
Re(VI1) and Os(VII1) do not interfere. Several synthetic samples and ferromolybdenum have 
been rapidly and satisfactorily analysed by the method. 

The extraction of molybdenum as xanthate by organic solvents’ has been mainly used2’ 
to prevent its interference in rhenium determination with thiocyanate. The reaction has 
not found application for the determination of molybdenum as the coloured species is not 
stable.2h Although the complex is supposed to be formed with the MO(V) produced by 
the reduction of Mo(V1) by xanthate itself in acid so1ution,2u the procedures insist on 
starting from Mo(V1) and alkaline solution to avoid formation of molybdenum blue which 
does not react with the reagent. 3 Such conditions do not permit the suppression of 
extraction of other elements by their reduction and complexation. Starting from MO(V), 
the method presented below makes possible a selective extraction of molybdenum 
xanthate and its subsequent determination by standard methods. There are very few 
such methods4 9 for milligram amounts of molybdenum which are satisfactory.’ 9 

Reagents and solrrrro17s 

EXPERIMENTAL 

Mol~hderum solution. 20 mg of Mo per ml. Prepared from sodium molybdate dihydrate. standardized by 
the oxine method.” and diluted as required. 

Porlrkum rrh~,/ santhare solurion. ZM. Prepared fresh daily by dissolving 32.05 g of the salt” in water to 
give 100 ml of solution. 

Test sample.s. Known amounts of molybdenum solutions were mixed with solutions of other elements to give 
the desired compositions (Table 4) in the aliquot taken for analysis. 

Fr~~onlo/~htleit~r,n. A finely. powdered 0.1-g sample was dissolved” by warmmg with 2.5 ml of concentrated 
hydrochloric acid and 0.2 ml of concentrated mtric acid. The resulting solution was neutralized with 8M 
sodium hydroxide and adjusted to 2M with respect to hydrochloric acid for analysis by the procedure. 

Separation procedure 

A lo-ml sample solution containing up to 100 mg of molybdenum was adjusted to be 2M in hydrochloric 
acid and boiled with excess of hydrazine sulphate (1 mg/mg of reducible ions) for 2-3 min. in a 5 ml 
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covered beaker. The solution was cooled with tap-water and transferred to a 150 ml separatory funnel . 
already containing 4 ml of xanthate solution and enough water to make the final volume 20 ml. The solution 
was shaken for 2 min with 20 ml of chloroform to extract the violet-red molybdenum(Vtuanthate complex. 
The chloroform layer was transferred to another separatory funnel. If necessary, another 2 ml of the xanthate 
solution were added and a second extraction was done with 20 ml of chloroform. 

For each 100 mg of tungsten present_ 3 g of tartaric acid were added before acidification of the sample 
solution. For each 100 mg of iron(III), copper(H) and vanadium(V) present. 0.6 g of ascorbic acid, 2 g of 
thiourea and 1 g of potassium hydrogen fluoride respectively were added. after the reduction of molybdenum. 

Bac&-exnaction of molybdenum. The combined solvent phases were shaken with liquid bromine which was 
added dropwise till the solution was clear red Sodium hydroxide, 8M, was then added dropwise till the 
solvent turned yellow. The funnel was cooled in ice and then shaken first with 30 ml of just alkaline water 
containing 2-3 ml of 6% hydrogen peroxide and then with two 20 ml portions of this mixture. each time for 
2 min. The combined aqueous phase was boiled for 5 min with excess of hydrogen peroxide and tiltered through 
Whatman No. 41 paper to remove the hydroxides of co-extracted elements. The molybdenum in the 
filtrate was then determined.‘0*13 

To study the variables the following parameters were held constant. except when these parameters themselves 
were the subject of study: to ml of aqueous phase. containing 20 mg of molybdenum, 1M in hydrochloric acid, 
0*4M in xanthate, and extraction once with an equal volume of solvent. The amount of molybdenum 
extracted was obtained by difference between that taken and that left in the aqueous phase. 

Determinution ofthe elements. Molybdenum in < 5 mg amounts was determined spectrophotometrically by the 
tribenzylamine-thiocyanate method,’ and in > 5 mg amounts either gravimetrically’” with oxine or titri- 
metrically” by hydrazine reduction and cerimetry. Appropriate standard methods” were used for other 
elements. Extraction of elements in traces was confirmed by sensitive tests.” 

Table 1. Extraction by some solvents 

Solvent MO extraction*, % 

Chloroform 100~0 
Benzene I000 
Carbon tetrachloride 99.9 
Diethyl ether 99.1 
Isopentyl acetate 98.3 
Isopentyl alcohol 97.9 
Methyl isobutyl ketone 95.4 
Tributyl phosphate 93.3 

* From 05M hydrochloric acid. 

RESULTS AND DISCUSSION 

When tungsten is masked with just enough tartaric acid, molybdenum(V1) is con- 
veniently reduced to molybdenum(V) with hydrazine in 2M hydrochloric acid.““.13 
Molybdenum blue is not formed as it is when xanthate is used for the reduction.3 
Consequently in the proposed procedure all of the xanthate is used for complex formation 
and the oxidation state of the molybdenum is known with certainty. Slightly lower 
extraction is obtained if the reduction is carried out from c 2M hydrochloric acid. 
Ascorbic acid and thiourea suppress the extraction of iron and copper, respectively, under 
these conditions. Vanadium(V) is also reduced to vanadium(IV) and is extracted to a lesser 
degree. Further suppression is achieved by complexation with fluoride. Any chromium(VI) 
is reduced to chromium(II1) which is not extracted. 

&fect of varying experimental conditions 

Molybdenum extraction is 2 99.9% from 0*4M xanthate and O-2-1.5M hydrochloric 
acid and 99*9-98.9% from 0*4M xanthate in O-2-15M sulphuric acid. and is independent 
of molybdenum concentration from 0.05 to 5 mg/ml. Chloroform is the best organic 
solvent (Table 1). Equilibrium is attained in l-2 min. Complexing agents suppress the 
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Table 2. Effect of amens on Mo-xanthate extraction 

MO extraction. “/A 

Salt added* 0.5M HCJ 1M HCl 

None 
Sodium chloride (1)’ 
Sodium sulphate (5)t 
Sodium acetate (4) 
Potassium hydrogen fluoride (3) 
Sodium tartrate (2) 
Sodium oxalate (0.8) 
Disodium salt of EDTA (0.5) 
Potassium phosphate (2.5) 
Sodium citrate (3.5) 

1 100.0 99.9 
99.9 
99.0 
98.8 

5.3: 78.0 
4.36 99.5 
2.1 
1.5 41.0 
0.5 
0.0 

* Amount of the salt added (g) after MO reduction, in brackets. 
+ Added before MO reduction. 
’ 85” (,. h 87.54”. if 1 g of the salt is added. 

extraction more at lower acidity. The procedure given utilizes the optimum conditions 
for 99.9 “/:, extraction. More than 100 mg of molybdenum can be handled by the 
procedure, if the concentration of xanthate and the volume of chloroform are increased. 

Effect qf diverse ions 
When added after reduction of molybdenum, nearly saturated solutions of sodium 

acetate decrease the extraction by 1 “/, whilst EDTA, tartrate, oxalate, citrate, phosphate 
and fluoride almost completely suppress the reaction (Table 2). At lower concentrations 
of the complexing agents. the extraction is still high and can be further increased 
by raising the acidity of the solution but more than two extractions may be necessary. 
Sodium chloride and sulphate have negligible effect. 

Table 3 Extraction of various elements under conditions of the method 

Element* Extraction, ‘& 

Cu(lI) 
Sb(III) 
R](V) 
Pd(II)+ 
Sn(I1) 
Ni(I1) 
Pb(I1) 
Co(I1) 
Fe(II1) 
V(V) 
Ru(III)+ 
Pt(IV)+ 
D(VJ) 
Ti(IV)+-. Cr(V1). Mn(I1). Nb(V)I-. W(VI)**, 
Re(VI1)“. Os(VIIJ)-:. Zr(JV). Ce(IV) 

1OOQ 0.019 
100.0 
100.0 
100.0 
98.0 
85.7 
55.0 
52.2 
45.6. 0.15’ 
15.1, 0.02 II 
0.3 
0.2 
0.01 

Nil 

* 5 mg,ml: imtial oxidation state in brackets. 
f I.5 mg ml and : 5 jig ml of aqueous phase. 
$2 g of thiourea. c 0.6 g of ascorbic acid and I/ 1 g of KHF, per 20 ml. 

added after hydrazine reduction. 
** Kept in solution by 3 g of tartaric acid. 
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Under the proposed conditions, Ti, Zr, Ce, Nb, Cr, W, Mn, Re and OS are not 
extracted at all (Table 3). Uranium and (in presence of the appropriate masking agents) 
copper, iron and vanadium, are extracted in traces. Of these, copper can be stripped by 
shaking the extract with 1M hydrochloric acid containing thiourea. At higher acidities, 
the extraction of iron, cobalt and nickel (in the absence of masking agents) decreases 
to a few per cent but so does that of molybdenum. Differential stripping of other 
extracted elements is not effective as the molybdenum complex is similarly affected. 

Stripping and determination of molybdenum 

Molybdenum cannot be stripped completely from the solvent with concentrated hydro- 
chloric or nitric acid, permangante solution or complexing agents and hydrogen peroxide 
in acid or alkaline solution. The molybdenum xanthate must first be decomposed and 
this is achieved with liquid bromine. For quantitative stripping, the resulting chloroform 
solution should be shaken with aqueous sodium hydroxide till it turns yellow. Hydrogen 
peroxide is added to further oxidize the xanthate decomposition products. Filtration of 
the hydroxides of co-extracted traces of copper and iron does not entail any loss of 
molybdenum. r4 Traces of vanadium may remain in the filtrate without causing appreciable 
error in the determination of molybdenum. 

The filtrate is acidified and boiled with excess of hydrogen peroxide to decompose 
the bromide completely. The molybdenum can then be determined by standard gravi- 
metric or calorimetric methods.” The decomposition of bromide may be omitted if it does 
not interfere. Titrimetric determination by cerimetry13 can be done after oxidizing the 
filtrate with nitric acid and evaporating the resulting solution to fuming with a little 
sulphuric acid. Otherwise, low results are obtained owing to incomplete reduction and 
an uncertain end-point in the titration. 

Applications 

The method is useful for the separation of pg-mg amounts of molybdenum. Separation 

Table 4. Analysis of samples by the proposed method 

Sample composition* 
Matrix MO MO found+ 

Mn(60) Fe(15) Cu(30) U(25) 
Fe(50) Cu(20) V(12) Cr(35) Re(0.5) 
Fe(42) 
W(45) 
V@) 
U(75) 
Cr(20) Ce(8) Nb(15) OS(~) Zr(25) 
Ti( 10) Nb(5) V( 15) W( 10) U(8) 
Fe(l0) Cr(15) 
Mn( 15) Zr( 10) X(5) Fe(40) Cr(20) 
V(25) W(15) U(30) Re(0.5) 
Fe(6.6) W(1.7) Cr( 1) C(O.35)$ 
Ferromolybdenum 

48.8 mg 48.75 mg 
39.0 mg 39.1 mg 
58.5 mg 58.5 mg 
29.3 mg 29.2 mg 
19.55 mg 19.6 mg 
341 mg 34.2 mg 
68.25 mg 68.3 mg 

14.6 mg 14.6 mg 
48.0 fig 47.8 fig 
20.0 pg 19.9 jig 

250.0 pg 248.0. 249.0 pg 
58.9 % 59.0, 58.8 “/, 

58.84, 58.9 ‘/,:: 

* Number in brackets gives the amount in mg. 
+ Milligram amounts by oxinate method” and pg amounts by TBA-SCN 

method.’ 
$ By cerimetry.13 
$ Analogous to cristite. 
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from large amounts of otherwise difficultly separable elements, viz., Fe, W, V, Cr, Cu, U, 
Ti. Nb, is possible in about 20 min. Satisfactory analyses (Table 4) of several complex 
synthetic samples and ferromolybdenum show the wide applicability of the method. 
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Zusammenfaasung-Eine einfache und selektive Methode zur Extraktion von Molybd;in wird 
beschrieben. Wolfram wird mit Weinslure maskiert und Molybdan(V1) in 2M Salzsiiure 
durch Kochen mit Hydrazmsulfat reduziert. Eisen, Kupfer und Vanadium werden dann mit 
Ascorbinlure. Thioharnstoff bzw. Kahumhvdroaenfluorid maskiert. Das Molvbd;in(V) wird als 
Xanthat-Komplex aus 0,4M Kaliumlthylxanth% enthaltender 1M Salz&e in ‘Chloroform 
extrahiert. Der Komplex wird durch einen UberschuB von fliissigem Brom zersetzt und das 
Molybdin in alkalische Wasserstoffperoxidlosung zuriickextrahiert. Molybdiin wird dann m 
bekannter Weise bestimmt. GroDe Mengen Cu(II), Mn(II), Fe(III), Ti(IV), Zr, Ce(IV), V(V), Nb, 
Cr(VI), W(VI), U(V1). Re(VI1) und Os(VII1) stiiren nicht. Mehrer selbst gemischte Proben und 
Ferromolybdln wurden auf diese Weise rasch und zufriedenstellend analysiert. 

Resume-On d&it une extraction simple et selective du molybdine. Le tungstene est dissimule 
par l’acide tartrique et le molybdene (VI) est reduit en acide chlorhydrique 2M par tbulhtion avec 
le sulfate d’hydrazine. Les fer, cuivre et vanadium sont alors dissimules par I’acide ascorbique, la 
thiouree et le fluorure acide de potassium respectivement. Le molybdene (V) est extrait a f&at 
de complexe xanthique en chioroforme, d’acide chlorhydrique 1 M qui est 0,4M en bthylxanthate 
de potassium. Le complexe est decompose par un excbs de brome hquide, et le molybdbne est 
reextrait dans une solution alcaline de peroxyde d’hydrogine. Le molybdene est alors dose par 
les methodes normales. De grandes quantites de Cu(II), Mn(II), Fe(III), Ti(IV), Zr, Ce(IV), 
V(V), Nb. Cr(VI), W(VI). U(VI), Re(VI1) et Os(VII1) ne genent pas. Plusieurs echantillons 
synthetiques et le ferromolybdene ont et& analyses rapidement et de maniere satisfaisante par la 
methode. 
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Summary-Comprehenstve studies of the extraction of the molybdenum-thiocyanate complex with 
methyl rsobutyl ketone have resulted m an improved method for the determination of traces of 
molybdenum m soils and geological materials by atomic-absorption spectroscopy. The method is 
applicable in the range I-500 ppm MO. with l-g samples. giving relative standard deviations 
not exceeding about 8% at a level of I ppm. The limit of detection is 0.1 ppm. There are 
few Interferences, and large quantities of Iron are without effect. 

Molybdenum as a trace element in waters, geological materials, plants and animals 
has been extensively studied for over 30 years. MO in soils has been the subject of many 
investigations since 1939 when Arnon and Stout’ first showed it was essential to higher 
plants. The average abundance of MO in soils is given as 2.5 ppm by Andrews-Jones’ but 
soils can have MO contents ranging from less than 1 ppm in deficient soils, to several 
hundred ppm in soils over molybdenum-rich rocks. The average abundance of MO in 
geological materials is given2 as: crust 2.3 ppm, sediments 2-O ppm, igneous rocks 1.7 ppm, 
but as with soils, the MO contents of geological materials can range from less than 
1 to several hundred ppm and even larger amounts in ores. MO is also a valuable 
pathfinder element in geobotany and biogeochemistry studies in mineral exploration.3 

Numerous methods are available for the chemical determination of MO in soils and 
geological materials. Early work by David4 examined factors affecting the determination 
of MO by atomic-absorption spectroscopy (AAS), as applied to superphosphate and steel 
samples. More recently Purushottom, Naidu and Lal’ used phosphoric acid for the 
suppression of interferences in the determination of MO in steel and ferromolybdenum 
in the range 0.02-70 9,. The recent method of Hutchison6 uses complexation and extraction 
with r-benzoinoxime in chloroform followed by AAS determination of MO as ammonium 
molybdate in ammonium chloride-perchloric acid solution. The method is applicable in 
the range 0.5-250 ppm MO with relative standard deviations (RSD) ranging from 
approximately 3 0, for the higher concentration ranges to 35% in the lower ranges. 
However, the method is time-consuming. 

Table 1 lists some solvent extraction methods with direct aspiration for the determination 
of MO by AAS. None of the methods is entirely suitable for the determination of 
traces of MO in soils and geological materials, particularly in the lower ranges, because 
of limitations with regard to sensitivity, accuracy, simplicity and freedom from inter- 
ferences. The last method listed in Table 1 has certain similarities to our method but 
is not applicable to low concentrations of MO in steel and consequently is not suitable for 
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soils and geological materials. Although butyl acetate was preferred to methyl isobutyl 
ketone in this method, the latter could have been used by using a lean flame before 
aspiration of the solvent. 

Various photometric methods have been used for traces of MO in the range of 
materials studied. A recommended method for minerals16 involves extraction of the 
thiocyanate complex into butyl acetate and measurement of the absorbance at 520 nm. 
A somewhat similar official method for plants” involves extracting the same complex 
into isoamyl alcohol and measuring the absorbance at 465 nm. These methods are not 
generally applicable at concentrations below 5 ppm MO and are also prone to several 
interferences. 

Emission spectroscopy has been extensively used in survey work for the determination 
of Mo in plants, soils and geological materials.3 The detection limit is approximately 5 ppm 
with an RSD of lo-1576 in the lower ranges. This method may be adequate for most 
survey work but is not satisfactory for MO-deficient areas or for other studies of 
concentrations below 5 ppm. 

A comprehensive review of the analytical chemistry of molybdenum is available in a 
recent book by Elwell and Wood.‘* 

Our studies of the extraction of the thiocyanate complex with MIBK have revealed that 
it can form the basis of an improved method for the determination of traces of MO 
in soils and geological materials. The method uses a mixture of perchloric and hydro- 
fluoric acids for dissolution of samples, followed by development of the complex after 
addition of ascorbic acid and stannous chloride. The final stage involves solvent 
extraction and direct aspiration of the solvent phase into the nebulizer-burner system 
of an atomic-absorption spectrophotometer. 

EXPERIMENTAL 

Reagerlts 

Stock solutron of IO00 ppm MO. Prepared by dissolving 184 g of analytical grade ammonium hepta- 
molybdate tetrahydrate in disttlled water and dilutmg to 1000 ml. The stock solution was further diluted to 
10 ppm. 

Tin(II) chloride solution, approx. 10 “/‘, w/t. Prepared by warming 20 g of analytical-grade reagent 
(SnCI,.ZH,O) and a small piece of analytical-grade tin metal in 20 ml of 10M hydrochloric acid until the 
soiutton was clear, cooling. and diluting to 200 ml with distilled water, filtering if necessary, and adding a 
small piece of tin metal. 

Potassium thiocyanate solutiorl, approx. 10 y0 W/U. 
MIBK. Redtstilled. and fraction boiling at 116-I 18” collected. 
All the other reagents used were of analytical grade. 

Instrument: Techtron AA5 atomic-absorption spectrophotometer. 
Indicator: DI-30 digital indicator. 
Source: ASL molybdenum hollow-cathode’lamp. 
Wavelength : 3 13.3 nm. 
Current: 5 mA. 
Bandpass: 0.10 nm. 
Hetght of light-path above burner: 6 mm. 
Fuel: acetylene: flowmeter setting 65-7 (approx. 7 I./min). 
Support gas: nitrous oxide. dehvery pressure 15 psig; flowmeter setting 6 (approx. 65 I./min). 
Burner: S-cm ABSO (htgh-temperature): slot 0.5 mm wide. 
Flame: l-l 5 cm red cone before aspiration of organic solvent. 
Aspiration rate: 23 ml/mm 
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Calibration 

Prepare a stock 5 ppm molybdenum solution by taking 500 pg of MO in SO ml of 1M hydrochloric acid 
adding 2 ml of 10 % thiocyanate solution and 3 ml of 10% tin(H) chloride solution, extracting with four 
successive lo-ml portions of MIBK and diluting the combined extracts to 100 ml with MIBK in a 
volumetric flask. Dilute aliquots of this solution with MIBK to cover the molybdenum concentration 
range 0.1-20 ppm. 

Procedure 

Moisten a I g sample of the soil or rock (100-200 mesh) with water in a 100 ml Teflon beaker. add 4 ml 
of 70% perchloric acid and 10 ml of 40% hydrofluoric acid. Evaporate the solution on a hot-plate at about 
200” until white fumes of perchloric acid appear, add another 10 ml of 40% hydrofluoric acid and evaporate 
to dryness. Wash down the walls of the beaker with 1M hydrochloric acid and add about 20 ml more, cover 
with a watch-glass and boil gently for a short time to dissolve the residue. Cool and transfer the solution into 
a 100 ml separating-funnel, washing the cover and the beaker with 1M hydrochloric acid to give a final volume 
of 40-50 ml. Add 1 ml of 10% thiocyanate solution and solid ascorbic acid (or a solution) until the red colour 
of the ferric thiocyanate complex disappears (0.2 g of ascorbic acid is needed for 100 mg of ferric iron). At this 
stage, if a white suspension appears because titanium is present, add 04 g of sodium fluoride and shake. Add 
2 ml of lo?/, tin(I1) chloride solution and 5 ml of MIBK and shake vigorously for 2 min. Let the 
phases separate. Drain the aqueous phase into a second separating-funnel and the organic phase into a IO ml 
volumetric flask. Wash the first funnel with 45 ml of MIBK and transfer the washings into the second funnel. 
Shake for 1 min. Discard the aqueous solution and add the organic phase to the volumetric flask. Wash the 
funnel with MIBK to fill the flask to the mark. Determine the absorbance of the extract, using MIBK as 
blank, by aspirating into the nebulizer-burner system of an atomic-absorption spectrophotometer, under the 
specified conditions. 

For a higher amount of MO, which can be.judged by the red colour of the molybdenum-thiocyanate complex. 
a larger volume of MIBK can be used. Interference caused by the presence of large amounts of iron and 
titanium can be removed by additions of ascorbic acid and sodium fluoride respectively. 

RESULTS AND DISCUSSION 

Comparison of some organic solvents 

Aliquots of the MIBK stock solution of molybdenum were diluted exactly 50-fold with 
various organic solvents and the atomic absorption of each solution was measured relative 
to that of the solvent alone. The contribution of the MIBK in the mixture was 
considered negligible. The results are shown in Table 2. Ethyl acetate and MIBK were 
both found superior but MIBK was selected because of the volatility of ethyl acetate 
and its high solubility in water, together with the high purity of redistilled MIBK and its 
low cost. 

Effects of acids and other reagents 

The effect of O-5-2.OM hydrochloric or sulphuric acid on the extraction 
molybdenum as the Mo-SCN complex was investigated. The molybdenum 

Table 2. Atomic absorption of Mc-SCN complex in various organic 
solvents (flame conditions optimized to correspond to those obtained 

for MIBK) 

Organic solvent Absorbance (at 313.3 nm) 

Di-isobutyl ketone 0,135 
Methyl n-amyl ketone 0.140 
Methyl isobutyl ketone 0400 
Isobutyl alcohol 0.102 
n-Butyl alcohol o-120 
Isoamyl alcohol @098 
n-Butyl acetate 0.256 
Ethyl acetate 0405 

of 5 ,ug of 
was added 
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to 50 ml of the acid in an 80 ml culture tube and 1 ml of 10% thiocyanate solution and 
2 ml of 10% tin(I1) chloride solution were added, followed by 5 ml of MIBK. After 
shaking for 20 min in a mechanical shaker, the organic phase was separated and its 
atomic absorption measured. There were no significant differences between the acids over 
the range tested. Hydrochloric acid (1M) was preferred because it was more suitable for 
use in the dissolution procedure, and avoided possible interference by sulphate and the 
hydrolysis of tin(II,IV) chlorides which occurs at hydrochloric acid concentrations below 
about 05M. Grosz,” using a somewhat similar system, found constant extraction of 
molybdenum from 2-6M hydrochloric acid but there is little advantage in using these 
higher concentrations, which may also cause increased extraction of interfering ions. Also, 
in 1M hydrochloric acid, iron is easily masked with ascorbic acid. 

Similar studies with varied amounts of thiocyanate and tin(I1) showed no marked 
differences, and the recommended amounts need variation only for high molybdenum 
and iron contents. With large quantities of iron, any deficiency of reducing agent can be 
readily recognized from the red colour of iron(II1) thiocyanate. If necessary a 20 % tin(I1) 
chloride solution can be used. 

Extractability of the M&TCN complex into MIBK 

The Mo-oxine-MIBK system has been recommended for the determination of micro- 
gram quantities of MO in lake waters.’ A comparison was made between this system and 
ours by taking 1 pg of MO in 100 ml of water, adjusting to the respective extraction 
conditions (pH 2-2.2 and 1M hydrochloric acid) and extracting (mechanical shaking for 
1 hr) with 10 ml of 1% oxine solution in MIBK, or with MIBK according to our 
procedure. The absorbances under identical flame conditions were 0.057-0.081 (mean 
0.07 1) for the Mo-oxine-MIBK extract (4 determinations), and 0.0840.091 (mean O-088) 
for our method (4 determinations). It is considered that the wider spread for the first 
method is due to the criticality of pH control. Our method would therefore seem well 
suited to water analysis. 

Recovery of MO 

Successive extractions with 10 ml of MIBK showed that extraction was quantitative 
with the first 10 ml for up to 200 pg of molybdenum. 

Standard extracts covering the range O*l-1.0 ppm MO and kept in glass-stoppered 
bottles faded in colour within some hours but gave unchanged atomic-absorption 
readings over a period of 4 weeks. 

Interference studies 

A wide range of cations and anions likely to be present in soils and geological 
materials, or introduced by various dissolution methods, was tested for interference. The 
results are shown in Tables 3 and 4. In each case the extraction conditions were based 
on 50mlof 1 M hydrochloricacidcontaining 5pg ofMo together with the specified interfering 
element, followed by a single extraction with 5 ml MIBK. 

The major interferences were from iron and titanium. Iron up to the 1000 mg level is 
easily masked by addition of 0.2 g of ascorbic acid for each 100 mg of iron, before the 
tin(I1) chloride solution, the ascorbic acid complexing the iron(I1) produced. Ascorbic 
acid alone does not reduce the MO quantitatively. Titanium up to the 3 mg level is also 
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Table 4. Effect of anions on MO absorbance 

Amount of anion added, 
Anion (salt used) me Absorbance 

Amount of anion added. 
Anion (salt used) w Absorbance 

No addition - 

Phosphate 
(Na*HFO~) : 

500 

Nitrate (NaNO,) 5 
700 

loo0 

Silicate (Na,SiO,) So0 
loo0 

Borate (H3B0,) 1ooo 
2ooo 

OS2 

052 
052 
w2 

0% 
051 
@So 

0.53 
@S3 

D53 
0.54 

Sulphate (Na,SO,) S 0.52 
700 O-51 

loo0 051 

Fluoride (NaF) 500 053 
loo0 052 

Te~afluoro~rate (KBF,) SO0 OS4 
1000 0.53 

Acetate (NaC2H,02) So0 @So 
1000 052 

@S2 
052 

easily masked, by the addition of 0-S g of sodium fluoride before the tin(U) 
chloride solution, 

Dissolution of samples 

Several dissolution methods are available for soils and geological materials. More 
recent methods include: decomposition with hydrofluoric acid at 110-120” in a Teflon- 
lined decompositjon vessel and use of a fluoboric-boric acid matrix;‘g decomposition 
with hydrofluoric acid by heating on a water-bath20 and in some cases with a hydro- 
fluoric-~rchloric acid mixture by a bomb technique;20 and fusion with lithium 
metaborate.2’ Earlier fusion methods with fluxes such as the carbonates or borates of 
sodium, potassium or lithium may give incomplete attack on the samples, losses caused 
by reduction and alloying with the crucible material, and limited solubility of some metal 
ions in the particular flux. In addition these methods lead to high sait concentrations, 
which is a considerable disadvantage in AAS. Simpler methods than ~mb-dissolution or 
lithium metaborate fusion were preferred for this study. In our method, the presence of 
silica causes difficulties in the extraction step if alkaline fusion is used, owing to the 
formation of colloidal silicic acid upon acidification. For this reason silica is removed with 
hydrofluoric acid. 

Comparative dissolution studies on 1 g soil samples showed that decomposition in a 
Teflon beaker with hydrofluoric-perchloric acid mixture was simple, rapid and well suited 
to the extraction system. Three variations of the dissolution method were tested on 1 g 
samples (200 mesh) of a soil containing 2.5 ppm MO. 

hereon A. The sample was weighed into a platinum crucible and moistened with a 
few drops of water followed by a few drops of concentrated sulphuric acid. Then 10 ml 
of 40% hydrofiuoric acid were added and evaporated on a steam-bath, followed by a 
further addition of 10 ml of hydrofluoric’acid and evaporation, then heating on a hot-plate 
to expel sulphuric acid, followed by addition of 4 g of sodium carbonate and fusion at 
950”. The fused cake was digested with hot water, the hydroxides were filtered off and 
the solution was evaporated to about 40 ml, then 10 ml of concentrated hydrochloric 
acid were added (to adjust the acidity to approximately 1M) and the extraction method 
and determination of MO applied. 
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Merhod B. Same procedure as for method A but without filtering off the hydroxides. 
The fused cake was dissolved with 10 ml of 1OM hydrochloric acid and the solution 
diluted to 50 ml, ready for extraction. 

Method C. Hutchison’s procedure :6 10 ml of hydrofluorid acid were added to the 
sample in a Teflon beaker and evaporated to dryness, then 10 ml of a mixture of 
perchloric and nitric acids (1 : 3) were added and evaporated to dryness. The dry residue 
was dissolved by boiling with 1M hydrochloric acid, then the extraction and determination 
of MO were applied. 

Method D. The recommended method. 
All four methods gave results of 2.5 L- 0.1 ppm MO. Method D was chosen mainly for 

speed and convenience, although any of the methods would do. 

Amount of sample 

The recommended procedure was applied to l-, 2- and 3 g amounts of a soil containing 
1.2 ppm MO. For each additional 1 g of soil above the recommended 1 g, the recovery of 
MO dropped by approximately 10%. The reason is not known. The other constituents of 
this soil, as determined by emission spectroscopy, were approximately Si, 40 “/d, Al 10 O/b, 
Fe 30/, Ca 0*30/, Mg 0*50/, Na < O-lo/, K < O-l%, Mn O*l’?/,, Ti 0*1x, Cu O*OS%, 
Ag 0001%. 

Working curves 

Working curves were prepared covering the ranges O*l-1.0, l-10 and lo-50 ppm MO 
and were linear up to approximately 30 ppm of MO in MIBK (corresponding to 300 ppm 
MO in soil) and then curved slightly. Instrument scale expansions of l-10 could be used 
where appropriate. Before each measurement the signal was adjusted to zero with pure 
MIBK. The reagent blank was zero. With the higher concentrations of molybdenum and 
increased volumes of MIBK, some hydrochloric acid can be extracted in the form of an 
ion-pair with the stoichiometric composition HCI. 5H20. 4MIBK.” For this reason 
additional hydrochloric acid can be added to maintain the acidity of the aqueous 
phase for maximum extraction efficiency. Sometimes the red colour of KSCN-SnCl,- 
MIBK can be confused with that of MO(V)-SCN-MIBK. although they can be 
differentiated with experience. 

Analysis of soils and geological materials 

A range of soils and geological materials was analysed for MO by the recommended 
procedure. Where possible, samples were selected which had been analysed by an 
independent laboratory. The results are given in Table 5. Table 6 gives the approximate 
matrix composition of the samples as determined by emission spectroscopy. 

CONCLUSION 

An improved method is described for the determination of traces of MO in soils and 
geological materials by atomic-absorption spectroscopy. The method is applicable in the 
range l-500 ppm MO, on 1 g samples, with relative standard deviations not exceeding 
about 8 y0 at the 1 ppm level. The detection limit is O-1 ppm. Interferences by iron and 
titanium can be removed. The method should also be applicable to the determination 
of trace MO in waters, steels and other materials. 
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Table 5. Analysis of soils and geological materials 

Sample 

Mean 
No. of MO. RSD,* 
detns. ppm “/ 

Indep. lab. 
value 

Open Cut, Rye Park, N.S.W. 
Rye Park Soil N.S.W. 
Sunny Corners Soil (Creek), N.S.W. 
Sunny Corners Sol1 (Dump), N.S.W. 
Sunny Corners Soil (Road), N.S.W. 
N.S.W. Mine’s Dept. (3023) 
N.S.W. Mine’s Dept. (MO) 
U.S.G.S. Gossan 
CRAE 142434 
CRAE 101932 (3100) 
CRAE 10600 (3063) 

3 
4 

13 
4 
4 
4 
5 
3 
3 
3 
4 

99.1 1.2 - 
3.1 2.6 - 
2.5 4.0 - 
1.2 8.1 - 
1.2 8.1 - 
3.4 5.7 3 

117.0 0.7 - 

6.3 0.9 6 
I.2 4.9 <2 

22.1 1.6 22 
5.7 1.7 6 

* Calculated from range if less than 10 replicates. 
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Zusammenfassung-Eme umfassende Untersuchung der Extraktion des Molybdln-Thiocyanat- 
K’omplexes mit Methylisobutylketon ergab eine verbesserte Methode zur Bestimmung von Molyb- 
danspuren in BGden und geologischem Material durch Atomabsorptionsspektrometric. Das 
Verfahren arbeitet bei l-500 ppm MO mlt 1 g-Proben; die relativen Standardabweichungen 
iibersteigen 8 ‘?a bei 1 ppm nicht. Die Nachweisgrenze ist 0,l ppm. Es gibt nur wenige Stsrungen; 
groDe Mengen von Elsen smd ohne Einflul3. 
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R&II&-Des Ctudes approfondies de l’extraction du complexe thiocyanate de molybdbne avec 
la mCthylisobutyl&one ont conduit P une mtthode amtliorke pour le dosage de traces de 
molybd&te dans les sols et Ies substances gkologiques par spectroscopic d’absorption atomique. 
La mkthode est applicable dans Ie domaine l-500 p.p.m. de MO, avec des Cchantillons de 1 g, 
donnant des &arts types relatifs n’exckiant pas environ 8% au niveau de 1 p.p.m. La limite de 
dktection est 0,l p.p.m. II y a peu d’interfkrences, et de grandes quantitks de fer sont sans 
influence. 
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Summary-The N-unsubstituted nitropyrazoles have an imino hydrogen atom, in contrast to the 
N-substituted derivatives, and react with hydroxide to give nitropyrazole anions. The strongly 
negative shaft of Eli2 for these anions makes possible simultaneous ~larographic dete~ination 
of any pair of compounds, one of which is an N-unsubstituted nitropyrazole and the other a 
corresponding N-substituted derivative. Simultaneous polarographic &termination of three 
compounds [3(S)-, 3- and 5-nitropyrazoles] is also possible with O.lM sodium hydroxide as 
supportmg electrolyte, but only when AE,,, between the N-substituted isomers is at least 100 mV. 
In thts case adequate AE,,, is caused by the different electron densities of the nitro-groups of 
isomers. In the medium mentioned it is possible to determine simul~eously even four compounds 
[l-, 3(5)-, 3- and S-nitropyrazoles], because the Et,s value of I-nitropyrazofe does not change with 
pN. contrary to other nitropyrazoles. Developers for the chromatographic separation are 
proposed. Some criteria are given for the distinction of the N-unsubstitumd- and the corresponding 
N-substituted nitropyrazoles. The structures of two new compounds have been determined. 
Methods are recommended for the simultaneous identification and determination of the com- 
pounds appearing together in the reaction mixtures during the substitution of the imino 
hydrogen atom, or during the rearrangements of the I-nitropyrazoles to the N-unsubstituted ones. 

The polarographic method for simultaneous identication and determination of nitro- 
imidazoles appearing together in reaction mixtures during the substitution of the imino 
hydrogen atom, is based on the different behaviour of N-unsubstituted and N-substituted 
nitroimidazoles in O*lN sodium hydroxide. 1-3 The strong negative shift of E1,2 which 
characterizes the anions of N-unsubstituted nitroimidazoles, makes possible simultaneous 
polarographic determination of any pair of compounds, one of which is an ~-unsu~ 
stituted nitroimidazole and the other a corresponding N-substituted derivative. When 
the starting compound is tautomeric, two N-substituted derivatives are formed during 
the substitution of the imino hydrogen atom. Simultaneous polarographic determination 
of all three compounds is possible, but only in the sodium hydroxide supporting 
electrolyte, the El 2 values of the ~-substituted derivatives being differentiated by the 
effect of the nitro-group in the 4- or 5-position. 

The similar physicochemical properties of nitroimidazoles and nitropyrazoles led us to 
use the same methods for nitropyrazoles as for nitroimidazoles.‘-3 Here, we also wanted 
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to investigate two reaction schemes. According to the first, in which the nitro-group 
of the starting compound is in a position symmetrical with respect to both nitrogen 
atoms (position 4), and positions 3 and 5 are unsubstituted or substituted with identical 
substituents, only one N-substituted derivative is formed (Scheme 1). According to the 

02N-C=CH 

I I 
0 2 N-C,=,cH 

“cwN-H 
+ olkylatlng agent - 

I I 
‘N-R HC$fi, 

4 - Nltropyratole N-Substituted 4 -nitropyrazole 

Scheme 1 

second, where the nitro-group of the starting compound is in position 3 or 5 with 
mpect to both nitrogens, two N-substituted derivatives are obtained during the 
substitution of the imino hydrogen atom (Scheme 2). 

HF-TH 
. 

OzN-C\, ‘N-H 
‘d 

Hp=c OzN-C$N 

II 

,+ alkylating agent - 
3 - Nit ropyrazole 

+ 

Hiq” 

Od+CQ& 

3 ( 5) - Nitropyratole 

(R = alkyl) 

Scheme 2 

HinfiH 

Oz”“Yn& 

5 - Nitropyrazole 

However, until very recently4 6 it was generally considered that the nitration of 
pyrazoles occurs only in position 4. The only exception was the nitration of N-unsubstituted 
pyrazoles in acetic acid with nitric acid and acetic anhydride, when I-nitropyrazoles 
were obtained. ‘*s*r5*r6 As the 3(5)-nitropyrazole, which we wanted to use as a starting 
material for the preparation of 3- and 5-nitropyrazole isomers, had not been synthesized 
when we started the work, we could only confirm our assumption for the reaction 
scheme 1 (Fig. 1). 

During 1970 and 1971, three different groups of authors prepared 3(5)-nitropyrazole, 
in three different ways. ‘*‘J’ We used one of these procedures’ to synthesize the starting 
compound for reaction scheme 2. The processes according to the schemes described 
earlier for nitroimidazoles3 and scheme 1 are well known. For scheme 2 we could not 
find any information, although more recently,11-i4 it has been shown that certain 4- 
substituted pyrazoles can be nitrated to their 3- or 5-nitro derivatives, but they were 
prepared from the N-substituted pyrazoles. We wished to prepare a reaction mixture for 
which we could follow the existence of three similar nitropyrazoles. The possibility for 
that lay in the alkylation reaction, and when 3(5)-nitropyrazole was methylated three 
compounds were polarographically confirmed. Their structures were deduced from their 
EL,2 values. We expected the E 1,2 of I-methyl-3-nitropyrazole to be at a more negative 
potential than that of the 5-nitro isomer, because of the proximity of the nitro-group to 
the electron-donor system, as in the case of 4-nitroimidazoles.3 Accordingly, the structure 
of 1-methyl-3-nitropyrazole was assigned to the N-substituted nitropyrazole having the 
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1 2 x I 0-‘A 

IOomV 

/ 

-0.72 V 

Fig. 1. Equimolar mixtures of 1-methyl4nitropyraole and Cnitropyrazole polarographed at 
different pH values. (These compounds appear together in the reaction mixture according to 

Scheme 1.) 
I-pH 240: 2-pH 7.00 (Britton-Robinson buffers); 3-O.lM NaOH. Concentration of each 

compound 10v4M. Curves I and 2 start at 0 V us. S.C.E. Curve 3 starts at -0.2 V VS. S.C.E. 

more negative Eli2 value, whereas the structure of 1-methyL5nitropyrazole was assigned 
to the compound with the more positive El,2 value. The structures of the newly 
synthesized compounds were confirmed by infrared, NMR and mass spectroscopy. 

It is of importance that the polarographic behaviour was as expected, even for the 
hitherto unknown reaction scheme 2. Furthermore, the compounds synthesized were 
identified polarographically directly in the reaction mixture. 

Owing to this method, it is possible to isolate 1-methyl-5nitropyrazole, by choosing 
the most suitable conditions for its isolation. While searching for these, we observed 
that under certain experimental conditions a new polarographic wave appeared, which 
we later identified as belonging to I-nitropyrazole. This rearrangement had not previously 
been noted in the literature, though the rearrangement of 1-nitropyrazole to 3(5)-nitro- 
pyrazole ‘.ls.r6 ( Scheme 3) or to 4_nitropvrazole* (Scheme 4) were known. In our case, 
3(5)-nitropyrazole was rearranged under’ certain conditions to I-nitropyrazole, hence 
four nitropyrazole compounds could be present in a mixture. 

During the rearrangements according to schemes 3 and 4 there are only two compounds 
in the reaction mixture, of which one is an N-substituted nitropyrazole and the other 
an N-unsubstituted nitropyrazole. The possibilities of simultaneous polarographic 
identification and determination during these and the above-mentioned processes were 
examined. 

In this work six nitropyrazoles have been investigated. Two of them are newly 
synthesized. The nitropyrazoles investigated, in which the nitro-group was in every 
position possible for the pyrazole ring [l-, 3(5)-, 3-, 4- and 5-1, are examples of compounds 
appearing together in the reaction mixtures during the substitution of the imino hydrogen 
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3 ( 5) - Nitropyrazole 

l-Nitropyrarolr 

4 - Nitropyrazole 

atom (Schemes 1 and 2), during the rearrangements (Schemes 3 and 4), or during the 
isolation of 1-methyl-S-nitropyrazole. 

We describe the chromatographic and polarographic behaviour of these nitropyrazoles, 
and recommend conditions for their simultaneous identification and determination 
directly in the reaction mixtures. The structures of the new compounds are discussed 
and determined, and criteria for distinction between the N-unsubstituted nitropyrazole 
and the N-substituted derivatives are proposed. 

EXPERIMENTAL 

All nitropyrazoles studied were prepared in the research department for synthetic chemistry of the 
Pharmaceutical and Chemical Factory “Galenika”, Zemun. The nitropyrazoles had melting points and 
properties reported in the literature and were prepared according to the references cited. I-Nitropyrazole. 
m.p. 92-93”.* Cnitropyrazole. m.p. 161-162’;” 1-methyl4nitropyrazole. m.p. 91-92”;” I9 3(S)-nitropyrazole, 
m.p. 17&175”.’ The newly synthesized compounds were: I-methyl-3-nitropyrazole, white crystals, m.p. 85’: 
I-methyl-5-nitropyraole. pale yellow liquid, b.p. 83-84”/15 mm, d’ 1.5310. 

RESULTS AND DISCUSSION 

The structures of the new nitropyrazoles have been established by NMR and mass and 
infrared spectrometry. In the NMR spectra both l-methyl-3-nitropyrazole and l-methyl- 
5-nitropyrazole show singlets for methyl-protons, at 4.07 and 4.25 ppm respectively. 
The difference of O-18 ppm is due to anisotropy of the nitro-group, which is nearer to 
the methyl-group in S- than in 3-nitropyrazole. l3 The other two protons give two 
doublets at 6-97 and 7.57 ppm in the spectrum of 1-methyl-3-nitropyrazole and at 7.05 
and 748 ppm in the spectrum of 1-methyl-5-nitropyrazole. 

The mass spectra of the isomers studied are more characteristic. In the mass spectrum 
of the 1-methyl-3-nitropyrazole the intensities of the fragment ions are very low, as in the 
case of aromatic compounds. M-16 (0) and M-30 (NO) fragments are characteristic for 
aromatic nitro-compounds. The relative intensities of these two peaks are 3 and 23X 
respectively. Fragment ions of the 1-methyl-5-nitropyrazole were M-17 (OH) (44%) and 
M-29 (CH,N++CH,NH) (55%). The OH fragment is possible only if the methyl 
group is in the neighborhood of the nitro-group. 
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The infrared spectra of 1-methyl-3-, and l-methyl-Snitropyrazoie are also consistent 
with their structures. The bands arising from asym and sym stretching vibrations of the 
nitro-group of I-methyl-3-nitropyrazole are at 1530 and 1373 cm- ‘, and of l-methyl- 
Snitropyrazole at 1510 and 1345 cm-‘. v N CH, is 1280 cm-” (1-methyl-3-nitropyrazole) _ 
and 1255 cm-’ (1-methyl-Snitropyrazole). The difference in the position and intensity 
between these two bands is remarkable. In the spectrum of I-methyl-5-nitropyrazole 
the band at 1255 cm-’ is the most intensive. One could say that the N-C bond in 
1-methyl&nitropyraole is rather polarized. 

Chromatographic separations 

For all the reaction mixtures we r~ommend two developers. Thin-layer chromato- 
graphy was done on unactivated 0.25 mm thick layers of silica gel HFzS4 in an atmosphere 
saturated with the vapour of the developer. After separation on the adsorbent, the spots 
visible under short-wave ultraviolet illumination (254 nm) are marked with a needle. 

Table 1. Chromatographic separations 

RF values 

Compound 
Reaction Benzene/methanol Dlethyl- 
scheme (90:s) amine Colour 

4-Nitropyrazole 
I-Methyl-4-nitropyrazole 

3(5)-Nitropyrazole 
I-Methyl-3-nitropyrazole 
l-Methyl-5-nitropyrazole 

I-Nirtropyrazole 

@ll 0.10 
0.47 0.59 

0.15 0.12 
0.36 0.55 
0.78 0.85 

0.72 0.77 

yellow 
yellow 

yellow 
yellow 
reddish 

colourless or pale 
yellow 

* I-Nitropyrazole together with 3(5)-nitropyrazole-reaction Scheme 3, and with 4-nitropyrazole-reaction 
Scheme 4. 

The same plate is then visualized by spraying the chromatogram with tin(E) chloride 
solution [I.5 ml of 154; tin(I1) chloride solution mixed with 7.5 ml of cont. hydrochloric 
acid, and diluted with 90 ml of water; this solution is freshly prepared before use], dried 
with hot air and then sprayed with p-dimethyiaminoben~ldehyde solution (1 g of reagent 
is dissolved in a mixture of 100 ml of ethanol and 3 ml of cone. hydrochloric acid). 
After 10 min, coloured spots appear for all the compounds except I-nitropyrazole. 
RF values and colours are given in Table 1. 

Pola~ographic investigation 

The polarographic behaviour of all the compounds was examined in 0.5M sulphuric 
acid, acetate buffer (pH 4*68), phosphate buffer (pH 6.85), borate buffer (pH 9*23), O*lM 
sodium hydroxide and Britton-Robinson buffers over the pH range l-83-9.30. 

The stock solutions (10e3M) of the compounds studied were prepared with water. All 
m~surements, except those designed to investigate the effect of ~ncentration, were 
carried out with low concentrations of the depolarizers (2 x 10T4M). The solutions 
examined were prepared by mixing 2 ml of aqueous stock solution with 8 ml of the 
buffer solution, or 2 ml of the aqueous stock solution with 3 ml of water and 5 ml of 
1M sulphuric acid, or 2 ml of aqueous stock solution with 3 ml of water and 5 ml of 
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0*2M sodium hydroxide. The buffer solutions were twice as concentrated as in the original 
prescriptions, for the reason given in the previous work.3 

l-Nitropyrazole was studied polarographically by Laviron and Fournari.“’ According 
to them the first reduction wave corresponds to a two-electron reduction. The mechanisms 
of reduction for the first and the second wave can be seen in their paper. 

4-Nitropyrazole and 1-methyl-4nitropyrazole give two reduction waves in acidic and 
neutral media, and only one in alkaline ones. 1-Methyl-3nitropyrazole also gives two 
reduction waves in acidic media (pH c4), and a single one at higher pH values. 
3(5)-Nitropyrazole and 1-methyl-Snitropyrazole give one reduction wave over the whole 
pH range investigated. 

The half-wave potentials for the first wave of the compounds investigated, as a 
function of pH, are given in Table 2. From Table 2 it can be seen that 3(S)-nitropyrazole 
and l-methyl-3nitropyrazole have similar E1,2 values over all the pH range (except in 
O.lM sodium hydroxide). It shows that 3(5)-nitropyrazole mainly has the 3-nitro form. 
However, in O*lM sodium hydroxide N-unsubstituted nitropyrazoles [Cnitropyrazole, 
3(5)-nitropyrazole] have more negative E1,Z values, because they react with hydroxide, 
giving the anions F and II, respectively. The high electron-density of their nitro-groups 

OzN-C-CH 

Ial 

Hc\ ,N 

HTgyH 

02N-C, ,N 

N N 

I II 
causes a strong negative shift of E1,2. The E1,Z values of the l-methyl-3nitropyrazole 
are more negative than these of the 5-nitro isomer, because the nitro-group is located 
in the vicinity of the electron-donor system. The values of AE,,,/ApH for the first 
reduction wave of nitropyrazoles in the pH range l-83-9.30 are collected in Table 3. 

From the E,,, values as a function of pH it can clearly be seen that the simultaneous 
polarographic determination of two (scheme 1, Fig. l), three (scheme 2, Fig. 2) or four 
nitropyrazoles (Fig. 3) is only possible if O*lM sodium hydroxide is used as supporting 
electrolyte. 

As the El,* values of l-nitropyrazole remain practically independent of pH 
(AE,,,/ApH = -0GO5 V), contrary to the other nitropyrazoles, simultaneous polaro- 
graphic determination of two compounds (scheme 3) is possible at any pH higher than 6 
(Fig. 4), or higher than pH 5 (scheme 4, Fig. 5). Buffers of pH between 6 and 9 are 
preferred. 

The heights of the first wave (investigated separately for each nitropyrazole) are a 
linear function of the depolarizer concentration over the range from 5 x 10e5 to 
2 x 10v3M, but when the concentration of one of the compounds is varied in the 
presence of one or more others which are at constant concentration (2 x 10m4M) the 
linear relationship is no longer valid over the whole range. Accordingly, the polarographic 
determination for reaction mixtures should be carried out only over the range where a 
linear relationship exists (5 x lo- ‘-5 x 10e4M). 

In this paper we do not intend to draw any definite conclusions concerning the 
nature of the polarographic current, the number of electrons the nitro-groups consume 
during the electrode processes, nor give any theoretical explanation for the observed 
polarographic phenomena. We hope to answer all these questions later, giving here only 
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I 2 3 

Fig 2. Equimolar mixtures of 1-methyl-5-nitropyrazole, 1-methyl-3-nitropyrazole and 3(5)-nitro- 
pyrazole ~laro~aph~ at different pH values. (These compounds appear together in the reaction 

mixture according to scheme 2.) 
I-pH 2.23; 2-7Q4 (Britton-Robinson buffers); 3-0lM NaOH. Concentration of each com- 

pound 10T4M. Curves I and 2 start at 0 V us. S.C.E. Curve 3 starts at -@2 V us. S.C.E. 

the correct procedure for simultaneous polarographic determination of nitropyrazoles in 
reaction mixtures. 

Simultaneous polarographic determination 

Since the reaction conditions and the composition of the solutions vary during the 
syntheses, the isolation steps and the rea~angemen~ calibration curves cannot be used 
for the evaluation of the polarograms. Instead, the method of standard addition is used. 

Weigh a sample from the reaction mixture, dissolve it in distilled water and make up to 100 ml. so that 
the concentration of a11 polarographically active compounds is about 10w3M. Transfer a 2 ml portion to a 
potarographic ceil and add water (3 ml) and 0-2&f sodium hydroxide (5 ml). l&aerate the solution with 
nitrogen for 5 min and then record the pofarogram over the range from -0.1 to - 1.2 V vs. S.C.E. 

Transfer another 2 ml portion of the sample solution to a polarographic cell, add I ml of IO-‘M standard 
solution of each compound present in the sample examined, add water to 5 ml. if necessary, and 5 ml of 
0.2M sodium hydroxide, and proceed as before. Evaluate the polarograms by using the equation: 

% = (l~~c)/(~w) 

Table 3. The AE,,JApH of nitropyrazoles 

Compound 

4-Nitropyrazoie -0.066 
l-Methyl4ni~o~~azole -0064 
3(S)-N&opyraz& 
1-Methyl-3-nitropyrazole 
I-Methyl-5-nitropyrazole 
I-Nitropyrazoie 

-0059 
-0.059 
-0.054 
-oJ_uX 
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I 4x10-‘A 

ioor;lV J”” -0+3V J(5)-NitropyrazoIa 

ri 
$- -065v3-Nltropyrozole 

f 
-0.5lV 5-Nltropyrotole 

-0.24V 
/+- 

I-N itropyrazole 

Fig. 3. Equimolar mixture of I-mtropyrazole, I-methyl-5-nitropyrazole, I-methyl-3-nitropyrazole 
and 3(5)-nitropyrazole. 

Supportmg electrolyte O.lM NaOH. Concentration of each compound 10e4M. The curve starts 
at -0.1 V vs. S.C.E. 

where Y, = amount of compound present in the mixture, h = wave-height for the sample, c = weight of the 
standard added (g). w = weight of the sample in the cell (g), h’ = wave-height for the standard (i.e., increase 
in wave-height when standard is added). 

This method of determination is used when it is necessary to know the exact amount of each compound. 
Durmg the substitution of the amino hydrogen atom it is important to follow the reaction rates and to 
determine the end of the reaction. In such cases the exact amounts of the compounds present need not to 
be known, but only their ratio. Such a procedure is very fast. One or two drops from a reaction mixture 
are added to O.lM sodium hydroxide, deaerated with nitrogen for 5 min, and the polarogram recorded 
over the range from -0.1 to - 1.2 V vs. S.C.E. The total wave-heights are taken as equivalent to lOO%, 
and the individual amounts calculated by simple proportion. 

The criteria for distinction between N-unsubstituted nitropyrazoles and their N-substituted 
derivatives 

N-unsubstituted nitropyrazoles, because of their pseudo-acidic character, have lower RF 
values than the N-substituted derivatives in diethylamine. 1-Methyl-5-nitropyole is a 

I 2 3 4 5 6 7 9 9 IO 

Fig. 4. Equimolar mixtures of I-nitropyrazole and 3(5)-nitropyrazole polarographed at different 
pH values. (These compounds appeared together during the rearrangement according to 

Scheme 3.) 
I-pH 1.83: 2-pH 2.23; 3-pH 3.20; 4-pH 4.20; 5-pH 505; 6-pH 6-06; 7-pH 7.04; 
8-pH 8.22; 9-pH 9.30 (Britton-Robinson buffers); IO-O~lM NaOH. Concentration of each 
compound lo-“M. Starting potential for all curves is 0 V vs. S.C.E., except for the last curve, 

where it is -0.1 V vs. S.C.E. 
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1234 5678 9 10 

Fig. 5. Equimolar mixtures of 1-nitropyrazole and ~ni~op~~ole polarographed at different pH 
vaiues. (These compounds appear together during the rearrangement according to Scheme 4.) 

I-pH 1.83; 2-pH 2.23; 3-pH 3.20; 4-pH 4.20; 5-pH 505; 6-pH 6.06; 7-pH 7.04; 
8-pH 8.22; 9-pH 9.30 (Britton-Robinson buffers); IO--OlM NaOH. Concentration of each 
compound lo-“M. Starting potential for all curves is 0 V us. S.C.E., except for the last curve, 

where it is -0-l V vs. S.C.E. 

stronger base than the 3-nitro isomer and hence has in the same developer the highest 
RF value. The nitropyrazoles studied, except 1-methyl-5nitropyrazole and 1-nitropyrazole, 
give a yellow colour with the spray reagent on silica gel thin-layers. The same treatment 
applied to ~-ethyl-5-nitrop~azole gives a reddish colour, and to I-nitropyrazole no 
colour or a pale yellow. 

N-unsubstituted nitropyrazoles in alkaline media (i.e., @lM sodium hydroxide) show 
a strong negative shift of E,,, value compared to the iv-substituted derivatives. 
CNitropyrazole and 1-methyl4nitropyrazole or 3(5)-nitropyrazole and I-methyl-3-&o- 
pyrazole have ajmost the same Elf2 values over a wide pH range (except in O*lM 
alkali), The E1,2 values of I-methyl-5nitropyrazole are more positive. 

CONCLUSIONS 

In an earlier study of 19 nitroimidazoles3 (8 reaction mixtures) it could be seen that 
the influence of different alkyl substituents in the l- or 2-position was without great 
efl’ect on the E1,Z values. Accordingly, the method was recommended for simultaneous 
polarographic determination of nitroimidazoles in the reaction mixtures during the 
substitution of the imino hydrogen atom, irrespective of the nature of the substituents. 

Based on the present study (2 alkylation reaction mixtures and 2 rea~angements}, 
although the influence of only one alkyl substituent was examined, we think that we 
could recommend this method of $imultaneous determination for any alkylation or 
rearrangement process involving nitropyrazoles. 

Furthermore, since the structures assumed from the Eli2 values were confirmed 
spectroscopically, we can recommend this polarographic method for the determination 
of the structures, directly in the reaction mixtures. 

The nitropyrazoles investigated represent a group of compounds only recently 
discovered, where the rearrangement phenomena add further difficulty, and we hope that 
our method will be of special use in syntheses and studies of these compounds. 

We wish only to add, that to obtain information about the compounds present in a 
reaction mixture, all that is needed is a drop of the solution and 10 min of time. 

Acknowledgemenr-We are much indebted to Mrs. Magda Berger for her helpful suggestions during the writing 
of this paper. 
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Zuaammenfaaaung-N-Unsubstituierte Nitropyrazole haben im Gegensatz zu ihren N-sub- 
stituierten Derivaten ein Imino-Wasserstoffatom und reagieren mit Hydroxid zu Nitropyrazol- 
Anionen. Die starke Verschiebung von Ei,z dieser Anionen zu negativeren Werten ermiiglicht die 
gleichzeitige polarographische Bestimmungjedes Paares von Verbindungen aus N-unsubstituiertem 
Nitropyrazol und dem entsprechenden N-substituierten Derivat. Auch die gleichzeitige polaro- 
graphische Bestimmung dreier Verbindungen (3(5)-, 3-und 5-Nitropyrazol) ist mit 0.1 M Natrium- 
hydroxid als Trlgerelektrolyt miiglich, aber nur, wenn AEi,z zwischen den N-substituierten 
Isomeren wenigstens 100 mV betriigt. In diesem Fall wird ein brauchbares AE,,, durch die 
verschiedenen Elektronendichten an den Nitrogruppen der Isomeren hervorgerufen. In dem 
erwlhnten Medium kann man sogar vier Verbindungen (l-, 3(5)-, 3- und 5-Nitropyrazol) 
gleichzeitig bestimmen, da sich der E ,,,-Wert von 1-Nitropyrazol mit dem pH nicht lnderf im 
Gegensatz zu anderen Nitropyrazolen. Entwickler fur die chromatographische Trennung werden 
vorgeschlagen. Es werden einige Kriterien fur die Unterscheidung N-unsubstituierter und der 
entsprechenden N-substituierten Nitropyrazole angegeben. Die Strukturen zweier neuer Ver- 
bindungen wurden ermittelt Es werden Methoden empfohlen, urn die Verbindungen gleichzeitig zu 
identifizieren und zu bestimmen, die in den Reaktionsgemischen gemeinsam vorliegen, die man 
bei der Substitution des IminoWasserstoffatoms oder wahrend der Umlagerung von I-Nitro- 
pyrazolen zu den N-unsubstituierten erhalt 

R&urn&-Les mtropyrazoles non substituis a fazote ont un atome d’hydrogene imino, a I’opposi: 
des derives N-substitues et reagissent avec l’hydroxyde pour donner des anions nitropyrazole. 
Le deplacement fortement negatif de E1,‘2 pour ces anions rend possible Ie dosage polarographique 
simultant de n’importe quelle paire de composes, dont fun est un nitropyrazole non substitue 
a i’azote et l’autre un derive N-substitut correspondant. Le dosage polarographique simultane 
de trois composes [3(5)-, 3- et 5nitropyrazoles] est aussi possible avec la soude 0,lM comme 
electrolyte support, mais settlement quand AEIII entre les isomeres N-substitues est d’au moins 
100 mV. Dans ce cas le AE,,, convenable est cause par les densites tlectroniques differentes 
des groupes nitro des isomtres. Dans le milieu mentionne il est possible de doser simultantment 
meme quatre composes [l-, 3(5)-, 3- et 5-nitropyrazoles], parce que la valeur de E,,, du l-nitro- 
pyrazole ne change pas avec le pH. contrairement aux autres nitropyrazoles. On propose. des 
revelateurs pour la separation chromatographique. On donne quelques critires pour la distinction 
entre les nitropyrazoles non substttues a fazote et les composes N-substituts correspondants. 
On a determine les structures de deux nouveaux composes. On recommande des methodes pour 
I’identification et le dosage simultanes des composes apparaissant ensemble dam les melanges 
riactionnels pendant la substitution de fatome d’hydrogene amino. ou pendant des rearrangements 
des 1-nitropyrazoles en nitropyrazoles non-substituis a l’azote. 



APPLICATION OF FLOW-M~CR~CAL~RIMETRY TO 
ANALYTICAL PROBLEMS--II 

UREA-UREASE SYSIEM 

A. E. BEEZER, T. I. STEEPWN and H. J. V. TYRRELL 
Cbrmistry Department. Chelsea College, Manresa Road. Chelsea, London. SW3 6LX, England 

(Receiwtl20 Saptrmbrr 1973. AccepteJ 1 December 1973) 

Summnty--A discussion of the tmportance of the kinetic parameters, parti~u~ly the Michaelis 
constant K,. in designing an analytical kinetic technique is given. The magnitude of K, is 
shown to affect only the range of substrate concentrations accessible and not the sensitivity of the 
method. The limitations and advantages of the mimocalorimetric method in the determination of 
K,,, are outhned. The microcaiorimetric technique and the principles discussed were tested by 
ap~li~t~on to tbe urea-ureas system. 

Several recent ~mmnni~tions have described the utility of modern how-miGro~lorim~ters 
for the determination of enzyme activities’-’ and of e~ym~in~bitor concentrations. 
The LKB flow-microcalorimeter” measures the average rate of heat output (dij/dt) from 
a small cell, volume V,, through which a reacting solution is flowing (flow-cell mode) or 
in which two streams of liquid meet and react (mixing-cell mode). The relations between 
the observable quantity and the instrumental and reaction parameters have been worked 
out for reactions with zero- and first-order kinetics4 with particular reference to the 
kinetics of enzyme-catalysed reactions. It was shown that both the kinetic and thermo- 
dynamic parameters of a reaction, in principle, can be obtained from measurements with 
a bow-mi~ocalorimeter, in addition to the determination of both enzyme activities and 
substrate concentrations. Experimental confirmation of some of the theoretical conclusions 
has also been reported.5’6 

The design of a successful analytical method for the measurement of enzyme activity 
and particularly of substrate concentration depends markedly on the properties of the 
particular ensue-subs~ate reaction, since the condi~ons used must depend upon the 
kinetics of the reaction. It is the purpose of this paper to illustrate the type of kinetic 
information required, to show how it may be obtained from flow-calorimetry, and to 
indicate the extent to which successful methods can be developed from it. The urea-urease 
system was chosen for an initial study because of the ease with which the enzyme can 
be obtained commercially, and the fairly extensive studies of the kinetics of the 
urea-urease system which have already been made ’ I0 in a range of buffers. The use of 
this enzyme for the microcalorimetric assay of urea in urine samples has already been 
described but few details were given.5 
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THEORETICAL CONSIDERATIONS 

The rate of an enzyme-catalysed reaction can generally be expressed in terms of the 
Michaelis-Menten equation : lo 

d[product] k4Sl 
dt = K, + [S] (1) 

where [S] is the substrate concentration, e. the enzyme activity, k a constant, and K, 
the Michaelis constant. At high substrate concentrations, with [S] 4 K, , the reaction is 
zero-order: 

dbroductl = ke 

dt O* 

When [S] 4 K,,, , the reaction becomes first-order: 

dbroductl = *oCS] 
dt Kn + 

(4 

(3) 

The instrument response (I) from the flow-calorimeter (flow-cell mode) has been shown4 
to take the following forms in the two limiting cases. 

(a) Zero order 

I s I, = pke, E AH, (4) 

where AHR is the reaction enthalpy and p is an instrument calibration factor. 
This output is independent of time and flow-rate, provided that heat produced by 

degradation of the mechanical energy of the flowing liquid can be ignored. This is true 
for normal operating conditions. 

(b) First order. Let the liquid flow-rate be R, and define an average residence time r 
such that t = K/R. From equation (3), the first-order rate constant k, is equivalent 
to keO/K, and if the initial substrate concentration is denoted by [So] : 

I = /IR[SO]AHR[l - exp(-k,r)]exp( -k,t). (5) 

When kls is small, 

ke, V, 
1 - exp( - k,r) = k,t = k, I/,/R = RK, . 

Hence, when this condition is fulfilled, 

f = /I[S’]( keo/ &)I/, AH, exp( - k, t). (7) 

The output I decays exponentially with time and the slope of a plot of log I against 
time gives kl or (keo/Km). The intercept at zero time, I,, of such a plot should vary 
linearly with [SO] and, from (7), 

Io/[S’] = (/Ike, K AHR)/R, 

= IJK, . (8) 

In principle, this provides a method for finding the Michaelis constant K, without the 
necessity for measuring /I, V, , AHR, k and e. . 

It follows from equation (4) that the value (I,) of I in the presence of excess of 
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FI@. I. Theoretical form ofvariatlon ofheat output-rate with substrate concentratton at a constant 
arbitrary time after ~n~t~~t~o~l of reaction. 

substrate gives a relative measure of the enzyme activity. lZ should vary linearly with e, 
and be independent of [S] provided this is large, and there is no inhibition by substrate. 
Since I, is time-independent, the interpretation of the data is particularly simple. The 
substrate concentration can be obtained in principle by measuring the instrument output 
as a function of time and extrapolating to zero time, provided [So] G K, + However this 
extrapolation may be difficult in practice. Alternatively, equations (5) and (7) show 
that at a fixed time I is linearly proportional to [So]. It can also be shown* that for 
first-order kinetics the integral 

i.e., ‘the area under the curve on a plot instrument output against time, is linearly 
proportional to [SO]. When the reaction is of intermediate order ([SO] h K,) these 
relations will not hold exactly, and the instrument output at fixed time, or the integrated 
output at fixed time, or the integrated output between fixed time-limits. should vary with 
substrate con~ntration in the manner shown in Fig. 1. Once this calibration curve is 
established. substrate analysis of an unknown becomes possible. 

The optimum experimental conditions for the successful application of the method in 
enzyme and substrate analyses will depend on the kinetic parameters k and K,, and 
on AH,,, , The instrument response in the presence of excess of substrate [equation(4)] 
depends on the product keo AH,. The rate of an enzyme reaction varies with pH 
because of the effect of pH on keo , but changes in pH can also affect AH, if the products 
or reactants of the enzyme reaction show acid-base properties in the appropriate pH 
range. It is first necessary to determine the pH which gives the maximum value of 
keoAHR. This will not necessarily be the pH at which the reaction proceeds most 
rapidly (keo maximum). For the urea-urease system, and probably for many others, 
lie0 AH, changes rapidly with pH. Since flow-cell experiments require the reacting 
mixture to be studied for some time, the buffer used must have sufficient capacity for the 
effect of changes in pH on keo AHR to be negligible during this period. 

If substrate concentrations are to be determined, the value of the Michaelis constant 
is of importance. When it is low. the accessible range of substrate concentration is also 
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low. Equation (7) is only applicable when [SO] 4 K, and from (7) and (4) it follows that 
under these conditions : 

I = WI exp( - k,r). 
K, + 

Thus the instrument response may be small in substrate analyses, unless I, (effectively 
the enzyme activity) can be increased. In principle, for first-order kinetics to be obeyed 
with reasonable accuracy, [Sol/K, should be about 001. but in practice’ quite good 
“first-order” plots are obtained even when this ratio approaches 0.2. A reasonably linear 
calibration curve of instrument response at a fixed time, or of 

. fz 
( Idt 

between fixed limits, plotted against [S], may therefore be expected for substrate concentra- 
tions up to about 0*2K,. The value of the Michaelis constant for the urea-urease system 
depends upon the overall composition of the buffer because the enzyme is inhibited by 
both potassium and sodium ions and activated by phosphate ions.’ In concentrated 
phosphate buffers K, - 0*05M,7-g whereas in “tris” sulphate buffer,” where the buffer 
components have no effect on the enzyme, K, = OGO4M. Thus the value of K,,, 
determines the practicable range of substrate concentrations which can be determined 
but does not affect the sensitivity of the procedure. 

EXPERIMENTAL 

Apparatus 

The LKB flow-microcalorimeter was housed in a room maintained at 25” z 05’ and was operated at 25’. The 
Row-through mode3.4 was employed. Solutions were pumped through the calornneter by peristaltic pumps 
(LKB Perpex, 55 ml/hr). 

Materials 

NarHPO,. 12HaO and NaH,PO,. 12HrO (analytical-reagent grade) at a total phosphate concentration of 
0.75M, constituted the buffer solution (pH 7.0). Urea (analytical-reagent grade) was used without further 
treatment. Urease (Sigma London Chemical Co.. Type III prepared from jack bean) was stored at 0. until 
required; fresh solutions in buffer were prepared daily. 

Procedure 

The general procedure for the operatton of the calortmeter has been described prevtously.2.J An instrumental 
base-line wasestablished by pumping substrate solution (50 ml initially) through the calorimeter. After precisely 
10 min, 455 ml of enzyme solution (1 mg/ml in buffer) was added rapidly wtth vtgorous stirring and the 
change in instrument output with time recorded. All solutions presented to the calortmeter were maintained 
at 25’ in a water-bath. The amplifier setting was equivalent to 10 !tV for full-scale deflection. 

RESULTS 

The eflect of‘pH 

A phosphate buffer was chosen for the work because the high value of K, ( -0*05M) 
permitted a convenient range of substrate concentrations to be studied by using the 
flow-cell mode. Preliminary studies showed that a sufficiently high buffer capacity could 
only be obtained by using a total phosphate concentration of 0.75M. Even so, the pH only 
remained constant with time over a narrow range in the vicinity of pH = 7.0, and it was only 
in this range that the instrument output was time-independent in the presence of excess 



Flow-mlcrocalorlmetry 471 

PH 

Fig 2. Variatron of heat output-rate (30 mm after the mttlation of the reaction) with pH in 0.75M 
phosphate buffer. 

of substrate as required by equation (4). Figure 2 shows the variation of instrument 
output 30 min after the start of reaction, against pH in this buffer. The maximum 
instrument output occurs at pH = 74, where the buffer capacity is fortunately high 
enough for pH changes with time to be negligible. Optimum pH values for the 
urea-urease system in phosphate buffer have been reported’ ‘* to range from 6.2 to 8.0. 

Determination of enzyme activity 

The relationship between enzyme activity and instrument response was found to be 
linear for enzyme concentrations between 0.25 and 2-O mg/ml. The least-squares line 
passed through the origin within experimental error and gave a regression coefficient of 
0.9985. 

The determination of substrate concentration 

All substrate analyses were performed as described above, the instrument response 
being monitored for at least 30 min after initiation of the reaction by addition of 
enzyme to the buffered substrate solutions. Substrate concentrations up to 1M were 
studied. 

At low substrate concentrations (below O-02%4) the instrument response at a fixed 
time (30 min) after initiation of the reaction was linear with respect to substrate 
concentration. A least-squares analysis of data for experiments with substrate concentra- 
tions between 5 x 10W4 and 250 x 10e4M gave the following relationship between 
substrate concentration [S] and instrument response I: 

[S] = 2.57 x lob41 - l-39 x 10e4 mole/l. (10) 

Table 1 shows the values of I (mean of two or three independent values in each 
case) for substrate concentrations in the range stated, on which equation (10) was 
based, together with calculated values of [S] based on equation (10). The differences 
between calculated and observed values are obviously very small. The viability of the 
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Table 1. Thermometric assay of urea solutions by use of urease m 
* phosphate buffer 

Instrument 
response, y0 offull scale 

96.3 
76.5 
71.1 
63.3 
44.1 
29.4 
22.5 
20.2 
17.2, 
11.6 

;:; 

2.34 

Substrate cont.. M 

Actual Found, [eq. (lo)] 

0.0250 0.0246 
0.0200 0.0195 
0.0180 0.0181 
0.0160 0.0161 
0.0120 0.0112 
0~0075 oGO74 
0.0060 0.0056 
00050 OGO50 
OGO40 oGO41 
0.0030 0.0028 
oQO20 @0018 
O-0010 oGO12 
OGOO5 OGOO4, 

method for the determination of urea in biological fluids was tested by analysing a 
sample of urine by dilution with phosphate buffer and carrying out the thermometric 
assay in the manner described. The urea concentration in the original sample was 
found to be 0.2OM by this method. A conventional assay (Nessler) carried out by the 
clinical biochemistry department of a London hospital on the same sample gave a urea 
concentration of 0.19M. 
At urea concentrations much greater than 0*025M, equation (10) ceased to apply, and the 
experimental curve of instrument response against substrate concentration was similar to 
that shown in Fig. 1. At a urea concentration of 0*30M the instrument output was 
640 @, at 0.35M 64.2 Z.LV, at 0.4M 64.0 ,uV. All these were independent of time within 
the duration (up to about 1 hr) of the experiment. At a still higher concentration 
(l*OM) the output was 654 ,uV, again constant with time over a fairly long period. From 
equation (4) the instrument response should be independent of [S] if [S] is high. The 
variation in I, is attibuted to inhibition by substrate. 

Estimation of Michaelis constant from flow-calorimetry data 

If the system obeys Michaelis-Menten kinetics over the whole range of substrate 
concentrations, equation (8) provides a possible method of estimating K,,, . For this 
purpose it is necessary to find Z,/[SO] for the range of substrate concentrations where 
the reaction shows first-order kinetics, and also I,, the limiting instrument response at 
high substrate concentrations, when the reaction is zero-order. I, is the extrapolated value 
of I at zero time derived from the first-order kinetic plot of log I against time. 

For the urea-urease-phosphate system at urea concentrations up to 0*012M the 
instrument output has been found to vary exponentially with time6 when the reacting 
system is passed through the flow-cell. Table 2 shows apparent first-order rate-constants 
derived from these plots together with extrapolated values of IO. 

If the reaction remained first-order over the range of substrate concentrations shown, 
Zo/[So] should be independent of [SO]. This was clearly not the case in spite of the 
excellent linearity of the first-order plots obtained in each case (cf: reference 6). A first 
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Table 2. Urea-urease-phosphate system. Apparent first-order rate-constants and 
I, values at low concentrations 

I 
/lo< 

Apparent first-order 
rate-constant 

min- ’ 

3 3.36 1.12 0.0333 
3 3.48 1.16 0.0360 
4 4.17 1.04 0.0260 
5 5.21 1.05 0.0295 
7.5 7.84 1.06 0.0279 

12.0 11.80 0.985 0.0290 

estimate of K, can be found by assuming the limiting value of I,/[SO] at low 
substrate concentrations is 1.10 mV. 1. mole- ’ and that I, is 65.0 pV. From equation 
(8) and these data K, = O.O59M, and even at [SO] = 0*003M the condition that 
K, B [SO] is not fulfilled very well. In addition there is some uncertainty about I, since 
substrate inhibition of urease is known to occur. 

A more accurate form of equation (8) is 

m”l 
10 = -K,+[sol’ (11) 

Consequently 

l/l, = KnJI,[SO] + l/Z,. (12) 

This equation is analogous to the well-known Lineweaver-Burk plot and could be used 
in principle to calculate both K, and I,. It gives a linear plot for the data in Table 2. 
Regression lines have been calculated as follows. 

(a) For all points. 

l/Z, = 8.343 x 10-4/[So] + 0.019 /X1 (13) 

Regression coefficient 0.996; standard deviations 0.37 x 10m4 (slope), OGO9 (intercept). 
(b) Omitting points at [SO] = 3 x 10m3M. 

lil, = 9.362 x 10-4/[So] - 0.004 /N-i (14) 

Regression coefficient 0.9997: standard deviations 0.16 x 10e4 (slope), OQO3 (intercept). 
The intercept is small and uncertain because of the small range of substrate concentra- 

tions covered, and it is impossible to get a reasonable estimate of I, from these data. 
Using I, = 65.0 pV, the directly observed value, as a minimum estimate, it follows that 
K, = 0.054M [case (a)] or 0.061M [case (b)]. These are minimum estimates from the 
observed slopes of the two regression lines and will increase if the observed I, is too 
low. In spite of their uncertainty they are consistent with earlier values for this system in 
phosphate buffers. as follows. 

PH 

7.0 
7.0 
7.0 
6.9 

Buffer concentration. K In* 
M M Reference 

0.067 0.027 13 
0.158 0.026 9 
0,267 0.05 9 
0.75 0.06 this work 
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Data obtained by using a Row-cell are not suitable for use with equations (11) and (12) 
over a wider range of concentration than that used in this work because IO cannot be 
easily obtained when the reaction departs appreciably from first-order kinetics. Use of 
the mixing-cell would give a good estimate of IO without any need for extrapolation 
to zero time at any value of [SO]. The method is then exactly comparable to more 
conventional methods of studying the kinetics of enzyme reactions, with the advantage 
of providing a simple general technique for following the reaction. 

: 
3: 
4. 
5. 

6. 

7. 
8. 
9. 

10. 
11. 
12. 
13. 
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Zusammenfaaamg-Die Bedeutung der kinetischen Parameter, besonders der Michaelis- 
Konstanten K,, fir die Planung eines kinetischen Analysenverfahrens wird diskutiert. Es wird 
gezeigt, daD die GriiBe von K,,, nur EinfluB auf den erfal3baren Konzentrationsbereich an 
Substrat hat und nicht auf die Emnfindlichkeit der Methode. Vorteile und Grenzen der mikroka- 
lorimetrischen Methode zur Bestimmung von K, werden skizziert. Das mikrokalorimetrische 
Verfahren und die diskutierten Grunds&ze wurden durch Anwendung auf das System Harnstoff- 
Urease iiberprtift.’ 

R&sum&On presente une discussion sur I’importance des parametres cinetiques particulitrement 
la constante de Michaelis K,, dans la conception dune technique cinitique analytique. On 
montre que la grandeur de K, atfecte seulement le domaine de concentrations de substrat 
accessible et non la sensibilite de la methode. On indique les limitations et avantages de la 
methode microcalorimetrique dans la determination de K, . La methode microcalorimctrique et 
les principes discutes ont cte essay& par application au systeme urh-urcase. 
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Summary--A detailed assessment of the precision of direct reflectance measurements has been 
made, usmg commercially available test-strtps for nickel. The overall relative precision is 
3.2-4.6 O0 for the concentration range 10-100 ppm. The effect of interfering ions has been 
studied and the mechanism of Interference discussed in terms of dtffusion. Non-commercial 
test-strips have been prepared and compared with the commercial product. 

The feasibility of using direct reflectance measurements for quantitative analysis was 
examined in the first paper of this series’ and it was shown that the relative precision is 
2-496 for IO-100 ppm of nickel. A more detailed assessment of the precision has now 
been made by an analysis of variance,’ and interferences have been investigated. 

During the course of the current work, nickel test-strips were prepared with a larger 
surface area than those available commercially. The principal advantage of such “home- 
made” strips is the ability to make reflectance measurements with an attachment fitted 
to a spectrophotometer. Although spectrophotometric measurements using the commercial 
strips had been made during the earlier work, a rather tedious routine of mounting six 
strips on a card was necessary to provide adequate instrumental response. The properties 
of the larger test-strips have been compared with those of the commercial product. 

EXPERIMENTAL 

The reagents and apparatus were those described earlier,’ with the addition of plastic TLC plates coated 
with sihca gel (with binder) or cellulose (no binder). 

Groups of up to five test-strips were mounted m a large cork which was then clamped in position for the 
strtps to be immersed simultaneously (no stirring) in the appropriate sample solution (for 2.0 min i 1 set). 
The strips were then rinsed briefly with dtstilled water and dried for 3 min with a hot-air blower. For the 
stattstical evaluation of preciston. sets of five strips were developed for nickel concentrations of 10, 25, 50, 
75 and 100 ppm. 

The procedures and condittons for reflectance measurements with the “Chromoscan” and SP 800 instruments 
were as previously described.’ The SP 800 spectrophotometer was used only for the non-commercial strips. which 
were large enough to be mounted directly m the SP 890 reflectance attachment 

The effects of K. Ca. La. Fe(IIIl. Cu(I1). Co(H) and Hg(II) on a 100 ppm mckel standard were 
mvestigated at levels up to 20.000 ppm. Each metal was added as the nitrate and the pH of the sample 
solutton adjusted to between 5 and 7 with sodium acetate if necessary. In the case of Fe(W), tartrate was also 
added to prevent prectpitation of the hydrated oxide. Interference from Cu(II) at htgh levels was masked 
with sodium thiosulphate. from Fe(III) with potassium fluoride and from Hg(I1) with sodtum chlortde. 

* Part I: 7alnnrrr. 1972. 19. 1563. 
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Preparation of non-commercial test-strips 

Plastic silica-gel and cellulose TLC plates were each cut mto strips approximately 1 x 0.75 in. and the 
adsorbent layer removed frpm one end so as to leave a test area of about 1 x 1.75 m. Each strip was 
immersed briefly in a 1 : 1 mixture of saturated solutions of .dimethylglyoxime and anhydrous sodium 
acetate in methanol. After rinsing in methanol to remove excess of reagent, the strips were allowed to 
dry in air. 

RESULTS AND DISCUSS,ION 

Assessment of precision 

In the development of an analytical procedure, it is of interest to know the precision 
that can be expected from a “batch” of measurements made with a given set of reagents 
and within a given working period, and the overall precision of measurements made in a 
number of such periods. The overall precision may be affected by the use of different sets 
of reagents and by gross changes in laboratory conditions. In the present work a “batch” 
is a set of measurements made with test-strips taken from one particular box of 100. 
during one working session. Good estimates of”within-box”, “between-box”and “overall” 
precision can be made by statistical analysis of variance on data from sets of five 
replicates from each of four boxes. This has been done for solutions containing 10. 25, 50, 
75 and 100 ppm of nickel, the optimum range of concentration being indicated by 
linearity in the Kubelka-Munk and Ringbom plots.’ The precision of repeated measure- 
ments on a set of prepared standards over a long period (10 weeks) has been assessed 
similarly. 

Table 1. Analysis of variance formulae 

Source. of Sums of Degrees of Mean 
variability squares, Si freedom squares 

Between boxes S, = 1 B2/n - (c B)‘/mn N,=m-1 M, = S,IN, 
Within boxes S,, = z X2 - c B2/n No = m(n - 1) MO = SolNo 
Total S, = 1 X2 - (1 B)‘/mn N, = mn - 1 

X = reflectance measurement: B = sum of a set of n replicates: m = number of boxes 
or number of sets of measurements made on a set of standards over a period of time: 
M, = \,$ and M, = II.\,, + sw where \H and gw are csttmates of the “withm-box” and 
“between-box” standard deviattons. 

The formulae used in the analysis of variance are shown in Table 1. If “between-box” 
variations are significantly greater than “within-box” variations, then the following 
relationships are valid: 

SW - - 4% 

sg = 
ii 

Ml-MO 
\ n 

s, = Js$ + &) 

where s, , sB and s, are estimates of “within-box , ” “between-box’* and “overall” standard 
deviations respectively, the other symbols being defined in Table 1. 

This will hold only if M, is significantly greater than M,, as indicated by application 
of the statistical F-test, and was found to be the case at all the concentrations studied 
except the 10 ppm level, which was anomalous in that M, was significantly less than MO 
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Table 2. Relative precision of reflectance measurements in the determination of 
nickel 

[Nil, ppm Within boxes 
Relative precision. y, 

Between boxes Overall 

10 3.2 - 
25 2.0 3.1 3.7 
50 1.4 2.9 3.3 
75 1.4 2.9 3.2 

loo 1.5 4.3 4.6 
Srngle duy OfTI. 10 Wrc~L! 01 cwrll 

100 1.3 1.3 1.8 

so that only “within-box” precision could be calculated at that level. The source of 
the anomaly, which may have been an undetected but determinate error, has not been 
investigated further. 

The calculated precisions are given in Table 2 and are in general agreement with 
the results obtained in the preliminary study.’ 

Interferences in rejlectometry 

The colour of test-strips immersed for 2 min in a nickel solution intensifies 
appreciably during this period even though the solution is unstirred. The process clearly 
involves diffusion since nickel ions at the surface of the test-strip are removed from the 
solution by the chromogenic reaction, thereby creating a concentration gradient, nickel 
ions then diffusing from the bulk solution to the surface until all the reagent is consumed. 
If the chromogenic reaction is fast, diffusion will be the rate-controlling process. The 
lower reflectance (increased reading) for test-strips immersed in stirred solutions, where 
mechanical convection augments diffusion, can be adduced as evidence to support this 
assumption.’ It is also of interest to note from the earlier results that the effect of stirring 
is greater at the 10 ppm level, where a relatively small concentration gradient is 
established, than at the 50 ppm level where the gradient is much larger. The higher rate 
of diffusion expected in the 50 ppm solution is proportionately less affected than that 
prevailing at the lower concentration. 

The rate of diffusion of an ionic species can also be altered by the formation of an 
electrical double-layer at the surface of the test-strip. In general, electrical double-layers 
form at any interface between a solid and an electrolyte solution. The double-layer, 
consisting of a monolayer of adsorbed ions, or an ionized surface, and a more diffuse layer 
of counterions extending into the bulk solution, behaves like a condenser in that a 
potential gradient is established normal to the surface. Other electrolytes in the sample 
solution can have a profound effect on the magnitude of the potential gradient, and if 
at high enough concentrations, may reduce the bulk diffusion rate of the ions of interest 
(in this case. nickel). Non-electrolytes may have a similar effect solely by increasing 
solution viscosity. High concentrations of ionic species’ which do not react with 
dimethylglyoxime but which result in a negatively-charged surface with an outer layer 
of positive counter-ions will therefore inhibit the diffusion of nickel ions to the surface 
of the test-strip. For a given immersion time, an increased reflectance (lower reading) 
will be observed, although the colour of the strip will not be visibly affected. These 
conclusions are supported by the results given in Table 3 which show the effects of 
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Table 3. Effect of K, Ca and La on the reflectance of a lOO-ppm nickel standard 

Interfering 
ion 

Concentration, 
ppm 

Reflectance Relative 
(mean of 5 replicates) precision, I’” 

none 9.80 1.6 
’ K+ zoo0 7.16 1.5 

20.000 6.93 1.1 
Ca2+ WQO 7.20 1.7 

20,000 5.50 1.4 
La-‘+ 2000 560 1.3 

20,000 5.60 1.6 

K+ Ca2+ and La3+, all added as nitrates and none of which reacts with the reagent. 
The precision of these measurements, also given, does not differ significantly from-that 
of those made with pure nickel solutions. 

There is some indication from the results shown in Table 3 that the degree of inter- 
ference is related to the formal charge on the cation, tervalent lanthanum causing very 
serious interference even at the 2000 ppm level. At the 20,000 ppm level. La3+ and 
Ca2+ have an effect comparable to but more pronounced than that of K+, but at such 
a high concentration of electrolyte the inhibition of bulk difIusion may be the dominant 
factor. It is possible that interference of this type could be correlated with other parameters 
such as charge density, but further work would be necessary. It can be assumed that any 
electrolyte present in addition to nickel salts constitutes an interference, the threshold 
concentration at which reflectance is measurably affected being determined by the nature 
of the electrolyte. For analytical purposes, the situation may be regarded as a matrix 
effect which can be obviated by use of standards with a composition similar to that of the 
sample. 

If the interfering ion also reacts with the reagent to form a coloured complex, 
additional changes in reflectance will occur. This is because of the competition for the 
reagent between nickel and the interfering ion at the surface of the test-strip. If there is a 
considerable excess of the interfering ion present, it is likely that there will be a significant 
reduction in the amount of nickel complex formed in addition to the effect caused by a 
slower rate of diffusion. Likely interfering ions of this type, viz. Cu(II), Fe(III), Co(I1) 
and Hg(II), have been investigated at concentration levels between 50 and 5000 ppm. 
These concentration levels and suitable masking reactions were based on data provided 
with the commercial test-strips. The results are summarized in Table 4 and show that 
Cu(I1) can be tolerated up to at least 1000 ppm but at 5000 ppm the test-strip is 
discoloured by a green deposit and the reflectance increases. Although the addition of 
sodium thiosulphate prevents formation of the green discolouration and prevents the 
copper from competing for the reagent, the diffusion of nickel is still significantly inhibited. 
Interference by Fe(II1) at both the 1000 and 5000 ppm levels can be minimized by 
complexing the iron with tartrate or fluoride but the diffusion of nickel is nevertheless 
impaired. At 5000 ppm of Fe(III), a slight brown discolouration of the test-strip is 
noticeable. Interference by Co(I1) is serious and is observed even at 50 ppm. the 
reflectance decreasing owing to formation of a brown cobalt complex. Bathing the 
strips in aqueous ammonia (1 + 20) after immersion in the sample solution dissolves some 
cobalt complex but leaves only a very pale pink colour due to nickel and results in a 
higher reflectance. Up to at least 5000 ppm of Hg(I1) can be masked successfully 
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Table 4 Effect of Cu(II). Fe(III). Co(J1) and Hg(J1) on the reflectance of a 100 ppm 
nickel standard 

Interfermg Concentration, 
ion iw 

Reflectance 
(mean of 5 
replicates) 

Masking Relative 
agent precision, “/i 

None 
clJ*+ - 1.000 

5.000 
5.000 

Fe3+ 1,000 
5.000 

CO*+ 50 
1.000 
1.000 

Hg*+ 1,000 

lOGO 
10.30 
7.10 
8.41 
9.48 I 
8.46 I 

1060 
not measured 

8.30 
not measured 

10.03 
9.34 

- 
- 
- 

Na&A 
tartrate or 

fluoride 
- 
- 

aqueous ammonia 
- 

NaCl 
NaCl 

1.4 
1.7 
47 
3.1 
1.4 
1.7 
2.6 
- 
6.6 
- 

2.0 
3.1 

with sodium chloride. the test-strips showing a deep red-brown colour in the absence 
of the masking agent. It should be noted that in many cases, especially at high 
concentrations of the interfering ion, the relative precision is significantly reduced. 

Assessment of non-commercial test-strips 

Strips prepared from plastic TLC plates coated with silica gel or cellulose were 
impregnated with dimethylglyoxime, and sodium acetate as a buffer to enable them to 
be used down to pH 2-3. Comparison with the commercial strips showed that the colour 
intensity produced at a given nickel concentration was greater for both types of “home- 
made” strips. However, the silica gel coating tends to flake off during immersion in the 
sample solution, and the precision at the 25- and 100 ppm levels (5 replicates) is not as 
good as that of the commercial product (Table 5). The cellulose layers are mechanically 
stronger. give a very even colour and a precision somewhat better than that of the 
commercial product (Table 5). The reflectance spectrum of the developed cellulose-coated 
strips is similar to that of the commercial strips except that the maximum is slightly 
less broad and is shifted from 547 f 1 nm to 538 & 1 nm. This hypsochromic shift 
is to be expected from the finer and more even particle size of the powdered 
cellulose used in the manufacture of the plates as compared to the coarse, fibrous structure 
of paper. As in the case of the commercial strips, the Kubelka-Munk law is obeyed 
up to about 100 ppm of nickel and the optimum range for quantitative measurements 
indicated by a Ringbom plot is lo-100 ppm. 

Table 5. Comparison of commerical and non-commercial test-strips 

Strip 

Commercial product 

Cellulose TLC plates 

SiO, TLC plates 

[Nil, mm 

25 
100 
25 

100 
25 

100 

Reflectance Relative 
(mean of 5 replicates) precision, % 

4.80 2.2 
10.05 1.6 
5.32 1.5 

11.14 0.7 
5.03 7.4 

1095 3.1 
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CONCLUSIONS 

An analysis of variance at several concentrations between 10 and 100 ppm of nickel 
has confirmed that the overall relative precision of direct reflectance measurements on 
commercial test-strips lies in the range 3*2-4.6%. Within a single working session and 
with one particular box of test-strips, a relative precision of 1+3.2% can be expected. 
Larger strips, prepared from cellulose-coated TLC plates, give a more even colour and 
marginally better precision, but similarly-prepared silica gel coated strips are not 
satisfactory. 

Interfering ions which do not react with the chromogenic reagent do not appear to affect 
the precision significantly, but the colour produced is reduced in intensity (the 
reflectance is increased). The degree of such interference may be related to formal 
charge or charge density and is considered to be caused by changes in the rate of 
dihusion ot mckel ions to the surface of the strip during the immersion period. Cobalt at 
the 50 ppm level interferes by reacting with the reagent, but iron, copper and mercury 
interference can be minimized by using suitable masking agents. In such cases, the 
precision may be adversely affected. For quantitative analysis, samples and standards 
should have as similar a composition as possible. 

Acknowledgement-I 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”. 
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Zwammenfasamg-Mit Hilfe handelsiiblicher Testreifen Rir Nickel wurde die Genauigkeit 
direkter Reflexionsmessungen im enxelnen abgeschlttxt. Im Konxentrationsbereich 10-100 ppm ist 
die relative Genauigkeit insgesamt 3,2-4,6x. Der Einflul3 stijrender Ionen wurde untersucht und 
der Mechanlsmus der Stiirung im Sinne der Diffusion diskutiert. Es wurden selbst Test- 
streifen hergestellt und mit den k&it&hen verglichen. * 

Resmne-On a fait une appreciation detail& de la precision de mesures de pouvoir rtflecteur 
direct, en utilisant des lames-essai commercialement accessibles pour le nickel. La precision 
globale relative est 3,2-4.6 % pour le domaine de concentration 10-100 ppm. On a etudit 
l’influence d’ions genants et discute du mecanisme d’interference en fonction de la diffusion. 
On a prepare des lames-essai non commerciales et les a comparees au produit commercial. 
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Summary-Automated methods for the rapid determination of carbon, hydrogen, nitrogen, and 
oxygen have been developed for use in conjunction with modern data processing equipment. 
Details as to the methods, apparatus, programming of procedures, and evaluation of the results 
are presented. 

The personnel costs in a large laboratory for elemental analysis make automation of 
individual methods essential for economic operation. The degree of automation cannot 
stop at, say, furnaces with automatic programming, but must be such that almost every 
human activity, including control of the analysis, is replaced by computer. In this field 
automation is no longer a hollow slogan but a stark necessity. 

Carbon, hydrogen, nitrogen and oxygen are the elements which are most frequently 
determined. Automatic methods for these elements were most urgently required. Two 
approaches were therefore considered: 

(u) determination of several elements in one weighed sample, 
(b) rapid separate determinations of each element. 
The first approach is the basis for many familiar methods for the simultaneous 

determination of carbon, hydrogen, and nitrogen. Almost all these methods are only 
partially automated: the analyst is tied to the apparatus until the determination is 
completed. Time is saved only because three elements are measured in one procedure. 
Most methods for semi-automatic determination of carbon, hydrogen, and nitrogen have 
two major disadvantages: first, most of them are more or less ultramicro in scale, 
and secondly, they tend to give results that are dependent on the sample structure. 
This latter difficulty results, perhaps, from the inherent impossibility of selecting optimum 
pyrolysis and combustion conditions when several elements are to be determined simul- 
taneously. 

We in BASF’s Analytical Laboratories deliberately chose the second approach in 
preference to the first, and developed individual rapid methods for determining carbon 
and hydrogen, nitrogen, and oxygen. Each of these methods can be automated to the 
fullest extent and yields results in digital form for processing in a computer. 

To avoid dependence on physical calibrations we chose methods for the end-determina- 
tions that yield physical values strictly proportional to amount of substance. Volumetric 
titrimetry and gas volumetry seemed to fulfil this condition most closely: the pressure 
and temperature corrections for the latter are of course quite unambiguous. 

These rapid methods1-4 will now be described and the advantages of electronic data- 
processing for elemental microanalysis in general will be discussed. 

* Paper presented at the Symposmm on Microchemical Techniques, Penn State University, 19-24 August 1973. 
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NITROGEN 

Our work on nitrogen determination was carried out first, and the automatic apparatus 
we developed has proved itself in routine use over the last five years. 

Principle 

The determination is based on the Dumas method. This classical method has two basic 
faults: (a) thermally stable compounds decompose incompletely, giving low values; 
(b) volatile pyrolysis products may be incompletely oxidized and cause high values. 
However, both sources of error may be eliminated by the use of pure oxygen during the 
combustion. 

Pyrolysis and oxidation are achieved in a very short time by almost explosive 
combustion in a rapid stream of oxygen in an adequately-dimensioned vertical tube. 
The combustion products are swept out with carbon dioxide, which carries them through 
successive heated beds of copper oxide and copper. Finally the volume of nitrogen is 
measured in an automated nitrometer, and the value is either printed out or fed to a 
calculator. With this modification we gain an absolutely universal method. 

The method is, of course, only fully automatic when the sample weight is measured 
by an electronic microbalance with an output signal which can be coded and fed to the 
calculator. 

For micro-samples 30 set is required for combustion and 2 min for purging. For 
materials which are more difficult to pyrolyse, the oxygen stream can be maintained for a 
longer time. Combustion can also be prolonged for larger samples, but so far we have not 
encountered a substance that requires more than 2 min for a 20 mg sample. For trace 
analysis in samples weighing 50 mg or more the method must be modified slightly: the 
oxygen stream is maintained for as long as necessary, and complete oxidation of pyrolysis 
is ensured by an additional oxidation stage. 

The method thus covers the determination of both constitutional and trace nitrogen. 

Apparatus 

The apparatus is available commercially from W. C. Heraeus GmbH in modular form under the 
designation Rapid N. It consists of the two gas sources, the combusion unit with the combustion tube and 
reduction tube, the nitrometer unit with a counter and appropriate control electronics, and a printer or 
calculator. The combustion unit itself (Fig, 1) consists of a sampleentry stop-cock (I) a vertical com- 

I (I) 
-Purge-gns 

vent 

Nitremetar 

Fig. 1. Rapid N apparatus. 
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bustion tube with copper oxide as oxygen donor (2)-(4), and a horizontal reduction tube filled with 
copper (5). The combustion tube is made in one piece but has three distinct sections: 

(1) the upper section (2), the combustion chamber, is lined with a quartz sleeve to protect it against the 
locally very high internal temperatures; 

(2) the lower section (3) is filled with copper oxide; it is double-walled to form a longer path for the 
pyrolysis products; 

(3) the side outlet (4) is filled with silver wool; it is connected to the reduction tube by a metal screw 
couplmg. 

Furnaces maintain the combustion chamber at 900-95O’C. the oxldatlon zone at 8WC. and the reduction 
tube at 500’ 

Fig. 2. Automatic nitrometer. 

The unit in which the nitrogen volume measured is fitted with a motor-driven piston burette. The gas- 
absorption vessel was specially developed to allow a long series of determinations to be carried out 
wlthout changrng the potassium hydroxide absorption solution. The measuring system (Fig. 2) works entirely 
automatically. Including ralsmg and lowering of the levelling bottle and re-zeroing of the piston burette. 
Quantitative absorption of carbon dioxide is ensured by a magnetic stirrer in the absorption vessel; this 
rotates during the combustion and purging periods, and distributes the gas in fine bubbles. The volume 
of the nitrogen is measured by drawing the gas into the piston burette, the motor of which switches off 
when the conductive potassium hydroxide solution reaches an electrical contact. The gas volume is measured 
twice for safety’s sake. in case the solution forms bubbles, and the value is only printed or coded for data 
processmg when it has been thus confirmed by the second measurement. 

Programme 

Once the start-button has been pressed, each operation is performed automatically in accordance with a 
preset programme. The sequence is shown in the block diagram (Fig. 3), the dashed lines representing 
the measurmg circuits. The various gas valves, for example those which disconnect the supply of oxygen 
and the supply of carbon dioxide to the combustion tube, are actuated magnetically. 

The sample-entry stop-cock IS a large glass three-way plug valve joined by a metal connector. The 
sample. wrapped m tinfoil boats if It is solid or held in a phosphate-glass capillary if it is liquid. is placed in the 
bore of the plug and purged free from an before bemg dropped into the combustion tube. The sides of the 
boats are folded over with tweezers before the sample is placed in the entry stop-cock. 

The sample can. of course. be introduced automatically with the help of a suitable electromagnetic 
device: m this case It is advantageous to use a multi-chamber arrangement. 
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Fig 3. Block diagram of automated nitrogen analyser. 

The fully-automated version of the equipment can be loaded with up to 50 weighed samples and left to run 
without supervision-overnight for instance. The masses of the samples can be coded and recorded on 
punched tape or fed direct to the calculator. Barometric pressures and temperatures are measured inter- 
mittently and used to correct the nitrogen vdumes. After correcting the volume the calculator works out 
the mass fraction of nitrogen in the sample and prints out the value. The additional cost of the fully- 
automated version is more than compensated for by the improved utilization of the equipment_ 

Results 

Table 1 shows the accuracy and precision of the microdeterminations carried out on test 
substances. The same high accuracy was obtained even at very low and high nitrogen 

Table 1. Nitrogen determination in standards with the Rapid-N apparatus 

Nitrogen. 
<> 
<I 

Substance Theory Found* st 

Acetanilide 
I-Chloro-24dinitrobenzene 
Azobenzene 
Copper phthalccyanine 
2,4-Dinitrophenylhydrazine 
Urea 
Melamine 
“Lupolen” (polythene) 
N,N,N’.N’,-Tetramethyl- 

ethylenediamine 
Sulphanilic acid 

10.36 10.36 0.10 
13.82 13.75 0.13 
15.37 15.36 0.08 
1946 1940 0.13 
28,28 28.26 0.10 
46.66 46.64 0.14 
66.63 66.59 0.08 
0.20 0.24 0.08 

24.09 24.13 0.09 
8.09 8.08 0.12 

* Mean of 10 determinations; samples each 3-10 mg. 
t s = standard deviation. 
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Table 2. Determination of nitrogen in fertihzers with the Rapid-N apparatus 
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Fertilizer OfTicial method* Rapid-Nt 

Nltrophoska, blue 
Nitrophoska. red 
Nitrophoska 15 : 15 : 15 
Nitrophoska 20 : 20 : 0 
Nitrouhoska 15 : 15 : 6 : 4 

12.01 12.01 
12.89 12.96 
14.84 1480 
19.54 19.58 
14.78 14.71 
26.12 26.12 
18.63 18.64 
20.21 20.26 
20.14 20.2 1 
28.36 2840 
22.66 22.59 

Ammbnium sulphate/nitrate 
Calcium cyanamide 
Blended fertilizer CDH 
Grass fertilizer 20 : 5 : 8 : 2 
Floranid 
Potassiumjammonium nitrate 

* From the Deutsche Methodenbuch. 
+ Mean of 10 determinations; samples each 5-30 mg. 

contents, and independent of the type of nitrogen group, and the standard deviation did 
not exceed 0.15’4. Quantitative oxidation was achieved by the quasi-explosive com- 
bustion in pure oxygen, even with substances such as pigments and plastics that burn 
with great difficulty. Volatile pyrolysis products were also completely decomposed. 

Because the method is both rapid and universally applicable,3 its use has not been 
confined to industrial and university microanalytical laboratories. In many branches of 
industry it has been welcomed as a substitute for inconvenient, time-consuming, and 
messy Kjeldahl determinations. Apart from the pollution aspects of acid digestion-which 
have been proposed as grounds for its prohibition-the Kjeldahl method gives good 
results only with compounds containing nitrogen groups that are readily converted into 
ammonia. Thus our method has been adopted for the analysis of foodstuffs, cattle feed, 
and above all fertilizers.5*6 Table 2 shows a number of fertilizers that are analysed on a 
routine basis with the Rapid N, which gives results fully as reliable as those officially 
prescribed in the “Deutsche Methodenbuch”. BASFs Nitrophoska fertilizers give just as 
little difficulty as Floranid, calcium ammonium nitrate, or calcium cyanamide. The last is 
already widely analysed by our rapid method; for instance, the Siiddeutschen Kalk- 
stickstoffwerke at Trostberg has entirely abandoned Kjeldahl determinations and now uses 
only Rapid N equipment. One of the advantages of the rapid nitrogen determination 
is that it can be used for production control, and allows better matching of product 
shipments to specified nitrogen limits. 

An interesting application of the method is the determination of traces of nitrogen in 
solids and aqueous solutions. An additional oxidation stage in the horizontal furnace before 
the copper gauze ensures that volatile pyrolysis products do not enter the nitrometer 
even when larger samples are examined. For aqueous solutions, such as effluent water, 
deproteinated fluids, or immunization serums, the sample-entry stop-cock is replaced 
by an injection block with self-sealing rubber septa. The modified combustion unit is shown 
in Fig. 4. The size of the sample depends on the concentration of organic substances it 
contains. up to a limit of 1 ml; the minimum amount of nitrogen that can be determined 
is O.OOS’O. 

CARBON AND HYDROGEN 

The success of the nitrogen method confirmed our belief that nitrogen, carbon and 
hydrogen should be determined separately by appropriate rapid methods. Since full 



486 WOLFGANG MERZ 

Fig. 4. Combustion section. 

automation must include automatic sample introduction, which causes no difficulty 
when a vertical combustion tube is used, it was decided to adapt the very successful 
combustion technique of the nitrogen determination to the determination of carbon 
and hydrogen. It was immediately obvious that in this case principle would have to yield 
to expedience, since separate equipment for carbon determinations and hydrogen deter- 
minations would be unjustifiably expensive. The problem that remained was the 
choice of the end-determinations. 

Complete oxidation yields carbon dioxide and water. The carbon dioxide can be 
determined by several methods, but only two appeared suitable for automation: 
conductivity measurement and titration in a non-aqueous medium. However, after many 
preliminary experiments, the former was found to be less reproducible and we decided 
to use non-aqueous titration. 

Water is first separated by freezing, revaporized, and passed through l,l-carbonyldi- 
imidazole’ to release the equivalent amount of carbon dioxide; the latter is then titrated 
just as in the carbon determination. The titrations were carried out automatically with 
calorimetric end-point determination. The entire procedure could be automated, and the 
end-determination was not dependent on non-linear physical calibration, thus the method 
satisfied the condition of strict proportionality we had imposed at the outset. 

Principle 

The sample is weighed in tinfoil boats and burned, as described for the nitrogen 
determination, in a stream of pure oxygen in a vertical combustion tube. The water 
formed is collected in a freezing-trap and the carbon dioxide is flushed out in a stream of 
oxygen and absorbed in a titration cell containing 2-aminoethanol in dimethyl- 
formamide. The carbon dioxide is titrated as the carbamic acid salt with tetrabutyl- 
ammonium hydroxide, with thymolphthalein as indicator; the end-point is determined 
calorimetrically, the titre being automatically printed out or fed to the calculator. 
The trapped water is vaporized in a stream of oxygen and carried over 1,1- 
carbonyldiimidazole at 50”. The carbon dioxide formed is absorbed and titrated. 
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By using two traps in parallel and duplicate titration cells, water from a previous 
combustion can be determined at the same time as carbon dioxide, so that effectively 
carbon and hydrogen are determined simultaneously. The analysis time for both carbon 
and hydrogen is then 8 min, including an allowance for substances difficult to 
combust and the time required for preparing the titration cells for the next determi- 
nation. 

The automatic equipment we developed for this determination consists of the combustion unit, the separation 
and conversion unit for lsolatmg water and converting it into carbon dioxide. two titration stands with 
piston burettes and reservoirs for absorption solution and titrant. the control unit for the titrlmeters and for 
programmmg the analysis. and a printer or a calculator. 

The combustion unit is essentially the same as for the nitrogen determmation, and in fact the same basic 
module can be used for either determination. 

The separation system for carbon dioxide and water has two spiral silver traps, which are successively 
cooled and heated m turn. Four magnetic valves direct the gas stream emerging from the combustion unit 
at about 60 ml,mm through whichever of the traps is being cooled; at the same time a separate stream of oxygen 
flushes water vapour from the heated trap into the conversion system, where an equivalent amount of carbon 
dioxide IS generated. 

The colorlmetrlc tltrlmeters are simplified versions of the apparatus described by Brodkorb and Scherer,8 
whose method of determming the end-point is considerably more sensitive than any other. Diffuse light 
falls on two pairs of photoresistors after passing through the entire solution and two pairs of interference 
filters that transmit either light of the same colour as the indicator or its complementary colour. Control 
of the burette IS achieved cia the resistors, which are connected in a Wheatstone bridge; the filters are 
arranged so that dlssimllar filters are disposed asymmetrically on either side of the bridge. 

When the solution has the required colour the bridge is balanced by a potentiometer that is preset to a 
certam posItIon: the input signal controlling the burette motor is zero and the titration stops. Before this point 
is reached a slgnal initiates the change from continuous to stepwise addition of titrant, whereby the rate 
of addition IS controlled by the error signal from the bridge; this eliminates the risk of overshooting the 
end-pomt 

The tltratlon stands were specially developed for the titration of carbon dioxide. A magnetic stirrer 
keeps the solution well mlxed during absorption and titration of carbon dioxide. The burettes are fitted with 
Impulse-actuated valves. to avold heatmg effects that would affect the temperature and hence the factor of the 
tttrant The tltrant can be standardized with carbon dioxide from a receiver of known volume alternatlvely 
It can be standardized against salicylic acid in isobutyl alcohol. 

The entire analysis, including the end-titrations, proceeds automatically. The titres can be printed out 
or fed direct to a calculator; one gives the carbon content of the sample last introduced into the com- 
bustion umt. while the other gives the hydrogen content of the previous sample. 

The welglung. Introduction. and combustion of the samples proceed as described for the nitrogen deter- 
mmatlon Before a sample IS Introduced into the combustion chamber, the titration cells (Fig. 5) are filled 
with absorptlou solution (20 ml). which IS then pretitrated to a colour determined by the setting of the 
potentiometer In the detector circuit. After returning to the zero position the burettes start to titrate the 
carbon dloxlde as It IS absorbed (Fig. 6); the control circuits are so arranged that the burettes can 
resume contmuous addition of titrant if the flow of carbon dioxide restarts after the end-point has already 
been approached and stepwise addition of titrant has started. Both burettes are switched off after a pre- 
determmed time Finally the titration vessels are emptied by suction. ready for the next analysis cycle. 

Results and discussion 

Table 3 gives results illustrating the accuracy and precision of determinations carried 
out by our method. The values given are means of ten determinations, and in no case 
does the absolute standard deviation exceed 0*25x, either for carbon or for hydrogen. 
The greatest advantage of the method is however the working time it saves: the 
automatic Rapid CH apparatus requires no supervision, and samples can be introduced 
automatically from a magazine loaded with 30-50 weighed samples. The central control 
unit governs both the normal sequence of the analysis and the introduction of 
successive samples; a new cycle begins every time the titration vessels are emptied. 
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Fig. 6. Analysis programme for carbon and hydrogen. 
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Table 3. Results obtained for standards with the Rapid CH Analyser 
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Substance Theory 

Carbon, 
0, 
/o 

Found* St Theory 

Hydrogen, 
% 

Found* St 

Iodobenzoic acid 
Potassium hydrogen 

phthalate 
Sulphamic acid 
Steartc aad 
Melamine 
Urea 
Acetanilide 
Copper phthalocyanine 
Ptcrrc acid 
2-Chloro-4-nitro-6- 

bromoanahne 
p-Fluorobenzoic acid 

33.89 3398 0.13 2.03 2.04 0.10 

47.05 47.07 0.15 2.47 2.51 
0.0 0.11 0.15 3.11 3.13 

76.00 76.02 0.15 12.76 1260 
28.57 28.66 0.15 4.80 4.93 
20.00 20.12 0.20 6.71 6.63 
71.09 71.18 0.18 6.71 6.74 
66.72 66.62 0.20 280 2.85 
31.45 3154 0.15 1.32 144 

0.15 
0.16 
0.21 
0.21 
0.18 

$“7’ 

0.14 

28.66 28.63 0.19 160 1.79 0.21 
60.02 59.99 0.12 3.57 3.61 0.13 

* Mean of 10 determinations. 
t s = standard deviatron. 

Like the apparatus for nitrogen determination, the Rapid CH can be left to carry out 
determinations overnight. 

The modules of the Rapid series-built under licence from our designs-can be used 
to assemble an apparatus exclusively for carbon determinations. This is often done by 
laboratories where the primary concern is not organic elemental analysis, for instance, 
for the routine determination of carbon in waste water and waste gases. In practice 
it has also proved to be faster and simpler than any other commercial apparatus for 
carbon determinations. By injecting water samples of l-2 ml it is possible to 
determine carbon mass concentration as low as 10 mg/l. 

If the Rapid CH is operated with automatic sample introduction and direct trans- 
mission of weighings from an electronic balance to a calculator, one laboratory 
assistant can carry out on average 60 determinations of carbon and hydrogen in a 
working day. With the Rapid N he can carry out 80 determinations of nitrogen in a 
day, so that the average number of carbon, hydrogen, and nitrogen determinations carried 
out by one man in 1 day is at least 30 each. This figure is scarcely attainable with 
any of the current commercial units for determining carbon, hydrogen, and nitrogen 
simultaneously. In addition, the equipment of the Rapid series is more reliable, since it 
requires no calibration, giving results strictly proportional to amounts, and the sample 
size corresponds to what is usually regarded as microanalysis rather than ultramicro- 
analysis: indeed for nitrogen determinations it is possible to use macro-samples and to 
determine trace amounts. 

OXYGEN 

For the automatic determination of oxygen a method based on conversion into carbon 
dioxide appeared the most appropriate, since a unit for automatically titrating carbon 
dioxide was already available. However, the first stage of such a method, namely 
pyrolysis of the sample and formation of carbon monoxide in a bed of carbon, is not 
amenable to speeding up in the way that combustion in oxygen is. First, pyrolysis in a 
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vertical tube leads to contamination of the carbon by interfering elements, causing 
inevitable errors. Secondly, the relative retention time of carbon monoxide is lengthened by 
comparatively slow adsorption and desorption processes, and the absolute retention time 
cannot be reduced by increasing the flow because the carbon offers too much resistance. 

We abandoned attempts to depart from the conventional horizontal tube for pyrolysing 
the sample, and reduced the average analysis time by operating a pair of units in parallel. 
each with its own titrimeter; a single control unit, an electronic balance, and a calculator 
completed the assembly. ‘*lo The analytical cycle proceeds fully automatically, each titre 
being coupled with the sample number and the appropriate weight. which is entered 
from the balance when released by the operation of a switch. 

The way in which the calculator is used in fully automatic operation is given here 
as an illustration of the principles involved; in the determination of nitrogen or carbon 
and hydrogen there are only differences of detail. 

Apparatus 

Figure 7 shows the block diagram of the complete assembly for the automatic determination of oxygen. 
The assembly includes two pyrolysis units, two photometric titrimeters with central reservoirs for absorptron 
solution and titrant, the control unit, a gating unit, the calculator, the electronic balance. and an interface to 
convert the parallel binary-coded decimal data into the serial machine code of the calculator. 

Each pyrolysis unit has a silica tube with sample inlef one short and one long furnace. a copper 
section and a source of prepurified nitrogen. The carbon filling is maintained at 1120-. 

The motor-driven piston burettes of the titrimeters are fitted with inductive pulse units. the output from 
which is received by counters built into the gating unit. The blank correction is made in the gatmg unit 
by suppressing the equivalent number of pulses (up to 1 decade); in principle the correction could be made in the 
calculator, but the limited storage of the Diehl Combitron S calculator makes this impossible. 

The gating unit receives the signals representing the net and gross weights from the electronic balance, 
and couples them with the appropriate titres. 

Automatic operation of the titrimeters proceeds just as in the determination of carbon and hydrogen. 
The central control unit governs the overall cycle, with the gating unit to eliminate mutual interference of 
the two determinations running in parallel. Pyrolysis and purging times can be preset to values suitable for 
the samples being analysed. 

Programme 

The programme for the calculation is shown in Fig. 8. The computer programme is entered manually or 
by means of punched tape in digital coded form. The date, code for the operator. and factor of the 
titration solution are added and stored. At any one time four sample-weights are held in store. of whrch 
the first is already printed out together with the identifying data. The titres are entered automatrcally and 

-chta ClmM - Mamml opwatlon - FUd clrcult 

-cowml clrmlt -Gas ClraJlt 

Fig. 7. Block diagram of automated oxygen analyser. 
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Ftg 8. Flow diagram for calculation of oxygen content. 

coupled wtth the approprtate wetghts. and the oxygen contents are printed out. As soon as the results for 
the first two samples and the weight of the third sample have been printed out the programme returns to the 
start of the loop: the next two sample weights are then entered. 

The analysts programme. whtch ts controlled on a time basis, starts with the short furnace being switched on; 
30 set later the furnace starts to move forward. After 2 min (or whatever time is preset) the furnace pauses 
for 30 set at a posmon before the sample boat, so that pyrolysis proceeds slowly enough to avoid sudden 
expansion of vapour against the direction of gas flow. The furnace then moves under the sample and 
remams there for a suitable time up to 2 min (which is long enough for even the most difficult sample). 
In the following 2 min the short furnace reaches the long furnace, pushes it forward 2-3 cm, and stops; 
30 set later. after the zone prevtously covered by the end of the long furnace has been heated, the short 
furnace is switched off. After a purgmg time of up to 8 min the control unit gives the “interrogate volume” 
stgnal to the calculator. whtch then receives the reading of the first burette via the gating unit. The oxygen 
content of the sample IS printed out and after a pause the readmg of the second burette is entered and the 
corresponding result is printed out. 

Time scale min 

Rest kriod 2 
Filling burette I 
Filling burette 2 

I I? 

Introduction of sample , 
II I I F 

Flushing period, I + 2 I I I I I I I I I I I I 
Calculate and print %0 _ 
valve 3 open I 

!IDIll Pmgammable tunes 
fZ3 Time dwendent on th 

system 

Time dependent on burette level 

EZlTlme for manual opemtion 

FIN. 9. Analysis programme for oxygen analyser. 
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The total time required for each pair of determinations is 14-18 min, depending on the length of the 
variable pyrolysis and purging times. The exact times for each stage, including the operations carried out 
manually, are shown in Fig. 9. One operator can carry out twice as many determinations in a day as with 
the classic Zimmermann-Unterxaucher method, even with the longest analysis programme. With easily 
pyrolysable samples the ratio is even more favourable for our method. For routine analysis 50 determinations 
per day is reasonable for each set of equipment. The highest rate of throughput can be achieved by 
matching the analysis programme to the properties of the substances being analysed: this also vtrtuallq 
eliminates faulty pyrolysis and allows the operation of the equipment by less well-qualified stall. 

RECORDING AND PROCESSING DATA 

The use of calculators with very limited storage capacity-desk-top computers-is 
really only suitable for smaller laboratories with few sets of equipment for the determination 
of individual elements, although it has been the preferred arrangement in the U.S.A. 
It has the advantages that programming is simple and that results are immediately at 
hand. Desk-top computers are quite cheap nowadays, but they are too slow and too 
restricted for use with a number of sets of automatic equipment operated simultaneously. 
While we were developing our methods, such a computer (the Diehl Combitron S) was 
suited to our requirements, but as soon as the methods for carbon and hydrogen and for 
nitrogen had proved suitable for routine use, and we had developed the method for 
oxygen, it became clear that a more efficient system would have to be found. However 
many calculators we acquired, they could not sufficiently reduce the paperwork involved 
in recording requests for analysis, noting results, and making reports. Without such a 
reduction we could not reorganize our laboratory procedures radically enough to make 
substantial savings in labour. 

A degree of automation going beyond logging data involves control of the equipment 
providing the data and presenting of results in a satisfactory form of report. For this 
the only economical way of providing the necessary data-storage and data-processing 
capacities is to acquire a share in the use of a large computer,” such as the IBM 1800 
Process Computer or one of the IBM 360 series computers with a teleprocessing 
terminal. 

We have approached the problem of automation of elemental analysis in two phases. 
First, the reorganization of internal procedures such as registering incoming samples 
and allocating tasks; second, on-line connection of automatic analytical equipment to the 
computer system. The first phase has already been realized with an IBM 2741 Data 
Communications Terminal connected to the BASF computer centre. This is a terminal 
equipped with a typewriter keyboard, with tabulator, and connected to the computer 
system by telephone line. The data are processed in accordance with our own 
programme, which allows great flexibility by keeping to bare essentials, by the remote 
batch-entry system. 

To facilitate processing of the data, a number of procedures had to be modified. 
These included registration, identification and distribution of samples, and allocation 
of priorities. Figure 10 shows the flow of paperwork: procedures affected by Phase 1 
automation concern the areas marked with a single black dot. Incoming samples and 
requests for analysis are given numbers that identify them in all three departments of 
our Analytical Laboratory. If determinations are to be carried out in more than one 
department or in several places in the same department the sample is divided accordingly. 
The information on the request for analysis is registered via the terminal connected 
with the IBM 360/50 intermediate computer, which is situated 1 km away in the 
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Fig. 10. Block diagram of organization of analysis. 

computer centre. The data are transferred to the queue of the IBM 360165 working 
computer, to await evaluation, by giving the command signal (EXEC) at the terminal; 
the programme is stored on magnetic disc. When the IBM 360/65 has completed its 
task the results are stored in the IBM 360/50 and can be called forward from the 
terminal by the appropriate signal. 

Programme 

Figure 11 is an example of a record of incoming analyses, divided into fields giving 
analysis number, amend or erase sign, priority, name and telephone number of person 
initiating the analysis, designation of sample, determinations required, whether single or 
duplicate determinations required whether determinations are to be carried out in other 
departments, and abbreviated information on the properties of the sample. Information 

10101 wohlgenuth 21809 desty frtl8 c h 3 n cl cl abruo 
t wlm.,sck.,tert. anine - bestlmnan 

10102 e mayer 7685 rueckst 35 c32hlfin8cu31 wk.80 
11003 Schmidt 1376 v635/3 a c717h61nlOL/oll8 a0 

t anorg:sulfat-asche org:molgew.benzol loeslich 
10104 

tt 
* I 4 b 0262/c h a0 

10105 hartmann 3885 cxtr.l3/71 cl l b CIDlDIlY 
10102ke t + I c32h16nRculC 1 t 
10105 flscher band 17 
10106 friedrich 28589 frekt.36/19 : h s 

rpuran 

101061 
10107 h froehlich 4978 10914/211 n 0 1 
101OCkt * org:molgew.dioxan 

:o”::: 
wunder 22629 fl2/2 4 
t * , 3 

10110 e schnell 4947 vcrl 33 cl 0 

Fig. 11. Record of incoming analyses. 
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Fig. 12. Programme flow-chart, Part I, connected to Part II (Fig. 13) at@. 

such as solubility for molecular-weight determinations, column for gas-chromatographic 
separations, can be entered in an additional line; for this no attempt is made to 
introduce mnemonic codes, since the key for them would be far too extensive. 

Figures 12 and 13 show the simplified programme flow-chart, divided into two parts; 
@is the connector. The analysis number is checked to ensure that it is neither out of 
sequence nor a repetition; obvious typing errors are corrected automatically, and other 
errors are given in a coded list. Any line can be corrected or erased by adding the 
appropriate code sign (K or L). If an analysis has special priority it is brought to the 
front of the work list that is finally printed. Figures in the field showing determinations 
required indicate the proportions of the elements whose symbols they follow, and the 
addition of an ampersand indicates that the theoretical molecular formula and not mass 
fraction is meant and that the computer has to calculate the mass fractions; for 
example, C6H6& indicates the formula of benzene, and not mass fractions of 6:/, 
carbon and 6% hydrogen. Symbols following a solidus relate to the proportions of 
elements present in the sample but not to be determined. If the signs A or 0 are 
present in the appropriate field, requisitions are automatically made out for the depart- 
ment that will carry out the analysis not done in the mieroanalytical laboratory. The 
costs of all determinations are automatically added to information provided initially. 
Work lists are prepared for each working group, and several times a day-three times 
at the moment-the load of determinations is found for each element, allowing the 
available staff to be assigned to tasks in the most effective way. 

When all the information has been processed the following are printed out: 
(1) the revised sample register, which includes the theoretical mass fractions of each 

element (when the molecular formula is known or postulated) and the costs of the 
analyses, as in Fig. 14; 

(2) the number of samples; 
(3) work lists, as in Fig. 15; 
(4) requisitions for determinations to be carried out in other laboratories, as in Fig. 16. 
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Fig. 13. Programme flow-chart, Part II. connected to Part I (Fig. 12) at@. 

Please 2 

The operation of Phase 1 has proved satisfactory for routine work, and we intend to 
go ahead with the implementation of Phase 2-on-line connection of all equipment, 
including electronic balances, to the data-processing system. The procedures affected by 
Phase 2 are shown in Fig. 10; the corresponding areas are marked with two black dots. 
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Fig. 14. Print-out of sample register. 
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Fig. 16. Print-out of requests for determination in other laboratories. 

Phase 2 requires considerable capital expenditure, since all equipment has to be modified 
for automatic operation. 

There are two possible ways of on-line operation for Phase 2. The first is shown in 
Fig. 17 and is based on the use of a satellite processer in the laboratory; this would 
collect data and transfer them to the central processer in blocks. This would however 
be rather inefficient, since the satellite processer would be waiting for data for much 
of the time. A more cost-effective solution would be to use a process computer on a 
time-sharing basis (Fig. 18). Since data are generated very sparsely in organic elemental 
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Fig. 18. On-line operation oia a time-shared computer. 
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analysis (in contrast to mass-spectrometry for instance), it would in fact be possible 
to use a back~ound programme. 

The identification of samples presents a problem, since none of the current commercial 
systems is really suitable or cheap enough; the first step before implementing Phase 2 
was therefore the development of a satisfactory identity reader. 

Clock pu& 
\ TZ 

471 I 
0.0 
oo* 
0.e. 
o*o --_.--------_-__- 
0.0 
000 
000 

000 
L 

H E 

Fig 19. An identity tag. T = thousands H = hundreds, 2 = tens, E = umts. 

For each sample a plastic identity tag is prepared (Fig. 19). The tag measures 
25 mm x 45 mm, and bears the sample number both in figures and in BCD form as 
punched holes. The latter are read by a photoelectric reader developed by BASF. The 
tag, which has a guide to ensure correct presentation, is inserted in the reader, and falls 
under gravity past three sets of light beams and photodiodes. The perforations on the 
left provide the clock pulse, while the other two rows give signals in BCD code for 
thousands and hundreds and tens and units respectively. The thousands and tens and the 
hundreds and units are read in parallel, but the total number is read serially in the 
corresponding register; thus the tag illustrated carries the number 4711. 

Unless the tag is grossly soiled it can be read without error, since two pairs of beams 
and detectors per row measure the contrast of light and dark. The detectors and the 
logic elements are connected so that an error at any one detector prevents the whole 
number from being read. 

Each identity reader has storage registers in which measurements from a given set of 
automatic analysis equipment can be entered manually or automatically. The readers 
are interrogated in turn by a BASF multiplexer, which conveys the data to the central 
processor; the interrogate cycle can be set so that the waiting time is negligible. The 
information received by the central processor includes the number of the identity reader 
(or of the corresponding analysis equipment), the sample number, and the measured 
values. For the latter, storage capacity for a 2 x l&bit word is provided. If the reader 
has info~ation available when interrogated, the multiplexer gives the central processor 
an interrupt signal, and in turn receives a ready signal when data can be transmitted again. 

When all the data pertaining to a given sample are available, they are evaluated and 
the analysis report is printed out. The programme, written in FORTRAN, was drawn 
up by us so as to ensure maximum practical utility and flexibility. The status of any 
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analysis can be ascertained via a console typewriter in the laboratory. Obvious errors 
are reported automatically. 

When large magazines of samples are used the analysis equipment can be run without 
supervision. The computer takes over control, preventing the start of a new analysis if 
the results of one of the checks carried out intermittently on a standard are outside 
predetermined limits. 

The advantages of incorporating automatic data-processing in the laboratory system 
are as follows: 

(1) data are recorded without error; 
(2) the data are available when required; 
(3) unusual situations are immediately noticeable and can be dealt with as they occur; 
(4) service is improved by quicker presentation of analytical reports; 
(5) productivity is increased by a reduction in the average time for sample to be 

dealt with; 
(6) labour is saved, resulting in an overall reduction in costs after allowing for the 

increased capital investment. 
We intend to exploit these advantages in BASFs Microanalytical Laboratory. 
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Zusammenfassnng-Es wurden automat&he Methoden zur raschen Bestimmung von Kohlenstoff, 
Wasserstoff, Stickstoff und Sauerstoff zum Gebrauch in Verbindung mit einer modernen 
Datenverarbeitungsanlage entwickelt. Es werden Einzelheiten der Arbeitsweise, Gertite, Pro- 
grammierung und Ermittlung der Ergebnisse angegeben. 

Resume-On a mis au point des methodes automatisees pour le dosage rapide des carbone, hyd- 
rogine. azote et oxygtne pour I’emploi conjointement a un equipement de traitement des don&s 
moderne. On presente des details quant aux mtthodes, appareils, programmation des techniques 
et evaluatron des rtsultats. 



manto. Vol. 21, pp 501-51 I Pergamon Press. 1974. Pnnted m Great Bntmn. 

APPLICATIONS OF MIXED-LIGAND COMPLEXES IN 
ANALYTICAL CHEMISTRY (1966-1972) 

A. T. PILIPENKO and M. M. TANANMKO 

Shevchenko State Universrty, Kiev, U.S.S.R. 

(Received 11 April 1973. Revised 22 Augmt 1973. Accepted 17 January 1974) 

Summary-A review is given of developments in the understanding and application of mixed- 
ligand complexes in analytical chemistry. 

The complex compounds formed by a central ion with two or more different ligands are 
usually termed ternary or mixed-ligand complexes. However, the first term is not generally 
accepted, since such complexes often contain not two but three or more different ligands. 

Complex formation between one central ion and two or more different ligands leads to 
an increase in reaction selectivity since the probability of intera~ion with other central ions 
to form similar compounds is reduced. The absorption spectra of mixed-ligand complexes 
differ from those of the corresponding single-ligand complexes in both the position and 
height of the absorption maxima. This allows higher sensitivity of determination to be. 
achieved. Furthermore, the formation of these complexes causes a change in properties 
such as solubility in water and organic solvents, extraction rate, and others which are 
important in analytical chemistry. 

Thus, conversion of complexes with a homogeneous co-ordination sphere into com- 
pounds containing several different ligands is an effective means of solving one of the most 
impo~ant problems of analytical chemistry-to increase the sensitivity and sdectivity of 
analytical reactions. 

The formation of mixed-ligand complexes in solution is a rule rather than the exception 
it was formerly thought to be. Even if there are apparently only two components in the 
solution, we still cannot call it a single-ligand compound, since in most cases the complex 
contains solvent molecules as well as hydroxyl ions as a result of central ion hydrolysis. 

The solvent effect is especially noticeable when alcohols are present. They cause an 
absorption-band shift of the complexes, indicating a chemical interaction of the solvent 
with the complex. The situation is more complicated if three or more components interact. 

In practical chemical analysis two types of mix~-~gand complexes are most widely used. 
In the first, the complexes are formed by co-ordinating two or more different ligands to one 
central ion; in the other, by association of a co-ordinativeiy saturated charged complex 
with a ligand counter-ion. Nowadays, reactions based on interaction of one ligand with 
two different metals are also widely used. 

The ever-growing interest in mixed-ligand complex~.stimulat~ the development of new 
methods of analysing them and the publication of a number of reviews on analytical 
applications of certain types of reactions’-’ as well as on general conditions of formation, 
the stability of mixed complexes and the compatibility of heterogeneous ligands in the inner 
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sphere, ‘-“Jo the mechanism of reactions, is*i6 the kinetics of ligand interchange,‘6-20 
structure and stereoisomerism. 17-26 Investigation of the mechanism of mixed-ligand com- 
plex formation has promoted further progress in their analytical application. 

Thus in recent years there has been growing interest in the use of highly selective and 
sensitive gravimetric determinations with quaternary ammonium salts,27*28 tetraphenyl- 
arsonium,2g pyridine30 and pyrazolone derivatives8~3’-34 as precipitants. The bases are 
precipitated from nitrate28 and fluoride media2’ where they serve as outer-sphere cations 
as well as reagents entering the inner-sphere structure.30*31 

The introduction of a large hydrophobic base into the precipitate reduces its solubility 
in water, while the greater molecular weight increases the accuracy of determination. 
Methods of determination of a number of metals by potentiometric titration of non-aqueous 
solutions of compounds [MeA,R,,] or (AH),[MeR,,] have been described,3s-38 which 
extend the range of application of the methods. 

EXTRACTION OF MIXED-LIGAND COMPLEXES 

Application of mixed-ligand complexes in extraction procedures has been highly 
developed. Most attention is paid to the theoretical and scientific aspects of the extraction 
of anionic complexes with organic cations3-s*13*3g,40 as well as of adducts (compounds 
with a mixed co-ordination sphere 41,42) Of great interest are papers on the synergic effects . 

arising from metal extraction by chelate-forming reagents and on extraction of anion and 
cation intracomplex compounds.43*44 

The mechanism of extraction of ion-association compounds has been studied, especially 
the extraction behaviour of amine salts. 4s*46 Amine salts in the form of ion-pairs AH+R- 
are the usual form in a dilute solution with a low dielectric constant. If the solvent has both 
low dielectric constant and low solvating ability, an ammonium salt can associate to ion- 
quadrupoles and even more complex aggregates (AH),R, . 3g,46,47 The degree of aggregation 
will increase with decreasing dielectric constant of the solvent and molecular weight of the 
amine. Such aggregate particles can solvate metal salts, thus complicating the treatment of 
distribution-ratio data It was found, for example, that association complexes 

[(AHNO,),- ,I$’ PW03)s12- are formed during bismuth extraction from nitrate media 
by xylene-type solvents. If the dielectric constant of the solvent is increased, the degree of 
association of the amine salt decreases and the Me : A relationship is expressed by simple 
stoichiometry.4648 

The solvation of amine salts non-aggregated in a solution is shown in a number of 
cases.3*40*4g*so Thus, an increase in the extraction of cerium and americium thenoyltri- 
fluoracetonates by benzene has been established as due to the formation of neutral chelate 
compounds with tri-n-octylammonium salts: MeTTA,R,NHCl; MeTTA,R,NH . TTA; 
MelTA3R3NHCl . HTTA.4g Numerous studies of the extraction of multi-charged anionic 
complexes have allowed the optimum conditions for their formation to be established, 
depending on the nature of the high molecular-weight quatemary ammonium cation, in 
particular when steric effects in the case of ternary amines’l are taken into account. 

New highly selective methods of extracting metals with amines from nitrate,s2 per- 
chlorates3 and phosphates4*” media, as fluoride complexes,s6 have been developed. The 
extraction by amines of metal complexes with organic acids, oxy-acidss7-60 in particular, 
has received much greater attention. Although high molecular-weight amines are weakly 
hydrated in common solvents, an appreciable quantity of water is extracted during amine 
salt extraction. Infrared spectra show the water to be bonded to the ammonium salt.3g*61 
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The systems involving extraction from acetate media62 or from chlorine-substituted acids63 
are of certain interest. It is shown that water actively participates.57 

The extraction of co-ordinatively saturated adducts formed as a result of interaction of a 
metal chelate or anionic complex with a neutral reagent, usually an amine, is still extensively 
used 41.64-67 

Synergism in adduct formation can be of different origins. Recent studies, however, leave 
little doubt that synergism is connected with introduction of the neutral ligand into the 
inner sphere and displacement of water from the complex co-ordination sphere. The co- 
ordinative character of the bonding in adducts is evidenced by the dependence of synergism 
on steric factors, amine basicity and the relative strengths of the metal bonds to both 
ligands.68-70 

The efficacy of synergism in adduct formation can be illustrated by extraction of lan- 
thanide thenoyltrifluoracetonates with addition of heterocyclic bases (l,lO-phenanthroline, 
2,2’-bipyridyl). Without the base, equilibrium is reached in 6 hr; introduction of the base 
makes equilibrium possible in 1 min, with the distribution coefficient increasing by a 
factor of 106.‘l 

Sulphur-containing reagents, 72373 the reactivity of which is in some cases greater than 
that of oxygen-containing ligands, are promising. 

PHOTOMETRIC AND EXTRACTION-PHOTOMETRIC METHODS 

The application of mixed-ligand complexes in photometric or extraction-photometric 
analysis is very versatile. In this connection various types of mixed-ligand complexes may 
be considered. Equilibria in the system metal-ion (M), organic base (A) and electronegative 
ligand (R) have been thoroughly investigated. The formation of complexes with both 
ligands in the inner sphere [MA,R,,] as well as compounds of the ion-association type 
(AH),[MR,] . [MAJR, is known in such systems. Many photometric methods are based 
on the formation of such complexes.2*“8 

Organic reagents, chelate-forming reagents in particular, are widely used as electro- 
negative ligands74 which increase the specificity and sensitivity of reactions. 

Organic bases used to form stable bonds to metals include l,lO-phenanthroline, 
2,2’-bipyridyl,10~12*75 pyridine and its derivatives7’j and pyrazolone derivatives.‘** If the 
amine occupies all the co-ordination sites on the central ion a large hydrophobic cation is 
formed. Its combination with simple or anionic complex anions can serve as a basis for a 
number of photometric methods. Thus ferroin is known to be widely used for extraction- 
photometric determination of a number of anions such as ClO;, SO:-, I-, NO; and anions 
of organic acids. 77-80 The complex cation is the chromophoric centre in these compounds. 

The combination of the colourless phenanthroline complexes of metals with coloured 
anions of acid dyes (eosin,8’982 Bromophenol Blue,83 Bromopyrogallol Red74*84 and a 
number of others*‘**“**) p ermits the development of highly sensitive extraction-photo- 
metric or extraction-fluorometric82*8798g methods of analysis. 

In some cases the acid dye has several functional groups, in particular sulphonic acid 
groups which do not take part in chelate formation. Here charged chelates are formed. 

For the neutralization of such compounds the use of strongly basic organic cations 
-quaternary ammonium salts,g0-g7 diphenylguanidineg8-10s and other bases-is 
effective.‘06-‘08 Addition of an organic cation shifts the pH of compound formation to a 
more acidic region. The acid dye under these conditions is in the molecular form. 
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The introduction of organic cations also increases the number of dye molecules bonded 
to the metal, which makes the reaction more sensitive. Thus, gallium forms a 1: 2 complex 
with Pyrocatechol Violet, with molar absorptivity 7.3 x 10“ l.mole-’ .cm-‘. The 
introduction of diphenylguanidine results in the formation of an extractable complex 
(99% extraction), with the components in ratio 1:3 :3 and molar absorptivity (E) 
1.08 x lo5 l.mole-l.cm-l.‘Og 

COMPLEXES WITH BASIC DYES 

There has been intensive development of methods for determination of traces of metals 
as compounds of their anionic and cations of basic dyes. 4*6 The reactivity of the dye depends 
on its state in solution,“0-113 structure and basicity. ’ 14v1 l5 The results obtained are only a 
rough approximation since electron density was neglected in the calculations. Furthermore, 
some change of electron density occurs during anion interaction, i.e., the anions polarize 
the electron shells of the dye as is shown by the changing coulomb integral of an atom to 
which the anion is attached. The anion will increase the energy of electrons in the atom it 
approaches and consequently will decrease the coulomb integral and hence increase the 
positive charge on the atom. The derivative @/aa is the measure of the increase, y and s( 
being the electron density and coulomb integral for the given atom. 

Dyes with a greater aq/aa value possess greater selectivity. The polarization of molecules 
may also be characterized by the change in energy of n-electrons with the change in coulomb 
integral, i.e., by the aE/aa value. This value is determined by the electron density on the 
atom BE/au = q. 

The application of this group of reagents requires investigation of the solvent and many 
other factors. Rules for the prediction of interaction of a given anion with dyes have not 
yet been established. 

Besides the simple 1: 1 association complexes, compounds containing two dye shift ions 
may be extracted, the reaction sensitivity being thus increased. For instance, the inter- 
action between tellurium bromide and Butyl Rhodamine S involves the formation of 
[Dye+][TeBr;](s,,, = 7.8 x 1041.mole-’ .cm-‘) and [Dye+],[TeBri-](c,,, = 1.5 x 
lo5 1. mole-‘. CIII-~).~~~ 

The application of negatively-charged chelates has caused new developments in the 
analytical use of association complexes of basic dyes with complex anions. 1 ’ ‘-“’ Salicylic 
acid,’ 17*122 benzoic acid, ’ lg 8-hydroxyquinoline”’ and dibromo-8-hydroxyquinoline’ ‘* 
are used as chelate-forming reagents. The chelates formed are successfully used for 
extraction-photometric or fluorimetric determination of a number of metals including 
rare-earth’ 17-120*122 or alkaline-earth’20~‘23 metals. Development of new types of basic 
dyes has been carried out.lz4 

Oxidizing agents can be used to form dye oxidation products which in some cases are 
more intensely coloured. This method is more effective for determining oxidant anions.lz5 
The fading of the colour of the basic dye association-complexes, caused by reduction 
(e.g., with alkaloids) is used for their extraction-photometric determination.‘2b 

Exchange reactions seem promising for the further application of basic dyes. To extract 
a metal as an anionic complex a more selective dye is used, for example Crystal Violet, and 
to increase the reaction sensitivity this base is substituted by another dye, e.g.. Rhodamine 
6G.127-12g If a colourless base is used as the displacing reagent and forms more stable 
complexes, differential displacement of dye occurs. This method is used for determining 
a number of bases, e.g., diantipyrylmethane. lz6 Decolourization of the ferroin-iodide 
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complex when cyanide ions are added is used for cyanide determination,13’ and displace- 
mem of the acid dye Bromophenol Blue from its tetraphenyl~soni~m salt is used for 
photometric determination of twelve different anions.‘31 

HETEROPOLY ACID EXTRACTION 

Alkyl and aryl amines are used for the extraction of heteropoly acid “blues”.L32 Basic 
dyes are used to extract unreduced heteropoly acids, and this is the basis of highly sensitive 
methods for determining germanium,133 samarium,‘34 phosphorus’35-“37 and silicon.‘38 
Antipyrine dyes are also effective for the extraction of heteropoly acids.‘39 

COMPLEXES WITH TWO ELECTRONEGATIVE LIGANDS 

Halide or thiocya~ate-halide complexes as well as mixed-ligand chelates have been the 
subject af numerous investigations of the general problems of the compatibility of different 
ligands in the inner sphere. 9*10~12*140-145 The influence of solvents on the formation of 
mixed-l&and complexes has been studied in detai1.‘46*147 

The formation of mixed-ligand complexes is of great importance in the photometry of 
high oxidation-state metals, in particular when these metals (niobium, titanium, tantalum) 
interact with metallochromic reagents. Addition to these systems of reagents such as 
hydrogen peroxide,148-1s0 oxy-acidslsl or fluoride’52*153 and sometimes the use of two 
different ligand-foxing acid reagents154*155 gives quicker and more complete complex 
formation. This is probably due to quicker central-ion dehydration under the influence of 
the additional component. 

Charged chelates in association with an electronegative ligand constitute a separate 
group of mixed-ligand complexes. Such compounds are important in rhe extraction- 
photometric determination of bismuth,lS6 ircm,‘f7 tin’s’ and other metals. The uncharged 
complexes thus formed are easily extracted by non-aqueous solvents, e.g., formation of the 
zinc hydroxyquinolinate perchlarate complex [Zn,0x3(HOx)3C10,]“s9 increases the 
degree of extraction af the zinc. 

Synergism is exhibited when Methyl-Orange is used as counter-ion to neutralize the 
charge on the complex in extraction of tin(W) oxinate, the sensitivity being increased.‘“O 

EXTRACTION OF COMPLEXES WITH TWO DIFFERENT CHELATING LIGANDS 

Studies of the extraction of mixed-ligand diketonates42*‘6’ or the combination of di- 
ketonates with other anionic ligandsis2 are of some interest. There appears to be an increase 
of polarity in mixed-ligand complexes of the type MR’R”. Their extraction appears to be 
poorer than that of MR; or MR; compounds.‘63 

An interesting application of mixed-ligand complexes of this type is the increase of 
reaction selectivity by the merhod of competing ligands. Iiere the introduction of a second 
ligand depresses the interaction of some ions with a chelating agent whereas another group 
of ions under the same conditions forms mixed-ligand compounds. Thus, introducing 
benzoic acid (Bz) inhibits the colour reaction between the cerium group elements and 
quinalizarin (Q), but the elements of the yttrium group form easily extractable mixed-ligand 
complexes [MI : [Q] : [Bz] = 1: 1: 2, These complexes have higher molar absorptivities, thus 
increasing the sensitivity and selectivity of determination.16” 

The use of complexes with two anionic ligands for determining one of them is well 
known. Thus. the mixed-ligand complex of cerium(II1) with alizarin complexone and 
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fluoride is used for the direct photometric determination of fluorine.165 An analogous 
method is based on the formation of a zirconium complex with Calcein Blue and fluoride.166 

TWO-METAL ONE-LIGAND COMPLEXES 

The complexes least studied are compounds of two different metals and one ligand, which 
could reasonably be called mixed-metal compounds. Some general characteristics of the 
conditions for formation of such complexes have been given.2+g*“*‘6’ 

Several publications deal with the formation of mixed-metal complexes of dioximes.’ 67-1’1 
Owing to their intense colour, stability and often good extractability, compounds of the 
type metal-tin-dioxime find application in the determination of a number of metals.16’ 

The complexes formed between platinum metals, tin and halide are also interesting. 
Their chemistry has not yet been fully elucidated, g*ll though analytical methods based 
on formation of these complexes or extraction of platinum-metal anionic-complex ion- 
association compounds with organic cations are widely used to determine some platinum 
metals 172-l 74 

The formation of mixed-metal complexes is to be expected when multidentate ligands, 
especially oxy-acids, are used. ’ “-’ ” Such complexes are not usually used in photometry 
as they are often kinetically inert and then effectively mask their component metals in whole 
or in part. One interesting and promising group of mixed-metal compounds involves 
ligands which are acid dyes, e.g., dioxoazo-compounds. 17* It was shown that the formation 
of mixed-metal commune in the system azodye-rare earth-Fe3+ or R-&-M, etc., sub- 
stantially increased the sensitivity of reaction and the distribution coefficient.178~“g 
Physicochemical analysis and preparation of the compounds proved their existence, and 
the discovery of similar complexes in other systems, e.g., lanthanum-nickel-Alizarin 
Blue,‘*’ erbium-calcium-Alizarin S,‘*’ suggests that many others exist. 

QUATERNARY AND MORE COMPLEX COMPOUNDS 

In some cases, especially when extraction-photometric analysis is used, complex com- 
pounds containing three or more ligands are employed for successful extraction of intensely 
coloured compounds of high oxidation-state metals. For convenience, some types of such 
complexes may be delineated. 

Complex cation-complex anion M’A, . M”R, 

Phenanthroline or bipyridyl complex cations in combination with halide or oxalate 
anionic complexes are commonly used,is2 usually for the det~~nation of the metal in 
the anion.‘82-187 The methods for determining tin,ls2 antimony,‘*3 thallium,‘84 platinum 
and nicke1,is5 cadmiumls6 and boron’87 are well known. The association compounds 
formed are easily extracted by non-aqueous solvents, and their colour depends on the 
colour of the complex cation (usually ferroin). 

Ion-association complexes of mixed-ligand complex anions’88*‘8g 

These complexes have the composition (AH),MR’R”. The organic cation, usually 
alkylammonium1g0-‘g2 or tetraphenylarzonium, 1g3-19s forms a strong base. Halide or 
thiocyanate combined with oxalate,‘gO*‘g’ diketonate,“’ or sulphatelg2 are used as 
anionic ligands. Germanium gives similar complexes where the metal is bonded to three 
different anionic ligands, two of which constitute the inner sphere (e.g., phenylfluorone and 
benzoylphenylhydroxylamine) while the third is in the outer sphere and neutralizes the 
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residual positive charge.’ 96 Under such conditions complexes of the type[MRLRt]Ri 
are formed, which considerably improve germanium determination. 

A similar type of complex can be represented schematically as [MR:A,]R:‘.‘97-202 As 
an example we might consider the germanium complex, 2oo the inner sphere of which con- 
sists of fluorone and antipyrine and the outer sphere of bromide or perchlorate. The con- 
ditions for the formation of such complexes as well as the methods of determining their 
nature have been described.200-203 In a number of cases the formation of such association 
complexes is complicated by the influence of other metals. The formation of the complex 
compound of gallium with PAR, antipyrine and perchlorate, [Gal : [PAR] : [ANT] : [ClOJ = 
1: 1: 3 : 2, may serve as an example. The extraction of a new compound with [Gal : [In] : 
[PAR]: [ANT]: [CIO,] = 1: 1:2:4:2 occurs in the presence of indium. The reaction 
sensitivity is increased by the introduction of a second PAR anion into the compound.204 

The group of complexes in question includes the mixed adducts obtained by the addition 
of two different amines to a metal chelate. 3g*205 The extraction of these compounds of the 
type [MRA’A”] is far greater than that of the normal adducts, [MRA,](D,,,.,.,/D,,,, = 
1 5oo),2°5 which is accounted for by a more complete dehydration of the central ion. 

CONCLUSIONS 

The mixed-ligand and mixed-metal complexes find wide application in a number of 
kinetic206 and luminescence methods,82~87~206-208 and in chromatographic or extraction- 
chromatographic separation.20g*210 

The experimental material shows the essential role of the mixed-ligand complexes in 
redox reactions, catalysis, and reactions important in biochemistry.‘3*26 

Preconcentration by extraction of mixed-ligand complexes is used in atomic-absorption 
determination2i’ or activation analysis2i2 and makes the determination more sensitive. 

It should be noted that the addition of masking agents, or buffer mixtures to decrease 
metal hydrolysis, often results in the formation of mixed-ligand or mixed-metal complexes 
which strongly affect the photometric determination. Thus complexes of niobium with PAR 
and EDTA were found to be formed,74 though the EDTA was originally added as a masking 
reagent. It was established213 that the interaction of germanium with lumogallion (Lg) in 
the presence of phosphoric acid formed the LgGe02POOH complex. 

The practical importance of mixed-ligand and mixed-metal complexes has prompted 
further study of mechanism and kinetics of formation, and of the structure, extraction and 
other properties of these complex and interesting compounds. 

To classify the compounds under consideration, they should be divided into the fol- 
lowing groups and more complicated ones.214 

I. WWMR,l VI. CM’&1 WRyI 
II. WU R, VII. WMMR/KI 
III. [MA,R,] VIII. [M&A,] R:’ 
IV. [ MR;R;] IX. [MR:R;] R:’ 
V. [M:M;R,] [MR,A;A;] 

XI. [M’M”R;,]R: 
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Resume-On prtsente une revue des progres dans la comprehension et I’application des 
complexes coordinats mixtes en chimle analytique. 
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Summary-A procedure is described for the non-destructive determination of Na, Mn, La, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu and Th in apatites by thermal and epithermal neutron- 
activation of independent portions of the material. The method was applied to three apatites with 
different contents. The precision obtained was better than f 5 % for La, Ce, Sm, Eu, Gd, Tb and 
Dy and f 20 % for Yb, Nd, Ho, Er and Lu for an apatite with a total rare-earth oxide content of 
the order of 1%. Determination of Ce, Tb and Yb could only be carried out with thermal neutron- 
activation analysis, while Gd, Ho and Er could only be determined after irradiation with epithermal 
neutrons. 

Several analytical techniques have been used for the determination of rare-earth elements 
(REE) in apatites, CaS(PO&(OH, F, Cl), e.g., X-ray fluorescence spectrometry,‘** emission 
spectrometry,24 neutron-activation analysis (NAA) both by radiochemical5*6 and non- 
destructive’ methods, electron microprobe*-” and atomic-absorption spectrophotom- 
etry.? As the REE content of apatites is of the order of tenths of 1 ‘A or higher, the REE can 
be determined non-destructively by neutron activation using a short irradiation time. 
Steinnes’ has shown that La, Sm, Eu and Dy can be determined non-destructively with 
NaI(T1) y-ray spectrometry after thermal neutron irradiation of apatites for lo-30 min. 
Recent work is reported by Brunfelt and Steinnes l2 on determination of nine REE in silicate 
rocks by 1 hr epithermal neutron activation followed by a simple group separation pro- 
cedure and Ge(Li) y-ray spectrometry. 

The procedure described in this work for determination of REE and Th in apatites is 
based on irradiation of two independent portions of the material with thermal and epi- 
thermal reactor neutrons for 2 and 15 min respectively, followed by Ge(Li) y-ray spectrom- 
etry counting. Replicate analyses of three apatites of different REE concentration were 
carried out. 

The present method has been developed to facilitate current studies of REE distribution 
in coexisting minerals from anorthosites, norites and mangerites selected from different 
anorthosite intrusions in the Norwegian Precambrian terrain. 

EXPERIMENTAL 

Gamma-ray spectrometer and activity measurements 

The detector used for this study was a 7229 S/N 251 Canberra coaxial Ge(Li) detector with a resolution of 
2.5 keV (FWHM) and peak/Compton ratio 23/l for 1331-keV peak of boCo; the relative efficiency was 570/, 

* Present address: Laboratory of Geology, Petrology and Geochemistry, University of Liege, 7 Place du XX 
Aoht, 4000 Liege, Belgium. 
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[comparable to that of a 3 x 3 in. NaI(Tl) scintillation detector at 1331 key. The pulse-height analysis was per- 
formed with a Hewlett-Packard 200 MHz ADC interfaced to a NORD-1 digital computer (16 K, 16 bit). A pulser 
was applied for determination of counting time as weli as for dead-time correction (as described by Anders”). In 
all rn~~rn~~ the dead-time was kept below 10%. The peak-area integrations were performed according to 
the method of Covell.“Table 1 shows the photopeaks and experimental conditions selected for the determination 
of each of the radionuclides. 

The activity measuraments following the thermal neutron activation were performed twice on each sample, 
except for the counting of 2582 hr “Mn and 2.36 hr i*sDy which were based on only one counting for each sample. 

Preparation qf samples and rcfercce standards. About 100 mg of finely powdered apatites were accurately 
weighed into 15 x 15 mm polyethyiene%nvelopes which were then heat-sealed. Standard stock solutions of each 
REE were prepared by dissolving appropriate accurately weighed amounts of the 999% pure oxides in a few ml 
of nitric acid and diluting with water to 100 ml. The cerium solution was prepared from (NH&Zc(NO,), . The 
standards were corrected for weight loss on ignition (95U’). determined on separate oxide samples. 

Reference standards were prepared by pipetting aliquots of 100 4 of the stock solutions of the individual REE 
onto smd polyethyicne sheets and carefully evaporating to dryness under an infrared lamp; the sheets were 
enclosed in polyethylene bags by heat-sealing The amounts of REE in these reference samples were approximately 
as follows: La 50 Pg; Ce 200 fig; Nd 150 Fg; Sm 50 Fg; Eu 10 Pg; Gd 75 pg; Tb 10 pg; Dy 60 pg; Ho 10 pg; Er 30 pg; 
Yb 20 fig; Lu 5 fig. 

IFT~&~&I. Irradiation of the samples together with reference standards in duplicate was carried out for 2 min 
in the JEEP-II reactor, Institutt for Atomcnergi, Kjeller (Norway), at a thermal neutron flux of about 
1.7 x 10li n . mm-s. see-‘. 

Epithermal neutron acfivation 

Prepmotion of samples mad reference standards. Accurately weighed apatite samples of about 100 mg each were 
yrapped in 30 x 25 mm sheets of ~umi~um foil (prewashed with dilute nitric acid and rinsed with water). 
Aliquots (100 M) of standard stock solutions of the individual REE were pipetted onto small sheets of aluminium 
foil and evaporated to dryness. The sheets of aluminium foil were afterwards carefully folded. 

Irradiation. The apatite samples and a duplicate set of reference standards were packaged together in a @7 mm 
thick cylindrical cadmium box of 14 mm internal diameter and 10 mm internal height, as described previously.” 
The box was irradiated for 15 mitt in the JEEP-II reactor (Kjeller) in a fixed position at a thermal neutron flux 
of ca. 1.7 x 10” n . mm-%ec-‘. The cadmium ratio of i9’Au in this position was 28. 

RESULTS AND DISCUSSION 

In Table 2, mean values from replicate results obtained in this work for 3 apatites of 
different concentration range are presented for each element. The precision is indicated 
by the relative standard deviation of a single dete~ination. 

Thermul neutron activation 

Lanthanum. La abundances can be determined accurately from both the 487.0 and 
1596.6 keV photopeaks of r40La. The range of precision obtained for the three apatites 
was i-3%. 

Cerium. The 141Ce peak at 1455 keV was used for the determination. The 142.6-keV con- 
tributioni6 of 5gFe is not significant in this case owing to the low content of iron in the 
apatites studied in this work. The 175Yb (144.7 keV) interference is also negligible if the 
counting is delayed until 30 days after the end of the neutron irradiation.” The precision 
obtained was in the range 1-S3.4%. 

Neodymium. The lines of 149Nd were not observed after the 2 min irradiation time and 
the determination of Nd was based upon the 531.0 keV peak of 11.06 d 14’Nd, although it 
was very weak, The precision obtained by using this interference-free photopeak was 2.4% 
and 34% for the regarded and Hesnes apatites respectively, while for the Durango it 
was 145*A. The advantage of a “low-energy-photon” Ge(Li) detector for the determination 
of Nd via the 91.1 keV peak of 14’Nd has recently been demonstrated by Rosenberg et al.’ * 
and Hertogen et a1.l9 
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Samarium. As expected from the good counting statistics of the 103.2 keV line from “%m, 
the precision for this element was good (O9-2.4%). 

Europium. For the first count the strong peak of lSZmE~ at 121.8 keV was used. The 
second measurement was based on the 121.8 and 344.2 keV peaks from 152Eu. The 
344.2 keV peak cannot be used for samples with a high content of thorium, owing to the 
340.5 keV peak of 233Pa. The precision of the results obtained from these photopeaks was 
better than 41% and good agreement was observed between the mean values obtained. 

Terbium. The agreement between the results obtained from the 298.6 and 879.3 keV peaks 
was good for the 0degaarden and Hesnes apatites, but the result for the Durango apatite 
was higher by a factor of two for the first peak than for the second, owing to interference 
from 233Pa (300.1 keV). The precision obtained was in the range 1*5-3*6’A for the 8793 keV 
photopeak. 

Dysprosium. The precision obtained for the 94.5 keV peak from 16’Dy was l-4-5*3%. 
Ytterbium. The mean values obtained from the 3961 keV photopeak of “‘Yb were 

about 10% higher than those from the 177-O-keV line of 16’Yb in the case of the apatites 
from Odegaarden and Hesnes. For the Durango apatite the mean values obtained from the 
two peaks were, however, in good agreement. The 396.1 keV photopeak should be free 
from interferences.” 

Lutetium. The Lu abundances were determined with a precision of 1*7-18.8% by means 
of the 208.3 keV peak from “‘Lu. The 113.0 keV line of l”Lu was not used, because of 
various interferences from 16’Yb (110.0 keV), “‘Yb (113.5 keV) and 233Pa (1100 and 
114.6 keV) as also pointed out by CobbI and Gordon et al.” 

Thorium. The Th content was determined with good precision uia the 311.9 keV peak 
of 233Pa, by comparison with G-2 (using the assigned value of 23.3 ppm”). 

In addition to the REE and Th, the content of sodium and manganese can also be deter- 
mined. The precision obtained for both these elements was 1*5-3*6o/o. The results given in 
Table 2 for these two elements are based on W-l with assigned values of 2.15 and 0.17% 
respectively for Na,O and Mn0.27 

Epitkermal neutron activation 

The theoretical considerations of epithermal neutron activation have been discussed 
previously.2 1-24 In the recent work by Brunfelt and Steinnes12 the feasibility of epithermal 
activation for the determination of PEE in silicate rocks was assessed by means of calculated 
and observed “advantage factors”, as introduced by Brune and Jirlow2’ for a given nuclide 
and defined as 

where (R,,), and (R&, are the cadmium ratios of an interfering nuclide and of the nuclide 
in question. From the observed advantage factor F, as given in the work of Brunfelt and 
Steinnes” it appeared that Nd via 1.8 hr 14’Nd (211.4 keV; F, = ll), Gd oiu 18.0 hr lsgGd 
(363.3 keV; F, = 36), Ho uia 26-9 hr 166H~ (80.6 keV; F, = 17), Er oia 7.8 hr l7 ‘Er (308.3 
keV; F, = 8.0) and Lu via 3.71 hr 176mL~ (88.3 keV; F. = 35) are favourable cases for deter- 
mination with the epithermal technique whereas 165Dy (F, = O-29), 1S2mE~ (F. = 1.3) and 
14’La (F, = 2.7) are not. For Ce (33.4 hr ‘43Ce) and Pr (19.2 hr 142Pr), the conditions for 
determination by the epithermal technique seemed unfavourable as indicated by the calcu- 
lated advantage factors given by Steinnes,23 3.7 and 2.7 respectively. The ls3Sm activity 
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gives a strong peak in both epithermal and thermal spectra, but is more pronounced in the 
former (F, = 24). 

In Fig. 1, gamma spectra of two samples of 0degaarden apatite recorded 2 hr after the 
irradiation are shown. One of the samples was irradiated inside the cadmium box, while 
the other was simultaneously activated outside, at a distance of 10 cm from the cadmium 
box, both samples being included in the same irradiation container. 

The depression of the photopeaks of 16sDy in the y-spectra resulting from the epithermal 
neutron activation is clearly shown as well as the enhancement of y-lines from 14’Nd, 
is3Sm and i’rEr. 

The application of epithermal activation analysis for REE in apatites is discussed below. 
Neodym&n. The 211.4 keV photopeak from i4’Nd (1.8 hr) was used. The precision for 

the three apatites was 5*5-145’A, which was not as good as that obtained uia 14’Nd in the 
thermal activation experiment. If a more restricted number of samples is to be analysed 
than was the case in this work, longer counting periods could be used to improve the pre- 
cision. 

GadoIinium. Gd was easily determined from the 363.3 keV line of lsgGd after one day’s 
cooling The precisions obtained for Odegaarden and Hesnes were 4.7 and 4.6% respect- 
ively; the precision obtained for the Durango was, however, only 22’4, which is explained 
by the lower content of gadolinium (86 ppm) in this apatite compared to the other two (624 
and 423 ppm). 

Holmium and erbium. Previously data for these two elements have been obtained on 
silicate rocks by epithermal NAA combined with a group separation.12 In the apatites 
these elements were determined non-destructively, with a precision in the range 7-30x. 

Lutetium. The precision for lutetium obtained in the epithermal NAA via 3*7-hr “‘j’“Lu 
was worse than that obtained via the 675 d “‘Lu after thermal NAA. The counting periods 
were, however, only 5 min in the epithermal NAA. The agreement between the mean 
values obtained by these two methods was good. 

Fig. 1. Gamma-ray spectra of apatite samples from Odegaarden (Norway) taken 2 hr after the end 
of irradiation. (A) thermal-neutron activated (weight of sample 20 mg, counting time 5 min); 
(B) epithermal-neutron activated (weight of sample 100 mg, counting time 10 min); 1 keV per 

channel. 
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Other rare-earth elements. As predicted by the “advantage factors” the precisions for 
La, Eu and Dy obtained by epithermal NAA were not as good as those obtained by the 
thermal activation method. 

Cerium, terbium and ytterbium could not be determined by epithermal NAA in the 
apatites studied. The results obtained with thermal neutron activation are systematically 
lower than those obtained in the epithermal work for La, Sm, Eu, Dy and Lu. These 
discrepancies might be explained by a shielding effect in the thermal-neutron irradiated 
apatites, caused mainly by gadolinium which has an extremely high thermal-neutron 
absorption cross-section (6 0 = 5 x 104 b) compared with the small resonance absorption 
integral of this element, which is only 67 b as given in the compilation by Drake.“’ Therefore, 
we consider the results obtained in this work by epithermal neutron irradiation to be more 
accurate than those obtained by thermal neutron irradiation analysis. 

The quality of REE data for rocks and minerals may be judged on the basis of comparison 
diagrams with chondritic meteorites29 (i.e., the ratio of each REE content in ppm to the 
average content of the same element in chondritic materials, plotted against atomic number 
or ionic radius). Owing to the nature of the partial separations within the REE group that 
accompany rock formation processes, such comparison diagrams are likely to exhibit 
smooth curves, except for Ce and Eu which may have been selectively separated from the 
other REE by natural processes involving changes in oxidation state. Comparison diagrams 
of the three apatites investigated in the present work are shown in Fig. 2. The chondritic 
values used are taken from Haskin et al. 3o For elements which can be determined both by 
thermal and epithermal neutron activation analysis the mean value was used. Apart from 
the marked negative Eu anomalies, smooth curves are obtained, except for holmium which 
seems to be systematically low. The apparently low results for holmium might be explained 
by the effect of a systematic base-line error. 

Fig. 2. Chondrite-normalized patterns for 3 apatites. Ionic radii taken from Ahrenssl(A) Fluoro- 
apatite from Cerro de Mercado, Durango (Mexico); (B) fluoroapatite from Hesnes (Norway); 

(c) chloroapatite from Odegaarden (Norway). 
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A nondestructive determination of REE in apatites, as demonstrated in this work, is of 
analytical interest because of the relative simpiicity as compared to methods based on 
radiochemi~~ group separations. During a group separation of the REE baaed on repeated 
precipitation steps unwanted fractionation may occur between light and heavy REE, and 
it may be necessary to perform a separate chemical yield determination for each of the 
elements involved. 
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Zuaammenfassung-Em Verfahren zur zerstdrungsfreten Besttmmung von Na. Mn, La, Nd, Sm. 
Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu und Th in Apatiten durch Aktivierung verschiedener Teile 
des Materials mit thermischen und epithermischen Neutronen wird beschrieben. Dte Methode 
wurde auf drei Apattte verschtedener Zusammensetzung angewandt. Die erhaltene Geneuigkeit 
war besser ah + 5 “/b bei La, Ce, Sm. ELI, Gd, Tb und Dy und + 20 y0 bei Yb, Nd. Ho, Er und 
Lu in einem Apatit, dessen Gesamtgehah an Oxiden seltener Erden bei etwa 1% lag. Die 
Bestimmung von Ce, Tb und Yb lieI sich nur nach Aktivierung mit thermischen Neutronen 
durchfuhren. die von Gd. Ho und Er nur mit epithermischen Neutronen. 

Resume-On decrit une technique pour la determinatton non-destructive de Na, Mn, La, Nd, 
Sm, Eu, Gd, Tb. Dy, Ho, Er, Yb, Lu et Th dam les apatites par activation de neutrons 
thermiques et ipithermiques de fractions indtpendantes de la substance. La methode a et6 
appliqde a trois apatttes-avec des teneurs diferentes. La priciston obtenue a tte meilleure que 
+5X uour La Ce. Sm. Eu. Gd. Tb et Dv et f20”/, Dour Yb. Nd. Ho. Er et Lu Dour une 
apatiie’avec une teneur’totale en oxydes de ter&s r&e’s de I’ordre de 1 %O. Le dosage de Ce, 
Tb et Yb n’a pu etre effect& que par analyse par activation de neutrons thermiques tandis que 
Gd, Ho et Er ont pu etre seulement determines apres irradation avec des neutrons 
Cpithermiques. 
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SPECTROPHOTOMETRIC STUDY OF THE 
REACTIONS OF ARSENAZO III WITH 

ALKALINE-EARTH METALS 

V. MICHAYLOVA and N. KOULEVA 

Department of Chemistry, University of Sofia, Sofia 26, Bulgaria 

(Received 25 July 1973. Revised 7 November 1973. Accepted 18 January 1974) 

Summary-Arsenazo 111 is used as a spectrophotometric reagent for alkaline-earth metals. The 
molar absorptivities of the calcium, strontium and barium complexes at 650 nm are 4.40 x 104, 
4.00 x lo4 and 3.65 x lo4 l.mole-‘.cm-’ respectively. The interference of magnesium is elimin- 
ated at pH 5-6. The use of sodium sulphate as masking agent permits the determination of small 
amounts of calcium, strontium and magnesium in the presence of barium. The alkaline-earth ions 
can be determined in the presence of each other at pH 4.2 at the 2-10 pg level. Some organic solvents 
such as dioxan, acetone and ethanol increase the sensitivity and selectivity in acidic medium. The 
stability constants have been measured and the structure of the complexes is discussed. 

Savvin has shown that Arsenazo III is an excellent reagent for the spectrophotometric 
determination of Th, Zr, Hf, U, rare earths etc. ‘J We have shown that it may also be used 
for the determination of metal ions with a rare-gas or 8’ configuration such as Ca’+, 
A13+, Zn2+, Cd’+, Mg2+.3-6 Hence it seemed of interest to study the reactions of arsenazo 
III with strontium and barium. A more detailed examination of the calcium-arsenazo III 
reaction has also been made. It was shown recently ‘,‘** that arsenazo III forms blue and 
violet-blue complexes with calcium, strontium and barium at pH 4-5 and the molar 
absorptivities of the complexes are ca. lo4 1. mole-’ . cm- ‘. BudESinskj has shown’ that 
the reactions of arsenazo III with strontium and barium proceed mainly at pH 6.3 and 5.3 
and the molar absorptivities of the complexes are 7.25 x lo3 and 5.10 x lo3 1. mole- ’ . cm- ’ 
respectively. Our study covers the pH range 3-10 and shows that complex formation is 
maximal at pH 9-10. The molar absorptivities are 4.40 x 104, 4.00 x IO4 and 3.65 x lo4 
1. mole- ’ . cm-’ for the calcium, strontium and barium complexes respectively. 

The sensitivity of the reactions in acidic media is increased by addition of organic solvents 
such as dioxan, ethanol and acetone. Despite their similarities the alkaline-earth ions can 
be determined in the presence of each other in acid media and with the addition of a masking 
agent. The interference of magnesium is serious but can be overcome. 

Reagents 
EXPERIMENTAL 

Arsennzo III. A lo-“M solution was standardized by spectrophotometric titration with thorium nitrate solution 
at pH 3 and 600 nm. An aqueous @04% w/v solution was used for analytical purpose. 

Strontium and barium nitrate solutions. Stock solutions were standardized by complexometric titrationlo and 
diluted as required. 

Calcium chloride solution, lo-*MM. Standardized complexometrically. 
Reagent grade dioxan, ethanol and acetone. Buffer solutions. The pH was adjusted with dilute sodium hydroxide 

and 0.2M acetate, O.lM biphthalate and O.lM borate buffer solutions. I1 The ionic strength was maintained at 
@l M with sodium nitrate. 

All other reagents were analytical-reagent grade. 

523 



524 V. MICHAYLOVA andN. KOULEVA 

Recommended procedure 

Place the test solution (_ IO-’ M, &SO-6.00 ml) in a 25 ml volumetric flask. add 2.50 ml of 0.04 ‘<, arsenazo 11 i 
solution attd 50 ml of pH 9 borate buffer, dilute to volume and mix thoroughly. The blue or blue-violet colour 
develops immediately with barium, in 15 min with calcium and in 25 min with strontium. Once formed it is stable 
for at least 26 hr. Read the absorbance in a 3 cm cuvette at 600 and 650 nm against a reagent blank solution. 

Absorptioti spectra 
RESULTS AND DISCUSSION 

Arsenazo III [3,6-bis(2r;arsonophenylazo)-4,5-dihydroxynaphthaIene-2,7-disulphonic 
acid] forms blue complexes with strontium and barium. The absorption spectra for stron- 
tium presented in Fig. 1 show that the complex formation begins at pH > 3 and is greatest 
at pH g-10. Two welid&ned peaks occur at 600 and 650 nm for both the strontium and 
barium complexes. Two maxima also occur in the absorption spectrum of the calcium 
corn~lex,~ and they are observed in the spectra of arsenazo III complexes with many metals. 
This is explained by the inductive effect of the two conjugated systems of the reagent.‘*‘*i2 
The absorbance of the arsenazo III must also be taken into account because of its batho- 
chromic shift in alkaline medium. Figure 2 shows the spectra of the metal complexes com- 
pared with the spectrum of the H,L’- and H,L6- reagent forms at pH 9. The difference 
between complex reagent is greatest at 650 nm. 

nm 

A 

O-8 

o-7 

Fig. 1. Dependence of absorbance spectra on pH for strontiumlll)-arsenazo III complex. 
C,, = 2.06 x lo-+M;C* = 1.72 x 1o-5 M./ = 2cm:c~s.water.pH~f/)3~.75.(_714~54.(212~10:(~~6~l6~. 

(5) 7.43; (6) 8.25; (7) 9.10; (8) 9.88. 
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-J+-- 
I6 16 

xl000 cm-’ 

Fig. 2. Absorption spectra of arsenazo III and its complexes with calcium(II), strontium(II), 
barium(U) at pH 9.10. CM = CR = 2.06 x 10W5M; I = 2 cm; us. water. (I) Arsenazo III, (2) Ca- 

complex, (3) S-complex, (4) Ba-complex. 

Composition of the complexes 

A series of solutions at pH 9 with M : L varying from 1: 10 to 20 : 1 was made and two 
maxima were observed in all the spectra, which became virtually identical for M : L > 1: 1, 
thus confirming the composition ML. The 1: 1 composition was checked by the molar-ratio, 
Asmus13 and Bent and French14 methods. 

Sensitivity of the reactions and conformity to Beer’s law 

Because of the low stability of the complexes (log /.I - 8*5), a relatively high concentration 
of the reagent was used for the determination of alkaline-earth metals. The molar ratio of 
reagent to metal was 23. The optimum pH was 9, because of completeness of complex 
formation and the relatively low absorbance of the reagent alone. The molar absorptivities 
of the complexes under the conditions above were calculated by standard statistical 
methods.” The absorbance of the solution, A,, must be corrected for the absorbance of the 
free reagent, A,. At pH 9 AR = (C,, - Chl,$zR, where CR0 and CM,, are the total concentra- 
tions of the reagent and the metal and sR is the molar absorptivity of the reagent (CR, > C,,). 
The molar absorptivities are given in Table 1. The results for calcium differ from those 
reported earlieri which were based on the differential molar absorptivity measured us. 
reagent blank. 
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Table 1. Molar absorptivity& ( lo4 I. mole- i . cm - ‘) of the arsenazo 
111 complexes with alkaline-earth metals at pH 9.10 

I, nm Ca Sr Ba 

600 4.15 3.78 3.30 
650 440 4.00 360 

Beer’s law is obeyed over the final concentration ranges 0*05-1.20 lug/ml (Ca), 0.10-1.90 
pg/ml (Sr) and O-15-3.00 pug/ml (Ba). 

Eflect of organic solvents on the complex formation 

The effect of dioxan, ethanol and acetone on the absorbance of the complexes is more 
pronounced in acidic media and at high concentration of organic solvent. A 60% v/v con- 
centration of organic solvent was used without addition of buffer. Apparent final pH values 
(glass electrode) were 45,4*2,4+3 in the presence of dioxan, ethanol and acetone respectively. 
The absorption spectra are shown in Fig. 3. The organic solvents decrease the absorbance 
maximum at 540 nm and cause the appearance of a small maximum at 650 nm, and the 
reagent spectra in the non-aqueous media became similar to those in alkaline aqueous 

(a) 

0.6 

nm 

+--Y-F 

(b) 

---k&b 

+--+F-Y 
(c) 

2 

3 

4 

~ 

---her 
xl000 cm+ 

(d) 

--ii++ 

Fig 3. Effect of organic solvents on the absorbance of arsenazo III and its complex formation 
with alkaline-earth metals. C, = C, = 206 x lo-‘M, 60% (v/v) organic solvent, pH 420 for 
aqueous solutions, apparent pH 4.2-4.5 in the presence of organic solvents; I = 2 cm; us. water. 
(a) Arsenazo III; (b) Ca-complex; (c) S-complex; (d) Ba-complex. (I) aqueous solutions; (2) in the 

presence of dioxan; (3) in the presence of ethanol; (4) in the presence of acetone. 
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media. It is obvious that these changes are due to the shift of the tautomeric equilibrium 
of the reagent forms. As Sawin and Kuzin reported16 the absorbance bands at 620-670 nm 
in the spectra of arsenazo III arise when both the azo and quinone-hydrazone ionized 
forms co-exist. Using the MOLCAO method these authors confirmed that in acidic media 
the reagent is in an azo form, but at the same time emphasized that in less polar solvents a 
maximum at 620-630 nm may arise owing to the presence of small amounts of the quinone- 
hydrazone form. There is agreement between these predictions and our experiments. 

The spectra in Fig. 3 show that in aqueous-organic media the complex-formation pro- 
cesses are stabilized and cause the increase of the reaction sensitivities compared with those 
in aqueous media at pH 420 (Table 2). 

Table 2. Molar absorptivity E (l(r t . mole-’ . cm- ‘) of the arsenazo III complexes with 
alkaline-earth metals in the presence of 60% v/v organic solvents 

Complexes 
aqueous* dioxan 

Medium 

ethanol acetone 

Ca-complex 0.78 3.82 3.50 3.00 600 
065 3.40 282 183 650 

Sr-complex 0.65 3-45 3.11 2.61 600 
060 3.00 260 1.65 650 

Ba-complex O-65 244 2.20 2.00 600 
0.55 1.77 1.70 1.20 650 

* The differential molar absorptivities at pH 420. 

The effect of organic solvents can generally be associated with decrease in the dielectric 
constant of the reaction medium. The dielectric constants for the pure solvents are 2.2, 
21*0,24.3 for dioxan, acetone and ethanol respectively. ” According to these data the action 
of ethanol is stronger than expected. 

The same two maxima are observed and therefore the composition of the complexes and 
the mechanism of the reactions has not changed. 

Selectivity of the reactions 

The selectivity of the reactions was varied by using a suitable acidity and a masking agent. 
Table 3 summarizes the results of the interference studies, made under the most favourable 
conditions. 

The results for Al(III), Fe(III), Ti(IV) and Mn(I1) in alkaline medium were improved by 
addition of 3 ml of 20% triethanolamine solution for each 25 ml of solution (Table 4), which 
brings the final solution to pH 10-7. 

Magnesium and manganese(I1) did not interfere appreciably when the reactions took 
place at pH 56-58. Under these conditions the differential molar absorptivities measured 
against a reagent blank were: Ca-complex As = 7.0 x lo3 1. mole- ’ . cm- ’ at 590 nm, 
9.0 x lo3 at 600 nm; Sr-complex As = 6-O x lo3 at 590 nm, 7.0 x lo3 at 600 nm; Ba- 
complex As = 6.5 x lo3 at 590 nm. 

The selectivity of the calcium and strontium reactions was increased by using ethanol 
and acetone. In aqueous media small amounts of calcium, strontium and magnesium could 
be determined in the presence of barium if this was masked with 10% Na$O,. lOH,O 
solution. The alkaline-earth ions did not interfere with each other in acidic medium at pH 
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Table 3. Interference of ions 

Ion 
tasted 

Calcium 

Amount 
taken, 

Pg 

12.4 

Interfering Amount 
ion tolerated* 4 run pHf 

P8 

AI(III) 270 600 9.08 
Fe(Il1) 28 600 9.08 
Mn(I1) 3 600 908 

1650 590 5-80 
TijIV) 10 600 9.08 

Al(II1) 190 9.08 
Fe(II1) 17 2 9.08 

Strontium 27.1 h&(H) 3 600 9-08 
440 600 560 

3295 590 560 
Ti(IV) 5 600 9.08 

Al(II1) 210 
% 

9.08 
Fe(II1) 6 9.08 

Barium 42-4 Mn(I1) 6 600 9-08 
2200 600 5-60 
4400 590 560 

Ti(IV) 1 600 9.08 

* The tolerance limit is the amount causing a change d QOlO in the absorbance. 
t Adjusted with borate (pH 9) or acetate (pH 5.7) buffer. 

4-43, if the interfering ion was present in amounts of 2-10 pg. In these conditions the 
reaction sensitivities are low and small amounts of the other ions did not appreciably 
affect the absorbance of the ion being determined. The differential molar absorptivities 
of the complexes at pH 4-4.3 are close to those at pH 5*6-58. AI1 the results are given in 
Table 5. 

Table 4. Interference of ions in the presence of 2.4% triethanolamine at pH 107. The 
solutions tested contained 12-4 pg of Ca, 27.1 #g of Sr or 42.4 pg of Ba 

Ion 
tested 

Calcium 

Interfering 
ion 

AI(II1) 

Fe(II1) 
Mn(I1) 
Ti(IV) 

Amount tolerated, 
P8 

1350 
1890 
390 
220 
96 

1, Inn 

650 

EL00 
650: 600 
650,600 

Al(II1) 810 600 
1350 590 

Fe(II1) 110 600 
Strontium 390 590 

Mn(I1) 495 650 
550 600 

Ti(IV) 48 650,600 

Barium 

Al(II1) 

FefIII) 
Mn(I1) 
Ti(IV) 

810 608 
1350 

56 E 
110 650,600 
2s 600 
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Table 5. Determination of alkaline-earth ions and magnesium in the presence of each other 

Ion 
tested 

Amount 
taken, 

Pg 

Interfering 
ion 

Amount 
tolerated, 

Pg 1, nm PH 

Mg 1220 590 5.80 
12,150, 600 420 

Calcium 12.4 Sr 6 590 415 
Ba 7 590 415 

14t 4.30 
1372 2,650 9.10 

Mg 730 590 5.80 
Ca 2 590 4.15 

Strontium 27.1 Ba 10 590 4.15 
27t 590 4.30 
43 580 4.30 
608 590,600 9.10 

W 190 600 5.80 
Barium 42.4 Ca 2 590 4.15 

Sr 6 590 4.15 

Magnesium 7 Ba 

* In the presence of 60% (v/v) ethanol. 
t In the presence of 60% (v/v) acetone. 
$ In the presence of 0.8% Na$O,. lOH,O. 
8 In the presence of 2% Na,SO,. lOH,O. 

Stability constants 

137: 600,650 9.10 

Over the pH range 7-85, H,L’- is the form of the reagent which predominates,‘* and 
hence for the 1: 1 complexes studied the following reaction is proposed: 

M2+ + H3L5- GMMH+.~~-(~+“) + nH+. (1) 

The equilibrium constant, K,, , is defined as 

K, = 
[MH3_nL2-(5+“‘][H+]” 

[M2+J[HaL5-] ’ 

The number of protons released during the complex formation and the stability constants 
were determined by the method of Shimizu and Ogami,lg modified for 1: 1 complex 
composition. For the equimolar solutions the following expressions were used: 

W-1 = 
4 - 8~. Go 

EC 
- ER 

(3) 

W-1 
‘I1 = (C,, - [ML])2 (4) 

where [ML] is the complex concentration, pII is the conditional stability constant, A, the 
absorbance of the solution, cc and ER are the molar absorptivities of the complex and the 
free reagent. and CM,, and CL0 are the total concentrations of the metal and the reagent. 
The values of pII were calculated and plotted against pH according to the equation 

logB11 = log K,, + npH. (5) 
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-i-e-H+ 
PH 

2 

Fig. 4. pH-absorbance plots of arsenazo III and its complexes with alkaline-earth metals. Depend- 
ence of the conditional stability constants fill on pH. C, = C, = 2% x 10-sM, ionic strength 
@lM, 1 = 650 nm, I= 1 cm, us. water, pH adjusted with sodium hydroxide. (u) Ca-complex; 
(I) absorbance of arsenaxo III; (2) absorbance-pH plot of the complex; (3) plot according to 
quation (5); (b) Sr-complex; (c) Ba-complex; (I) absorbance-pH plot; (2) plot according to 

equation (5). 

The results are shown in Fig. 4. The slopes n = 1.02 (Ca), 1.00 (Sr) and 1.06 (Ba) confirmed 
the splitting off of one proton. Therefore, the following equilibrium should be valid in the 
pH range studied: 

M2* + H3Ls- =MH2L4- + H+. (6) 

The information obtained in this way can contribute to establishment of the structure of 
the complexes. For this purpose it is important to know the structure of the reagent in the 
pH range studied. Sawin and Kuzin assumed that in alkaline medium there is tautomeric 
equilibrium between the azo (88%) and qu~one-hydrazone (12%) forms of the reagent. 
Absorption bands at 620-670 nm arise as a rest&l6 We consider the small maximum 
at 650 nm in the spectrum of arsenazo III at pH 9 (Fig. 2), shows the existence of tautomeric 
equilibrium. We suppose, however, that in the reaction studied only the azo form of the 
reagent takes part. Otherwise the chromogenic effect would be much bigger. By use of the 
latest views on the structure of bis~a~lazo) derivatives of ~hromotropic acid**20 the 
following reaction scheme can be proposed: 
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Since the complex formation exhibits a bathochromic effect it is obvious that the hydroxyl 
group on the naphthalene ring is engaged in the reaction. The arson0 group forms g-bonds 
with the benzene ring only and therefore its dissociation or release of protons during the 
complexation causes only a very small colour effect. This confirms that the proton is split off 
from a naphthalene ring hydroxyl group. 

According to this consideration the following complex formation reaction should be 
valid : 

Mz+ + HH*L6- =MHH*L*- (7) 

where H is the arson0 group proton and H* is that of the second naphthalene ring hydroxyl 
group. Then the stability constant fllzl is defined as 

P 
[MHH*L*-] 

121 = [M2+][HH*L6-j (8) 

This constant, however, could not be calculated by using the value of an for arsenazo III 
only. The values ” of a for MHH*L*- and HH*L6- are also necessary but we did not 
have these data. Some c%culations were made, using the values of the conditional stability 
constants of the complexes studied, which are low and very close. For instance at pH 8 the 
values of log /?I1 are 5.2, 5.1, 5.1 for the calcium, strontium and barium complexes 
respectively. The low stability of the complexes may be connected with the ra 

f 
e-gas elec- 

tronic configuration of the alkaline-earth ions and the mainly ionic nature of the bonds 
formed. According to the values of the ionic potential and the electronegativity, the order 
of stability constants of the alkaline-earth ions should be Ca > Sr > Ba, but the larger 
ionic radii of strontium and barium cause more favourable contact with the ligand groups. 
It is probable that this fact contributes to the stabilities being very similar. 

Because the complexes are charged they can be separated by ion-exchange, e.g., with 
Dowex 1 x 8 (chloride form). 
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Zuaammenfaasung-Arsenazo III wird als spektrophotometrisches Reagens auf Erdalkalimetalle 
beniitzt. Die molaren ExtinktionskoeRizienten des Calcium-, Strontium- und Bariumkomplexes bei 
650 nm betragen 4,40 x 104, 4,OO x lo4 bzw. 3.65 x lo4 I.mol- ‘cm- ‘. Bei pH 5-6 ist die 
Starung durch Magnesium beseitigt. Die Verwendung von Natriumsulfat als Maskierungsmittel 
etlaubt die Bestimmung kleiner Mengen Calcium. Strontium und Magnesium in Gegenwart von 
Barium Die Ionen der Erdalkalien kiinnen bei pH 4,2 nebeneinander in Mengen von 2-10 pg 
bestimmt we&n. Einige organische Liisungsmittel wie Dioxan, Aceton und bithanol steigern die 
EmpBndlichkeit und Selektivitilt in saurem Medium. Die Stabilititskonstanten wurden gemessen 
und die Struktur der Komplexe wird diskutiert. 

R&n&On utilise l’Arsenazo III comme rtactif spectrophotometrique pour les metaux alcalmo- 
terreux. Les coefficients d’absorption molaires pour les complexes de calcium. strontium et baryum 
a 650nmsontrespectivement 4.40 x IO*. 4.00 x IO’et 3.65 x IO4 l.mole-‘.cm-‘. L’interference 
du magnesium est Climinee a pH 5-6. L’emploi de sulfate de sodium comme agent de 
dissimulation permet le dosage de petites quantids de calcium, strontium et magnesium en la 
presence de baryum. Les ions alcalino-terreux peuvent etre doses en la presence fun de l’autre 
a pH 4,2 it la teneur de 2-10 pg. Quelques solvants organiques tels que le dioxane. l’acetone et 
l’ethanol accroissent la sensibilite et la selectivite en milieu de caracttre acide. Les constantes de 
stabilite ont CtC mesurees. et l’on discute de la structure des complexes. 
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INFLUENCES DES ENTRAmEURS Ga,03 ET NaF 
SUR LA VOLATILISATION ET L’EXCITATION DU 

VANADIUM DANS LA METHODE DE 
SCRIBNER-MULLIN 

C. B. AMAYA et 0.0. GUIDCI 

Departemento de Quimica, Comision National de Energia Admica, Buenos Aires, Argentina 

(Recu le 22 aolit 1973. Accept& le 17pznvier 1974) 

Resume-Etude de l’influence de NaF et de GaaO, utilisks comme entraineurs, sur l’intensite des 
raies du spectre d’emission atomique du vanadium et. par suite, sur la sensibilite et la limite de 
detection par la methode de Scribner-Mullin. L’influence des deux entraineurs e-st differente quant 
a la volatilisation du vanadium. A l’aide de mesures radiometriques tt en employant *‘V, des 
degrts de volatilisation de 37 % avec NaF et 0,9 % aver GaaO, ont Ctk dttermints dans les conditions 
d’excitation adoptbes. L’emploi de NaF a permis d’augmenter notablement la sensibilitk, la limite 
de detection &ant abaissb de pres de cinquante fois, avec la m&me precision. L’influence des 
conditions physico-chimiques du plasma sur l’intensitk d’tmission n’est pas apparue differente pour 
l’un ou l’autre entraineur, suivant les resultats obtenus a l’aide d’un schema de calcul propose. 

Dans le dosage du vanadium dans UJO, par la technique de distillation fraction&e, la 
nature chimique de l’entraineur modilie les caracteristiques de volatilisation tandis que la 
concentration et le potentiel d’ionisation de son cation determinent les conditions d’exci- 
tation dans le plasma. 

Une etude a CtC effect&e sur l’influence de NaF et GasOs. Le choix de NaF comme 
entraineur a CtC motive par la formation avec le vanadium de composes volatils analogues a 
ceux mentionnes par Neuilly’ pour d’autres elements; celui de Ga,O, par son action 
selective sur les conditions d’excitation.2-5 

Les concentrations adopt&es ont ett, pour NaF, celle prkcbdemment d&rite: 5%,6 et, 
pour Ga203: 3% et non 2x,’ atin d’utiliser les mi?mes conditions operatoires. 

Le mode de calcul de la valeur du rapport des facteurs dependant des conditions d’exci- 
tation.f,,l.fi+ a ete developpe ci-apres. les valeurs de K, et Kz ont ite obtenues A partir 
des courbes analytiques et .fv, et jv2 calcules a l’aide des resultats des mesures radiometri- 
ques avec le traceur 4*V. 

MODE DE CALCUL PROPOSE 

Dans I’expression empirique de la courbe analytique? i = Kc”, I est l’intensite relative, 
K une constante. c la concentration dans l’echantillon et n le facteur d&mission. 

La sensibilite S9 et la limite de detection sont fonction des paramitres K et n. Lorsque 
I? = 1 

s dZ 
z-z 

dC K et 
,=i 

K 

ou c est la limite de detection. i le signal significatif minimal (i = tsr). t le facteur statistique 
pour un niveau de confiance de 1 ‘A, et sr I’tcart type des intensitks relatives du fond. Si l’on 
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suppose que tous les atomes votatiIi&s de I’&ment envisage se trouvent dans la zone de 
dkharg% la relation entre la quantite int&r&z de cet &nent dans le plasma et sa concen- 
tration dans l%chanti~lon peut %tre exprimk par 

pour laquelfe Q J nombre d’atomes de fFl6ment qui passent de l’&ctrode au piasma par 
unitk de temps ; 7 = temps de pose; fv = de& de volatilisation ; N = nombre d”Avogrado ; 
m = masse d%chantiIIqn dans Nlectrode et M = poids atomique de I’&kment. 

Dans le but d’analyser les divers facteurs de la constante de proportionnalitk, c’est 
l’expression d&velopp&e par de Galan” pour l’%mission spectrale d’une raie dans un arc g 
courant continu qui a &k utiliske. 

Le rapport des con&antes correspondant B une mSme raie, obtenues avec diffkents 
entrainems (en l’absence ~autoabsorpt~o~~ est exprimt par 

oh fp est fonction des 
pression Bectronique). 

Kl fpx fv1 
K,=Ypf,, (3) 

conditions d’excitation dans le plasma {tiaras absolue et 

PARTIE EXPERIMENTALE ET RESULTATS 

Wtervnin&on radionktrique de la quantitP de vanadium volatilisde pendant Pexcitation 

“V0&!8. satts entr&tumr~ Amcrsham. VsUs ) pa- U30,, C&U, et NaF, puret6 s~tro~pbique. Ektrodes 
en graphite, “National” SPK (anodes, t&&s d’apr& Scribner et Mullin;’ cathodes, diam. 33 mm). 

A ppareils 

Spcctrom&ra P scintillation, “Nuclear,” Mod. S.F.P. 65502. Cristal de NaI(Tl), “Integral Line,” puits axial 
5 x 5 cm. Source d’excitation, “Jarrel-Ash, Custom-Varlsource.” Mode: arc continu % courant constante. 

La volatifisation du vanadtum dans LJIOs a itO mew&e rad~om~triquemenr, en utkwt C&O, ou NaF 
comme entraineurs. 

(a) Quatre &alaas synthbtiques de concentration cotmue en vanadium (Tableau 1). P l’aide de l’isotope ‘sV 
comme traceur, ont ctc melang& aux entraineurs aux concentrations: 5% en NaF ou 3% en C&O,. 

(h) Quantitks de equivalentes S 100 mg dUalon de ces mklanges ont & incorporkes i des Clectrodes de 
Scribneret Mullin. en rblisant pour chaque mklange six et neuf klectrodes avec NaF ou Ga@, respectivement. 

(c) L’activitt de chaque &ectrode chargk a f3 mew& (pie d~~~~l~tion) quatre fois. 
cd) L’ex&ation a W rWis6e par WI arc de 12 A rentrode”: 4 mm), pendant 60 sec. Pour chaque concentration, 

hs t&m&s sent des tkctrod~ non excitkes, deux pour fhalo&ure et trois pour I’oxyde. 
(e) Les a&it&s des ilectrodes excitks et des tkmoins ant ktk de nouveau mesurbs, en r&&ant cette opkration 

le m&me nombre de fois que dans la mesure i&ale. 
(f) La qua&t& de vanadium volatilis~ dans chaque &&wie a tt6 calculk ainsi que le degr& de volatilisation % 

(fv%). 
(g) Entin, a && cakulk i’hrt moyen (erreur typo) pow la masse de vanadium dans chaque klectrode avant et 

aprk l’excitation et igakment l’erreur de leur diffkence &So %I. Pour dttenniner si ces diffkences sout statistiqtr+- 
ment s&gni&ativ~ le test t au n&au de confianee S et 2S% a it& appliqut. 

Les r&&tats sont consignt dans le tableau I. 

DPttwmSnarion de K, S y C pour les dew entrahws 

Appareils 

Spectrographe: “Hilger. Automatic Large Quartz” fi 70 cm). Mod. E. 492. Plaques spectropphrques: Kodak. 
SA no. 1. M~o~ho~rn~~ earegisueur: *farAl A&’ Mod. 23101. 
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Tableau 1. De@ de volatilisation du vanadium avec NaF 5% et Ga209 3% 

Vanadium 
V~dium volatilisk 

Entrainour 
Nombre &IlS absolu relatif, fv 
d’essais l’tlectrode, 

.@g H! SD*% % % (may.) 

NaF 4 5 1,82 36,6 37,0 
4 10 3,77 37,4 

Ga& 6 160 IS3 25 0,96 494 
6 80 0,74 27 992 

Mode opktoire 

Les essaim ont &i rtahtis sur une irie d’ttalons synthktlques it teneurs variables de 2 I 800 ppm V/U,O,, avec 
un facteur de dilution bat& deux. Les conditions spectrographiques ont ft& les mdmes pour les deux entraineurs, 
et les conditions d’excitation ant &k comme prk&.icmment. 

Temps de pose: 60/4 set, 75% d’attinuation avec un secteur rotatif. Calibration de l’kmulsion: spectres du fer, 
avec un secteur rotatif g 7 6chelons. 

Chaque &ilon a ttt! excitk au total sept fois pour I’un et f’autre entraincurs, dans trois skies #exp&ienccs 
r&p&&es. La raie atomique V 3183,98 A a 6th mesurte microphotom&riquement et les valeurs d’intensith relative 
rksultantes ont kte corrigks du fond. 

Avec l’expression logarithmique de I’kquation I = KC, on a calcule n et Wart-type (ss.) correspondant avec 
I’entraineur NaF B des teneurs de 2 g 20 ppm et, pour Ga,@, 50 i 200 ppm, la mithode des moindres car&s 
&ant utiliseb 

noalo, = 0,943 (s = 0,037) 

nN, = 0,968 fs. = 0,019). 

Les valeurs de K et de ses erreurs (~a), pour les teneurs mention&s, ont ttk cakulkes $ l’aide de l’clquation 
I = KC”, pour une valeur unitaire de n, en appliquant la meme mkthode. 

K Gs>Gs 
= 40630 (SK = wO37) 

K N,F = 3,Ol (SK = 415). 

En appliquant la relation E = i/K la limite de dttectlon pour chaque cas est 

c Ga203* = 20 ppm 

C Nfl = 0,4 ppm, 

La diffkence entre les valeurs expkimentales de s, pour les dew: entralneurs n’a pas 6th statistiquement 
significative. Le s, total, avec 14 de& de libertt, a ktC 0,40 et t*sr = 1,lP (z&,~ = 598). 

Pour la raie de vanadium choisie, Wart-type relatif des vaieurs d’X a et& de I’ordre de 6% dam les deux CBS. 

Calcul du rapport f,,(NaF)/f,,(Gn,03) 

Avec les valeurs expkimentales du degrk de volatilisation (&%) et celles de la constante de proportionnalit6 (K), 
donnkes plus haut, on a calculi la valeur du rapport des facteurs d&pendant des conditions d’excitation (f& cn 
employant I’kquation (3): 

f,(NaF) 3,Ol 0,94 
f,(Ga,O,) = 40630 * ?@ o I” ’ ‘*Mm 

CONCLUSIONS 

Les rhltats du Tableau 1 font apparaitre un degrk de volatilisation du vanadium avec 
NaF trente-neuf fois plus grand qu’avec Ga20,. La t&s faible volatilisation obtenue avec 
f’oxyde a ktk responsable de l’erreur (SD?;) assez grande dans Ia d&termination radiomttri- 
que du vanadium volatilid. 
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La diff&nce de volatilisation du vanadium, avec les entraineurs essay&, a tte traduite 
darts une sensible variation de la constante de proportionnalite (K) de la courbe analytique, 
quarante-huit fois pour le NaF. 

Par suite, la limite de detection avec Ga,O, est environ quarante-huit fois plus grande 
que celle trouvke avec NaF et la sensibilite autant de fois plus faible. 

D’ailleurs, &ant don& que Wart-type relatif des valeurs d’intensite relative de la raie a 
et6 le mi?me pour les deux entraineurs, on conclut que l’emploi de NaF permet de diminuer 
d’environ cinquante fois les concentrations, sans perdre la reproductibilith 

La contribution des conditions physico-chimiques du plasma a la valeur de la constante 
de proportionnalitt (K) n’a pas Cte significativement differente pour l’un et l’autre 
entraineurs, d’apr&s les resultats obtenus sur la base du schema de calcul propose. 

Les valeurs de n se sont montrees ind6pendantes de la concentration jusqu’a des teneurs 
de 20 et 200 ppm V/UsOs pour le NaF et le GasO, respectivement. 

Du point de vue statistique, ces facteurs d’kmission ne se sont pas signifkativement 
tloignb de la valeur theorique unitaire, c’est-&dire que, suivant les experiences realiskes, 
on ne peut pas afhrmer qu’il y ait d’autoabsorption. Ceci a permis d’employer une 
expression l&aim entre Tintensite relative d’kmission et la concentration, I’kquation 
I = KC” pour n = 1, et calculer les valeurs de K correspondantes. 

Dans ces conditions, l’expression (3) permet de reveler la valeur du rapport des contribu- 
tions des conditions d’excitation aux correspondants de sensibilite. 

Sachant que la presence du sodium determine dans le plasma une temperature 
inferieure A celle obtenue avec le gallium, la valeur 1,21, non signifkativement differente 
de l’unitk, indiquerait que les divers facteurs responsables de l’intensite d’emission se 
compensent, si l’on accepte l’expression developpee par de Galan. lo 
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Bumnmry-A study has been made of the effect of NaF and Ga,O, as entrainers, on the spectral 
line intensities of vanadium, and on the sensitivity and detection limits by the Sctibner-Mullin 
method. The two entrainers have different effects on the volatilization of vanadium. By radiotracer 
methods with ‘*V, the degree of volatilization was found to be 37% with NaF and 0.9% with 
Ga,O,. Use of NaF greatly increases the sensitivity, lowering the detection limit by a factor of 
about 50, without aBecting the precision. The physicochemical conditions in the plasma do not 
seem to influence the line intensities with either entrainer. 

ZaaammeRfpsang-Der EinfluB von NaF und Ga20s als Schleppmittel auf die Intensilt der 
Spektrallinien von Vanadium, auf Empfindlichkeit und Nachweisgrenze wurde mit der Methode 
von Scribner-Mullin untersucht. Die beiden Schleppmittel haben unterschiedlichen EinfluB auf 
die Verfltlchtigung von Vanadium. Mit Radiotracer-Methoden unter Verwendung von ? wurde 
gefunden, da8 der VertXlchtigungsgrad mit NaF 37% und mit GatO, 0.9% betrdgt. Die 
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Verwendung von NaF steigert die Empfindlichkeit erheblich; die Nachwetsgrenze wrrd urn einen 
Faktor von etwa 50 herabgedriickL ohne daR die Genauigkeit beeinflurjt wiirde. Seitens der 
physikalisch-chemischen Bedingungen im Plasma scheint bei beiden Schleppmitteln kein EinfluB 
auf die Lmienintensitat zu bestehen. 
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ANWENDBARKEIT DER FLAMMENLOSEN 
ATOMABSORPTION IN DER 

MESSENDEN KOMPLEXCHEMIE 

VERTEILUNG VON Cu(II) ZWISCHEN CHLOROFORM UND 
WASSER IN GEGENWART VON 8-HYDROXYCHINOLIN 

B. MAGYAR und P. WECHSLER 

Laboratorium fiir Anorganische Chemie, Eidg. Techn. Hochschule Zurich, Schweiz 

(Eingegangen am 18. Oktober 1973. Angenommen am 11. Januar 1974) 

Zusammenfassung-Es wurde die Anwendbarkeit der Atomabsorption in einer Graphitrohrkilvette 
fur das Studium von Verteilungsgleichgewichten am Brispiel des Cu-Oxinates untersucht. Die 
Rilckextraktion von Cu(I1) aus oxinhaltiger CHCl,- Usung wurde in Gegenwart von 0,lM 
Tetramethylammoniumnitrat durchgefiihrt und ermijglichte die Bestimmung der Stabilitits- 
konstanten pi, & und der Verteilungskonstanten KN des Cu(II)-Oxinates. Die zur Auswertung 
benotigten Protonierungskonstanten K, und K2 des Oxinations bxw. die Verteilungskonstante 
KHL des Oxins wurden durch potentiometrische Titration bzw. Zweiphasentitration ermittelt. Die 
erhaltenen Stabilitiitskonstanten stimmen mit Literaturdaten gut ilberein. 

Als Standardmethode fur die Untersuchung von Verteilungs-Gleichgewichten schwer 
wasserlijslicher Metallkomplexe dient die radiochemische Bestimmung der Metall- 
konzentration in beiden Phasen. Gewisse Schwierigkeiten treten bei Elementen auf, von 
welchen keine geeigneten Isotope erhaltlich sind. Ebenfalls kann in gewissen Laboratorien 
das Arbeiten mit radioaktiven Losungen sowie die Beseitigung der Abfalle unbequem 
werden. In solchen Fallen ware der Einsatz einer analytischen Methode, welche die 
Bestimmung der Metalle in sehr kleinen Konzentrationen ermiiglicht und die genannten 
Nachteile nicht aufweist, wiinschenswert. Da die Empfindlichkeit der Atomabsorptions- 
spektrophotometrie in den letzten Jahren durch die Einfuhrung der Graphitrohr-Kiivetten- 
Technik sehr stark gesteigert werden konnte, erscheint der Einsatz dieser flammenlosen 
Technik fiir die Untersuchung von extremen Verteilungsgleichgewichten als sehr ange- 
bracht. Bei dieser Methode werden 10 bis 100 ~1 L&sung in einer Graphitkiivette zur 
Trockene abgedampft, und das zuriickgebliebene Metallsalz durch pliitzliches Erhiihen 
der Temperatur zu Atomen dissoziiert. Es wird nun die Absorption der atomaren Resonanz- 
linie des zu bestimmenden Elementes gemessen (fur Literatur siehe Zitat’). Diese Art der 
Metallbestimmung bringt es mit sich, daI3 folgende Faktoren bei der Bestimmung von 
Verteilungsverhaltnissen besonders beriicksichtigt werden miissen: 

Wenn aus den Verteilungsmessungen die Stabihtatskonstante f12 und die Nernst’sche 
Verteilungskonstante K, des extrahierbaren, neutralen Komplexes berechnet werden 
sollen, mu13 die ionale Starke p konstant gehalten werden. Das Metal1 muI daher in 
Anwesenheit groljer Mengen eines Inertsalzes bestimmt werden. Dieses Salz darf jedoch 
nicht mit dem zu bestimmenden Metal1 gleichzeitig verdampfen oder dissoziieren, da sonst 
unspezifische Absorption die Bestimmung stiiren kann. 

536 
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Bei der radiochemischen Methode verursacht das Einschleppen von nicht radioaktivem 
Metal1 keine groI3e Stiirung. Dagegen muI bei der atomabsorptiometrischen Methode 
nach der Probenahme jegliche Kontamination peinlichst vermieden werden. 

ERMITTLUNG DER GLE~CHGEWICHTSKONSTANTEN 

Gewahnlich macht man die Annahmen2 daD die organische Phase (Index 0) nur die 
ungeladenen Molekiile HL (Oxin) und CuL, (Kupferoxinat) enthllt und sich in der 
wi&igen Phase neben diesen Partikehr noch die geladenen Teilchen H2L+, L-, Cu2+ 
und CuL+ be&den. Fiir das Ve~e~ungsverh~tn~ qcU erhtilt man daher : 

qc _ tw,o K, - 82 * &I2 
u=[CUlt= 1 + A -ELI + /32[J42’ 

(1) 

Hierbei bedeuten : 

[Cu], die atoma~o~tiometri~h bestimmte totale Kupferkonzentration (Mole/Liter) 
% = [CuL&/[CuL,] = Nemst’sche Verteilungskonstante des ungeladenen Komplexes 

CULZ 
B” = [CuLJ/[Cu] [L] = Bruttostabilitiitskonstante (n = 1 bzw. 2) 
[Ll = Molaritst des freien Oxinations. 

Urn [L] aus der Menge QHL ([QJ = mMole) des einge~t~en Oxins und aus dem pH- 
Wert der w&igen Phase einfach zu erhalten, wird Qm 50 bis 100 ma1 grol3er als die 
Cu-Menge QcU gewiihlt. Dann gilt die folgende Beziehung : 

Q w. = U’&.K~.CHl.r/O + aL.V.CLl, (2) 
wobei 

K HL = [HLl*/[HLl = die Nemst’sche Ve~eilungskonst~te des Oxins 
K1 = IWJWI . ELI = die erste Protonierungskonstaate des Oxinatliganden 
K2 = [H,L]/[H] . [HL] = die zweite Protonierungskonstante von L- 
v, v, = Volumen der wiil3rigen bzw. der organischen Phase 
QL = 1 i-g,. [H] + K, . K,. [HI2 
sind. 
Die logarithmierte Form (s, Zitat[3]) der Gleichung 1 hat zwei Assymptoten: 

log q&L] + 0) = log K, + log /.?2 + 2 * log[L]. 

log clcuC.Ll -) ~0) = log K,. 
Der ~hnittpunkt SP beider Geraden ergibt : 

(3) 

(4) 

logB2 = - 2 * h$LlSP 

b2 und KN werden schlieglich in Gleichung 1 eingesetzt, deren LSsung pi liefert. 

(3 

EXPER~MENTELLER TEIL 

Die Kupf&estimmungen wurden auf einem Perkin-Elmer Atomabsorptionsspektrometer Model1 303, 
welches mit einem Deuteriumuntergrundkompensator und einer Graphitrohrkiivette HGA-72 ausgeriistet war, 
durchgefijhrt. Als Schutzgas wurde Stickstoff verwendet. Zur Eterechnung der optischen Dichte D wurde die 
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Die potentiometrischen Titrations wurden bei 2PC unter Stickstoff ausgefiihrt, wobei eine Glaselektrode und 
eine Kalomelelcktrode verwendet wurden, welche fiber die Salzbriicke 0,X&f [Me,N]NQJ3,SM KCl/O,lM KC1 
verbunden waren. Als Meager% diente das pH-Meter Metrohm E 388, w&bs eine Ablesegenauigkeit von 0,l 
mVoft gestattete. Der pH-Wert wurde bei den Extraaktionen mit einer kombinierten Einstabmesskette crmmelt. 
in weicher sick zwischen der ~~A~~~~ktr~e und der Glaselektrode 3,5&f KQ b&and. 

Chloroform wurde vor deem Gebraucb durch AusschGttein mit doppeft destiliierfem Wasser alkohoolfrei 
gemacht. Cu-Oxinat CuL, stellte, man nach einer Staadardmethode der gravimetrischen Analyse her. Zur 
Herstellung van [MedNJNO, wurde eine 1M [Me,wOH-Liisung mit 1M HNOS neutralisie,rt und mit einer 
0,OlM Oxinl&ung in CHCI, ausgeschiittelt. Eine Hydroxydlijsung mit dem urspriinglichen Cu-Gehalt van 79 
ppb ergab nach der Aufartitung ein festes Nitrat, dessen Cu-Gehalt unter der Nachweisgrenze von 1 ppb lag. 

veF-~u&e .zW ~r~jrf~~~g airres g~~g~e&e~ f#eFB& 

Zur Einsteihmg einer konstanten ionalcn St%rke werden A~~ij-~~fmfe oder Perehfarafe emgesefzf, da diese 
Anionen mit Metalikationen keine Komplexe bidden. Um festzusteilan, ob die Anwescnheit dieser Saize dm 
atomabsorptlomcr;trische Cu-Bestimmung beeinfltit, wurden je 50 ~IO,lM LBsungen dieser Salm irn 0,lM Salpeter- 
siiure therm)& behandelt. Das vetwendete Programm ist im unteren Tcil der Abb. 1 (s. Kurve e) angegeben. 
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Man verfolgte das Abdampfen bzw. das Absublimieren des Lijsungsmittels und des betreffenden Inertsalzes durch 
den zeitliihen Verlaufder Absorption (“/. ABS) bei der Resonanz-Wellenliing des Kupfers. Bei 96°C erscheint ein 
scheinbares Absorption&and, welches von Lichtstreuung an Wassertrijpfchen herrilhrt. Im Graphitrohr bestcht 
n&mlich ein kleines TemperaturgeiXlle, welches AnlaB zu einer Kondensation des Dampfes im Strahlengang gibt. 
Natriumpercblorat und Kaliumnitrat lassen sich bei 900°C wlihrend 20 Sek. aus der Kilvette nicht vollstiindig 
entfernen und verursachen daher in der Atomisiertmgsstufe 5 eine nichtspezifische Absorption. Diese konnte 
durch Bins&&en der Deuteriumlampe nicht kompensiert werden. Uberhaupt ist die Anwendung des Deuterium- 
Untergrund-Kompensators wegen seiner schwachen Intensitit bei 325 nm sehr beschdnkt. Versuche, diese 
Inertsalze bei hdherer Temperatur zu zersetzen, pben unbefriedigende Resultate. Ein volbtlndiges Vertreiben 
dieser Salze aus der Kilvette Selingt niimlich erst bei so hohen Temperaturen, bei welchen bereits starlce Cu- 
Verluste auftreten. Abbildung 2 zeigt den prozentualen Anteil (% Verlust) der vorgelegten Cu-Men& welcher in 
der 4. Stufe verloren ging Die Temperatur dieser Stufe wurde zwischen 900°C und 2600°C variiert. Die maximal 
erlaubte Zemetmmgstemperatur (kein Verlust) und die minimal beniitigte Atomisierungstemperatur (looO/; 
Verlust) k&men aus der Abb. 2 entaommen we&n. Als Zersetzungstemperatu w&l&en wir 900°C und als 
Atomisienmgstemperatur 2600°C. Kupfcr atomisiert bereits bei 2200°C wiihrend 10 Sek. vollstiindig (looO/; 
Verlust) gibt aber ein breites Signal, welches nicht genau ausgewertet werden kann. Bei Verlilngerung der 
Subliitionsstufe 4 ilber eine Minute traten bereits bei 900°C Cu-Verluste auf. 

SchlieBlich wurde Tetramethylammoniumnitrat [Me.,NNOs als gut geeignetes Inertsalz ermittelt. Der 
zeitliche Verlauf des Absorptionssignals ist fllr die thermische Behandlung dieses Salzes in Abb. 1 ebenfalls 
eingezeichnet (Kurve d). Dar Sak zcractzt sich bei cu. 500°C vollstlndig, so da0 in Abwesenheit von Kupfer kein 
Absorptionssignal auftritt. Kurve c in Abb. 1 z&t em Cu-Signal fiir 50 gl1,4.10-‘M Cu in 0,lM [MebN]NOa- 
Losung. Diese L&sung stammte aus einem Bxtraktionsversuch und enthielt ztitzlich such noch Oxin, welches 
etwas friiher als das Inert.& aus der Kilvette entweicht. 

In einer Versuchsreihe wurde festgestellt, daB die Anwesenheit dieses Salzes die Empfindlichkeit der Kupfer- 
bestimmung nicht beeintldt. Die opt&hen Dichten D, und 0s wurden filr 7 verschiedene Mengen (10-100 ~1) 
einer 5 . lo-’ M Cu(NG,)-L&sung in 0,l HNO, ohne (Serie 1, liefert 0,) und mit 0,l M [Me,NJNO, (Serie 2, 
liefert 0s) bestimmt. Man erhielt die foIgende Korrelationsprade : D, =(-0,05~2,27).10-3+(0,998+0,012).D,. 
Damit ist bewiesen, daB Wr Sleiche Cu-Mengen in Lasungen mit und ohne [Me,NjNO, die gleichen Resultate 
erhalten werden (D3 = Dl). Ein Zusatz dieses Salzes zu den Eichlosungen eriibrigt sich damit. 

loo c 

6 

f 
3 

f 

ICCQ 2ooc 26ca 

T der 4. Stufe OC 

Abb. 2. Abhiingigkeit des Cu-Verlustes (% Verlust wahrend 20 Sek.) von der Temperatur der 4. 
Stufe. Rechts im Bild ist das Absorptionssignal fiir zwei verschiedene Temperaturen dargestellt. 
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Acidimetrische Titrationen 
Fiir die Bestimmung der Protonierungskonstanten K, und K, wurde eine 2. 10m3M Oxinlosung, welcbe noch 

2. lo-“M HNO, und 0,lM [Me,NlNO, enthielt, mit einer OJM Losung von [Me,N]OH titriert. Man erhielt 
(250, /l = OJ): log K, = 9,579 f 0,009 und log K, = 4,923 + 0,007). Die Fehlerangaben bedeuten die einfache 
Standardabweichung, welche aus verschiedenen Titrationen ermittelt wurde. 

Ku, wurde durch Zweiphasentitration nach Dyrssen4 ermittelt. Die MeDkette wurde zuerst durch Titration 
von HNOs mu [Me,NlOH in Gegenwart von CHCI, und [MeJVJNO, geeicht (Ermittlung von Efi, $,., bzw. 
E& und $oH nach Dyrssen4). Danach wurden 50 ml einer 2. 10-2M HNO, Losung welche noch 0,08M 
[Me,N]NO, enthielt, mit 50 ml 2. IO-‘M Oxinliisung in Chloroform versetzt und mit 0,2 bzw. 1M [Me2N]OH- 
Losung titriert Den Protonierungsgrad p0 fur das Zweiphasensystem berechnete man aus folgender Beziehung : 

Q 
PO = c = (QHNO, + QHL - QM~.NOH + [OHI. F - [HI. FMQHL. 

Q 
(6) 

Die Protonierungsgletchung einer zweibasischen Siiure H,L, deren einfach protonierte Form HL ungeladen und 
daher in der organiscben Phase ltislich ist, lautet fur das Zweiphasensystem : 

(p. - 2). [HI. K, + b. - 1) + p,/[H] . K, + (p. - 1). K,, . V,/V = 0. (7) 

Da die Protonierung des Oxinations L- in gut getrennten Stufen erfolgt, kann K,, aus folgenden Beziehungen 
erhalten werden : 

in saurem Gebiet (2 c p. > l), 

PO - 2 
log K,, = log K, - pH + log- 

1 - PO 
+ log(V/Vo) = log K, - log K:. (8) 

und in alkalischem Gebiet (1 < p. > 0), 

PO 
log K,, = -log K, + pH + log- 

1 - PO 
+ log(V/Vo) = log K; - log K,. 

Man erhrelt : log K,, = 2,595 + 0,025 (25”, p = OJ). (Die durch Gleichung 8 bzw. 9 definierte K: bzw. KY 
bedeutet die zwette bzw. die erste Protonierungskonstante des Oxinations in Gegenwart von CHCI,.) 

Ausftihrung der Extraktionen und Ermittlung von qcU 
Die Extraktionen wurden in verschlossenen Zentrifugenriihrchen von co. 10 ml Fassungsvermogen ausgefiihrt. 

Die Rohrchen und Glaswaren wurden vor dem Gebrauch zuerst einige Tage mit Chromschwefelsiture, und darauf 
mit einer M&hung von verdtinnter HCl und HNO, (je ca. 2M) ebenfalls einige Tage behandelt. Zum Spiilen 
wurde stets doppelt-destilliertes Wasser verwendet. Zur Ausfdhrung der Extraktionen wurden je 2 ml einer 
2. 10e4M Losung von CuL, in CHCl,, welche noch 0,OlM HL enthielf mit je 2 ml der vorgemischten wiiDrigen 
Phase versetzt und 3 Stunden mit emer Schiittelmaschine im thermostatisierten Raum bei 25“ bin und her bewegt. 
Fur die Zubereitung der wiiDrigen Phase wurde die anfangliche [H-J- bzw. [OH]-Konzentration mit HNOs bzw. 
[Me,N]OH vorgegeben, und die totale Elektrolytkonzentration mit [Me,wNOs auf 0,lM eingestellt Nach dem 
Schiitteln wurde der pH-Wert in der w&Drigen Phase gemessen. Die EinstabmeBkette wurde jedesmal mit 
mehreren (HNOs bzw. [Me,NJOH)/[Me,N]NOs-Mischungen geeicht. Vor der Probenentnahme von je 1 ml aus 
beiden Phasen wurden die Riihrchen 20 Min bei 3600 U/Mm. zentrifugiert. Die Proben aus der organischen 
Phase wurden gewogen, zur Trockene abgedampft, und die Rtickstirnde in je 1 ml 0,lM HNOs aufgenommen. 
Die Proben aus der w&Drigen Phase wurden sofort mit je 10 pl konz. HNOs angeduert. Notigenfalls wurden die 
Proben mit 0,lM HNO, weiter verdiinnt. Von den Proben wurden schheglich lo-100 pl nach dem beschriebenen 
Programm (s.Abb.1) analysiert, wobei von jeder Probe mehrmals verschiedene Mengen eingespritzt wurden. Zur 
Erchung wurden lo-’ bis 10T6M Cu(NO,),-Liisungen in 0,lM HNO, verweadet, wobei gewbhnlich 5 Cu- 
Mengen im Bereich von 4. lo- I2 bis 5 10-r’ Mol atomisiert wurden. Die optische Dichte D in Funktion von . 
der Cu-Menge Qcv ergab eine leicht gekriimmte Kurve, so dag die Auswertung durch Einsetzen von D in eine 
parabolische Regressionskurve durchgefdhrt wurde. Fiir die analytische Form einer typischen Eichkurve erhielt 
man z.B. QcvbMol] = 6,07. lo-’ + 1,413. 10m4D + 9,16. IO-“D’, wobei das Quadrat des Korrelations- 
koeffizienten 0,9983 betrug. Da der Koeffizient von D2 recht klein ist, weicht die Kurve w_enig vom linearen 
Verlauf ab. 

Die Berechnung von qcU erfolgte fiir nicht extreme Cu-Verteilungen nach der Definitionsgleichung (1). Fiir 
qc,-Werte unter 0,05 bzw. tiber 50 wurde Kupfer nur in der Cu-armen Phase bestimmt, und qcU nach folgenden 
Glerchungen berechnet : 

(Qc. - [Cul,f’)/v, 
qcu = bzw. qcU = 

[Cul,., 

[Cult (Qcu - [Cul,,ov,)/V’ 

QcU bedeutet hier die zur Extraktron eingesetzte Cu-Menge in mMol. 
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RESULTATE UND DISKUSSION 

Die bei verschiedenen Oxinatkonzentrationen erhaltenen Verteilungsverhlltnisse sind 
in Abb. 3 graphisch dargestellt. Wegen besserer fjbersicht wurde meistens der Mittelwert 
nahegelegener MeBpunkte eingezeichnet. Gewi%nlich wurden nlmlich mehrere Extrak- 
tionen mit der gleichen vorgewtilten [HI-Konzentration angesetzt, welche bei geniigender 
Pufferkapazit@, praktisch den gleichen MeBpunkt ergaben. Die 20 Megpunkte, welche 
bei pH-werten bis 1,85 erhalten wurden, ergaben die folgende Regressionsgerade : 

1% 4cu = (26,506 f 0,137) + (2,0257 + 40256). log[L]. (3’) 

Da die experimentell bestimmte Neigung von 2,026 mit der theoretischen Neigung von 2 
innerhalb der Standardabweichung iibereinstimmt, ist das Molverh&ltnis 2 des Oxinations 
zu Cu(I1) im extrahierten Komplex emeut bestiitigt. Bemerkenswert ist die recht grol3e 
Genauigkeit (1 %‘rel.), mit welcher das Molverhlltnis ermittelt werden konnte. 

Die 18 MeBpunkte zwischen den pH-Werten $49 und lo,46 streuten urn die Gerade: 

log 4C” = (3,399 f 0,031) + (0,0026 + 0,0041). log[L]. (4’) 

Da die Standardabweichung dieser Geraden klein, jedoch gr8l)er als die Neigung selbst 
ist, mdl3 qc,, von [L-l unabhangig sein. Daher wurde log KN als ein Mittelwert dieser 
logqc,-Werte berechnet. Log& wurde nun in Gleichung (3’) eingesetzt, und aus dem 
erhaltenen (log[L]s&Wert berechnete man log & gem%8 Beziehung 5. 

log KN = 3,380 + 0,031 und log BZ = 22,83 + 0,12 (25”, p = OJ). 

Die iibrigen 5 Punkte in Abb. 3 (Mittelwerte aus je 4 Extraktionen) wurden zur Berech- 
nung von fli aus Gleichung 1 verwendet. Die Resultate sind in der Tabelle 1 zusammen- 
gestellt. 

Die Ubereinstimmung der 5 log /3r-Werte und die relativ kleine Standardabweichung von 
log & zeigen die Anwendbarkeit der atomabsorptiometrischen Kupferbestimmung beim 
Studium von Extraktionsgleichgewichten. 

4- 

2- 

3 0 - 

4 o- 

/ I pH. 5.49 
pH= IO,46 

o Einxelmrt 
o Mlttelwert aux 3 extraktlonen 
l Mlttelwert aur 4 extmktionen 

Abb. 3. Abhhgiglceit des Verteilungsverhiiltnisses qti von der Molaritit [Ll des freien Oxinations. 
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Tabelle 1. Berechnung der log j?,-Werte 

PH [al], .106 

2,33 3,74 + 0.09 
2,57 1,21 + 405 
295 0,331 + 0,016 
3,52 0,142 + 0,007 
3,83 0,110 * 0,007 

log 4C” 

i,72 
z22 
2,78 
3,15 
3,26 

logv-I log B1 

- 12,14 IL89 
- 11,80 11,92 
- 11,32 11,88 
- 10,68 11,97 
- 10,47 11,84 

Mittelwert : 11,90 & 0,05 

Die Literaturwerte 2*5 betragen fur log k=,, log f12 und log p1 der Reihe nach 3,48,23,00 
und 12,lO. Die gute Ubereinstimmung zwischen den radiochemischer? und atomabsortio- 
metrisch bestimmten Werten ist um so mehr bemerkenswert, als wir das Gleichgewicht 
ausgehend vom Cu(II)-Oxinat herbeigefuhrt haben. Bei dieser Methode bleibt die ganze 
Menge des Kupfers stets in homogener Losung, im Gegensatz zu Versuchen, in welchen 
mit dem Aquokomplex begonnen wird. Die Fgllung von CuL, verliuft ntimlich schneller 
als seine Extraktion, da die wPl3rige Phase an Oxinat wegen seiner Schwerllislichkeit stark 
tiberslttigt ist. Die Ubersiittigung ist besonders groD bei hoheren, freien Oxinatkonzentra- 
tionen, d.h. bei hijheren pH-Werten. Vorilbergehend ist daher bei der Extraktion von 
Cu(I1) ein Niederschlag des Oxinates vorhanden, welcher sich nur sehr langsam in CHCIJ 
vollst&ndig lost. Die R~ckextr~tion von Cu(I1) aus oxinhaltigem CHCl, verlief dagegen 
bis zu hohen pH-Werten (bis 11 getestet) ohne Auftreten einer festen Phase. 

Urn die Richtigkeit der Kupferbestimmung und der Ausftihrung der Riickextraktion zu 
priifen, wurde die Mengenbilanz fur 8 Extraktionen kontrolliert. Da diese dann am 
stiirksten beeiniIul3t wird, wenn sich die eingesetzte Cu-Menge QcU ungefrihr gleich auf 
beide Phasen verteilt, hat man diese Kontrollen bei tiefen pH-Werten durchge~h~ 
(s. Tabelle 2). 

Tabelle 2. Mengenbilanz fdr 2 Serien mit je 4 parallelen Extraktlonen (Cu- 
Mengcn in mMo1) 

PH Qc, . lo4 Qcu.0. to’ Q C”.W . to4 Q Cu.1 * 104 

1,69 4 I,27 * 0,04 2,77 + 0,lS 4,04 f 0,18 
1,85 4 2,88 f 0,lO 1,14 * 0,03 4,02 f 0,13 

Die total gefundene Cu-Menge Qcu,l stimmt mit der eingesetzten Menge gut iiberein. 
Die Richtigkeit der Mengenbilanz ermiiglicht die Berechnung des Verteilungsverhaltnisses 
qcu aus der ermittelten Kupferkonzentration der Cu-armen Phase und aus der eingesetzten 
Cu-Menge gem%3 Gleichung 10. Die benlitigte Analysenzeit kann dadurch auf die Halfte 
reduziert werden. 

Das Inert&z [Me,NJNO, wurde aus meBtechnischen ‘Grtinden gewiihlt. Es besitzt aber 
such die notwendige Inertheit gegeniiber Bildung von Ionenpaaren vom Typ [Me,N-j+L- 
und ([Me,N”J+L-),..Das folgt aus der Tatsache, da8 log I(, und log X, in verschiedenen 
Medien praktisch gleich sind : 
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Diese Arbeit 0,lM Mc,N NO, 492 9,58 260 
Diem Arbeit 0,lM KC1 4,92 
Dyrsser~‘~~ 

9,63 2,59 
0,lM NaCIO, 4,92/5,00 966 2,58’/2,66t 

* spektrophotometrisch, t mittels Zweiphasentitration. 

Ffir das beschriebene System erwies sich die Atomabsorption als sehr gee&net. Es 
miissen jedoch andere Metalle untersucht werden, bevor man von einer generellen 
Anwendbarkeit dieser Methode reden kann. Versuche an anderen extremen Verteilungs- 
gleichgewichten sollen folgen. 

l&r Eidg. Stiftung xur F&derung Schweixerischer Volkswirtschaft durch wissenschaftliche Forschung danken 
wir ffir finanaielle Untersttitxung. 
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Samma&Atomic-absorption spectrophotometry with the graphite furnace. atomizer has been used 
in a study of the extraction equilibria of copper oxinate. The amounts of copper back-extracted from 
chlorofotm solutions of oxine into aqueous solutions containing tetramethyl ammonium nitrate 
were determined, and the stability constants /fr and js, and the distribution coefficient KN for 
copper oxinate, were then calculated. The protonation constants Kr and K2 for the oxinate anion 
and the distribution coefficient Km for oxine were determined by potentiometric aqueous and 
two-phase titrations respectively. The values obtained are in good agreement with published data. 

R&sum&-La spectrophotometrie d’absorption atomique avec I’atomiseur a tige de carbone a 
Ct6 utilisee dans une etude des Cquilibres d’extraction de I’oxinate de cuivre. On a determine les 
quantites de cuivre reextrait de solutions chloroformiques d’oxine dans des solutions aqueuses 
contenant du nitrate de tetramCthylammonium, et l’on a alors calcule les constantes de 
stabilite fit et /It et le coefficient de partage K, pour l’oxinate de cuivre. Les constantes de 
protonation K, et K, pour l’anion oxinate et le coefficient de partage KHL pour I’oxine ont 
ett determines par titrages potentiometriques aqueux et en deux phases. respectivement. Les 
valeurs obtenues sont en bon accord avec les donntes publibs. 
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Summary-A new fluorometric method for the determination of aldehydes is presented. 1,2- 
Diaminonaphthalene reacts with aldehyde in dilute sulphuric acid to give a compound which 
fluoresces intensely in alkaline medium. The fluorescences produced from aromatic aldehydes in 
this method are fairly characteristic of individual aldehydes and their intensities are generally 
higher than those of fluorescences from aliphatic aldehydes. The only interference is from 2-0~0 
acids. The method may be suitable for the determination of aldehyde in complex samples. 

Numerous fluorometric methods have been developed for the determination of aliphatic 
aldehydes. These include the determination of formaldehyde with acetylacetone and 
ammonia,’ J-acid2 and dimedone, of malondialdehyde with 4,4’-sulphonyldianiline, 
4-aminobenzoic acid or its ethyl ester and 4 aminoacetophenone,4 of succindialdehyde 
with o-phenylenediamine5 and of succinsemialdehyde with 3,Sdiaminobenzoic acid.6 In 
the detection and identification of several aromatic aldehydes, barbituric or thiobarbituric 
acid,7 salicyloylhydrazides and 2-hydroxy-1-naphthylhydrazine’ were investigated as 
reagents which form fluorescent compounds with the aldehydes. Acetal formation was 
also utilized for the characterization of substituted aromatic aldehydes.” Fluorometric 
methods for aldehydes have been reviewed by Pesez and Bartos.” 

For the determination of aromatic aldehydes, however, the only recent method for the 
assay of vanillin is based on the fluorescence reaction of aromatic aldehydes with 2-amino- 
thiophenol in an acidic medium.” 

During the course of studies on the assay of monoamine oxidase, 1,2_diaminonaphthalene 
was found to react selectively with aldehyde in acidic medium to give a compound which 
fluoresces intensely in an alkaline medium. This fluorescence reaction can be used more 
advantageously for a simple and sensitive determination of aromatic aldehydes. Benzalde- 
hyde and cinnamaldehyde were employed as model compounds to establish the reaction 
conditions. 

EXPERIMENTAL 

Reagents 

All reagents used were reagent grade (Japanese Industrial Standards), unless otherwise stated. 
1,2-DiaminonaphthaIene monosu~phate(l,ZDNS). 1,2-DNS is stable enough to use for the present purpose 

though the free amine is unstable in air and in daylight. Therefore, the crude commercial amine was puritied as 
the sulphate as follows. Suspend 1 g of the crude amine in 150 ml of water and boil it for about 10 min. Filter the 
resulting solution through a glass filter while hot to remove undissolved impurity and add 10 ml of 10% sulphuric 
acid to the filtrate to form a crystalline precipitate of the sulphate. Collect the sulphate by filtration, wash several 
times with small portions of water and dry over phosphorus pentoxide WI VOCYO, to obtain colourless leaflets, 
m.p. 262’ (decomp.), yield 04-0.5 g. 

547 
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Aldekydes. Commercial aldehydes used in the present work (those listed in Table 1 and salicylaldehyde, 
4hydroxybenzaldehyde, 2,4- and 3&dihydroxybenzaldehydes, vanillin, 4-aminobcnzaldehyde and 4-nitro- 
benzaldehydc) were purified just before use by distillation or recrystallization in the usual manner, except 4- 
sulplmmoylbenzaldehyde, which was prepared from 4-toluenesulphonylamide.‘3 

Water. Redistilled water was used throughout the work. 

Reagent solutions 
1,2-DiVS sofution (45 pg/nd). Dissolve 45 mg of 1.2.DNS in I5 mi of concentrated sulphuric acid (> 95 “/,) and 

add approximately 900 ml of water, the solution being water-cooled to room temperature, and dilute with water 
to 1000 ml. The solution is about 625M in sulphuric acid and keeps for 2 days at room temperature. 

Sodium kya’roxkie solution, 25M 
Aldekyde solutions. Prepare aqueous solutions unless otherwise noted. Water should be degas& by boiling 

for several min to prevent oxidation of aIdehyde by dissolved oxygen. 

Apparatus 
Spectrojiuorometer. Fluorescence spectra and intensities were measured with a Hitachi 203 Spectrofluorometer 

equipped with a xenon arc-lamp and a quartz cell of 1 x 1 cm optical path lengths. In this instrument, the slit- 
widths in terms of wavelength were fixed at 10 nm in both the exciter and the analyser. 

A daily check of sensitivity of the instrument was made by measuring the fluorescence intensity of a 1 &ml 
solution of quinine sulphate dihydrate in tX5M sulphuric acid at an emission wavelength of 450 nm with excitation 
at 350 nm, or the intensity of the Raman line at 416 nm with irradiation at 365 mn. 

The fluorescence spectra, and excitation and emission maxima described in this paper are uncorrected. 

To 20 ml of 1,2-DNS solution placed in a glass-stoppered test-tube, add 1.0 ml of the test solution and heat in 
a boiling water-bath for 20 min. Cool in ice-water, and add 2-O ml of sodium hydroxide solution. At the same time, 
prepare a reagent blank by treating f-0 ml of water in the same manner. Meesure the fluorescence intensities of 
the test and blank at the emission maximum with irradiation at the excitation maximum (see Table 11. Read the 
concentration of aldehyde from a calibration curve prepared in the usual manner. 

RESULTS AND DISCUSSION 

Determination of benzaldehyde 
The excitation and emission spectra obtained when the procedure is applied to 

benzaldehyde are shown in Fig 1, and compared with those of the reagent blank. 
The emission spectrum has a maximum at 385 mn and is similar to that of the blank in 

shape and maximum. On the other hand, the excitation spectrum has a maximum at 353 nm 
and is partly overlapped by that of the blank. 

The spectra of the blank were considered to be due to environmental aliphatic aldehydes 
in the laboratory (see Table l), the fact that the intensities changed slightly each time the 
procedure was performed su~~t~g that the ~n~ntration of these aldehydes varied with 
time. Therefore, the reagent blank should be prepared fairly strictly at the same time as the 
sample solution. 

E’ct of sulphuric acid. l&DNS is hardly soluble in water, but sparingly in dilute sul- 
phuric acid. Therefore, a sulphuric acid solution of the reagent was used in the procedure. 
The concentration of sulphuric acid affects the fluorescence development as shown in 
Fig. 2, giving a rna~rn~ and constant intensity at a sulphuric acid concentration ranging 
from 0.065 to 05&f, and the prescribed concentration, approximately @25&F, was selected 
for convenience. The fluorescence reaction was observed to occur even in a neutral medium 
(in water or aqueous ethanol) when the aldehyde was treated as in the procedure with a 
suspension of 1,2-DNS in water or ethanol, but the measured fluorescence intensity varied 
considerably. 

Efict of 1,2-DNS concentration Tlxe con~tration of 1,ZDNS in the reaction mixture 
does not affect the fluorescence development over the concentration range 30-60 ,!&ml in 
the reagent solution, with a lower concentration of the aldehyde (1 x 10-‘-l x 10-6M). 
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Wovelength. nm 

Fig. 1. Excitation and emission spectra of the reaction mixtures of benxaldehyde and citmamalde- 
hyde, and the reagent blank. 
a, Excitation spectra b, Emission spectra 
1Gml portions of 1 x lo-‘A4 aldehyde solutions were treated according to the procedure. at and 
b, , benxaldehyde; as and b, cinnamaldehyde; as and bs, the reagent blank. 
Excitation wavelength (nm): b,, 353; bs, 370; b3, 330. 
Emission wavelength (run): a,, 385; a2, 460; as, 390. 

COnCentrrJtiOn of sulphuric a&d. M 

Fig. 2. Effect of the concentration of sulphuric acid used to dissolve 1,2-DNS, on the fluorescence 
development. 
I.0 ml portions of 1 x lOA ‘M benzaldehyde solutions were treated as in the procedure with 1,2-DNS 
dissolved in various concentrations of sulphuric acid. Each plot was the mean value of tripbcate 
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Concrntmiion of 1,2- DNS, pa/ml 

Fig. 3. B!bt of the conoentration of 1,2-DNS on the fluortsoence developrnust. 
l-04 pardons of ~~~deh~de solutions (a, 1 x fO-‘M; &, 1 x 10W6M; c, 1 x fO-sM) wcrc 
treated as in the procedure with various concentrations of 1,2-DNS. Each plot was the mean vaiue 

of tripticata determinations. 

With a more ~on~trat~ aldehyde solution, however, a 45 ~@ml solution gives the maxi- 
mum intensity, and hence this concentration was selected as optimum (Fig 3). 

Eflecr o~~~~~g. The heating time infiuences the fluorescence development. The intensity 
reaches the maximum after the reaction mixture has been heated at 100’ for I5 min. This 
maximum is reached for heating periods of 15-60 min; 20 min was selected as a convenient 
time for heating 

Efict of sodium ~~dp~xide. The reaction mixture fluoresces only in a strongly alkaline 
medimn and a maximum and constant value of the intensity is obtained when the mixture 
is made more than about @4M in sodium hydroxide, which can be done by addition of 
the 2+0 ml of 25M solution employed in the procedure, 

Stability of complex and precision of procedure. The fluorescence developed under the 
prescribed monition does uot change on irradiation for 5 min at the excitation ma~mum 
of 353 nm and is stable for at least 6 days in daylight. The calibration curve is a straight 
line for concentrations of the aldehyde ranging from 1 x lo-’ to 1 x lVSM. 

The precision of the procedure was established by avowing 17 analyses on a 1 x 10S6M 
benxaldehyde solution at the same time. The coefficient of variation was 2.8%. 

The fluorescence of the reaction mixture obtained when the procedure is apphed to 
~nn~~dehyde has the excitation and emission maxima at 370 and 460 um, respectively. 
Thus, the fluorescence from cinn~aldehyde is not a&ted by the blank (Fig” 1). 

The conditions for maximum fluorescence intensity are identical with those for the 
determination of benxaldehyde. The fluorescence is also stable for several days even on 
standing iu daylight and resistant to exposure to the excitation light. 

The calibration curve is a straight line over a concentration range of 1 x iO- ‘- 1 x lo- 5M. 
The coeBcient of variation was 2.3% (17 analyses of 1 x 10e6M solution). 
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Fluorescence from other aldehydes 

Some aldehydes tested fluoresce when treated under the conditions of procedure. The 
determinable limits of concentration, and the excitation and emission maxima for these 
aldehydes are shown in Table 1. For aliphatic aldehydes the excitation and emission 
maxima are at 330-333 and 385-395 nm, respectively, indicating that the fluorescences are 
not characteristic of the individual aldehydes. The intensities are generally less than those 
for aromatic aldehydes. 

Aromatic aldehydes generally show fluorescences with excitation and emission maxima 
at longer wavelength regions than those for aliphatic aldehydes, and their spectra seem to 
be characteristic of the individual aldehydes (Table 1). However, aromatic aldehydes having 
a hydroxyl, amino or nitro group hardly fluoresce when treated under the conditions of the 
procedure. Those examined were salicylaldehyde, 4-hydroxybenzaldehyde, 2,4- and 3,4- 
dihydroxybenzaldehydes, vanillin, 4-aminobenzaldehyde and Cnitrobenzaldehyde. 

Table 1. Excitation and emission maxima of the fluorescences from aldehydes and their determinable limits 
of concentration 

Aldehyde Excitation maximum,* Emission maximum,* Determinable limit, M,t 
nm nm r&n0 

Formaldehyde 
Acetaldehyde 
Propionaldehyde 
Crotonaldehyde 
Benzaldehyde 
Cinnamaldehyde 
4-Dimethylamino- 

benzaldehyde 
4-Sulphamoyl- 

benzaldehyde 
4-Methylsulphonyl- 

benzaldehydeQ 
Furfural 
Pyridine-2-aldehydfl 

330 385 
333 395 
333 395 
333 395 
353 385 
370 460 

360 

360 

390 
350 
330 

465 

435 

475 
405 
400 

2 x lO+ (0.06) 
2 x 10-6 (0.09) 
2 x 1o-6 (0.12) 
2 x 10-6(@14) 
1 x lo-‘(O+l) 
1 x lo-‘(0.01) 

1 x 10+(@15) 

1 x 10-‘(0-02) 

1 x 10-‘(@02) 
1 x 10-6 (@lo) 
1 x 10-6 (0.11) 

* 1.0 ml portions of 1 x lo-‘M aldehyde solutions were treated according to the procedure. 
t Expressed as a concentration which gives a fluorescence intensity more than 1.5 times that of the blank. 
$ Actual amount of aldehyde in la ml of the sample solution. 
5 This compound is hardly soluble in water, and so the aqueous solution was prepared after dissolving it in a 

small amount of dimethylformamide. 
7 The reaction mixture also showed fluorescence in dilute sulphuric acid (excitation maximum 340 nm; emission 

maximum, 420 nm). 

Reaction of substances other than aldehydes 

No fluorescence was observed from acetone, acetophenone, benzophenone, cyclo- 
hexanone and acetoacetic acid at a concentration of 2 x lo- ‘M, amino-acids (L-alanine, 
L-glycine, L-tyrosine, L-tryptophan and L-phenylalanine) 1 x 10S4M and creatinine and 
benzoic acid at 2 x lo-‘M and 1 x 10e4M respectively. 

Diketones such as acetylacetone, benzil and diacetyl, sugars such as o-glucose, D-xylose, 
n-fructose, L-ascorbic acid and D-glucuronolactone, and uric acid show very weak fluor- 
escence at a concentration of 2 x IO- 5M. A very weak fluorescence is also observed with a 
7.5 mg/ml solution of bovine serum albumin (fraction V). 
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2-0~0 acids show almost identical fluorescence spectra at a concentration of 1 x 10m4M : 
the spectra from pyruvic, exalacetic, 2-oxobutyric, 2-oxoglutaric and 2-oxocaproic acids 
have their excitation and emission maxima at 330 and 395, respectively, and those of 
phenylpyruvic and p-hydroxyphenylpyruvic acids have the same excitation maxima at 
340 nm and slightly different emission maxima at 385 and 370 nm respectively. The 
detection limits of the acids (de&d as a concentration which gives a fluorescence intensity 
approximately 15 times that given by the blank) are higher than approximately 1 x 10m5M. 

The proposed method is very sensitive for benzaldehydes, and may be applicable to the 
assay of serum monoamine oxidase which catalyses the oxidative deamination of benzyl- 
amines to benzaldehydes. Studies on the mechanism of the fluorescence reaction are in 
progress. 

Acknowledgeatent-The authors express their gratitude to Daiichi Pure Chemicals Ltd. (Tokyo, Japan) for the 
generous gift of reagents. 
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Zueamntenfaaamt-Eiae neue fluorimetrische Methode zur Bestimmung von Aldehydea wird 
aagegebea. 1,2-Diamiaoaaphthalin reagiert mit Aldehyd in verdtinater Schwefeltiure zu eiaer 
Verbiaduag, die in alkalischem Medium intensiv fluoresziert. Die an aromatischea Aldehydea 
auf diese Weise hervorgerufeaea Fluoreszenzen siad fur einzelne Aldehyde recht charakteristisch; 
ihre Iatensitiit ist im allgemeinea hijher als die der Fluoreszeazea voa aliphatischea Aldehydea. 
Nur 2-Oxo.s&urea stijren. Vielleicht ist die Methode zur Bestimmung von Aldehydea in 
kompliziert zusammeagesetzten Probea aiitzlich. 

R&runG-On preseate uae nouvelle methode fluorimttrique pour le dosage d’aldehydes. Le 
1,2-diaminonaphtaleae reagit avec l’aldehyde en acide sulfurique dime pour donner un compose 
qui offre une fluorescence intense en milieu alcalin. Les Huorescences produites B partir 
des aldehydes aromatiques dans cette methode sont assez caracmrtstiques des aldthydes 
determines et leurs intensites sont gentralement plus Clevees que celles des fluorescences 
obteaues B partir des aldkhydes aliphatiques. La seule interference provient des 2-oxoacides. 
La mkthode peut coavenir pour le dosage d’aldthyde dans des kchantillons complexes. 
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Sunuuary-A rapid and sensitive method using true potentiometric end-point detection has been 
developed and compared with the conventional amperometric method for Karl Fischer deter- 
mination of water, The effect of the sulphur dioxide concentration on the shape of the titration 
curve is shown. By using kinetic data it was possible to calculate the course of titrations and make 
comparisons with those found experimentally. The results prove that the main reaction is the slow 
step, both in the amperometric and the potentlometric method. Results obtained in the standardixa- 
tion of the Karl Fischer reagent showed that the potentiometric method, including titration to a 
preselected potential, gave a standard deviation of 0401, mg of water per ml, the amperometric 
method using extrapolation O*OO& mg of water per ml and the amperometric titration to a pre- 
selected diffusion current @004, mg of water per ml. Theories and results dealing with dilution 
effects are presented. The time of analysis was l-1-5 mm for the potentiometric and 4-5 min for 
the amperometric method using extrapolation. 

INTRODUCTION 

Several procedures have been proposed for the determination of water by the Karl Fischer 
method. In the methods described by ASTM’ and by British Standards’ both a direct 
titration and a back- or “residual” titration are used. The direct titration method is con- 
sidered to be more convenient and easier to automate but the removal of water from some 
sample components may be too slow for practical use. An abundance of end-point detection 
techniques has been proposed, e.g., visual,’ amperometric4 spectrophotometric,’ bi- 
metallic6 (potentiometric), and true potentiometric.7 The most common are the ampero- 
metric methods using either constant voltage or constant current. Recently Beasley et a1.s 
published a paper which deals with the amperometric methods. They recommend the use 
of 03 cm2 platinum flag electrodes polarized with 250 mV to obtain maximum sensitivity 
and stability. However, no correlation between the reaction rate of the main reaction and 
the electrode behaviour was made. As stated by Linganeg the accuracy and precision of 
most detecting techniques are usually governed by the chemical and thermodynamic 
characteristics of the titration system rather than by limitations of the measuring technique 
itself. Earlier studies in our institute 7v10 have made it possible to determine the order of the 
reaction between water and the Karl Fischer reagent and to estimate the rate constant 
(k = I.2 _t 0.2 x lo3 12. molee2. set- 1 for a methanolic reagent with excess of pyridine). As 
some very important information about the titration system itself has been gained by these 
kinetic studies, attention can now be turned to the indicating system. The first step of the 
work described in this paper has been to develop manual titration methods. The end-point 
techniques were studied simultaneously in the same titration cell. 
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EXPERIMENTAL 

Reagents 

The Karl Fischer reagent was a methanolic solution DIM in iodine (Merck p.a.), 0.6M in sulphur dioxide 
(Fluka AG, >99*97% sulphur dioxide in steel cans), 1M in pyridine (Mallinckrodt A.R.), The methanol was 
Merckp.a. (max. water @030/). The titre of the reagent was normally 07-1.2 mg of water per ml depending on the 
age. The reagent was allow $I to stabilize for at least one day after the preparation as the change in titre is most 
rapid in a fresh solution. 

Apparatus 

A special cell was made in which both potentiometric and amperometric measurements could be made simul- 
taneously. The cell (see Fig. I) consisted of a 75 mi sample compartment in contact with an auxihary reference 
comment of about 5 ml. The contact consisted of an asbestos (Hopkin-Williams Ltd.) Iiquid junction. The 
cap of the sample compartment was made from solid Teflon with an O-ring seal. The feed-through for the 
electrodes and glass capillary consisted of O-rings inserted into holes bored in the Teflon cap A silicone-rubber 
septum for sample introduction was fitted into the Teflon cap. In the sample compartment there were three 0%cmZ 
square platinum electrodes and in the auxiliary compartment two reference electrodes, one a platinum spiral of 
approximately OS cm’ and the other a calomel electrode (Radiometer K 901) consisting of a salt bridge con- 
taining a saturated aqueous solution of lithium chloride. The auxiliary compartment was filled with Karl Fischer 
reagent containing a slight excess of iodine complex. This solution was renewed when the colour disappeared, 
normally twice a week. The potentiometric measurements were made by a Solartron 7040 digitai voltage meter 
and the amperometric measurements were carried out with a current-to-voltage converter. The voltage repre- 
senting diffusion current was registered on a Servogor recorder. The stirrer was a d.c. motor. The Karl Fischer 
reagent was added from a 10 ml burette through a very fine capillary. Samples were added with calibrated syringes: 
25 ~1 Hamilton (rel. std. devn. O-17 %. 10 determinations), 500 ,ul Agla micrometer syringe (rel. std. devn. @07 %), 
5 ml all-glass syringe (tel. std devn. 04)6x). 

Procedure 

Potentiometric titration. About 25 ml of the Karl Fischer reagent were transferred into the sample compartment. 
Distdled water was then added with a 25 4 syringe until only a slight excess of iodine complex remained as deter- 
mined from the colour. The potential between a platinum electrode in the sample compartment and the calomel 
reference electrode was noted. Then, for example, 25 )d of 8 % v/v solution of water in methanol ( = 2 mg of water) 
were added and titrated back to the potential noted, which normally was done with an accuracy of better than 
@1 mV. The aim with this first procedure was to get a rapid approximate value of the titre of the Karl Fischer 
reagent. Then reagent was added up to a 30 ml volume mark on the sample compa~ment, and distilled water 
then carefully added with a 25 d Hamilton syringe until the colour changed from red to yellow. On the basis of 
the approximate reagent titre, titration was done stepwise until the titration crirve response was 0.8-l mV per 
5 pg of water. The potential at this slope corresponds to a @12-0.15mM excess of iodine complex. The cell was 

Fig. 1. Titration cell. (I) calomel reference electrode, (2) platinum wire reference electrode, (3) plati- 
num foil indicating electrode, (4) silicone-rubber septum, (5) platinum electrodes (amperometric 

system), (6) from burette, (7) volume mark. 
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now ready for sample introduction. Providq that the calomel reference electrode was used, this potential was 
checked only once a week. The variation of thrs value is due to changes in the liquid junction potential. The calomel 
electrode can be replaced by a platinum electrode (redox potential) at the cost of more frequent checking of the 
selected end-point potential, because of changes in the iodine complex concentration with time. The platinum 
electrode had a better short-term stability because there is no liquid junction. 

Amperometric titration. Two of the platinum electrodes were polarized* with 250 mV and the resulting diffusion 
current was read on the recorder. Increments of 0.05 ml of reagent were added to a solution containing very little 
water. The mean value of the diffusion current after each addition was plotted against the reagent volume and the 
equivalence point was found by extrapolation (3 or 4 points) to zero current. Amperometric titration to a pre- 
selected value of the diffusion current was also investigated, the current being read on the recorder. 

Reactions 

THEORY 

The main Karl Fischer reaction according to Mitchell4 is 

C,H,N. I, + C,H,N. SO2 + C,H,N + Hz0 -+ 2C5H,NH+. I- + C,H,N. SO, (1) 

which in the presence of methanol proceeds further : 

C,H,N. SO, + CH,OH + &H,NH+ . SO,CH;. (2) 

If the activity coefficients as well as the pyridine and the pyridinium ion concentrations 
are assumed to be constant, the potential of a platinum electrode us. a reference electrode 
can be written 

E=E’+Eln &H,N .I21 
2F [C5H5NH+. I-]” (3) 

Cedergren’ showed that a plot of - log[&H,N. IJ us. the electrode potential became a 
straight line down to at least lo- 4’5M iodine complex concentration. 

In the biamperometric case 

id = k[C5H5N. I?] (4) 

where i, is the diffusion current and k the diffusion constant as defined by Stock.” The 
value of k is critically dependent on stirring conditions and also on factors such as temp- 
erature, electrode area, reversibility of the system, polarization voltage. 

Kinetics 

Cedergren lo found that his data could be fitted to equation (4) for a methanolic reagent 
provided there was an excess of pyridine over that stoichiometrically required. 

d[C5:tN. 12’ = k[C,H,N. I21 [C5H5N. SO,] [H,O]. 

The rate constant k was found to be (1.2 f 0.2) lo-’ 12. molee2. set- ‘. If t is derived from 
equation (S), then 

1 1 1 1 
f =k’(A, - Bo) * PO - Co). (Co - A,) 

In ($+“( 2r”-*“( zr-“. (6) 

where A, = [C5H5N.12], B, = [H,O], and C, = [C5H5N. SO,], all at time t set, all con- 
centrations being expressed in mole/l., and A, etc. being the concentrations at time zero, 
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Dilution ejgkcts 

The use of a correction for the dilution has not been described earlier in the literature on 
Karl Fischer titration, although it should be quite large in some cases. 

Amperometric titration to a preselected division current. Let v. be the initial volume and 
the preselected diffusion current correspond to an iodine complex concentration C,. 
Assume that titration of a, ml of sample requires u ml of R.F. reagent to bring the system 
back to the preselected current. Then the titration error is 

&Jo f 0, + W, - vO. Cd mmole of C,H,N . I, s (u, f 0). CA. 18 mg of H20. (7) 

For a, << v, as for example in the standardi~tion of the K.F. reagent, the error in the titre 
value is 18. C, mg/ml(O402 mg/ml for CA = O-1mM). 

Amperometric titration with extrapolation to zero current. There will be no systematic 
titration error due to dilution as CA = 0 at zero diffusion current. 

Potentiometric titration to a preselected potential. The preselected end-point potential 
corresponds to an iodine-complex concentration C,. Let u. be the initial volume, v, the 
volume of sample added and u the volume of K.F. reagent required to bring the potential 
back to the original value. Assume further that the concentration of the pyridinium iodide 
before sample addition is C, and the iodine complex concentration after dilution and 
titration is C,. Assuming the activity coefficients to be constant, equation (3) gives 

The difference in the number of mmoles of water before and after titration is thus 

CA@ + vo12 - C,. u. 1 mmole of Hz0 z 
-18.C,(v,.vS - u.uo - v2) 

u + u(J + 0, u + uo f u, 
mg of H,O. (9) 

If u. =, 40 ml, u, = 3 ml, v 3: 2 ml, C, = O.lmM, the error is -0GO2 mg or <b-0001 % v/v 
of water. 

If v, << v, as for example in the standardization procedure, the titre error expressed by 
equation (9) is 

18C,., m&/ml. (10) 

RESULTS 

Reaction rates 

Figure 2 shows the influence of the sulphur dioxide concentration on the shape of an 
amperometric titration curve. The two curves represent titration of 0.12 mg of water in 
media that are respectively 002 and O-5M in sulphur dioxide. The Karl Fischer reagent 
(titre 0.82 mg/ml) was added stepwise at a rate of 0.05 ml/30 sec. The plotted values of the 
diffusion current are those obtained 30 set after each addition. As is evident from the 
diagram the curve representing the high concentration of sulphur dioxide is linear above 
‘70 PA, compared to 160 @A for the low concentration. This is an important difference, since 
the un~~ainty of the current measurement increases with increasing current, which also 
can be seen in Fig. 2. Consequently, if a low concentration of sulphur dioxide is present 
only very uncertain and high values of the diffusion current can be used to determine the 
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Fig. 2. The influence of the concentration of sulphur dioxide on the amperometric titration curve. 
u0 = 40 ml. The titre of the Karl Fischer reagent was 0.82 mg/ml. The reagent was added stepwise 
at 0.05 ml/30 sec. Plotted diffusion current values were read after every 30 sec. (0) @02&f sulphur 

dioxide, ( 0) 0.5M sulphur dioxide. Bars denote the uncertainty of the current measurement. 

end-point of the titration. This will of course result in poorer accuracy and precision. 
In order to examine the diffusion current behaviour in more detail, a theoretical titration 

curve was calculated and compared with one experimentally found. The result is shown in 
Fig. 3. In this example 100 pg of water were added to 50 ml of spent Karl Fischer reagent 
(titre 0.660 mg/ml), containing no water and a negligible excess of iodine complex. The con- 
centration of sulphur dioxide was kept constant at 05M. The solution was titrated stepwise 
with 0.05 ml of reagent per min and the diffusion current recorded as a function of time. 
By use of equations (1) and (6) along with a value of the rate constant k equal to 1.3 x lo3 
l2 . mole- 2 . set- ‘, the iodine complex concentration was calculated as a function of time. 
Thanks to the linear relationship between diffusion current and iodine complex concen- 
tration the recorded current values were easily converted into concentrations. This made it 

Fig. 3. (0) A theoretically evaluated titration curve compared with (0) one ampcrometrically 
indicated. 100 Mg of Hz0 were added to 50 ml ofa solution approx. zero in water and iodine complex 
concentrations. This solution was titrated stepwise with 0:05 ml of Karl Fischer reagent (titre 
@660 mg/ml). The concentratron of sulphur dioxide complex was 0.5M during the titration. Calcu- 
lated unreacted amounts of water at the points (a)-(j) were (a) 68 lg, (b) 38.5 p&(c) 15 ~(g, (d) 2.8 fig, 

(4 0.2 pg (f) 0.0 pg. 
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Fig. 4. Recorded amperomctric titration of water. The Karl Fischer reagent (0.83 mg/ml) was 
added in steps of OG5 ml at intervals of 1 min u,, = SO ml. 

Fig. 5. Recorded potentiometric titration of water. Conditions as for Fig. 4. 

possible to compare the theoretical curve with that found experimentally. As can be seen 
from Fig. 3 the curves are practically identical. This proves that the main reaction is slow 
while the electrode response is rapid. Consequently, by using equation (6) it is possible to 
optimize the performance of either a direct or a back-titration. 

Stability and sensitivity of the amperometric and the potentiometric end-point systems 

A comparison between the amperometric and the potentiometric indicating systems can 
be made by using the titration curves represented in Figs. 4 and 5. The slope of the ampero- 
metric curve was 066 PA per pg of water. The uncertainty of the current at 50 PA was 
+2 @ which corresponded to 0.1rnM iodine complex for this experiment. This is equal 
to + 3 pg of water. In the potentiometric case with the same iodine complex concentration 
at the end-point, the slope was about @2 mV per pg of water. However, the precision of the 
potential reading was better than O-1 mV. This uncertainty corresponded to kO.5 pg of 
water. Thus the precision of the potentiometric method was significantly better than that 
of the amperometric. 
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Standardization of the Karl Fischer reagent 

A test of the expressions for dilution effects described in equations (7) and (9) was per- 
formed. The results in Tables 1 and 2 show that a correction for the dilution effect caused 
by the Karl Fischer reagent is justified and worthwhile. The uncertainty was somewhat 
larger in the amperometric case. In an ordinary titration to a preselected concentration of 
iodine complex of about OlmM with a titre larger than 2 mg/ml this correction was less 
than 01% of the titre value. 

In Table 3 the true potentiometric end-point technique is compared with the ampero- 
metric methods using either a preselected diffusion current or extrapolation. These experi- 
ments were carried out with an effective concentration of sulphur dioxide of 05M. As 
suggested above, the reaction between water and the reagent then goes to completion with a 
relatively small excess of iodine complex. The reaction is then sufficiently fast, even for a 
comparatively small excess of the iodine complex, resulting in a more accurate extrapolation. 
This will, of course, increase the precision of end-point location. If the concentration of 
sulphur dioxide had been in the range normally reported in the literature the extrapolation 
would have resulted in much larger errors, for the reason shown in Fig. 2. 

Table 3 shows that the precision of the potentiometric method is somewhat better than 
that of the amperometric method using extrapolation. Moreover, the analysis time was 
.about 15 min for the potentiometric compared to 4-5 min for the amperometric titration. 
The commonly used amperometric method employs preselected current. Compared to 
this method the analysis time of the potentiometric method is the same but the precision 
is significantly better. 

Determination of water in some organic solvents 

The influence of large sample volumes was studied and the results are presented in Table 4. 
The results show that the potentiometric method and the amperometric method using 
extrapolation give equal precision. The increased uncertainty of the potentiometric method 

Table 1. Potentiometric standardization of the Karl Fischer reagent, using various end-point 
concentrations of iodine complex 

End-point cont. Corrected 
ofC,H,N.I,.mM Found. ml Titre, mg/ml Correction, mg/ml titre, mg/ml 

0.065 30.06 0.6653 0031, 0.666 
0.322 30.29 0.660, @005, D666 
0.780 30.72 0651, 0.014, 0.665 

Table 2. Amperometric standardrzation of the Karl Fischer reagent,* using various pre- 
selected diffusion currents 

End-point cont. Corrected 
ofC,H,N.I,. mM Found, ml Titre, mg/ml Correction, mg/ml titre, mg/m[ 

0.16 24.12 0.829 oGO3 0.832 
0.98 24.65 0.811 DO18 0.829 

* The same original reagent composition was used for these experiments and those in Table 1, 
but the titres differed. 
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Table 4. Determination of water in various solvents. (5.00 ml of solvent taken. The 
iodine complex concentration at the end-point of the potentiometric method 

was about O.lmM. o0 = 40 ml. Karl Fischer reagent titre = 0920 mg/ml), 

Solvent 

Amperometric 
(with extrapolation) 

Found, 
mg Hz0 % u/r 

Potentiometric . 
(preselected potential) 

Found, 
w Hz0 % r/v 

Trichloroethylene 0.534 0.0107 0543 00108 
0.541 00108 0.534 0.0107 

Isopropyl alcohol 0895 0.0180 0.942 0.0188 
0.909 00182 0.942 O-0188 

n-Heptane 0.086 00017 0.068 OQOl4 
0.067 00013 0.083 O-0016 

Methanol 1.201 0.0240 1.200 0.0240 
1.208 0.0242 1.202 0.0240 

compared to the results shown in Tables 1 and 2 is probably due to dilution. In determination 
of even smaller concentrations of water, e.g., less than 1 mg/l., this dilution effect must be 
compensated for either by the use of equation (9) or with a method previously described.’ 
In the latter method the titration curve both before and after addition of the sample must 
be known. Then the dilution effect is graphically evaluated. 

A comparison between the methods when small amounts of water are determined can 
be found in Table 4. The results show that the precision of the potentiometric method is 
significantly better than that of the amperometric. In judging the values of the standard 
deviations given in the table the standard deviation of the reagent addition, corresponding 
to 0.5 pg of water, should be taken into account. 

DISCUSSION 

As mentioned in the introduction to this paper most procedures and end-point detection 
systems have been described without taking the kinetics of the main reaction into con- 
sideration. Besides that, information about the effective concentration of the sulphur dioxide 
is usually lacking. Furthermore the concentration of this component varies considerably 
not only during a determination but also according to the method used. From kinetic data 
and ideas developed in this paper the following conclusions can be drawn. If there is too low 
a concentration of sulphur dioxide present the most important parameter is the time 
required to complete the main reaction. Assuming that the titration is carried out to a low 
iodine complex excess, the question of choice of indicating system is of secondary interest, 
as the result of the determination is mainly affected by the incomplete main reaction. At a 
low concentration of the iodine complex it is difficult to differentiate between the behaviour 
of the current and the degree of completeness of the main reaction. At a high concentration 
of sulphur dioxide the main reaction is rapid and the situation is different. Under such con- 
ditions a discussion of indicating systems is more adequate because the main error of the 
determination can be attributed to the end-point technique used. In this paper all results 
presented have been obtained by the use of a high concentration of sulphur dioxide and 
therefore a high precision of the results has been obtained. 
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Table 5. Comparison bf the various methods when small amounts of water are determined. (q, = 40 ml) 

Method 

Amperometric 

Found 
(mean value), pg Std. devn.. pg No. of detns. 

Preselected diffusion 
current* 12.5 2.3 5 

Extrapolation (2 points) 13-2 1.6 5 

Potentiometric Preselected* potential 12.5 0.7 5 

* Q 13 mM excess of iodine complex. 

Some curious results have been reported by Beasley et ~1.~ in a critical study of the Karl 
Fischer end-point system. They stated that the amperometric titration curve is non-linear 
below an iodine complex concentration of about 026mM. The slope of the titration curve 
in an interval corresponding to O*Ol,-0*06,mM iodine complex concentration was only 
41% of the slope at above @26mM. This was supposed to depend on the presence of a large 
iodine-sulphur dioxide complex with a lower diffusion coefficient than that of the iodine 
complex. However, the reagent used was diluted approximately fifty times, giving a sulphur 
dioxide concentration of at most OOlM after reaction. The kinetic data presented in the 
present paper show that the time required for 99% reaction with O*OlM sulphur dioxide 
present should be several hours at low concentrations of iodine complex. The time for the 
current to decrease from 5 to 2.5 fl should also be a few hours, for example, if S@I water 
had been present under the conditions used by Beasley. This example shows that water 
may be present even if the current is apparently stable and different from zero. 

The results presented in this paper show that the Karl Fischer titration can be very 
accurate even for small amounts of water if suitable reactant concentrations are used, 
Under these conditions a comparison could be made between various modes of end-point 
detection. Titration to a preselected diffusion current value is usually employed in com- 
mercial titrators. Potentiometric methods should be capable of giving somewhat better 
results, especially for small amounts of water. A potentiometric method combined with 
coulometry has been described by the author,’ and it had a detection limit of 005 pg of 
water. 
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Zusammenfassung-Eine rasche und empfindliche Methode zur Karl Fischer-Bestimmung von 
Wasser mit wahrer potentiometrischer Endpunktsanxeige wurde entwickelt und mit der 
iiblichen amperometrischen Methode verglichen. Der Einflug der Schwefeldioxidkonxentration 
auf die Form der Titrationskurve wird gezeigt. Mit Hilfe kinetischer Daten war es moglich, den 
Titrationsverlauf vorauszuberechnen und mit dem experimentell gefundenen zu vergkichen. Die 
Ergebnisse beweisen, dd die Hauptreaktion sowohl bei der amperometrischen als such bei deer 
potentiometrischen Methode der langsame Schritt ist. sofern eine hohe Schwefeldioxidkonxentra- 
tion vorliegt. Bei der Standardisierung des Karl Fischer-Reagens erhalmne Ergebnisse zeigen, dag 
die potentiometrische Methode mit Titration bis zu einem vorgewlhlten Potential eine 
Standardabweichung von O,Ol, mg Wasser pro ml ergab, die amperometrische Methode mit 
Extrapolation 0,002, mg Wasser pro ml und die amperometrische Titration bis zu einem 
vorgewiihlten Diffusionsstrom 0,004, mg Wasser pro ml. Theorien und Ergebnisse, die sich mit 
Verdiinnungsegekten befassen. werden mitgeteilt. Die Analysenxett betrug l-1,5 min fur die 
potentiometrische und 4-5 min fur die amperometrische Methode mit Extrapolation. 

Resume---On a tlabore une mtthode rapide et sensible utilisant la detection du point de fin de 
dosage potentiomitrique vrai et on l’a comparee a la methode amperomttrique classique pour 
le dosage de I’eau selon Karl Fisher. On montre l’influence de la concentration en anhydride 
sulfureux sur I’allure de la courbe de titrage. En utilisant les don&es cinttiques, il a tte 
possible de calculer le developpement des titrages et de faire des comparaisons avec ceux 
trouves expkimentaalement. Les resultats prouvent que la reaction principale est le stade lenq tant 
dans la methode amperometrique que potentiometrique, en admettant qu’il existe une con- 
contration &levee en anhydre sulfureux. Les rtsultats obtenus dans la normalisation du reactif 
de Karl Fisher ont montre que la mtthode potentiometrique, y compris le titrage a un potentiel 
preselectionne, donne un &art type de 0,001, mg d’eau par ml, la mtthode amptromttrique 
utilisant I’extrapolation 0,002, mg d’eau par ml et le titrage amperometrique P un courant de 
diffusion prts5lectlonnt 0,004, mg d’eau par ml. On presente les theories et resultats ayant trait 
aux effets de dilution. Le temps d’analyse est de l-1,5 mn pour la mtthode potentiometrique 
et de 4-5 mn pour la mtthode amptrometrique utihsant l’extrapolation. 
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Summary-A method for the determination of l-30 ppm or more of Sb in steel by using Sameless 
atomic absorption has been developed. The sample was dissolved in aqua regia and 10 fi were 
pipetted into the Massmann-type furnace. It was shown that interferences from HCl, HNOs, Ni 
and Fe could be eliminated if oxygen was excluded and the heating rate was sufiiciently high. 
Chromium was added to the samples and standards to compensate for its influence. Cu, Co, Mn, 
Ti and Sn did not interfere. An intercomparison with other laboratories showed that this method 
gives the same result as extraction with TOP0 in MIBK. The time for a complete analysis including 
dissolution was 15 min. 

Antimony, lead, bismuth and some other elements have a deleterious effect on the quality 
of steels even in very small amounts. If more than about 20 mg/kg is present, cold-rolling 
may be impossible. It is therefore important to analyse the raw materials and the melted 
ingots for these elements. Mixing of different raw materials should be performed so that 
the melted ingots contain less than the set limits. There is thus a need for a rapid method for 
analysing the steel for these elements in the range l-25 ppm. The results should, if possible, 
be reported within 30 min after the sample has been taken, in order to control further pro- 
cessing of the melt. 

Byrne et al.’ have summarized the methods for analysis of trace elements in steel. The 
inherently rapid methods such as emission spectroscopy and X-ray fluorescence have too 
low a sensitivity whereas other methods such as polarography and calorimetry are too 
time-consuming. During the last few years several papers have appeared describing the 
determination of antimony by atomic-absorption techniques. Direct analysis of a dissolved 
sample by aspiration into a flame has too low a sensitivity; a detection limit of 35 ppm has 
been reported.2 

To increase the sensitivity, concentrated hydrochloric acid solutions of the dissolved 
sample have been extracted with methyl isobutyl ketone (MIBK)3-5 or di-isopropyl ether6 
from trioctylphosphine oxide (TOPO) has been added to the MIBK to increase the extrac- 
tion efficiency.7 All these authors analysed the organic phase by atomic-absorption spectro- 
scopy; Yanagisawa’ and Schreiber6 used flameless AAS. The sensitivity is sufficiently high 
and most of the interfering elements can be removed, but the time required before the result 
is available amounts to several hours, i.e.. the time is of the same order as for calorimetric 
methods.’ 

Antimony has also been determined by AAS after conversion into SbH, .‘*l” The sensi- 
tivity is high but no work has been done showing the usefulness of the method for analysis 
of a matrix. Moreover, this special approach can only be used for antimony and bismuth, 
and separate procedures must then be employed for lead. 
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This work describes a method for the determination of antimony by direct analysis of 
the dissolved steel sample without extraction procedures. Interferences can be controlled 
by proper design of the equipment so that separation by extraction becomes unnecessary. 

EXPERIMENTAL 

Specrrometer 

The atomic-absorption spectrometer was described earlier. ‘I It has provision for a hydrogen-background cor- 
rector but this was not used in the work described here. The furnace is of the Massmann-type. The furnace was 
gas-tight and could be flushed with an inert gas such as argon. It was also described earlier.” The temperature 
of the graphite tube is monitored by an infrared-sensitive diode and the furnace can be heated very rapidly to a 
preset temperature and then operated isothermally. ‘i The important differences between this equipment and 
commercial instruments such as the Perkin-Elmer 303 with HGA 72, are that temperature-controlled operation 
is possible and that the furnace is gas-tight. 

Procedure 

A 05 g sample is weighed and dissolved in 5 ml of cont. hydrochloric acid and 25 ml of cont. nitric acid in a 
50 ml Erlenmeyer Bask. The flask is slightly heated on a sand-bath. The dissolved sample is transferred to a 500 ml 
standard flask and diluted to the mark with water containing 200 ppm of chromium, added as chromium chloride. 
After mixing, 10 gl of this solution are transferred into the graphite tube with an Oxford microsampler pipette. 
The sample is dried during 30 set at about 8(P, ashed for 60 set at a final temperature of 85(P and analysed at 
an atomixation temperature of 194@, using the line at 217.6 nm and a slit-width of 65 pm. After each cycle the 
furnace is heated at high temperature (260(p) for 10 set in order to remove matrix elements which otherwise would 
accumulate in the graphite cuvette. The total time required for the procedure described is 15 min. 

A standard is prepared by dissolving 1 g of antimony metal in 10 ml of hydrochloric acid and 20 ml of nitric acid. 
The solution is transferred to a 1 litre measuring flask and diluted with 180 ml of nitric acid. 90 ml of hydrochloric 
acid and water to the mark. Dilutions to 10 ppm of Sb are made weekly from this stock solution. Further dilutions 
are made daily (with water containing 200 ppm of chromium). The pH of the test solutions should be less than 
l-5.i3 These standard solutions are analysed in the same way as described for the sample. 

RESULTS AND DISCUSSION 

The antimony halides are very volatile and losses in the dissolution step might occur. In 
order to check the procedure, a steel sample (BCS 330) certified to contain 180 ppm of Sb 
was dissolved in a flask, by using the apparatus and procedure described by Gorsuch.14 A 
few ml were distilled and analysed for antimony. Less than O-7 pg of Sb/l. (the detection 
limit) in a water solution was found and it was therefore concluded that no losses occurred 
during the dissolution stage. 

Samples containing 1 ng of Sb were analysed after ashing for 1 min at various temperatures. 
The result is shown in Fig. 1 and it is seen that ashing could be performed at 850°C without 
loss. During ashing a constant voltage is applied to the graphite tube, which results in a 

Final orhing temperature, ‘C 

Fig 1. Variation of absorbance peak with final ashing temperature. 
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Fig. 2. Absorption (%) for antimony (lower trace) and temperature of the furnace (upper trace) 
as a function of time. 

ballistic temperature rise with time. The main losses occur of course at the end of the period 
and therefore the final temperatures are given. 

The peak-height of the antimony absorption was found to depend on three parameters: 
rate of heating, final temperature and matrix. By making the atomization rate very high 
compared to rate of diffusional loss a concentrated atomic vapour cloud can be built up 
during a short time. The highest possible rate of atomization is desired but the temperature 
should not be increased more than necessary to accomplish this, as there.then will be 
additional losses due to diffusion. Too high a temperature may also cause vaporization of 
other elements from the matrix. 

Full power was applied to the graphite tube until an infrared sensor signalled that a 
preset value was reached. A “triac” then reduced the power to keep the graphite-tube 
temperature constant. By using different tappings on the power transformer the heating 
rate could be selected to be about 220,450 or 9WC/sec. The time required to reach the pre- 
set temperature, 1940°C was thus much shorter with a heating rate of 9OO”C/sec than for a 
lower heating rate and the atomization thus occurred more rapidly. Especially at somewhat 
lower temperature the rate of vaporization of an element may depend on the matrix. It was 
found that the peak-height for antimony differed between a steel sample and a water solution 
when a lower heating rate was used but not for the maximum heating rate. 

The optimum final atomization temperature was determined from an oscilloscope photo, 
see Fig. 2, as described by Lundgren. l5 One trace shows the temperature and the other the ‘A 
absorption as a function of time when the temperature setting was 1940’. The output from 
the infrared temperature sensor was not linear and therefore the trace is curved at the 
beginning. The course of the % absorption with time illustrates the building up and losses 
of antimony vapour. Too low a temperature setting results in a delayed atomization, which 
gives a lower sensitivity. During atomization the gas-flow was stopped without adverse 
effects since the furnace was gas-tight. 

Interferences 

Schreiber and Frei6 found that the absorption signal decreased when the amount of 



0.4 
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Fig. 3, Dependence of absorption peak on hydrochloric acid concentration in the presrnce of Ar 
only (0) and a mixture of Ar and Oa (0). 

hydrochlor& nitric and to some extent sulphuric acid in the sample increased. Figure 3 
shuws that in the presence of pure argon the absorbance is inde~ndent of the amount of 
hydrochloric acid, but if the furnace is filled with a mixture of argon and air the absorbance 
decreases with the amount of hydrochloric acid, as found by Schreiber and Frei. These 
authors used a Perkin-Elmer HGA 70, which is open so that air can enter into the graphite 
tube. We also found that the signal was independent of the amount of nitric acid when the 
furnace was filled with argon but varied with it when oxygen was present. These results 
indicate that when both oxygen and acid arc present the antimony signal will decrease, pos- 
sibly because only a fraction of the antimony will be reduced to metal. The salt may evaporate 
as volatile SbCls during ashing. It is therefore important to exclude oxygen from the graphite 
tube in order to eliminate the interference fram hydrochloric and nitric acid. 

Yanagisawa et aLS and Schreiber6 have reported interference from several metals in 
dcte~ining ~~rnuny by flameless methods. Cr, Ni, Fe and Mo are potential interfering 
elements in the steels studied in this work. Ag, V and Cu among others might also interfere 
when present. Figure 4 shows the absorbance of @3 ng of antimony when various amounts 
of chromium are present. For more than 200 ppm of chromium a constant absorption signal 
was observed. Therefore chromium was added to the standards and if necessary to the 
samples so that m~urements were always made on the plateau where small, variations of 

Fig. 4. Variation of absorbance peak with chromium (0) and iron (0) concentrations. 
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the chromium content did not change the signal. Figure 4 also shows a similar study of 
the itiuence of iron. In order to limit the excess of iron to 1000 ppm the dissolved sample 
was diluted as described in the procedure. 

Maruta and Takeuchi16 observed that the interference from Ni and some other elements 
varied with the temperature setting of their instrument, a Nippon Jarrel-Ash AA-EE, modi- 
fied tantalum-filament atomizer. The temperature setting changed simultaneously both 
the rate of heating and the fmal tem~rature. Table 1 shows that different results were 

Table I. Variation of the absorbance as a function of the atomizatton rate in the presence 
of Ni or Fe. The preset atomization temperature was 1940°C in the presence of Ni and 

1300°C in the presence of Fe 

Heating rate 45WJsec 9OO”C/sec 

Ni added to 025 ng of Sb, pg 0 10 
A (peak) 0.265 0.365 

z.379 10 
0.377 

Fe added to 0.27 ng of Sb. ~.rg 1-l 11 
A (peak) 0.258 0195 

;::73 11 
0273 

obtained for two different heating rates both for Ni and for Fe. At the higher heating rate 
the interference from both nickel and iron disappeared (for the quoted concentrations). 
This again demonstrates the advantages of using very rapid initial heating. No experi- 
mentally supported explanation can be given at present. 

Table 2 shows that no interference was encountered from Cu, Co and Mn under the 

Table 2. Peak absorbance of 0.3 ng of Sb in the presence of various amounts of 
other elements. Heating rate 9Oo”C/sec, atomization temperature 1940°C 

Ratio of foreign 
elements to antimony 

added, W/M 

cu 
CO 
Ti 
Mn 
Sn 

0 1000 3000 10,000 

o-495 0.520 0.525 0500 
O-498 0.495 0507 0.498 
0.482 0517 0.530 O-550 
0.521 0522 0538 0527 
0515 0.523 - - 

operating conditions described. Large amounts of Ti seemed to produce a slightly positive 
error. Sn produced interference from molecular absorption when present in 3000-fold 
amounts but not at in lOOO-fold amounts. For all other determinations in this work no 
non-specific absorption was observed. This was confirmed by measurements made with a 
hydrogen lamp at the antimony resonance line, 2176 % with a slit-width of 110 w. As there 
are lines at 2 1’70 and 2179 A, which are close to the resonance line at 2176 A,r ’ for antimony 
determinations a slit-width of 65 pm was used. The dispersion of the monochromator was 
22 A/mm. Especially with samples containing larger amounts of antimony, it is important 
to reduce the spectroscopic interference by using a narrow slit-width. The hydrogen- 
background corrector was not used, because the signal from the hydrogen lamp was too 
low at 2176 A if the slit-width was kept narrow. 



Analysis of steel 

A number of steel samples were analysed by the procedure described. Some of the samples 
had certificates of analysis and for some others this work was part of an investigation 
leading to certification. Results for non-certified samples were: BCS 277 (mild steel) 10 ppm; 
BCS 334 ~a~te~~cs~i~l~ steel) 18 ppm; BCS 335 (austenitic stainless steel) 27 ppm. Some 
of the samples were also analysed by extraction with TOP0 into MIBK and determination 
in an air-acetylene flame according to Burke.’ The extraction method was also used by six 
other laboratories in analysing these samples for antimony. The intercomparison is shown 
in Table 3, It is seen that the method described here compares well with the other results. 
This also indicates that interference from elements not studied separately is probably small. 

Tabie 3. Intercomparison of results @pm)obtained for determination of antimony with TOPG/MIIK extraction’ 
and comparison with described procedure. Most of the values represent the mean of 10 determinations 

Laboratory * This work 

Desig- 
nation Matrix I 2 3 4 5 6 

Described Certificate 
Ext~ct~on~ procedure vaiw 

-- 
.__-_ -. --~ _ -^- 

BCS 330 mild steel 170 179 I79 I78 181 180 150 174 180 
BCS 336 austenitic stainless 

steel 30 - 20 26 33 19 29 28 - 
JK !C ultrapure mild 

steef 3 -‘2 2 t I 2 2 
JK 2C few-aLJoy stag 35 30 30 30 3: 28 27 29 30 
JK 8C austenitic stainfess 

steel type316 22 - 13 17 22 14 21 20 19 
JK 16A ferromolybdenum 10 - 9 8 - 7 13 10 - 

* I-Fagersta AB, Fagersta; 2--Asea, Vaster&; 3-Domnarvet. Steel factory; 4-Nyby, Steel factory; 
S-Ovako Gyy, Imatra Steel factory; 6-Avesta, Steel factory. 

t Ref. 7 obtained 169 ppm Sb for BCS 339. 

The calibration curves obtained by anslysing standard solutions containing chromium, 
and by standard additions to a dissolved steel sample, JK iC, were linear up to 120 ppm 
of Sb. The standard deviation of the absorption measurements increased as the amount of 
Sb decreased. It was found to be 18% for JK 1C containing 2 ppm of Sb. The standard 
deviation of the complete procedure was determined by dissolving 6 samples each of JK gC, 
BCS 334 and BCS 335 and making the 18 analyses. The relative standard deviation found 
was 2.8% at 20-30 ppm Sb. The detection limit for Sb in steel by this method was estimated 
to be @7 ppm. 

~ckno~fedge~e~-~e author thanks the steei works participating in the committee on determination of tram 
metab in steels for Snanciaf support and for valuable discussions and permission to publish the results of the 
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Zusammenfassung-Ein Verfahren zur Bestimmung von l-30 ppm oder mehr Sb in Stahl mit 
Hilfe der flammenlosen Atomabsorption wurde entwickelt Die Probe wurde in Konigswasser 
gel&t und 10 ~1 in den Ofen vom Massmann-Typ pipettiert. Bei AusschluS von Sauerstoff und 
ausreichend hoher Aufheizgeschwindtgkeit stiirten HCl. HNOJ, Ni und Fe nicht. Chrom wurde 
Standards und Proben zugesetzt urn seinen EinfluB zu kompensieren. Cu. Co, Mn. Ti und Sn 
stiirten mcht. Ein Vergleich mu den Ergebnissen anderer Laboratorien zeigte. da13 diese 
Methode dasselbe Ergebnis liefert wie Extraktion mit TOP0 in MIBK. Der Zeitbedarf fir 
eme ganze Analyse einschlieRhch AufschluB betrug 15 min. 

Resume-On a tlabort une methode pour le dosage de l-30 ppm ou plus de Sb dans 
l’acier en utilisant l’absorption atomique sans flamme. L’bchantillon est dissous dans l’eau regale 
et l’on pipette 10 ~1 dans le four de type Massmann. On a montre que les interferences de 
HCL HNO,, Ni et Fe oeuvent etre tliminees si I’oxvdne est exclu et si la vitesse de 
chauffage esi suffisammeni dlevte. On ajoute du chrome aux tchantillons et aux etalons pour 
compenser son influence. Cu, Co. Mn, Ti et Sn ne g&tent pas. Une intercomparaison avec 
d’autres laboratoires a montre que cette methode donne les memes resultats que I’extraction par 
le TOP0 en methyhsobutyldtone. L-e temps our une analyse complete y compris la dissolution 
est de 15 mn. 
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DIRECT DETERMINATION OF 
NANOGRAM AMOUNTS OF 
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(Receiued 7 January 1974. Accepted 17 January 1974) 

Summary-The direct determmatron of iodine by AAS at its 183.0 and 178.2 nm resonance lines 
by usmg a small graphite-tube atomizer, electrodeless discharge-lamp source and vacuum mono- 
chromator is described. Opttmum conditions for the determination of iodine have been estab- 
lished; similar sensitivity 1s obtamed when iodide or iodate samples are examined. With 10 ~1 
aqueous samples sensitivities (for 17; absorption) of 4 x lo-” g and 2 x lo-” g of I were 
obtained at 183.0 and 17X.2 nm respecttvely; a detection limit of 2 x 10e9 g was observed at both 
lmes. Non-specific molecular absorptron from common inorganic salts causes interference with the 
determmation; the rodme non-resonance line at 184.4 nm may be employed to correct for this inter- 
ference when moderate amounts of common salts are present. 

Recent work in our laboratory has been concerned with the development of direct 
methods for the determination of non-metallic elements by the techniques of atomic 
absorption and emission spectrometry. As a number of these elements, notably sulphur, 
phosphorus and iodine, exhibit their useful ground-state atomic lines at wavelengths 
shorter than 200 nm it is necessary that the optical path through the atom cell and the 
instrumental assembly should be transparent at these wavelengths. We have described the 
direct determination of sulphur,’ phosphorus2 and iodine3 by atomic-absorption spectro- 
metry utilizing the fuel-rich nitrogen-separated nitrous oxide-acetylene flame and by ato- 
mic-emission spectrometry with a high-frequency induction-coupled plasma source.4*5 In 
both techniques sample solutions are nebulized into the flame or plasma cell, a relatively 
large volume being required, and the sensitivity is limited by the difficulty of achieving 
high sample concentrations in the cell owing to dilution by the support gases. Both limi- 
tations of flame cells can be overcome by use of non-flame atomizers such as the graphite 
tube or graphite filament. The nature of flames and plasmas also imposes limitations at 
short wavelengths where atmospheric absorption is appreciable, as it is difficult to avoid 
degradation of the observed signal: noise ratio caused by fluctuating absorption at the in- 
terface between the flame or plasma and the atmosphere. For these reasons, the direct ato- 
mic-absorption spectrometry of elements such as iodine, sulphur and phosphorus by using 
non-flame atomization should give high sensitivity. L’vov and Khartsyzov6 have reported 
sensitivities for the determination of sulphur, phosphorus and iodine by atomic-absorption 
spectrometry (AAS) using pulse vaporization in a graphite cuvette. This paper describes 
the direct determination of iodine by AAS at its ground-state atomic lines at 178.3 
(6?P3 ?-5p5 ‘P, 2) and 183.0 nm (6s4P 5 2-5p5 ‘P3 z), by using a vacuum monochromator, 
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a nitrogen-purged optical system, an iodine microwave-excited electrodeless discharge- 
lamp source and a small heated graphite-tube atomization cell. 

Fig. 1. Schematic diagram of ~nst~mentat~on employed. 

EXPERIMENTAL 

The instrumental a~ang~~nt is shown ~hemati~ll~ in Fig. 1. An iodine electrodeless djs~harge-lamp [EDL) 
was used as the source. This was made from silica tubing (i.d. 8 mm, I mm wall thickness) to form a bulb 200 mm 
in length, and containing a few mg of iodine. The EDL was supported in a 3/4-wave resonant cavity (Model 2 IOL, 
Electromedical Supplies Ltd., Wantage, U.K.) by means of a metal holder which allowed reproducible position- 
ing of the lamp. The source was powered by a 2450 MIIz Microtron Mk. III microwave generator (EMS Ltd., 
Wantage), using a reIIected-power meter (EDT Ltd., London S.W.6) connected in series between the generator 
and cavity to allow the lamp/cavity assembly to be tuned to minimum reflected power. Radiation from the source 
w%+s focused into the graphite-tube atomixer by a biconvex calcium Ruoride lens (25 mm diameter, 50 mm focal 
Length). The radiation emerging from the atomizer was then brought to a Focus on the entrance slit of a f -metre 
vacuum grating monochromatot (Rank Precision Instruments- Margate, U.K.) by a similar calcium fluoride lens. 
The optical path was formed from glass tubing (25 mm id.) placed between the source and graphite atomizer and 
between atomizer and monochromator entrance slit; this path was maintained under a slightly positive pressure 
of oxygen-free nitrogen. The I-metre vacuum monochromator had a reciprocal linear dispersion of 1.6 nm/mm 
andwas operated in conjunction witha rotary roughin~b~cking pump and an oil diffusion pump. While pressures 
ofless than ltY3 mm Hg are possible with this arrangement the operating pressure employed m this work was 
cct. @ 1 mm Hg; this is suf%cient to provide good transmission of radiation at the wavelen~bs employed. An EMI 
62563 end-window photomuitiplier tube with a 50 mm diameter silica window was attached to the mono- 
chromator at the exit siit by a rubber Q-ring seal so that a vacuum-tight seal was obtained at the slit. The photo- 
multiplier tube was operated with a Brandenburg model 47SR EHT unit at the voltage which gave the best signal: 
noise ratio with the light levels available (1620V). The photomultiplier output was led to a low-noise amplifier 
(Brookdeal type 450, Brookdeal Electronics Ltd., Berks.. England) and phase-sensitive detector (Brookdeal type 
411) and a model DM64 oscilloscope (Telequipment Ltd., U.K.). 

Moulton of the radiation From the EDL source was achieved by means of a rotatrng sector placed between 
tk s/Q-wave cavity and the lens. The rotating sector chopped the light beam at 285 Hz; the sector also provided 
a referena vaitage for operation oE the phase-sensitive detector. The rotating sector was also purged with 
nitrogen. 

The graphite-tube atom cell employed is shown in Fig. 2 and is similar to that described by Dagnall, Johnson 
and West.’ A graphite tube (high-purity grade) of 6 mm o.d., and 4 mm i.d. and 20 mm in length was machined 
from graphite rod (Ringsdorf Company Ltd.). A sample introduction port was provided by a 2 mm hole drilled 
through the wall of&e tube. The graphite tube was supported by a graphite split-ring at each end and the assem- 
bly was then retained by two stainless-steel L-shaped holders_ One holder was secured to a stainless-steel support 
column and the second rested on a second column and was earthed t&a a length of copper braidmg attached 
to the base of the unit. One holder was thus allowed to “float” to simplify the alignment procedure and prevent 
fractures in the graphite tube owing to its expansion on heatmg. Roth support columns were water-cooled. 
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Fig. 2. (a) Graphite-tube furnace assembly. 
(h) Detail of construction of graphite tube and holders. 

The graphite tube was heated electrically; power was supplied via a Variac transformer (20-A, Claude Lyons 
Ltd., Liverpool. U.K.) and a large power transformer (rating 10 kW, Foster Transformers Ltd., London S.W.19) 
to provide 10 V and up to 450 A across the furnace. The entire cell unit was maintained under a constant flow 
of oxygen free nitrogen by means of a glass housing fitted with a removable cover to allow the sample to be 
transferred to the tube, and calcium fluoride windows to permit transmission of the source radiation. The atom- 
cell was nitrogen-purged by a supply separate from that used for the optical system, so that the flow-rate could 
be adjusted without affectmg the transmrssion of the optical path. Sample solutions (10 ~1) were transferred to 
the graphite tube by Eppendorf micropipette. 

RESULTS AND DISCUSSION 

Operation of iodine EDL source 

The relationship between emission intensity and applied microwave power for the 
iodine electrodeless discharge-lamp source was studied at both the 183-O and 178.2 nm 
iodine resonance lines. The variation in line emission intensity at 183-O nm with microwave 
power is shown in Fig. 3; the curve obtained at 178.2 nm was similar. The decrease in in- 
tensity with increasing applied power reflects the increasing temperature attained in the 
resonant cavity with increasing applied power and subsequent condensation of the iodine 
onto the cooler wall of the EDL, not contained in the cavity. The discharge was difficult 
to sustain at less than 10 W. At between 10 and 15 W the emission intensity remained rela- 
tively constant. The absence, of a well-defined region at low power in which the discharge 
can be maintained and where the emission intensity changes rapidly with variation of 
applied microwave power (i.e.. the power curve has a steep positive slope) results in inabi- 
lity to modulate the radiation electronically. As shown in Fig. 3, if modulation is applied 
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Fig. 3. Variation of emission intensity at 183.0 nm from iodine EDL source with applied micro- 
wave power. 

at the 10-15 W applied-power level the resulting radiation exhibits only a small a.c. com- 
ponent. Mechanical modulation of the source intensity at 285 Hz with a rotating sector 
as described above was therefore empioyed. For the determination of iodine by AAS the 
power to the EDL source was maintained at 10-12 W; this power was found to give the 
best signal: noise intensity ratio at both resonance lines. 

Operation of graphite-tube furnace for the determination of iodine 

The optimum operating conditions for the determination of iodine with the graphite- 
tube furnace and instrumental assembly described, were established oia atomization and 
measurement of the peak absorbance obtained at 183.0 nm with 10 ~1 aliquots of aqueous 
potassium ammonium iodide solution. Figure 4a shows the variation in absorbance at 
183.0 nm for 2 ppm of iodine with variation in voltage applied across the graphite-tube 
furnace. All measurements were made with an applied voltage of 8.5 V. Figure 4b shows 
the variation in absorbance at 183.0 nm with flow-rate of nitrogen in the furnace chamber. 
A nitrogen flow-rate as high as 15 l./min may be used before any decrease in absorbance is 
detected in the atomization of 10 ~1 of a 2-ppm iodine solution (potassium iodide). Above 
this flow-rate, cooling and dilution effects are observed and the peak absorbance de- 
creases and becomes less reproducible. When a nitrogen flow-rate of less than 0.5 l./min 
is used the purging time required between samples and between the drying and atomiza- 
tion steps is lengthened considerably. A flow rate of 1 l./min was maintained in all further 
work. 

The exit and entrance slits of the monochromator were set at 30 pm (spectral band pass 
0.05 nm) and a photomultiplier EHT voltage of 1620 V was employed. These settings were 
found to give optimum signal:noise and signal: background intensity ratios. The photo- 
multiplier output was led to the amplifier, which was adjusted to produce a signal for the 
phase-sensitive detector such that its d.c. output voltage was 1OV at 100% transmission. 
The variable time-constant of the phase-sensitive detector was optimized to produce the 
best signal:noise ratio without distortion of the analytical signal by overdamping. The 
value of the time-constant used was 100 msec (bandwidth 3 Hz). 
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Fig. 4. (a) Variation of absorbance at 1830 nm for 10 ~1 of 2 ppm iodide solution with voltage 
applied across graphite tube. 

(b) Variation of absorbance at 183.0 nm for 10 ~1 of 2 ppm iodide solution with flow-rate of 
nitrogen in atomizer chamber. 

AAS characteristics of iodine in the graphite-tube furnace 

With the optimum operating conditions established calibration graphs for iodine ato- 
mic absorption at 183-O nm were constructed the samples being introduced as aqueous 
solutions of potassium iodide, ammonium iodide and potassium iodate. Calibration graphs 
of identical slope and linear range were obtained in each case; 10 ~1 samples produced 
calibration graphs linear up to 6 ppm and the sensitivity (for 1% absorption) was 0.04 pprn, 
i.e., 4 x lo- lo g. For the 178.2 nm iodine resonance line the sensitivity (for 1% absorp- 
tion) was found to be better by a factor of two, i.e., 002 ppm in a 10 ~1 sample. This corres- 
ponds to an absolute detection limit of 2 x lo-” g. Although higher sensitivity is 
obtained at 178.2 nm the recorded emission intensity from the source is lower at this line 
than at 183.0 nm, so the precision of measurement is lower and a similar practical detection 
limit of 2 x lo- 9 g is observed. The absorption signals recorded were wholly atomic in 
nature; no non-specific absorption from aqueous samples solutions was observed at the 
179.9, 184.4 and 187.6~nm iodine non-resonance lines from the source when 10 ~1 aliquots 
of 20 ppm iodide solutions were atomized. 

Efict offoreign ions 

In many sample types in which the determination of traces of iodide is of interest the 
predominating inorganic species present from the matrix are salts of the alkali metal and 
alkaline earth ions. Thus, for example. in biological and botanical samples, foodstuffs and 
water, large excesses of sodium and potassium (and frequently calcium and magnesium) 
are present. After sample pretreatment to destroy organic matter by wet oxidation, these 
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Table 1. Effect of common inorganic salts on iodine absorption 

Salt Concentration 
studied ratio, 

MX MX: iodide 

183.0 tztn 

Change in Increase in Absorbance 
absorbance, % absorbance 184.4 nm 

NaCl 
1:i: 

0 0 0 
+25 o-05 0.05 

KC1 

Na,SO.+ 

NaNOs 

loo: 1 
1OOO:l 

1:l 
10: 1 

100: 1 
1000: 1 

1:l 
IO:1 

100: 1 
1cQo: 1 

1:l 
10: 1 

loo:1 
1000: 1 

+100 0.22 022 
100% abs6rption of radiation at each line 
0 
0 

8 0 
0 

-640 O-10 0.10 
loo”/, absorption of radiation at each line 

8 : 0 0 
+40 0.10 0.10 

100% absorption of radiation at each line 
0 0 0 
0 0 

+15 0.03 i.03 
+200 040 0.40 

Na,HP04 1:l 0 0 0 
10: 1 +25 0.05 0.05 

100: I 
1000: 1 

+75 0.15 0.15 
100% absorption of radiation at each line 

ions may be present in conjunction with one or more common anions such as chloride, 
sulphate, nitrate or phosphate. The effect on the iodine determination of different weights 
of several common inorganic salts likely to be present after sample pretrea~en~ has been 
investigated. The effect of these salts on the absorbance recorded for 10 4 aliquots of 2- 
ppm potassium iodide solution (20 ng of iodide) at 183.0 nm is shown in Table 1. The inter- 
ferences recorded were all positive. This effect may be attributed wholly to non-specific 
absorption at the 183-O nm line by molecular species such as NaCl. This was demonstrated 
by measurement of the absorption at the nearby iodine 184.4 nm non-resonance line for 
similar sample solutions. In each case the same absorbance was obtained at this line as 
that at the 183.0 nm resonance line for blank solutions containing only the salt investi- 
gated, and this was the same as the increase in absorbance recorded at this wavelength 
for iodide solutions when the foreign salt was added. It is therefore possible to correct for 
the non-specific absorption interference observed in the presence of moderate con- 
centrations of the salts investigated, by subtraction of the absorbance obtained at 184.4 nm 
from that at 183-O nm. In the presence of lo-fold w/w quantities of most of the salts stud- 
ied, however, virtually complete absorption of incident radiation at both wavelengths is 
obtained and such a correction cannot be made. In the presence of a lOOO-fold amount 
of sodium nitrate, however, it was possible to record absorption signals at both wave- 
lengths, and correct for non-specific background absorption. This relative transparency 
obtained with nitrate is possibly due to more complete atom~ation of this salt under the 
conditions employed. Conversion of alkali metal salts into the nitrates before atomization 
would thus be preferable in methods developed for examination of biological and botani- 
cal samples. As nitrate may be employed in many sample pretreatment procedures for the 
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oxidative degradation of organic material, this conversion might be accomplished without 
complication. 

Conclusion 

The graphite-tube atomizer reported here can provide an efficient atom-cell for the di- 
rect determination of nanogram amounts of iodine by atomic-absorption spectrosyopy at 
183.0 nm. Though non-specific absorption interference is encountered from moderate 
amounts of simple inorganic salts, the iodine 184.4 nm non-resonance line may be 
employed for its correction. 
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Zusammenfassung-Die direkte Bestimmung von Jod durch AAS an seinen Resonanzlinien bei 
183.0 und 178,2 nm wird beschrieben. Es wird eine Atomquelle aus einem kleinen Graphitrohr, 
eine elektrodenlose Entladungslichtquelle und ein Vakuum-Monochromator verwendet. Die 
besten Bedingungen zur Bestimmung von Jod wurden ermittelt; eine ahnliche Empfindlichkeit 
wird erhalten. wenn man Jodtd- oder Jodatproben untersucht. Mit 10 ~1 waBriger Liisung 
wurden Empfindlichkeiten (fur 1 y0 Absorption) von 4 x lo-” und 2 x lo-” g J bei 183,0 bzw. 
178.2 nm erzielt; bei beiden Linien betrug die Nachweisgrenze 2 x lo-’ g. Unspezifische 
Molektilabsorption haufig vorkommender anorganischer Ionen stiirt bei der Bestimmung; sind 
mlRige Mengen gewohnlicher Salze anwesend, dann kann man mit der Jodhnie bei 184,4 nm 
ohne Resonanzcharakter dafur korrigieren. 

Rhumiz-On decrit le dosage direct de I’iode par spectromttrie d’absorption atomique avec ses 
raies de resonance 183.0 et 178.2 nm en utilisant un petit atomiseur a tube de graphite, une 
lampe a dicharge sans electrode comme source et un monochromateur sous vide. On a Ctabli les 
conditions optimales pour le dosage de l’iode; une sensibilite similaire est obtenue quand on 
examme des Cchantillons d’rodure ou d’iodate. Avec des tchantillons de 10 ~1, on a obtenu des 
sensibilites (pour 19, d’absorption) de 4 x 10-r’ g et 2 x lo-” g de I a 183,0 et 178,2 nm 
respectivement; on a observe une hmite de detectron de 2 x lo-’ g pour les deux raies. 
Labsorption moleculaire non specifique des sels mineraux communs provoque une interference 
dans le dosage: la raie de non-resonance a 184,4 nm peut etre employee pour tenir compte de 
cette interference quand des quantites mod&es de sels communs sont presentes. 
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Zusammenfassung-Die Anwendung der katalysierten Oxydation von Brompyrogallolrot durch 
Peroxodisulfat zur Besttmmung von Silber wird diskutiert. In wal3riger Losung kann man 0.5 bis 
10 fig/ml, bei Anwendung von LlO-Phenanthrolin als Aktivator 1 bis 13 ng/ml bestimmen. Durch 
Kombination einer Solventextraktion mit anschliebender katalytischer Bestimmung des in dte 
organische Phase extrahierten Silbers lll3t sich die Bestimmung such in Gegenwart von 2OOpg 
Fe(III), Co(II) und Pb(I1) durchfiihren. Mit Hilfe einer mechanisierten Variante der Simultankom- 
parationsmethode kann die Bestimmung noch empfindlicher (0,2-20 t-&ml) gestaltet werden. 

Die Anwendung katalytischer Reaktionen zur quantitativen Spurenanalyse wird 
gegenwartig intensiv untersucht. lg2 Bis jetzt sind mehr als 250 analytisch genutzte Reak- 
tionen zur Bestimmung von etwa 45 Elementen bekannt. Bisher wurden vor allem kataly- 
tische Redoxreaktionen studiert. Sie sind sehr empfindlich, die Nachweisgrenzen liegen 
gewohnlich zwischen lo- 1 und 10m4 ppm. 

Der allgemeine katalytische Zyklus, der bei solchen Redoxreaktionen h&fig beobachtet 
wird, kann durch folgende Gleichungen wiedergegeben werden: 

Red + MC”+ ‘) -P P + M”+ (la) 

M”+ + Ox +M(“+i) + Q (lb) 

Red+Ox +P +Q (14 
(Red Ox = Reagenzien der Redoxreaktion; P, Q = Reaktionsprodukte) 

Silberionen konnen dann als Katalysatoren fur Redoxreaktionen in Losung wirken, wenn 
ein Oxydationsmittel gefunden wird, das Ag(1) zu Ag(I1) oxydieren kann (Gl. lb), und mit 
dem Substrat nach Gl. 1 c dagegen praktisch nicht reagiert. Persulfat ist ein typischer Oxy- 
dant dieser Art, wie bereits beim Vergleich der Standardoxydationspotentiale der Redox- 
paare S,OZ,-/SO:- (2,05 V) und Ag(II)/Ag(I) (1,98 V) zu sehen ist. Die Ag(II)-Ionen rea- 
gieren in einer schnellen Reaktion (Gl. la) mit dem Substrat. Die reduzierte Form des 
Katalysators tritt dann wieder in den Reaktionszyklus ein. Als Substrate ftir solche Umset- 
zungen sind aromatische Amine, Phenole sowie organische Farbstoffe geeignet. 

Wir untersuchten systematisch eine Reihe metallochromer Indikatoren (Eriochrom- 
schwarz T, Brompyrogallolrot, Xylenolorange und Murexid) auf ihre Eignung als Substrate 
fur katalytische Redoxreaktionen. Dabei erwies sich das Brompyrogallolrot (BPR) fur eine 
katalytische Silberbestimmung mit Persulfat als Oxydationsmittel als besonders geeignet. 
Brompyrogallolrot gehort zur Reihe der Oxytriphenylmethanfarbstoffe, die bisher in der 
Katalymetrie nur wenig untersucht wurden. 

581 
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A: pH = 1,65; B: pH = 545; C: pH = 3,25; D: pH = 4,lO; E: Oxydationsprodukt. 

BPR wird im Verlaufe der Oxydation entfiirbt, so daD der Reaktionsverlauf photome- 
trisch verfolgt werden kann. Die Absorptionsspektren von BPR bei verschiedenen pH- 
Werten und das Absorptionsspektrum des Oxydationsproduktes sind in Abb. 1 dargestellt. 

Der allgemeine katalytische Zyklus (la und lb) kann im untersuchten konkreten Fall 
wiedergegeben werden durch: 

BPR + S,O;---tP + 2SO:- (2) 

Diese Reaktidn ist thermodynamisch miiglich, aber kinetisch stark gehemmt. Fiir die 
katalysierte Reaktion gilt: 

BPR + Ag2’+P + Agf (schnell) (3) 

2Agf + S,Oi--+2SO:- + 2Ag2+ (schnell) (4) 

Die unkatalysierte Reaktion (Gl. 2) kann jedoch mit mel3barer Geschwindigkeit ablaufen 
(hohe Blindwerte), wenn durch Dissoziation Sulfatradikale entstehen. 

s2 0; - + 2*so; (5) 

Ein Mechanismus unter Beteiligung von Ag3+ -Species ist nach Angaben der Literatur 
wenig wahrscheinlich.3*4 

Im allgemeinen ist die ErhGhung der Reaktionsgeschwindigkeit bei redox-katalysierten 
Reaktionen durch Silber nicht sehr grol3, so daB Analysen im Nanogrammbereich nicht 
miiglich sind. Die Nachweisgrenzen dieser Reaktionen liegen bei 10m4 bis IO- ’ g/ml. Man 
kann jedoch die Empfindlichkeit von katalytischen Bestimmungsmethoden durch Aktiva- 
toren steigern, wodurch die Geschwindigkeit einer katalysierten Reaktion weiter erhijht 
wird.s 

Besonders geeignet als Aktivatoren fiir katalytische Silberbestimmungen nach einem 
Redox-Mechanismus sind stickstoffhaltige Chelatbildner, die durch Komplexbildung die 
Oxydationsstufe II des Silbers stabilisieren und das Standardoxydationspotential des Sys- 
tems Ag(II)/Ag(I) erniedrigen. So fanden Scrocco et al., 6 da13 das Standardoxydationspo- 
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tential des Systems Ag(II)/Ag(I) durch Anwesenheit von 2,2’-Dipyridyl auf 1,453 V im 
Vergleich zu 1,914 V in 2M Salpeterdure bzw. 2,00 V in 4M Perchlorsaure herabgesetzt 
wird. Von verschiedenen Autoren’-lo wurden bereits Vorschliige zur Anwendung stickstoff- 
haltiger Liganden als Aktivatoren angegeben. 

Der Verlauf katalytischer Reaktionen wird durch Fremdionen oft empfindlich gestort. 
Dieser StbrioneneinfluD hat bisher die praktischen Einsatzmoglichkeiten von kataly- 
tischen Bestimmungsmethoden beschrankt. Aktivatoren erhijhen zwar die Empfindlich- 
keit eines analytischen Verfahrens, verbessern aber in der Regel die Selektivitat des Ver- 
fahrens nicht. Es besteht aber die Miiglichkeit, die Silberionen durch eine Solventextrak- 
tion von den Storionen abzutrennen und dann als Katalysator einzusetzen. Urn die Emp- 
findlichkeit des Verfahrens weiter zu erhohen und urn eine Rationalisierung (Mechanisie- 
rung) der Bestimmung vornehmen zu kiinnen, kann eine mechanisierte Variante der von 
Bognar ’ ’ vorgeschlagenen Simultankomparationsmethode angewendet werden. 

Geriite 
EXPERIMENTELLER TEIL 

Alle Glasgerite,wurden durch konzentrierte Salpetersiiure und mehrfaches Sptilen mit destilliertem bzw. bides- 
tilliertem Wasser gereinigt. 

Als Gerltekombination zur Registrierung der Extinktions- (bzw. Durchllssigkeits-) Zeit-Kurven wurde ein 
Spektralphotometer “Spekol” (VEB Carl Zeiss Jena, DDR) mit MeBansatz “EK 5” in Verbindung mit einem 
Kompensationslinienschreiber “EZ 31” (Laboratorni Ptistroje N.P., Praha, Petfiny) aufgebaut. Der Kuvettenan- 
satz ist thermosmtierbar und kann Kiivetten der Schichtdicken 0,l bis 5 cm aufnehmen. Der Lampenstrom fur 
das Spektralphotometer wird ttber eine Wechselspannungsregler “Statron 220/0,45” (PGH Statron Fiirstenwalde, 
DDR) stabilisiert. 

Zur Mechanisierung der Silberbestimmung wurde eine Geriitekombination (Blockschaltbild siehe Abb. 2) ver- 
wendet. Kernstuck der Apparatur ist der MeDansatz “EK 5-Ant” zum “Spekol” (VEB Carl Zeiss Jena, DDR), 
dessen Kurvenscheibe iiber eine Getriebewelle vom Standard-Kompensationsschreiber “G 1 B 1” (VEB Carl 
Zeiss Jena, DDR) angetrieben wird und so den automat&hen Ktivettenwechsel in einem wahlbaren Zyklus (in 
unserem Fall aller 30 Sekunden) vornimmt. Der Photostrom wird im Standardkompensationsschreiber ver&rkt 
und registriert. 

Als ReaktionsgefaBe wurden entweder dreischenklige GlasgefilDe mit Schliffstopfen oder hydrophobierte 
Reagenzglaser verwendet. Bei der mechanisierten Variante kam eine Startpipette zum Einsatz. 

Reagensien zur Silberbesrimmung in wtijriger Liisung 

Falls nicht anders angegeben, wurden alle Losungen mit bidestilliertem Wasser aus Chemikalien der Remheit 
p.A. angesetzt. 
Brompyrogallolrof lo-“M wiiBrige Losung. (Die Losung ist ca. 2 Wochen bestindig.) 
K2S208, lo- ‘M wal3rige Losung. (Diese Losung ist t;iglich frisch herzustellen.) 
Acetatpuffer (pH = 4.62). 
l,lO-Phenanthrolin, lo- ’ M (Zur Herstellung der Lijsung wird das Monohydrat in Wasser suspendiert und bis 
zur vollstlndigen Aufliisung mit Salpetersaure verse&t und dann mit Wasser aufgefrillt.) 
Salpeterslure, 0,lM. 
Silbernitrat-Losung. Aus einer Stammlosung (1 mg/ml) wurden kurz vor jeder Bestimmung salpetersaure Unter- 
suchungslosungen geringerer Konzentration hergestellt. 

Startpiprtte 

7 
Gefriebe Schreiber 

’ kacten / GI 81 

Abb. 2. Blockschaltbild der Gerltekombination zur Simultankomparationsmethode. 
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Zur Ermittlung des Storioneneinflusses wurden Stammlosungen (Metall-Gehah 1 mg/ml) verschiedener 
Metalle in Form ibrer Chloride oder Nitrate hergestellt. 

Reagenzien zur Silberbestimmung nach Extraktion 

Extraktionsreagenrien 
Brompyrogallolrot, lo-*M, in I”/ger, wiiDriger AmmoniumacetatloBung. (Die Losung ist 5 Tage haltbar.) 
l,lO-Phenanthrolin, 10m3M. 
ADTA, OJM, (Die Llisung wird in einer Polyiithylentlasche autbewahrt.) 
Ammoniumacetat, 2o/Jge., wiiorige L&sung. 
Kaliumnitra~ loo/gee, w%Brige L&sung. 
Nitrobenzol, reinst, im Vakuum fraktioniert destilliert. 

Beitimmungsreagemien 
Bromnvroaailolrot 5 x lo-*M. in Dioxan-Wasser-Gemisch II : 1 v/v). 
K2S2&, CIM, in Dioxat+Was&r-Gem&h (1: 1 v/v). ~ ’ ’ 
l,lq-Phenantbrolin, OJM. 
Salpetersiiure, O,l@. 
Dioxan, rein, mit Atzkali am RtickfluB gekocht und fraktioniert destilliert. 

Bestimmung der Katalysatorkonzentrdon 

Von den experimentell m&lichen Methoden zur Bestimmung der Katalysatorkonzentration1z~‘3 wiihlten wir 
die Einpunktmethode der ‘Yixierten Konzentration”, bei der die Zeit t gemessen wird, die fur eine bestimmte 
Konzentrationsanderung (Ax) des Indikatorstoffes erforderlich ist. 

Die Kataiysatorkonzentration ([Cl) kann in diesem Fall nach der Beziehung 

[C] h l/At ftir Ax = const. 

ermittelt werden. Aus den registrierten Extinktions-Zeit-Kurven wurden durch Extrapolation ftir t = 0 die Aus- 
gangsextinktionen ermittelt und dams die Zeit best&m< die erforderlich war, urn zur HPlfte der Ausgangsextink- 
tion zu gelangen. 

Silberbestimmung in w@riger Ldsung ohne Aktivutor 

Man gibt 0.2 ml BPR-Losung, 3 ml K&Os-L&sung, die SilberprobenlSsung und 5 ml Acetatpuffer in ein 
dreischenkliges Reaktionsgefi mit Schliffstopfen, ergiinzt mit Wasser auf IOml und thermostatisiert 20 
Minuten bei 25,0 f 41”. Nach dieser Zeit wird gemischt und die Stoppubr gedrtickr. Einen Teil der Reak- 
tionsmischung Rillt man in eine S-cm Ktivette und beginnt mit der Registrierung bei t = 500 nm. Die Nullinie 
wurde vorher gegen eine L6sung, die alle Reagenzien auger BPR enth& eingestellt. 

Silberbestimmung in w@riger Lhung mit I,lO-Phenanthrolin als Aktivator 

Es wird 1 ml K&O,,-L6sung in den einen, I ml BPR-Losung in den zweiten und 1 ml I,lO-Phenanthrolin- 
ISsung, die Analysenliisung (l-5 ml) sowie 1 ml HNOs in den dritten Schenkel des ReaktionsgefUes gegeben. 
Die Saloetertiure dient zum Einstellen des nH-Wertes auf 2.0. Mit Wasser wird das Reaktionsvolumen auf 10 ml 
ergiinzi Das Reaktionsgefiig wird nun 20 Minuten bei 25.0 & 0.1” thermostatisiert und dann 30 Sekunden krtitig 
geschtittelt. Die Reaktionsmischung kommt anschliei3end sofort in eine I-cm Kiivette und wird bei 1= 500 nm 
vermessen. Als Abgleich dient ein Reaktantengemisch ohne Farbstoff. Zur Ermittlung des Blindwertes verftihrt 
man ebenso. 

Extraktionsverfahren 

Die Extraktion wurde nach Angaben der Literatur I4 durchgeftihrt (zur Maskierung der Storelement verwen- 
deten wir 2 ml ADTA-Losung). Die organische Phase wird in einen IO-ml Megkolben abgelassen, die wiigrige 
Phase mit wenig Nitrobenzol nachgesptilt und mit Nitrobenzol bis zur Eichmarke aufgefiillt. Diese Losungen 
behalten ihre voile katalytsiche Aktivitiit mehrere Stunden. 

Silberbestimmung nach Extraktion 

Es wird 1 ml K,SsO,-Llisung in den einen, 1 ml BPR-Losung 7 ml Dioxan und 1 ml Analysenliisung (Nitro- 
benzolphase) in den zweiten und 1 ml I,lO-PhenanthrolinUsung sowie 1 ml HNOs in den dritten Schenkel des 
ReaktionsgefaBesgegeben. Nach 30-mintitigenThermostatieven bei 25.0 f 0.1” wird geschiittelt und die Stoppuhr 
gedrtickt. Das Reaktionsgemisch wird ineiner I-cm Ktivette mit Deckel (sonst Schlierenbildung durch Verdunsten 
des Losungsmittels) bei 1 = 540 nm photometriert. 
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Abb. 3. Beispiel einer Silbetbestimmung mit det Simultankomparationsmethode. 
BPR 5,1O_sA4; K2S,0s 0,OlM; l.lO-phen 0,OlM; pH = 20. [Ag]: 1: 0,5ng/ml; Silber 2: 

1.0 ng/ml; 3: 1.5 @ml; B: Blindwett. 

Mechanisierte Variante der Simultankomparationsmethode 

Bei der von Bognar entwickelten Simultankomparationsmethode wird die der unbekannten Katalysatotkon- 
zenttation entsprechende unbekannte Reaktionsgeschwindigkeit vetglichen mit den Geschwindigkeiten einer 
Reihe von “Standatdreaktionen” mit bekannten Katalysatorgehalten untet gleichen._Bedingungen. Bei Anwen- 
dung dieser Methode sind aber wegen det visuellen Verfolgung det Reaktion groBe Andetungen det Fatbinten- 
sit&en und mehrete Antitze zur Bestimmung der Katalysatotkonzentration etfordetlich. Man kann jedoch die 
Reaktion photometrisch vetfolgen und mit einem gesteuerten Ktivettenwechsel intermittietend mehtete Ptoben 
messen und dte analoge Registrietung des Extinktionsverlaufes iibet det Zeit auswerten. 

Eine Getltekombination nach dem in Abb. 2. gezeigten Blockschaltbild etmoglicht eine Mechanisierung der 
Simultankomparationsmethode und durch die Registrierung der Extinktions-Zeit-Kurven such eine Objekti- 
vierung der Auswettung. Da gleichzeitig 4 Bestimmungen gestartet werden und dann untet gleichen Bedingungen 
ablaufen ertibrigt sich ein Thermostatisieten wlhrend des Reaktionsvetlaufes, wenn nicht erhiihte Tempetatuten 
zur Reaktionsdutchftihrung notwendig sind. WIhlt man nun 3 Standatdteaktionen (Ptoben mit bekannten Sil- 
bergehalten) und als vierte Probe die Analysenliisung kann man durch einen einzigen Vetsuch die unbekannte 
Katalysatorkonzentration etmttteln. 

Ein weiterer Vorteil liegt darin, da13 man die Reaktion tiber einen langeren Zeitraum (bis zu 30 Minuten und 
Ianget) unbeobachtet ablaufen und durch die Registrietung det Extinktion tiber die Zeit eine Ttendvetfolgung 
votnehmen kann (siehe Abb. 3.). Die Blindreaktion liauft in allen vier A&&en untet den gleichen Bedingungen 
ab und la& sich so weitestgehend eliminieren, was auf die Steigetung det Empfindlichkeit von Nutzen ist. 

ERGEBNISSE UND DISKUSSION 

In wal3riger Losung lassen sich ohne Aktivator nach der oben beschriebenen Methode 
Silberspuren von 0.5 bis 10 pg/ml mit einer relativen Standardabweichung von maximal 
11,5x bestimmen. Da die damit erreichte Empfindlichkeit noch unbefriedigend war, unter- 
suchten wir zur Erhohung der Empfindlichkeit die Aktivatorwirkung von folgenden 12 
Komplexbildnern auf die katalytische Silberbestimmung: Triithanolamin, Triathylamin, 
sr-Aminopropionslure, Iminodiessigslure. Nitrilotriessigdure, Athylendiamintetraessig- 
s&ire. Pyridin. Pyridin-2-carbonslure. Pyridin-3-carbons&ire, Athylendiamin, 2,2’-Dipyri- 
dyl und l.lO-Phenanthrolin, 

Dabei erwiesen sich besonders Athylendiamin, 2,2’-Dipyridyl und l,lO-Phenanthrolin 
als geeignet. Zwischen der Wirksamkeit der Aktivatoren und ihrer Stellung in der spek- 
trochemischen Reihe’ 5 gibt es einen direkten Zusammenhang. 
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Diese Ergebnisse stehen in voller Ubereinstimmung mit Untersuchungen anderer 
Autoren i.iber die Aktivatorwirkung stickstoffhaltiger Liganden bei redox-katalytischen 
Silberbestimmungen. ‘-lo Die weiteren Untersuchungen wurden mit l,lO-Phenanthrolin 
als Aktivator durchgef~~t. 

Die Abh~ngigkeit &r Reaktio~ge~hwindigkeit von der Aktivatorko~entration wird 
in Abb. 4. gezeigt. Ersichtlich ist ein starker Anstieg der Reaktionsgeschwindigkeit der 
katalysierten Reaktion bis zu einer Konzentration von 5 x 10e3M l,lO-Phenanthrolin, 
bei hiiheren Aktivatorkonzentrationen wlchst such die Geschwindigkeit der unkataly- 
sierten Reaktion. Die Differenz zwischen katalysierter und unkatalysierier Reaktion ist 
jedoch im untersu~hten Bereich bei einer Ko~en~ation von 10v2M am gr613ten. Diese 
Konzentration wurde such fiir die S~berb~ti~ung gewiihlt. 

0,16 

.z 0‘12 
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c at10 

:: 
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Abb. 4. Abhiingigkeit der Reaktionsgeschwindigkeit von der Aktivatorkonzentration. 
BPR I x 10-4A4; K2S20s 0,OlM; pH = 20. p = katalysierte Reaktion (Ag 43 &ml); 
-A-A- = unkatalysierte Reaktion; - -Cl- = Differenz zwischen katalysierter und un- 

katalysierter Reaktion. 

Als geeignetste Welle~~nge zur Verfolgung der Ko~entration des Ind~atorstoffes 
(BPR) wurden 500 nm eingestellt. Bei dieser WellenlInge ist die Absorption der gelb- 
lichgrtinen Oxydationsprodukte (P) unbedeutend, und das BPR hat bei dieser Wellenlange 
einen isosbestischen Punkt, so dag sich geringe Schwankungen im pH-Wert auf die 
Anfangsextinktion (t = 0) nicht wesentlich bemerkbar machen (siehe Abb. i.). Als opti- 
maler Arbeitsbereich wurde ein pH-Wert zwischen 1,9 und 2,2 ermittelt, der dureh Zugabe 
von Salpeters%.tre bei jeder ~stimmung eingestellt wurde. Die Eichkurve verlluft unter 
den angegebenen Bedingungen in einem Ag-Konzentrationsbereich von 1 bis 13 ng/ml 
linear (Tabelle 1.). 

Die statistische Auswertung aller Daten nach der Methode der linearen Regression auf 
dem Kleinrechner “Cellatron 82-05” ergab: 

Geradengieichung fiir die Eichkurve: y = 0,0152x + 40388 (y in Min- i, x in ng/ml) 

Korrelationskoefiizient: 0,986 

Gesamtstandardabweichung: s = 0,0118 Min- ’ 



Katalytische Bestimmung von Silberspuren 587 

Tabelle 1, Abhlngigkeit der reziproken Zeit von 
der Katalysatorkonzentration in Gegenwart von 

l,lO-Phenanthrolin 

Silber, ng/ml Reziproke Zeit, Min- ‘* 

O,OO 0.0403 
1,07 0,0536 
2.15 0,0702 
4.30 0.1060 
6.45 0,1344 
8.63 0.1724 

lo,80 0,2069 
12,90 0.2319 

* Mittelwerte aus 10 Messungen. 

Die relativen Standardabweichungen liegen zwischen 21% (Ag 407 ng/ml) und 5% (Ag 
12.9 ng/ml). Eingegeben wurden die reziproken Zeiten von 80 Bestimmungen im Ag-Kon- 
zentrationsbereich von 0 ng/ml (unkatalysierte Reaktion) bis 129 ng/ml. 

Der Stiireinflul3 von Fremdionen wurde bei Anwesenheit des Aktivators sowohl fiir die 
katalysierte wie fiir die unkatalysierte Reaktion untersucht. Die Silbergehalte der kataly- 
sierten Reaktionen betrugen bei den Messungen 8,6 ng/ml. Der Reaktionsverlauf zeigte 
dann im Vergleich zu Reaktionen ohne Fremdionen, ob eine Beeinflussung vorhanden war 
und ab welcher Konzentration die Stijrung auftritt. 

Aus Tabelle 2 ist zu entnehmen, da13 insbesondere Fe(III), Co(I1) und Pd(I1) die Bestim- 
mung storen. Urn diesen StiireinfluD zu verringern, wurde eine Kombination von Solvent- 
extraktion mit einer anschliefienden katalytischen Bestimmung des in die organischen 
Phase extrahierten Silbers getestet. 

Tabelle 2. Auftritt von Storeffekten ver- 
schiedener Fremdionen bei der kataly- 
tischen Silberbestimmung (8,6 ng/ml) mit 

l,lO-Phenanthrolin als Aktivator 

Maximale Konzentration. 
St&ion Wl//Jlif 

Ni(I1) 
Cu(I1) 
Co(I1) 
Fe(II1) 
Au(II1) 
Pd(II) 
Cd(I1) 
RhtIII) 
P#V) 
Mg(II) 
vo2+ 
Pb(I1) 
Zn(I1) 
Hg(I) 

15 
10 
031 
0.07 
45 
42 

200 
6 

30 
300 

100 
50 
098 

Die unkatalysierte Reaktion wird von 
denselben Konzentrationen gestort, mit 
Ausnahme von Blei, wo Storungen 
schon bei 25 pg/ml auftreten. 
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Wie von Dagnall et ~l.‘~*” angegeben, IHDt sich Silber in Form des Komplexes (I. lo- 
phen-Ag-l,lO-phen):BPR2- mit Nitrobenzol in Gegenwart von #DTA als Maskierungs- 
mittel extrahieren und dabei u.a. von Fe(III), Co (II) und Pd(I1) abtrennen. Diese Extrak- 
tionsmethode sollte deshalb recht giingstig sein, weil als Reagenzien zur Komplexbildung 
gerade die Substanzen eingesetzt werden (l,lO-Phenanthrolin, BPR), die such bei der 
eigentlichen katalytischen Bestimmung Verwendung finden. Da Nitrobenzol mit Wasser 
nicht mischbar ist, mu&e ein Liisungsvermittler eingesetzt werden. Als giinstigste 
Gem&he erwiesen sich Dioxan-Wasser-Mischungen. 

Ein Trocknen der Nitrobenzolphase nach der Extraktion mit Atznatron fuhrte zum Ver- 
lust ‘der katalytischen Aktivitat des Silbers schon nach wenigen Minuten und wurde 
deshalb nicht angewendet. 

Ein Vergleich der mit Hilfe eines Rechenprogrammes statistisch behandelten Daten im 
Ag-Bereich von 0 bis 1 ;cg/ml zeigt, da13 es moglich ist, Silber in Anwesenheit von ADTA 
als Maskierungsmittel von den angefiihrten Stijrionen mit Nitrobenzol abzutrennen und 
Silber dann direkt in der organ&hen Phase katalytisch zu bestimmen. 

Die Ausgleichsrechnung mit einem linearen Ansatz liefert in Abwesenheit von Stiirionen 
folgende Geradengleichung: 

y = 0,000370~ + 0,038 (y in Mitt-‘, x in ng/ml) 

Gesamtstandardabweichung: s = 0,023 Min- ’ 

Korrelationskoeflizient : 0,986 

in Anwesenheit von je 200 pg Fe(III), Co(I1) und Pd(I1): 

Geradengleichung: y = 0,000385x + 0,018 

Gesamtstandardabweichung: s = 0,026 Min- 1 

Korrelationskoefiient: 0,984 

Eingegeben wurden die Dreifachbestimmungen bei sieben verschiedenen Konzentra- 
tionen. 

Die katalytische Bestimmung von Silber in Dioxan-Wasser-Mischungen ist mit einem 
Verlust an katalytischer Aktivitat gegeniiber Bestimmungen in w;iBriger Losung ver- 
bunden. 

Mit Hilfe der von uns als “mechanisierte Variante der Simultankomparationsmethode” 
bezeichneten Technik konnen Silberionen im Bereich von 92 bis 20 ng/ml bestimmt 
werden. Durch Anwendung dieser Technik ist es such miiglich, die katalytische Bestim- 
mung nach Extraktion des Silbers mit Nitrobenzol empfindlicher zu gestalten. 

Diese von uns angegebene Variante katalytischer Bestimmungen sollte sich tiberall dort 
als recht giinstig erweisen, wo sich durch schwankende Zusammensetzung der zu untersu- 
chenden Proben der Blindwert der Reaktion Sindert. Durch Kombination der vorgeschla- 
genen Technik mit der Additionsmethode konnen recht optimale Bedingungen kataly- 
tischer Bestimmungsverfahren such zum Einsatz in der industriellen Analytik geschaffen 
werden. 
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Summary-The application of the catalysed oxidation of Bromopyrogallol Red by potasstum per- 
sulphate for silver determination is discussed. In aqueous solution silver concentrations of 0% 
1 pg/ml can be determined and l-l 3 ngjml m the presence of l,lO-phenanthroline as activator. In 
combination with solvent extraction, catalytic determination of the extracted silver is possible even 
in presence of 200 pg of iron(III), cobalt(H) and palladium(H). By means of an automatic variant 
of the simultaneous comparison method a more sensittve determination (0.2-20ng/ml) was 
achieved. 

R&sum&On discute de I’apphcation de l’oxydation catalys&e du Rouge de Bromopyrogallol par 
le persulfate de potassium pour le dosage de I’argent. En solution aqueuse. on peut diterminer 
des concentrations en argent de 0.5-l pgg/mL et 1-13 pgg/mI en la presence de l,lO-phenanthroline 
comme activeur. En combinaison avec l’extraction par solvent le dosage catalytique de l’argent 
extrait est possible mEme en presence de 209 pg de fer(III), cobalt(H) et palladium(H). Au moyen 
dune variante automatique de la methode de comparaison simultanbe. un dosage plus sensible 
(0.2-20 ngiml) a ett rtalisi. 
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Summary-The performance of short drop-time a.c. polarography has been examined in detail. and 
found to be better than that for natural drop-times in almost every respect. Uncompensated resis- 
tance terms are smaller and potentlostat stability is improved. In addition. faster potential scan- 
rates and more rapid data acquisition are possible. A variation of the drop-time over at least three 
orders of magnitude IS possible and this, coupled with excellent mstrumental performance, should 
offer consIderable scope in studies of electrode kinetics. 

Alternating current polarography generally consists of superimposing an alternating 
potential at a given frequency onto the d.c. potential. After electronic filtration of the d.c. 
current. the recording of the alternating current., or a quantity related to this, as a function 
of d.c. potential, provides the polarogram used in analytical and kinetic investigations. 

The importance of both the a.c. and the d.c. components has been recognized, but to 
date the drive towards improving instrumentation and other aspects of the a.c. technique 
has concentrated largely on the a.c. component.1-5 On the other hand the deliberate use 
of the equivalent d.c. function, the drop-time, has been relatively neglected. 

Brown et aL6*’ showed that polarographic instrumental ideality can be realized over a 
wide range of frequencies. They demonstrated that the a.c. frequency can profitably be 
varied over three or more orders of magnitude. The time scale and performance of a.c. 
polarography are of course governed independently by both the d.c. term (the drop-time) 
and the a.c. term (the frequency). However, to a large extent the drop-time has remained 
in the same range in the a.c. experiment as in d.c. polarography (2-8 set) and has not yet 
been subjected to large and deliberate variations aimed at improving the scope of a.c. 
methods. 

Recently, Bond and O’Halloran’ showed that the use of short drop-times does not inva- 
lidate existing d.c. or a.c. theory, provided the drops are dislodged mechanically at con- 
trolled time intervals. For these conditions the theory applicable to the shori drop-time 
is approximately that applicable to the natural drop-time, from which it is derived. 

The use of short, controlled, drop-times in a.c. polarography has received some atten- 
tion, mainly in analytical applications,’ where the feature of interest has been the fast d.c. 
potential scan-rate. This work has mainly been done at low frequencies with measurements 
based on total alternating currents. However, certain other advantages became apparent 
recently, lo when phase-sensitive detection at variable frequency was introduced. This work 
suggested that short drop-time polarography should be further investigated. 

With the short controlled drop-time technique, drop-times can now be varied over three 
or four orders of magnitude from tens of seconds to milliseconds.“*‘* Variation of both 
drop-time and frequency, should give new scope to a.c. polarography, as exemplified in 

this paper for both analytical and kinetic investigations. Improvements in instrumentation 
are also discussed. 

591 
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EXPERIMENTAL 

All chemicals used were of reagent grade purity. 
All solutions were temperature-controlled at 25 + 0.1” and degassed with argon for 15 min before the polaro- 

grams were recorded. 
All phase-selective a.c. polarograms were recorded with the PAR Electrochemistry System Model 170 (Prince- 

ton Applied Research Corporation, New Jersey). 
Controlled drop-times of 5, 2, 1 and 05 set were achieved with PAR Drop Timer Model 172. The circuitry 

is readily modified to give controlled drop-times down to 50 msec. Controlled drop-times of 0.32 028. 0.24. 0.20 
and 0.16 see were obtained with the Metrohm Polarographic Stand E354. 

In aqueous media a silver-silver chloride (in 5M sodium chloride) reference electrode and a tungsten wire auxi- 
liary electrode were used. In acetone, two identical silver-silver chloride (@lM lithium chloride; acetone) refer- 
ence electrodes connected to the test solution via a salt bridge filled with O*lM tetraethylammonium perchlorate, 
served as the reference and auxiliary electrodes. 

The positive-feedback circuit, used in conjunction with the potentiostat was installed and used as recom- 
mended by the manufacturer, Princeton Applied Research Corporation. 

All phase-selective measurements were made either in phase with the applied alternating potential or 90” out 
of phase. The applied alternating potential and frequency used in the a.c. measurements are given in the text 
and figures. 

Total alternating current polarograms were recorded with the Metrohm AC Modulator E393 used in conjunc- 
tion with the Metrohm Polarecord E261. This system was converted into a 3-electrode system as described else- 
where.13 

RESULTS AND DISCUSSION 

Minimization of eflects attributable to ohmic losses 

The general importance of resistance effects in a.c. polarography has been recognized 
for a long timeie3 and considerable research directed towards their elimination or minimi- 
zation. 

Resistance effects in any polarographic technique are mainly manifested as an ohmic 
potential loss (iR-drop). In a.c. polarography, the iR-drop problem introduces many insi- 
dious effects which restrict the nature and scope of kinetic and analytical applications. 
Apart from being the source of the inability of normal phase-sensitive a.c. polarography 
to discriminate completely against the charging current, it is also responsible for the non- 
linearity of analytical calibration curves and considerable distortion of wave shapes. 

The first endeavours to decrease iR-drop effects in a.c. polarography were logically dir- 
ected towards decreasing the effective cell resistance (impedance). Thus, reference elec- 
trodes with a low effective resistance, specially constructed dropping-mercury electrodes 
of low resistance, and the incorporation of Luggin probes have been suggested for use in 
ac. polarography.3 

Recently, numerous schemes, mostly based on electronic methods, have been put for- 
ward for reducing the sources of ohmic potential loss in many voltammetric and polar- 
ographic procedures. Among the most successful has undoubtedly been the application 
of the three-electrode potentiostat - 3 7*14-36 which removes many of the sources of iR-drop 
in the common polarographic methods, but not all. 3.5,18,19-22,32*36 Additional electronic 

circuitry to eliminate the remaining uncompensated resistance in phase-sensitive a.c. 
polarography has been presented by Hayes and Reilley.2 ’ A method of general applicabi- 
lity has been suggested by Booman and Holbrook in which an additional positive-feed- 
back loop is incorporated into the three-electrode potentiostat.” 

Whatever the operating conditions, however, uncompensated resistance terms are pres- 
ent, and may place limitations or restrictions on a.c. polarography. Previous work” sug- 
gested that under one particular set of conditions ohmic losses were less important with 
short controlled drop-times than with the natural drop-time. The present study confirms 
this. 
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General theory 

The net uncompensated ohmic losses in any electrochemical equipment are a product 
of current and resistance terms. That is, the product of the current and resistance terms 
as the drop-time decreases will determine the magnitude of the iR-loss. 

A useful approximation arises from the nature of the rapid polarographic method. The 
short drop-time is achieved by mechanically tapping the capillary at a selected time early 
in the growth period of the mercury drop. The resulting flow-rate of mercury is close to that 
for the natural drop-time. The current-time curve recorded in the manner for the entire 
short drop-time. is then equivalent to the first portion of the curve for the natural drop- 
time. 

In a.c. polarography. a small a.c. potential is superimposed on the d.c. potential and 
both a.c. and d.c. currents flow through the polarographic cell. Hence in considering ohmic 
S-drop effects both the a.c. and d.c. components must be considered. 

The magnitude of the alternating current, l(m), depends on several variables, including 
the nature of the electrode process, the applied alternating potential AE, the frequency w, 
the concentration of depolarizer C, and the area of the electrode A. 

A general result, however, is that 

Z(m) cc AC AEf(o)f(B) (1) 

wheref(o) is a function of frequency andf(0) is a function of the phase angle.3 
Assuming the mercury drop to be spherical, which will be a good approximation with 

capillaries of internal radius between O-017 and 0.2 mm 3’ allows calculation of the area 
of the drop for any instant during its growth.38 The expression to be used is 

A = ().85m2/3t2/3 (2) 

where 111 is the mercury flow-rate (g/set), r the time of mercury drop-growth (set) and A 
the instantaneous area of the drop at time t (cm’). From equations (1) and (2) it follows 
that Z(ot) increases with the growth of the mercury drop, showing a dependence on t213. 
Much of the theory for a.c. polarography has been derived for measurements made at the 
end of the drop-life3 and maximum currents are normally used. This procedure will be 
adopted in this discussion and t will be taken as the drop-time. From equations (1) and 
(2) it follows that the ratio of the faradaic current for natural drop-time, I(@,,,. to that 
for rapid drop-time Z(o&,p., under a chosen set of conditions and the same flow-rate of 
mercury for both experiments, is given by 

C~(wr),,,.llC~(ot),,,.l = CtnJlC~r~,p.12~J 

This relationship was verified for the peak current (I,) of several electrode processes and 
the considerable decrease in I(&) or I, with increasing drop-time was confirmed. 

The total alternating current is given by the vectorial sum of both faradaic and charging 
currents. At high frequencies the charging-current contribution, I,. can become significant 
and may need to be considered in a discussion of iR effects. The charging current is given 
by the expression 

I, = AE WC,, cos(ot) (4) 
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where C,, is the capacitance of the double layer. Since 

C,,, cc A CC t213 

the charging current shows the same drop-time dependence as the faradaic current and 
the total alternating current will therefore also show a dependence on t2’3. 

An extremely important result from equations (l)-(5) is that the ratio of a.c. faradaic 
to a.c. charging current is independent of drop-time. This is an important feature of short 
drop-time a.c. polarography, because it implies that the use of short drop-times is not 
al&ted by unfavourable ratios of charging to faradaic current. This was confirmed by ex- 
periment over the drop-time range 5-0.05 sec. In contrast, the charging to faradaic current 
ratio becomes less favourable with shorter drop-time in d.c. polarography2vi0 and this is 
a limiting factor in the use of short drop-time d.c. polarography. 

The uncompensated resistance of the electrochemical cell needs to be considered. The 
dependence ofthis term on drop-time will depend on the experimental arrangement.36*39*40 
If a simple two-electrode system is used, the total resistance, including that of the reference 
electrode, solution, and DME, etc. will be uncompensated. Under these conditions con- 
tribution of resistance terms varying with drop-time will depend on the exact nature of 
the experiment. However, with a three-electrode potentiostat system with or without 
positive-feedback circuitry, the uncompensated resistance terms are derived mainly from 
the solution resistance between the DME and the auxiliary electrode and the resistance 
of the DME itself. The uncompensated resistance is then expected to be dependent 
on drop-time. In the limiting case, assuming the appropriate equations to be valid for 
very short drop-times, it can be shown that the uncompensated resistance R varies in- 
versely with the radius of the DME, r:=’ 

RK l/r (6) 
and since, 

r ci PI3 (7) 

R cc t-l” (8) 
in this limiting case. 

The uncompensated resistance was measured over the drop-time range of 5-0.05 set 
with a three-electrode system, and the predicted increase of resistance with decreasing 
drop-time was confirmed. 

Since the alternating current shows dependence on t2’3, the ohmic iR-drop should be 
dependent on drop-time raised to a power between the limits l/3 and 2/3, and it follows that 
though the uncompensated resistance increases with decreasing drop-time, the iR-drop de- 
creases. That is, when uncompensated resistance is significant, the rapid a.c. method 
should be less affected by this parameter. 

The absolute magnitude of l(ot) is also important in a discussion of ohmic losses. At 
high frequencies I(m) obviously increases and iR-losses must then be more important. In- 
deed it is well known3 that the upper limit of usable a.c. frequency is governed by the mag- 
nitude of the iR-drop. Thus short drop-times should extend the accessible frequency range 
of a.c. polarography. 

The d.c. current 

The d.c. current, although not measured because it is filtered out, also needs to be consi- 
dered. Its magnitude can be considered to be the same as in the absence of the superim- 
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posed alternating potential, and hence the diffusion current, i,, is related to d.c. polar- 
ographic parameters by the IlkoviE equation, 

id 
= k*nCD’12m2/~t”6 (9) 

where k* is a constant. 
Thus id decreases only as t’@ and the d.c. iR-drop is therefore expected to depend on 

the drop-time raised to a power between i/6 and - l/6 depending on the instrumentation 
used. The variation of the iR-drop with drop-time is therefore not particularly marked. 
Thus resistance effects are far more severe on the a.c. component than the d.c., and particu- 
larly with a three-electrode potentiostat d.c. ohmic loss can in general be considered neg- 
ligible. 

PRACTICAL ASPECTS 

Three-electrode, phase-selective a.c. polarography at highfiequency 

Because ohmic losses are more severe at higher frequencies, the upper frequency limit 
is governed by the ability of the apparatus to minimize iR-losses. One important conse- 
quence of iR-drop is that it invalidates the use of simple theoretical phase-angle relation- 
ships between the faradaic and charging current components, both to each other and to 
the applied alternating potential. 

Ideally, the charging current should be 90” out of phase from the input alternating 
potential, and measurement of the in-phase component should provide faradaic currents 
unencumbered by charging-current contributions. Ohmic losses however, cause departure 
from this relationship. 

Figure 1 shows a series of in-phase a.c. polarograms of Cd(I1) in IA4 hydrochloric acid 
at 1000 Hz, recorded at natural drop-time and at controlled drop-times of 5, 2, 1, and O-5 
set, under the same conditions. 

volts. YS. Ag/Ag Ct 

-0.5 -0.7 -0.5 -0.7 

Volts VS. Ag /Ag Cl 

Fig. 1. Mmimization of resistance effects m a.c. polarography by decreasing the drop-time. 
PAR Model 172 Drop Timer. [Cd] 3 x 10m4M in 1M hydrochloric acid. Three-electrode poten- 

tiostat system used wtthout positive-feedback circuitry, AE = 10 mV, frequency 1 kHz. 
(4 

Drop Time. hec 
fb) (4 (4 (4 

Natural 5 2 1 05 
Scan-rate. mV.!sec 1 1 2 5 IO 
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Drop Time = 0.32 set 

I 
IO /LA 

-0.5 -0.7 

Drop Time = 0.24 set 

Drop Time =0.16 set 

-0.5 -0.7 -0.5 -0.7 

Volts vs. Ag /Ag Cl 

Fig. 2. Minimization of resistance effects in a.c. polarography by using short controlled drop-times. 
Metrohm Drop Timer. [Cd] 3 x 10e4M in 1M hydrochloric acid. Three-electrode potentiostat 

system used without positive-feedback circuitry. AE = IO mV. frequency 1 kHz. 

The natural drop-time polarogram clearly has a considerable charging-current contri- 
bution to the in-phase component. The controlled drop-time polarograms clearly show 
the decreasing ratio of charging to faradaic current as the drop-time is shortened. 

Figure 2 shows a.c. polarograms of the same Cd(I1) solution at even shorter drop-times. 
At 016-set drop-time, the contribution of the charging current is negligible and the beha- 
viour is close to ideality, in agreement with theory. 

Figure 3 shows that the positive-feedback circuit can be used to eliminate most of the 
charging current and achieve similar ideality to that in the short drop-time experiment 
and this verifies that the charging current in the experiments shown in Figs. 1 and 2 arises 
from uncompensated resistance effects present even with a three-electrode a.c. polaro- 

graph. 
From these observations it is apparent that the operative capacity of any phase-sensi- 

tive, three-electrode a.c. polarograph can be improved considerably by using short con- 
trolled drop-times, especially the upper frequency limit. Indeed any form of a.c. polarogra- 
phy operated without 100% iR-compensation can be substantially improved by using 

(a) 3 electrode (b) 3 electrode with 
t feedbackl circuitry 

-0.4 -0.5 -0.6-0.7 -0*4-O+ -0.6 -0.7 

Volts vs. Ag/Ag Cl 

Fig. 3. Application of positive-feedback circuitry to eliminate resistance effects with natural drop- 
time a.c. polarography. 

Metrohm Capillary. [Cd] 3 x 10e4M in IM hydrochloric acid. AE = 10 mV. scan-rate 2 mV/sec, 
frequency I kHz. 
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shorter drop-times. FOT the analyst this is an a~~j~~~~~~ bonus to the use of considerably 
faster scan-rates. 

Three-electrode U.C. polarography, positive-feedback circuitry, and high-resistance non- 
aqueous solvents 

Figure 4 shows that the positive-feedback circuitry is as applicable to controlled drop- 
time a-c. ~olaro~a~hy of the Cd(B) system as it is to the natural drop-time polarography= 
However, with any positive-feedback circuit there is always a limit to the magnitude of 
ohmic S-drop effects than can be compensated.‘8 

(0) (b) 
3 electrode 3 electrode 

with feedback wrthout feedback 

Fig. 4. Appiication of positive-feedback cwxitry to controIIed drop-time a.c. polarography, 
PAR Drop Timer. [Cd] 3 x 10m4A4 in I M hydrochloric acid. AE = 10 mV, scan-rate 10 mV/%%, 

frequency 1 kHr, drop-time 0.5 sec. 

Figure 5 shows ax. polarograms recorded at natural drop-time with a three-electrode 
system both with and without positive-feedback circuitry for the electrode process 

Na+ + e;r;: Na(amalgamf fl@ 

in the high-resistance solvent O+OlM tetraethylammonium perchlorate in acetone. This is 
a quasi-reversible a.c. electrode process with reversible d-c. charge-transfer. In a high-resis- 

W 3 ElecSrode 

(bl 3 electrode 
with feedbock 

ti 
-1.4 -1.6 -1.8 -2.0 

Volts VS. Ag/AgCI 

Fig. 5. Natural drop-time a.c. pdarography m high-resistance ngn-aqueous solvents. 
Metrohm tipdiary. Reduction of sodilrm in acetone. Frequency 300 Hz &Z = 10 mV. 
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fig. 6 

(b) 
3 electrode 

with feedback 

-1.4 -1.6 -1.8 -2.0 

Volts YS. Ag/Ag Cl 

Fig. 6. Short controlled drop-time a.c. polarography in high-resistance non-aqueous solvents. 
Metrohm Drop Timer. Reduction of sodium in acetone. Controlled drop-time = 0.24 sec., other 

conditions identical with those for Fig. 5. 

tance non-aqueous solvent uncompensated resistance effects are naturally extremely 
severe. The polarogram obtained at natural drop-time is highly distorted. Even with the 
positive-feedback circuitry being used to its maximum compensating capacity, 100% iR- 
compensation’is not achieved, as shown in Fig. 5. Figure 6 shows the equivalent a.c. polar- 
ograms obtained at a drop-time of 0.24 sec. Without the positive-feedback circuitry, the 
distortion due to ohmic losses is not nearly as severe as before. With positive-feedback 
circuitry and short drop-times, the distortion is removed. 

Two-electrode a.c. polarography 

Many a.c. polarographs used for analysis are of the two-electrode variety, where no iR- 
compensation is provided, and could benefit from the short drop-time technique. The PAR 
Electrochemistry System used in this work is readily adapted to the two-electrode mode. 
Figure 7 shows that two-electrode high-frequency polarography at short controlled drop- 
times is easily interpreted, which is certainly not the case under the usual operating condi- 
tions. 

-0.4 -0.5 -0.6 -0.7 -0.6 

Volts vs. Ag/Ag Cl 

Fig. 7. High-frequency two-electrode a.c. polarography at short controlled drop-time. Conditions 
as for Fig. 4. 
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20 

t 

Natural drop 
-time 

/ 

/‘I’- 

Cd CH) in O-5 M No Cl O4 

0 2 4 6 6 IO 

[Cd], Mx IO4 

Fig. 8. Improved linearity of calibration curves obtained in a.c. polarography by usmg short 
drop-times. 

Metrohm polarographic system. Frequency = 50 Hz. Applied alternating potential = 50 mV. 
r.m.s. 

Considerable curvature in calibration curves commonly occurs in two-electrode a.c. 
polarography. Figure 8 shows a comparison of an analytical calibration curve under 
natural and controlled drop-time conditions; the difference is a direct consequence of dif- 
ferences in ohmic losses. The same considerations apply to three-electrode systems, par- 
ticularly in non-aqueous solvents, and linear calibration curves are to be expected over 
wider concentration ranges with short drop-time a.c. experiments. 

Potentiostat and DME stability 

One further possible problem with high-frequency a.c. polarography is that it can induce 
difficulties associated with potentiostat instability. Examination of the theory2’ predicts 
that the shorter drop-time, with its associated low double-layer capacity, should in fact 
lead to an increase in stability. This has also been observed experimentally. 

Similarly, examination of current-time curves shows that under many operating condi- 
tions the noise level is lowest early on in the drop-life and maximal late in the drop-life. 
Thus rapid polarographic measurements are frequently made at a point in the drop-life 
where noise is at a minimum. In general it would appear that rapid polarographic 
measurements are made under the most favourable conditions of both potentiostat and 
DME stability as well as with minimum ohmic losses. 

Conclusions 

The present work has shown that with the use of short drop-times in a.c. polarography 
every aspect studied is either improved or is at least as good as with natural drop-times. 
Previous work**” has established that standard theory can be used with the technique. 

In addition to its obvious advantages in analytical applications, the wide variation of 
the drop-time (the d.c. term) will undoubtedly assist in kinetic studies, especially on sys- 
tems perturbed by subsequent chemical reactions, inhibition by adsorption, or maxima. 
Preliminary measurements of the second harmonic of the a.c. polarogram have shown that 
this technique will also benefit from the use of short controlled drop-times. 
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Zmmmmasfasamg-Die Leistungsf%igkeit der Wechselstrompolarographie mit kurxer Tropfzeit 
wurde im einxelncn untersucht und in fast j&r Hinsicht der mit natilrlicher Tropfxeit ilberlegen 
gefunden. Die unkompensierten Widerstandsanteile sind kleiner und die Stabilitit des Potentio- 
staten wird verbcssert. Ferner ist ein schnellerer Potentialvorschub und schnellere Datenerfassung 
mdglich. Eine Btnderung der Tropfxeit iiber wenigstens vier GroBenordnungen ist miiglich; dies, 
xusammen mit einer hervorragenden Leistung des Geriits, sollte bei elektrodenkinetischen Unter- 
suchungen erheblichen Spielranm bieten. 

R&me-On a examine en d&ail la performance de la polarographie en courant alternatif a 
court temps de gout@., et on l’a trouvCe Ctre meilleure que celle pour les temps de goutte naturels 
a presque tous les points de vue. Les termes de resistance non cornpens& sont plus petits et la 
stabhit du potentiostat est arneliorte. De plus, des vitesses d’exploration de potentiel plus rapides 
et une acquisition plus rapide des donn&s sont possibles. Une variation du temps de goutte 
sur au moins quatre ordres de grandeur est possible et ceci, combine a l’excellente performance 
instrumentale, devrait offrir une port&e considerable darts les etudes de cinetique d’electrode. 
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SHORT COMMUNICATIONS 

DETERMINATION OF LEAD IN STAINLESS STEEL BY 

ATOMIC-ABSORPTION SPECTROSCOPY 

(Received 7 September 1973. Accepted 29 December 1973) 

The methods of determination of traces of lead in carbon and stainless steels are mainly based on polaro- 
graphiclm4 or calorimetric techniques.5-7 The methods are time-consuming and difficult to carry out as a result 
of the complicated separations necessary for the elimination of interfering elements. Atomic-absorption spectro- 
metry, owing to its selectivity and rapidity, eliminates most of these difficulties. 

Atomic absorption has already been apphed for the determination of lead in different grades of carbon steels,8*9 
but the method has been found tedious in the case of stainless steels, lo.” because the large quantities of alloying 
elements make it necessary to separate the lead, either by solvent extraction” or ion-exchange.” The laborious- 
ness of these operations reduces the inherent advantages of the atomic-absorption technique. 

In this work, an atomic-absorption method for traces of lead is described, which is shorter although it still 
requires solvent extraction of the iron. 

Apparatus 
EXPERIMENTAL 

A Perkin-Elmer atomic-absorption spectrophotometer model 403 was used with a lead hollow-cathode lamp 
run at 30 mA. A wavelength of 283.3 nm and a bandpass of 0.7 nm were used. A standard Perkin-Elmer premix 
burner was used with the air-acetylene ratios recommended by Perkm-Elmer. rotameter readings 60 and 40, 
respectively. A6 x scale-expansion was used. 

Reagents 

Starzdard solution of lead (100 ppm). Dissolve 0.1598 g of Pb(NO& in water and dilute to 1000 ml. 
Standard soluttorl oflead (10 ppm). Dilute the 100 ppm standard tenfold. 
All the reagents were analytical-reagent grade. 

Method 

The sample is placed in a 250 ml beaker (1 or 2 g according to whether the lead content is greater or less 
than 25 ppm), and 30 ml of aqua regia are added. The beaker is heated with care, and when the reaction is com- 
plete, the solution is cooled and filtered, after which the filtrate is evaporated to dryness. The residue is taken 
up with 50 ml of 6.7 M hydrochloric acid transferred to a separating funnel and extracted with 50 ml of methyl 
lsobutyl ketone. (In the case of a 2 g sample, the extraction is repeated.) The aqueous phase is transferred to 
a 250 ml beaker which is then placed on a hot-plate and I5 ml of mtric acid are added. When the reaction is 
over, 25 ml of perchloric acid are added and heating is continued until white fumes of perchloric acid are given 
off; the solution becomes red. Hydrochloric acid is added dropwise, until the red fumes of chromyl chloride cease 
to be given OK. The solution becomes green. Heating is continued until white perchloric fumes are given off, and 
the treatment with hydrochloric acid is repeated. This operation must be repeated until the formation of the 
red colour on heating to fuming and the giving off of red fumes on the addition of a drop of hydrochloric acid 
are no longer noted. 

The residue IS allowed to cool. the salts are taken up with 25 ml of hydrochloric acid (1 + 41 the solution 
is filtered mto a standard flask (50 ml) and made up to volume with hydrochloric acid (1 + 4) before atomic- 
absorption measurement. 

Calibration curve 

The calibration curve IS determmed by adding different quantities (O-20 ml) of the dilute solution of lead to 
1 or 2 g of lead-free stamless steel (according to the lead content to be determined) and proceeding according 
to the method. 

Inrerfererrces 

The determination of lead at the il0 ppm level in stainless steels by atomic absorption with an air-acetylene 
flame IS not subject to Interferences of a chemical nature. ” There are. however, interferences of a physical nature, 

601 
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Table I. Typical composition of the samples analysed 

Composition. 9, 

Sample C Si Mn P S Cu Cr Ni V MO Co Ta Nb 

BCS 334 0.079 0.45 085 0.012 0.022 0.10 
BCS 335 0.093 0.67 0.94 @018 O-023 0.11 
BCS 336 0.083 051 081 0.020 0.023 0.11 
BCS 337 0.081 050 0.87 0.016 0.018 0.10 

CSM 4 0.560 0.51 1.45 0.030 0.014 - 
CSM 5 0.560 052 1.45 CO30 0.014 - 
CSM 8 0,560 0.52 1.45 0.030. C-014 - 

25.60 
18.45 
1760 
17.80 

18.45 
18.45 
18.45 

2060 0.04 - 
9.47 O-04 - 
9.48 0.03 2.43 
9.52 0.02 - 

860 - 0.22 
860 - 0.22 
860 - 0.22 

0.052 - - 
0.034 00017 - 
0.063 - - 
0.034 0.048 1.02 

- - <@Ol 
- - <@Ol 
- - <OOl 

due to the presence.in the solution to be examined by large quantities of dissolved salts. In this context, the inter- 
ferences due to iron, chromium, nickel and molybdenum have been taken into consideration for the analysis 
of stainless steels. 

As the solution drawn into the flame must not contain more,than 1-2 g of sample per 100 ml of solution, 
since higher concentrations cause disturbance of the measurements, it is necessary to separate the iron. Among 
the methods tried for the extraction of iron, the most promising was that using methyl isobutyl ketone, but it 
did.not allow the separation of nickel and chromium. The presence of these two elements still made a precise 
determination of lead impossible, and in addition, the interference effect could not be correlated with the con- 
centration of these elements in the solution. Chromium was therefore eliminated by means of volatilization as 
chromyl chloride,” and the interference due to nickel was found to be practically independent of the nickel 
concentration within the range encountered in stainless steels. To control this interference, it is thus sufficient 
to construct the calibration curve by use of a stainless steel free from lead. 

Up to 25% of molybdenum in the steel does not interfere. 

DISCUSSION AND CONCLUSIONS 

The method proposed was checked on a series of standard BCS stainless-steel samples, and on a synthetic 
sample prepared in the laboratory by adding quantities of nickel and chromium (corresponding to their average 

Table 2. Results obtained for lead 

Sample 
Value certified Value found Deviation 

% % % 

BCS 334 OQOll 0.0010 
BCS 335 oGO15 0.0014 
BCS 336 o.ooo7 OQOO6 
BCS 337 0*0012 O*OOlO 

BCS 326 + 20% Cr + 0.014 0.0147 
+ 10% Ni 00149 

0.0149 
0.0150 

-9 
-67 

-14 
-16 

+5 
+ 6.4 
+64 
+ 7. I 

CSM 4 00020) 0.0019 -5 
0.0022 +10 
0002 1 +5 
0.002 1 +5 
00318 -10 

CSM 5 (0.0125) 00132 
0.0120 
0.0127 
0.0122 
0.0119 

CSM 8 (OGO50) 0.0057 
PO054 
oGO55 
0.0052 

+ 5.6 
-4.0 
+ 1.6 
-2.4 
-4.8 

+ 14. 
+8 

+10 
+4 
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contents in statnless steels) to BCS 326 (carbon steel). The analysis was also extended to some samples produced 
at the CSN for the calibration of the “Quantometer”.‘4 and standardized by means of a polarographic method.’ 

The compositton of the samples IS shown in Table I. and the results in Table 2. The experimental results are 
m sattsfactory agreement wtth the certified values. The estimated standard deviations are f I.6 ppm at the 20 
ppm level and i 5.4 ppm at the I25 ppm level. 

The method may be considered quite rapid (it takes about 3 hr) compared with the methods already given 
in the literature. In addition, m contrast to the methods based on solvent extraction of the lead and subsequent 
determination by atomic absorption, it has the advantage of having the lead in aqueous medium when the 
measurements are made. The disturbances often encountered when working with organic solvents such as alipha- 
ttc ketones are thus avoided. 

The removal of the chromium, which considerably reduces the amount of solids dissolved in the solution, 
allows reduction of the final volume, and a consequent lowering of the detection limit. 

Centro Sperimentale Mettalurglco 
Rome, I/la di Caste/ Romano, Italy 

M. DAMLANI 
M. G. TAMBA 

M. CATANO 
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Summary-A method has been developed for the determination of lead in stainless steels by 
atomic-absorption spectrometry after removal of iron by solvent extraction and volatilization of 
chromium as chromyl chloride. The method proposed is suitable for the determination of lead in 
the range from 5 to 100 ppm. 

Zusammenfassuag-Ein Verfahren zur Bestimmung von Blei in rostfreiem Stahl wurde entwickelt. 
Es beruht auf Atomabsorptionsspektrometrie nach Entfemung des Eisens durch fltissigfitissig- 
Extraktion und Verfhichtigung von Chrom als Chromylchlorid. Das vorgeschlagene Verfahren 
eignet sich zur Bestimmung von Blei im Bereich 5-100 ppm. 

Resume-On a Clabore une mtthode pour le dosage du plomb darts les aciers inoxydables par 
spectromttrre d’absorption atomtque apres elimination du fer par extraction par solvant et 
volatilisation du chrome a l’etat de chlorure de chromyle. La methode proposee convient pour 
le dosage du plomb dans le domaine de 5 a 100 ppm. 
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PHASE-TITRATION ANALYSIS OF TERNARY MIXTURES 

CONTAINING MUTUALLY MISCIBLE COMPONENTS 

(Received 25 July 1973. Revised 28 November 1973. Accepted 21 January 1974) 

Phase titrations have been used for many years to analyse a variety of binary liquid mixtures composed of organic 
solvents.‘-3 Although the methods have had only sporadic use in the past, detailed studies of the technique in 
general have been made by Rogers and 6zsogomoyan4 who have applied the technique to over 100 binary sys- 
tems. Siggia and Hanna5 were the first to use the technique for the analysis of single-phase ternary mixtures 
containing two mutually immiscible components. In their method, one of the components was determined inde- 
pendently. A separate sample was then titrated with one of the mutually immiscible components until a turbidity 
appeared. The composition of the sample was then computed from the ternary phase diagram for the particular 
system. Recently, Suri ‘*’ developed procedures for the analysis of single-phase ternary mixtures containing two 
mutually immiscible or partially miscible components, entirely by phase titrations. 

In the present communication, a method for the analysis of ternary mixtures of mutually miscible components 
is described. It involves the determination of one of the components by an independent chemical or physical 
means, followed by adjustment of its concentration to a fixed value by addition of a calculated amount of one 
of the components. The resultant mixture is then titrated to a turbidimetric end-point with a titrant that is immis- 
cible with at least one of the components of the ternary mixture, and the composition of the sample is computed 
from a calibration curve. 

THEORY 

Consider a mixture of A, B, and C, which are completely miscible with each other over the entire composition 
range. A titrant, T, is selected such that it is immiscible (or partially miscible) with one component e.g., A, but 
miscible with both the others. The binodal curves for the ternary mixtures A-B-T and A-C-T will look like 
Fig. 1. Binary mixtures ma& up of A and B or of A and C can thus be analysed by phase titration with T.s 
For the analysis of these mixtures, the titration value as a function of binary composition yields calibration curves 
of the type shown in Fig. 2. 

Fig. 1. Ternary liquid-liquid miscibility diagram for the systems A-ET and A-C-T. 
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Fig. 2. Calibratton curves for the analysis of binary mixtures of A and B, and A and C titrated 
with T to a turbidimetric end-point. 

The two curves (Frg. 2) have a tendency to converge as the bmary composition approaches pure A. If instead 
of titrating binary mixtures of A and B or A and C with T, we titrate a ternary mixture of A, B, and C with 
T. the trtration value will fall in the area between the two calibration curves and is a function of the composition 
of the ternary mixture. i.e.. 

C-U = fiCAlLWL~1~. (1) 

Since the summation of the three components must be 100% at the beginning of the titration, [T] is a function 
of only two of the variables on the right-hand side ofequation (1) and hence the locus of the amount of T required 

C’ 
Intcneetillg plane to life 

lublltty surface at 60% B 

ColM7tion curve for 

Fig. 3. The solubility surface for the ternary mixture A-EC titrated with T. 
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to produce a turbidimetric end-point, as a function of the composition of the ternary mixture being titrated. IS 
a three-dimensional surface of the type shown in Fig. 3. where the two calibration curves of Fig. 2 lie on the 
AA’C’C and AA’B’B planes respectively. The Z-axis represents the amount of titrant. T. required to cause tur- 
bidity. Since both B and C are completely miscible with T only a part of the solubility surface is shown. The 
two calibration curves on the AA’C’Cand AA’B’B planes and hence the solubility surface for the system A.B.C.T 
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means, or if the two components other than the one being determined by independent means are immiscible 
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Table 1. Experimental data for calibration curve at 30°C 
Solutions of benzene-methyl alcohol-acetic acid titrated with water 

55% w/w acetic acid 65% w/w acetic acid 75”; w/w acetic acid 

% w/w 
9.46 

14.11 
18.74 
23.31 
27.84 
32.33 
3677 
41.18 
44.62 

- 

T’ 
0641 
O-423 
0.307 
0.237 
0.193 
0.155 
0,129 
0.105 
0.093 

- 

Benzene, 
% w/w 

3.70 
7.37 

Il.02 
14.63 
18.23 
21.80 
25.34 
28.85 
32.34 
34.8 1 

T* 
1.458 
0805 
0.529 
0.380 
0.306 
0247 
0.211 
0.180 

Benzene, 
% w/w 

5.12 
7.66 

IO.19 
12.70 
15.22 
17.71 
20.18 
22.66 
25.00 

T’ 
0.943 
0.676 
0.498 
0409 
0.328 
0.280 
0.238 
0.205 

0151 
0.132 - 

0.178 
- 

Solutions of benzene-toluene-acetic acid titrated with water 
55% w/w acetic acid 75% w/w acetic acid 

Benzene, 
“/, w/w 

0.00 
4.58 
9.15 

13.72 
1828 
22.84 
27.39 
32.02 
36.50 
41.03 

T* 
0.063 
0.065 
00665 
00685 
0.0705 
0.0715 
0.0735 
0.076 
0,079 
0084 

Benzene, 
% w/w 

OGG 
2.56 
5.03 
7.55 

10.06 
12.50 
15.08 
17.59 
20.10 
2440 

T* 
0.131 
0.1355 
@I41 
a145 
0.151 
0.156 
0.161 
0.1665 
0.172 
0.182 

T* = ml of water required to produce turbidity in I 
g of ternary mixture. 
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EXPERIMENTAL 

The method described is illustrated for the analysis of ternary mixtures composed of ~nzene-methanol-attic 
acrd and benzene-toiuene-acetic acid, with water as tttrant. 

The solvents were purified according to standard procedures.’ Their densities and refractive indices showed 
good agreement with the values reported in the literature. ‘,r” The water used as titrant was distilled immediately 
before use. The experimental details of the phase trtrations and the apparatus have already been described.6 

Sets of each of the two ternary mixtures were prepared, both having fixed acetic acid concentration. A known 
weight (corresponding to c 100 ml) of each of these mixtures was titrated with water to the turbidimetric end- 
point and the calibration curves were drawn for titrant volume as a functron of benzene con~n~ation (Table 
1). 

Then two sets of synthetrc ternary mixtures were prepared, and the acetic acid in them was determined mde- 
pendentiy by titration with sodium hydroxide solution. The acetrc acid concentration was then adjusted to 65% 
w/w for the methanol set and to 7572 w/w for the toiuene set. A known wetght (corresponding to 5 100 ml) of 
each resultant mixture was then tnrated with water to the turbidimetric end-point and its composition computed 
from the calibratton curve. The composition of the original ternary mixture was then calculated. 

Table 2. Comparison of the actual and estimated composition 
of the ternary mixtures 

Sample no. Acetic actd, % Benzene, y/, 
Present Estimated Present Estimated 

Soi~rio~s o~be~ze~~met~yl alco~o~~cet~c acuf 

1 1184 118 79.25 795 
2 17.84 17.7 59.74 60.4 
3* 20.77 20.8 28.63 275 
4* 41.29 41.9 9.87 9.2 
5 45-61 45.8 2858 29.0 
6 49.94 50.1 41.76 41.6 
7* 6956 69.3 22.39 22.4 
8* 87.66 87.7 690 7.4 

Solutions @benzene-toiuene-acetic acid 

I 11.73 il.6 78.56 14.9 
2 17.47 17.7 58.46 59.0 
3 19.79 19.9 27.29 25.2 
4 39.41 39.2 9,42 102 
5 44.81 44.3 2787 29.1 
6 49.50 49.4 41.42 40.7 
7 69.02 68.9 22.21 21.0 
8* 87.20 87.0 6.87 6.9 

* Samples diluted with benzene before titrating with water to 
turbidimetric end-point. 

RESULTS AND DISCUSSION 

The results obtained are compared with the actual values in Table 2. Although a new assistant did the phase 
trtrations. the agreement between the actual and the determined values was excellent for the methanol system 
the maximum error bemg less than 1%. The agreement for the toiuene system was not so good, but still tolerable 
for many purposes, the difference being less than 3% in most cases. 

Although the method described is fairly precise for routine analysis, not requiring elaborate ins~umen~tio~ 
it IS less time-consuming only when one of the components of the ternary mixture can be inde~ndently and 
raprdly determined. The method has. however, the same limitations and errors as other phase titrations6 

Ackno~ledgemenr-The author is thankful to Mr. R. K. Gupta for carrying out the phase titrations. 
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Summary-A method, based on phase-titration, for the analysis of ternary mixtures composed of 
mutually miscible components is described. One of the components is determined by an indepen- 
dent chemical or physical means and its concentration in the original mixture then brought to a 
fixed value by adding a calculated amount of one of the three components. The resultant mixture 
is then titrated to the turbidimetric end-point with a titrant which is immiscible with one of the 
components and the composition of the sample is computed from a calibration curve. The method 
is illustrated by its application to benzene-methanol-acetic acid and benzene-toluene-acetic acid 
mixtures. 

Zusammenfassmg-Ein auf einer Phasentitration beruhendes Verfahren zur Analyse temilrer 
Gem&he zus gegenseitig mischbaren Komponenten wird beschrieben. Eine der Komponenten 
wird unabhiingig aufchemischem oder physikalischem Wege bestimmt und dann seine Konzentra- 
tion im ursptilnglichcn Gemisch durch Zugabe einer berechneten Menge einer der drei Kom- 
ponenten auf einen festgelegten Wert gebracht. Das resultierende Gemisch wird dann mit einem 
Titranten, der mit einer der Komponenten nicht mischbar ist, bis zum turbidimetrischen Endpunkt 
titriert und die Zusammensetzung der Probe mit HiIfe einer Eichkurve berechnet. Das Verfahren 
wird an der Analyse von Benzol-Methanol-Essigsilure- und Benzol-Toluol-Essigsiure-Gemischen 
veranschaulicht. 

Resume-On d&it une methode, bar& sur le titrage de phase, pour l’analyse de melanges 
ternaires composes de constituants mutuellement miscibles. L’un des composants est determine par 
un moyen chimique ou physique independant et sa concentration dans le melange initial est alors 
amen&e a une valeur lixte par addition dune quantitt calculee de l’un des trois constituants. Le 
melange resultant est alors tit& au point de fin de dosage turbidimetrique avec un agent de 
titrage qui n’est pas miscible avec l’un des constituants et la composition de l’tchantillon est 
calculee a partir dune courbe d’etalonnage. La methode est illustree par son application a des 
melanges benzene-methanol-acide a&ique et benzene-toluene-acid ac&ique. 

THE SELECTIVITY OF A MACROTETROLIDE ELECTRODE 
TOWARDS ORGANIC ONIUM IONS 

(Received 18 December 1973. Accepted 30 December 1973) 

An attempt to detect organic onium ions with an NH:-electrode has led to the present work. The need for a 
fast and accurate direct determination of the organic derivatives of ammonium is significant in several applica- 
tions such as clinical research, water monitoring, fertilizers and ion-exchange processes. 

In order to extend the scope of the recently developed NHt-electrode in analytical and organic analysis. the 
response of the electrode towards the ions NH:, Me:, Et:, Pr:, Bu:, Me:, Me;. Mea, Et:, Bu:, CyH+, 
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response of the electrode towards the ions NH:, Me:, Et:, Pr:, Bu:, Me:, Me;. Mea, Et:, Bu:, CyH+, 



SHORT COMMUNICATIONS 609 

Pip,‘, Na+, K+ and Cs+ was studied, the symbols Me’, Et’, Pr+. Bu’, CyH+ and PlpH* referring to methyl-, 
ethyl-, propyl-. cyclohexylammomum and piperldinium ions. and the subscrlpts I, 2. 3 and 4 denoting the mono-. 
di-. tri- and tetra-derivattves. 

EXPERIMENTAL 

The potentiometric determinattons of these cations were made with a Philips IS 560-NH; electrode and a 
Philips R44-2 SD/I double-junction reference electrode. and an Orion digital pH meter (Model 801). All these 
measurements were carried out over a lo- ’ to IO-” M concentration range and at a pH of 5.5 + 0.5. 

The response curves at 23’ for the different organic cations, obtained by plottmg the electrode potential (E) 
us. concentration, are shown in Fig. 1. The slopes of these curves, which represent the electrode sensitivity for 
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Fig. 1. Response curves at 23°C for aqueous solutions in a concentration range of lo- ‘-10-‘M. 
(a) NH&l;(b) CH,NH,Cl; (c) C2HsNHsCl; (d) CaH,NH,Cl; (e) C,H,NH,Cl; (f) (CHs)aNH&l; 
(g) (CH,),NHCl; (h) (CH,),NCl; (i) (CaH&NCI; (j) (C,H,),NCI; (k) cyclohexylammonium hy- 

drochloride; (1) piperidinium hydrochloride. 

the particular cations, reveal in the linear portron that the sensitivity is almost constant for all the organic cations 
used in this work. 

In practice, the knowledge of the selectivrty constant K,, is a more useful quantitative tool to predict whether 
a given ion-selective electrode may be used in the presence of known interferences. Generally, the influence of 
any interfering ion can be checked by the Nicolsky equation:’ 

E==Eb+ 
2.3 RT 
7log 

I 

where E is the measured potential of the electrode (mV), Eb is the zero-potential of the system, R is the gas con- 
stant, T is the absolute temperature, F is the Faraday, and a,, aj and ci, z, are the sample activity levels and 
valencies of the ions of interest (i) and of the interfering ions (i), respectively. 

Approximate Eb values for the different organic cations, obtained from the E values at a concentration of 
lo- ‘M, are plotted in Fig. 2. These Eb values reflect also the affinity of the cations for the electrode membrane. 
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Fig. 2. The zero potential (IQ for the different organic cations as a function of the molecular weight 
(MW) and polarizability (a). (A) NH:; (B) CHsNH;; (C) C,H,NH:; (D) C,H,NH;; (E) 

C,H,NH;; (El (CH,),NH; ; G) (CH3hNH+; WI) (CH&N+ ; (1) GIW,N+ ; (J) (C,H,),N+. 

This figure shows a linear relationship between E6 and the molecular weight or polarizability of the cations 
within a homologous series. Probably, the complexation of the ions in the electrode membrane is influenced 
by inductive effects, created by the alkyl chain of the organic cations. We are studying this problem in more 
detail. 

The selectivity of the electrode is a measure of the extent to which the macrocyclic molecules in the electrode 
membrane sequester cations in competition with solvent molecules. The atomic factors involved in the origin 
of the equilibrium specificity are described by Eisenman.2 

The selectivity coefficients for the organic cations used in this work were determined by two methods. 
A. The method proposed by Eisenman Rudin and Casby.” They defined the coefficient as the difference 

between the ion-selective potentials at identical concentrations of two ions in solution, which can be expressed 
as: 

log K,, = ‘“I,“,lF” 

E. The selectivity coefficient can also be defined as the ratio of the activities which give rise to identical poten- 
tials in their respective separate solutions (method of Rechnitx)! 

log & = 3 0 
* 

=i 

where the asterisk serves as a reminder that the activity generates the same response. The selectivity coefficients 
determined by those two methods are summarized in Table I. 

The values of the selectivity constants are roughly parallel with the Eb potentials for the different alkyl- 
ammonium ions. However, these constants pronounce more the influence of the interfering cations in mixed 
solutions. Where the K,, is large, the potential cannot be expected to be sensitive to small activities of interfering 
ions. The selectivity sequence with respect to interfering ions, observed in this work, is Bus z CyH’ > NH: > 
Bu: > Pr: > KC > PipH+ > Et: > Me: > Me; > Et: > Cs+ z Na+ r Me: > Mea. 

Furthermore, a comparison between the selectivity constants obtained with a Philips IS 560 electrode and that 
used by Choler et al., reveals that the electrode used in this work is more suitable for a selective &termination 
of the organic cations in mixed solutions (Table I). Both electrodes have an extremely high affinity for tetrabutyl- 
ammonium ions. Therefore, the electrode potentials were measured in tetrabutylammonium solutions over a 
pH range from 4 to 10 (Fig. 3). These potentials varied by only 5 mV in this pH range. 
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Table I Tbe selectivity constants obtained with a Philips IS 560 
NHfelectrode 

Ion (j ) G,:-I log Kb-, J&H;+ 

NH; 2 1 
Blli :.03 3.50 (7.2)’ 4824 
CvH’ 1.66 2.27 
B;: 
Pri 
K’ 
PipH+ 
Et; 
Me: 
Me; 
Et: 
Na+ 
Me; 
Me: 

0.54 
0.186 
0186 
0.12 
0.07 
0.03 
0.018 
0.015 
0.008 
0008 
oQO445 

1.78 
1.32 
1.32 ( 
1.12 
0.90 
0.53 
0.30 
0.23 
0.05 I: 
0.05 ( 
0.30 

l-88 
0.56 
0.18 

- 1.4)s 0.18 
0.113 
0.07 
0028 
0.019 

3.5)’ 0.016 
- 2~9)~’ 0.0089 
1.7)s 0.010 

0.003 1 

KR and KE denote the selectivity constants obtained by the 
methods of Rechnitz and Eisenman (C = 10-ZM). respectively. 

Thts study indicates that the recently developed NH: -electrode can be used, not only to determine selectively 
NH; in aqueous solutions but also large organic onmm ions. A preliminary study showed that even nucleosides 
such as solutions of cytosme could be determined. This behaviour of the electrode is very important for biologi- 
cal, clinical and pollution researches and might in many cases replace the distillation and titration steps in the 
KJeidah1 method. 

160 

E 170 

160 

I I I I I I I 1 
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PH 

Ftg. 3. The experrmental potential (E) as a function of the pH for a lo-‘M aqueous solution of 
(C,H&NCl. 
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Summary-The selectivity for ammonium and some of its alkyl derivatives has been experimentally 
determined for a liquid-membrane ammonium electrode. 

Zusammenfassung-An einer Ammoniumelektrode mit fliissiger Membran wurde die Selektivitit 
fir Ammonium und einige seiner Alkylderivate experimentell ermittelt. 

R&m&On a dttermint expirimentalement la dlectivitk pour l’ammonium et quelques-uns de 
ses d&iv& alkyks d’une tlectrode & ammonium g membrane liquide. 

Tdoma, Vol. 21.99.612-616. Pemn Press, 1974. F’rinted in Great Britain 

OXIDIMETRIC DETERMINATION OF THIOUREA-XANTHATE AND 
THIOUREA-DITHIOCARBAMATE MIXTURES 

(Received 5 December 1973. Accepted 5 January 1974) 

Xanthates, ditbiocarbamates and thioureas have considerabk industrial, medicinal and analytical importance. 
The d&rmination of these compounds is therefore of interest. Oxidation of xanthates, dithiocarbamates and 
thioureas, mostly to the cornsponding dixanthogens, thiuram disulphides and formamidine disulphides. have 
been extenrively wed for their determination. 

2RO-C-S- + RO-C-S-S-C--OR + 2e 
II II II 
S S S 

ZRRN-C-S- -+ RRN-C-S-S-C-NRR + 2e 

II II II 
S S S 

RHN NHR 
2 -SH -+ HN>C-S-S-C<NH + 2HC + 2e 

Though e!Torts have been made to develop methods which are applicable to the analysis of pure samples of each 
compound, little attention appears to have been directed towards analysing mixtures. 

In the course of our investigations on the oxidimetrk determination of organosulphur compounds in non- 
aqueous media, we found that xanthates and dithiocarbamates could be smoothly, rapidly and quantitatively 
titrated in acetonitrik medium with iodine monobromide’ solution in acetonitrile, at room temperature. 
Tbioureas failed to react with the oxidant in this medium but can be quantitatively oxidized with iodine mono- 
bromide in aqueous acidic medium.’ These observations have been exploited to develop simpk and accurate 
methods for the analysis, in the same sampk solution, of thiourea-xanthate and thiourea-dithiocarbamate 
mixtures. The mixture-solution in acetonitrile is iirst titrated with iodine monobromide solution in acetonitrile. 
The titrated solution is then acid&d with aqueous acid and titrated again with the oxidant. No indicator is 
required in either titration; the end-point is signalled by the production of iodine (yellow colour) by the first 
drop of oxidant in excess Both titrations can also be followed potentiometrically. The non-aqueous titration 
corresponds to the amount of xanthate (or dithiocarbamate) and the aqueous titration gives the amount of 
thiourea present. 

EXPERIMENTAL 

Reagents 
Aceionitrile. D&ikd twice from phosphorus pentoxide (5 g/l). 
Iodine monobromtie, 0.05N in acetonitrile. The solid compound was prepared by the method of Popov and 

Skelly.’ The standard solution was prepared by dissolving a little more than the calculated amount in acetonitrile. 
The solution was standardized iodometrically in aqueous medium and stored in the dark. 
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titrated in acetonitrik medium with iodine monobromide’ solution in acetonitrile, at room temperature. 
Tbioureas failed to react with the oxidant in this medium but can be quantitatively oxidized with iodine mono- 
bromide in aqueous acidic medium.’ These observations have been exploited to develop simpk and accurate 
methods for the analysis, in the same sampk solution, of thiourea-xanthate and thiourea-dithiocarbamate 
mixtures. The mixture-solution in acetonitrile is iirst titrated with iodine monobromide solution in acetonitrile. 
The titrated solution is then acid&d with aqueous acid and titrated again with the oxidant. No indicator is 
required in either titration; the end-point is signalled by the production of iodine (yellow colour) by the first 
drop of oxidant in excess Both titrations can also be followed potentiometrically. The non-aqueous titration 
corresponds to the amount of xanthate (or dithiocarbamate) and the aqueous titration gives the amount of 
thiourea present. 

EXPERIMENTAL 

Reagents 
Aceionitrile. D&ikd twice from phosphorus pentoxide (5 g/l). 
Iodine monobromtie, 0.05N in acetonitrile. The solid compound was prepared by the method of Popov and 

Skelly.’ The standard solution was prepared by dissolving a little more than the calculated amount in acetonitrile. 
The solution was standardized iodometrically in aqueous medium and stored in the dark. 
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Xunrhutes. prepared by mixing equimolar quantities of the corresponding alcohols, potassium hydroxide 
(dissolve in minimum quantity of water) and carbon disuiphide, at a temperature below 10°C. Tbe ~m~unds 
were recrystallized twice by dissolving in acetone and pr~ipitating with petroleum ether (60-8O“C). 

f)iethyZditftiocarbamates. Commercial products or prepared by reported methods.**s 
The purity of xanthates and dithiocarbamates was checked by known methods. 
Thioureas. Recrystallized thiourea was used. The derivatives of thiourea were prepared from their corres. 

ponding isothiocyanates by condensation with ammonia.6 
All other reagents were of guaranteed quality. 

Procedure 

Aliquots of solutions (in acetonitrile) of synthetic mixtures with different ratios of thiourea and xanthate (or 
dithiocarbamate) were taken in titration flasks and diluted to 20-25 ml with the solvent. The solutions were 
titrated at room temperature (20°C) with standard (@OSN) iodine monobromide (in acetonitrile) added from a 
microburette provided with a guard-tube for protection from atmospheric moisture. The end-point was signalled 
by the yellow tint imparted to the solution by the first drop of oxidant in excess The titrated solutions were 
mixed with 75 ml of 1 M sulphuric acid. The acidified thiourea-dithiocarbamate solutions were heated at 70-75°C 
for about 10 min, then cooled to room temperature before titration. The acidified solutions were titrated again 
with the same iodine monobromide solution to the appearance of a yellow tint. The end-point could also be 
detected by using amylose (0.2 ml of 1% aqueous solution), the solution turning blue at the end-point. 

Both the non-aqueous and aqueous titrations were also performed potentiometrically. In non-aqueous 
titrations, a bright platinum wire was used as indicator electrode and a modified calomel electrode (saturated 
methanolic solution of potassium chloride instead of saturated aqueous solution) as reference electrode. The 
titrations in aqueous medium were performed with a platinum electrode and a saturated aqueous calomel 
electrode. 

RESULTS AND DISCUSSION 

The results recorded in Table 1 show that synthetic mixtures of ethyl thiourea and potassium ethyl xanthate 
with ratios in the range from 1:4 to 4: 1 can be analysed by visual and potentiometric titration with a relative 
standard deviation of 0.4%. The method has also been extended to other mixtures such as thiourea/potassium 
ethyl xanthate, n-propyl ~iour~~~t~si~ n-propyl xanthate, isopropyl thio~/~~ssi~ isopropyl xanthate, 
n-butyl ~iou~a/~~ssi~ n-butyl xanthate, isobutyl ~io~/~~i~ isobuty1 xanthate, n-amyl thioureaj 
potassium n-amyl xanthate, which have been analysed with the same accuracy. Synthetic mixtures of ethyl 
thiourea and sodium diethyldithiocarbamate over the same ratio range can be titrated visually and potentio- 
metrically with a relative standard deviation of 0,30/Q (for ethyl thiourea) and @4’% (for sodium diethyldithio- 
carbamate) (Table 2). The method has also been applied to the analysis of thiourea/sodium diethyldithiocarba- 
mate, n-propyl thiourea@lium n-propyldithiocarbamate, isobutyl thiourea/sodium isobutyldithiocarbamate, 
methyl thiourea/sodium dimethyldithiocarbamate mixtures with similar accuracy. 

The proposed methods, besides being simple, accurate and reliable have tbe added advantage that analysis can 
be conducted on the same sample solution, resulting in saving in time and effort Iodine monochloride solution in 
acetonitrile can be equally satisfactorily used in place of iodine monobromide but the latter is preferred as it is 
more stable.’ Use of a saturated aqueous calomel electrode gave fluctuations in potential when used in aceto- 
nitrile medium. The modified calomel electrode has already been found to be a suitable reference electrode in 
oxidimetric titrations in acetonitrile medium.‘~’ 
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616 SHORT COMMCNICATIONS 

S-y-A convenient and accurate method has been developed for the analysis of thiourea- 
xanthate and thiourea-dithiocarbamate mixtuns by oxidimetric titration of the mixture with 
iodine monobromide lint in acctonitrile medium and then in acidic aqueous acetonitrile medium. 
The end-points can be detected both visually and potentiometrically. The methods are rapid and 
have wide applications. 

Zusmnmenfasmng-Eine bequeme und genaue Methode zuc Analyse von Gem&hen aus 
Thioharnstoff und Xanthat sowie aus Thioharnstoff und Dithiocarbamat wurde entwickelt. Dabei 
wird das Gem&h zuerst in Acetonitril und dann in saurem ti0rigem Acetonitril oxidimetrisch mit 
Jodmonobromid titriert. Die Endpunkte kiinnen visuell oder potentiometrisch bestimmt werden. 
Die Methoden gehen schnell und sind vielseitig verwendbar. 

RCsu&On a elaborC une m&hode commode et pr&cise pour l’analyse de mklanges 
thiour(k-xanthate et thiour&dithiocarbamate par titrage oxydimttrique du melange avec le 
monobromure d’iode d’abord en milieu aktonitrile puis en milieu ahtonitrile aqueux acide. 
Lcs points de fin de dosage peuvent Etre d&ect&s tant visuellement que potentiomttriquement. 
Les m&hodes sont rapides et ont de larges applications. 

Tabma, Vol. 21, pp. 616618. Rrpmon Ptws, 1974. printed in Great Britain 

EXTRACTIONS WITH LONG-CHAIN AMINES-VIII 

COLORIMETRIC DETERMINATION OF CHROMIUM(V1) WITH 
DIPHENYLCARBAZIDE 

(Received 20 November 1973. Accepted 6 January 1974) 

In an earlier work,’ we described the highly selective extraction of chromium(V1) with a chloroform solution of 
trioctylmethylammonium chloride (Aliquat 336-S) from sulphuric acid medium, by which chromate can be 
quantitatively separated from all the common elements with the exception of molybdenum(VI), uranium, 
vanadium(V), gold aad the platinum metals. The yellow chloroform extract is measured spectrophotometrically 
at 445-450 nm. The sensitivity of the method is quite low and allows the determination of chromium in the range 
26200 &ml; thus it is not suitable for small traces of chromium, e.g., in waters etc. The sensitivity of the deter- 
mination can be considerably increased if we employ a sufficiently sensitive reaction for the isolated chromate. 
In this work we ha= chosen the reaction with diphenylcarbazide. 

In preliminary experiments we found that the reaction with diphenylcarbazide can be carried out directly in 
the chloroform extract, which has the advantage that only part of the extract need be used. Under optimal con- 
ditions, described below, the determination is highly selective for the determination of chromium in the presence 
of other elements (M) in ratios of 1: 40,000 (Cr : M). 

EXPERIMENTAL 

Reagents 

A 5% solution of methyltrioctylammoniu chloride (Aliquat 336-S) (General Mills Chemicals, Inc., Kankakee, 
Illinois, USA.) was prepared by dissolving 50 g of the material in 1000 ml of chloroform. 

A I x 10e2M Cr(VI) solution was prrpartd by dissolving 1.9419 g of p.a. K2Cr0, in 1000 ml of water. A 
IO’% solution was prepared by dilution of the stock solution. 

A saturated solution of sodium sulphate and IM solution of sulphuric acid were prepand from p.a chemicals, 
as were 5 x lo-‘M solutions of the accompanying cations as the sulphates. 
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Extruction of chromate 
Since the abovedescribed reaction of chromate with diphenyl~rb~de was studied in solution in the presence 

of Aliquat 336-S, it is necessary to mention the conditions for the extraction of chromate into a chloroform 
solution of this amine The extraction from sulphuric acid medium with a 5% Aliquat solution in chloroform is 
quantitative. The efficiency of the extraction is not demonstrably affected by changes in the sulphuric acid con- 
centration from 0.02 to 05M. 

Reaction of chromate with diphenylcarbazide 

As already noted, a chromate-Aliquat solution reacts directly with solid diphenyl~r~de (DPC) in the 
presence of dilute sulphuric acid. An intense red colour, deepening with time, appears either imm~iate1y or after 
a short time, depending on the chromium concentration. This qualitative observation was studied quantitatively 
and all factors affecting formation of the colour were determined. 

Dependence on the amounts of DPC and sulphuric acid. Into 100 ml separating funnels were pipetted 2 ml of 
1 x 10e4M chromate (10.4 c(g of Cr) and this was diluted with water to 50 ml, and 5 ml of saturated sodium 
sulphate solution and 10 ml of 1M sulphuric acid were added. The solution was extracted by shaking for 2 min 
with 5 ml of a 5% chloroform solution of Aliquat. The chloroform phase was transferred to another separating 
funnel to which were added 45 ml of water and 0.5 ml of 1M sulphuric acid, followed by 25, 50 or 100 mg of 
diphenylcarbazide. After being shaken for 1 min the organic phase was filtered into cuvettes and the spectrum 
was measured in the visible region (the maximum was at 550 nm) Simultaneously, the time-dependence of the 
colour intensity was studied; the colour became more intense faster in the presence of large amounts of DPC. 
With 100 mg of DPC the maximum absorbance was attained after 20 min. The colour then decreased verv slowlv 
(about lo%-in 40 min) (A,, = 0.550; &, = 0500). 

* . 

In the second series of experiments, 100 mg of DPC were used and the concentration of sulphuric acid was 
changed so that progressively 0,1,2,3 and 5 ml of l&f sulphuric acid, diluted to 5 ml with water, were added to the 
chloroform extract. It was found that the ~n~nt~tion of sulphuric acid in the range given is without effect on 
the colour intensity, which again reaches a maximum value after 20 min. However, the absorbance was lower in 
the absence of sulphuric acid. 

From these experiments followed the basic conditions for the photometric determination of chromate after 
its extraction with Ahquat The chloroform extract containing chromate must be shaken for 2 min with an equal 
volume of 0.1-0.2&f sulphuric acid in the presence of 100 mg of diphenylcarbazide, filtered through dry filter 
paper into a l-cm cuvette, and measured at 550 nm after 20 min with an Aliquat solution as reference. Beer’s 
law is obeyed over the range. up to 13 iyg of chromium. The molar absorptivity was calculated to be 2.2 x l(r 
l.mole-‘.cm-l and the SandeIl sensitivity to be 0@022 &cm2. 

The effect of anions 

Interference from anions is important only during the chromate extraction and was studied in detail in the 
previous communication.’ The extraction is not affected by high concentrations of chloride (10% NaCl) or medium 
concentrations of phosphate (2% K,WPOI). Sulphate improves the separation of the phases. Oxalate interferes. 
The presence of nitrate (3% KNOs) renders the extraction impossible. Since the colour reaction is carried out 
after separation of the organic phase, the effect of anions on it was not studied. 

The effect of cations 

In the calorimetric determination of chromate,’ interference from common cations was not observed. In spite 
of this, a number of determinations, of chromium(V1) in the presence of these elements were carried out, con- 
centrating mainly on those which, if extracted, could interfere, even in traces, through their reaction with 
diphenylcarbazide (Fe, Cu, etc.) It was found that even high concentrations of a large number of elements do not 
interfere in the determination. Solutions in which the ratio of chro~um to the accompanying element was as 

Table 1. The determination of chromium in the presence of other metals 

Content of various metals, mg Chromium taken, pg Cr, % Chromium found, pg 

25 Fe, 15 Ni, 15 Co 
13 AI, 16 Zn, 14 Mn, 

16 Cu 
Total: 114 mg 

2.6 
2.6 
5-2 
5.2 
7.8 
I.8 

0.0023 

0*0046 

0.0069 

2.5 
2.3 
4.5 
5.0 
7.7 

100 Fe, 60 Ni, 60 Co. 2.6 0*00057 ::: 

52 Al, 64 Zn. 56 Mn, 5.2 0*00114 4.8 
64cu 
Total : 456 mg 
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low as 1 :40,000 (0.0025% Cr), were analysed. The following elements were without affect: iron, nickel, cobalt. 
manganese, zinc, aluminium and chromium(III) (see Table 1). Up to 10 mg of titanium and 50 mg of molybdenum 
do not interfere in the determination. 
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W-Traces of chromium(V1) are extracted from sulphuric acid solution into a chloroform 
solution of trioctylmethylammonium chloride. After the. addition of solid diphenylcarbazide to the 
separated organic phase, a red colour is developed and is measured spectrophotomctrically at 
550 mn. A grmt number of common metals, in&d@ iron and copper, do not interfere when 
present in ratios up to at least 1:40,000 (chromium:metal). 

Zusammenfaseung-Spuren von Chrom(V1) werden aus schwefelsaurer Liisung in eine Liisung 
von Trioctylmethylammoniumchlorid in Chloroform extrahiert. Nach Zugabe von festem 
Diphenylcarbazid zu der abgetrennten organischen Phase. entwickelt sich eine rote Farbe, die 
spektrophotometrisch bei 550 nm gemessen wird. Eine grol3e Anzahl h;iufig vorkommender 
Metalle, darunter Eisen und Kupfer, stiiren im Verhlltnis bis zu mindestens 1 : 4O.ooO 
(Chrom : Metall) nicht. 

R&m&On extrait des traces de chrome (VI) d’une solution en acide sulfurique dans une 
solution chloroformique de chlorure de trioctylm&hylammonium. Aprbs addition de diphenyl- 
carbazide solide dans la phase organique &par&, il se dtveloppe une coloration rouge qui est 
mesur6e spectrophotomttriquement g 550 nm. A grand nombre de m&aux communs. y compris 
le TOP0 en mCthylisobutylcCtone. Le temps pour une analyse complCte y compris la dissolution 
moins Jusqu’B 1 : 40.000 (chrome : m&al). 

Talanra. Vol. 21, pp. 61S-622. Pergamon Pmw, 1974. Printed in Great Britain 

APPLICATION OF THE GRAPHITE FURNACE TO THE 
DETERMINATION OF TRACE IRON IN GOLD AND SILVER 

(Received 8 October 1973. Accepted 27 November 1973) 

There is a growing interest in the influence of rare-earth metals on transport phenomena in metallic gold and silver. 
Several transition metals interfere, and iron does so most strongly. The iron content of the metals should be less 
than 1 ppm and preferably be known within Ql ppm. At this level the iron atoms are inhomogeneously distributed 
and so the samples of which the transport properties have been measured, must be analysed. These samples weigh 
about 50-100 mg, and spectrographic analysis is not sufficiently accurate. The substoichiometric isotope-dilution 
technique requires at least 100 mg of sample, and does not allow replicate analysis or the determination of a second 
element in the same solution. 

Atomic-absorption spectroscopy using a flame as the absorption cell requires at least 2 ml of solution for 
nebulization. As a result, from a sample of 50 mg of silver or gold containing 1 ppm of iron, a solution can be 
obtained containing at most 0.03 ppm of iron, which is below the detection limit. On the other hand, atomic- 
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low as 1 :40,000 (0.0025% Cr), were analysed. The following elements were without affect: iron, nickel, cobalt. 
manganese, zinc, aluminium and chromium(III) (see Table 1). Up to 10 mg of titanium and 50 mg of molybdenum 
do not interfere in the determination. 
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absorption analysis using a graphite furnace as absorption cell is satisfactory, having the advantages of a higher 
sensitivity, small sample size allowing replicate analyses, and a simple pretreatment. Samples can be treated in situ 
by heating them in the furnace before atomization. This can be extended to quite high temperatures, thus avoiding 
the production of fumes during the measurement. In inorganic analysis the pretreatment mainly serves for the 
removal of excess of acid and the decomposition of the metal salts into oxides or metal. This procedure is followed 
for nearly all metals, which implies that no special preparation procedure is necessary for a solution in which 
several elements have to be determined. In most cases the use of a deuterium background correction is superfluous 
with a well-selected temperature programme. 

Under normal conditions the detection limit for iron can be assumed to be 10 pg (for a signal to noise ratio 
of unity), corresponding to a concentration limit of 5 ng in 10 ml, when 20 ~1 aliquots are injected into the furnace. 
If the required accuracy is +O.l ppm of iron in the noble metal, it follows that 50 mg of the noble metal are 
required for every 10 ml of sample solution. In practice the standard-addition method is applied in order to eliminate 
interferences. Three solutions are sufficient as the curvature of the calibration curve is small. In practice 20-30 mg 
per 10 ml is satisfactory, and the 50-100 mg samples available in the research programme were sufficiently large. 
It is possible to decrease the volume of the solution, from which the 20 111 aliquots are withdrawn, to 2 ml, but 
the gain m sensitivity is usually more than offset by a loss in accuracy and reliability, as the manipulations become 
more complicated. Amounts smaller than 50 mg cannot be analysed with an error smaller than @l ppm. 

EXPERIMENTAL 

The analytical work was done with a Perkin-Elmer Model 303 atomic-absorption SpectroRhotometer equipped 
with an HGA72 graphite furnace and a deuterium background corrector. The optimum operating conditions for 
drying, ashing and atomization were established so as to give the best reproducibility. The wavelength setting 
varied slightly with time and had to be checked frequently. Argon was used as the purge gas for the furnace and 
nitrogen as the purge gas for the monochromator. In order to protect the apparatus against corrosion from the 
evaporating acids hollow rings were mounted on both sides of the furnace through which the fumes were extracted 
by means of a water-pump. All injections were 20 ~1 in volume, and made with Eppendorf micropipettes. It was 
found that 50 ~1 quantities, when compared with 20 ~1 quantities containing the same amount of iron, system- 
atlcally show a lower recorder response. The explanation is that a 50 ~1 volume spreads out in the tube during the 
drying stage; it renders possible a loss of mass through the open tube ends, before the measurements of the light 
absorption IS completed. 

The micropipettes had disposable tips, but could be used repeatedly. Their precision was better than 2 %. The 
sample solutions were usually injected four times. In a few cases significant deviations occurred. These measure- 
ments were repeated, as contamination was responsible in nearly all cases. No memory effects were encountered 
with the temperature programme used. The graphite tube was replaced when the slope of the calibration graph 
decreased by more than IO:/, (after about 200 injections). 

Measurement 

Two basic procedures can be used: the calibration-curve and the standard-addition methods. The calibration 
method was used to obtain rapid approximate results and was nearly always used before the standard-addition 
analysis. Generally the latter method is necessary if matrix interference, co-precipitation and adsorption are 
expected. At least three solutions were prepared for each sample. The sample content was found in the normal 
way from the intersection of the extrapolated curve and the line through the blank values. 

Temperature programme 

Iron shows the largest sensitiflty and the best signal-to-noise ratio in a sulphuric acid medium. Other acids 
present need not be removed in advance. If a sufficient amount of sulphuric acid is present these acids can be 
expelled with a temperature programme properly adapted to the amount of sulphuric acid present in the tube. 
Throughout our expenments the following programme was used for 20 ~1 portions of 02M sulphuric acid 
(a) 30 set at 80”. (b) 30 set at 150”, (c) from 150 to 600” in 12 set, (d) 30 set at 1200” and (e) 10 set at 2540”. 
[For 20 ~1 of sulphuric acid (1: 1) the programme (a) 30 sec. (b) 60 see, (c) 30 mitt, (d) 5 min and (e) 10 set with 
the same temperatures as above. should be used.] The peak heights are independent of the sulphuric acid content. 

The sensitivity for iron decreases when too much silver or gold is present in the solution. The peak area remains 
approximately constant, which suggests that the larger amounts of salt in the matrix reduce the escape of iron 
atoms from the tube wall; the iron atoms are confined to a layer and because of its thickness too much time 
is reqmred for evaporation. The limit is about IO pg of gold and silver (20 111 of a 500 ppm solution). This 
problem cannot be solved by changing the temperature programme. Consequently at least 99-9 % of these metals 
must be removed when a 50 mg sample containing 1 ppm of iron has to be analysed. The separation procedure is 
described below: gold is reduced to the metal with sulphur dioxide and silver is precipitated as silver chloride. 

Contamination 

Iron is one of the most severely contaminating elements in a laboratory. It is necessary to carry out all the sample 
manipulations with the object of preventing iron contamination. As a rule it is more effective to reduce the number 
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of manipulations and consequently to work somewhat less precisely, than to take extensive precautions. For a 
determination with the graphite furnace the overall error generally lies between 5 and 10 %. Other manipulations 
with a precision of 2 ‘A or better will not appreciably affect the overall accuracy of the determinations. For instance, 
a centrifuge-tube marked at 10 ml can be filled with a precision of lx, so it can serve as centrifuge-tube, reaction- 
vessel and volumetric flask. Moreover its mouth is wide enough for contact between the presumably contaminated 
upper part and the tips of the pipettes to be avoided during sampling and addition of reagents. Another simpli- 
fication is achieved as follows. The samples need to be etched in order to remove the surface iron-contamination 
and then weighed. This can ah be done in one preweighed beaker. After etching, which additionally cleans the 
internal surface of the beaker, the liquid is removed by repeatedly adding ultrapure water and decanting. The 
beaker with the sample is then dried with an electric heater, cooled, and weighed with an error of less than @5 mg. 
Finally the sample is dissolved in the same beaker. Thus the weight is known with an error of about 1% and 
the sample did not leave the beaker during the etching, weighing and dissolving stage, thus minimizing the risk 
of contamination. 

The ghtssware is initially cleaned in a dichromate and sulphuric acid mixture, rinsed with water and stored in 5M 
hydrochloric acid The disposable tips of the micropipettes are dean from the manufacturer. As sometimes the 
time between injections is several minutes, contamination from airborne particulate matter may occur. Therefore 
cleaning by filling three times with 1M hydrochloric acid before the injections is advisable. 

Reagents 

The acids used were of Suprapur grade (Merck, Germany). The stock solutions all satisfied the manufacturer’s 
tolerances with regard to iron (Table 1). The water was purified by sub-boiling distillation of demineralized water 

Material 

HCI 
H,SG, 
HNO, 
Water 

Table 1. 

Fe found, 
nglml 

19 
<5 
10 
2 

Tolerance, 
nglmf 

25 
35 
50 
- 

in a quartz distillation apparatus.’ The gold and silver samples were Johnson-Matthey “Specpure” and Cominco 
Electronic Materials (Montreal), high-purity grade. The sulphur dioxide was laboratory grade from Matheson 
Gas Products. 

Separation procedure for gold 

The etched sample, weighing about 80 mg, is dissolved in 200 pl of concentrated nitric acid and a few drops of 
concentrated hydrochloric acid. The solution is evaporated till syrupy. Then 5 drops of concentrated sulphuric 
acid are added and the solution is heated till fuming The volume is then negligible in comparison with the 200 ml 
of water which is then added. A small part of the gold may be precipitated but it does not interfere. 

Three calibrated centrifuge tubes are filled with 61) ml of the gold solution, and 20 and 40 4 of a 12.5 ppm 
iron solution are added to two of them. Two extra tubes are taken for the blanks and filled with quivalent amounts 
of the acids. Then all the solutions are made up to 104 ml. Finally sulphur dioxide is passed into the solutions 
for 3 min. In the“zero-addition” tube thegold precipitates colloidally; in the other two sample-tubes the precipitate 
is coarser and darker. The gold is centrifuged to the bottom of the tube and 20 ~1 samples are withdrawn from 
the upper part of the solutions. 

Separation procedure for silver 

The etched sample, weighing about 80 mg, is dissolved in about 120 fl of concentrated nitric acid. The solution 
is evaporated to dryness and 2043 ml of water are added. 

Three calibrated centrifuge tubes are filled with 64 ml of this silver solution, and 20 and 404 portions of a 
12.5 ppm iron solution are added to two of them and the solutions are thoroughly mixed by repeated drawing 
into and ejection from a pipette. Two extra tubes are taken for the blanks and filled with equivalent amounts of 
acid. To ah solutions @5 ml of concentrated hydrochloric acid and 1 drop of concentrated sulphuric acid are 
added. Then all solutions are made up to 104 ml and mixed. To coagulate the silver chloride the tubes are heated 
on a water-bath for 1.5 hr. After cooling, the tubes are centrifuged to collect the suspended particles at the bottom 
of the tube. The 20 ~1 samples are withdrawn from the upper part of the solutions. 
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RESULTS AND DISCUSSION 

In these procedures the standard amounts of iron are added before the bulk of the gold or silver is removed 
from solution. It was found that the curve giving the relation between absorbance and the weight of iron did not 
deviate significantly from a normal standard calibration curve, which shows that iron is not being co-precipitated. 
This has been proved with the aid of an iron tracer, the precipitates being found to show no radioactivity. The 
blank values agreed within the standard deviation with the values calculated from the iron contents of the acids 
and the water used (Table 1). 

The results are given in Table 2 and agree with the manufacturer’s specifications based on spectrographic 
estimations. An independent check with an alternative technique is not yet possible. Measurements at low temp- 
eratures of the electrical resistance of noble metals are anomalous, but this cannot be shown to be due to the 
presence of iron. The results are not proportional to iron concentration, because only homogeneously distributed 
iron is measured and iron clusters are not detected. 

The relation between light absorbance and weight of iron (m) is almost linear and can be approximated by the 
first three terms in the series A = u0 + 4,ni + a&. A least-squares fit was performed with the aid of a computer, 
and the results did not deviate significantly from those obtained graphically. The precision obtained from the 
spread in the individual points was 7 ‘A, if each tube was sampled four times. This agreed with the value from a 
test procedure in which 2.5 g of silver were dissolved in 100 ml of acid and the iron content determined six times. 
The constants a, and a, do not alter very much from curve to curve and when only very small samples are 
available, a, and a2 can be taken from a standard calibration curve. 

Metal 

Ag 

Au 

Table 2. 

Origin Fe content given, Fe content found, 
PPm PPm 

Johnson-Matthey 2+ 1* 4.8 + 0.3t 
Johnson-Matthey 2+1 45 f 0.3 
Cominco 0.1 * 0.1 0.2 + 0.1 
Johnson-Matthey 1+1 1.2 f 0.1 
Cominco 0.1 f 0.1 0.1 f 01 

* Uncertainty quoted on certificate. 
t Standard deviation. 

An attempt was made to determine other elements in one of the Cominco gold samples. Mn, Mg, Cu and Pb 
were not found: their contents all lay below their respective detection limits (Table 3). Silver was present at the 
level of 2 ppm. These results agreed with the specifications guaranteed by the manufacturers. 

The method takes at most 3 hr to apply. 

Table 3. 

Natuurkundig Laboratorium 
Unirersireir oan Amsterdam 
Valckenierstraat 65, Amsterdam-C 
The Netherlands 

Metal 
Estimated 

detection limits, 
ppm 

Mn 01 
Mg 05 
cu 0.3 
Pb 05 

J. KRAGTEN 
A. P. REYNAERT 
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Summary-Atomic-absorption analysis using a graphite furnace is a powerful technique for the 
determination of nanogram amounts of iron. It can be applied to the determination of traces of 
iron in gold and silver. These metals may be removed from solution by reduction to metallic gold 
and precipitation as silver chloride respectively. Iron is not co-precipitated. The iron content can 
be determined in 50-100 mg of the noble metals with an error of about 7 % (or 0.1 ppm). 

Zusammenfassuag-Atomabsorptionsanalyse mit einem Graphitofen ist sehr niitzhch bei der 
Bestimmung von Nanogrammengen Eisen. Sie kann auf die Bestimmung von Eisenspuren in 
Gold und Silber angewandt werden. Diese Metalle kiinnen durch Reduktion zu metallischem 
Gold bzw. durch Austiillung als Silberchlorid aus der L&sung entfernt werden. Eisen wird nicht 
mitgefiillt. Der Eisengehalt kann in 50-100 mg der Edelmetalle mit einem Fehler von etwa 
7 % (oder 0.1 ppm) bestimmt we&n. 

R&m&--L’analyse par absorption atomique utilisant un four en graphite est une technique 
puissante pour le dosage de quantitks de fer de I’ordre du nanogramme. Elle peut etre 
appliqute au dosage de traces de fer dans I’or et l’argent. Ces mCtaux peuvent Ctre elimints 
de la solution par rCduction en or m&allique et pr&ipitation g l’etat de chlorure d’argent 
respectivement. Le fer n’est pas coprtcipit& La teneur en fer peut etre d&erminCe dans 50-100 mg 
des mCtaux nobles avec une erreur d’environ 7% (ou 0.1 ppm). 
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COULOMETRIC TITRATION OF POTASSIUM HYDROGEN 
PHTHALATE IN A NON-AQUEOUS SOLUTION, 

WITH A VITREOUS CARBON ANODE 

(Received 5 October 1973. Accepted 25 December 1973) 

Previous work has shown that a vitreous carbon cathode may be used for the couiometric titration at a current 
density of 5 mA/cmZ of potassium hydrogen phthalate in aqueous solution.’ The electrode surface was not attacked 
but a carbon anode is corroded by electrochemically generated oxygen if current densities of 20 mA/cm’ are used. 

Potassium hydrogen phthalate behaves as a base in acetic acid-acetic anhydride medium and can be titrated 
coulometrically. This paper describes the use of a vitreous carbon anode for this purpose. 

Preliminary work showed that when sodium perchlorate was added as supporting electrolyte the current 
ef3ciencies were low (about 85 %). Presumably the electrochemical reaction for generation of protons required too 
high a potential. It was decided to generate the hydrogen ions by electrochemical oxidation of quinol by a method 
similar to that described by Vajgand and Mihajlovic.’ 

EXPERIMENTAL 

Reagents 

Standardpotassium hydrogen phthalate solution, O.OZM. Analytical-grade reagent dried at 110°C for 1 hr and 
cooled in a desiccator was accurately weighed and dissolved in analytical-grade glacial acetic acid and made up 
at 20°C to a volume of 100 ml in a Grade-A volumetric flask and stored at 20°C in a thermostat. 

Electrolyte sol&on. This was 0-W sodium perchlorate (general-purpose reagent grade) in a mixture of analytical- 
grade glacial acetic acid and acetic anhydride (1: 6 v/v); 25 ml, in which 01 g of solid analytical-grade quinol had 
been dissolv& were used for each titration. 

Indicator solution. Malachite Green, 01% w/v solution in analytical-grade glacial acetic acid: 3 drops (about 
@1 ml) were used per titration. The end-point was taken as the first appearance of a green colour (corresponding 
to an absorbance of 0.262 at 625 nm, in a 1 cm cell). 
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Apparatus 

The titration cell has been described previously.’ A Thorn coulometric titrator TE 110 was used to supply a 
constant current of 2010 mA to the cell electrodes. The area of the vitreous carbon electrode exposed to the 
electrolyte solution was 1.6 cm*, giving a current density of 1.3 mA/cm*. This current was found to be constant 
during titrations to better than 005 %. The use of higher current densities resulted in larger variations possibly 
because the non-aqueous solvent caused a relatively high ohmic resistance in the electrochemical cell. 

Procedure and results 

The main anolyte compartment of the cell was filled with 25 ml of the electrolyte solution, containing 0.1 g of 
quinol. About 15 ml of the same solution was used to cover the platinum cathode in the catholyte compartment. 
The solution in the anolyte compartment was stirred magnetically. Indicator was added and sufficient hydrogen 
ions were generated to produce the colour change. Then 1 ml of 0.02M potassium hydrogen phthalate was added 
from a calibrated Grade-A l-ml pipette (relative standard deviation 0.1%). The current was started and stopped 
when the colour changed. Titration times were about 1000 set but the end-point could not be located more pre- 
cisely than within 1 set so the random relative reading error is about 0.1%. Mean values of 4WJ and 4069 mg 
of potassium hydrogen phthalate were obtained in two sets of 6 titrations of40054-mg samples. The relative standard 
deviations for each set were @ 1% and 02 % respectively. The prctitrations were rather variable, for reasons un- 
known, but this is immaterial since the pretitration end-point can be located precisely. 

DISCUSSION AND CONCLUSIONS 

The results show that good precision and accuracy may be obtained with a vitreous carbon working electrode 
and they compare favourably with those for a platinum working electrode.3 The relative standard deviation is 
about half that found for the titration in aqueous solution by coulometrically generated hydroxyl ions.’ This 
difference may be due to the indicator end-point being sharper. 

Department of Chemistry and Metallurgy V. J. JENNINGS 
Lunchester Polytechnic A. DODSON 
Priory Street, Cooentry CVl SFB, England G. TEDDS 
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Summary-A vitreous carbon anode has been used as working electrode in the coulometric titration 
of potassium hydrogen phthalate in glacial acetic acid-acetic anhydride medium with protous 
generated electrochemical oxidation of quinol. 

Zusammenfaaaung-Eme Anode aus glasigem Kohlenstoff wurde als Arbeitselektrode bei der 
coulometrischen Titration von Kaliumhydrogenphthalat in einem Eisessig-Acetanhydrid-Medium 
mit Protonen verwendet die durch elektrochemische Oxidation von Hydrochinon erxeugt 
wurden. 

Resume-On a utilise une anode en carbone vrtreux comme electrode de travail dans le 
titrage coulombtrique du phtalate acide de potassium en milieu acide acitique glacial-anhydride 
aceetrque avec oxydation Clectrochimrque d’hydroquinone par production de protons. 
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POLYSTYRENE IMPREGNATED WITH j%DIPHENYLGLYOXIME, 
A SELECTIVE REAGENT FOR PALLADIUM 

(Received 5 October 1973. Accepted 12 January 1974) 

It is well known that gIyoximes form complexes with several transition metals, including platinum and palladium. 
However, of the three possibk isomer forms frrnt~ syu, ~ph~ only the anti (or z-form} is capable of forming com- 
plexes easily, whereas the syn (B-form) and am@ (y-form) isomers form few or no complexes. This is explained by 
the fact that the syn and amp& isomers form strong intramol@ar hydrogen bonds, in addition to possibk steric 
hirldrance. 
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In spite of this general behaviour of the j?- and y-isomers of dioximes, it was found by Dwyer and NeIlar’ that 
~~ph~yl~yo~me (R=CeHS) forms complexes with palladium, and by Banks2 that some y-isomers can form 
1:i complexes. In the work described in the present paper, resins were impregnated with a- and #I-isomers of 
diphenylglyoxime, in that way overcoming the difficulties caused by the notorious aqueous insolubility of the 
oximes, and the effectiveness of the impregnated resins in extracting platinum, palladium and nickel was tested. 

EXPERIMENTAL 

Reagents 

c+Diphenylglyoxime was prepared according to Brady.’ To a cooled solution of sodium hydroxide (80 g) in 
water (MO ml), there was added a solution of hydroxylamine hydrochloride (40 g in 100 ml of water), followed by 
finely powdered bet&l (50 g) and alcohol (25 ml). After 3 days, the small amount of unchanged benzil was filtered 
off and the axime was precipitated by neut~~ng with solid carbon dioxide, and purified by extracting with hot 
alcohol. Recrystallization from methanol gave the pure product, m.p. 238-2cKp. 

/I-Diphenylglyoxime was also prepared according to Brady, *3 a-diphenylglyoxime was dissolved in boiling, 
freshly distilled aniline and cooled. The precipitated crystals were sucked as dry as possible, and after being washed 
with dilute hydrochloric acid, and then with water, were recrystallized from alcohol; m.p. 205-206’. 

Impregnutian ofthe resin. To a known amount of macroreticuhu polymeric absorbant XAD-2 (a polystyrene of 
high surface area produced by Rohm and Hass Company, U.S.A., was added a calculated amount of oxime dis- 
soIved in alcohol or acetone, and the mixture was le& to stand for 2 hr, after which the solvent was evaporated 
and the freely flowing heads were ready for use. In this way, impregnated resins containing SS% (a33 mmole/g) 
of a-diphenylglyoxime and 12.8 % (O-53 mmole/g) of /I-diphenylglyoxime were prepared. 

Adsorption of palladium, platinum, and nickel 

The adsorption of the metal ions from solutions of tetrachloropalladate(II), hexachloroplatinate(IV), and hexa- 
aquonickel in hydrochloric acid solutions of various strengths was tested. followed by experiments in which all 
three metals were present together. The concentration of the metals varied between 1 and 10 g/I., and the molar 
ratio between ~la~urn and platinum was kept at 1: 1. In all the experiments the resins were shaken for IS-18 hr 
with excess of solution in 1:50 ratio of solid to liquid However as the adsorption proceeds rapidly, for all practical 
reasons the time of shaking could be limited to 15 min. In all cases blank experiments were done with untreated 
XAD-2, and results were corrected accordingly. 
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+ fi-diphenylglyoxime resin 

* 0 -diphenylglyoxirne resin 

m 

Hydrochloric acid, M 

Fig. 1. Adsorption of palladium, platinum and nickel from hydrochloric acid media. 

DISCUSSION 

As can be seen from Fig 1, the reagents behave satisfactorily. Their selectivity for palladium relative to platinum 
is about 20, and for palladium relative to nickel it is higher than 100. The reagents can easily be prepared by 
simple impregnation of a polymeric carrier. The oximes are retained by the resin by simple physical adsorption, 
and both the metal ion and the impregnating oxime can be stripped by a simple wash with a suitable organic 
solvent. 

It is interesting to note the influence of the change in acidity on the palladium uptake by both reagents (see 
Fig. 1); this could probably be attributed to differences between the reagents in their tendencies at various acidities 
to form hydrogen bonds. 
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Summary-a- and B-diphenylglyoximes impregnated on macroreticular polystyrene (XAD-2) were 
tested as adsorptive reagents and one of them (the B-isomer) was found to adsorb palladium in 
preference to platinum (selectivity factor 20) and nickel (factor > 100). 

Zusammenfaasung-Mit ;z- und /l-Diphenylglyoxim getrbnktes grob vernetztes Polystyrol (XAD-2) 
wurde als Adsorptionsreagens geprilft; das ,&Isomere adsorbiert Palladium besser als Platin 
(Selektivititsfaktor 20) und Nickel (Faktor > 100). 
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Resume-On aessaye less- et ~-~p~nyl~yoximes impregnees sue un polystyrene macroreticulaire 
(XAD-2) comme reaotifs d’adsorption et Pon a trouve que l’un d’eux (l&m&e B) adsorbe le 
palladium de prCf&renee au platine (facteur de Stlectivite 20) et au nickel (facteur > 100). 

PREPARATION, PROPERTIES AND ANALYTICAL APPLICATION 
OF THORIUM N-PHENYL-o-NITROBENZOHYDROXAMATE 

(Reeeiaed 6 Septe~er 1973. Accepted 6 January 1974) 

The physicochemieal properties tW2 of N-phenylsnitrobenzohydroxamic acid (PNHA) indicate that it is a 
potentially useful reagent for inorganic analysis. It forms strong and stable complexes with metal ions. In the 
present investigation the synthesis and properties of a new solid complex Th-PNHA are described. 

EXPERIMENTAL 

The N-phenyl-o-nitrobenxohydroxamic acid was synthesized by the method described earlier;3 m.p. 148°C 
(reporte& m.p. 14lFC). 

The aqueous stock sohttion of thorium was prepared by dissolving 1.3805 g of thorium nitrate in 250 ml of 
doubly distilled water and standardixed vol~e~~y.s 

A 1:0x solution of masking agent was used. 

Procedure 

In a I-litre beaker, 10 ml of O~OOIM thorium nitrate and about 500 ml of water were heated at 60°C on a water- 
bath. Then 20 ml of 0. IMPNHA in ethanol was added dropwise with constant stirring followed by 0.W ammonia 
solution until pm&it&on was comphne. The pH was adjusted to 4-45 with 0-W ~rnoni~ chloride. The 
granular precipitate thus formed was digested for 2-3 hr on a steam-bath, t%ered off on a sintered glass crucible of 
porosity G4 and washed thoroughly first with hot water and finally with five 10 ml portions of 50% aqueous 
ethanol. The complex was puri6ed by reerystallixation from 95% ethanol, and dried at 110°C. The same procedure 
(except the purification) was used for gravimetric determination of thorium, the complex being weighed. 

Thorium was precipitated with PNHA from a hot solution containing AgfI), Cu(II), Zn(I1). Cd(H), Hg(I1) or 
Pd(II) at pH 4-45 in presence of excess of cyanide The precipitate was washed with hot water before drying and 
weighing In order to separate thorium from Mn(II), Ni(II), and Ga(III) cyanide and tartrate were added to the 
solution before its pH was adjusted to 4-45. Oxalate and tartrate were added in the separation of thorium from 
Be(II), Pb(II), AI(III), Sn(III), Sb(III), La(III), Mo(IV), ‘Ii(W) and Zr(IV). 

Exumihation of the precipitate 

Thermal an&sLv. Simultaneous TG and DTA plots were obtained at a constant heating rate of I”C/min on a 
Mettler thermal analyser fitted with a 12-channel recorder. Al,O, was used as a reference material for the DTA. 

Chemical uaufysk The thorium content of the complex was determined by EDTA titration (Xylenol-Orange 
indicator) after deeomposition of sample with a mixture of perchlorie, sulphuric and nitric acids. 

Spectra The infrared spectra of the reagent and thorium complex in KBr pellets were recorded on a Perkin- 
Elmer Model 237 s~~o~otornet~ (with sodiunt chloride optics>. 
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DISCUSSION 

The physical properties of the complex are given in Table 1. Results for gravimetric determination of thorium(IV) 
in oresence of various foreian ions are given in Tables 2 and 3. The DTA and TGA CUNCS of the complex are 
reproduced in Fig. 1. - 

PNHA, I, is a very weak acid6 (pK 8.11 at 29) and reacts with aqueous solutions of thorium(IV) to form the 
complex II. 

eq 

- TCA 

-2 
t 

Temperature, *C 

Fig. 1. DTA and TGA of thorium(IV)-N-phenyl-o-nitrobenzohydroxamic acid complex. 

Table 1. Physical properties of the thorium-N-phenyl-o-nitrobenzohydroxamic 
acid complex 

Colour 
mp., “C 
pH of precipitation 
Analysis 

Calculated, % 
Found, % 

DTA 
1st exotherm 
2nd exotherm 
Residue 

TGA 
Weight loss 

Calculated 
Found 

225, decomp. 
4-45 

C H N Th 
49.53 2.88 8.88 1840 
49.50 2.90 890 18.30 

225’C 
380°C 
ThO, 

79.47 % 
79.00:’ o 

Table 2. Gravimetric determination of thorium with 
N-phenyl-o-nitrobenxohydroxamic acid 

Th taken, Th found, 
mg mg 

Th taken, 
mg 

Th found, 
mg 

500 5.01 10.00 9.98 
5.00 5.00 15.00 15.02 
7.50 I.48 15.00 15.01 
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Table 3. Separation of thorium from other metals 

Thorium taken, 
mg 

:z 
500 
5.00 

1OQo 
looo 
10.00 
5.00 
5.00 
5.00 
500 
5.00 
::g 

;: 
5.00 
500 
5.00 

Foreign ions, 
mg 

Ag+ 60 
Be’+ 80 
Pb2+ 80 
Mn2+ 80 
Ni2+ 80 
Cu2+ 80 
Zn2+ 80 
Cd’+ 80 
Hg2+ 70 
Pd” 100 
Ga’+ 100 
Al”+ 100 
Sb3+ sll’+ 70 80 

La3+ 80 
Ti‘+ 100 
zr*+ 100 
Mo6+ 80 
us+ 60 

Masking ageqt 

Cyanide 
Oxalate + tartrate 
Oxalate + tartrate 
Cyanide + tartrate 
Cyanide + tartrate 
Cyanide 
Cyanide 
Cyanide 
Cyanide 
Cyanide 
Cyanide f tartrate 
Gxalate + tartrate 
Oxalate Oxalate + + tartrate tartrate 

Oxalate + tartrate 
Oxalate + tartrate 
Oxalate + tartrate 
Oxalate + tartrate 
Oxalate + tartrate 

Thorium found 
m8 

5@0 
500 
5.01 
4.99 
9.98 

l@Ol 
10+0 
5.00 
5.0 
5.02 
5.03 
499 
5.00 501 

5*00 
5‘01 
499 
5.01 
5.00 

The infrared spectrum of I has characteristic peaks at 3150, 1625 and 916 cm-’ due to stretching vibrations of 
hydrogen-bonded O-H, C=O and N-G respectiveIy. On complex formation the peak at 3150 cm-’ disappears 
owing to replacement of H+ by thorium and the oxygen atom is co-ordinated to the thorium. If the hydroxyl 
group were bonded to the metal through a lone electron pair and still retained the hydrogen atom, the O-H 
stretching frequency would be altered The spectrum of II showed no appearance of such a new peak, thus con- 
firming the co-ordination of Th’* to the oxygen atom. 

The carbonyl stretching vibration shiAs to lower frequency (1575 cm-‘) owing to bonding of the carbonyl 
oxygen atom to thorium. The N-O stretching vibration at 916 cm-’ is unaltered except for its intensity, which 
is increased. 

Tbe thermogram for the complex heated in flowing air shows no change m weight up to around 150-180-C, 
indicating the absence of constitutional water. The DTA curve shows two exotherms, a very sharp one at 225”C, 
along with loss in weight, and a broad one around 38(P with a further weight loss, presumably due to burning of 
organic matter. No evidence of melting is observed. 

The major products of the thermal decomposition of the chelate were found by ultraviolet, infrared and X-ray 
analysis to be thorium benzoate, benxanilide, and finally metal oxide and tars. At about 220-3OO“C(first exotherm) 
the vaporization of benxanilide with gradual weight loss, and at about 3W380°C (second exotherm) the decompo- 
sition of metal benzoate and formation of thorium oxide are expected. The chemical and thermal analyses suggest 
that PNHA forms an anhydrous stoichiometric precipitate with thorium and is suitable as an analytical reagent 
for gravimetric estimation. 

Thorium is precipitated cpmntitatively with PNHA from a solution containing 5-15 mg of thorium nitrate at 
pH u.5. The yellowish precipitate is weighed directly after drying at I I@-120°C. The complex is fairly soluble in 
ethanol and chloroform but only sparingly soluble in ether, benzene, carbon tetrachloride, acetone and glacial 
acetic acid It is decomposed when treated with concentrated sulphuric, nitric, hydrochloric and perchloric acid. 
The analytical results indicate the ~rn~~don of complex as (C,,H,N,O,),Th. 
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Summary-A new complex of thorium(IV) with N-phenyl-o-nitrobenzohydroxamic acid (PNHA) 
has been prepared by reacting an aqueous solution of thorium with an alcoholic solution of PNHA 
at 60°C and adjusting the pH lo 4-4.5. The infrared spectra and thermal analysis of the complex 
are discussed. The use of PNHA for gravimetric determination of thorium is described. 

Zuaammenfaasung-Das neu Komplex von Thorium(lV) mit N-Phenyl-o-nitrobenzhydroxam- 
tiure (PNHA) wurde durch Reaktion einer wll3rigen Lbsung von Thorium mit einer alkoholischen 
Liisung von PNHA bei 60” und Einstellung des pH auf 4-4,5 hergestellt. Die Infrarotspektren 
und die Thermoanalyse des Komplexes werden diskutiert. Es wird beschrieben. wie PNHA zur 
gravimetrischen Bestimmung von Thorium eingesetzt werden kann. 

R&urn&-On a prtpart un nouveau complexe du thorium (IV) avec l’acide N-phinyl o- 
nitrobenzohydroxamique (PNHA) en faisant rbagir une solution aqueuse de thorium avec une 
solution alcoolique de PNHA g 60” et en ajustant le pH & 4-4,5. On discute des spectres 
infrarouges et de l’analyse thermique du complexe. On dicrit l’emploi de PNHA pour le 
dosage gravimbtrique du thorium. 

SUR LE MICRODOSAGE DU SOUFRE DANS LES 
COMPOSES ORGANIQUES, EN PRESENCE 

D’HALOGENES, PAR COMBUSTION ET 
TITRAGE COULOMETRIQUE AUTOMATIQUE 

DU DIOXYDE DE SOUFRE 

(Recu le 13 novembre 1973. Accept> le 28 nowmbre 1973) 

La methode de microdosage du soufre de Debal et Levy.‘.’ mise en oeuvre dam no laboratoires, comporte 
une combustion dans un courant d’owygene i 1310-1320 C et un tnrage coulomitrique automatique du 
dioxyde de soufre. 

Son application dans le MS de compos&s simultanCment soufrCs et halog&& (Cl, Br, I) exige l’emploi 
d’argent associe au reactif de Malissa)* pour la retention des produits de combustion halogtnts qui, 
autrement, fausseraient la mesure par ac]dimCtrie coulomttrique. Si l’halogtne est du fluor, l’acide fluorhydrique 
doit itre retenu par une solution de sulfate d’hydrazine dans l’eau chaude qui doit elle-m&me &tre p&&d&e 
par une garniture d’argent et de rtactif de Malissa lorsqu’un second halogtne est prisent en m&me temps 
que le fluor. 

Or. la preparation du rtactif de Malissa est longue et cotiteuse, son activitt est variable avec le lot de 
prtparatlon et la durie de cette derniire est en outre diminuCe lors de la prCsence de fluor.’ 

Dans la methode dCcr]te par Culmo’ pour les microdosages automatiques simultants du carbone, de l’azote 
et du soufre sur analyseur CHN Perkin-Elmer (modtrle 240) modifii, l’auteur priconise I’emploi d’hydroxy-8 
quinoliine pour retenir les composts de combustion halog&& genants. II ne precise pas, toutefois, si les 
compotis organiques porteurs de fluor peuvent etre ainsi analyds. 

Ce rt?actif (hydroxy-8 qumoliine). associi $ l’argent. a ttt utilisk avec succes dans le cadre de notre 
mCthode. dejB citbe. de microdosage du soufre dans les compotis organiques simultanement porteurs de 
fluor. chlore. brome ou iode. 

* Le reactif de Malissa esr prkpari par fusion d’un m.&lange de sulfate d’argent et de pyrosulfate de 
potassium. 
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Par ailleurs. nous avons remplace la cellule electrochimique du coulometre de Schoeps inltialement 
utili&e pour le titrage coulometrique du dioxyde de soufre par une cellule perfectionnee h rigulatton de 
temperature. 

ELIMINATION DE L’INTERFERENCE DES HALOGENES 

Partie experimentale 

L’appareil de dosage comprend un tube h combustion horizontal (Debal et Levy ’ ‘) maintenu h I3 IO- I320 C 
raccorde par l’interrn&diaire dun tube de polyethylene (longueur 30 mm. dia. mterteur: 4 mm) A un tube 
de verr3 “Pyrex” (longueur: 300 mm, dia. interieur: 10 mm) contenant une garniture de laine d’argent 
vierge en rubanr’ Un &ttxi&ne tube de verre “Pyrex” (dia. interieur: 8 mm) est directement raccorde au 
premier par I’itermWaire d’un joint conique rode; il contient une garniture d’hydroxy-8 quinokine 
(longueur: 190 mm) suivie d’un tampon da kine d’argent vierge (longueur: SO mm). Les deux tubes absorbeurs 
sont refits il la calluk d%kctrolyse par un tube de polyethylene termint par un tube en verre “Pyrex” 
(dia. int6rkur: 1 mm) qui plonge darts l’bkctrolyte du compartiment cathodique de la cellule. 

Reactif absorbants: urgent, hydroxy-8 quinol&e. La laine d’argent est trait& quelques heures dans une etuve 
B I IO C avant son utilisation (ce qui permet l’obtention ulterieure de resultats de dosages plus reproductibles). 

Les quantitCs de rbctifs, prtconis& ci-dessus, permettent la retention d’environ 1.1 mg d’halogenes par 
analyse, quel que soit l’halog&ne p&sent. Les garnitures de reactifs doivent ftre remplacees lorsqu’elles ont 
absorb& 10 mg cl’halogenes. 

La r6activit6 de I’hydroxy-8 quinokine varie suivant l’halogene considtre; en effet, si la presence de Ruor 
ou de chlore ne donne lieu a aucune difficult& celle du brome peut conduire a des resultats errones par 
d6faut si la quantiti de cet halogbne est trop importante; dans ce crs, il est ntcessaire soit d’augmenter 
la longueur de la garniture d’hydroxy-8 quinokine. soit de diminuer la masse du prtkvement analytique. 

Outre, le fait qutlk permet le microdosage du soufre en presence de Huor, I’hydroxy-g quinokine est un 
reactif commerciali& peu cotiteux et dun emploi plus facile que le reactif de Malissa puisqu’il est utilii a 
temperature ambiante. 

II est a remarquer que les analyses consecutives de produits contenant d’importantes quantith d’halogenes 
(O,Y-I mg) conduisent ti des resultats errones par exds. II est done souhaitable d’alterner les analyses de 
composes ne contenant pas d’halogenes et les composes fortement halogenes au tours dune serie d’analyses. 

Fig. I. Cellule de titrage en verre “Pyrex.” 
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CELLULE ELECTROCHIMIQUE 

La cellule normalement associke au coulometre automatique a impulsions utilisk par Debal et Levy ne 
comporte aucun dispositif thermostatique; elle est done sensible a toutes variations de temperature, ce qui se 
traduit par une variation du coefficient d’etalonnage du coulometre. 

En vue d’amiliorer la mbthode et de permettre sa mise en oeuvre, r&me dans des laboratoires non 
climatids, nous utilisons une cellule en verre dont la double paroi permet une circulation d’eau maintenue a 
temperature constante et la regulation de la temperature du compartiment cathodique. ou s’etfectue le titrage. 
ainsi que du systbme de detection de fin de titrage (electrode de verre-electrode de reference). 

Partie experimentale 

Cette cellule (Fig. 1) realiske en verre “Pyrex” comprend deux compartiments principaux. Le compartiment 
cathodique (C), ou est effectue le titrage, comporte une double paroi permettant la circulation d’eau maintenue a 
temperature constante. La double paroi est traverske par un passage rode dans lequel est loge le joint 
rode nGtle de raccord du compartiment anodique. 

Dans le compartiment cathodique sont disposes: une electrode de platine (cathode) constitute par une 
fewlle (10 x 10 mm) de 1 mm d’epaisseur (I); une electrode de verre (2); un compartiment de reference 
constitue par un tube de verre “Pyrex” dont le fond est un dtsque fritte (porositc n” 4): il contient 
l’electrolyte au sein duquel plonge l’tlectrode de reference (4) a savoir un fil d’argent (4 = 2 mm), enroulc 
en helice. recouvert de chlorure d’argent; un tube de verre “Pyrex” (diamttre interieur: 1 mm) plongeant 
dam la solutton de titrage permet l’adduction, a 1 cm du fond de la cellule. des gaz de combustton qut 
sont disperses au sein de la solution par agitation magnttrque; un barreau magnetique (5) complete le 
dtspositif; les electrolytes identiques a ceux deja d&its.‘*’ 

La circulation d’eau permet de maintenir a temperature constante non seulement l’ilectrolyte du compartiment 
cathodique, mais aussi le systeme de detection du point final de titrage constitut par l’tlectrode de verre. le 
compartiment de reference et son electrode. 

Tableau 1 

Composes soufrts 
m* 
rrr<, 

s.“, 

Calcule Trouve 

Cystine 
- 
- 

Sulfathiazole 
- 
- 

Acide thiobarbiturique 
- 
- 

Sulfanilamide 
- 

Acide p-sulfanilique 
- 

Chlorure de benzyliso- 
thiouronium 

- 
- 
- 

2,696 26,68 26% 
3,392 - 267, 
3,878 - 26.6, 
2666 25,12 25304 
3,161 - 2571, 
3,828 - 2571, 
4,236 2224 2235 
5,152 - 221, 
5,341 - 2535 
4,818 18,62 l&6, 
5,591 - 1895, 
4,316 18,51 18349 

6.050 - l&b 

4,686 
5,289 
5,718 
6.447 

15,82 
- 
- 
- 

1% 

15.8, 
15380 
1598, 

* m: Masse du prtltvement analytique. 

Le compartrment cathodrque est ferme par un couvercle de nylon usine (3). dans lequel vtennent se loger 
les dtfferentes pieces inumertes ci-dessus, et pourvu dun petit orifice destine a I’evacuation des gaz. 

Le compartiment anodique (A) est un recipient cylindrique pourvu dun ajutage lateral termint par un joint 
comque rode male ferme par un disque de verre fritte (prosite no 4) et dun couvercle en nylon (3) pourvu 
dun petit orifice destine a l’evacuation des gaz. L’anode est une feuille de platine (10 x 10 mm) de 1 mm 
d’epatsseur (I ) 
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Fonctionnement 

L’eau utilistc pour la rCgulation de la temperature de la cellule est maintenue t+ temperature constante 
par l’interm&iiaire dun thermostat assurant simultanement sa circulation. I1 est d’ailleurs souvent possible 
d’assurer une regulation suffisante de. la tempkature de la cellule, sans thermostat par simple circulation 
d’eau permettant d’emp6cher que la tempkature ne subisse des variations au tours dune joumb. 

Tableau 2. 

Composes soufres 
m* 

mg Composes d’addition 
Halogbnes 

IN 

s,:, 

Calcule Trouvc 

Sulfathiazole 3,242 Trifluoroacttanilide 390 F 2512 24% 
Cystine 3,132 - 600F 26.68 266, 
Acide thiobarbiturique 4,264 - 750 F 2224 2214 
Sulfanilamide 5,585 - 1050 F 18,62 18.5s 
Cystine 3,237 - 1110 F 26.68 26.9, 

Acide thiobarbiturique 3,364 Bromoacktanilide 300 Br 2224 222, 
Cystine 3,078 - 520 Br 
Sulfanilamide 

26,68 2650 
5,649 - 670 Br 18,62 18.3, 

Sulfathiazole 3.523 - 
3;391 

750 Br 25.12 25.1, 
Cystine - 930 Br 26168 265; 
Acide thiobarbiturique 3,582 - 1080 Br 2224 221, 

Sulfathiazole 3,355 Acide iodobenzoique 150 I, 25,12 25.1, 
Acide thiobarbiturique 3,452 - 459 I, 22.24 221, 

l m: Masse du pr6Kvement analytique. 

La temperature optimale de fonctionnement conduisant a la meilleure reproductibilit6 des mesures coulo- 
metriques se situe aux environs de 20°C; il convient d’hiter que le thermostat ne fournisse une eau de 
temperature supkrieure B 25°C; les variations de temperature de l’eau doivent itre comprises entre +0.5”C. 

RESIJLTATS 

Le systtme des deux rktifs, argent et hydroxy-8 quinokine, permet le microdosage du soufre en 
presence de fluor, de chlore, de brome ou diode. Quelques resultats obtenus en presence de ces reactifs 
avec la cellule 6lectrochimique d&rite ci-dessus font l’objet des tableaux 1 et 2. 

Pour pallier le d6faut de substances de reference soul&s et halogenkes (S + F, S + Cl, S + Br, S + I), 
l’ttude. de l’influence de la presence des halogenes sur les rtsultats de dosage du soufre nous a conduits g 
egectuer nombre de dkerminatins sur des melanges de composes soufres et de composes porteurs de ces 
halogenes (tritluoroac&anilide, bromoac&anilide, acide iodobenzoique) (tableau 2). 

D’autre part l’analyse de composes de recherche soufres contenant simultaniment plusieurs halogenes 
(F + Cl + S, Br + I + S) a donne des rkultats satisfaisants. 

Les dosages ont ete effectubs en renouvelant systematiquement tant les reactifs, argent et hydroxy-8 
quinokine apres la retention d’environ 10 mg d’halogenes, que, journellement, les electrolytes des compartiments 
cathodique et de reference. 

L’utilisation de la cellule a regulation de temperature par circulation d’eau dkcrite permet de travailler 
pendant une journb entitre avec un coefficient d’ctalonnage constant, quelles que soient les vartations de 
temperature du laboratoire. 
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Resume-Les auteurs decrlvent une amelioration de la mtthode de microdosage du soufre dans les 
composes organiques, publiee par Debal et Levy (Ball. Sot. Chim. France, 1968,426; 1971. 33743, 
qui comporte la combustton dans l’oxygine a 13 I (t I32O’C. du compose organique et un titrage 
coulomttrique automatique du dtoxyde de soufre forme. Les halogenes et les composes 
halogenes sont retenus par une garniture d’argent en rubans, suivie dune garniture d’hydroxy-8 
quinoliine. La precision du titrage coulomttrique est amelioree par l’utilisation dune cellule 
en verre a double paror permettant la circulation dun courant d’eau maintenue a temperature 
constante. Cette cellule permet la mise en oeuvre de la mtthode, meme en des laboratoires ou 
la temperature ambiante varie au tours de la journee. 

Summary-The method for the determination of sulphur in organic compounds (E. Debal and 
R. Levy. Bull. Sec. C/Urn. Frmce, 1968.426: 1971, 3374) by combustion in oxygen at 1310-132OC 
and coulometric tttration of the sulphur dioxide formed is improved. Silver and I-hydroxy-s 
quinoline are successfully used to remove halogens (fluorine Included) from combustion products. 
A new glass cell for the acidimetric titration of sulphur dioxide with an automatic 
coulometer is devised with a water-jacket for its cathodic and reference compartments. The 
constant-temperature water-flow makes this determination easy to carry out with no drawbacks, 
even in varying ambient temperature. 

Zusammenfassung-Die Methode zur Bestimmung von Schwefel in organischen Verbindungen 
(E. DEBAL und R. LEVY, Bull. Sot. Chim France 1968, 426; 1971, 3374) durch Verbrennung in 
Sauerstoff bei 1310-1320’ und coulometrische Titration des gebildeten Schwefeldioxids wird 
verbessert. Zur Entfernung der Halogene (such Fluor) aus den Verbrennungsprodukten werden 
nacheinander Silber und I-Hydroxychinolin verwendet. Eine neue Glaszelle zur acidimetrischen 
Titration von Schwefeldioxid mit einem automatischen Coulometer wird entworfen; ihre Kathoden- 
und Referenzabteile sind mit einem Wassermantel umgeben. Die durch umlaufendes Wasser 
erzielte Temperaturkonstanz macht diese Bestimmung leicht und ohne Hindemisse ausfiihrbar, 
selbst bei wechselnder Umgebungstemperatur. 

~uhru. Vol. 21 pp 633-635 Pergamon Press. 1974 Prmted m Great Braam 

USE OF A LIQUID ION-EXCHANGER IN THE SOLVENT 
EXTRACTION AND ATOMIC-ABSORPTION 

DETERMINATION OF TRACE COPPER IN WATERS 

(Received 15 October 1973. Accepted 18 Nouember 1973) 

The value of solvent extraction and atomic-absorption techniques for the determination of trace elements 
has been demonstrated in several recent papers. ’ 3 Liquid ion-exchangers have not so far been employed in 
this kind of apphcation, although their use has been suggested.4 These materials often have advantages in 
terms of stability and extraction characteristics over other reagents used in solvent extraction and many 
analytical separations employing them have been reported and reviewed. 5.6 Many such systems involve the 
use of high concentrations of hydrochloric acid in the aqueous phase, thus increasing the risk of contamination 
of the sample. An alternative 1s described here m which copper is extracted from dilute thiocyanate solution. 
The method permns rapid determination with good precrsion in the 10-100 ppM range, by atomic-absorption 
spectrophotometry. 

EXPERIMENTAL 

Appararrrs 

A Pye Unicam SP90A atomic-absorption spectrophotometer fitted with an SP22 recorder was used. The 
working conditions were: 

Wavelength 324.8 nm 
Burner IO cm acetylene 
Lamp current 5 mA 
Slit 0.1 mm 
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Air 2.1 kg/cm’; 1.5 l./min 
Acetylene 0.7 kg/cm2; 1.5 l./min 
Scale expansion X2 

Extractant solution 

Dissolve 18.7 g of Amberlite LA 2 in isobutyl methyl ketone and dilute to 500 ml. Shake the solution 
with equal volumes of 6rst 2M hydrochloric acid and then 3M ammonium thiocyanate. Separation in the 
first step is slow and the solution should be allowed to stand overnight. The extractant solution thus 
prepared is stable for several months. 

Procedure for copper solutions in the range lo-100 ppM 

Adjust the pH of the sample solution to i-8 with hydrochloric acid or sodium hydroxide solution. In a 
100 ml separating-funnel take 50 ml of sample solution, 1 ml of 3M ammonium thiocyanate and 5 ml of 
extractant solution, shake the mixture for 2 min and allow to stand for 5 min. Discard the aqueous layer 
and dry the stem of the funnel with filter paper. Insert a piece of fiiter paper in the stem of the funnel and 
collect the organic layer in a 5 ml polythene cup ready for atomic-absorption analysis. Repeat the procedure 
with standard copper solutions and a reagent blank. Aspirate the prepared extracts into the flame, using the 
working conditions described above. 

RESULTS AND DISCUSSION 

A calibration curve gave the following absorbances for the copper concentrations given in brackets; 
0.03 (0 ppM), 0.062 (20X 0.098 (40). 0.133 (60). O-170 (80), 0.195 (100). Ten replicate determinations at the 
50 ppM (parts per milliard) level gave a relative standard deviation of 3”:,. An absorption of I”/, of full scale 
deflection is equivalent to approximately 3 ppM of copper. It is possible to increase the sensitivity without 
serious loss of precision by increasing the phase-volume ratio from 10 : 1 to 25 : 1. 

Optimum extraction conditions 

Atomic-absorption measurements on the aqueous phase remaining from extraction of 5 ppm of copper 
showed that the extraction was over 98% complete over the pH range 1-8 but fell off sharply at higher pH 
values. A significant drop in the extraction ratio occurred when the thiocyanate concentration in the aqueous 
phase was reduced below OilOShf, and also when the extractant concentration was reduced below OOSM. 
It was assumed that extraction was complete at the 10-100 ppM level. 

Interferences 

The addition of 1 g of each of the following sodium salts to 100 ml of 5 ppm copper solution did not 
signilicantly affect the extraction: nitrite, fluoride, chloride, bromide, iodide, sulphate, nitrate, sulphite, dihydrogen 
phosphate. Under the conditions used, lead is not extracted, cadmium is 45% extracted, iron 83% and 
zinc 100% (at the 5 ppm level). Satisfactory calibration curves have been obtained for zinc. * 

Solvent e$ect 

The enhancing 
known. eswciallv 

effect obtained by the use of organic solvents in atomic-absorption spectroscopy is well 
that of isobutyl methyl ketone. In the present case the enhancement factor is about 8 : 1, 

which is n&ltiplikd by the phase-volume ratio (10 : 1) to give a large total enhancement factor. 
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Summary-Copper in the 10-100 ppM range has been determined by a solvent extraction and 
atomic-absorption procedure involving the use of the liquid ion-exchanger Amberlite LA 2 in 
thiocyanate form. The procedure is rapid and gives results of good precision, and uses stable 
reagents and standard instrumentation. 
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Zusammenfassung-10-100 ppm Kupfer werden durch flilssigfliissig-Extraktion und Atom- 
absorption bestimmt; dabei wurde der tliissige Ionenaustauscher Amberlite LA 2 in der Thiocy- 
anatform verwendet. Das Verfahren geht schnell und gibt genaue Ergebnisse, es werden stabile 
Reagentlen und StandardLaborausriistung beniitzt. 

R&sum&--On a do& le cuivre dans le domaine 10-100 ppM par une technique d’extraction par 
solvant et absorption atomique comprenant l’emploi de l’tchangeur d’ions liquide Amberlite LA 2 
sous la forme thiocyanate. La technique est rapide et donne des risultats de bonne prbcision, 
et utilise des rtactifs stables et une instrumentation normale. 

NEW QUALITATIVE COLOUR REACTION FOR THE 
IDENTIFICATION OF COPPER(I) COMPOUNDS AND 

COMPLEXES 

(Received 2 October 1973. Accepted 29 November 1973) 

Numerous tests are available for the detection of copper(H), but there are few tests for copper(I). Certain 
organic reagents’ ’ are capable of detecting copper(I) but only when it is present in ionic form. This 
communication describes a new and simple qualitative colour reaction, which is useful for the detection of 
copper(I) in ionic form or when present in complexes with certain organic ligands. The reaction essentially 
consists in treatmg a sulphuric acid solution or suspension of copper(I) compound or complex with ferri- 
cyanide solution mixed with ammoma. whereupon a deep salmon-pink, pink-purple or purple colour or 
preapitate. characteristic of copper(I), is immediately formed. 

Reagents 

EXPERIMENTAL 

Porassiumferricyanide solution. A 0.15”,, w/v solution in water. 
Concentrated ammonia solution. 
Copper(l) salts. Various copper(I) salts, e.g. CuCl, CuCN, CuSCN, and Cu,S03.H,0 were prepared by the 

or&nary procedures. 
Copper(l)-thiourea complexes. Various copper(I)-thiourea complexes (4.0.) were prepared by the published 

procedures.’ I2 
Copper(l) complex of 1 -allyl-2-terrazoline-5-thione. This complex, hereafter referred to as CUATT-5 

(HATT-5 = I-allyl-2-tetrazoline-5-thione) was prepared as follows: A mixture of 0.05 mole of ally1 isothiocyanate 
and 0.075 mole of so&urn azide (dissolved in 100 ml of water) was stirred at room temperature for 2 hr, 
excess of isothiocyanate was removed by ether extraction, and the aqueous layer containing the sodium salt 
of the hgand (NaATT-5) was further diluted with 200 ml of water. A part of this solution on treatment with 
an acidic solution of cupric chloride or sulphate gave first a deep blue-green precipitate which within 30 min 
turned to a perfectly white complex in which copper(I) was present. This was filtered off, washed well with 
water, and dried. This complex is soluble m cont. sulphuric acid. 

Procedure 

Dissolve or suspend a few crystals (25 mg) of the test material in 0.2545 ml of sulphuric acid (cont. 
or 3 + 1). and add a few or several drops of this solution to a test-tube containing 1 ml of 0.15”,, potassium 
ferricyanide solution and 5 or 6 drops (-0.25 ml) of cont. ammonia solution. Immediate formation of a 
deep salmon-pmk. red-pink. pink-purple or purple colour or precipitate indicates the presence of copper (I). 

4ppllcabiht!~ of the test 
RESULTS AND DISCUSSION 

The following copper(I) salts and complexes were tested, and all gave a positive culour reaction: CuCl; 
CuCN: CuSCN. Cu,SO,. H,O: [Cu(tu),]Cl: [Cu(tu),]$O,.(H,O), ; [Cu,(tu),](NO,),.3H,O; 
LCu2(tu),]S0,.3H,0: [CuZ(tu),]S04.H20: [Cu(tu),]2[Fe(CN),NO]: [tu = thiourea]. 
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Copper(H) compounds fail to give a positive response to this test: they produce a yellow, dirty yellow. or 
brownish-yellow colour or precipitate under the same experimental conditions. 

The ligand I-allyl-2-tetrazoline+thione (HATT-5) (I) when treated with copper(H) solution. gives a deep 
bluish-green precipitate which is supposed to be a copper(I1) complex of I with 1 : 2 (metal: ligand) ratio. 
The structure II for this complex is consistent with copper complexes of other I-substituted tetrazolmr- 
5-thiones.‘3.‘4 II , however, changes colour wtthin minutes, and is converted into a perfectly white substance 
which may be the copper(I) complex of I (structure III). Since I is known to possess unusual reducing 
properties, ” III is likely to be formed by the reducing action of I (present in excess) on II. The binuclear 
structure III for the copper(I) complex of I is based on similar cuprous complexes of certain other l-substituted 
tetrazoline-5-thiones,‘6 in which the metal is linked to the ligand molecules through both nitrogen and 
sulphur. The fact that III gives a positive response to the present colour reaction. is a direct indication that 
it is a copper(l) complex. Quantitattve work on the action of I on copper has also proved the formation 
of a complex with 1 : I (metal : ligand) ratio. 
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Nature of the coloured product 

The exact nature of the coloured product which is formed in the test is uncertain. It may involve, e.g., 
with cuprous chloride, the formation of a cuprous ammine chloride-ferricyanic acid complex [Cu(NH,),Cl. 
H3Fe(CN),]. This formula is supported by the fact that ferricyanic acid H,Fe(CN)6 tends to form addition 
compounds with a variety of other molecules. i7 The cuprous ammine chloride results from the action of 
ammonia on the cuprous compound, whereas ferricyanic acid is formed by the action of sulphuric acid on 
ferricyanide. At the same time, the formation of a compound of the type [Cu(NH,),]:+[Fe(CN)6]3- cannot 
be ruled out. 

Other possible applications of the reaction 

The new colour reaction for copper(I) is dependent upon the presence of ammonia, and the use of alkali 
metal hydroxides or carbonates makes the reaction negative. This fact, therefore, can also form the basis of 
detecting ammonium ion oia the release of ammonia by the action of alkali. For this purpose, a 29; w/v 
solution of III (CuATT-5) in cont. sulphuric acid is proposed as the reagent. The ammonium compound is 
thoroughly shaken with sodium hydroxide solution, and ferricyanide and reagent solutions are added in 
succession. A pink-purple colour or precipitate gives a positive indication of ammonium ion. 

Ferrocyanide can also be used in place of ferricyanide in the present test, but with some reservations. The 
pink purple precipitate obtained with ferrocyanide turns deep blue or bluish-green on addition of a drop or 
two of hydrogen peroxide. This colour change is negative when ferricyanide is used. Hence, this reaction may 
be used for differentiating ferrocyanide from ferricyanide. 
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Summary-The colour reaction of copper(I) salts and complexes. in sulphuric acid medium, with 
ferricyamde and ammonia, has been used for the general identification of cuprous compounds. 
A sulphuric acid solution of Cu(I) compound, when treated with a dilute ferricyanide solution 
in the presence of ammoma. gives a salmon-pink, red-pink. pink-purple or purple colour or 
precipitate. characteristic of copper(l). Copper(I1) compounds fail to give a positive response. The 
reaction also forms the basis of a test for ammonium ion and differentiation between ferro- 
cyanide and ferricyanide. The preparation of the copper(I) complex of I-allyl-2-tetrazoline-5-thione 
is described. 

Zusammenhssung-Die Farbreaktion von Kupfer(I)-salzen und komplexen mit Hexacyano- 
ferrat(II1) und Ammomak in schwefelsaurem Medium wurde zur allgemeinen Identifizierung 
von Kupfer(l)-Verbmdungen verwendet. Behandelt man eine schwefelsaure Lijsung einer 
Kupfer(I)-Verbindung mit verdiinnter Ferricyanidlijsung in Gegenwart von Ammoniak, drum 
erhalt man einen Niederschlag, die fur Kupfer(1) charakteristisch sind Kupfer(II)-Verbindungen 
reagteren nicht positiv. Die Reaktion liegt such einer Probe auf Ammoniumionen und einer 
Unterscheidung zwischen Ferrocyanid und Ferricyanid zugrundle. Die Darstellung des Kupfer(I)- 
Komplexes von I-Allyl-2-tetrazolin-5-thion wird beschrieben. 

Resume-La reaction coloree des sels et complexes du cuivre (I), en milieu acide sulfurique, 
avec le ferricyanure et l’ammoniaque. a ttt utilisee pour l’identification gentrale de composes 
cuivreux. Une solution en acide sulfurique de compose de Cu(I), quand elle est trait&e par une 
solution diluee de ferricyanure en la presence d’ammoniaque, donne une coloration ou un prtcipite, 
rose-saumon. rose-rouge. rose-pourpre ou pourpre. caractiristique du cuivre (1). Les composts 
du cuivre (II) ne donnent pas de reponse positive. La reaction forme aussi la base dun essai 
pour lion ammonium et la differentiation entre ferrocyanure et ferricyanure. On d&it la 
preparation du complexe du cuivre (I) de la l-ally1 2-tetrazoline 5-thione. 
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3-NITROSO-4-HYDROXY-5,6-BENZOCOUMARIN AS 
A SELECTIVE REAGENT FOR THE SPECTRQPHOTOMETRIC 

DETERMINATION OF RUTHENIUM(II1) 

(Received 2 October 1973. Accepted 8 seceded 1973f 

Various reagents for the calorimetric determination of ruthenium have been reviewed.’ ’ Some of the important 
and recently introduced reagents are 2,3diaminopyridine,5 24,6-tris(2’-pyridyl)-5-triazine,6 chrome azurol S,’ 
3&diaminobenzoic acid,’ acenaphthenequinone monoxime,9 oximidobenzotetronic acid” and 3-nitroso-2.6- 
p~id~edio1.” 

3-Nitroso-ehydroxy-S,,6_benzocoumarin (NHBC) is a chelating agent which has already been used for the 
spectrophotometric determination of nickel” and as a spot-test reagent for the detection of cobalt.” It reacts 
with ruthenium(lII), giving a pinkish-violet complex, which is extractable mto n-butanol. Under suitable 
conditions, the reagent can be used for the spectrophotometric determination of ruthenium in the presence of 
all other platinum metals. 

Reagents 

NHBC solution in acetone, OOOZM. 

EXPERIMENTAL 

Ruthenium(llZ) stock solution, O-OlM. Ruthenium(II1) chloride was dissolved in doubly distilled water con- 
taining sufficient hydrochloric acid to give a final acidity of 1M and the solution standardized by precipitating 
ruthenium as the hydrated oxide, igniting it carefully in air, reducing in hydrogen and cooling in an atmos- 
phere of carbon dioxide. Working solutions were prepared by dilution of the stock soiution. 

All other chemicals used were of reagent grade. 

Procedure 
To a sultable aliquot of solution containing 1 l.O-63.0 II& of ruthenium(II1) in a SO ml Pyrex glass-stoppered 

bottle, add 1 ml of 2M sodium perchlorate and an excess of the reagent solution (5 ml). Adjust the pi-i to 
5.5-8-O and dilute to 10 ml. Heat the mixture for 40 min on a steam-bath. Cool and dilute to 1Oml with 
doubly distilled water. Extract the pinkish-violet complex with 10 ml of n-butanol. Centrifuge the organic 
layer and measure its absorbance at 520 nm against a reagent blank prepared under identical conditions. 

Absorption spectra 

RESULTS 

The absorption spectrum of the pinkish-violet complex extracted into rl-butanol is shown in Fig. 1. The 
absorption ~imum is at 520 nm where the absorbance of the reagent IS low. 

Reaction conditions 
Solutions containing fixed amounts of ruthenium and reagent were prepared, of which the pH was varied 

from 3.5 to 10.0, and extracted as described. The absorbance at 520 nm was constant over the pH range 
5.5-8.0. At lower and higher pH the absorbance decreased. 

For maximum colour development, heating for at least 20 min on a steam-bath was found to be necessary. 
Further heating for 2 hr had no effect on the colour of the complex. Heating for 40 min is recommended to 
ensure complete complexation. The colour of the complex was found to be stable for at least 92 hr at room 
temperature. 

Increasing amounts of reagent were added to 1 ml of 5 x lo-“M ruthenium at pH of 6.5 (acetate buffer). 
After the extraction, the absorbance was measured at 520 nm against corresponding reagent blanks prepared 
under identical conditions. The study showed that at least a 12-fold molar excess of the reagent is required 
for full colour development. 

The system obeys Beer’s law up to 7.4 ppm of ruthenium. The optimum range for the accurate determination 
of ruthenium, as evaluated from a Ringbom plot, is 1.1-63 ppm. The molar absorptivity is 1.04 x 10“ 
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400 440 480 520 560 600 640 

WAVE LENGTH (rim) - 

Fig. 1. Absorption spectra. (At-Reagent blank vs. n-butanol (reagent 1 x 10Y3M). 
(Bt--Ruthenium complex t’s, reagent blank [Ru(III) 5 x 10e5M; reagent 1 x 10m3M). 

l.mole- ’ .cm- ‘. The precision of the method was tested by measuring the absorbance of 10 samples each 
containing a final ruthemum concentration of 5.05 ppm. The mean absorbance was 0.520 with a standard 
deviation of OGO4. 

Molar composition of the complex 

Jobs method of continuous variations and the logarithmic method of Bent and French both indicate the 
formation of a 1 : 2 complex (metal : ligand). 

Efict of other ions 

The effect of various ions was studied. With 5.05 ppm of ruthenium, the following ions present in the 
amounts (in ppm) shown m parentheses did not cause a deviation of more than _+2% in absorbance from 
that expected: chloride (3000), bromide (2000). iodide (2000), fluoride (250), citrate (200), thiocyanate (1500), 
oxalate (150). nitrate (3000). phosphate (50), thiosulphate (KM)), borate (250), sulphate (5000) sulphite (lOO), 
Hg(I1) (100). Cd(I1) (250). Zn(I1) (25). Th(IV) (125), Cr(II1) (200), Al(II1) (15) Mn(I1) (250), Pb(I1) (150), 
Mo(V1) (25). Bi(II1) (100). U(V1) (IOO), Mg(I1) (200), Ca(I1) (250), Ba(I1) (25O), Sr(I1) (250), Ag(1) (5O), 
Ce(IV) (80). As(II1) (150), Sb(II1) (150). In(II1) (60) V(V) (5), Ni(I1) (25), Pd(I1) (25), Cu(I1) (20), Pt(IV) (5O), 
Os(VII1) (45). Ir(IV) (20) Rh(II1) (50) Ir(II1) (35), Os(IV) (45) and Au(II1) (50). 

EDTA. nitrite. thiourea. cobalt(I1) and iron(II1) were found to interfere in the determination of ruthenium. 
Interference due to 10 ppm of iron(I11) could be removed by adding 200 ppm of fluoride. Attempts to mask 
cobalt(I1) were unsuccessful. 

Determinatiott in ores 

Synthetic mixtures contaming platinum metals (e.g.. corresponding to osmiridmm or syserkite) were 
prepared and the ruthenium content determined (Table 1). 

Procedure. Mix the sample with sodium chloride and heat the mixture to redness in a current of 
chlorine. Extract with water. filter and add concentrated hydrochloric acid. The platinum metals form 
soluble chloro-complexes. Reflux the solution m presence of concentrated hydrochloric acid and ethanol to 
reduce any Ru(IV) which may be present, to Ru(II1). Evaporate the solution to a small volume, cool and 
make it up to 50 ml with 1M hydrochloric acid. Determine the ruthenium content in the sample by the 
procedure already described in the experimental section, 
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Table 1. Determination of ruthenium in synthetic mixtures 
corresponding to osmiridium or syserkite 

Ruthenium Ruthenium 
present, Rh, Ir, OS. Pd, Pt, found, 

ppm ppm ppm ppm ppm ppm ppm 

2.75 - 5.24 2057 - O-06 2.78 
4.19 - 8.00 32.97 - 0.09 4.16 
SOS - 9.64 39.66 - @l 1 4.99 

CONCLUSION 

Although many reagents are known for the calorimetric determination of ruthenium. comparatively few 
are well suited for the purpose. Thiourea’ has proved to be satisfactory for the determination of about 
2-15 ppm of ruthenium and the tolerance for iridium, rhodium, platinum and nickel offers some advantage 
but the sensitivity is very low and palladium interferes. l,lO-Phenanthroline and 4,7-diphenylphenanthroline’ 
give sensitive colour reactions but the intensity of the colour depends upon several factors that require 
control to produce precise results. Considerable interference is caused by other metals and a time-consuming 
prior separation of ruthenium by distillation is necessary. p-Nitrosodimethylanilinei4 is highly sensitive 
(00l28 pg/cm’) but perhaps the most objectionable feature in this method is the narrow pH range, which 
is also the pH required for precipitation of ruthenium as the hydrated oxide. Osmium and nitrate interfere 
seriously and should be absent. 

Recently 2,3_diaminopyridine,’ 2,4,6-tris(2’-pyridyl)-S-triazine,6 oximidobenzotetronic acid” and 3,4_diamino- 
benzoic acids have been used for the determination of ruthenium. In the case of 2,3-diaminopyridine, prior 
separation of ruthenium from other metals is necessary. Oximidobenzotetronic acid is selective but the 
sensitivity is low. 3+Diaminobenzoic acid is a sensitive reagent but the pH range is narrow (40-4.5) and 
other platinum metals interfere. 

The present procedure, involving the use of NHBC as spectrophotometric reagent for ruthenium, is fairly 
sensitive. None of the platinum metals interferes in the determination. Among the group VIIL metals only 
cobalt interferes in the &termination. The major advantage of this method is that the reagent can be used 
as such for the determination of ruthenium in presence of large quantities of other platinum metals in 
readily attainable oxidation states, without the use of masking agents. 
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Summary-The pinkish-violet complex developed on interaction of ruthenium(II1) with 3-nitroso- 
4-hydroxy-5,6_beruocoumarin (NHBC) in the pH range 5.5-8.0 can be extracted into n-butanol. 
The complex has an absorption maximum at 520 nm. Maximum colour development takes place 
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after heating for 20 min on a steam-bath and the extracted complex is stable for at least 92 hr. 
Beer’s law IS followed up to 7.4 ppm of ruthenium. The molar absorptivity is 1.04 x 10“ 
l.mole-‘.cm-‘. The composition of the complex is 1 : 2 (ruthenium : NHBC). None of the other 
platinum metals was found to interfere in the determination of ruthenium, even though present 
in large excess. 

Zusammenfassung-Der rosaviolette Komplex aus Ruthenium(II1) und 3-Nitroso-4-hydroxy-5,6- 
benzocumarin (NHBC) bei pH 5,5-&O kann in n-Butanol extrahiert werden. Der Komplex hat 
ein Absorptionsmaximum bei 520 nm. Die maximale Farbentwicklung findet nach 20 min 
Erhitzen auf dem Dampfbad statt; der extrahierte Komplex ist mindestens 92 h lang stabil Das 
Beersche Gesetz gilt bis hochstens 7,4 ppm Ruthenium. Der molare Extinktionskoefiizient 
betrtigt 1,04 x IO4 I.mol-‘.cm-‘. Die Zusammensetzung des Komplexes ist 1 :2 (Rut- 
henium : NHBC). Keines der anderen Platinmetalle stijrt bei der Bestimmung von Ruthenium, 
such nicht in groDem UberschuR. 

R&atm&-Le complexe violet-rositre dbveloppe par interaction du ruthtnium(II1) avec la 3-nitroso 
4-hydroxy 5,6-benzocoumarine (NHBC) dans le domaine de pH 5,5-&O peut etre extrait en 
n-butanol. Le complexe a un maximum d’absorption a 520 nm. Le dtveloppement maximal de 
la couleur se fait aprbs chauffage pendant 20 mn au bain de vapeur et le complexe extrait est 
stable pendant au moins 92 h. La loi de Beer est suivie jusqu’8 7,4 ppm de ruthinium. Le 
coefficient d’absorption molaire est 1,04 x 10” l.mole- ‘. cm- I. La composition du complexe est 
1 : 2 (ruthenium : NHBC). On a trouvit qu’aucun des autres mitaux du platine n’interfkre dans 
le dosage du ruthtnium, m&me p&sent en grand exds. 

Talanta, Vol. 21, pp. 641-645. Pergamon Press. 1974 Prmed m Great Briram 

ZUR ENTMISCHUNG DER LijSUNGSMITTEL BET DER 
CHROMATOGRAPHISCHEN TRENNUNG-IV* 

SELEKTIVE SORPTION DER FLIEDMITTEL AN DER SILICAGEL- UND 
ALUMINIUMOXIDS~ULE SOWIE AN PAPIERSTREIFEN 

(Eingegangen am 27. M&z 1973. Revidiert am 12. September 1973. Angenommen am 30. November 1973) 

Friiher verijffentlichte Untersuchungenl-’ haben gezeigt, daB esim Verlaufdes chromatographischen Prozesses an 
der Cellulosed\ule zur Entmlschung der Losungsmittel kommt und dafi man die Verhiltnisse an der Grenze 
zwischen der festen und der fliissigen Phase offensichtlich nicht nur mit der Bildung eines Cellulose-Wasser- 
Komplexes erkliiren kann. Es war nun interessant zu erfahren, ob das fiir Cellulose erkannte Verhalten der 
FlieDmittel fir andere Trhger gilt oder ob sich der Charakter der Sorption von Fall zu Fall iindert. Darum 
wurde eine Versuchsreihe angesetzt. bei der einige schon friiher an Cellulosesiiulen durchgefihrten Experimente 
an Silicagel- und an Aluminiumoxiddiulen sowie an Streifen von Chromatographiepapier durchgefihrt wurden. 

EXPERIMENTELLER TEIL 

Filr die Versuche wurden die friiher beschriebenen Siiulen’ verwendet. 

ReageCen 

SdicageI. KorngriiBe 0.3 bls 0.6 mm. gewaschen. bei I10 C getrocknet. 
4Ifrrllirlirrrllosicl. REANAL fin chromatographische Zwecke. 
Dieeingesetzten Alkohole wurden durch mehrfache Destillation gereinigt. Tabelle 1 gibt die Zusammensetzung 

der untersuchten Alkohol-Wasser-Mischungen an. 
Die Bestimmung des Wassergehalts der Lbsungen erfolgte durch. Tltratlon mlt Karl-Fischer-Lisung mit 

blamperometrischer Endpunktsanzeige.4 Die papierchromatographischen Untersuchungen wurden auf Streifen 
von Whatman Papier Nr. 3 MM durchgefiihrt. die entweder zwischen zwei 7 cm langen mikroskopischen 
Objekttrilgern oder zwischen zwei Glasplatten von 24 x 2 cm lagen, die durch Anritzen mit einem Diamanten 
in 2 cm lange Abschnitte geteilt worden waren. 

* Mitteilung III: Talanta, 1965. 12. 171. 
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Tabelle 1. Wassergehalt der untersuchten Alkoho~Wa~r-Mi~hun~n 

Bezeichnung 
der Reihen Methanol 

_ 
Wassergehait in % w/v 

bithanol Propanol Butanol 

1 049 - 0,70 0,45 
2 044 0,80 0.48 
3 1,19 4,93 4.48 4.09 
4 3,9i 5,03 
5 5,43 lo,45 

!% 5,29 
6,80 

6 17,59 21,35 9:75 9,55 

ERGEBNISSE UND DISKUSSION 

E~tm~~~~g der Fi~~rnit~~ an der Silicagel- und nn der Alurn~~i~rno~id~ule 

Als E#eispiel @r das Studium der Entrnischung der FiieOmittel an der Siticagel- und d&r Aiuminiumoxid~~ule 
wurden die Gemische organisches Lasungsmittei-S%ure und AlkohoCWasser gewshlt. 

System organisches L6sungsmitteCSZiue 

Als typische Beispiele wurden Gemische aus Benzyialkohol und Chlorwasserstoffsiiure und Aceton und 
Chlorwasse~stofftiurc studiert und die Abhiingigkeit der Konzentration der Siiure im Filtrat vom Volumen 
des Filtrats verfobt. 

Abbi~dung 1 gibt die Ergebnisse der Untersuchungen wieder. 

_____-___ 

3 

2 

I 

0 30 100 xx) 

ml Filtrat 

Abb. 1. Konzentrationtinderung der Saiztiure im Filtrat. 
A: Silicagel, bei 110°C getrocknet. B: Aluminiumoxid, bei 110°C getrocknet. I: Benzyl- 

alkohol-konz. HCl(98 + 2). 2: Aceton-konz. HCI (98 + 2). 

Ein Vergieich dcr Kurven zeigt, da0 der Charakter der Elutionskutven bei Silicagel und Alumin~umox~d ganz 
Ihnlich ist. Die Lage der surefront ist zwar beim Aluminiumoxid zu hiiheren Werten verxhoben, es 
besteht aber kein Zweifel, daD die an den beiden Ttigermaterialien erhaltenen Versuchsergebnisse nur 
quantitativ, nicht aber qualitativ verschieden sind. 

System Alkohol- Wusser 

AuBerdem wurde noch die sekktive Sorption von Mischungen aus unter~hiedlichen Alkoholen und Wasser 
an beiden S8uknarten getestet und die Befunde mit der bei Verwendung von CeIlulose afs T~germate~al 
erhaftenen Ergebnissenl vergiichen. 

Abbildung 2 zeigt die Resultate an den beiden anorganischen Triigern. 
Ein Vergleich der hier wiedergegebenen Befunde mit denen an CelIuloses;iulen bestitigt. dal3 der Charakter des 

Entmischungsvorganges der FIieDmittef bei den gepriiften Triigermaterialien analog ist. Das iihnliche Verhalten 
der FlieBmittel den getrockneten Tri,igern gegeniiber zeigf daB es offenbar in allen gepriiften Fiillen zu einer 
Sorption aller Komponenten des tisungsmitteigemisches an der Oberfliiche des Triigers kommt. Man erkennt 
weiter, da!3 such im System AIkohoCWasser die Wirkung der Triiger nicht p~nzipieI1 unter~hiedl~ch sind. 
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Ennnischung der FlreJ?arittel am Chrotnafographie-Papier 

Wie schon frtiher nachgewiesen werden konnte, ’ ist die Auswertung von freien Papierstreifen ungeeignet, 
und man kann auf diesem Wege nur Daten von sehr begrenzter Aussagekraft erhalten. Andererseits gibt aber 
die Technik der Papierchromatographie die besten experimentellen Moglichkeiten fir das Studium der 
Verhnderung in der Zusammensetzang der FlieRmrttel im Verlauf des chromatographischen Prozesses. Urn 
drese Technik anwenden zu konnen und die storenden Einfliisse durch das selektive Abdampfen zu 
eliminieren, wurde fir das Studium eine modifizierte Versuchsanordnung benutzt, die es ermijglichte, exakte 
Resultate such bei Einsatz der Paprerchromatographie zu erhalten. Das Ziel dieser Versuchsserie war die 
Ermittlung der quantitativen Zusammensetzung des Flieamittels in verschiedenen Phasen des Trennprozesses. 
Zuniichst sollte festgestellt werden, ob die chromatographische Trennung unter Gleichgewichtsbedingngen an 
der Grenze zwrschen der festen und der fltissigen Phase verlauft oder ob die Gleichgewichtseinstellung erst 
nach emer gewissen Zelt erfolgf die u.U. fur die eigentliche Trennung schon nicht mehr interessant ist. 

Dazu wurde der zwischen den beiden Objekttrigern befindliche Streifen Chromatographie-Papier in das zu 
untersuchende Losungsmittelgemisch, z.B. Methanol-Wasser 9 + 1 bis 1 + 9, eingetaucht. Es wurde aufsteigend 
bis zum oberen Rand der Glaser bzw. im DurchfluB 24. 48 und 96 h entwickelt. Abbildung 3 zeigt die 

20 40 

ml ml 

Abb. 2. Anderung des Wassergehalts im Filtrat. 
A: Silicagelslule. B: Aluminiumoxid&iule. KF = Karl Fischer Reagens. 

Methanol-Wasser: Kurve Al 123 Bl 123 

Ethanol-Wasser: 
Mischung (Tabelle 1) 135 246 
Kurve A2 12- B2 23- 
M&hung (Tabelle 1) 46- 35- 

I-Propanol-Wasser: Kurve A3 123 B3 123 
Mischung (Tabelle 1) 136 245 

1-Butanol-Wasser: Kurve A4 123 B4 123 
Mischung (Tabelle 1) 146 235 



644 SHORT COMMl NICATIOhS 

AbhPngigkeit des Wassergehalts in der oberen. vorher markierten Zone des Chromatogramms con dem des 
urspriinghchen Gemisches bei Labortemperatur, bei 1 ‘C und bei 46’C. 

Wie das Bild zeigf kommt es erst nach Ilingerer Zeit zu einer Gleichgewichtseinstellung zwtschen der 
mobilen und der station&en Phase, bei der ein Ausgleich in der Zusammensetzung des Liisungsmittelgemisches 
erfolgt. Man sieht weiter, dag die Temperatur die Verhiltnisse kaum beeinhuOt. denn der Charakter der 
Kurven ist such bei 1°C und 46°C sehr Bhnlich. 

Urn die Konzentrationsiinderungen der einzelnen Komponenten des Gemisches iiber die ganze Lange 
des Chromatogramms zu erfassen, wurde ein Papierstreifen zwischen zwei Glasplatten 24 x 2 cm in dem zu 
untersuchenden Liisungsmittelgemisch entwickelt. Nachdem das Liisungsmittel die vorgegebene Strecke 
durchlaufen hatte. wurden die einzelnen Zonen des Chromatogramms abgebrochen. gewogen und der 
Wassergehalt durch Titration nach Karl Fischer bestimmt. Es wurden Methanol. Athanol. I-Propanol und 

70 

0 
30 

x* 
8 30 

IO 

0 20 40 60 60 0 20 40 60 60 

Abb. 3. Abhiingigkeit des Wassergehalts in der oberen Zone des Chromatogramms von der Ausgangskonzentrat 
A: Silicagelsaiile. B: Aluminiumoxidlule. 

al a2 a3 a4 bl b2 b3 b4 
Entwicklungsdauer, h 0,s 24 48 72 0.5 0,s 72 
Temperatur, “C 20 20 20 20 46 I 4i2 I 

I-Butanol in praktisch wasser freier Form und im Gem&h mit 20% Wasser studiert. Die Versuche 
haben ganz iihnliche Resultate gezeigt. Als Beispiel sind in Abb. 4 die Ergebnisse der beiden Versuchsreihen 
mit l-Propanol dargestellt. Bei den reinen Alkoholen ist der Wassergehalt im Verlauf des ganzen Chroma- 
togramms praktisch konstant und die Wassermenge hlingt such nicht von der Art des Alkohols ab. Bei den 
80% igcn Alkoholen sinkt der Wassergehalt mit steigendem R,-Wert. 

b0 0.6 06 04 0.2 I.0 0.6 06 0.4 02 

R‘ 

Abb. 4. Abhiingigkeit der Masse des FlieDmittels, des Wassergehalts und des Prozentgehalts an 
Wasscr im Chromatogramm vom Rr-Wert. 

a 1 Masse bci I-Propanol, tng. a 2 Masse bei 80”/, gem I-Propanol, ary. a 3 Wassergehalt 
bei I-Propanol, mg. a 4 Wassergehalt bei 80”,:, igem I-Propanol, my. b 1 Prozentgehalt 
an Wasser bei Verwendung von I-Propanol. b 2 Prozentgehalt an Wasser bei Verwendung 

von 80”,, igem I-Propanol. 
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Dre angefuhrten Versuchsergebnisse haben gezeigt. daD die Konzentration der einzelnen FlieRmittel- 
komponenten wiihrend des ~hromatographi~hen Prozesses nicht konstant ist. Diese Erkenntnis~, nlmlich die 
selektive Sorptton der Fl~e~m~ttelkomponenten, dre Verteilung der FlieOmitteI bei der Entwickiung und 
besonders der gleiche Charakter der Sorptionskurven an den einzelnen Trlgersorten untersttitzt die Meinung, 
da0 in allen FIillen die Wechselwirkung zwischen dem Fliegmittel und dem Tmger dem gleichen Prinzip 
gehorchen. Es handelt sich dabei selbstverstiindlich urn die komplexe Wirkung einer Reihe von Faktoren, 
deren lntenwtiit dann den Typ der Trennung bestimmt. 

Institut fur Er$mchung JAN MKHAL 

Prag, CSSR 
Sektion Chew? der 3erQa~a~e~nie Freiberg (Sachs), DDR GFWSRD ACKERMANN 
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3. idenz, ibid., 1965, 12 171. 
4. J. Michal, Tschech. Patent, 129173 (1968). 

Zusammenfassung--Es wurde die selektive Sorption der Fliegmittelkomponenten an verschiedenen 
Tragern im Verlauf des chromatographischen Prozesses studiert. Dabei ergab sich, da13 keine 
prinzipiellen Unterschiede zwischen der Sorption der untersuchten ~sungsmittel an silicagel, 
Alumlniumoxid und Papier (Cellulose) bestehen. 

Summary-The Selective sorption of components of the mobile phase on different solid supports 
during the course of the chromatographic process has been studied. It appears from the 
results. that there are no significant differences in behaviour of the various solvents investigated 
and silica gel, alumina, and paper (cellulose) as solid phases. 

Resume-On a ttudie la sorption selective des composants de la phase mobile sur differents 
supports solides au tours du processus chromatographique. 11 apparait des r&ultats qu’il n’y a 
pas de diffkrences importantes dans le comportement des divers solvants Ctudits et du gel de 
silice. de I’alumine et du papier (cellulose) comme phases solide. 

Tulantrr. Vol 21, pp. M-M9 Pergamon Press. 1974 Prmted m Great Brttarn 

SPECTROPHOTOMETRIC DETERMINATION OF IRON IN 

SEA-WATER BY SOLVENT EXTRACTION AS 

THE TERNARY COMPLEX 

IRON(-2-NITROSO-4-CHLOROPHENOL-RHODAMINE B 

(Received 30 August 1973. Accepted 19 November 1973) 

We recently reported the determiMtion of iron in city water and river water with 2-ni~o~4c~orophenol and 
Rhodamine B.’ and have now extended the method to cover sea-water. Iron is one of the most interesting trace 
metal ions m sea-water and has been determined by various methods, most of which necessitate a precon- 
centration step. such as evaporation2 precipitationZ co-precipitation,** 3 co-crystallization,4~ 5 solvent extrac- 
tier? or ion-exchange.“-‘2 require large volumes of sample solution, and are time-consuming. 

A few workers have determined iron in sea-water Spectrophotometrically.‘3~14 but the procedures are not 
satisfactory for the concentration of iron normally found in sea-water (2-20 &I). The method described here 
eliminates the preconcentration requires very small volumes of sample solution, and provides rapidity, simpli- 
city. and precision. 
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Reagents 

EXPERIMENTAL 

2-Nitroso-Qchlorophenol. Prepared as the copper complex by nitrosation of p-chlorophenol in acetic acid con- 
taining sodium acetate, copper sulphate, and sodium nitrite. The complex was decomposed by adding hydro- 
chloric acid and the crude product was recrystallized three times from ethyl alcohol and dissolved in toluene 
to give a @002M solution (yellow). 

Rhodamine B. The dye was dissolved in distilled water and extracted into toluene to give a O.OlM solution 
(colourless). 

Extracting solvent. The 2-nitroso4chlorophenol and Rhodamine B solutions were mixed in equal proportions 
and diluted fivefold with toluene to form the extracting solvent. 

Standard iron solution, O*OlM. Mohr’s salt (392.2 mg) was dissolved in 100 ml of distilled water contaming 
1 ml of concentrated sulphuric acid and 1 g of hydroxylammonium chloride, and standardized by EDTA 
titration. This stock solution was accurately diluted before use. 

Bugler solution (PH 47). Prepared from 1M acetic acid and 1M sodium acetate and adjusted to pH 47. Then 
2 ml of 2.5% hydroxylammonium chloride solution and 5 ml of extracting solvent were shaken with 100 ml of 
buffer in a 200 ml separatory funnel for about 30 min. The organic phase was discarded and the extraction 
repeated until the organic phase remained yellow. If any Rhodamine B remained in the buffer, it was extracted 

Time. hr 

Fig. 1. Stability of iron in sea-water. 1. No HCl added. 2. Contains 2 ml of HCl (1 + 1) per litre. 
Reference, reagent blank. 

by shaking with 10 ml of toluene for a few minutes and the extraction was repeated until the aqueous phase 
was colourless. This solution was used as the iron-free buffer solution. 

Sodium chloride solurion. Prepared by dissolving 313 g of sodium chloride in distilled water, diluting to 960 
ml, adding 20 ml of 25% hydroxyl-ammonium chloride solution, 20 ml of buffer solution and 10 ml of extracting 
solvent, in that order, shaking the mixture for about 30 min and repeating the extraction until the organic phase 
remained unchanged. Any Rhodamine B in the aqueous phase was removed as for the buffer. 

Hydrochloric acid (1 + 1). Prepared by mixing 50 ml of concentrated hydrochloric acid with 50 ml of distilled 
water in a 200 ml separatory funnel and shaking with 10 ml of methyl isobutyl ketone (MIBK) for a few minutes. 
The organic phase was discarded and the extraction repeated twice, then 10 ml of isopropyl ether were added 
and the extraction repeated three times. Up to 99.8% of the iron is removed by this method. This hydrochloric 
acid is used for acidifying sea-water samples. 

Hydroxylammonium chloride solution, 2.5%. 
EDTA solution, @OIM. 
All the reagents used were of analytical reagent grade. 

Procedure 

Acidify I litre of sea-water sample immediately with 2 ml of purified hydrochloric acid (1 + 1). Filter the sea- 
water samples through a 045 pm membrane filter previously washed by filtration of 500 ml of O.OlM hydro- 
chloric acid. To an aliquot of ~40 ml (or 490 ml) in a 100 ml separatory funnel. add 1 ml of 25% hydroxylam- 
monium chloride solution and 5 ml of buffer solution. dilute with distilled water to 50 ml (or 100 ml), add 5 
ml of extracting solution, shake the mixture for 30 min with a mechanical shaker and allow to stand for 10 min. 
Measure the absorbance of the organic phase at 558 nm in I cm glass cells against a reagent blank. 
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RESULTS AND DISCUSSION 

In the previous work,’ benzene was used as solvent. Toluene serves equally well and was used here. The com- 
posite reagent was used for convenience. The absorption spectrum remains virtually the same for the toluene 
medium. The optimal pH range was found to be 39-5.3 and the minimal shaking time was 20 min, a time of 
30 min being selected for certainty. A waiting time before extraction was not necessary, but one after extraction 
was, so a period of 10 min was selected. The extracted species was very stable and its absorbance in the toluene 
phase did not change for at least one week at room temperature. Recovery of iron was found to be quantitative. 

Table 1. Interferences 

Ion Added as 
Tolerance 
limit, M Ion Added as 

Tolerance 
limit, M 

cl- NaCl 
Br- NaBr 
I- KI 
NOI- NaN02 
NOX- 
ClO, - 

NaNO, 
NaC103 

c104- NaClO, 
SCN- KSCN 
co32 - Na2C03 
SO,’ - Na,SO, 
s*03*- NaZS20,.5H20 
Ll’ LiCl 
Na+ NaCl 
K’ KC1 
cs+ CsCl 
Rb+ RbCl 
Mg*+ MgClz 
Ca’+ CaCl, 
Sr* + Sr(NOa)* 
Ba* + Ba(N03), 
Cu’ CuCl 
Ag+* AgNO3 
Hg’ HgCl 
Tl’ TlCl 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
@5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
05 
0.5 
0.5 
005 
0.05 
0.05 
@05 
0.01 
0.01 
0.01 
0.01 

Mn** 
Cd’+ 
Hg *+* 

A13+ 
Cr’+ 
Bi3 + 
In”+ 
Nd” 
Ce”+ 
sc3+ 
Y3+ 
La’+ 
Zr4+ 
Th4+ 
V5+ 
CT’+ 
S*- 
Pb2+ 
Zn2 + 
Ais’ 
Hg*+ 
Ni*+ 

;$ 
co* + 

Mn(N0a)2.6H,0 0.01 
Cd(N01)2.4H20 0.01 
Hg(NO&.HrO 0.01 
Al(NO&9H,O O-01 
Cr(N0&.9H20 0.01 
BiCl, 0.01 
InCl, 0.01 
NdCl, @Ol 
C&&.7H20 0.01 
ScCl, 0.01 
YCI, Cl.01 
La(N03)J*6H,0 0.01 
ZrOCl, 0.01 
Th(N0,).+.4H20 0.01 
NH,VO$ 0.01 
K2Cr207 0.01 
Na2S9H20 0+05 
Pb(NO3)2 0035 
ZnCl, @005 
AgNO3 5 x 1o-4 
Hg(NO3)z.HzO 5 x 10-4 
NiSO,.6H,O 1 x lo-4 
CuSO,.SH,O 1 x lo+ 
SnC12.2H20 5 x 1o-5 
CO(NO~)~.~H,O 2 x 10-5 

* Hydroxylammonium sulphate as reducing agent. 

The absorbance obeyed Beer’s law over the range O-l x lo- 5M iron(H). The apparent molar absorptivity was 
9.0 x lo4 l.mole- ‘cm- ‘. The composition of the extracted species was found to be 1: 3: 1 iron(H): 2-nitroso4 
chlorophenol-rhodamme B. When 5 ml of extracting solution were used with 2.23 I.cg of iron(I1) in the aqueous 
phase, almost the same absorbances were obtained irrespective of the volume of aqueous phase between 5 and 
100 ml. Thus, a 20-fold concentration can easily be achieved by choice of phase-volume ratio. 

Some metal tons. such as cobalt, copper and nickel, react with 2-nitroso+chlorophenol and to some extent 
are extracted along with iron(H). These metal ions and the other ions generally present in sea-water were exam- 
med m detail as shown in Table 1. Large amounts of tin(H), nickel, copper( and cobalt interfere, but the 
amounts found in sea-water are too small to interfere. Tin(I1) interferes by decomposing the 2-nitroso-tchloro- 
phenol. Other tons in the amounts commonly present in sea-water do not interfere. 

The species extracted into toluene could not be decomposed by adding EDTA after the extraction, but when 
1 ml of 0.01 M EDTA was added before the extraction, the iron(I1) was not extracted. 
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Table 2. Determination of total iron in sea-water 

Sample* Date of sampling Sample taken, ml Absorbancet Iron. jig/l. 

1 

i 

25 March 1973 20 0.202 31.3 
5 July 1973 20 0414 64.1 

2 
30 March 1973 20 0570 88.3 
22 June 1973 20 0.322 49.9 

3 23 June 1973 0.184 14.3 
4 13 July 1973 2 0276 21.4 

I 

13 July 1973 40 0.164 12.7 
5 

{ 

0.061 9.4 
21 July 1973 : 0.115 8.9 

80 0.229 8.9 

* Sample 1: Seashore at Shibukawa, Okayama Prefecture, Japan. Sample 2: Seashore at Sanban Okayama 
Prefecture, Japan. Sample 3: Seashore at Ushimado, Okayama Prefecture, Japan. Sample 4: Seashore at Tottori 
Tottori Prefecture, Japan. Sample 5: Offshore at Uradome, Tottori Prefecture, Japan. 

t Reference, reagent blank. 

Filtration 

When 1 litre of acid of the concentration used was filtered trace amounts of iron were dissolved out from 
the membrane (about 06 pg per 47 mm diameter circle). Accordingly, it is necessary to wash the membrane filter 
with acid (500 ml of QOIM hydrochloric acid) before use. 

Amount of hydroxylammonium chloride 

Some of the iron in sea-water exists as iron(III), so the efficiency of reduction of iron(II1) with hydroxylam- 
monium chloride was examined. Final concentrations of hydroxylammonium chloride from @02 to 1% were 
found equally effective, and conditions were adjusted to give a final concentration of @OS%. The reduction was 
found to be rapid. 

Table 3. Reproducibility of iron determination* 

Sample volume, ml 20 40 80 
Determinations 8 7 5 
Mean of absorbance? 0.061 0.115 O-229 
Standard deviation 0.003, 0*005, 0.006, 
Relative std. devn, % 6 5 3 

* Samples from offshore at Uradome, Tottori Prefecture, Japan. 
t Reference, reagent blank. 

Stability of iron in sea-water 

The apparent iron content of sea-water stored in ordinary containers decreases gradually as shown in Fig. 
1, but if the samples are acidified with 2 ml of hydrochloric acid (1 + 1) per litre, the iron content remains con- 
stant for at least a month. Accordingly, samples should be acidified immediately after collection. However, the 
iron can be recovered by acidifying the stored samples and leaving them for at least 4 hr. 

Determination of total iron in sea-water 

The results obtained for various sea-water samples are given in Table 2 and for reproducibility studies in Table 
3. The amounts of iron found agree with those in recent papers.6* Is. I6 

Department of Chemistry TAIUSHI KORENAGA 

Faculty of Science SHOJI Moro~tzu 
Okayama University KYOJI T~EI 

3-l-l. Tsushimanaka 
Okuyama-shi, 700, Japan 
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Summary-Iron has been determined in sea-water by extraction of the ternary complex of iron(H) 
with 2-nitroso4chlorophenol and Rhodamine Bat pH 4.7 and measurement at 558 nm. Toluene 
IS used as the organic solvent. Any iron(II1) is reduced with hydroxylammonium chloride. 

Zusammenfassung-Eisen wurde in Meerwasser durch Extraktion des tern&en Komplexes von 
Eisen(I1) mit 2-Nitroso+chlorphenol und Rhodamin B bei pH 4,7 und Messung bei 558 nm 
bestimmt. Als organisches Ldsungsmittel wird Toluol verwendet. Eisen(III), falls vorhanden, wird 
mit Hydroxylammoniumchlorid reduziert. 

R&urn&-On a dose le fer dans l’eau de mer par extraction du complexe ternaire du fer (II) avec 
le 2-nitroso 4-chlorophenol et la Rhodamine B a pH 4,7 et mesure P 558 nm. On utilise le tolubne 
comme solvant organique. Le fer (III) est reduit par le chlorure d’hydroxylammonium. 
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DETERMINATION OF TRACE AND MINOR ELEMENTS IN 
ALLOYS BY ATOMIC-ABSORPTION SPECTROSCOPY 
USING AN INDUCTION-HEATED GRAPHITE-WELL 

FURNACE AS ATOM SOURCE-II* 

(Received 27 August 1973. Accepted 3 November 1973) 

An induction-heated graphite-well furnace used in conjunction with electrodeless discharge tubes as light-sources 
and the monochromator and detector of a Unicam SP90 atomic absorption spectrophotometer, has already been 
described 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. Small samples of alloy, 5 or 6 mg 
in weight, were dropped into the furnace for these determinations. In this communication some further results 
are presented for the determination of zinc in aluminium and aluminium-silicon alloys and of aluminium, anti- 
mony and tin in steels. 

Apparatus 
EXPERIMENTAL 

.The apparatus has already been described in detail.’ Temperatures were measured with a Land Disappearing 
Filament Pyrometer Type DFP 2C by looking down through the open valves into the base of the furnace. Tem- 
peratures could be measured with an accuracy of + 10°C but are not corrected for the emissivity value of graphite 

* Part I: J. B. Headridge and David Risson Smith, Talanta, 1972. 19, 833. 
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(090). The measured temperatures will be slightly lower than the true temperatures with an estimated maximum 
error of 35°C at 2500°C. 

Electrodeless discharge tubes were made in the laboratory according to well-known proceduresI_“ 

Procedure 

Use as a light-source either an electrodeless discharge tube or a hollow-cathode lamp of the element to be 
determined in the alloy samples. Weigh out 5 or 10 mg of standard alloys (similar to the samples) and the alloys 
to be analysed for the trace or minor element. Drop these samples consecutively into the furnace as described 
in the previous paper, measuring the absorbance of the vapour cloud for each sample. Construct a calibration 
graph for the standard samples and use this graph to determine the concentration of trace or minor element 
in the samples. If the rather tedious procedure of weighing 5 mg samples all to the nearest 0.1 mg is used the 
abscissa of the calibration graph is “Concentration of the trace element”. However it is easier to weigh out the 
samples accurately to the nearest 01 mg, but ensuring that their weights fall within the range of 4.5 to 5.5 mg, 
and to make simple calculations such that the abscissa reads “Weight of the trace element.” Slight differences 
in the weights of samples do not appear to lead to any decrease in accuracy or precision for a determination. 

Alloy samples 
The alloys used for the construction of the calibration graphs, with the concentrations of minor or trace ele- 

ments in parentheses, and the furnace temperatures, are shown in Table 1. 
Samples weighing 5 mg were used throughout except for the calibration graph for zinc in aluminium alloys, 

where 10 mg samples were employed. 

Table 1. Alloys and temperatures used for caibration graphs 

Determination 
Alloys used Temperature, 

(concentrations in %) “C 

Zn in Al alloys 

Zn in Al-Si alloys 

Al in steels 

Sb in steels 

Sn in steels 

BCS 268(@05), BCS 181/2(0*07) 
BCS 182/2(0.10), BCS 216/2(@20) 
SS 504(@06), SS 502(@21), 
SS 505(@24) 
BCS 320(0.013), BCS 327(@020), BCS 325 
(0*028), BCS 329(@05%), BCS 322(@093) 
BCS 325@002), BCS 326@005), 
BCS 329(@018), BCS 328(0.026) 
BCS 321(0014), BCS 323(0024), BCS 
218/3(@042), BCS 325(0*0463, 
BCS 32qO.085) 

2350 

2350 

2450 

2400 

2400 

RESULTS AND DISCUSSION 

Suitable calibration graphs were obtained for zinc in aluminium and aluminium-silicon alloys, and aluminium 
antimony and tin in steels. They all had convex curvature except that for tin, which was linear. Alloys SS 503, 
BCS 328, BCS 330 and BCS 239/3 were analysed eight, ten, eight and seven times respectively for the accuracy 
and precision data shown in Table 2. 

The amounts and concentrations of these elements in their respective matrices required to give 1% absorption 
when heated in the induction furnace, as calculated from the calibration graphs, are shown in Table 3. 

Table 2. Accuracy and precision of analyses 

Relative 
standard 

Line, deviation, 
Determination nm % 

Zn in Al-Si alloy* 3076 4.2 
Al in mild steel 309.3 7.1 
Sb in mild steel 231.1 7.4 

Sn in steel 2840 
2863 > 

9.4 

* The less-sensitive resonance line for zinc was used. 

Content by 
this method, 

% 

0148 
ON6 
0017 

0032 

Content by 
Independent 

method 
% 

015 
0.048 
o-018 

0.030 
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Table 3. Amounts and concentrations of elements required for 1% absorption 

Element Matrix 
Amount, 

ng 
Concentration for 5-mg 

sample, wig 

Zinc Al-base 60 12 
Aluminium Mild steel 25 5 
Antimony Mild steel 4 0.8 
Tin Steel 50 10 

The accuracy of the results IS satisfactory, as can be seen from Table 2, provided that the compositions of 
the standards and the samples to be analysed are similar. This restriction also applies to certain other analytical 
methods using sohd samples, such as emission spectrography and X-ray fluorescence spectroscopy. An Incorrect 
result for the determination of the minor or trace element in a sample can be obtained if the sample contains 
a high concentration of another volatile element, compared with the standards. For example, the aluminium 
alloys BCS 268 (used in the construction of the calibration graph) and BCS 262 each contain @OS% of zinc but 
0.563,; and 10.579, of magnesium respectively. Magnesium is a volatile element boiling at 1107”. The absorbance 
for zinc for BCS 262 IS considerably greater than that for BCS 268, indicating that the volatile magnesium in 
high concentration sweeps out the zinc from the matrix more readily with BCS 262 and leads to a higher peak 
concentration of zinc in the vapour cloud. An examination of the concentrations of major elements in alloys 
along with their boiling points will show if any interference effects might be expected. 

The precision of the results is similar to that obtamed by other workers using non-flame methods of atomiza- 
tlon. The precision should be improved if a semimicro balance is used to weigh the samples.’ The knsitivity 
of the method for zinc will be greatly increased by using the more sensitive resonance line at 213.9 nm. However, 
no suitable alloy samples of sufficiently low zinc content were available for the construction of a calibration graph 
using this line. The sensitivities of the method for the determination of aluminium. antimony and tin in steels 
will be improved if the temperature of the furnace can be raised by several hundred degrees. The maxi&m tem- 
perature of the furnace was 25OO’C but iron boils at 3000°C and the results from the previous study’ showed that 
the best sensitivity is obtained at a temperatureJust above the boiling point of the base element when the element 
to be determined is more volatile. 

By use of aqueous salt solutions dispensed onto carbon or tungsten discs, suitable calibration graphs were 
also obtained for lead, magnesium, manganese and silver, the amounts for 1% absorption being 4, @03, 1.4 and 
0.1 ng respectively. It should also be possible to determine trace amounts of these elements in alloys if suitable 
standards are available 

Acknowledgements-The authors are indebted to the University of Riyadh, Saudi Arabia, and the British Steel 
Corporation for maintenance grants for M.A.A. and AS. respectively. 

Department of Chemzstr) 
The Uniuersir) 
Sheffield. U.K. 

M. A. ASHY 
J. B. HEADRIDGE 
A. %JW!ZRBUTTS 

REFERENCES 

1. J. B. Headridge and D. R. Smith, Talanta, 1972,19, 833. 
2. R. M. Dagnall, K. C. Thompson and T. S. West. ibid., 1967,14,551. 
3. K. E. Zacha. M. P. Bratzel, J. D. Winefordner and J. M. Mansfield, Anal. Chem., 1968,40, 1733. 
4. C. Woodward. At. Absorption Newsletter. 1969, 8, 121. 

Summary-Results are presented for the atomic-absorption spectrophotometric determination of 
zmc in aluminium and alummium-silicon alloys, and aluminium antimony and tin in steels, by 
means of solid samples dropjped into an induction-heated graphite-well furnace to produce the ato- 
mic vapour 

Zusammenfassung-Es werden Ergebnisse von atomabsorptionsspektrophotometrischen Bestim- 
mungen von Zink in Aluminium und Aluminium-Silicmm-Legierungen sowie von Aluminium, 
Antimon und Zinn in Stlhlen mitgeteilt. Dabei werden zur Erzeugung des atomhaltigen 
Dampfes die festen Proben m emen induktiv geheizten Graphlt-Schachtofen fallen gelassen. 
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R&n&-On presente des resultats pour le dosage spectrophotometrique par absorption atomique 
du zinc dans l’aluminium et des alliages aluminium-silicium. et l’aluminium I’antimoine et I’etain 
dans les aciers au moyen d’echantillons solides projetts dam le logement en graphite dun four 
chat& par induction pour produire la vapeur atomique. 

Talanro, Vol. 21. pp. 652-654. Pcrgsmon Press. 1974. Prmted an Great Br~tam 

SPECTROGRAPHIC ANALYSIS OF HIGH-PURITY NICKEL 
OXIDE FOR TWENTY-ONE TRACE IMPURITIES, 

WITH USE OF A NEW BUFFER 

(Received 11 July 1973. Accepted 29 October 1973) 

Only a few reports deal with the spectrographic analysis of high-purity nickel oxide. Krasil’schik and Yakovleva’ 
have determined six impurities in high-purity nickel oxide, using a hollow-cathode discharge in a helium atmos- 
phere. However, when a simultaneous &termination of a large number of impurities is required a spectrographic 
method employing a d.c. arc is generally used. Two methods z*3 have been reported for the analysis of nickel 
by converting it into nickel oxide and analysing in the d.c. arc, with different buffers. The ASTM method2 used 
graphite as buffer and estimated nine impurities, whereas Fujishio and Sakai’ used a mixture of germanium 
oxide and graphite as bu!I’er for determination of seven impurities. For both methods the lowest determination 
limits ranged From 10 to 50ppm. The present method determines simultaneously twenty-one trace impurities 
in high-purity nickel oxide with a lower limit of I-1Oppm. This has been made possible by the use of a new 
buffer (a mixture of indium oxide and graphite in 1: 2 ratio) which enhances the intensities of the analytical lines 
of many elements more than the earlier buffers do. 

Equipment 
EXPERIMENTAL 

A JACO 3.4 m Ebert spectrograph with a grating having 1200 lines/mm and blazed at 330 nm was used with 
a dispersion of about 025 nm/mm. A d.c. arc source was run at 10 A to excite the sample. A’26 pm slit width 
was used with a 10% transmission filter. The spectra were recorded on Ilford N.30 plates. The line densities were 
measured on a non-recording microphotometer (Hilger Model L.451). Intensity ratios were calculated on the 
Respectra calculator (Dennert and Pape, Hamburg). 

Preparation of standards 

Synthetic standards were prepared by dry-mixing the spectroscopically-pure grade impurity compounds with 
high-purrty nickel oxide supplied by Johnson-Matthey and Co. Spectroscopically-pure graphite (U.C.C. 200- 
mesh) and indium oxide (Johnson-Matthey) were used for preparation of the buffer. 

Procedure 

The nickel oxide sample and synthetic standards were mixed with an equal amount of the buffer (a mixture 
of indium oxide and graphite in the ratio I : 2). The charge, consisting of 40 mg of this mixture, was loaded into 
a 4 in. electrode (Ultra Carbon Products) havmg a suitable cavity. Graphne electrodes (l/8 in. diameter. Ultra 
Carbon Corporation) were used as cathodes. The spectra excited by the d.c. arc (10 A) with an electrode spacing 
of 4 mm were recorded (exposure of 60 set). Working curves were drawn for various elements and their con- 
centrations in the sample were determined. 

RESULTS AND DISCUSSION 

Table 1 gives the impurity elements, analytical lines and concentration ranges. The determination limits for 
Si, AL Mg and Na are slightly higher because of the presence of residuals in the blank. These residuals were 
found by the method of trial additions. 
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Table 1. Analytical Imes and concentration ranges 

Impurity 
element 

Analptlcal lme 
wavelength.* 

)11,1 
Concentration 

range. ppru 
Impurity 
element 

Analytzal line 
wavelength.* 

ml? 

Concentration 
range. ppm 

Sn 242 95 
s1 25 1-43 
Al 257.51 
Fe 259.96 
Mn 260.57 
Pb 26 1.42 
Mg 277.67 
AS 28605 
Sb 287.79 
Cr 289.68 
Bi 289.80 

5-100 
5-50 
2-20 
5-100 
I-20 
5-100 
2-20 

1 O-250 
5-100 

1 O-200 
5-100 

CO 304.40 I-20 
BLi 307.16 10-100 
Ti 316.26 5-100 
V 319.80 IO-100 
MO 320.88 10-100 
Cdt 326.11 5-loo 
Cut 327.40 l-20 
Na 330.23 2-25 
Zn 330.26 10-100 
Agt 338.29 I-20 

* Internal standard hnes were NI X3.03 nm for the elements m the left-hand set of columns (Sn-Bi) and NI 
317.41 nm for the rest (CeAg). 

t The IO?, transmission step of the filter was used for measurement. 

In order to get the optimum sensitivity for most of the twenty-one trace impuritses. mixtures of graphite with 
\ar~oua compounds such a\ AgC‘I. G;trOj. ZnO. CuO. GeOz and ln?O, were tried and added to the nickel oxide 
m the ratlo 1: 1. The mixture of ln,O, and graphite was found to give optimum ‘sensltivlty for the majority of 
the elements. Different ratios of indium oxide to graphite were tried and the ratio I:2 was found to give optimum 
performance for most of the elements. In comparison with the buffers used in earlier methods,2*3 namely, graphite 
and a mixture of 20°0 GeOZ in graphite. this new buffer enhanced the intensities of the analytical lines of Pb, 
Bi, Sn. Cr. Ba. V. Ag. Cu. As. Mg and Mn. in addition, the intensities of the analytical lines of the other elements 
were not reduced. The Cd 326.1 nm and Co 304.4 nm lines had a somewhat higher background owing to intense 
mdium lines in the vicmtty. A comparison of the intensities (intensity ratios) for these impurities, when measured 
with the buffers GeOZ m graphite and InZO, in graphite, is given in Table 2. The nickel 337.41 nm line has 
almost constant intensity for both the buffers and is used as an Internal standard line. The intensity ratios for 
both the buffers were calculated from the spectra taken on the same plate under identical conditions. From Table 
2 tt is clear that the In203 and graphite mixture is superior to the GeO, and graphite mixture for the impurities 
mentioned above. The retative standard deviation of the method varied from 8 to 16% for different elements. 

Table 2 Intensity ratios obtamed with GeO, in graphite (a) and In,Os m graphite (b) as the buffers* 

Element 

Standard I Standard II 

(iI) (& (al (b) 

Standard III 

(a) (b) 

Standard IV 

(a) (b) 

Sn 0.095 0.12 015 024 O-32 0.64 074 1.13 
Mn 016 0.19 0.32 0.38 075 0.98 1.85 2.0 
Pb 0.26 0.58 0.49 1.05 0.97 2.6 2,2 4.18 
Mg t 0.074 0.058 @13 0.081 027 0.20 044 
As t t t 0.39 0.42 0.70 064 1.30 
Cr 0.045 0.084 0.077 0.14 @I7 0.49 0.38 0.85 
Bi 0.12 0.16 0.23 0.34 0.47 1.09 1.39 2.02 
Ba t 0.13 0,068 0.25 014 0.77 0.42 1.27 
V @36 052 0.53 I .05 I.11 3.01 2.9 6.0 
CU 0.98 1.4 1.8 2.45 3.70 5.75 7.65 8.8 
Ag 0.65 0.9 1 1.25 1.55 2.3 40 5.35 6.0 

* The nickel 317.41 nm line which had almost constant mtenslty with both the buffers was used as the internal 
standard lme Hence the Table shows the changes in intensities of the impurity hnes. 

t The lrnpurlt~ ime was not seen at this concentration. 
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Summary-A spectrographic method for the determination of twenty-one trace lmpuritles in high- 
purity nickel oxide by the d.c. arc technique has been developed. A mixture of graphite and indium 
oxide in the ratio 2: I is used as buffer. The lowest determination limits for various elements lie 
between 1 and 10 ppm with an average relative standard deviation of f 129;. 

ZusaB--Ein spektrographisches Verfahren zur Bestimmung von einundzwanzig 
Spuren-Verunreinigungen in hochreinem Nickeloxid mit Hilfe des Gleichstromlichtbogens wurde 
entwikkelt. Ein Gem&h aus Graphit und Indiumoxid im Verhlltnis 2 : 1 dient als Puffer. Die 
niedrigsten Nachweisgrenzen mehrerer Elemente liegen zwischen I und 10 ppm mit einer relativen 
Standardabweichung von durchschnittlich + 12%. 

R&urn&-On a &labor6 une m&hode spectrographique pour le dosage de vingt et une impure& 
B l%tat de traces dans i’oxyde de nickel de haute puret6 par la technique de l’arc en courant continu. 
Un mklange de graphite et d’oxyde d’indium dans le rapport 2: I est utilid comme tampon. Les 
limites de dktermination les plus faibles pour divers tlements se situent entre I et IO ppm avec un 
&art type relatif moyen de + 12%. 

T&ma, Vol. 21. pp. 6%660 Pergamon Press. 1974. Printed m Great Britain 

REACTION OF COBALT WITH 2-NITROSO-5 

DIETHYLAMINOPHENOL AND THE SOLVENT 

EXTRACTION OF ITS COBALT COMPLEX 

(Received S June 1973. Accepted 17 October 1973) 

Nitrosonaphthols. such as I-nitroso-2-naphthol. 2-nitroso-I-naphthol and nitroso-R salt. are well-known rea. 
gents for the extraction and determination of cobalt. Earlier studieslW4 have shown that 2-nitroso-%dimethyl, 
aminophenol (nitroso-DMAP) is very useful for the determination of micro amount< of cobalt in iron and steel.’ 
commercial nickel salts6 and commercial chemicals.’ In general, the derivatives of naphthalene show stronger 
absorption than the derivatives ofbenzene, but the molar absorptivity of nitroso-DMAP is very large, comparec 
with that of nitrosonaphthol derivatives. This is because mtroso-DMAP possesses the strongly electron-donating 
dimethylamino-group in the para-position. This study concerns a nitrosocompound which possesses a morf 
strongly electron-donating group, viz. 2-nitroso-S-diethylaminophenol (nitroso-DEAP). 

By comparison with nitroso-DMAP, the cobalt complex of nitroso-DEAP has slightly greater molar absorp 
tivity, is much less soluble. and is much more readily extracted into 1,2-dichloroethane (DCE). Thus, the reagen 
is expected to be very useful for the preconcentration and determination of micro amounts of cobalt in very dilute 
solutions. In order to establish optimum conditions for its use the appropriate equilibrium constants have beer 
measured. 

EXPERIMENTAL 

The reagents, apparatus and procedures for the determination of equilibnum constants, other than those listen 
below. have been described previously.4 
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Summary-A spectrographic method for the determination of twenty-one trace lmpuritles in high- 
purity nickel oxide by the d.c. arc technique has been developed. A mixture of graphite and indium 
oxide in the ratio 2: I is used as buffer. The lowest determination limits for various elements lie 
between 1 and 10 ppm with an average relative standard deviation of f 129;. 

ZusaB--Ein spektrographisches Verfahren zur Bestimmung von einundzwanzig 
Spuren-Verunreinigungen in hochreinem Nickeloxid mit Hilfe des Gleichstromlichtbogens wurde 
entwikkelt. Ein Gem&h aus Graphit und Indiumoxid im Verhlltnis 2 : 1 dient als Puffer. Die 
niedrigsten Nachweisgrenzen mehrerer Elemente liegen zwischen I und 10 ppm mit einer relativen 
Standardabweichung von durchschnittlich + 12%. 

R&urn&-On a &labor6 une m&hode spectrographique pour le dosage de vingt et une impure& 
B l%tat de traces dans i’oxyde de nickel de haute puret6 par la technique de l’arc en courant continu. 
Un mklange de graphite et d’oxyde d’indium dans le rapport 2: I est utilid comme tampon. Les 
limites de dktermination les plus faibles pour divers tlements se situent entre I et IO ppm avec un 
&art type relatif moyen de + 12%. 
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REACTION OF COBALT WITH 2-NITROSO-5 

DIETHYLAMINOPHENOL AND THE SOLVENT 

EXTRACTION OF ITS COBALT COMPLEX 

(Received S June 1973. Accepted 17 October 1973) 

Nitrosonaphthols. such as I-nitroso-2-naphthol. 2-nitroso-I-naphthol and nitroso-R salt. are well-known rea. 
gents for the extraction and determination of cobalt. Earlier studieslW4 have shown that 2-nitroso-%dimethyl, 
aminophenol (nitroso-DMAP) is very useful for the determination of micro amount< of cobalt in iron and steel.’ 
commercial nickel salts6 and commercial chemicals.’ In general, the derivatives of naphthalene show stronger 
absorption than the derivatives ofbenzene, but the molar absorptivity of nitroso-DMAP is very large, comparec 
with that of nitrosonaphthol derivatives. This is because mtroso-DMAP possesses the strongly electron-donating 
dimethylamino-group in the para-position. This study concerns a nitrosocompound which possesses a morf 
strongly electron-donating group, viz. 2-nitroso-S-diethylaminophenol (nitroso-DEAP). 

By comparison with nitroso-DMAP, the cobalt complex of nitroso-DEAP has slightly greater molar absorp 
tivity, is much less soluble. and is much more readily extracted into 1,2-dichloroethane (DCE). Thus, the reagen 
is expected to be very useful for the preconcentration and determination of micro amounts of cobalt in very dilute 
solutions. In order to establish optimum conditions for its use the appropriate equilibrium constants have beer 
measured. 

EXPERIMENTAL 

The reagents, apparatus and procedures for the determination of equilibnum constants, other than those listen 
below. have been described previously.4 
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Fig 1. Absorption spectra of the complex and the reagent in aqueous solution. 
(1) pH = 6.3. lO-cm cell. [Reagent] 3 x IOehM; (2) [Reagent] 3 x IO-‘M, [CO] I x 10v6M. 

Rengenr 

Nnroso-DEAP was obtained in the same way as nitroso-DMAP. The purified nitroso-DEAP hydrochloride 
(nitroso-DEAP.HCI) IS obtained as yellow needle-like crystals of the monohydrate (C,0H,,N202Cl~H,0). Ele- 
mental analysis gave: C 48.29;. H 6.67,. N 11.4%; C,,H,,N,03CI requires C 4&3x, H 6.9% N 11.3%. 

Procedure 

The solubility of the cobalt nitroso-DEAP and DMAP complexes in water were determined as follows. Various 
amounts of cobalt were added to an aqueous solution (pH 6.2) containing nitroso-DMAP or nitroso-DEAP 
(1 x IO-‘M). and these solutions were shaken for about 5 hr at 25”Cand filtered; 5 ml of the filtrate were shaken 
with 5 ml of DCE. The orgamc phase was washed with hydrochloric acid. and the absorbance measured. Figure 
2 shows the results obtained. The nitroso-DEAP complex is not as soluble as that of nitroso-DMAP, so occa- 
sionally precipitation occurred at concentrations before the break-point. With nitroso-DMAP, the absorbances 
before the break-point are almost in agreement with the values expected from the molar absorptivity, but with 
mtroso-DEAP they are somewhat smaller. Therefore the solubility of the nitroso-DEAP complex was calculated 
from the absorbance after the break-point. 

Cobalt 
x IO% (ndroso - DMAP) 

x 10m6M (nltroso-DEAP) 

Fig. 2. Solubility of the cobalt complex in aqueous solution. 
(1) nitroso-DEAP. l-cm cell. 462 nm; (2) nitroso-DMAP, 2-mm cell, 456 nm. 
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Table 1. The results obtained 

PKI 

e’(MR X nm 
A.,,_: (HR; nm 
i,;,, (MRd. "m 
EMU,, I~mole-'.cm-' 
loI3 h?. 
log&t, 
log& 
h3aa, 
&I,1 M 

Nitroso-DMAP 

269 f 0.03 
840 f 0.05 
445 
404 
456 
6.0 x lo4 at 456 nm 
1.42 + @02 

26.17 f O-12 
0.42 f 0.22 
3.1 
6.5 x 10-s 

Nitroso-DEAP 

2.83 k 0.01 (p 0.1) 
8.38 & 0.03 (p 0.2) 
442 (aqueous solution pH 6.3) 
408 (1,2-dichloroethane) 
462 (1,2-dichloroethane) 
6.2 x 10“ at 462 nm (1.2-dichloroethane) 
2.35 It 0.02 (p 0.1) 

24.73 f 0.16(~ @I) 
-0.21 + 0.20(@ 0.1) 

7.3 
3.6 x lO-6 

Dx = partition coefficient of X, K, = extraction constant, &,a, = solubility of MR,. 

RESULTS AND DISCUSSION 

The experimental results are illustrated in Figs. 1-7 and the values of the constants calculated from them are 
given in Table 1. The reagent and complex have similar absorption spectra (Fig. 1) but the difference in the distri- 
bution ratios of reagent and complex at pH < - 1.2 or > 12.8 can be exploited to remove the excess of reagent 
from the organic phase after complexation. Table 2 records the results of experiments to establish the best condi- 
tions for stripping. 

Nitroso-DEAP is very similar to nitroso-DMAP in its synthesis, colour, crystal form, absorption spectra of 
the reagent and cobalt complex, etc., but differs in some respects. such as the solubility of the cobalt complex, 
the extractability of the reagent and the cobalt complex, etc. (Table 1). The greater pK, , for nitroso-DEAP . HCI 
than for nitroso-DMAP.HCl is ascribed to the ethyl group having a stronger electron-donating effect than the 
methyl group. The solubility of nitroso-DEAP and its cobalt complex in DCE is larger than nitroso-DMAP. 
However, as nitroso-DEAP is very extractable into DCE, the extraction constant. K, , is smaller. 

- 16 

PH 

Fig. 3. Plots of absorbance 0’s. pH and of log KIMII, us. pH. 
(I) [Reagent] 3 x 10-6M; (2) [Reagent] 3 x IO-6M. [Co] 1 x 10-bM; (3) log K’ua, us. pH, IO- 

cm cell. 500 nm. 
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.2 

PH 

Fig. 4. Plot of log Q vs. pH. 

[Reagent] 1 x 10e3 M. 4~ = 1 I D-Us + &z 
K 81 m 

where D,, = [HRIJHR], and subscripts o and a denote the 
organc and aqueous phases respectively. 

0 

0 

0 

H 0 
x 

L 

B 
a 0 

0 

C 

?- 

6- 

5& 

4- 

3- 

2- 

11;; 

34’ 0 360 420 460 500 540 ! 

Wovebnglh, nm 

657 

Fig. 5 Absorption spectra of the complex and the reagent in the organic phase. 
(1) Complex (1 x lo- ‘M). 1 cm cell: (2) reagent blank, 1 cm cell. both after washing with HCl(1 + 

1). (3) [Reagent] 5 x IO-“M. 1 mm cell. 
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0.6 - 

Fig. 6. Effect of pH on the extraction of cobalt. 
[Reagent] I x IO-“M; [Co] 1 x IO-“M, 462 nm, I cm cell. 

Determination ofcobalt 

For the determination of cobalt, nitroso-DEAP is used in a similar manner to nitroso-DMAP. Both reagents 
in DCE can be stripped with alkaline and acidic solutions. By treating the organic phase with hydrochloric acid 
the excess of reagent and other metal complexes co-extracted into the organic phase are stripped. In case of I- 
nitroso-2-naphthol and 2-nitroso-l-naphthol etc., the excess of the reagent and the other metal complexes in 
the organic phase must be removed with alkaline and acidic solutions, respectively. The molar absorptivity of 
the nitroso-DEAP complex is 62 x IO’ l.mole-‘*cm-’ at 462nm, which is probably larger than that of all 
other nitroso cobalt complexes used up to the present. Besides, as the partition coefficient of the cobalt complex 
is very large, nitroso-DEAP is especially advantageous for concentration of micro amounts of cobalt in very 
dilute solution by solvent extraction, and for subsequent determination of cobalt. 

0 2 4 6 

Mole r&o, c RI / cc03 

Fig. 7. Mole-ratio method for organic phase. 
462 nm, I cm cell, pH 6.2, [Co] 1 x IO-“M. 
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Table 2. Stripping of the organic phase with HCI and KOH 

Extraction Stripping 
system solution 

Absorbance of organic phase after 

1st wash 2nd wash 3rd wash 

1* 

2t 

1N KOH 0.189 0.100 0.125 
HCl(l + 2) 0.034 0.013 0.007 
HCl(1 + 1) 0016 0007 0004 
cont. HCl 0026 0.007 O-005 
1N KOH 0.721(0.532) 0.724QI.624) @757(0.632) 
HCI (1 + 2) 0.654(@620) @636(0.623) O-638(0.631) 
HCl(1 + 1) 0.631(0-615) 0*622(0.6 15) 0*625(0.621) 
cont. HCI 0.357(0.331) 0.229(0.222) - 

Reagent solution 5 x 10-3M, cobalt solution 1 x lo- 5M. reference l,Zdichloroethane, I462 nm. 
* Aqueous phase-H,0 (5 ml) + buffer solution (1 ml) + reagent solution (1 ml); organic phase-5 ml. 
t Aqueous phase-cobalt solubon (5 ml) + buffer solution (1 ml) + reagent solution (1 ml), organic 

phase-S ml. 
The values in parentheses were obtained by subtracting the reagent blank. 
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Summary-2-Nitroso-5-diethylaminophenol (nitroso-DEAP) is a useful reagent for cobalt, with 
which it forms a 1: 3 complex. Its pK,, and pK,, values are 2.83 and 8.38, and the formation con- 
stant, log K,,,, is 24.73. The reagent and complex may be extracted into 1,tdichloroethane from 
water. the log of the respecttve partition coefficients being 2.35 and 7.3. The extracted cobalt com- 
plex 1s not stripped by 6M hydrochloric actd, whereas excess of the reagent is. The molar absorp- 
tivity of the complex in 1.2-dichloroethane is 6.2 x 10’ 1 .mole - ’ .crn-’ at 462 run, which is larger 
than that of other nitroso derivatives. 

Zusammenfassung-2-Nitroso-5-dilthylaminophenol (Nitroso-DEAP) ist ein gutes Reagens fur 
Kobalt. mit dem es einen 1 :3:Komplex bildet. Seine pK,,- und pK,,,-Werte betragen 283 
bzw. 8.38, die Bildungskonstante log KMR, 24,73. Reagens und Komplex kiinnen aus Wasser in 
1.2-Dichlorathan extrahiert werden; die Logarithmen der betreffenden Verteilungskoefhzienten 
betragen 2.35 und 7.3. Der extrahierte Kobaltkomplex wird durch 6M Salzaure nicht 
zuriichextrahiert. dagegen das iiberschiissige Reagens. Der molare Extinktionskoetlizient 
des Komplexes m 1.2.Dichlorlthan betrlgt 6,2 x IO4 1 .mol-‘.cm-’ bei 462 run, ein grol3erer 
Wert als bei anderen Nttrosoderivaten. 

R&urn&-Le 2-mtroso 5-diethylaminophenol (mtroso-DEAP) est un reactif utile pour le cobalt, 
avec lequel il forme un complexe 1: 3. Ses valeurs pKa, et pKa2 sont 2.83 et 8.38, et la constante 
de formatton. log KM,, est 24.73. Le reactif et le complexe peuvent Etre extraits de l’eau en 1,2- 
dichlorithane. le log des coefficients de partage respectifs &ant 2.35 et 7.3. Le complexe de cobalt 
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extrait n’est pas reextrait en acide chlorhydrique 6M. tandis que I’excis de renctif I’est. Lr coefficient 
d’absorption moltculaire du complexe en 1.2-dichlorethane est 6.2 x 10J lmole- ‘. cm- ’ h 462 nm. 
valeur qui est plus grande que celles des autres derives nitroso. 

Tuisnra. Vol. 21. pp. 660-663. Pcrgamon Press 1974. Printed I” Great Brttam 

TRACE ANALYSIS BY MICROWAVE EXCITATION 
OF SEALED SAMPLES-III 

DETERMINATION OF-,0005-25 ng OF Te AND O-25-25 ng 
OF Se IN 0.5 ml OF AQUEOUS SOLUTION 

(Received 11 July 1973. Accepted 8 October 1973) 

The determination of selenium and tellurium in (submanogram amounts has become more important with the 
increasing awareness of the importance of these elements in biological systems.‘.’ Recent methods for this in- 
clude atomic-absorption spectrometry using flameless atomizing systems-’ A.5 and (especially for tellurium) ato- 
mic fluorescence.” The results of these methods, however, leave room for improvement and no measurements 
below 1 ng/ml have been reported for these elements. 

The use of the electrodeless discharge lamp (EDL) as a sampleholder for the determination of (subktanogram 
amounts of Cd, Tl, In, Hg, Zn and Pb has already been described’s The present paper investigates its use for 
the determination of traces of selenium and tellurium The main problem considered is that of finding the most 
suitable matrix. This may consist of more than one component in order to maintain constant excitation condi- 
tions and at the same time suppress interfering band spectra. The matrix used will depend on the element con- 
cerned and thermodynamic data such as vapour pressure, solubility and stability of the element and its com- 
pounds (in our case oxides or halides). 

Apparatus 

EXPERIMENTAL 

The vacuum apparatus and procedure for preparing the EDL’s, the spectrometer, the monochromator, the 
detector and the microwave generator are the same as before.7s The signals were corrected for a background 
value, measured immediately afterwards at a wavelength 0.3 nm longer than that of the line. The cavity used 
was the $-wave type (E.M.S. 214 L), the quartz used was “Vitreosil” (Thermal Syndicate). A nominal volume 
of 100 4 of matrix f sample solution was added to the EDL. 

Tellurium 

A tellurium tube was prepared’.” containing 1 mg of metallic tellurium and I mg of iodine. This tube gave an 
intense tellurium spectrum with the strongest lines at 238.3 and 238.6 nm; these. lines were used m further investi- 
gations 

In the literature it was found that tellurium tetrachloride has favourable values for its solubility. thermodyna- 
mic stability and vapour pressure. Therefore in the first experiments 100 ng of tellurium tetrachloride were used 
in a matrix solution (slightly acidified to prevent hydrolysis) containing 2.5 pg of sodium chloride and 2.5 pg 
of lithium chloride, in order to maintain constant excitation conditions, and about I mg of germanium as a getter 
in order to prevent interfering band spectra.’ With this matrix however, the EDL did not show any Te lines. 
Replacing the germanium getter by boron did not give any result either. As seen above, addition of iodine to 
tellurium gave an intense Taspectrum It could therefore be expected that addition of iodine to the tellurium 
tetrachloride introduced, would also give results, but because of its high volatility the iodine causes difficulty 
if used for quantitative purposes. Potassium iodide does not give such difficulties, however, and because it was 
found that an EDL containing potassium iodide showed exactly the same spectrum as an EDL contaming iodine, 
potassium iodide was used in further experiments. Moreover. in the 200-300 nm region no interfering band spec- 
tra appeared, so there was no necessity to use a getter. 

The optimum amount of the iodide and the optimum power (65 W, incident power minus reflected power) 
were determined Some filler-gases were tested: helium and hydrogen were equally good. but oxygen was useless. 
Different kinds of quartz were tested, “Vitreosil” was found satisfactory. Other types could also be used. 

Selenium 

The strongest selenium line from an EDL (1 mg of selenium) was at 204 nm From thermodynamic data it 
can be concluded that selenium may be determined when present as SeO,, SeF, or SeCI, in the EDL. 
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mic stability and vapour pressure. Therefore in the first experiments 100 ng of tellurium tetrachloride were used 
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in order to prevent interfering band spectra.’ With this matrix however, the EDL did not show any Te lines. 
Replacing the germanium getter by boron did not give any result either. As seen above, addition of iodine to 
tellurium gave an intense Taspectrum It could therefore be expected that addition of iodine to the tellurium 
tetrachloride introduced, would also give results, but because of its high volatility the iodine causes difficulty 
if used for quantitative purposes. Potassium iodide does not give such difficulties, however, and because it was 
found that an EDL containing potassium iodide showed exactly the same spectrum as an EDL contaming iodine, 
potassium iodide was used in further experiments. Moreover. in the 200-300 nm region no interfering band spec- 
tra appeared, so there was no necessity to use a getter. 
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were determined Some filler-gases were tested: helium and hydrogen were equally good. but oxygen was useless. 
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Fig. 1. Time-dependence of signal with (a) 2 pg of KI (b) 5 pg of KI. 

Tubes were tested which contained: (1) SeO, added as a neutral solution of H,SeO,; (2) SeO, + HCl (1M) 
from which SeC14 will be formed during evaporation in the vacuum line; (3) Se& with various potassium 
halides. Tubes containing SeCl, + KI gave the best results. The amount of potassium iodide and the acidity 
were optimized but the selenium-emission signal was always less intense than the corresponding tellurium signal. 
Some improvement could be achieved by adding a small amount of potassium fluoride to the matrix. 

RESULTS 

The dependence of the signal on time for 10 ng of TeCl, differed according to the amount of potassium iodide 
present (Fig. 1). With a matrix of 5 pg of KI or more, a maximum always appeared in the emission signal about 
3 min after switch-on of the EDL, This maximum appeared to be fairly reproducible, but some EDL’s did not 
give the expected signal, probably because of contamination from the quartz.* Using 50 M of KI gave the same 
results as with 5 pg but all EDL’s gave the signal expected and no interferences from the quartz were found 
Presumably the type of quartz used is less critical if more iodide is used. The results are listed in Table 1, for 
50 pg of KI in the matrix. The volume was 123 4, but 500 nl can be used without difficulty. From a calibration 
curve concentrations may be found with a relative standard deviation of about 20%. 

Table 1. Maximum emission intensities, Te 2386 nm line, measured 
3 min after switch-on 

Amount of Te, Amount of Te, 
ag Signal x 10e3* P9 Signal* 

25 11.1 25 23, 24 
10 4.53, 3.32 10 16, 16 

7.15, 5.26 5 8, 10 
2.5 1.37, 1.66 blankt 3, 4, 3, 6 
1 0423, 0.551 blankf 0, 0 
0.25 0.162, 0.142 
0.10 0.051, 0062 

* Calculated scale divisions at highest amplification. 
t The glassware had been used for Te determinations for some time. 
$ Completely different glassware was used 

The selenium signal showed about the same dependence on time as the tellurium signal (Fig. 1); here too, maxi- 
mum intensity was found 2-3 min after switch-on. Some results are listed in Table 2, each EDL containing 1 B 
of SeCl, and 5 or 25 pg of halide. 

The values suggest that the best matrix should be 5 pg of potassium iodide but no reliable results were obtained 
with such small quantities. Experiments with “Pursil453” quartz’ gave no improvement; presumably the difficul- 
ties found here cannot be attributed to the type of quartz. 
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Table 2. Influence of potassium halides on the Se 
signal 

SHJKX 25,ugKX 
Halide Signal x 1O’3* Signal x 10W3* 

KF 0.391 0094 
KCl 1.16 0%3 
KBr 157 480 
KI 453 191 

* Calculated scale divisions at highest amplifica- 
tion. 

In quantitative experiments 40 M of potassium iodide were used, resulting in a more reliable system, but with 
lower sensitivity. A somewhat better sensitivity could be achieved when 2 a of potassium fluoride were also 
added, so the &al matrix became 40 erg of KI + 2 #g of KF. The results for this system are listed in Table 3. 

Table 3. Maximum emission intensities 2-3 mitt after switch-on. 
(Se 204.0 nm line) 

Amount of Se, Amount of Se, 
Y Signai x 10-** ng Signat x 10mz* 

25 13.4, 13.8, I @+I, 051, 
18.0 0.56 

10 3.98, 571, 05 0.27, 0.25, 
450, 5.02, 0.29 

542 
2.5 1.07, 0.89, 0.25 0.12, 0.07, 

080 a10 

* Calculated scale divisions at highest amplification, 

M~surement of @1 ng was impossible because the rapid variation of signal with time made subtraction of 
a reliable background value impossible. A 500 4 matrix volume can be used. The relative standard deviation 
is about 200/, 

DISCUSSION 

So far in these experiments, only pure salt solutions have been analysed When an actual sample is to be ana- 
lysed, removal of the teliurium and selenium (e.g. by distillation of the chlorides) may be required This will be 
investigated in further experiments. The lowest amount of Te and Se which can be measured in 05 ml are 5 and 
250 pg respectively. 

The temperature of the outer wall of our EDL’s was measured and found to be about Iooo”C. There may be 
a correlation between the rapid fall of the signal after the maximum is reached and the high temperature of the 
quartz. Temperature regulation of the EDL may improve the results, but has not yet been investigated 
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Summary-Traces of tellurium and selenium can be determined by optical emission spectrometry 
using microwave exitation in electrodeless discharge lamps. In @5 ml aqueous solution samples, 
freeze-dried in electrodeless discharge lamps, IO- 5 ppm Te and 5 x 10e4 ppm Se can be determined 
with a relative deviation of about 20:/,. 

Zusammenfassung-Spuren Tellur und Selen kijnnen durch opt&he Emissionsspektrometrie mit 
Mikrowellenanregung in elektrodenlosen Entladungsriihren bestimmt werden. In Proben von 0.5 ml 
wlDriger Liisung, diem elektrodenlosen EntladungsrGhren gefriergetrocknet wurden, ksnnen IO- ’ 
ppm Te und 5. 10m4 ppm Se mit einter relativen Standardabweichung von etwa 20% bestimmt 
werden. 

R&urn&--On peut doser des traces de tellure et de s&mum par spectrombtrie d’tmission optique 
en utilisant I’excitation micro-ondes dans des tubes B dCcharge sans Bectrode. Dans 0.5 ml d’tchan- 
tillons en solution aqueuse. s&h&s par tvaporation de la glace dans des tubes ti d&charge sans tlec- 
trode, on peut doser IO- ’ ppm de Te et 5 x 10e4 ppm de Se avec un &art type relatif d’environ 
20”,. 

Telonra. Vol. 21. pp 663-661 Pergamon Press 1974. Prmted m Great Braam 

BROMINE CYANIDE AS TITRIMETRIC OXIDANT IN 
NON-AQUEOUS MEDIA 

(Received 26 June 1973. Accepted 8 October 1973) 

Bromine cyamde has recently been developed as a titrimetric oxidant in acidic aqueous medium for the deter- 
mination of several morgamc compounds.l-h In the present study, the work has been extended to its use in non- 
aqueous solvents such as acetonitrile. glacial acetic acid. 1: 1 acetic acid-acetic anhydride mixture, methanol and 
ethanol. The study is sigmficant because iodme need not be added, m contrast to the corresponding titrations 
m aqueous medium.lmh and because few, if any. bromine compounds (other than bromine itself) have been used 
in non-aqueous medium.’ 

EXPERIMENTAL 

Bromme cyanide.’ arsenic(II1) chloride. antimony(II1) chloride,* sodium sulphide,’ phenylhydrazine, chloral- 
hydrazine. l.l-methylphenylhydrazine, benzalazine,3 
thiourea. benzylthiourea, o-tolylthiourea.4 

etbylthiourea. isopropylthiourea, allylthiourea, a-phenyl- 
sodium methyldithiocarbamate, sodium dimethyldithiocarbamate, 

sodium ethyldithiocarbamate, sodium diethyldithiocarbamate, sodium isopropyldithiocarbamate and ethanols 
were prepared and/or purified according to the methods referred to earlier. All the other chemicals used were 
of analytlcal grade. The solvents were distilled before use. 

The solunons of bromme cyanide and the reductants (2.5 x lo-‘M) were prepared in glacial acetic acid, 1: 1 
acetic acid-acetic anhydride mixture. methanol, ethanol or acetonitrile by direct weighing and then diluting to 
the required volume. 

Gaterul procedure 

An aliquot of reductant solution (2-10 ml) was diluted to 50 ml with the solvent. Anhydrous sodium acetate 
(3-4 g) was added to the ntrand m the titrations of hydrazines in glacial acetic acid and 1: 1 acetic acid-acetic 
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anhydride mixture media. After each addition of oxidant, the mixture was thoroughly stirred and the potential 
noted the potentiometric titration outfit described earlier being used’The titrations were repeated at least thrice 
at each concentration level. 

Some typical results are given in Table 1. 

Table 1. Potentiometric determination of various reductants with bromine cyanide 

Reluctant 

AE/AK AEIAK 
Mean Ill v Mean mV 

relative Per rcla ti ve per 
Taken; Found deviation 0.02 Taken. Found. devtatton 0.02 

W W “4 ml my my “:, ml 

Potassium iodide 
Sodium sulphide 
Sodium sulohite 
Ammonium thiocyanate 
Tin (II) chloride 
Arsenic (III) chloride 
Antimony (III) chloride 
Hydra&e hydrate 
Phenylhydrazine 
I,l-Methylphenyl 

hydraxine 
Chloral hydraxine 

Sodium methyl- 
dithiocarbamate 
Sodium dimethyl- 
dithiocarbamate 
Sodium ethyl- 
dithiocarbamate 
Sodium diethyl- 
dithiocarbamate 
Sodium isopropyl- 
dithiocarbamate 

Thiourea 40% 
Ethvlthiourea 5056 
Isopropylthiourea 53.10 
ARylthiourea 1@36 
z-Phenylthiourea 1768 
Renxylthiourea 3080 
o-Tolylthiourea 25.00 

12.20 
4040 
33.20 
23.84 
29.30 
25.38 
28.80 
46.36 
39.63 

1594 
23.16 

17.91 

22.00 

27.00 

21GO 

3021 

Acetic acid medium 

1219 0.29 
40.45 016 
3323 0.12 
2380 0.08 
29.25 0.04 
25.42 007 
28.78 0.02 
4642 006 
39.55 005 

15.96 @12 
23.12 O-08 

Ethanol medium 

1794 0.06 

22.05 014 

27.03 0.03 

21.03 010 

30.23 023 

Methanol medium 

4091 0.04 
50.58 0.23 
53.17 0.12 
1@34 0.00 
1766 0.09 
3077 @14 
24.97 008 

33 
24 
20 
63 
66 
43 
31 
63 
15 

24 
19 

25 

53 

34 

38 

43 

:!: 

:: 
38 
53 
25 

I : I Acetic acid-acetic anhydride mixture 

15.25 15.27 035 37 
4040 4043 0.05 29 
49.80 4974 0.03 21 
37.76 37.80 009 60 
29.30 29.25 000 65 
5@76 5082 008 46 
5760 57.58 0.07 
31.26 31.21 0.07 
28.20 28.17 009 

33.30 33.36 0.05 
34.74 34.79 0.08 

Acetonitrile medium 

30.24 30.22 005 

17.98 17.96 0.18 

17.10 17.11 0.11 

19.52 19.48 0.06 

30.99 30.95 0.04 

28 
47 
13 

10 
17 

23 

82 

93 

79 

99 

RESULTS AND DISCUSSION 

The solution of bromine cyanide in glacial acetic acid, I : I acetic acid-acetic anhydride mixture, acetonitrile, 
methanol or ethanol is stable and does not undergo decomposition or change in reactivity with time. The titre 
does not change more than 1% even after 2 months. 

Determination qfinoryanic ions 

Bromine cyanide reacts in 1: 1 molar ratio with sulphide and sulphite in glacial acetic acid and 1: 1 acetic acid- 
acetic anhydride mixture, forming sulphur and sulphate respectively. Tin(U), arsenic(II1) and antimony(II1) are 
oxidized to tin(IV), arsenic(V) and antimony(V) respectively in these media even in the absence of anhydrous 
sodium acetate, which has to be added in the corresponding titrations with iodine cyanide.* Thiocyanate reacts 
with bromine cyanide in 2: 1 molar ratio, forming thiocyanogen. All the titrations are reversible and bromine 
cyanide is reduced directly to bromide in every case. It may be mentioned that thiocyanate reduces iodine cyanide 
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tn these media only to elementary iodme* and the titration is not possible in aqueous medmm with either oxidant. 
The behaviour of bromine cyanide in glacial acetic acid and I : 1 acetic acid-acetic anhydride is sornew~~t diger- 
ent from that of todine cyanide m these media :” there is neither colour change nor formation of the corrcspondrng 
complex trihahde ran during these titrations. However, when iodine IS titrated with bromide cyanide, the colour 
changes from yellow to orange. indicating that the iodide is first oxidized to iodine and then to the complex 
tri-iodide.(&), but there is no abrupt potential change corresponding to the formation of iodine as there is in 
aqueous medium.’ When the iodide is completely oxidized to tri-iodide, the solution acquires a yellowish-brown 
colour and there is an abrupt rise in potential at a BrCN/KI molar ratio of 1: 3. 

The titration is selective for iodide and as little as 2 mg can be determined in the presence of 100 times excess 
of chloride and bromide. The titrations of iodide, sulphide, sulphite, thiocyanate and tm(II) are faster than those 
of arsenic(IIl) and anttmony(II1). 

Bromine cyanide reacts with hydrazme hydrate, phenylhydrazine. 1.1.methyl phenylhydrazine and chloralhyd- 
razine in 1: I molar ratio in glacial acetic acid. The solution remains colourless. indicating the reduction of bro- 
mine cyanide to bromide. The behaviour of bromine cyanide is similar to that of iodine cyanide in the corre- 
spondmg tjtrations3 and the reactions may. therefore. be explained by the following equations: 

2N2& -k 2Br’+NHs + NaH + 4H+ + 2Rr- (1) 

R R 
\ \ 

2 NNH, + 2Br’ - NN=NN + 4H+ + ZBr- (2) 
/ / \ 

C6H5 (235 Cc35 

2 CC1sCH(OH)NHNH2 f 2 Br’ - CCl,CH(OH)NHNH(OH)CHCCl, + N, + 4H+ + 2 Br- (3) 

The evolution of nitrogen was observed only in the titration of chlo~ihydr~ne. 
These hydratines. however. react with bromine cyanide in 1: 1 glacial aci~a~ticanhydride mixture in 2: 1 molar 

ratio except for hydrazine hydrate which consumes an equimolar amount of the oxidant. The stoichiometric 
ratios m this medium are different from those in aqueous3 and glacial acetic acid medium because the hydrazines 
are acetylated in presence of acetrc anhydride. ‘JO These acetyl derivatives are then oxidized by bromine cyanide: 

2 CHJCONHNHz + 2 Br+ - CHsCONHNHCOCH, + N, + 4 H’ + 2 Br- (4) 

0 0 

R, t CH 

’ ‘- ‘+Br 

R, !-CM R 

2 /N-N\ 

+- ’ ’ ’ l+2H++Br‘ N-N-N-N 

R’ 
\ 

R2 H 2 C-C& R2 
II 
0 

where R, = H, CH, and Rz = C,H, or CCl,CH(OH). 
The titrations are slow. reversible. accurate and possible in both media only in the presence of molar con- 

centrations of anhydrous sodium acetate. Benzalazine, which reacts with iodine cyanide in both media,3 could 
not be titrated with bromine cyanide under similar conditions. The mode and progress of the reaction are thus 
governed largely by the nature of the solvent and the oxidant. Since the media are acidic, there is no chance 
of air oxidation of the hydrazines which is the main source of error in their determination in aqueous medium.’ 
All attempts to determine the hydrazmes in solvents such as ethanol, formamide and acetone have failed. 

Thtourea and Its derrvatives cannot be titrated with bromine cyamde in glacral acetic acid or 1: I acetic acid- 
acetic anhydride mixture. even in presence of anhydrous sodium acetate, although the corresponding titrations 
with iodine cyanide are quantltative.4 However bromine cyanide reacts with thiourea. e~ylthiourea, isopropyl- 
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thiourea, allylthiourea, z-phenyltbiourea, benzylthiourea and o-tolylthiourea in methanol in molar ratio I : 2 and 
itself is reduced to bromide: 

RiHN R,HN NHR, 
\ \ / 

2 C-SH + Br+ - c-s-s-c + 2H* + Br- (6) 
// // \ 

HN HN NH 

where R, = hydrogen. alkyl or aryl. 
This is significant because in aqueous medium only the alkylthioureas react quantitatively (and even then an 

indirect method has to be used) and the titrations are not of any analytical interest.’ Iodine cyanide reacts with 
alkyl and aryl thioureas in methanol medium in molar ratio 1:2 and 1: 1 respectively.4 The bromine cyanide 
titrations in methanol are quick and the change in potential at the equivalence point is appreciable. The thioureas 
can be titrated with bromine cyanide only in slightly acid media and all attempts to determine them in solvents 
such as acetone and ethyl acetate have failed 

Determination ofdithiocarbamates 

Bromine cyanide reacts with sodium methyl-, ethyl-, dimethyl-. diethyl- and isopropyldithiocarbamates m the 
molar ratio I:2 in ethanol and acetonitrile. 

P s 
II 

2R,R,NCS; + Br+ - RIR2NC-S-S-CNR,R, + Br- (7) 

where R, = alkyl or aryi, and R2 = hydrogen or alkyl. 
The titrations are fast, reversible and quantitative. The titrations of dithiocarbamates with bromine cyanide in 

ethanol are faster than the corresponding titrations with iodine cyanide and require about 20-25 min with man- 
nual recording of the potential. 

The use of non-aqueous solvents for these determinations is advantageous because the oxidation product need 
not be extracted with petroleum ether, carbon tetrachloride or chloroform as is the case in aqueous medium.5 
Unlike iodine cyanide,r bromine cyanide does not oxidize the dithiocarbamates quantitatively in acetone 
medium. The titrations are also unsuccessful in acidic solvents such as glacial acetic acid even in presence of 
anhydrous sodium acetate, and also in stronger donor solvents like formamide and dioxan. 
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Summary-Bromine cyanide has been used for the potentiometric determination of sulphide, sul- 
phite, thiocyanate, iodide, tin(H), arsenic(III), antimony(III), hydrazine hydrate, phenylhydrazine, 
I,l-methylphenylhydrazine and chloralhydrazine in glacial acetic acid and I : I acetic acid-acetic 
anhydride mixture, of thiourea. ethylthiourea. isopropylthiourea. allylthiourea, benzylthiourea. z- 
phenylthiourea and o-tolylthiourea in methanol. and of sodium methyl-. ethyl-. dimethyi-. diethyl- 
and isopropyldithiocarbamates in ethanol and acetonitrile media. The behaviour of bromine 
cyanide in these non-aqueous solvents has been compared with its behaviour in aqueous medium 
and with that of iodine cyanide in these non-aqueous solvents. 
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Zusammenfassung-Bromcyamd wurde verwendert zur potentiometrischen Bestimmung von Sul- 
fid. Sultit.Thiocyanat, Jodid. Zinn(ll). Arsen(lll). Antimon(lll). Hhydrazinhydrat. Phenylhydrazin 
I.l-Methylphenylhydrazin und Chloralhydrazm in Eisessig und in einem I : I-Gemisch aus Essig- 
s&Ire und Acetanhydrld. von ThioharnstofT. .&thylthioharnstofI. lsopropylthioharnstofl. Allyl- 
thloharnstotr. Benzy!thloharnstoK z-Phenylthloharnstof und o-Tolylthloharnstofl in Methanol; 
sowie der Methyl-. Athyl-. Dimethyl-, Dlathyl- und Isopropyldithiocarbamate von Natrium in 
AthanoI und Acetonitrll. Das Verhalteri von Bromcyanid in diesen nichtwPl3rigen Liisungsmitteln 
wurde verglichen mlt seinem Verhalten in wll3riger Llisung und mit dem von Jodcyanid in diesen 
nichtwll3rigen Lijsungsmitteln. 

R&urn&-On a utilisi le bromure de cyanogtne pour le dosage potentiomktrique de sulfure, sulfite, 
thiocyanate. iodure, itain (II), arsenic (III), antimoine (III), hydrate d’hydrazine, phknylhydrazine, 
l.l-mtthylph&-~ylhydrazine, et chloralhydrazine en acide acttique glacial et dans un mklange de 
I : 1 acide acktique-anhydride acktique. de thiourte, tthylthiourte, isopropylthiourke. allylthiourke, 
benzylthiourte. r-phtnylthiourte et o-tolylthiour6.e en mtthanol, et de methyl-. tthyl-, dimtthyl-, 
dikthyl- et isopropyldlthiocarbamates de sodium en milieux ethanol et acktronitrile. Le comporte- 
ment du bromure de cyanogine dans ces solvants non-aqueux a ttt compart B son comportement 
en milieu aqueux et B celui de l’iodure de cyanogbne dans ces solvants non-aqueux. 



PRELIMINARY COMMUNICATION 

CATALYTIC EFFECT OF COPPER ON THE 
HEXACYANOFERRA~(III~CYA~IDE REDOX REACTION 

(Received 19 December 1973 Accepted 10 January 1974) 

Cyanide is oxidized by hexacyanoferrate(III), according to the equation: 

ZFe(CN)~- + CN- + 20H- -+2Fe(CN)z- + CNO- + H,O 

This reaction mvolves a two-electron transfer. and is therefore slow, in good agreement with the empirical law 
reported by Adamson.’ However, we have verified that the reaction rate is notably increased tf copper is present 
in the solution. An attempt is being made to apply this catalytic activity to the kinetic determination of copper 
and in this paper, a prelimmary study is reported. 

EXPERIMENTAL 

Reugelzrs 

Cupric nitrate solutions were obtained by dilution from a O.OlM standard solution; 2-OM sodmm cyanide and 
5 x 10A3M potassium hexacyanoferrate(II1) were prepared from reagent grade products. 

Procedure 

In a 50 ml volumetrtc flask. 25 ml of ?OM sodium cyanide and different volumes of IO--‘M cupric nitrate were 
diluted with water to nearly 40 ml. Then 5 ml of 5 x iOm3M potassium hexacyanoferrate(II1) were added with 
stirring, and the volume was quickly adjusted to 50 ml. The time was measured from the moment of adding the 
Fe(CN):- solution. All the solutions were previously heated to 25’ in a thermostat, and this temperature was 
mamtained in the reaction cell during the experiment. 

The reaction rate was followed by measuring the decrease of the characteristic maximum of Fe(CN)z- at 
422 nm. with ttme. The other species in solution do not interfere practically at this wavelength. 

RESULTS AND DISCUSSION 

In all the runs tt was verified that. after an initial period of about 10min plots of l/[Fe(CN&) against time 
were straight lines, showing a second-order dependence on hexacyanoferrate(II1) concentration. The pseudo 
second-order rate constant kz was a linear function of the total copper concentration for fixed pH and cyanide 
concentratton. The rate constant m l.OM cyanide media (pH I 1.4) was measured for copper concentrations vary- 
ing from lo-’ to 10V3M. A value of k, corresponding to the uncatalysed reaction was obtamed by extrapolating 
the straight line to zero copper concentration. The detection limit in the experimental conditions was somewhat 
higher than 10-‘&f. The computed relative standard deviation from ten determinations of 4 x IO-s&f copper 
was about + 3”,. 

We are now makmg a kinettc study of the uncatalysed reactton by spectrophotometric and am~rome~ic 
methods. The reaction rate increases with ionic strength, alkalinity and cyanide concentration, while it is de- 
creased as the hexacyanoferrate(I1) concentration increases. From knowledge of the kinetics, mechanisms and 
activation energy values of both the uncatalysed and catalysed reactions, an attempt will be made to determine 
the best expertmental conditions to obtam the greatest sensivity and the smallest detection limit. Interferences 
will also be studied. 
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Summary-The oxidation of cyanide with hexacyanoferrate(II1) is a thermodynamically possible 
but kinetically slow reaction, which is catalysed by copper(U). The catalysed reaction has a second- 
order dependence on hexacyanoferrate(II1) concentration. and the pseudo second-order rate con- 
stant increases linearly with the copper concentration, at least in the range from IO-’ to 10-3M. 

Znaammenfaasung-Die Oxidation von Cyanid durch Hexacyanoferrat(II1) ist eine thermo- 
dynamisch mogliche, jedoch langsame Reaktion; sie wird durch Kupfer(I1) katalysiert. Die 
katalysierte Reaktion hiingt nach der zweiten Ordnung von der Hexacyanoferrat(III)-Konzen- 
tration ab; die Geschwindigkeitskonstante pseudo-zweiter Ordnung steigt linear mit der 
Kupferkonzentration an, wenigstens im Rereich von lo-’ bis 10V3M. 

Rbsnm&L’oxydation du cyanure par l’hexacyanoferrate(II1) est une reaction thermodynamique- 
ment possible mais cinetiquement lente, qui est cataIy&e par le cuivre(I1). La reaction 
catalysie a une dependance du second ordre par rapport a la concentration en hexacyano- 
ferrate(III), et la constante de vitesse de pseudo second ordre croit lineairement avec la con- 
centration en cuivre. au moins dans le domaine de lo-’ a 10-3M. 



ANALYTICAL DATA 

COPPER~~I}, LEAD AND ZINC COMPLEXES OF 

ETHYLENEDIAMINE-~,~-D~ACETIC ACID 

(Received 13 September 1973. Revised 18 January 1974. Accepted 23 January 1974) 

EDTA has already been thoroughly mvestigated as a selective titrant in complexometry. Ethylenediaminetria~- 
tic acid is reported to be unstable’.’ and is thus of limited utility. Ethylenediaminediacetic acid (EDDA), which 
is stable. has not been studied in depth. It exists as two stable isomers: NJ’-EDDA and N,N-EDDA. Although 
the latter is reported to be stable.3.4 we have not yet managed to prepare it pure enough for use as analytical 
reagent. Complex formation with NJ’-EDDA has been little studied,“-’ and this paper extends the range. 

Reagents 

EXPERIMENTAL 

Commercial EDDA was recrystallized four times from aqueous ethanol and the white product dried for 2 hr 
at UC. Further recrystallization did not alter the properties of the product. The metal ions were added as solu- 
tions of the p.a. rutrates, standardized by EDTA titration, and the salts were checked for freedom from excess 
of acid or base. Sodium nitrate. p.a.. was added to obtain a constant ionic strength of 01. 

Apparatus 

Potentials were measured with a Dynamco DM 20225 instrument connected to the electrode system through 
an amphfier built in this laboratory. The electrode system was arranged as described previous1y.s with an 
AgiAgCl reference electrode. and an Orion 90-02 double-junction reference electrode with O.IM sodium nitrate 
in the outer chamber. All solutions were kept at 25 f O*i -C and stirred with a magnetic stirrer. Nitrogen was bub- 
bled through all solutions before and during titrations. All potentiometric measurements were repeated at least 
twice and results varying by more than 1 mV repeated until satisfactory reproducibility was obtained. 

Solutions with different initial concentration ratios of metal ions and EDDA were titrated with standard COz- 
free sodium hydroxide or nitric acid, the hydrogen ion concentration being determined with the electrode system: 

Ag 1 AgCl/ 0.1 M NaCl1 O.lM NaNO, 1 test solution 1 glass electrode 

and the metal-ion concentrations with analogous electrode systems. 
The electrode systems were calibrated at least twice daily by measuring the potentials after successive additions 

of standard mtric acid to O,lM sodium mtrate and applymg a least-squares treatment to the results. By this pro- 
cedure the liquid-junction potential was included in the numerical value of the standard potential. and was 
assumed to remain constant 

Ii2terpretatloii 

The caiculatrons were done by the pit-mappmg’ procedures discussed previously.’ The initial concentrations 
of the various species are limited by the solubihty of the ligand and the precipitation of the metal hydroxides. 
Titrations were not performed when precipitation occurred. To exclude erroneous results due to invisible solid 
phase. titrations were stopped before the point of precipitation. and the solutions were therefore too acid (as 
calculated from the published hydrolysis constants) for the hydroxides to form. It is thus reasonable to assume 
the absence of soluble simple hydroxo-species. 

It was assumed that no species containing more than one EDDA ion exists in significant quantities. Only the 
hgandspecies X’-. HX-. HIX. HjX’ and H,X’* are assumed to be possible, and of these H,X** was assumed 
to be absent under the grven experimental conditions. The formation constant found for H,X+ was very low 
and that species exists only in very acidic solution. and is therefore unimportant for complexation studies, 
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Table 1. Protonation of EDDA (HIX), 25’. /r = 0.1 (NaNOs) 

Redctton log K Std. devn. 

HsX+ + H+ = H,X’+ 

9.17 0.03 
6.36 0.02 
1.54 0.16 

no complex - 

Table 2. Stabilities of the metal complexes studied.* Results from glass 
electrode measurements at 25’ and p = 0.1 (NaNO,) 

Reaction fog B Std. devn. 

CU2+ + x2- = cux 17.47 
H+ +Cu2+ +X2- =CuHX+ 20.87 
OH- +Cu’+ +X2- =Cu(OH)X- 634 
2cuz+ + x2- = Cu,xL+ 2og5t 
Pb2 + + x2- = PbX 11.71 
Hf +Pb2+ +X2- = PbHX+ 15.60 
OH- +Pb’+ +X2- = Pb(OH)X- 12.27 
2Pb2+ + X2- = Pb2X2+ 15.02 
Zn’+ + x2- = ZnX II.71 
H+ + Zn2+ + X2- = ZnHX 15.48 
OH- + ZnZf + X2- = Zn(OH)X 11.98 
2Zn2+ + X2- = ZnzX2+ 14.91 

0.02 
0.05 
0.05 
0.14 
0.01 
0.02 
0.02 
0.01 
0.0 I 
0.03 
0.03 
0.0 1 

* Doubtful species studied (the most probable values of the con- 
stants areglven in parentheses): Zn2HX3*, Zn,(OH)X+ (6.7) CuzXz+ 
(18.8) +, Cu2HX3+ (23.8), CuH,X’+ (24.1), Cu,(OH)X+ (0.3). 
Pb*HX”+ (16.8), Pb,(OH)X+ (5.8). PbHzX2* (20.1), ZnH,X’+ (19.8). 

t From work with both glass and ion-specific electrodes. 

RESULTS 

The results are given in Tables 1 and 2. The association constants of EDDA agree with prevtously reported 
values,-’ considering the difference in ionic medium. The formation of the species H,X+ has not prevtously 
been reported. Previously reported constant@ for the copper(H) and zinc complexes are somewhat lower than 
those reported in the present paper. This is explained by considering the difference in temperature, ionic medium, 
and the fact that the protonated and hydroxo-species were not previously considered. 
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Summary-From potentiometric measurements with glass and ton-specific electrodes, the forma- 
non constants of the complexes of ethylenediamine-N.N’-diacetic acid (EDDA, H,X) and Cu2’, 
Pb’+ and Zn2+ have been determined at 25.0” and ionic strength of 0.1 (NaNO,). The formation 
constants of the protonated species of EDDA were determmed from separate measurements. The 
following species and log /I values were found (standard deviations m parentheses): HX- 9.17 (003); 
H,X 636 (0.02): HjX’ 1.54 (0.16): CuX 17.47 (002): CuHX 20.87 (0.05): Cu(OH)X 6.34 (0.05); 
Cu,X 20.85 (0.14): PbX Il.71 (0.01); PbHX 15.60 (0.02); PbOHX 12.27 (0.02); Pb,X 15.02 (001); 
ZnX 11.71 (0.01); ZnHX 15.48 (0.03); Zn(OH)X 11.98 (0.03); ZnzX 14.91 (0.01). (Stepwise constants 
are gtven for HX-. H,X and H,X’.) 

Zusammeafassung-An Hand potentiometrischer Messungen mit Glas- und ionenspezifischen 
Elektroden wurden die Bildungskonstanten der Komplexe von Uhylendiamin-N,N’-diessig&re 
(EDDA. Hz@ und Cu’+, Pb2’ und Zn *+ bei 25.0” und einer lonenstarke von 0,l (NaNOa) 
ermittelt. Aus weiteren Messungen wurden die Bildungskonstanten der protonierten Formen von 
EDDA bestimmt. Folgende log b-Werte wurden fiir die genannten Apezies gefunden (Standard- 
abweichungen in Klammern): HG- 9,17 (0,03); Hzt) 6,36 (0,2); Had+ 1,54 (0,16); CuG 17,47 
(0.02); CuHt) 20,87 (0,05); Cu(OH)b 6,34 (0,05); Cu& 20,85 (0,14); Pbo 11,71 (0,Ol); PbHtj 
15,60 (0,02); Pb(OH)o 12,27 (0,02); Pbzd 15,02 (0,Ol); ZnG 11,71 (0,Ol); ZnHG l&48 (0,03); 
Zn(OH)G 11,98 (0,03) Zn# 14,91 (0,Ol). (Fur Ho-, H& und H&+ sind Konstanten fiir die 
einzelnen Bildungsstufen angegeben). 

Resume-A partir de mesures potentiombtriques avec des electrodes de verre et des electrodes 
specifiques d’ions. les constantes de formation des complexes de l’acide tthylbnediamine-N,N’- 
dtacttique (EDDA. HIX) avec Cu2+, Pb’+ et Zn2+ ont tte determinees a 25,O” et a une force 
ionique de ‘0.1 (NaNO,). Les constantes de formation des especes protontes de I’EDDA ont 
Cte dttermintes a partir de mesures Ipartes. Les especes et valeurs de log B suivantes ont Cte 
trouvees (&arts types entre parentheses): HX- 9.17 (0,03); H,X 6.36 (0,02); H,X+ 1,54 (0,16); 
CuX 17,47 (0.02): CuHX 20,87 (0,05); Cu(OH)X 6.34 (0.05); Cu,X 20,85 (0,14); PbX 11,71 
(0.01); PbHX 15.60 (0.02); PbOHX 12.27 (0.02); PbzX 15.02 (0.01); ZnX 11,71 (0.01); ZnHX 
15.48 (0,03); Zn(OH)X 11.98 (0.03); Zn,X 14.91 (0.01); (On donne les constantes par palier 
pour HX-. H,X et H3X+). 
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FORMATION CONSTANTS OF ALKALINE-EARTH METAL COMPLEXES 
WITH SEMI-XYLENOL ORANGE AND SEMI-METHYLTHYMOL BLUE 

(Received 7 January 1974. Accepted 17 January 1974) 

In earlier papers.‘*’ the bivalent transitton metal complexes with Semi-Xylenol Orange (SXO) and Semi-Methyl- 
thymol Blue (SMTB) were investigated. This paper gives the results of a similar study of the complexes of the 
alkaline-earth metals with SXO and SMTB. 

RESULTS AND DISCUSSION 

From the results of potentiometrtc and spectrophotometric investigattons conducted as described pre- 
viously.‘.’ it was found that the reactions shown m Table 1 occur. The absorption spectra of these metal com- 
plexes are almost the same as those of the parent indrcator specres (L4-: j._ = 576 nm, E = 620 x 1041. 
mole-‘.cm-‘:MgL’-:/.,,,, = 572nm.r = 6.00 x IOJ;CaL’-: i.,,, 
578 nm. l = 7.31 x 10J: BaL’- j _“,.,, = 

= 577 nm E = 7.90 x 104; SrL*- : E.,, = 

3.65 x 104; MgL’-: i,,, = 
579 nm. E = 7.06 x 10J for SXO systems, L4- : i,._ = 607 nm. E = 

599 nm. E = 3.02 x IO“: CaL’-: i,,, = 611 nm. E = 4.03 x 104: SrL2-: E.,,, = 
613 nm. E = 4.38 x 104: BaL’-’ i .,,,,,, = 614 nm. E = 4.01 x 10’ for SMTB systems). The wavelengths of the 
absorption maxtma Increase as the stabilites of the complexes decrease, for SXO and SMTB systems, i.e., in the 
order MgL’-. CaL’-. SrL’-. BaL?- 

Distributron dragrams for the hgand and complex species have been calculated from the formatton constants 
and are shown in Fig 1 for SMTB systems. As seen from Fig. 1, a fan amount of hgand cannot react with Ba(I1) 
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Summary-From potentiometric measurements with glass and ton-specific electrodes, the forma- 
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Table 1. Formation constants of magnesium(IIX calcium(H), strontium(I1) and barium(I1) complexes with SXO 
and SMTB at 25 f @lo, p = O.l(KNOs) 

log K 

Reaction 

Mz+ + L4- +MLZ- 
M2+ + HL’- -MHL- 
ML’- + OH-; M(OH)L+ 
H+ + ML’- =MHL- 

Mg(II) Ca(I1) Sr(I1) WII) 

SXO SMTB SXO SMTB SXO SMTB SXO SMTB 

6.89 7.05 653 6.52 5.30 5.34 4.75 454 
2.91 2.48 2.79 2.22 2.13 I.60 I.82 I.29 
2.43 2.35 
6.92 7.55 7.16 7.82 7.73 8.38 7.97 8.87 

and Sr(I1) at high pH even if excess of metal ion is present. Distribution of the complex MHL- depends on that 
of the ligand species HL’-. Thus the initial formation of the complex MHL- may be given by 

H2L2- =HL3- + H+ 

M2+ + HL”- + MHL-. 

The conversion from H,L’- into HL3- involves the dissociation of a proton from the phenol group’ and the 
proton remaining on the ligand is attached to the nitrogen atom of the iminodiacetate group. Accordingly the 
arrangement of the complex MHL- is given by formula I. This arrangement is unexpectedly different from 
that of the complex MHL- for the bivalent transition metals, Co(H), Ni(II), Cu(I1) and Zn(I1) (formula II).‘.’ 
From I it seems that the nitrogen atom is very near to the metal ion and it is clearly assumed that the formation 
of the complex ML2 - (formula III) occurs easily, while in arrangement II, the phenol group is far from the metal 
ion, and the conversion from MHL- into MLZ- does not go so easily. The complexes of the transition metals 
are formed at low pH, but ML’- is found at higher pH. I.’ On the other hand, in the case of alkaline earth metals. 

PH 

Fig. 1. Distribution diagrams showing the proportions of Mg(II). Ca(I1). Sr(I1) and Ba(II) com- 
plexes with SMTB as a function of different pH values for IO: 1 mixtures of alkaline-earth metal 

ion and SMTB. 
The percentages are relative to total ligand (r, = 2.0 x lo-‘M). I. Mg(II)-SMTB; II. Ca(II)- 

SMTB; III, Sr(II)-SMTB; IV, Ba(IItSMTB. 
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the formation of the complex MHL- is immediately followed by the dissociation of the proton and the formation 
ofMLz-. 

O-_d”Yo_ 
I I 

o=c c=o 
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Summary-Patentiometrlc and s~e~tro~hosometric studies on the interactions of SemCXylenoi 
Orange and ~rnj-~eth~~ihymo~ Blue and alkaline-earth metal tans are reported, TWCI complex 
species, MHL- and ML”-, for each indicator and element have been found to be formed in 
aqueous solutions. and the formation constants and the arrangements of these complexes have 
been determined 

Zusammenfasaung-Es wlrd tiber potentlometnsche und spektropbotometrische Untersuchungen 
iiber die Reaktionen zwischen Semixylenolorange, ~m~~thylthymolb~au und den Erdatkaii- 
metallionen berichtet. In wZ&iger L&amg bifden sich mit jedem lndikaior und jedem &ment 
zwei Komplexspezies: MHL- und ML’-. Die R~ldungskuns~nten und die Anordnungen dieser 
Kompiexe wurden ermittelt. 

R&urn&-On rapporte les etudes potentlomCtriques et spectrophotomCtriques sur les interactions 
de I’Oran& Semi-Xylbnol et du Bleu de Semi-M&hylthymol et des ions alcalino-terreux. On a 
trouve que deux especes complexes, MHL- et ML2- se forment en solutions aqueuses pour 
chaque mdlcateur et Cttment. et I’on a d&ermine les constantes de formation et les arrangements 
de ces complexes. 
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FORMATION CONSTANTS OF ALKALINE-EARTH METAL COMPLEXES 
WITH XYLENOL ORANGE AND METHYLTHYMOL BLUE 

(Received 7 January 1974. Accepted 17 January 1974) 

The complexes of the alkaline-earth metals with Xylenol Orange (X0) and Methylthymol Blue (MTB) have not 
previously been thoroughly investigated. In the present work the reactions between these indicators and elements 
in aqueous solutions are investigated over a wide pH range potentiometrically and spectrophotometrically. as 
described previously.’ 

RESULTS AND DISCUSSION 

Alkaline-earth metals react with X0 and MTB above pH about 6 in aqueous solutions. and form the complex 
species listed in Table 1 together with their formation constants. The complex formation equilibria are very com- 
plicated, so the distribution curves for the various dissociated forms of the ligand and for the metal complex 
were calculated, and the diagrams for MTB systems containing 1: 1 and 10: 1 mole ratios of metal ion to ligand 
are shown in Fig. 1. Even in the “I : I” solution. a fair amount of the binuclear complex M2L’- is formed above 
pH about 9, whereas in the “10: 1” solution, the 1: 1 complex species are predominant in relatively weakly alkaline 
medium. The contributions of the complexes. MH,L’- and M,HL-, are very small both in the “1: 1” and “IO: 1” 
solutions. At high pH, the behaviour of Mg(I1) differs from that of the other three metals because of formation of 
hydroxocomplexes. For Sr(I1) and Ba(II), the stabilities are small. resulting in complex formation at higher pH 
than for Mg(II)and Ca(II), and that a fair amount of the free ligand species HLS- and Lb-. which are negligible 
in the systems of Mg(I1) and Ca(II), exists in the solutions. 

The distribution of the complex MH,L* - depends on that of the ligand species HLL4- as seen in a distribution 
diagram for each “10: 1” solution. Accordingly the initial formation of the complex MH,L’- may be given by 
the following equilibria. 

H,L3 - = H2L4- + H+ 

M2+ + H2L4- = MH,L2-. 

The conversion from H,L3- into H2L4- corresponds to the dissociation of a proton from the phenol group. 
and the two protons remaining on the ligand are those attached one to each nitrogen atom of the iminodiacetate 
groups. ‘*’ The metal ion may combine with one of the phenol groups and with two carboxyl groups of the imino- 
diacetate group at the same side of the sulphonphthalein as the phenol groups (formula I). It is natural to consider 

Table 1. Formation constants of magnesium, calcium. strontium and barium complexes with Methylthymol Blue 
at 25 + 0.1”. p = Ol(KNO,) 

log K 

WW Ca(I1) sm BwI) 

Reaction X0 MTB X0 MTB X0 MTB X0 MTB 

h$ ; h6L ?ML4- 
lr +MHL3- 

M2+ + H2L4- + MH*L”- 
M2+ + ML4- - M2L2- 
Mz+ + MHL3Y$M,HL- 
H+ + ML+ =MHL”- 
H+ + MHL’- =MH,L’- 
H+ + M,L’- =M2HL- 
ML4- + OH- z$ M(OH)L’- 
M2LZ- + 20H- =M,(OH)2L4- 

KL. 9.02 8.87 
7.10 673 
309 2.63 
6.14 5.80 
2.6 2.3 

Kc,, 10.3 10.8 
6.56 704 
6.8 7.3 
2.43 2.69 
3.21 344 

8.65 8.25 7.71 7.05 667 693 
6.82 6.21 544 5.19 504 509 
2.97 2.42 2.24 I.96 202 2.11 
6.02 5.38 489 4.58 4.57 4.65 
2.5 2.1 2.1 I.9 2.0 1.9 

10.4 10.9 10.4 II.1 105 11.2 
6.71 7.35 7.36 7.93 7.54 8.06 
69 7.7 7.6 8.3 8.0 8.5 
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Fig. 1. Distribution diagrams showing the proportions of Mg(II), Ca(II) and Ba(I1) complexes with 
MTB as a function of pH for 1: 1 and 10: 1 mixtures of alkaline-earth metal ions and MTB. 

The percentages are relative to total ligand (7; = 20 x 10-5M). I. Mg(II)-MTB(I : I); II. Ca(II)- 
MTB(1: 1); 111, Ba(II)-MTB(1: 1); IV, Mg(II)-MTB(10: 1); V, Ca(II)-MTB(l0: I); VI, 

Ba(IIbMTB(l0: 1). 
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I. MH2L2- 

C~cf2 CQCH2 

IT MHL” 

= \ H2A,I/H2 

+ 
CH2-N 
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that the protons further dissociated from MH,L2- are from the nitrogen atoms of the iminodiacetate groups 
co-ordmated to the metal ion, and the structures of the complexes MHL’- and ML4- are given by formulas 
II and III, respectively. 

The initial binuclear complex M,HL- is formed in the relatively high pH region and its distribution depends 
on that of the complex MHL3-, as seen in the diagram for the “IO: I” solution, although this complex is negligible 
when the metal ion is Sr(II) or Ba(I1). The equilibria of the complex formation are probably given by 

MH,L’- =MHL’- + H+ 

Mz+ + MHL’- - - M,HL-. 

From the arrangement of the complex MHL”-, it is assumed that the second metal ion combines with two car- 
boxy1 oxygen atoms and the phenol oxygen atom which remain unto-ordinated at the opposite side of the first 
chelate ring m formula II, and the arrangement of the complex M,HL- is given by formula IV. The formation 
of M2L2- occurs just after the formation of MHL3-. Its equilibrium may be given mainly by 

M*+ + MHL’- - ,M,L’- + H+ 

and its structure is probably given by formula V. 
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on that of the complex MHL3-, as seen in the diagram for the “IO: I” solution, although this complex is negligible 
when the metal ion is Sr(II) or Ba(I1). The equilibria of the complex formation are probably given by 
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Preliminary spectrophotometric studies in the acidity range from 2M sulphurlc acid to pH 8 indicated that 
~6 ~dividu~ peaks occur for the proto~t~ forms in the accessible spectral range, but the molar ab~~tivities 
change significantly. For 3,~~i~thoxy~nzid~e maximal absorbance is observed at 300 nm. and for 
3,3’-dimethylnaphthidine at 330 ntn, the molar absorptivities for the basic and diprotonated forms being: 

3,3’-dimethoxybenzidine (300 nm), ss = 1.68 x 10’ ISmole-‘.cm-*, sRHi. = I.80 x lo3 I.mole-l.cm-*; 

3J-dimethylnaphthidine (330 nm) ss = 7.33 x 103 Lmole- ‘.cm- ’ : ES&’ = 0. 

l’%e molar absorptivity of the BH+ species could not easily be found because of the small diRerence 
between the two pK* values. Therefore the computer programme developed by Albert and Serjean$ has been 
applied, which by successive approximation allow the calculation of pK*,, ply,, and sse.. The original 
FORTRAN IV programme has been translated for our purposes into ALGOL IV. 

EXPERIMENTAL 

The spectra of 5 x IO-‘ibf 3,~-di~thoxybe~idine were recorded for sulphuric acid media and formate or 
acetate buffers having ionic strength W33, in I cm cuvettes. The spectra of 3.3’-dimethylnaphthidine in 3 cm 
cuvettes were obtained for 2 x lO-‘U solutions prepared by appropriate dilution of an ethanolic solution 
of the base with sulphuric acid or formate or acetate buffer, at ionic strength I = 0.1. 

RESULTS 

The ply,, and pk;,, values found were 283 + 0.07 and 465 f O-12 for 3,~~imethoxy~~idine and 
262 f 0@3 and 3.33 + O@ for 3,~~imethylnaphthidine. The molar absorptivities found for the monoprotonated 
species were 9.34 x 10’ I.mole-l.cm-’ at 300 nm for 3,3’-dimethoxybentidine, and 3.75 x f03 1. mole- ’ .cm- ’ 
at 330 nm for 3J’dimethylnaphthidine. 

The molar absorptivities of the basic and diprotonated forms indicate that for 3,3’-dimethoxybenzidine the 
conditiongiven by Albert and Serjeant2 is not satisfied (sBH;* /.ss 4 0.1 instead of ~005). However the convergence 
of the successive approximations shows that the calculated constants are not much different from the true 
values. The indicated precision of the ply, values has been calculated on the basis of the standard deviation 
of the series of ~~~n~ at a probability level of 95%. 

The cakvlated values for 3,3’-dimethyoxybenzidine are in fair agreement with the values for unsubstituted 
be&dine’ (3.43 and 4.65), indicating that the methoxy substituent introduces a shift of 0.60 in both pK, values. 

Institute of Fundamental Problems in Chemistry STANISCAW GLAB 

University of Warsaw, Warsaw, Poland ADAM HULANKKI 
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Summary-The dissociation constants of diproto~t~ 3,~dimethylnaphthidine (DMN) and 
3,3’-dimethoxybenzidine (DMB) have been determined spectrophotometrically. They are: 
PK., = 2.62 + @03, pK,, = 3.33 _t 049 for DMN: pK,, = 2.83 ri: W7; pK,, = 4.05 I 0.12 for 
DMB. The molar absorptivities (l.mole-* .cm-‘) of all forms of the indicators have been also 
determined: ca = 1.68 x IO”. sgH+ 
ER = 7933 x IO-‘. +,,a 

= 9.34 x 103, caHi+ = I.80 x IO’ at 300 nm for DMB; 
= 3.73 x IO”. i:+,,,<- = 0 at 330 nm for DMN. 

~ntiaeahLlsang_Die Dis~ziationskonst~~n von diprotoniertem 3,~-Dimethylnapht~din 
(DMN)und 3,3’-Dimetboxybenzidin (DMB) wurden spektrophotometrisch bestimmt. Sie betragen: 
pK,, = 262 -+ 0,03, pK,z = 3,33 f 0.09 ftir DMN; pK,, = 283 + 0.07. pKaz =‘4,05 + 0,12 Wr 
(DMN)und3,3’-Dimethoxybenzidin(DMB)wurden spektrophotometrisch bestimmt. Sie betragen: 
pK,, = a62 4 403, pi& = 3,33 k 409 fti DMN; pK,, = 283 + 0.07, pK,, = 4,05 4 0.12 ftir 
DMB. Die molaren Extinktionskoetiienten (in 1. mol- ’ .cm- ‘) aller Formen der Indikatoren 
wurdenebenfalisgemessen:a, = I,68 x lO*,eaa+ = 9.34 x 103,g,,’ + = 1.80 x f03bei300nmfti 
DMB; ~a = 7,33 x 103, fgH’ = 3.73 x lo”, .s,,:’ = 0 bei 330 nm ftir DMN. 
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Resume-On a determme spectrophotometrrquement les constantes de dissociatton des 3,3’- 
drmtthylnaphtidme (DMN) et 3.3’-dimethoxybenzidine (DMB). Elles sont: PK., = 2,62 f 0,03; 
pK,, = 3.33 + 0,09 pour la DMN; pK,, = 2.83 i 0.07; pK,, = 4.05 2 0,12 pour la DMB. Les 
coefficients d’absorption molaires (1. mole- ’ .cm- ’ 
ete determines: zrr = 1.68 x 104. sun_ = 

) de toutes les formes des indicateurs ont aussi 

Eg = 7.33 X lO3. tan- 
9.34 x 103, &au;. = 1.80 x lo3 a 300 nm pour la DMB; 

= 3.73 x 103. aaH;* = 0 a 330 nm pour la DMN. 
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ANNOTATION 

ABSORPTION CHARACTERISTICS OF XYLENOL ORANGE 

(Received 3 October 1973. Accepted 3 November 1973) 

Xylenol Orange has been extensively used for the spectrophotometric determination of numerous metallic ions 
in aqueous solutions.’ Several workers’. 3 have measured the various dissociation constants of Xylenol Orange 
in aqueous solutions. They have reported nine different tonic forms having absorption maxima at different wave- 
lengths. In acidic solutions. Xylenol Orange has maximum absorption near 434 nm and in alkaline solutions 
the absorption peak IS at 580 nm.3 Earlier, Murakami er al.3 had shown that in alkaline solutions the abso~tion 
spectrum of Xylenol Orange changes with the variation in pH of the solution. Later Kovalenko et al.’ stated 
that the absorbance of Xylenol Orange at 580 nm in alkaline solutions is independent of the pH of the solution. 
During radiation chemistry studies, we wanted to use the intense absorption of Xylenol Orange at 580 nm for 
analytical purposes.’ It was necessary therefore to reinvestigate the absorption characteristics of Xylenol Orange. 

EXPERIMENTAL 

The tetrasodium salt ofXyleno1 Orange (B.D.H. Laboratory Reagent) was tested for purity according to Mur- 
akami et ~1.~ and dried in a vacuum desiccator and a known amount dissolved in triply distilled water to give 
ahout iGmM conccntrat~on. A stock buffer solutron was prepared that was 0.2.W in each of sodium carbonate 
and sodium bicarbonate in triply distilled water. This buffer was diluted tenfold to give a pH of 10.0. 

RESULTS 

The varration of absorbance with pH is shown in Fig. 1. From this figure it is Seen that the intensity of the 
peak at 434 nm ts inde~ndent of the actdity below about pH 6 and that the intensity of the peak at 580 nm 
is dependent on the pH of the solution. Actually there is no conflict between the results of Murakami ef at.j 
and Kovalenko er al.* The latter workers made their measurements near pH 9 and 13, and as the molar absorp 
tion coefficient of Xylenol Orange at these pH values is nearly the same. as seen from Fig. 1. they probably came 
to the (crroncousl conclusion that the molar ahsorptton coefficrent of Xylenol Orange at 580 nm is independent 
of the pH of the solution above pH 9. If only they had made measurements at some points between pH 9 and 
13. they also would have observed the depression near pH 115 as shown in Fig. 1. 

20 

434 nm 

b6 
-o-m-*- e-o- 

t 

‘\ 

Ftg. 1. Relative absorbance of Xylenol Orange solution at 434 and 580 nm at different pH values 
0 113@f Xylenol Orange. 0. 346@ Xglenol Orange. 
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For determination of Xylenol Orange, the solution was buffered to pH IO.0 with 0025M sodium carbonate- 
0.025M sodium bicarbonate mixture. The plot of absorbance at 580 nm against Xylenol Orange concentration 
was linear. The molar absorption coefficient of Xylenol Orange at 580 nm and pH I@0 is 3.12 x IO* 1. mole- ‘. 
cm-‘. 
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Summary-Absorption characteristics of Xylenol Orange have been reinvestigated for the purpose 
of its spectrophotometric estimation. The molar absorption coefficient of Xylenol Orange at 580 
nm and pH 10-O is 3.12 x 1041.mole-r, cm-‘. 

Znaamme&aaanng-Die Lichtabsorptions-Kenngrogen von Xylenol-orange wurden neu gemessen, 
urn dieses spektrophotometrisch bestimmen zu konnen. Der molare Extinktionskoeffizient von 
Xylenolorange bei 580 nm und pH IO.0 betragt 3,12 x I O4 I . mol- ’ cm- ’ 

ReslrmGOn a reetudie Ies caracteristiques d’absorption de I’Orange Xylenol en vue de son dosage 
spectrophotometrique. Le coefficient d’absorption molaire de TOrange Xyltnol B 580 nm et B pH 
10,Oeest 3.12 x 1041.mole-‘.cm-‘. 
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CARBOXYLIC ACIDS AS METAL EXTRACTANTS 

F. MILLER 

Chemistry Department. University of Aberdeen, Old Aberdeen, Scotland 

(Received 25 June 1973. Accepted 31 December 1973) 

Summary-One of the problems in the extraction of trace elements is that matrix elements must 
usually be masked. mvolvmg the addition of large amounts of extra reagent and thus increasmg 
the risk of contammation. If the maxtrix element is to be removed, an extraction system of high 
capacity IS needed to avoid dilution effects. In this respect, long-cham or substituted carboxylic 
acids show great promise. A hterature review on their use as metal extractants IS presented. 

With the ever-increasing importance of trace analysis and the imminent threat of exhaus- 
tion of the richer ores and the consequent need for efficient extraction of metals from low- 
grade ores. attention is being turned to extraction systems with high capacity and good 
recycling properties, for extraction of matrix metals in trace analysis (for enrichment in 
trace metals) and of commercially useful metals in ore-treatment plants. 

Carboxylic acids are one such type of system and this paper presents a review of their 
applications. For convenience they are divided into naphthenic acids, mixed-acid frac- 
tions. unbranched aliphatic acids, and miscellaneous acids. 

EXTRACTION WITH NAPHTHENIC ACIDS 

Naphthenic acids are saturated monocyclic carboxylic acids having the general for- 
mula ’ i 

CHp--CH, 
\ 

/ 
CH--(CH2 ), COOH 

CH,-CH, 

The ring is almost invariably five-membered. 
The extraction of Fe(II1). Cu(II), Zn(II), Mn(I1) and Co(I1) from aqueous sulphate solu- 

tions at 25’ by naphthenic acids in gasoline has been investigated as a function of PH.’ 
The pH was varied by gradual neutralization of the solutions with sodium hydroxide, the 
pH, 2 values obtained being Fe 2.1, Cu 2.9, Zn 53-57, Mn 5.9 and Co 6.1. A study of 
the separation of Cu, Zn and Na sulphates with naphthenic acids in kerosene (l*OM) 
showed that copper could be separated at pH 5G5.5 or 55-6.0, then zinc at pH 7-8.3 The 
composition of the cobalt naphthenate was obtained by measurement of the distribution 
coefficient between water and petroleum ether at various pH and organic acid (HR) con- 
centration values and was CoR,H,R, and COR~~H~R,.~ In the presence of sodium the 
compounds Na[CoR,(HR),] and Na,[CoR,(HR,),J were obtained. With the same acid 

* For reprmts of this Review. see Publisher’s announcement near the end of this issue. 
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and either ether or hexane as diluent only a moderate separation of elements was found 
throughout the rare earths5 The extraction was stoichiometric, six moles of acid being 
used per mole of rare earth oxide at pH 7.6. Thorium and uranium were extracted prefer- 
entially over all tervalent rare earths. 

With calorimetry or polarography used to analyse the phases for metals, the distribution 
coefficients of In, Te, Sb, Sn, As, Ge, V, Fe, Tl, Cd and Zn between aqueous phases of 
constant ionic strength and naphthenic acid phases were determined.(’ The naphthenic 
acids were Cs-C, or C,2-C,h fractions dissolved in kerosene. The pH was adjusted by 
the addition of sodium carbonate to the mineral acid solutions. In general. distribution 
coefficients increased with increasing pH in curves of increasing slope. The pH at the steep- 
est part of the slope depended on the acidity of the metal as follows: Sn(II) 3.0. In(II1) 
35, Sn(IV) 35, Cu(I1) 55, Zn(I1) 6.5, but the curves of Te(IV), Tl(I), As(III), Ge(IV) and 
V(V) were less regular. Very low distribution coefficients for As(III), Ge(IV), V(V) indicated 
their presence as unextracted anionic species. 

Alekperov et al. ‘-‘O have studied the extraction of metals with naphthenic acids. Gal- 
lium and aluminium were extracted at pH 3-5 with naphthenic acids (average molecular 
weight 2 15) in 1: 1 kerosene-ether.’ In the presence of sodium chloride (120-200 g/l.) the 
extraction curve of aluminium was shifted by O-5 pH units to the acid side compared to 
unsalted water, while that of gallium was displaced by more than 1 pH unit to the acid 
side in sodium sulphate solution (l.OM), the curve for aluminium being unmoved. With 
the same concentration of sodium sulphate and a naphthenic acid concentration of 233 g/l. 
the maximum separation factors were 7.9 (Al:Ga 1.5: 1, pH 3.56, D values 0.602 and 4.72) 
and 6.50 (Al:Ga 100: 1, pH 3.68, D values 1.05 and 6.8). Higher alcohols, ether, ethyl ace- 
tate and a benzene-ethyl acetate mixture were satisfactory diluents but a precipitate 
formed in the system when kerosene was used. For Al(III), Ga(III), In(III), Zr(IV), Th(IV), 
UO,(II), Y(III), Sc(III), Gd(II1) and La(III), the distribution coefficient has been shown to 
vary with pH in their extraction with naphthenic acids of average molecular weights 170. 
190 and 270 in kerosene.* Cerium and yttrium (lo- ’ ‘M) were extracted at pH 4-6 by 
solutions of naphthenic acids in kerosene (005-0*50M).9 The extraction curve of Y was 
displaced by 0.04 pH units to the basic side, compared with Ce(II1). For the plots of log dis- 
tribution coefficient us. pH and us. log concentration of naphthenic acid, the gradients 
were about 3. The dependence of degree of extraction on pH for different concentrations 
of these two metals with a 1M solution of naphthenic acids in kerosene has been investi- 
gated. lo The time of equilibration was 20 min, temperature 15-17” and ratio of aqueous 
to organic phase 5: 1. For both metals the maximum extraction (95959<,) occurred at pH 5. 
The extraction was examined in various organic solvents and the coefficient of separation 
of yttrium and cerium depended on the solvent used and was at a maximum (about 11) 
for isoamyl alcohol at pH 4.8-5.2. The extraction of uranium with 1M solutions of naph- 
thenic acids (HR) in kerosene, heptane or benzene began at pH 3.3 and reached a maxi- 
mum at pH 4-O-4.5.’ I Emulsions which formed at pH values of more than 6 could be de- 
stroyed by the addition of higher alcohols. The presence of sodium chloride and sodium 
sulphate displaced the extraction curve to lower and higher pH values respectively, and 
both salts increased the maximum degree of extraction of uranium. At a given pH value 
the extraction was approximately constant for HR:UOz ratios greater than 8. The 
extractedcomplex was probably UOzR2. ~IHR. The presence of aniline and other low mole- 
cular-weight amines markedly increased the distribution coefficient. The absorption max- 
ima of the extracted complex between 350 and 560 nm were shifted IO-20 nm towards the 



Carboxyllc acids as metal extractants 6X7 

red from the corresponding maxima of a uranyl nitrate solution and in the presence of 
aniline. with benzene as diluent, the maxima were strongly displaced towards the ultra- 
violet region. 

For 1M solutions of naphthenic acid (average molecular weight 200) in kerosene, extrac- 
tion curves as a function of pH were determined for the rare earth metals.” It was found 
that the pH, z value increased with decreasing metal concentration, and decreased from 
lanthanum to europium, then increased from gadolinium to ytterbium. Owing to complex 
formation the value also increased in the presence of chloride and more so with sulphate. 
The maximum and minimum differences in values for adjacent rare earths were 0.15 and 
002 pH units respectively. In the extraction of the cerium subgroup rare-earth metals with 
IM solutions of naphthenic acids in ligroin, the partition coefficients were pH-depen- 
dent.13 The pH of the metal chloride solutions (0.5g/l.) was adjusted by the addition of 
sodium hydroxide solution and the ratio of aqueous to organic phase was 4: 1. The pH , :2 
values decreased in the order La(II1) > Ce(III) > Pr(II1) > Nd(III) > Sm(II1) > Eu(III) 
which showed that the extraction of these metals could be combined with their separation. 

The effect of pH. nature of solvent and metal concentration on the extraction of the alka- 
line-earth metals with naphthenic acids showed that their extraction constants (K) in- 
creased in the order Mg < Ca < Sr < Ba. I4 The pK values were 13.9, 12.63, 11.28 and 9.77 
respectively. This was also the order of decreasing limiting pH value at which the metals 
started to extract. This pH value increased with increasing polarity of the solvent. For 
strontium. the distribution coefficient was dependent on the nature of the solvent and in- 
creased with increasing concentration of metal, apparently because of association in the 
organic phase. Except for calcium, the curves for degree of extraction us. pH for traces 
of metals were flatter than for macro amounts. The addition of minimal amounts of low 
molecular-weight amines (ethylamine, butylamine or aniline) to the organic phase led to 
quantitative extraction of all the alkaline-earth metals in trace quantities. This effect was 
used to concentrate strontium and barium from natural waters for analysis. 

Again with 1 M solutions of naphthenic acids in kerosene and pH values specific for each 
metal, the extraction was found to decrease in the order Pb(II), Cd(H), Zn(II), Hg(II), Tl(1) 
for these cations.” The order did not change with variation of the Cd:Zn and Tl:Pb 
ratios. Chloride and large amounts of sulphate interfered in the cadmium and zinc extrac- 
tions respectively. Under the same conditions and with the volume ratio of organic to 
aqueous phase equal to 1:4 and equilibration time 30 min, the pH,,,? values of In(III), 
Cd(I1) and Zn(II) were 2.97, 5.39 and 5.51 respectively. l6 All three metals could be back- 
extracted into hydrochloric acid (0.1 M). Under similar conditions and with naphthenic 
acids of average molecular weights 200, 274 and 324 in kerosene, iron was extracted at 
pH values greater than 1.5, quantitatively at pH 5.5.” The pH,/? value increased with in- 
creasing molecular weight of acid, owing to lowering of the acid dissociation constant. The 
extraction was studied as a function of the concentration of naphthenic acids (HR). With 
micro quantities of iron the compounds FeR,(HR) or FeR,(HR), were formed. but with 
macro quantities hydrolysed forms were recovered. The co-extraction of ruthenium with 
Fe(III), Co and Cu naphthenates was examined as a function of PH.‘* With iron, maxi- 
mum co-extraction occurred at pH 2.85 and decreased at pH values greater than 4. With 
cobalt and copper the degrees of co-extraction were SST/, and 60”/, at pH values of 6.5 and 
6.0 respectively. The co-extraction increased in the series Cu < Co < Fe. In the presence 
of iron the degree of co-extraction decreased from 96”/; to l’?/, with decrease in acid con- 
concentration from I .O to 0.05AI in benzene. With 1 M solutions of naphthenic acids (average 
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molecular weight 220) in kerosene, the extractions were investigated of the isotopes “9Fe. 
51Cr, 54Mn, 6oCo, 90Sr, 91Y, ‘44Ce, 14’Prn in the form of chlorides; 134Cs, “Zr. “Nb 
as nitrates; and lo6Ru as the nitrosonitrate.” The solutions were lo- “M in metal. and 
the pH was adjusted by the addition of potassium hydroxide solution. The ratio of 
aqueous to organic phase was 5: 1, and the time of equilibration was 30 min. At pH 7. the 
degree of extraction of the sum of the twelve radioactive isotopes that can practically be 
found in waste waters, was 80% in one extraction cycle. This could be increased by the 
addition of a minimal amount of ferric ion to the initial aqueous solution (e.g., 10 mg/l. 
increased the degree of extraction to 96%). Each element could be quantitatively extracted 
in a determined pH range apart from ruthenium and niobium. With the same extractant 
and an aqueous to organic phase ratio of 4: 1, the extraction of some 45 metal solutions 
(1 g/l.) was investigated. ” The characteristic extraction curves, equilibrium constants and 
pH ,,2 values were determined, which gave rise to the following extraction sequence: 
Fe(II1) > Th(IV) > Zr(IV) > U(IV) > In(III) > TI(II1) > Ga(II1) > UO,(II) > Sc(II1) 
> rare earth metals > Al(III) > Pb(I1) > Be(I1) > Cr(II1) > Mn(I1) > Cd(H) > Zn(II) 
> Cu(I1) > Nb(V) > Pd(I1) > VO(I1) > Ag(1) > Ni(I1) > Sr(I1) > Hg(II) > Co(I1) 
> Ca(I1) > Tl(1) > Mg(I1) > Ru(II1) > Cs(1). 

The suitability of commercially available naphthenic acid under certain conditions for 
the extraction of metals from aqueous solutions has been noted.2’ The great stability of 
the reagent makes it suitable for use in continuous extraction processes. From solutions 
of constant ionic strength, the extraction of Cu, Ni and Co by naphthenic acid in benzene 
has been studied as a function of pH, metal concentration and reagent concentration.‘2 
The extracted species were Ni?R, .4HR and Co,R,. 4HR where HR is the organic acid. 
With copper. the empirical formula was CuRz . RH but there was evidence of dimer for- 
mation. 

At suitable pH values, copper was effectively separated from Co, Ni and Zn, and zinc 
from Co, Ni and Mn with naphthenic acid in benzene, toluene or preferably kerosene.13 

The extraction of the uranyl cation at a pH not more than 0.5 pH unit below that pro- 
ducing hydrolysis, or in suspension as the hydrolysis product, has been investigated.14 In 
one extraction, 60% of the uranium in a 0.1M solution was removed by an equal volume 
of l*OM naphthenic acid in kerosene at pH 3.5. The same reagent has been used to obtain 
pure cadmium from mixtures of cadmium and zinc, the latter being selectively extracted.’ 5 
The effects of temperature, pH, salt concentration and diluent were examined. This selec- 
tive extraction of zinc from cadmium was also observed from chloride solution but was 
reversed from sulphate solution. 26 The enhanced extraction of copper due to mixed com- 
plex formation above pH 6.5 with naphthenic acid (O.lM) and nonylphenol (0-0*5M) in 
benzene from ammonium nitrate solution (3*OM) has been reported.27 There was no 
further enhancement with greater concentrations of nonylphenol. Spectral measurements 
indicated mixed complex formation when a mixture of naphthenic acid and LIX63 (an x- 
hydroxy oxime) was used to extract copper and cobalt. 28 With copper the organic phase 
was pale green compared to dark green (naphthenic acid alone) and brown (LIX63 alone). 
It would appear that while naphthenic acid complexed the copper, the LIX63 acted as a 
solvating agent. 

The economic advantage as well as the low aqueous solubility and high solubility of 
metal naphthenates in hydrocarbons and the narrow pH range in which each metal was 
extracted was noted for the extraction of non-ferrous metals with naphthenic acids.29 Ter- 
valent metal ions could be selectively extracted by using only an excess of the acid. The 
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metal ions extracted form the series Fe(III), AI(III), Cu(II), Zn(II). Co(H), Ni(II), Mn(II), 
Ca(II), Mg(I1). Na(I), in order of increasing pH value of the aqueous phase after extraction. 
With a tenfold increase in metal concentration the same series was obtained, except for 
interchange of Ni and Mn and of Ca and Mg. 

EXTRACTION WTTH CARBOXYLIC ACID FRACTIONS 

The extraction of ‘34Cs by a C,-C, carboxylic acid fraction was investigated at 25” as 
a function of pH and nitrate concentration. 3o With constant nitrate concentration, the 
degree of extraction increased from pH 1.5 to pH 5-6, then decreased. On dilution of the 
acid with benzene or iso-octane, a linear increase in extraction with increasing acid con- 
centration was observed. With increasing nitrate concentration the degree of extraction 
decreased owing to decrease of both the acid solubility in the aqueous phase and the acti- 
vity coeffcient ofcaesium. The formula CsR .7HR was assumed, where R is the organic radi- 
cal. The distribution of Fe(II1) between aqueous solutions of nitrate (initially 10 g/l.) and 
CT--C, fatty acids in the pH range 0.48-2.5 showed 31 that the distribution coefficient D 
increased with increasing pH according to log D = 0.74 + 2.10 pH. Practically no iron was 
present in the aqueous phase at pH 2.5. The volume ratio of aqueous to organic phase 
was 5: 1. The formation of compounds of the type FeR, . HR was assumed. The depen- 
dence of the extraction coefficient on pH for 134Cs, 95Nb, 95Zr, Fe(II1) and U(V1) in their 
extraction with C,-C, fatty acids (6.55N) has been determined.32 

The graphs of log distribution coefficient L’S. pH for the extraction of Fe(III), Th(IV), 
UO?(II). Al(III), Fe(I1). Mn(I1) and Mg(I1) with a CT-C9 fatty acid fraction were found 
to be linear with gradient equal to the charge of the metal ion, indicative of a cation- 
exchange mechanism.33 

A great deal of research on the extraction of metals with carboxylic acids has been car- 
ried out by Gindin er al. Using a C,--C9 acid fraction in kerosene (400 g/l.) they showed 
that the sulphates of Ci(I1). Cu(II), Ni(I1) and Fe(II1) could be separated on an extraction 
column.34 With the same extractant under alkaline conditions, metal chlorides or sul- 
phates of Co. Ni, Zn, Cd, Cu, Pb and Al were separated.35 The relationship log D = K + 
r?pH was derived where D is the distribution coefficient, n is the charge on the extracted 
cation and K is a constant dependent on the basic character of the cation. For bivalent 
cations. K decreased in the order Pb, Cu, Cd, Zn, Ni, Co. The same relationship between 
distribution coefficient and pH was found for Bi, Sb and Ag between acid nitrate and C,- 
Cc, monocarboxylic acid (undiluted).36 Graphs of log D t’s pH showed the extracted species 
to be CoR?, AgR. BiR, (where HR is the organic acid) and the PH~,~ values were Bi 0.45, 
Sb 2.30. Ag 3.50. Co 4.80. Antimony was extracted as hydrolysed forms. The following 
exchange extraction series was given in order of decreasing extraction into the organic 
phase: Sn(IV). Bi(II1). Fe(III), Pb(II), Al(III), Cu(II), Cd(II), Zn(II), Ni(II), Co(II), Mn(II), 
Mg(II). Na(I).3’ This was also. in general, the order of increasing basic character, where 
the more basic of two metals was taken as that which forms a precipitate of basic salt or hy- 
droxide at a higher pH value. ionic activities being equal. To this series were added Ag(I).36 
H(I) and Ca(II).38 Ca(II)39 and Sb(III), Ti(IV). Sn(II), Ca(II), Ba(II), Ga(III), Cr(III), 
Y(II1). Ce(II1). In(TI1). Ag(1). La(II1). Cs(I), Rb(I), K(1) and Li(Q4’ to give the cation- 
exchange series in order of increasing pH1 z value H(I), Sn(IV). Bi(TI1). Fe(III), Ti(III), 
Sn(II). Sb(III). PWII). Ga(II1). Cr(III). In(II1). Cu(I1). Al(II1). Y(III), Ce(II1). Ag(I), La(III), 
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Cd(H). Zn(I1). Ca(II), Ba(II), Ni(II), Cs(I), Rb(1). K(I), Cd(II), Mn(II), Mg(I1). Na(1). Li(I).* 
The exchange reaction of a cobalt soap with Sn(IV), Fe(III), Pb(II), Al(II1). and Cu(I1) pro- 
ceeded almost to completion (more than 99% exchange) but with Cd(I1) and Zn(I1) was 
less complete. 37 With nickel, the separation coefficient &co was constant (18-1.9) and 
was independent of reagent concentration,37 mineral acid anion, composition of fatty acid 
and the presence of other metals, but decreased with increase in temperature. In the 
exchange reactions of Co with Mn, .Mg and Na, the organic phase was enriched with 
cobalt. Dilution of the organic acid in kerosene did not influence the exchange reactions. 
The rate of mass transfer was proportional to the concentration product of the reactants.38 
The separation coefficients were Ni-Co l-8, Zn-Co 5.0, Cd-Co 35.0, Co-Mn 1.4, Cu-Co 
100-500, Fe-CO 104, Co-Na 100-200.39 The degree of extraction of Ca, Cr and Ce was 
independent of metal concentration and the pH,,, values for Y, Ce and Ca were not 
altered by the presence of sodium perchlorate (2M) in the aqueous phase.40 

The exchange series was the basis of a method for the preparation of pure cobalt.41 A 
cobalt solution was extracted countercurrently with a cobalt--(C,-C, fraction) soap, to 
remove impurities such as Fe(III), Ni(I1) and Cu(I1) before pure cobalt was obtained by 
electrolysis. Although the distribution coefficients of metals between aqueous and carboxy- 
lit acid phases were markedly influenced by pH, the metal anion did not interfere in the 
process.42 

A method has been described for the chemical and spectroscopic determination of micro 
impurities in high-purity salts of scarce alkali metals.43 A solution of lithium nitrate in 
demineralized water, adjusted to pH 6-7, was mixed for 2-3 min with a C,-C, fatty acid 
fraction, thus concentrating the impurities. After separation, the organic phase was 
stripped with nitric acid, which was then added to carbon black, evaporated in a platinum 
vessel and transferred to a carbon electrode. The arc spectrum was examined at 2300- 
3000 A for Al, Bi, Ga, In, Cd, Cu, As, Sn, Pb, Sb, Ag, Cr, Fe and Ti. The nitrates of Rb, 
Cs and K were examined similarly, but with extraction at pH 4-5. 

The possibility of separation of iron from cobalt and of zinc from copper by the addition 
of C,-C, fatty acids and sodium hydroxide or carbonate to the aqueous metallic solution 
has been shown.44 The pH values for separation were Fe 2-O-2.5, Cu 4.1-4.2, Co 7-9, Zn 
6.2. 

The use of C,-C, fatty acids in chloroform for the separation of iron and copper from 
cobalt45 and nicke14(j has been proposed. At pH 5.6 cobalt was not extracted, iron was 
completely removed by a double extraction but 10-12 extractions were necessary for the 
complete separation of copper. For both cobalt and nickel, the last traces of copper could 
be removed by diethyldithiocarbamate in chloroform at pH 3-4 and 2-3 respectively. Iron 
alone could be separated from acetate buffer when thiourea was used to complex the cop- 
per.” 

An extractability series for cations with a C,-C, carboxylic acid fraction was given as 
(pH, 2 values in parenthesis) Bi(II1) (O-46) > Fe(II1) (0.99) > Sb(II1) (2.3) > Pb(I1) (2.5) > 
Lanth.(III) (2.6) > Cu(I1) (3.14) > Al(II1) (3.19) > Ag(1) (3.5) =- Cd(H) (3.75) > Zn(I1) 
(4.32) > Ni(lI)(4*56) > Co(I1) (468) > Mn(I1) (4.74) > Mg(I1) (4.93) > Na(1) (5.1).58 Separ- 
ation was improved by the addition of salting-out agents. The lanthanides were extracted 
at pH 2-O-3.5, selectively in presence of complexones. 

With 1M C,-C, fatty acid fraction solution in benzene as extractant, at pH 6 “Zr was 
extracted from 95Nb which was masked by the addition of hydrogen peroxide.49 The co- 

* C’ndmmm was g~vcn twice m this series m both the original paper and in Clwnicul .4h,stracts. 
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extraction of niobium increased with increasing zirconium concentration, owing to the 
former being trapped as part of a micelle which formed on extraction of the latter. With 
the same extractant (O.l-l.OM) the non-equilibrium distribution coefficients of zirconium 
were found to depend on the order and speed of mixing of the metal, sodium hydroxide, 
acetate and fatty acid solutions. 5o Equilibrium was not reached in one week. The distribu- 
tion coefficients increased with organic acid chain lengths up to C,--C, then decreased, 
increased non-linearly with organic acid or zirconium concentration and decreased with 
increase in mineral acid or acetate concentration. The value increased for small amounts 
of Y, Nb. Mn(I1) and Sr if zirconium was present, but caesium was not co-extracted. Zir- 
conium was separated as a colloid and could be separated from Y, Mn, Cu, Ni and 
Na?SO, (2A4) by fatty acid extraction followed by stripping with Complexone III at pH 6 
or with O.lM nitric acid, the other elements remaining in the organic phase. With variation 
of solvent. the following degrees of extraction were obtained with a O.lM organic acid solu- 
tion: nitrobenzene 50?,,, chloroform 4 2”/b, benzene 38”/ heptane 27%, ether 23”/1, trichloro- 
ethylene 22”,,. toluene 169,, IBMK 7?& ethyl acetate 0.376. 

In the extraction of mercury from 5M nitric acid by C,-C, fraction fatty acids, the pro- 
posed mechanism, supported by infrared absorption analysis of the organic phase, was 
absorption of the metal into the organic phase by the partial oxidation products of the 
hydrocarbons. formed by reaction with the nitric acid.‘l With a C,-C, fraction organic 
acid in the extraction of the rare-earth elements, the addition of sodium carbonate or hy- 
droxide was necessary to induce transfer between the phases.52 The effect of solvent on the 
extraction of La. Pr, Ne and Gd showed that the influence of diluents decreased in the 
series: heptyl alcohol, decyl alcohol, isoamyl acetate, m-xylene, 2,2’-dichlorodiethyl ether, 
carbon tetrachloride and kerosene, which was also the order of decrease of hydrogen- 
bond formation.53 

In the extraction of alkali metals with carboxylic acids, the distribution coefficents in- 
creased linearly with pH up to pH 6.s4 By use of exchange reactions, each metal in the 
series Fe, Cu. Ni, Co, Ca and Na was found to extract all those to its right from the organic 
phase, which was a solution of industrial fatty acids (C,-C,, C,-Cu, C,,-C,, fractions) 
in an inert solvent such as kerosene. ” This series was extended to Fe(III), Pb(II), Cu(II), 
Zn(I1). Ni(I1). Co(II), Mn(II), Na(I).56 The addition of alkali was necessary to achieve 
extraction, and a relationship was found between the distribution coefficient and the pH 
of the aqueous phase. The solubility of the corresponding soaps in water was proportional 
to the cube root of the metal hydroxide solubility product. The exchange extraction was 
described as a hydrolytic method without precipitate formation and was applicable to the 
separation of closely similar metals such as cobalt and nickel. 

When freshly prepared metal carbonates, dissolved in fatty acid in kerosene (4OOg/l.), 
were extracted with water or mineral acid, the distribution coefficients increased with in- 
creasing initial organic phase concentration but decreased with increasing solubility of the 
respective salts in water.“’ The aqueous phase solubility increased in the order Fe(II1) < 
Cu(I1) < Ni(I1) < Co(I1) < Mn(I1) c Na(1). 

The countercurrent exchange extraction of copper and iron impurities in a nickel solu- 
tion with C, 0-C, 3 aliphatic acids containing nickel has been reported.58 

With a C, ?-C, h fatty acid fraction (HR) in kerosene, the extraction of indium from aci- 
dic solution increased with increasing pH, indium concentration and organic acid con- 
centration. equilibrium being reached in 15-2.0 min.s9 The formula of the extracted complex 
\vas [In2(0H)R,. 5HR],. 
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EXTRACTION WITH ALIPHATIC LONG-CHAIN ACIDS 

The pH-dependence of the degree of extraction of iron with propionic acid in chloro- 
form solution in the absence and presence of 2,2’-bipyridyl, antipyrine, quinoline, pyridine. 
2-aminopyridine and n-butylamine has been investigated. At pH 4 the degree of extraction 
was 300%, but increased with the addition of amines. One mole of iron was found to co- 
ordinate one mole of pyridine, quinoline, butylamine or aminopyridine, and three moles 
of antipyrine or bipyridyl.60 

Between the pH values of 9.3 and 95 beryllium was more than 90% extracted by butyric 
acid in chloroform but only 70-80% extraction occurred with ethyl acetate, ether or ben- 
zene as solvent6”The optimum acid concentration was 10-15 ml per 50 ml of chloroform; 
higher concentrations led to decreased extraction. Iron(II1) and aluminium were com- 
pletely extracted but could be masked by the addition of EDTA.6Z 

A method has been described for the separation of thorium from Ca, Mg. Ba. Pb, Zn. 
Cd, Be, Ni and Co by extraction of a solution containing less than 100 mg of Th in 80 ml 
with butyric acid in chloroform (I: 100,20 ml).63 After three extractions at pH 4.8-5.0 the 
combined extracts were evaporated to dryness, the residue was dissolved in nitric acid and 
the thorium determined by EDTA titration. The interfering metals were Mn. Ti, Cr, Bi, 
Fe, Zr, U, Al, Ce and more than 100 mg of Cu. 

The separation and subsequent gravimetric determination of beryllium in ores by 
extraction into chloroform as the butyrate has been reported.64 When complexed with 
EDTA, Al, Ti, Fe, Pb, Sn and Cr remained in the aqueous phase. The beryllium butyrate 
was formed by boiling the solution at pH 9-10 in presence of butyric acid and sodium 
chloride. The organic phase was stripped with acid and beryllium hydroxide was then pre- 
cipitated in the aqueous phase, collected, ignited and weighed. A similar method was devel- 
oped for the separation of the rare-earth metals from Fe, Al, Ti, Ta, Zr, Nb, Sn, W and 
MO by extraction with butyric acid in presence of sulphosalicylic acid as masking agent 
and subsequent gravimetric determination with Arsenazo I or III.‘jj The method was 
applied to the extraction with butyric acid at pH 9-10 of rare earths from silicate ores for 
subsequent chemical or spectrophotometric determination,‘j6 and later extended to include 
thorium in the extraction of rare earths at pH 2Q-2.3. 67 A similar method was developed 
for the separation of scandium from Fe, Al, Ti, Zr, Be, Nb, Ta, MO, W, Ca and Mn by 
extraction with butyric acid in presence of sulphosalicylic acid at pH 4.7-5*7.68 Scandium 
was also separated from the rare earths (including Y) by extraction with 0.5 or 2OM 
butyric acid in isobutyl alcohol at pH 4.1-4.4 or 34-3.7 respectively. When thorium was 
present it could be determined spectrophorometrically with Arsenazo III in 6M hydro- 
chloric acid without interference from scandium or in IA4 acetic acid along with scandium. 
The distribution coefficients of the lanthanides, Th, SC and U between saturated aqueous 
solutions of ammonium nitrate and butyric acid were found to increase with increase in 
the pH of the aqueous phase.6y The maximum values obtained were for a mixture of lan- 
thanides (212 at pH 3.9), Th (3000 at pH 2*55), Sc (357 at pH 2.95) and U (258 at pH 2.25). 
At pH 2.0-2.35 the values for Th, Sc, U and the lanthanides were 99-199, 2.3-32, 42-79 
and OGO5-@027 respectively, allowing separation of Th, SC and U from the lanthanides 
by pH control. The extraction of Ca, Sr and Ba with butyric acid in chloroform (2: 1) took 
place at higher pH than for the rare-earth elements, and was more effective from concen- 
trated sodium chloride than ammonium nitrate solution.” Thus, these metals and magne- 
sium could be separated from the rare earths by pH control. 

The effect of pH on the extraction of iron and copper with solutions of n-butyric and 
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r-bromobutyric acids in chloroform (l.OM) has been examined in the presence and absence 
of pyridine, 2-aminopyridine, n-butylamine and antipyrine.7’ The presence of amines 
extended the pH range for the complete extraction of iron and increased the degree of 
extraction of copper. Iron could be completely extracted from more than a thousandfold 
amount of cobalt and nickel in a single extraction with n-butyric acid in chloroform (l.OM) 
in presence of pyridine and antipyrine. Copper, in the presence of pyridine, was separated 
from a similar excess of cobalt in two extractions. The amines were found to be com- 
ponents of the extracted compounds. 

Pietsch has examined the possibility of extracting Th(IV). Pb(II) and Fe(II1) with 
caproic (n-hexanoic. capronic) acid into chloroform.” The degrees of extraction and opti- 
mum pH values were 88’?;, (pH 6.5) 98?; (pH 7.6) and 859%; (pH 5.5) respectively. With 
hexanoic acid (HR) the compositions of the metal caproates were PbR2 and ThR?. but 
iron gave a chain structure. 

By use of radioactive isotopes of thorium, its extraction into chloroform in presence of 
8-hydroxyquinoline-2-aldoxime and hexanoic acid was examined.73 With the former com- 
plexing agent in perchlorate solution at pH 3.1, thorium formed two extractable com- 
pounds with metal to reagent molar ratios 1: 1 or 1: 3. Examination of the ternary coloured 
system by means of a triangular diagram has shown that the metal to reagents ratio in 
the mixed complex was 1: 2: 2. 

The extraction and photometric determination of iron in copper and its alloys has been 
reported.74 At pH 6-7. Fe(I1) was completely extracted into hexanoic acid (l.OM) (HR) and 
2.2’-bipvridvl (O.lM) (A) in chloroform and measured at 520 nm (e 1.41 x lo4 1, mole-’ 
cm-i). ihe’copper was masked by EDTA. Beer’s law was obeyed from 0.01 to 1.10 
ppm. The extracted compound was FeA,R,. 

The extraction of iron with capronic and z-bromocapronic acids in the absence and 
presence of pyridine, 2-aminopyridine, quinoline, antipyrine, n-butylamine. l.lO- 
phenanthroline ,:nd 2.2’-bipyridyl has been investigated.75 One mole of iron was found 
to co-ordinate ont mole of antipyrine. two moles of n-butylamine or 2-aminopyridine and 
three moles of phenanthroline or bipyridyl (cf extraction with propionic acid6’). 

The extraction of iron(II1) from nitric. hydrochloric and sulphuric acids with caproic 
acid in petroleum ether (1: 1) was studied as a function of pH.76 The equilibration time was 
10 min. The pH at the beginning of.extraction was 1.5-2.0 from hydrochloric and nitric 
acid solutions. 0.5-0.7 pH units higher from sulphuric acid and even higher from acetic 
acid. The presence of less than 100 mg/ml of the corresponding neutral salt did not alter 
the pH-dependence of extraction. When the iron concentration was increased from 0.05 
to 5 g/l.. the pH at the beginning of extraction decreased from 2 to 1.5 from chloride and 
nitrate solutions and from 2.5 to 2.0 from sulphate solution. This increase in extraction pH 
withhecrease in initial concentration of iron. and also with decrease in the caproic acid 
concentration for constant concentration of iron, had been reported earlier.77 With the 
same extractant. the extraction of calcium from solutions of its nitrate and chloride was 
possible at pH values greater than 4 _. .3 78 The distribution coefficient decreased with de- 
crease in calcium concentration. The pH of extraction was displaced towards the acid 
region,with increase of the concentration of caproic acid. The calcium to caproic acid ratio 
of the extracted species varied from 1: 1.1 to 1: 1.6. Identification of the major indium spe- 
cies extracted from aqueous sodium perchlorate solution with hexanoic acid in chloroform 
was proposed.-’ The extraction of Cu(I1). Co(I1). Fe(II1). Fe(I1) (all 10e3M) and Ti(IV) 
(4 x IO-“M) by 0.1_!!4 n-enanthic (heptanoic) acid in chloroform or isobutyl alcohol in the 
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presence of various amines was examined as a function of PH.~’ The pH values for com- 
plete extraction were (amine and its concentration in parenthesis) Cu(I1) 10 (pyridine. 
0%4), 9 (butylamine. 05M). 8 (l,lO-phenanthroline, 0~062M). 9 (ethylenediamine. 05M): 
Co(I1) 8 (pyridine, 0.5M), 9-10 (butylamine, 0*5M), 10 (I, lo-phenanthroline. 0.062M). IO 
(ethylenediamine. 0-M); Fe(II1) 8 (l,lO-phenanthroline. 0.062M). 10 (2.2’-bipyrid!,l. 
@125M); Fe(G) 10 (l,lO-phenanthroline, 0*062M); Ti(IV) 10 (diantipyrylmethane. 0.05.U ). 

The presence of pyridine has been found to greatly extend the pH range for quantitative 
extraction of cobalt and copper with heptanoic acid in chloroform.” Comparison of the 
-absorption spectra in presence and absence of pyridine showed its involvement in the 
extracted compounds-Copper was completely extracted from cobalt at pH 4-5 with hep- 
tanoic acid (l*OM) and pyridine (05M) in chloroform. An extension in the pH range for 
complete extraction in presence of pyridine was also found for nickel, with the same extrac- 
tant.82 The molecule of the extracted nickel compound contained two molecules of pyri- 
dine. The presence of up to l.OM quinoline did not influence the pH limits for the complete 
extraction of Cu, Co and Ni with heptanoic acid, but the addition of 0.1 mole of l.lO- 
phenanthroline per litre shifted the extraction curves to the acid region.83 Both quin?line 
and phenanthroline were involved in the extracted metal compounds. 

In the presence of complexing agents, the extraction of Fe(II1) and Cu(I1) by caprylic 
(octanoic)acid in chloroform (l*OM)asa function ofpH has been investigated.s4 In the pres- 
ence of citrate and tartrate less than O-3”,; Fe(II1) was extracted but glycerol and mannitol 
had no effect. Between the pH values of 65 and 7.2 copper was extracted in presence of 
tartrate, but citrate suppressed the extraction. 

Cobalt and nickel caprylates existed as dimers in the organic phase and their distribu- 
tion coefficients decreased with decreasing PH.*’ Depending on the concentration of 
sodium caprylate, its equilibrium ratio at 25” between water and caprylic acid varied 
between O-991 and 7.90.86 The hydration number was found to be 8. 

The extraction of Co(II1) ammines with caprylic acid in the pH range 3-6 was exam- 
inede8’ Ammonia and ammonium nitrate were present in the aqueous phase for pH 
adjustment. For the complex compounds the plot of log distribution coefficient c’s. pH was 
linear at low pH, but at higher pH the slope was less positive owing to aquation and alka- 
line hydrolysis. With carboxylic acids unspecified in the abstract this linear relationship 
was also destroyed when polymerization occurred. the distribution ceofficient being depen- 
dent on the overall concentration of metal. ES In the extraction of cobalt with caprylic acid 
in decane, the variation of pH, 12 with original concentration of metal indicated partial 
polymerization. 89 The solvation number for cobalt and nickel was 2 and for sodium 4: 
dimers were solvated to a considerably lesser degree. The extraction of Fe(M). Pb. Zn. 
Co and Ni from 3-10M hydrochloric acid with caprylic acid in n-decane showed the order 
of extractability to be Co c Zn < Pb < Fe(II1). 9o Nickel was not extracted. The extrac- 
tions of Pb, Zn and Co were independent of increasing hydrochloric acid concentration. 
but that of iron increased. The extracted species was identified as HFeCl,.(HR),, and the 
distribution ratio of iron was dependent on the organic acid (HR) concentration. The use 
of different diluting agents in the extraction of cobalt and nickel with caprylic acid showed 
that the dimerization of the extracted complex increased in the order isoamyl alcohol < ni- 
trobenzene < chloroform < !z-chloronaphthalene < benzene < decane.” No correlation 
was found between dimerization and conductivity of the diluting agent. The dissociation 
in the organic phase of extracted metal-organic acid species was found to be a function 
of both the distribution coefficient and the concentration of metal.“’ The equilibrium 
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constants of the following processes have been calculated, where HR is the organic 
acid.93 

M.:; + 2CWR)zl,,,g + yH#$[MRz .2HNH2O)J,,, + X-I,+ 

X(MR2 .2HR)J,,,,+ CWUlorg + W-WA,, 

2NaiZ, + 5CWR)210,gs 2[(NaR .4HR)],,,, + 2H& 

(K y., ,, = 10-‘“,4). 

When nickel was extracted with capric (decoic) acid (HR) in benzene, the extracted spe- 
cies were NiRz .4HR and (NiR, . 2HR)2.94 With the same extractant the species 
(CuR2 .HR)?, (CoR? .2HR)z and (FeR,), prevailed down to a metal concentration of 
about 10-“M. but at lower concentrations CoRz .4HR was extracted.‘” 

In the extraction of copper with capric acid in benzene, the extracted species was identi- 
fied as (CUR, . HR)? and from acetate buffer as Cu(R . AC. HR),. where R and AC are the 
acid radical and acetate respectively.96 

In the pH range 6._3-10.3 copper was quantitatively extracted by n-capric acid in ethyl 
acetate (SO,). but Mn(lI), Pd(II), Fe(II1) and Ru(III) interfered.97 The precipitates of nickel 
and cobalt were gathered by the organic phase and settled at the interface. When butyral- 
dehyde was used as solvent, the extraction of nickel and palladium was prevented, but rho- 
dium interfered. With butyric acid in benzene only Cu, Mn and Fe were extracted, but 
ruthenium was extracted in the presence of copper. 

The extraction of metals as stearates (octadecoates) into an organic phase was reported 
as early as 1934.” At least 0.5 g of calcium stearate was extracted from graphite by 10 ml 
of trichlorobenzene at its boiling point. The method was also applicable to aluminium and 
magnesium stearates. which were more soluble. 

Stearic acid has been proposed as a new extraction reagent for the separation of 
metals.99 After heating of the solid acid in the metal ion solution to above its melting point, 
with vigorous shaking. the metals were separated in the cooled, solid organic phase. The 
extractabilities of iron. copper and various fission products were studied at various pH 
values. 

For palmitic (hexadecoic) acid in paraffin the distribution ratios of macro quantities of 
Fe(III). Al(II1). Ca(I1). Mg(I1). UOJII) and micro quantities of 13’Cs, 90Sr, 9oY, lo6Ru. 
la4Ce and 95Zr-9”Nb in presence of O.lM uranyl nitrate were studied as a function of the 
degree of alkalinity (the molar ratio of base added to metal salt).“’ At a value of 0.04 
for this factor. zirconium could be separated from uranium, and both these metals could 
be separated from Fe(III), Al(III). Ca(II), Mg(I1) and other fission products at a degree of 
alkalinity of 20. On addition of hydroxide, hydrolytic complexes were formed with Fe, 
Al. Mg and U. Beryllium stearates and palmitates were found-by ebullioscopic measure- 
ment to exist as double molecules in solvents such as benzene, toluene, xylene, chloroform 
and acetic acid.“’ The association was influenced by the polarity of the solvent. 

With a mixture of heptanoic. octanoic and nonanoic acids (average molecular weight 
140) in kerosene (2.86M), the variation of extraction constants with metal ionic radius for 
the alkali metals passed through a maximum at potassium.lo2 The extractability of the 
metals increased in the order Li < Na < Cs < K and the logarithm of the distribution 
coefficient increased with pH up to about pH 7. 

The time of separation of.phases in the extraction of potassium and rubidium with the 
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salts of various organic acids was found to increase with increasing number of carbon 
atoms in the organic radical. lo3 The capronates of these metals formed very stable emul- 
sions on attempted separation. 

The distribution ratio in the extraction of zirconium at low concentrations (IO-(‘- 
lo-*h/I) with fatty acids in benzene was measured radiometrically and depended on 
organic acid concentration and chain-length, pH and type of so1vent.lo4 Equilibrium was 
reached after 20 min. Of caprylic, pelargonic (nonoic), lauric (dodecoic). caproic and 
valeric acids, caprylic gave the highest distribution coefficient at about pH 6. but all in- 
creased with pH from pH 4-5 to 6-7, then decreased except for lauric. which reached a 
maximum at pH 9-10, then decreased. Little difference was observed in the extraction from 
chloride and nitrate solution. Although a colloidal extraction mechanism was not pro- 
posed, a possible mechanism suggested was that the zirconium existed as a colloid in the 
aqueous phase. The process was likened to detergent action, save that the soap chains 
would have their anionic ends towards a central colloid particle and their hydrophobic 
ends towards benzene. A similar mechanism had previously been proposed for the extrac- 
tion of ferric hydroxide with oleic (cis-heptadec-8-ene-I-carboxylic acid) or C,-C, fraction 
fatty acid in kerosene. lo5 Relatively high extraction of metal was found for an organic acid 
to metal ratio of 1: 100, and with decrease in iron concentration, the amount of organic 
phase precipitate decreased, with corresponding increase in the supposedly chemically 
bound iron in the clear organic phase. Hence the formation of polymeric, chain-type 
adsorbent layers which hold the colloidal hydroxide precipitate in the organic phase was 
postulated, the resultant micelles complexing with fatty acid anions. The extraction of zir- 
conium and hafnium (5 x 10v4M) with 8-hydroxyquinoline-2-aldoxime (2 x 10e3M) in 
presence of acetic, propionic, butyric, valeric, hexanoic, heptanoic. octanoic, nonanoic and 
decanoic acids (2 x lo- ‘M) from hydrochloric acid solution was investigated.lo6 The 
extraction decreased with increase in hydrochloric acid concentration (0.05-0.4M) and in- 
creased with organic acid chain length up to hexanoic acid, then decreased. The extraction 
of zirconium and hafnium with the same reagent and carboxylic acids (respective con- 
centration ratios 1: 10: 1000) showed that the degree of extraction increased with decrease 
in concentration of hydrochloric acid (O+0*05M). lo7 An increase was also observed with 
increasing length of alkyl group up to C,H, ,, after which extraction decreased. Except 
from 0.05M hydrochloric acid, zirconium was more easily extracted than hafnium. 

The extraction of zinc (10-3-10-7M) from sodium perchlorate solution (0.1M) into 
organic solvents (benzene, chloroform, IBMK) with C,--C , ,) aliphatic monocarboxylic 
acids in 1-aminobutane has been investigated. lo8 The degree of extraction increased with 
increasing acid molecular weight and concentration, pH and 1-aminobutane con- 
centration. but was independent of zinc concentration. Similar work with thulium showed 
that the degree of extraction increased with increasing acid molecular weight and con- 
centration, and pH up to a value of about 6. lo9 With hexanoic acid the species extracted 
into IBMK was TmR,(HR) and into chloroform TmR,(HR),, where HR is hexanoic acid. 
In both cases the predominant aqueous species were Tm(II1) and Tm(OH)(II). 

In the extraction of Sn(IV) with equimolar concentrations of 8-hydroxyquinoline and 
variousorganic acids (e.y. butyric, valeric. caproic) in chloroform, the logarithm of the dis- 
tribution coefficient ranged between 0.5 and 2.9 and was at a maximum between the pH 
values of 1 and 6, depending on the nature of the extractant.’ lo 

Carboxylic acids such as caproic, caprylic, capric, lauric. cyclohexanecarboxylic and 
cycle-octanecdrboxylic have been used in the extraction of Fe(III), Cu(I1). Co(U) and Ni(I1) 
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from acidified solutions.] ’ ’ Selective extraction of cobalt and nickel was achieved by using 
a solution of 3-n-decyl-l,2-dichlorocyclobutane-1.2-dicarboximide in cumene, chloroform 
or mixed with “versatic acid” as auxiliary extractant. Zinc was also extracted by these rea- 
gents. The extractability of some 20 metals at pH 2-10 with a series of C3-CiO carboxylic 
acids in chloroform was examined.’ ” With the lower members of the series few metals 
were extracted. but the number increased with increasing molecular weight of the acid. For 
a particular metal, however, the degree of extraction did not necessarily increase linearly 
with acid chain length, but in some cases decreased after reaching a maximum with an 
intermediate member of the series. A similar trend in the extractability of cations had pre- 
viously been recorded for perfluorocarboxylic acids. ’ l3 With perfluorobutyric acid, ter- 
valent cations [e.g.. Fe. Al. Cr] and a few bivalent cations [e.g., Ca, Mg, Fe, Pb, Zn] could 
be separated from univalent ones. The extractions were dependent on pH and the anion 
present in the aqueous phase. 

Fatty acids (oleic. caproic. caprylic and pelargonic) have been proposed for the quantita- 
tive extraction of uranium, the degrees of extraction for various ratios of uranyl nitrate 
to sodium hydroxide solution having been investigated.‘i4 The distribution was indepen- 
dent of the concentration of sodium nitrate as salting-out agent. Cerium and strontium 
did not interfere. A dimeric copper species was reported as being extracted from perchlor- 
ate solution (O.lM) by n-(Cd--C,,) carboxylic acids in benzene.’ l5 Although the distribu- 
tion coefficient increased with increasing acid molecular weight, the extraction constant 
did not alter. This was explained by the distribution coefficients of metal carboxylates and 
carboxylic acids increasing to the same extent with increasing chain-length. 

Evidence. based on cryoscopic and spectral measurements, has been produced that some 
cupric alkanoates. when soluble, exist as dimers in dioxan.’ ” Their resolved frequencies 
at certain wave-numbers, for chloroform solutions, were independent of the alkanoate 
used.’ 1 ’ Cupric propionate was shown to exist in 
since it gave dimerization constants (k) of the form 

corresponding to 2CuR + + 2R - Z$ CuJR), where HR is propionic acid. Spectroscopic 
measurements showed that the dimer was unhydrated and unsolvated. However, k was 
later found to vary with the concentration of propionic acid,’ lg which showed that the 
extracted species was in fact solvated according to 

the chloroform phase as a dimer,’ ‘* 

2CuR+ + 2R- + 2HR$ Cu,R,G-IR)~ 

This accounted for the insensitivity of the absorption spectra to change of extracting sol- 
vent. Comparison of the solubility of cupric alkanoates with the concentration of free acid 
showed that the formula above was also true for acetate, isobutyrate and crotonate, and 
spectroscopic evidence showed the structure to be probable for other acids used. 

MISCELLANEOUS ACIDIC EXTRACTANTS 

Extractions of Fe(II1). Al. Be. Ga. In and SC ions as their benzoates into ethyl acetate, 
butyl or amyl alcohol have been achieved at pH 7 with sodium benzoate solution (25%).12’ 
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Complexes of Pu(IV) with salicylic acid (pH 2-3) and 3.5-dinitrobenzoic acid (pH 3) 
were extractable into amyl acetate, and with cinnamic acid (pH 25-4.5) into amyl alco- 
ho1.12’ With the same three acids in chloroform or IBMK complete separation of thorium 
from lanthanum was possible and, under closely controlled conditions, extraction of thor- 
ium from uranium.‘22 IBMK was an excellent solvent and chloroform a poor one. The 
extraction of thorium and uranium with salicylic acid, methoxybenzoic acid and cinnamic 
acid into the same solvents showed that with salicylic acid (H,R) the complexes extracted 
into IBMK were probably Th(HR), . H2R and UO?(HR), . H,R, but on replacement of the 
phenolic with a methoxy group no association of the extra acid molecule occurred.lz3 The 
aqueous and organic species involved in the extraction of uranium with salicylic acid and 
methoxybenzoic acid into IBMK have been formulated. l 24 

“Versatic 9 11” is a mixture of saturated tertiary monocarboxylic acids of C,, C , o and 
C, , chain-length, manufactured from C,-C, , olefines.’ The formula is 

R, 

R2- A -COOH 

d 3 

where at least one R group is methyl. A IM solution of Versatic 911 (a tertiary monocar- 
boxylic acid) in kerosene was used for the extraction of iron at concentrations <4 g/l.“’ 
For greater concentrations most of the iron could be removed by precipitation and the 
remainder by extraction, 

The optimum pH values for the extraction of metals with “Versatic 9” (prepared from 
C, olefins) were Fe 2.0-2.6, Cu 36-4.7, Zn 4.7-5.6. Co and Ni 55-6.5, Cd 4.7-7.5.i2(j For 
pH variation, the acidic aqueous phases were gradually neutralized with ammonium hy- 
droxide. sodium hydroxide and sodium carbonate. 

Industrially manufactured organic acids “S.R.S.- 100” (prepared from C, .; olefins) and 
Versatic 9 have been used in the extraction of some transition metals at controlled PH.“’ 
With S.R.S.-100 in benzene (1: 2) the pH values for extraction were Fe(III) 3.15, Co(I1) 8.2, 
Ni(I1) 8.3, Mn(II) 7.95 and Cu(I1) 6.15, whereas with Versatic 9 they were Co 8.1. Ni 7.5, 
Fe 3.15 (95x), Mn 7.05 and Cu 6.2. There was little difference between the acids except that 
the rate of extraction was greater with Versatic 9. Variation of the metal concentration 
indicated no polymerization in the organic phase. Xylene and toluene showed similar 
properties to benzene as diluent but butanol and di-isopropyl ether decreased the degree 
of extraction, as did dilution of the organic acid. With both acids the order of extraction 
was Fe(II1) > Cu(I1) > Mn(I1) > Co(H) > Ni(II), and phosphate, tartrate. citrate, oxalate, 
fluoride and EDTA interfered. This work was extended to include other bivalent metals, 
for which the recommended pH values for quantitative extraction were Pd 5.45, Pb 6.9, 
Zn 7.1, Cd 8.2, Ba 8.75, Sr and Ca 8.8. Mg 9.2 and Hg 9.8, permitting separations by pH 
control.‘28 At pH 6.1 90% of Fe(H) was extracted. On addition of sodium. ammonium 
and lithium chlorides’the degrees of extraction increased for Zn, Cd and Hg but decreased 
for the others. The effect of diluent and acid concentration was similar to that in the pre- 
vious work on bivalent metals. 

For the tervalent ions of Ga, In, Th, La, Bi and Sb, extractions with S.R.S.-100 in ben- 
zene were quantitative except for Sb (65%) and Ga (97.21~. but more than 99”:, with undi- 
luted acid at pH 4.6). 129 The pH values for quantitative extraction were In 5.4. Th 6.2, La 
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8.2 and Bi 7.0. With antimony, partial neutralization was employed to prevent hydroxide 
precipitation. The presence of ammonium, magnesium and sodium chlorides gave in- 
creased degrees of extraction for Ga. In and Tl but decreased ones for Bi and La. The order 
of extraction was Ga > In > Tl > Bi > La > Sb. 

For the quadrivalent ions Ce, Zr and Th the effects of diluent and acid concentration 
were similar to the previous work reported for bivalent ions.13’ With S.R.S.-100 quantita- 
tive extraction took place at the pH values Zr 2.4 (985”A,), Th 6.0, Ce 4.3. With Versatic 
9, however, only 73.504 of zirconium was extracted at pH 2.9. The three metals have been 
individually separated from many others, and interfering metals investigated. 

The distribution of copper between water and a toluene phase containing excess of piva- 
lit (trimethylacetic) acid showed the extracted species to be mainly polymeric; only about 
lo”, of the monomeric complex was present in the organic phase.13’ The distribution coef- 
ficient was measured for various pivalic acid concentrations, as a function of pH, and for 
fixed pivalic acid concentration with variation in the concentration of copper. 

The extraction of cobalt soaps with heptane and subsequent photometric determination 
was the basis of a sensitive and selective ultramicro method for the determination of free 
fatty acids in serum.13’ 

A review on the use of carboxylic acids as metal extractants proposed their use on an 
industrial scale and pointed out their economic advantage,’ 33 and a theoretical treatment 
of the extraction of metal ions from aqueous solutions has been published.’ 34 

The extraction of zirconium and hafnium with organic acids, amines and organophos- 
phorus ethers was the subject of a review.13” Extractions with carboxylic acids not speci- 
fied in Chemical Abstracts have been reported.‘36-‘38 

The rare earths were extracted selectively by carboxylic acids from weakly acidic or neu- 
tral solutions in the presence ofcomplexones. 136 In the separation of lanthanum and praseo- 
dymium with carboxylic acids in presence of EDTA at pH 4.3-4.8, an increase in the con- 
tact time from 0.1 to 18 hr led to an increase in the separation coefficient hrha from 3.22 
to 537.13’ With a contact time of 3 hr, an increase in the molar ratio of total metal to 
EDTA increased the aqueous concentration of praseodymium but /? remained constant. 
Equilibrium extraction curves as a function of acidity were obtained for the cerium and 
yttrium group rare earths (in particular La, Ce, Pr. Nd, Sm. Gd, Ho and Er) in their extrac- 
tion with carboxylic acids in presence of tri-isoamylphosphine oxide.13* With variation 
of mineral acid. the salting-out ability of the acidic anions was graded nitrate > chlor- 
ide > sulphate. Increase of temperature enlarged the pH range of extraction toward values 
below those corresponding to hydrolysis. Dilution of the organic acid displaced the extrac- 
tion curve to a higher pH to an extent which increased with increasing tendency for hydro- 
gen-bond formation of the diluent and its affinity for a proton. The extraction of lan- 
thanum was complete in 3-5 min at pH greater than 1.5. The maximum distribution coeffi- 
cient was obtained with a concentration of tri-isoamylphosphine oxide of 0.35M. 

Phenylacetic acid has been reported to have a high extraction capacity for iion, copper 
and uranium at pH 6.‘39 In the presence of nitrilotriacetic acid only uranium was 
extracted.14’ 

The selective extraction of copper from hexamine-buffered solution with phenylacetic 
acid in chloroform (1 .OM) has been reported. 14’ Iron and uranium were masked with 
ammonium fluoride. The co-extraction of Au(III), Pt(IV) and Pd(I1) did not interfere with 
the photometric determination at 700 nm. Beer’s law was obeyed from 100 to 1000 pg of 
Cu per 5 ml and sulphate. chloride and nitrate did not interfere. The method was 
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adapted to the removal of Fe, Cu and U before determination of manganese with 
formaldoxime 

Phenylacetic acid was found to be superior to diphenylacetic, naphthylacetic and naph- 
thoxyacetic acids as an extractant for Cu, Co, Ni, Pb, Cd, Zn, Mn, Fe, Al. In. Ga.14’ It 
was found that increase in the molecular weight of the acid led to decrease in selectivity 
of extraction and, in some cases, decrease in the solubility of metal salts in chloroform. 
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Zusammenfassung-Eines der Probleme bei der Extraktion von Spurenelementen besteht darm, 
daB die Hauptbestandteile im allgemeinen maskiert werden mussen; da& werden grol3e Mengen 
von fredem Reagens zugegeben und damit das Risiko der Verunreinigung erhoht. MUD das Matrix- 
Element entfernt werden, so ist ein Extraktionssystem hoher Kapazitat erforderlich, urn Ver- 
diinnungseffekte zu vermeiden. In dieser Hinsicht sinh langkfttige oher substituierte Carbonsauren 
recht vielversprechend. Es wird eine Literaturtibersicht iiber deren Verwendung als Extraktions- 
mittel fiir Metalle gegeben. 

R&urn&--L’un des problemes dans l’extraction d’tlements a l’ttat de traces est que les elements 
de la matrice doivent habituellement itre dissimules. ce qui implique I’addition de grandes quan- 
tit& de riactif supplementaire et accroit ainsi le risque de contammation. Si l’element de la matricc 
don itre tlimmi. un systeme d’extraction de grande capacne est necessane pour eviter les effets 
de dilution. De ce point de vue. les acides carboxyliques a longue chaine ou substituts offrent de 
grands espoirs. On prisente une revue de la littirature sur leur emploi comme agents d’extraction 
des metaux. 
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Summary-An accurate spectrophotometric method is proposed for the determmation of penta- 
erythrnol tetramtrate (PETN) in waste water from lead styphnate primer plants by use of phenoldi- 
sulphomc acid. The waste water is filtered through a sintered glass crucible and the PETN IS deter- 
mined m the filtrate and the residue. In the determmation of PETN in the filtrate, sodium hydrox- 
ide is added and the PETN is extracted with methylene chloride (m alkaline solution, styphnate 
and TNT are not extracted). The methylene chloride solution is then evaporated to dryness, the 
residue is treated with a solution of phenoldisulphonic acid in sulphuric acid, water and ammonia 
are added. and the yellow colour is measured. In the determination of PETN in the residue, the 
PETN is dissolved in acetone, an aliquot of the acetone solution is treated with water and sodium 
hydroxide, the PETN is extracted with methylene chloride and the colour is developed as above. 
Various factors affectmg the determination were investigated. The solubility of PETN in water was 
studied. 

PETN (pentaerythritol tetranitrate) is an important explosive that has innumerable uses 
in Ordnance. Also, it is used as a vasodilator in medicine. 

This laboratory undertook an investigation on the determination of PETN in waste 
waters, particularly waste waters from lead styphnate primer plants. There is little informa- 
tion in the literature on the determination of PETN in waste water. Golubeva’ determined 
PETN in waste water from industrial production centres by extracting with chloroform, 
evaporating to dryness, adding a solution of phenoldisulphonic acid in sulphuric acid, 
diluting, adding ammonia and measuring the yellow colour. This method, of course, really 
measures the nitrate produced by hydrolysis of the PETN in sulphuric acid. Goldman2 
determined PETN and other organic nitrates in air by passing the air through alcohol and 
applying the phenoldisulphonic acid method. Allert,3 the Association of Official Analytical 
Chemists (AOAC),4 and Sarnol? determined PETN and other organic nitrates in pharma- 
ceuticals by dissolving the sample in acetic acid and applying the phenoldisulphonic acid 
method. AOAC4 also determined PETN in pharmaceuticals by use of column chroma- 
tography. followed by infrared determination of the PETN in chloroform solution. Yagoda 
and Goldman’ determined PETN and other organic nitrates in air by aspirating the air 
through triethylene glycol, adding m-xylenol and sulphuric acid to form 4-hydroxy-1,3- 
dimethyl-5-nitrobenzene. which was steam-distilled and determined spectrophotometri- 
tally. Bandelin and Pankratz’ determined PETN and other organic nitrates in pharma- 
ceuticals by extracting with acetone, evaporating to dryness, and applying the ferrous sul- 
phate calorimetric method for nitrate. Hankonyi and Karas-GaSpare? determined PETN 
and other organic nitrates in pharmaceuticals by hydrolysing the PETN in boiling 1M 
sodium hydroxide solution to form nitrite which was then reacted with p-nitroaniline to 
form the diazonium ion which in turn was reacted with azulene to give an azo dye. 
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Yagoda’ and Oettingen et ~1.‘~ determined PETN in biological materials by extracting 
with ether and applying the m-xylenol method. Parihar, Sharma and Verma’ ’ investigated 
thin-layer chromatography for the determination of PETN in explosives. 

None of these methods was directly applicable to the problem of determining PETN 
in waste water from lead styphnate primer plants. The phenoldisulphonic acid m-xylenol, 
ferrous sulphate, azulene and infrared methods are subject to interference from other 
organic nitrates. The thin-layer technique would be difficult to apply quantitatively to pol- 
lution wastes. Gas chromatography is not useful for determining PETN. since PETN is 
decomposed in chromatographic columns to a variety of products. 

An investigation was therefore undertaken to develop a method for the determination 
of PETN in waste water from lead styphnate primer plants. It seemed that the best method 
of approach would be to modify the phenoldisulphonic acid method. 

EXPERIMENTAL 

Apparatus 

Witt filtration apparatus and Bailey crucible holders (Arthur H. Thomas Co., Catalogue Numbers 4196 and 
5116-F). 

Beckman Model B spectrophotometer (or equivalent). 

Reagents 

Concentrated sulphuric acid (sp. gr. 1.84). 
Fuming sulphuric acid (15%j+ee SO,). 
Ammonia solurion (sp. gr. 0.90). 
Methylene chloride, ACS grade. 
Sodium hydroxide solution (0.4%). 
Phenoldisulphonic acid reagent. Dissolve 50 g of pure white phenol in 300 ml of concentrated sulphuric acid 

contamed in a I-litre glass-stoppered flask, add 150 ml of fuming sulphuric acid, mix, and heat on a steam-bath 
at full heat for 2 hr. 

Standard PETN solution No. I (1 ml z I.Omg ofPE7iV). Dissolve 0.20006 of PE7N in acetone and dilute to 
200 ml in a rolumerric flask with acetone. 

Standard PETN sohrrion No. 2 (I ~1 z 0.2 my o] PETN). Accurately dilute standard PETN solution No. I 
tivefold with acetone. 

Preparation of calibration curve 

Add @O. 1.0.2.0, 3.0,4.0 and 5.0 ml of standard PETN solution No. 2 to 100 ml beakers. Add 60 ml of water 
and 10 ml of 0*4”/, sodium hydroxide solution and allow to stand for 15-20 min. Decant into 125 ml separatory 
funnels and wash the beakers with water, collecting the washings in the separatory funnels. Wash the beakers 
v&h 25 ml of methylene chloride, decanting the washings into the separatory funnels. Shake the separatory fun- 
nels for I min, allow the layers to separate and draw off the bottom (methylene chloride) layers into the original 
beakers. Extract twice more with methylene chloride (using 20 ml portions) and combine the extracts with the 
first extract in the original beakers. Discard the aqueous solutions in the separatory funnels and rinse the funnels 
with water. Transfer the methylene chloride solutions to the separatory funnels, wash the beakers with water 
and collect the washings in the funnels. Add 25 ml of water to the separatory funnels, shake for 1 min allow 
the layers to separate and draw off the bottom (methylene chloride) layers into the original beakers. Discard 
the aqueous solutions. 

Evaporate the methylene chloride solutions to dryness at a temperature not above 50”. Allow to cool. Add 
by means of a graduated cylinder 3 ml of phenoldisulphonic acid reagent quickly around the sides of the beaker. 
Allow to stand for 1 hr at room temperature, swirling occasionally. Add 50 ml of water and 10 ml of ammonia 
solution and cool to room temperature. Wash into 100 ml volumetric flasks and dilute to the mark with water. 
Measure the absorbance at 410 nm against the reagent blank and plot absorbance against mg of PETN. 

Procedure 

Collect a 250-1000 ml sample of the waste water in a stoppered bottle. Swirl and filter it through a tared Coor 
filtering crucible of fine porosity into a clean dry suction flask. Transfer some or all of the filtrate to a dry beaker 
and use this to wash the residue from the beaker to the crucible. Do not wash with water. After transferring 
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the residue. measure the total volume of the filtrate by means ofa graduated cylmder and then transfer the filtrate 
to a dry stoppered flask. Dry the crucible in an oven at 60” for 4 hr, cool in a desiccator and weigh. 

Pipette a 50-ml portion of the filtrate into a IOO-ml beaker. add lOm1 of water and lOm1 of 0.4% sodium 
hydroxide solution and allow to stand for 15-20 min. If (as IS usually the case) the solution remains clear or is 
only shghtly turbid on adding the alkali, proceed with the extraction and development of the colour as described 
under preparation of calibration curve. If a large amount of precipitate (lead or barium styphnatel forms on addi- 
tion of the alkali, discard the solution, take another 50-m] portion, extract it three times with methylene chloride, 
evaporate the methylene chloride, add 60ml of water and 10 ml of 040/, sodium hydroxide and proceed with 
the extraction and development of the colour. Calculate the number of mg of PETN m the 50-ml ahquot by 
referrmg to the calibration curve. 

Insert the crucible containmg the weighed residue into the crucible holder and place a 250-ml beaker in the 
suction flask of the Witt filtering apparatus. 

Jv’ote. It is important to use a Witt-type filtering apparatus m order to prevent the acetone from coming mto 
direct contact with rubber. 

Wash the crucible with a volume of acetone sufficient to dissolve the PETN. Transfer the filtrate to a IOO- 
or 500-m] volumetric flask and dilute to the mark with acetone. Pipette an aliquot containmg preferably 0.4 
0.8 mg of PETN mto a 100 ml-beaker. If the ahquot is larger than 5 ml, evaporate to a volume of 2-5 ml. Add 
60 ml of water and 10 ml of 0.49; sodium hydroxide solution, allow to stand for 1520 min. and proceed with 
the extraction and development of the colour as described under the preparation of the calibration curve. 

Calculate as follows: 

Amount of residue (mg/l.) = residue(mg) x 
1000 

total volume of aqueous solution (ml) 

PETN in aqueous solution (mg/l.) = PETN as read x 
1000 

from curve (mg) aliquot ofaqueous solution taken (ml) 

volume of diluted 
PETN m residue PETN asread 

= from curve (mg) x 
acetone extract (ml) x 1000 

(rngll.) 
aliquot ofacetone total volume of 

extract (ml) aqueous solution (ml) 

Total PETN (mg/l.) = PETN in aqueous solution (mg/l.) + PETN in residue (mg/l.) 

DISCUSSION AND RESULTS 

Conditions for development of the colour 

The reaction between the phenoldisulphonic acid reagent and PETN involves as a first 
step the formation of nitric acid by hydrolysis of the PETN by the sulphuric acid. The 
nitrate then reacts with the phenoldisulphonic acid to produce nitrophenoldisulphonic 
acid. which is then converted into yellow nitrophenoldisulphonate ion on the addition of 
ammonia.“*13 

It was found that for the determination of small amounts of PETN after an extraction 
procedure (using methylene chloride) it was desirable that the solutions stand for 1 hr at 
room temperature after addition of the phenoldisulphonic acid reagent. Allert3 found that 
the colour developed fully if the solution was warmed for 10 min on the steam-bath after 
addition of the reagent. We have found that Allert’s conclusions are correct when pure 
PETN solutions are analysed, but the heating is undesirable when working with PETN 
residues after an extraction because of occasional charring of extraneous organic matter 
left after the extraction. 

The effect of the amount of phenoldisulphonic acid was investigated, since there is dis- 
agreement concerning this factor. 13*14 Various volumes of phenoldisulphonic acid were 
added to aliquots of potassium nitrate solution (0.6 mg of nitrate) that had been evapor- 
ated to dryness. Water was added and the solutions were cooled. Ammonia was added 
until the yellow colour appeared (this required about 6.5 ml of ammonia solution) and 5 ml 
excess of ammonia solution was added. The solutions were cooled. the volumes made up 
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to 100 ml and the transmittances measured. at 410 nm. The transmittances obtained for 
addition of 2, 3, 5, 8, 10, 12 and 15 ml of phenoldisulphonic acid reagent were 36. 36. 35. 
36, 34, 34 and 34, respectively. These results indicated that the amount of reagent was not 
critical. It was decided to use 3 ml of the reagent (this amount readily covered the bottom 
of the 100 ml beaker in which the evaporation was conducted). It is recommended that 
the reagent be added quickly around the sides of the beaker from a graduated cylinder 
to prevent any localized reaction. 

The effect of the amount of ammonia was studied by using 3 ml of phenoldisulphonic 
acid reagent and 06 mg of nitrate. In this study, various volumes of ammonia solution 
were added. in a single step. The transmittances obtained for 7, 10, 12.5. 15. 20 and 25 ml 
of ammonia solution were 36,36,36, 36, 38 and 28, respectively. These results showed that 
the amount of ammonium hydroxide was not critical over the range 7- 15 ml : a volume of 
10 ml is recommended. 

The colour was stable overnight. All measurements were made at 410 nm, as suggested 
by many previous investigators. The absorption spectrum is available elsewhere.i2 

The calibration curve obtained by carrying PETN through the extraction procedure was 
reasonably similar to the calibration curve obtained by evaporating aliquots of a standard 
solution of PETN in acetone to dryness and proceeding directly with the colour develop- 
ment. Nevertheless, it is recommended that the calibration curve be prepared by using the 
extraction procedure. 

Separation of PE T N from waste water 

It would be expected that some PETN in waste water would be in solution and some 
in suspension. It was decided to filter the waste water sample and determine the PETN 
in the residue and in the filtrate. It is recommended that the residue be weighed since the 
amount of residue is of importance in pollution considerations. 15-16 

To determine the PETN in the filtrate it was necessary first to separate the PETN by 
extraction with a solvent. It was obvious that a satisfactory solvent should be immiscible 
with water, have a reasonably high solubility for PETN, be preferably heavier than water 
to facilitate extraction in a separatory funnel and be easily volatilized. Methylene chloride 
fulfils all these criteria admirably. 

After the extraction of the PETN, the methylene chloride was removed by evaporation. 
The manner of evaporation is of importance. It has been stated by previous investiga- 
tors4*5*7*g*‘7 that in evaporating chloroform, diethyl ether, or acetone solutions of PETN, 
excessive heat should not be used (a maximum temperature of 50” is frequently men- 
tioned), otherwise loss of PETN can occur. We confirmed that there can be losses of PETN 
on rapid evaporation on a steam-bath, particularly when working with small amounts of 
PETN. These losses apparently occur during the actual evaporation before the residue is 
dry. Heating dry PETN in a beaker at the full heat of the steam-bath for 1 hr did not cause 
losses due to volatilization or decomposition. This is in keeping with the observation that 
PETN does not decompose or volatilize at loo” over a period of several days.‘**19 

Some investigators recommend that a vacuum oven or vacuum desiccator be used to 
remove the last traces of chloroform or diethyl ether after the evaporation to dryness.4*7,17 
We found this vacuum treatment was not necessary if the methylene chloride extraction 
was used. Equally satisfactory results were obtained if the methylene chloride was evapor- 
ated at room temperature or by heating on a steam-bath at a temperature below 50’. When 
chloroform solutions of PETN were allowed to evaporate at room temperature (overnight). 
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high results for PETN were obtained spectrophotometrically. apparently because of non- 
volatile material from the chloroform (this solvent is much less volatile than methylene 
chloride). 

The important question ar:ses as to what is the solubility of PETN in water. The figures 
given in the literature are as follows: 

Incesrigatoi 
Desvergnes”’ 
Department of Army” 
Leslie” 
Merrillz3 

Soluhilitjl (my/l 00 ml) 
lO(197 
4.3 (25’) 
0.15 (ambient temperature) 
0.2 I (ambient temperature) 

All the investigators except Merrill used a gravimetric technique to determine the solu- 
bility. Merrill employed a radiometric technique, using PETN labelled with 14C. 

We determined the solubility of PETN in water by shaking an excess of PETN with 
water at 20’ for several hr. filtering 100 ml through a Whatman No. 42 filter paper, extract- 
ing with methylene chloride, evaporating to dryness and determining the PETN spectro- 
photometrically by the phenoldisulphonic acid method. The result was 0.19 mg/lOO ml 
(average of three determinations). This result agreed with those of Lesliez2 and Merrill23 
but differed drastically from the results of other investigators. 

Military grade PETN24 was used in all our investigations. Before use, the PETN (which 
is customarily shipped wet) was transferred to a Buchner funnel, washed several times with 
water and dried at 60’ for 6 hr. 

It was expected that the solubility of PETN would be greater in water containing styph- 
nate. inorganic nitrate and other salts than in pure water (as shown by the results in Table 
3). 

Elirninatiorl qf interferences in the determination of PE TN in solution 

The methylene chloride extraction was found to eliminate interference from inorganic 
nitrate, inorganic nitrite and sodium acetate (the last two substances are not ingredients 
of lead styphnate primers but are used in the manufacture of lead styphnate), but not the 
marked interference from styphnate, which was also extracted by the methylene chloride 
and produced a yellow colour with phenoldisulphonic acid; nor did it eliminate the lesser 
but still significant interference from trinitrotoluene (TNT), which was extracted with 
methylene chloride and produced a yellow-pntk colour with phenoldisulphonic acid that 
slowly increased in intensity after addition of ammonia. 

It was found that the interference from styphnate and TNT could be eliminated by 
adding 10 ml of0.4”, sodium hydroxide solution (to give a sodium hydroxide concentration 
of about 0.015M). allowing to stand for 15-20 min, and then proceeding with the extrac- 
tion with methylene chloride. The styphnate ion does not change colour significantly on 
addition of the alkali but TM forms a red complex that requires about 15 min to develop. 
PETN is not significantly hydrolysed by 0.015M alkali at room temperature in 15-20 min. 
It has been stated2i.‘h that PETN is not significantly hydrolysed by heating with sodium 
hydroxide IM at 60’ for 24 hr but this claim seems open to question. 

When large amounts of styphnate ion. lead salts and barium salts are present. a precipi- 
tate is sometimes obtained on adding the alkali to the aliquot of aqueous solution. When 
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this occurs, it is necessary to discard the solution, take another aliquot, extract with methy- 
lene chloride (without alkali), evaporate the methylene chloride, add the water and alkali 
and proceed as in the regular method. 

Determination of PE T N in the residue 

In order to determine the PETN in the residue obtained by filtering the waste water, 
it is necessary to dissolve out the PETN with acetone. The solubility of PETN in acetone 
is quite high (about 25%),2 ‘e2’ so this extraction offers no difficulty. In earlier experiments. 
an aliquot of the acetone filtrate was evaporated to dryness, water was added and the 
methylene chloride extraction was performed. However, it was found that the caked mater- 
ial formed on the bottom of the beaker by this means led to difficulties. This trouble was 
overcome by treating a 5 ml aliquot of the acetone extract directly with 60 ml of water 
and 1Oml of 0.4% sodium hydroxide solution and then extracting with the methylene 
chloride. If the aliquot of the acetone solution was greater than 5 ml, it was evaporated 
to 2-5 ml before addition of water and sodium hydroxide solution. 

Table 1. Results for PETN in synthetic filtrates from waste samples 

PETN added, 
W 

OGO 
040 
I.00 
OGO 
040 

Other contaminants 
added 

5 TNR mg 

5mgTNT 

PETN found, 
‘?I 

0.01 
0.42 
0.97 
0.01 
0.39 

1.00 
0~00 
040 
1w 
OQO 
040 
100 
OW 
040 
1.00 
0.00 
040 
100 
0.00 
0.40 
IGO 
@OO 

040 
I.00 

5mgTNT + SmgTNR 

50 ml sat. Pb styphnate soln 

5 mg Ba (NW 

50 ml sat. tetracene soln 

5 mg TNR + 5 mg Ba(NO,), 

5 mg Ba(NO,)* + 50 ml of sat. 
Pb styphnate soln 

5 mg gum arabic 
040 
IQ0 

5 mg Na acetate 
040 
100 
oao 
040 
1.00 

5 mg NaNO, 

I.02 
002 
0.42 
1.02 
0.01 
0.42 
097 
0.00 
0.41 
0.98 
000 
040 
I.03 
0.01 
0.42 
098 
0GO* 

0.42* 
1.02* 
0.02 
0.42 
0.96 
0.00 
044 
1.01 
0.00 
0.42 
I .02 

* Preliminary extraction technique used. 
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Such ingredients of primers as antimony sulphide, tetracene, aluminium powder and cal- 
cium silicide are essentially insoluble in water and acetone and remain in the crucible. 

Results,fir synthetic and actual waste xmples 

Synthetic filtrates from waste samples were prepared by adding portions of PETN stan- 
dard solution No. 2 containing 02. 04 and 1.0 mg of PETN tot100 ml beakers and then 
adding various combinations of the following: 1 ml of 5-mg/ml trinitroresorcinol (TNR) 
solution in acetone. 1 ml of 5 mg/ml TNT solution in acetone, 1 ml of 5 mg/ml barium 
nitrate solution in water, 1 ml of 5 mg/ml gum arabic solution in water, 1 ml of 5 mg/ml 
sodium acetate solution in water, 1 ml of 5 mg/ml sodium nitrite solution in water, 50 ml 
of saturated lead styphnate solution (equivalent to about 20 mg of lead styphnate since 
the solubility of lead styphnate in water is about 0.040/,“). and 50 ml of a saturated tetra- 
cene solution (the solubility of tetracene in water is very low). 

These synthetic solutions were immediately diluted to about 60 ml with tap-water, 10 ml 
of 0.4?, sodium hydroxide solution were added. and the procedure was applied. The sam- 
ples containing barium nitrate and lead styphnate required the preliminary extraction with 
methylene chloride. The results obtained are shown in Table 1. The recoveries were satis- 
factory. 

Synthetic residues from waste samples were prepared by accurately weighing portions 
of PETN in sintered crucibles and then adding approximate amounts of lead styphnate, 
antimony sulphide. tetracene. aluminium powder and calcium silicide. These ingredients 
were in the approximate ratios to be found in common lead styphnate primers. Barium 
nitrate was not included, since it would be found in the filtrate and not in the residue. The 
synthetic residues were subjected to the acetone extraction, the solutions were diluted to 
100 ml in a volumetric flask, 5 ml aliquots were taken. and the samples were analysed as 
in the recommended procedure. The results obtained are shown in Table 2. The recoveries 
were satisfactory. 

Table 2. Results for PETN in synthetic residues from waste samples 

PETN present. 
“K, 

2X.4 

2X.7 
17.4 

Other contaminants present. 
/ng 

160 Pb styphnate + 70 Sb,SB 
+ 20 tetracenc + 35 Al powder 
+ 35 CaSi, 

PETN found. 
mg 

27.0 

29.2 
18.2 

Table 3. Results for PETN in actual waste samples 

Sample 1 Sample 2 

Total filterable residue. 
UI$, I 

PETN in solution. rngI/. 
PETN m residue. ‘I nly 
Total PETN m solution 

and residue. Roy 1. 

75.9 42.0 

1.5 4.2 
10.9 3.6 
12.4 7.8 
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The results obtained for PETN in two actual waste samples are shown in Table 3. Also 
shown are the results for total filterable residue. It is realized, of course. that meaningful 
sampling is a difficult problem, particularly insofar as filterable residue is concerned. 

The method described in this paper will probably have application to the determination 
of PETN in other materials besides waste water. 
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Zusamrnenfassrmg-Eine genaus spektrophotometrische Methode zur Bestimmung von Penta- 
erythrit-tetranitrat (PETN) in Abwiissem von Bleistvuhnat-Ziinderfabriken mit Phenoldisulfon- 
s&e wird vorgeschlagen. .Das Abwasser wird durch-dinen Glasfiltertiegel filtriert und PETN im 
Filtrat und im Riickstand bestimmt. Bei der Bestimmung von PETN im Filtrat wird Natrium- 
hydroxid zugegeben und PETN mit Methylenchlorid extrahiert (in alkalischer Liisung werden 
Styphnat und TNT nicht extrahiert). Die Methylenchloridlosung wird dann zur Trockne einge- 
dampft, der Riickstand mit einer L&sung von Phenoldisulfonstiure in Schwefelslure behandelt, 
Wasser und Ammoniak xugegeben und die gelbe Farbe gemessen. Zur Bestimmung von PETN im 
Filterrtickstand wird das PETN in Aceton gelost, ein abgemessener Teil der Acetonliisung mit 
Wasser und Natriumhydroxid behandelt, das PETN mit Methylenchlorid extrahiert und die Farbe 
wie oben entwickelt. Es wurden mehrere Faktoren untersucht, die EinfluD auf die Bestimmung 
haben. Die Lijslichkeit von PETN in Wasser wurde untersucht. 
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Rksnm&On propose une methode spectrophotomttrrque prectse pour le dosage du tetramtrate 
de pentairythritol (PETN) darts les eaux usagtes des usmes d’amorces au styphnate de plomb par 
emploi d’actde phenoldtsulfonique. L’eau usagee est filtree a travers un creuset en verre frttti et 
le PETN est dose dans le filtrat et le restdu. Dans le dosage du PETN dans le filtrat. on ajoute 
de la soude et extrait le PETN au chlorure de mtthylene (en solution alcaline. le styphnate et le 
TNT ne sont pas extraits). La solution de chlorure de mtthylene est alors ivaporte a sec. le rtsidu 
est traite par une solutron d’acide phinoldisulfonique en acide sulfurique, on ajoute de I’eau et de 
I’ammoniaque. et l’on mesure la coloratron jaune. Dans le dosage du PETN dans le restdu. on dis- 
sout le PETN dans I’acbtone. tratte une partte ahquote de la solutton acttomque par I’eau et la 
soude. extrait le PETN au chlorure de methyline et dtveloppe la coloration comme precedemment. 
On a itudit divers facteurs qut influencent le dosage. On a itudie la solubiliti du PETN dans I’eau. 
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Summary-It is shown that the mutual mterference between the chlorides of Au, Pt and Pd in AAS 
usmg aqueous solutions nebulized into an air-acetylene flame. can be eliminated by using the dithi- 
zonates of these metals. This releasing action is ascribed to the formation of noble metal dithi- 
zonates. It is further shown that complex formation with dithizone favours the atomization of Au 
and that such an effect should be considered as due to complexation rather than to some bulk 
effect of the organic matrix. 

The atomic-absorption spectroscopic (AAS) analysis of noble metals is subject to interfer- 
ences.‘-” In order to remove these some investigators suggest releasing agents such as 
copper sulphate,‘.’ a mixture of copper and cadmium sulphates4T9 uranyl chloride,5$9 lan- 
thanum chloride6.9,‘0 or a sodium and copper sulphate mixture.* Others propose the use 
of hotter flames (premixed N20-C2H2 flames)9~‘0 or the use of a concentric furnace tube 
to increase the exhaust-gas temperature. 3 Finally, solvent extraction has also been sug- 
gested.‘,’ ’ 

The purpose of this work was to study the use of dithizone in the AAS analysis of mix- 
tures of Au(III), Pt(IV) and Pd(I1). This investigation originated both from the interference 
problem just mentioned and from the fact that the industrial preparation of noble metals 
through cation-exchange techniques often gives solutions which contain Au, Pt and Pd 
as well as Ir. Rh Sb. Sn, Te, Se, Pb, Bi, As and traces of Ag. The use of dithizone in acid 
medium makes it possible to extract only Au, Pt, Pd, Bi, Ag and Sn amongst all these ele- 
ments.” We shall show that dithizone dissolved in methyl isobutyl ketone (MIBK) eli- 
minates the mutual AAS interference between Au. Pt and Pd and that this releasing action 
seems to be related to dithizonate formation. 

EXPERIMENTAL 

Two AAS instruments were used. a Hilger & Watts Atomspek with laminar-flow burner havmg a 
130 x 0.5 mm slot. and a laboratory-assembled instrument built from a 0.5 m Ebert scanning spectrometer, 
power supphes and detection system (Jarrell-Ash). Westinghouse hollow-cathode lamps. a Hamamatsu (R 106) 
photomultiplier. a lammar-flow Techtron burner (AB-51) with a 100 x 0.5 mm slot, and a new nebulizer of a 
pneumatic some type constructed in the laboratory and connected to a heated nebuhzing chamber, the whole 
nebuhzer assembly givmg very high efficiencies ( > 85?,) and allowmg work with known constant liquid flow- 
ratest3 

All reagents were of analytical grade The noble metals were generously donated by the Metallurgic Hoboken- 
Okerpelt Company (Hoboken, Belgrum). Their purity was >99.98”, for the gold and >99.997; for the palladium 
and platmum 

715 
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Table I. Optimum instrumental conditions used on the Hilger & Watts apparatus 

Analytical solution 

Parameter 

Au Pd Pt 
dithizonate chloro-complex dithizonate chloro-complex dithizonate chlorocomplex 
in MIBK in Hz0 in MIBK m H,O in MIBK in H?O 

Wavelength. run 
Lamp 

current mA 
Acetylene flow- 

rate, I./inin 
Air flow- 

rate, I./min 

Observation 
height, mm@ 

Slit-width, tnm 

242.8 242.8 247.6 247.6 
6 6 15 15 

0.75 

8.5* 
+ 
1.R 
6 

0.012 

I.25 0.5 1.25 

265.9 265.9 
5 10 

0.5 I .25 

8.5 8.5 

it5 ;t5 
0.5 8 

0.015 0.030 

8.5 

rt5 
2.5 

0.030 

83 X.5 
+ + 

2.0 I.5 
7 I 

0.015 0.015 

* Au-flow used for nebulization of the solutions m the sprayer. This part of the total air supply IS kept constant 
to equalize the nebulization characteristics. 

t Additional air for adjustment of final air to fuel ratio. 
$ Distance between the burner surface and the optical axis. 

Instrumental conditions 

The experiments performed with the Hilger & Watts apparatus were done under preselected opttmum mstru- 
mental conditions,” given in Table 1. When using the Jarrell-Ash equipment we used the conditions summarized 
in Table 2. The flames used were both air-acetylene, the composition being given in the same tables. 

Preparation of solutions and extraction conditions 

Solutions of the noble metals were prepared by dissolving the pure metals in aqua regia and expelling the excess 
of nitric acid by repeated evaporations with concentrated hydrochloric acid. Care must be taken not to evaporate 
to dryness because appreciable losses of gold can occur when this happens. I4 The stock solutions thus prepared 
each contained 1000 mg of noble metal per litre. Dilutions were made with distilled water and extractions carried 
out with a 0.015% w/v solution of dithizone in MIBK. The pH was adjusted to 1.0 for the Au(II1) and Pd(I1) 
extractions.” The extraction of Pt has to be preceded by a quantitative reduction of Pt(IV) to Pt(I1). since only 
Pt(I1) can form extractable compounds with dithizone. I2 The reduction is carried out with a 35”; w/v solution 
ofstannous chloride in water.i’ In order to prevent the formation and subsequent extraction of Sn(I1) dithizonate 
the pH was lowered to about 0.” Unfortunately, under such circumstances Sn(IV) is extracted as the chloro- 
complex into MIBK.i6 The extraction of copper was performed at pH 40. by using a stock solution containing 
1000 mg of Cu per litre as CuSO, and a 0.030’/, w/v solution of dithizone m MIBK. 

Table 2. Instrumental conditions used on the transformed Jarrell-Ash 
instrument 

Wavelength 
Lamp current 
Acetylene Row-rate 
Air Row-rates 
Slit-width 
Slit-height 
Cross-section of 

parallel light beam 
Temperature of the 

nebulizing chamber 
Solution flow-rate 
Concentration of Au 

in all solutions 

242.8 nm 
1OmA 
I.34 I./min 
13 I./min (6 for nebulizatron) 
0.100 mm 
IOmm 
I mm high. 2 mm broad 

165’ 

I.00 ml/mm 
10 mg/l. 
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Under these conditions only primary dithizonates were obtamed for the metals concerned.” Extraction was 
done the same way for all the metals: IO ml of sample solutton with an adequate metal concentration were shaken 
in a 100 ml separatory funnel for 3 mm m the presence of 15 ml of dithizone/MIBK solution. This operation 
was performed three times. The extracts were collected in a 50 ml volumetric flask and diluted to volume with 
dtthizone solution. The extraction yields were tested by analysmg the residual aqueous phase by AAS. It was 
found that Au and Pd were extracted nearly quantttatively. Pt > 97’:,, and Cu > 989,, 

Sensitivities 
RESULTS AND DISCUSSION 

Aqueous solutions of the chloro-complexes of Au, Pd and Pt, MIBK solutions of their 
primary dithizonates and an MIBK solution of gold chloride show the AAS sensitivities 
(concentration in ppm giving I’?/, absorption) given in Table 3 and that, as is well known,’ 9 
the use of organic matrices results in improvement in the sensitivity. Table 3 further shows 
that complexation further improves the sensitivity. 

Table 3. AAS sensrtivtttes for chloro-complexes and primary 
dithizonates 

Element 

Sensitivities, ppm for 1% absorption 
Chloro-complex Primary dithizonate 

in water in MIBK in MIBK 

Au 0.22 0.14 0.07 
Pd 0.28 - 0.13 
Pt 3.0 - 1.20 

Series of aqueous and MIBK solutions were prepared, each containing a constant 
amount of one of the noble metals and increasing amounts of one of the other two. The 
mixed dithizonate solutions were obtained by mixing the individual dithizonate solutions. 

Figure 1 illustrates the mutual interferences between Au, Pd and Pt as their chlorocom- 
plexes in aqueous solution. It is obvious that these elements show negative mutual interfer- 
ences. Similar results were obtained by other investigators.‘-” The interferences with Pt 
can be reduced considerably although not completely by adding as much as 20 g of copper 
per litre (in the form of CuSO.+).’ A condensed-phase chemical interference is suggested 
in which more or less volatile Pt-compounds are formed.” 

The results of a similar interference study on the dithizonates of the same noble metals 
are summarized in Fig. 2. The full curves show a positive interference by the added noble 
metal dithizonates. In further experiments copper dithizonate was added in concentrations 
as low as 5 mg/l. (dashed lines). As seen in Fig. 2 the interference with the signal of Au 
and Pt disappears completely and the absorption by Pd is nearly free of interference. The 
question now arises whether the observed positive interferences in Fig. 2 are not merely 
due to complexation with dithizone itself. 

CompIe.sariorl ard atomkation in,flames 

In order to throw some light on this matter absorption profiles in flames were recorded 
for solutions of Au in MIBK. prepared by extraction with increasing amounts of dithizone. 
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Pd(conc~20mg/l)at b247.6 nm 

o Au added 

o-o-o- l Pt added 

Pt (conc*SO mg/l) ot x.2659 nm 

R 

Fig. I. Ahsorhances of Au. Pd and Pt (as chlorides in water) measured as a function of the weight 
ratio R, of added element to determined element. 

---- in the presence of 20 g of Cu per litre (as CuSO,). - in absence of CuSO1. 

The use of MIBK allows quantitative extraction of both gold(III) chloride16 and dithi- 
zonate. In this way solutions are obtained which conmin the chloride or dithizonate or 
a mixture of both, depending on the dithizone content. 

It is important to realize that the same solvent, MIBK, is used throughout and that 
therefore any effect on the atomic absorption from addition of dithizone should be 
ascribed to this addition and not to some solvent effect. All the following measurements 
were performed with the Jarrell-Ash instrument, while all previous data were obtained 
with the Atomspek equipment. The results are given in Fig. 3. Maximum net absorbances 
are plotted against the concentration of added dithizone. These maximum values were 
taken from the absorption profiles corrected for the blank. Typical profiles are shown in 
Fig. 4. 

The total concentration of gold was kept constant at 5.07 x lo- 5M. For comparison, 
results for Au taken from Fig. 2 are incorporated in Fig. 3 (dashed lines), after correction 
for the gold concentration factor and conversion of the weight ratio of interferent to gold 
(R values) into dithizone concentrations. 

Figure 3 reveals that the absorbance increases considerably with increasing dithizone 
concentration. Comparing this with the results of Fig. 2, it is likely that the increase in 
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Au (conc=5mg/l)ut X8242*6 nm 

---~---_0----6----_0Wof Pt added 

Pd fconc=5mg/llot X=247*6 nm 

PI konc=S mg/l 1 at X= 265.9 nm 

Au added 
Pd added 

I I I I 
I 2 3 4 

R 

FIN. 7. Absorbances of Au. Pd and Pt (as primary dlthizonates m MIBK) measured as a function of 
the weight ratio R, of added element to determmed element. 

---- in the presence of 5 mg of Cu per litre (as Cu dithlzonate). - in absence of Cu dlthizonate 

absorbance observed here originates from the dithizone through ligand-exchange equili- 
bria of the following kind: 

CAuCl,L,, -Jo + mtL- 3, e rAuCl~~-~~L~~-“~~~~~ + 4?W, (I) 

[Ku, Pd, W.&-rn,Lpr+m,lo + mt-Cl-l, e [(Cu, Pd, WC&,-,,], + m[L- 1, (II) 

the overall equilibrium being 

where subscriptso and w indicate the organic and water phases respectively. The more 
the chloride ligands are replaced by dithizone ligands (L-) the better the atomization 
becomes. 

This explanation is in line with the fact that the stability of metal-dithizone complexes 
decreases in the order Pd(II) > Au(II1) 9 Cu(If).” The influence of this on the atomiza- 
tion process was checked by the following experiment. Two aqueous solutions were pre- 
pared, one containing 10 mg each of gold and palladium per litre and the other containing 
only 10 mg of gold per litre. the metals being present as their chloro-complexes. These 
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c 

.(I - 

3 - 

,4 - 

, 

I I 
IO 30 

M n,ozx 1; 

Fig. 3. Influence of the concentration of dithizone on the atomczation of gold. Corresponding 
weight ratios for the data of Fig. 2 are given in brackets. 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

I I I 
IO 20 30 40 

Burner height, mm 

Fig. 4. Typical height profiles of absorbance corrected for the blank, for different weight ratios R 
of dithizone to gold. 



Interference or gold. platinum and palladium 

Fig. 5. Influence of Pd on the atomitation of Au in the system dithizone/MIBK. 
Full line: without Pd. Dashed line: with Pd. 

solutions were divided into several equal parts which were extracted with MIBK solutions 
containing increasing amounts of dithizone. 

The results for the two series of solutions show that in the presence of palladium the 
gold atomization remains constant for concentrations of dithizone up to about 6 mg/l. 
(Fig. 5). This behaviour is in agreement with the order of decreasing stability of dithizone 
complexes. The reactions occurring during the extraction process would thus be: 

CH,Dzl, = CHDz-I, + CH’I, 
[PdCl:-1, + [AuCl,], + (n + m)[HDz-1,. - - [PdCl,_.HDzJ, + [AuCl,_,,,HDz,], 

+ (3 + n + m)[C1--JW 

where II and m increase with increasing concentration of H,Dz, but n much faster than 
112. 

Figures 3 and 5 are not identical as far as shape and absolute numerical values are con- 
cerned, although the shapes turn out to be fairly similar, if the dithizone concentration 
range is increased sufficiently for Fig. 5. The difference in numerical values between Figs. 
3 and 5 is due to the use of different capillaries in the nebulizer13 and is thus to be consi- 
dered as an artifact which does not modify the conclusions of the present work. 

The experiments illustrated in Figs. 3 and 5 clearly show the superiority of an organic 
ligand to an inorganic one in atomic-absorption spectroscopy. Ruling out the influence 
of the organic solvent further indicates that the observed increase in atomization must be 
due to a change of properties on the molecular scale. rather than to some bulk property 
(r.y.. viscosity. surface tension. volatility) of the solution. 
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Therefore the phenomenon of increase in atomization of an element by addition of a che- 
lating substance should be defined as a complexation effect. Further work on this effect 
and its origin (thermal stability, volatility or some other property of the complexes) is 
being carried out. 
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ZusPmmeofasaung-Die gegenseitige Stiirung der Chloride von Au, Pt, und Pd bei der Atom- 
absorptionsspektrometrie mit w%Brigen LBsungen, die in eine Luf-Acetylen-Flamme zerstiubt 
werden, kann vermieden werden, wenn man die Dithizonate dieser Metalle verwendet. Die frei- 
setzende Wirkung wird der BiIdung von Edelmetalldithizonaten zugeschrieben. Es wird femer 
gezeigt, dal3 die Komplexbildung mit Dithizon die Bildung von Au-Atomen begiinstigt und daB 
ein solcher Effekt eher auf die Komplexbildung zuriickgefiihrt werden sollte als auf einen allgem- 
einen Effekt der organ&hen Matrix. 

R&urn&Ii est montre que les mterfkrences mutuelles entre les chlorures de Au, Pt et Pd en spec- 
tromttrie d’absorption atomique en utilisant des solutions aqueuses ntbulides dans une flamme 
air-ac&ylbne, peuvent etre elimides en employant les dithizonates de ces m&aux. Cette action 
d’&limination est attnbuke B la formation de dithizonates de m&aux nobles. 11 est montre de plus 
que la formation de complexe avec la dithizone favorise l’atomisation de Au et qu’une telle in- 
fluence devrait ttre consid&te comme diie g la complexation plutBt qu’Q quelque effet de masse 
de la matrice organique. 
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Summary-Lmear titration plot functions are derived for the following types of titration: weak 
monobasic acid-strong base, weak dibasic acid-strong base and weak acid-weak base. These 
functions are compared wtth the corresponding Gran functions, where possible, and the effects of 
the following sources of error are discussed: the neglect of activity coefficients, errors in equilibrium 
constants and the presence of a hydrolysable salt. 

The potentiometric titration of a weak acid with a strong base is the more difficult, the 
smaller the dissociation constant of the acid; not only does the point of inflexion of a 
pH-degree of titration curve become harder to identify, but as shown by Meites and 
Goldman,’ for sufficiently weak acids the point of inflexion does not coincide with the 
equivalence point. Grar? has applied a graphical linear extrapolation method to such 
titrations, but, despite its general usefulness, the approximations involved in producing 
the simple form of the expression can result in curvature in two cases: at the low-pH 
end of the titration of a moderately strong acid and near the equivalence point in the 
titration of a very weak acid. Johanssoi? has proposed a modified, but still approximate, 
function to deal with the stronger acids at low pH, but curvature, although much reduced, 
is still present. For the titration of the salt of a weak acid with a strong acid 
Dyrssen, Jagner and Wengelin4 use different Gran plots in different parts of the titration 
curve, having first analysed the curve by means of the computer program HALTAFALL.S 
Ingman and Still6 have derived a graphical method which eliminates both kinds of 
curvature in the titration of a monobasic weak acid with a strong base at constant ionic 
strength. 

All these methods except Ingman and Still’s involve sorting the data into groups to each 
of which an appropriate Gran function may be applied, a process which may require the 
rejection of some of the data. Combination of the charge- and mass-balance equations 
and equilibrium constants for a system gives a continuous function applicable to any part 
of a titration curve. Ingman and Still’s function for the titration of a weak monobasic 
acid with a strong base was derived in this way, but with the aid of a computer more 
complicated functions can be used, and we have written an ALGOL program to deal 
with the following types of titration: weak acid-strong base, dibasic weak acid-strong 
base and weak acid-weak base. Improved functions for strong acid-strong base and 
precipitation titrations’ are also covered, as are Gran functions, where applicable. 
Previously. activity coefficients have been either rendered unnecessary by means of a 
constant ionic medium or neglected; our program calculates activity coefficients 
iteratively and applies them when necessary to all the functions above. 

* Present address: Central Electricity Research Laboratories, Kelvm Avenue, Leatherhead Surrey 
t Present address: Chemistry Department. The Umverstty, Southampton. Hants. 
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THEORY 

For convenience, charges have been omitted from ionic symbols; 1;: is the activity 
coefficient of the ith species, E the equivalent volume of base and V the volume of 
base added. K,,, is the thermodynamic autoprotolysis constant of water and. assuming 

h =&i =f,JOHl g is iven by K,J( Hj fn , {HI being the hydrogen ion activity. 

Weak acid-strong base titrations 

V, ml of a solution of a monobasic weak acid, HA, of concentration c mole/l.. are 
titrated with a solution of a strong base, BOH, of concentration m mole/l. The associatiorr 
constant of the acid is defined as: 

KA = CHAl_fi,,/(~W CAlfA). (1) 
The mass- and charge-balance equations are as follows: 

total acid, TA = [HA] + [A] = [A](1 + 2) = m . V,/( V, + V) (2) 

total base, & = [B] = m . V/( V, + V) (3) 

electroneutrality, WI + CBI = CA1 + COW (4) 

2 is defined as KA{ H} fA/&., . Substituting for [B] and [A] in equation (4) gives: 

[H] + & = [OH] + i-J1 + 2) 

which on rearrangement results in the two equations below: 

TA-TB = ([H] - [OH])(l + Z) + Z. & = m(K - V)/( V, + V) 

TA-TB = [H] - [OH] + Z. T,/(l + Z) = m(K - V)/(I/, + V). 

Expressing [H] and [OH] in terms of the experimental quantity (HJ , substituting for 
Tr, or c as appropriate and multiplying by (V, + V’), we can derive the functions F’ 
(to be used if m is known) and Es (to be used if c is known) which can be calculated from 
the equilibrium constants, KA, &, and the experimental data V,, V, (H) and either 
m or c. Both FA and Fa when plotted against I/ are linear and intercept the V-axis at 
v= v,: 

FA = (V, + V)(l + Z)(( H) - &J(H) )/jn + ZmV 

FB = (V, + V)((H) - &v/C HJ )/h + ZcI/,/( 1 + Z). 

In the presence of a known concentration, s, of the salt of a weak base, a further function 
can be derived. Let the salt have the general formula SHhX,, where S is a monoacidic 
weak base of charge 0 (=0 or - l), h (=0 or I) is the number of protons per molecule 
of salt removable by titration, X is a univalent ion of the charge sign necessary to maintain 
electrical neutrality and ?c = Ih + 4. The following additional equations can be written: 

& = CSWh/(‘,H~ CSl_&.) 
G = [S] + [SH] = [S](l + Y) where Y = KsjH) fs/fsu 

[X] = .x.T,. 
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By assigning a charge i (= f 1) to X, only one system of equations is necessary, 
regardless of whether X is a cation (h + G < 0) or an anion (h + 0 > 0): 

i[X] = -(h + o)T,. 

The electroneutrality equation becomes: 

[B] + [H] + (0 + I)[SH] + a[S] + i[X] = [OH] + [A]. 

Substituting for [B], [SH], [S], [A] and i[X], we obtain: 

I-,, + [H] + (G + l)YT,/(l + Y) + 7-s/(1 + Y) - (cr + W-s = [OH] + I-,/(1 + Z). 

Multiplying by (1 + Z) and collecting terms gives: 

TA - T, = (1 -t Z)([H] - [OH] - [h - Y/(1 + Y)]Ts) + Z.T, = m(V, - V)/(V, + V). 

Further substitution and rearrangement gives 4, a function of the known quantities V,, 
W, s, I&, KS and I<, and the experimental variables V and { HJ . 

Fs = WC_, + v)(l + Z)(WJ - K~IU-CY~H - s. V(j(1 + Z)[h - Y/(1 + Y)] + Z.m. I/ 

= al(v, - V): 

A plot of F, vs. I/ is linear and intercepts the V-axis at I’ = I’,. In the above, the case 
IS = 0, h = 1 corresponds to, say, an ammonium salt with X = Cl- ; IT = - 1, h = 0 
corresponds to a salt such as sodium acetate, with X = Na+ ; 0 = 0, h = 0 corresponds 
to a weak base such as ammonia. and cr = - 1, h = 1 to a second acid similar to the first. 
In all cases, setting KA = 0 reduces the functions FA, FB and 6 to the corresponding 
plots for the titration of strong acids.’ 

Weak dibasic acid-strong base titrations 

Lb ml of an acid, H,AX,. of concentration c mole/l. are titrated with a strong base, 
BOH, of concentration m mole/l. X is a univalent ion with the charge sign necessary to 
maintain electrical neutrality, h is the number of protons removable by titration, a is the 
negative charge on A and x = I h - 4. If charge i is assigned to X, the following equations 
can be written: 

K, = CHAlfH,d(~H~ CAlfA) (5) 

TA = [H,A] + [HA] + [A] = [A](1 + Z + W) (7) 

i[X] = -(!I - a)T, (8) 

[H] + [B] + i[X] = [OH] + a[A] + (a - l)[HA] + (a - 2)[H,A] (9) 

Z is defined as K, \ H) fA/ fHA and W as K, K2{ H) ‘f,/fn,,. Proceeding as before, by 
substituting for [B]. i[X]. [A]. [HA] and [H,A] in equation (9) we obtain: 

[H]+T,-(/I-a)T,=[OH]+a.T, -r,.z/(1+z+w)-2T,.w/(1+z+w). 



726 D. MIDCLEY and C. MCCALLUM 

Collecting terms and rearranging gives the two equations: 

h. TA - 2$ = h([H] - [OH])/@ - R) + R . T,/(h - R) = m( v, - V)/(V, + V) 

h.T, - I& = [H] - [OH] + R . & = m(v, - V)/( I’,, + V) 

where R = (2 + 2W)/(l + Z + W). These equations can be converted into the functions 
J&, (for use when m is known) and For, (for use if c is known), which when plotted against 
V will be linear and intercept the V-axis at V = V, . 

4x4 = h(V, + V)({ H) - &./{ HJ )/[&(/I - R)] + R . m. V/(h - R) = m(c - V) 

FDB = (V, + V)({H} - L/(H))/& + R.c. V0 = rn(E - V). 

The functions above deal comprehensively with dibasic acid titrations: r.g.. for 
dicarboxylic acids a = h = 2; for acid salts of dicarboxylic acids a = 2, h = 1: for amino- 
acid salts such as glycine hydrochloride a = 1, h = 2; for simple amino-acids such as 
glycine a = h = 1. If Kz is set to zero, the functions reduce to those for a monobasic 
weak acid and, if K, = K2 = 0, to those for strong acid-strong base titrations.’ 

Weak acid-weak base titrations 

V, ml of a weak acid, HAX,_, of concentration c mol l- ‘, are titrated with a weak base. 
PbB, of concentration m mol I- ‘. X and P are univalent ions not involved in the 
equilibria, u is the negative charge on A, and b is the negative charge on B. Besides equations 
(1) and (2), we can write the following: 

KB = CBW-BHI(~WCW~) (10) 
TB = [BH] + [B] = [B](l + E) = m. V/(V, + V) (11) 

[P] + [H-J = [OH-J + a[A] + (a - l)[HA] + [X] + b[B] + (b - l)[BH]. (12) 

E is defined as K,(H) fa/fau. Combining equations (l), (2) and (10)-(12) and rearranging, 
we obtain 

TA - TB = ([H] - [OH])(l + Z) - TB + E.T,(l + Z)/(l + E) 

= ([H] - [OH])(l + E)/E + T,{l - [l + E-J/[E(l + Z)]). 

A plot FWA (if m is known) or F wB (if c is known) against V is linear with an intercept 
on the V-axis at V = V,. 

FWA = (V. + I/)((H) - K,/{H})(l + Z)/fu - m.V(l - E.Z)/(l + E). 

FwB = (V, + V)({H) - K$(H))(l + E)/(fu. E) - c. V,[l - E.Z]/[E(l + Z)]. 

With KA = 0 the functions reduce to those for strong acid-weak base titrations, with 
KB = 0 to those for weak acid-strong base titrations, and with KA = KB = 0 to those 
for strong acid-strong base titrations.’ 

DISCUSSION 

Comparison with the Gran function 

The question of activity coefficients is discussed below and for the purposes of this 
comparison it is convenient to assume that all activity coefficients are equal to unity and 
that concentrations can be used instead of activities. 
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Moriohasic tweak ucicls. Gran’s functions for the titration of a monobasic weak acid, when 
normalized with respect to the functions FA and FR, are in the acidic and alkaline halves 
of the titration respectively : 

G = m.K,. I’[H] 

G' = (Lb + V)K,J[H]. 

Table 1 shows the ratio F,/G for acids of different strengths at various pH values in the 
titration of 100 ml of 0.01 M acid with 0.1 M strong base and Table 2 the values of F,/G’ 
for the alkaline regions of the titration curves. It can be seen that the Gran alkaline 
function. G’. works well. except for the weakest acid. and that the Gran acidic function, 

Table 1. Ratio F,/G as a function of pH for acids of different strengths 
(100 ml of O.OlM acid tttrated wtth 0.1 M base) 

PH 
Acid assocratton constant, Lint& 

10’ IO4 I 0” lo* 

7.3, ___ 

2.40 
3.00 
3.40 
4.00 
5.00 
6.00 
7Nl 
8.00 
9.00 

69.01 
5.61 
2.48 
2.23 
2.14 
2.10 
2Gcl 
1Gl 
- 
- 

- 
1.32 - 
1.04 - - 
1.01 1.01 
I.01 1.00 I.01 
1GQ 1.00 1.00 
- 0.99 1.00 

0.99 

Table 2 Ratto FJG’ as a function of pH for acids of different strengths 
(100 ml of 0.01 M actd titrated with O.lM base) 

PH 

Acid assocratton constant. I./nrok 
10’ lo4 lo6 10s 

8ao - I .oo -0.91 89.10 416.0 
9.00 - 1.00 - 0.99 - 0.09 82.33 

1 OQO - 1.00 - 1.00 - 0.99 -0.10 
11 .oo - 1.00 -1xul -1Go - 0.99 
12.00 - 1.00 -1Gl -1QO -1.00 

G. is more accurate for the weaker acids than for the stronger. If for the purposes of 
computer calculation of the titration results the functions are fitted to a straight line by 
the method of least squares. the effect of the deviations in the G-function is to bias the 
result to give an excessive equivalent volume of base. Curvature in the G’-function leads 
to an underestimate of the equivalent volume of base. It may be noted that the change 
from one Gran function to the other is determined by the relative magnitudes of the two 
terms in each of the functions FA and FB rather than by whether the solution is acid or 
alkaline. 

In order to determine the range of validity of the Gran function, G, at the low-pH end 
of the titration. the following procedure has been adopted. It is assumed that the approxima- 
tions inherent in Gran’s function are valid. i.e.. for a weak acid before the end-point, 

[A] = T&!/I. [HA] = T,(rt - 1)/h, [H] = (n - 1)/K, 
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where n = VJV. The ratio of the F and Gran functions is 

F,/G = I + (V, + I’)([H] - [OH])(l + &[H])/(K.., .\ir. U[H]). 

The condition for good agreement is defined as: 

F,/G < 1 + D 

where D is a discrimination factor. Since in the defined conditions [H] > [OH], D is 
positive. If [OH] is negligible, on substituting for [H] and V and simplifying we obtain 

I+ 
nV0 + W4 < 1 + D 

mK(n - 1)/n‘ ’ 

Rearrangement gives the condition 

nZ(Vo + K/n)< D.m.K,.K 

For a particular set of titration conditions, the limiting value of n for a prescribed value 
of D is the positive root of the quadratic 

2 + r.n - D.K,.m.r = 0 

where r = K/V,. Maximum values of n for different conditions and values of D are listed 
in Table 3. For KA . m < lo3 agreement between the functions is poor and for KA . m > 10’ 
it is good. 

Table 3. Maximum values of n for agreement between Gran and F-functions 
in weak monobasic acid-strong base titrations 

D = 1o-2 D = 1o-3 
K,.m r = 0.1 0.5 1.0 r = 0.1 0.5 1.0 

103 * 2.0 2.7 I * * 

IO4 3.1 6.8 9.5 * 2.0 2.7 
105 10 22 31 3.1 6.8 9.5 

*n< 1. 

Dibasic weak acids. Gran’s method for dibasic weak acids assumes that the dissociation 
of the acid occurs in two distinct steps, each of which can be treated as the dissociation 
of a monobasic acid. After the first equivalence point, V,. has been passed, the Gran 
function, Gn, when normalized with respect to the F-functions is as follows 

Gn=m(v,-- V) = m. K2( V - V,)[H]. 

It can be seen that it is necessary to know one of the equivalent volumes, even 
approximately, in order to calculate the other. When the acid association constants are so 
similar that two steps in the neutralization curve cannot be detected. e.y., tartaric acid 
the procedure becomes less accurate. Comparisons of FDA and Gu (calculated for an 
arbitrary value V, = 5 ml) and FDA and G (calculated with KA = K,) at different pH values 
for a theoretical titration of 100 ml of 0.005M dibasic acid with 01 M strong base are 
given in Table 4 for acids with various combinations of similar association constants. 
The Gran dibasic function is less satisfactory, the closer the two constants, and com- 
parison of FDA/CD ratios with F,/G ratios at corresponding pH values in Table 1 for 
monobasic acids with association constants equal to the K, values of the dibasic acids 
shows that the Gran procedure is a poorer approximation in the case of dibasic acids 



Improved linear titration plots 729 

Table 4. Ratios R, = F&MY& and R, = F&/G as functions of pH for 
dibaslc acids with dIKerent combmatlons of association constants. 

(100 ml of OGO5M acid titrated with 0.1 A4 base) 

K,. Kz, I./mole 
104. IO’ 104. IO3 IO”. IO4 IO”. IO4 

-log[H] R, RI R, R2 R, R2 R, R2 

3.3 1.63 0.16 - - - - - - 
4.0 1.04 0.34 1.35 0.40 - - - - 
4.3 I.02 0.41 1.14 044 - - - - 
5.0 1.01 0.48 I.03 @49 1.33 0.40 - - 
5.3 I.01 0.49 I.03 0.50 1.13 0.44 1.47 0.16 
6.0 1.00 0.50 1.02 0.50 I.02 0.49 1.03 0.34 
6.3 - 1.02 0.50 1.01 0.49 1.01 0.40 
7.0 - - 1.00 0.50 I GO 0.50 1.00 0.48 
7.3 - l%l 049 

that with monobasic ones. Treating the dibasic acid as a monobasic one and using the 
G-function is a poorer approximation, which grows worse as the difference between the 
two association constants increases. 

Ingman and Still’ treated a dibasic acid as a monobasic acid, but included the hydrolysis 
correction term (V,, + V)([H] - [OH]) in their equation. Their results for p-alanine are 
not very accurate ( - 2.47, error in the equivalence volume) and when we reprocessed their 
data with the F,-function and the equilibrium constants obtained by Irving, Williams, 
Ferrett and Williams’ the error was reduced to 0*030/, in the opposite direction. Two 
titrations of ( + )-tartaric acid, and calculations using the constants obtained by Dunsmore 
and Midgley.’ gave answers -0.06 and + 1.3% in error. 

The effect of neglecting activity coeficients 

If the ionic strength varies in the course of the titration of a weak acid. the effect of not 
allowing for changes in activity coefficients depends not only on the concentration of the 
acid and the degree of dilution during the titration, but also on whether the titration is on 
the acidic or basic side of the equivalence point. on the function being used and on the 
association constant of the acid. 

On the basic side of the equivalence point the functions FA and FB approximate closely 
to the function for a strong acid titration, and the treatment given previously’ for this 
case will not be repeated. On the acidic side the effect is more complex. The uncorrected 
functions Fi and FA are defined as follows (Z = KA i H) ). 

F; = (V, + I’)((H; - K,,,/:HJ)(l + Z’) + Z’.m.I’ 

F; = (V, + V)(jH) - K,,./(H)) + Z’.c. I’,,/(1 + Z’) 

Table 5 shows the ratios F,/FA and F,/Fi of the corrected and uncorrected functions 
for the titration of 100 ml of O.OlM acid with O.lM base for acids of different association 
constants. The ratios are given for corresponding hydrogen ion concentrations. Omitting 
activity coefficients decreases the contribution of the first term in each function and 
increases the contribution of the second. For the strongest acid represented in Table 5 the 
first term is dominant and therefore F,/Fi > 1 and FB,/FA > 1, while the converse is true 
for the other acids. In all cases F;1 is a better approximation than Fi . At the equivalence 
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Table 5. Ratios R4 = F\k/Fi and R, = F&F; of functions with and 
without activity coefficient corrections at different pH values for actds 
of different strengths. (100 ml of O.OlM acid titrated with 0.1&f base.) 

Association constant. 1. ~olr 
IO2 10J IO6 IO8 

-WW % 4, RA RB R, RB R, RI, 

2.3 1.05 I.03 - 
3.0 I .02 I.02 - 
3.3 I.01 I.01 0.96 
4.0 I.01 1.01 093 
4.3 1.01 1.01 0.92 
5.0 I.01 1.01 0.91 
5.3 1.01 1.01 0.91 
6.0 1.01 100 @91 
6.3 - - 0.91 
7.0 - - - 
7.3 
8.0 _ _ _ 
8.5 _ _ _ 
9.0 - - - 

- 
1 .oo 
0.96 
0.94 
0.92 
0.9 1 
0.9 1 
0.9 1 
- 
- 

- 

- 
- 
- 

0.99 
0.97 
0.95 
0.93 
0.92 
@91 
0.91 
0.90 

- 

- 
- 
1ao 
190 
0.99 
0.96 
0.94 
0.91 
0.9 1 
0.90 

- _ 
1.00 1.00 
0.99 1 GO 
0.98 1.00 
0.97 IGO 
0.95 0.99 
0.93 0.96 
0.92 0.94 
0.90 0.91 

point the ionic strength is almost the same for all the acids, but at the start of the 
titration the ionic strength is highest (and the activity coefficient smallest) in the solution 
of the strongest acid. The weaker the acid, the more the activity coefficient changes during 
the titration, which is reflected in the ratios of corrected and uncorrected functions. Unlike 
the uncorrected strong acid function,’ the uncorrected weak acid functions do not pass 
exactly through the equivalence point. 

The effect of neglecting activity coefficients in the Gran function, G, is almost identical 
to that observed with the &-function in the range in which the Gran function is useful 
(and therefore approximates to &). For most titrations the neglect of activity coefficients 
in the Gran function compensates to some extent for the other approximations involved 
and a more accurate result is obtained. 

The efict of an error in the association constant 

If the association constant used in calculating the functions FA and FB is inaccurate, it is 
possible that these functions may be less accurate than the Gran functions. To facilitate 
comparison, activity coefficients are assumed to be equal to unity in all the following cases. 

On the acidic side of the equivalence point, we can define the function &. which uses 
the inaccurate “constant” K;. 

$A = (I”’ + V)([H] - [OH])(l + K:,[H]) + /jr. K; . V[H] 

It does not matter if large values of the difference (& - F,) appear during a titration, 
provided that &/FA is effectively constant, i.e., that & intercepts the V-axis at V 2 V, 
and does not deviate significantly from linearity even though the slope of the plot differs 
from that of FA. In the region under discussion it is the second term of each of FA and c$* 
that is normally dominant (otherwise the G-function is useless anyway) and in order to 
compare differences between FA and I$* and FA and G it is necessary to put & on the 
same basis as the other functions, which are defined in terms of the true constant KA, 
by introducing the normalizing factor K,/Ki . 
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If the function & is to be a better approximation than the G-function, the condition 
is. for Ki > &, 

(& - 4AKK,/K;)/(F, - G) = (1 - K,IK:,)/(l + Kil3-W~ 1 
i.e.. - K,/Kj, < KA[H], which is always the case and so & is always better than G. 

For Ki < K,, the condition is given below. 

(&KJK; - &)I(& - G) = (K,/K;, - l)/(i + K*[H])d 1 

i.r.. K,/Ki < 2 + KA[H]. Thus $A is better than G if Ki 2 05K, and may be so for 
even less accurate values of Ka. depending on the magnitude of KA [H]. 

On the basic side of the equivalence point, the comparison is clearer if the function 
FB (numerically equal to FA) is taken. The function &, with use of the inaccurate 
“constant”, is defined below. 

4,zi = W, + VW1 - COW + & .c. ~,CWU + GCHI). 
Since FB and & are dominated by their first terms, there is no need for normalization, 

and assuming that [OH] 9 [H], the required condition is, for Ka c KA, 

(4s - h)).I(FB + G’) = 1 - Kj,(l + KAIH])/KA(l + K;,[H])< 1. 

This condition is always fulfilled and & is always better than G’. For KA > KA, the 
condition becomes the following. 

(& - FB)/(FB + G’) = - 1 + K;(l + K*[H])/K,(l + K;[H]) < 1 

i.~.. Kk,!K, d 2 + Ka[H]. & is better than G’ if Ki S 2K, and may be so for less 
accurate values of K’,. depending on the magnitude of K’JH]. It follows that even an 
inaccurate F-function is better than at least one of the Gran functions and that, provided 
0.5 d KJKA d 2. it is better than both. 

Scope qf the method 

It has been shown that functions can be derived for the titration of monobasic and 
dibasic acids without limitations due to the size of the acid association constants. The 
power of similar functions to deal with otherwise different titrations is illustrated for two 
other cases. Figure 1 shows the function FWA for the titration of a weak acid with a 
weak base. when the conventional pH curve has a point of inflexion well removed from 
the equivalence point. Figure 2 shows the effect of the presence of a known quantity of 
the salt of a weak base (which most commonly would be an ammonium salt) on the pH 
curve and Gran plots for a weak acid-strong base titration; the function Fs which 
allows for this interference is linear. 

CALCULATION 

Calculation of the functions is greatly facilitated by the use of a computer and we have 
written an ALGOL program. available on request, for use with the English Electric- 
Leo-Marconi KDF. 9 computer. This program deals with functions for strong acid-strong 
base and precipitation titrations,’ as well as those described here. 

The best straight line through the titration points is determined by the method of least 
squares. If the ionic strength changes in the course of the titration, activity coefficients can 
be calculated iteratively. if required. Initially the ionic strength is approximated by 
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I = u . V,/( V, + V), where u is an estimate of the sample concentration obtained from a 
conventional pH step curve, or from previous experience, or from a guess. Iteration proceeds 
until successive results agree within 0.1%. Activity coefficients are calculated from the 
equation below, where A and B are the Debye-Hiickel parameters, a and b are adjustable 
parameters to be supplied to the program and z is the charge on the ion. 

-logf, = A.?(P/(l + B.a.P) - b.Z) 

The functions developed here require more calculation per datum than the Gran 
functions and also demand a knowledge of the appropriate equilibrium constants and of 
the calibration of the electrode, although the latter should be known in any analytical 
procedure. The linearity of the F-functions, however, means that fewer points are needed 
to define them and that a least-squares analysis can be done on all the data, without 
rejecting points at the operator’s discretion. For automatic analysis by computer of 
titration data. the F-functions have the advantage of being continuous and there is no need 
to assign data to one of two or more groups. 
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Zussamenfassuug-Lineare Funktionen zur Wiedergabe der Titrationskurven werden fiir folgende 
Titrationstypen abgeleitet: schwache einbasige Same-starke Base, schwache zweibasige Same- 
starke Base und schwache Satire-schwache Base. Diese Funktionen werden, wo mbglich, mit den 
entsprechenden Gran-Funktionen verglichen, und der EinIluD folgender Fehlerquellen wird dis- 
kutiert : die Vernachllssigung der AktivitjitskoelBzienten, Fehler in den Gleichgewichtskonstanten 
und die Gegenwart eines hydrolysierbaren Salzes. 

R&urn&-Les fonctions des courbes de titrage liniaires sont ttablies pour les types suivants de 
titrages: acide monobasique faible-base forte, acide dibasique faible-base forte et acide faible-base 
faible Ces fonctions sont compartes avec les fonctions de Gran correspondantes, dans les cas od 
c’est possible. et l’on discute des influences des sources d’erreur suivantes: negligence des coefficients 
d’activite. erreur dans les constantes d’tquilibre et la presence dun se1 hydrolysable. 
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Summary-Traces of manganese have been determined quantitatively by neutron activation and 
substoichiometric extraction with a mixture of hexafluoroacetylacetone and tri-n-octylphosphine 
oxide in cyclohexane. When apphed to calcium carbonate. the specific example cited here, it was 
necessary to make a prior separation of manganese by extraction with a mixture of pyrrohdinedl- 
thlocarbamicacid and diethylammonium dithiocarbamate in chloroform to avoid interferences from 
calcmm. Replicate determmation of sub-ppm amounts of manganese in a sample of calcium car- 
bonate showed a relative standard deviation of 6.9:; while measurements on a solution prepared 
by dissolvmg a refined-silicon standard, SRM 57. Indicated a relative error of 6.00,;. 

In spite of the proven applicability of non-destructive gamma-ray spectroscopy for multi- 
elemental trace determination, separations and chemical treatment are required in many 
practical analyses to obtain the necessary selectivity and sensitivity. Such techniques, 
based on the principle of substoichiometric separation, have been particularly useful in 
activation analysis.’ 

Several of these methods have been reported for the determination of manganese. Perezh- 
ogin extracted permanganate with a substoichiometric amount of tetraphenylarsonium 
chloride in order to determine manganese in high-purity lead.2 This procedure required 
a preliminary separation of manganese as the dioxide followed by a substoichiometric 
extraction into 1,2-dichloroethane. A similar method was applied for the determination 
of this impurity in gallium arsenide.3 In this case after removal of Ga and As, a preliminary 
separation of Mn2+ was performed by extraction with a mixture of thenoyltrifluoroace- 
tone (HTTA) and sodium diethyldithiocarbamate. The direct extraction of Mn2+ at pH 8- 
8.5 in the presence of appropriate masking agents has also been accomplished with a sub- 
stoichiometric amount of HTTA.4 

The determination of traces of manganese has been particularly important in evaluating 
various methods for preparing ultrapure calcium carbonate, a raw material required for 
the fabrication of optical waveguides. It has been demonstrated in a previous paper that 
a mixture of hexafluoroacetylacetone (HHFA) and tri-n-octylphosphine oxide (TOPO) in 
cyclohexane offers particular advantages for substoichiometric extraction of Mn2+ and 
other cations.6 A new method for the determination of manganese in calcium carbonate 
by neutron activation and substoichiometric extraction with this reagent is reported in this 
paper. 

* Present address: Stanford Umverslty. Stanford. California 
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EXPERIMENTAL 

Reagents 

Tri-n-octylphosphine oxide (Eastman Kodak) was used without further purification. He~aHuoroacct!lllcstollr 
(Peninsular Chemresearch Inc.) was freshly distilled before use. Sodium acetate buffers were prepared b! ml\mg 
appropriate amounts of reagent grade chemicals. Carrier solutions of Mn’+ were prepared b) dissolving, accu- 
rately weighed quantities of the pure metal in “Ultrex” (J. T. Baker Chemical Company) mtric acid and dllutmg 
to volume with demineralized quartz-distilled water. Carrier-free 54Mn was purchased from New England Nuc- 
lear. Batches of ultrapure calcium carbonate, prepared by special processes. were obtained from several commcr- 
cial suppliers. A stock solution of 10% pyrrolidinedithaocarbamic acid (HPDC) in chloroform was made bc pipet- 
ting 5.7 ml of pyrrolidine and 4.1 ml of carbon disulphide into 50 ml of chloroform in a IOO-ml volume&c Hask 
and diluting to volume with solvent. The diethylammonium salt of diethyldittnocarbamic acid (HDEDC) was 
purchased from J. T. Baker Chemical Company. 

Procedures 

Extraction with HHFA-cyclohexane and HHFA-TOPO-cyclohesarle. Aqueous phases for the e\tractlon of 
manganese into HHFA-cyclohexane were prepared by adding to I&ml volumetric flasks 2,O mg of Mn Carrie1 
and 54Mn tracer and diluting to volume with various sodium acetate buffers that had previously been saturated 
with cyclohexane. Aliquots (5 ml) of these aqueous phases were placed in 15-ml centrifuge tubes and shaken 
vigorously for 2 hr with an equal volume of 0.07M HHFA in cyclohexane. (A convenient method for reproducibly 
preparing cyclohexane solutions of this concentration consisted of equilibrating freshly-distilled HHFA. at 
25 f l”, pipetting l.Oml into 20ml of cyclohexane in a 100-ml volumetric flask and diluting to volume with 
solvent.) 

After equilibrium was reached the tubes were centrifuged for 2 min to facilitate separation of the phases. Ali- 
quots of each phase were pipetted into polypropylene test-tubes and counted m a 3 x 3 in. well-type sodium 
iodide detector. In a similar procedure the distribution of Mn2 ’ into 0-07M HHFA-O.OlM TOP0 mixture In 
cyclohexane was measured as a function of pH. 

Substoichiomerric extractions. To measure the substoichiometric extraction of Mn” as a function of pH. 
aqueous phases were prepared by mixing 2.0 mg of Mn*+ carrier plus tracer in 10-ml volumetric flasks and dilut- 
ing to 9.5 ml with sodium aceta&acetic acid buffer (pH 4.75) pre-equilibrated with an equal volutie of 007.&f 
HHFA in cyclohexane. The pH of the aqueous phase was adjusted to the desired value by dropwise addition 
of %OM hydrochloric acid or I.OM ammonia and the solution was diluted to volume with buffer. 

Corresponding organic phases were prepared by adding appropriate amounts of 0.1 M TOP0 to a volumetric 
flask and diluting to volume with the organic phase that remamed after equilibrating the buffer with 0.07.V 
HHFA in cyclohexane. Aliquots (5 ml) of each phase were equilibrated and equal volumes of each phase were 
counted in the manner described previously. 

The substoichiometric extraction of Mn2 ’ was also investigated by equilibrating different volumes (2-8 ml) 
of an aqueous phase containing @2 mg of Mn’+ + 54Mn per ml with a constant volume (4 ml) of TOPO-cyclo- 
hexane mixture. The concentration of TOP0 in the organic phase was held constant at 25 or 50?0 of the stoichio- 
metric amount required for complete extraction of carrier from the aqueous phase of smallest volume. 

The effect of the concentration of HHFA on the substolchiometric extraction of Mn2+ was followed by extract- 
ing 5-ml aqueous phases (@00364M in MnZC) with equal volumes of cyclohexane m which the concentration 
of TOP0 was kept constant at @OOlM and the concentration of HHFA was varied from 00007 to 0,07&f. 

Theeffect of Fe3+, Co’+, CL?+, Zn’+, Nizf, Sc3+ and CaZC on the substoichiometric isolation of Mn” was 
determined by introducing l-100 pg of each cation (up to 6000 pg for Ca2’) into 5 ml aqueous phases containing 
0.2 mg of Mn2+ per ml and ten extracting with equal volumes of 0.07M HHFA-O.OOlM TOP0 in cyclohex- 
ane. Non-radioactive carriers and/or suitable radioisotopes of the elements were employed. The activity of ‘JMn 
in the organic phases at equilibrium was compared with the corresponding activity extracted from aqueous 
phases containing no interfering elements. 

Mass-action effect and mole-ratio studies. The mass-action effect of TOP0 on the extraction of trace manganese 
(lO_sM) in the presence of OOlM HHFA in the organic phase was studied by varying the concentration of 
TOP0 in the organic phase while keeping all other extraction conditions constant. 

Mole-ratio experiments were performed to determine the influence of TOP0 concentration on the extraction 
of macroquantities of Mn Zf In this case 5.0 ml aqueous phases (O-004M in Mn’+ + 54Mn) were equilibrated 
with equal volumes of organic phases in which the concentration of HHFA was kept constant at 0.07 .V and the 
concentration of TOP0 was varied from OGOI to 0.014M. 

Extraction rates and reagent stability. The rate of extraction of Mn2+ under substoichlometnc conditions was 
investigated by starting a set of phases to equilibrate at the same time and then removing samples after 5. 15. 
30,60 and 120 min of equilibration. The y-ray activities of 54Mn in the organic phases were 16.132. 17.782. 18.05 1. 
18,441 and 17,798 cpm respectively. However, for most experiments at least 1 hr of equilibration was allowed 
to ensure attainment of equilibrium, although 15 min should be long enough. 
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The stabilnv of the substoichtometric reagent was monitored by mixmg a 5-ml aliquot of aqueous phase 
(0.2 mg of Mn’- per ml) with an equal volume of freshly prepared OGOlM TOPO. equilibratmg for 30 min and 
measurmg the degree of extraction. and repeating this procedure periodically wtth the same stock TOP0 solution 
over a period of several hours The results [age of solution (hr), If-ray activity from s4Mn m the organic phase 
(cpm): 0. I X.050; I. 18.440: 2. 17.800: 6. 18.317: 1 1.5, 17.6591 indicate that the reagent is stable for several hours 
after preparation 

Separarror~ of ‘“Mn from solutrons ofculciunt mtrate. A 50M stock solution of calcium was prepared from pure 
calcium carbonate and high-purity mtrtc acid. SIX lo-ml aqueous phases at pH 57 were prepared contaming 
0.2 g of calcium. I.0 mg of Mn’+ carrier, 50 mg of ascorbic acid. and some “‘Mn. These phases were shaken 
for 10 mm m 60-ml separatory funnels wtth 10 ml of chloroform containing 1:” pyrrolidmedtthiocarbamic acid 
and 0.5”” diethylammomum diethyldtthiocarbamate; 30 set of manual shaking or 5 mm of vigorous equilibratton 
on a mechanical wrist-action shaker was sufficient for quantitative extraction of manganese. 

Each organic phase was transferred to another funnel and manganese was stripped mto IO ml of 4.0M hydro- 
chloric acid pre-equilibrated with chloroform (5 min on the mechanical shaker or 1 mm of manual shaking). 
Completion of stripping was mdtcated by the disappearance of the brownrsh-purple colour of the organic phase. 
The aqueous phases from the stripping were washed with 10 ml ofchloroform. then neutralized wtth concentrated 
sodium hydroxide solution to pH 5-7 and extracted with one IO-ml portion of chloroform. one 10-m] volume 
of cyclohexane and one 5-ml portion of 0.07M HHFA m cyclohexane 

Thus sequence of extractions was followed by adjusting the pH of the aqueous phases to 5-6 and substoichio- 
metrically extracting Mn” by shaking for 10 min with 5.0 ml of 0002M TOP0 in cyclohexane. Portions of the 
orgamc and aqueous phases were centrifuged and measured volumes were counted to determine the efficiency 
and reproducibility of the extracttons. 

Irradur~o~~s, Samples of calcium carbonate ( _ 05 g) were weighed m a positive-pressure, filtered-air clean- 
room and sealed In cleaned polyethvlene tubes. Solutions of Mn’+ (10.7 ng/ml) were prepared by diluting stan- 
dardized stock solutions wtth demineralized quartz-distilled water. Portions (3-5 ml) of these were sealed m 
polyethylene tubes and used as comparison standards. Samples and standards were irradiated simultaneously 
for 20 mm in a thermal flux of lOi n cm-‘. set-’ at the .Industrial Reactor Laboratory m Plainsboro, New 
Jersey The irradiated samples were quantitatively transferred to IOO-ml plastic beakers containmg 5 ml of water 
and 1 ml of Mn’+ carrier solution (I mg!ml). The sample was dissolved by dropwise addition of l.OM hydro- 
chlortc acid. then 50 mg of ascorbic acid were added, the pH was adJusted to 5-7 with l.OM sodium hydroxide 
and Mn’- separated as described for calcium solutions. 

In a second beaker. 1 or 2 ml of the trradtated standard solution of Mn”, a sample of non-irradiated calctum 
carbonate (equal m weight to the irradiated sample) and 1 mg of Mn2+ carrier were treated m the same way 
as the sample 

Samples of SRM 57 ( - 0.1 g). an NBS refined-silicon standard, contammg 96.80;/, Si, 0.034% Mn, 0.65% Fe, 
0+)2”,, Cu. 0.002”,, Ni. 0.025”, Cr. 0.025’,, Zr. 0.109, TI, and traces of Al, Ca, and Mg, were dissolved in Teflon 
bombs at 150 with a mixture of IO ml of hydrofluoric acid and 1.0 ml of nitric acid. The solution was heated 
nearly to dryness after the addition of 1 ml of perchloric acid. The residue was dissolved in demineralized water, 
1 ml of “Ultreu” mtric acid was added. and the mixture was diluted to 10 ml in a volumetric flask. A portion 
of this solution was accurately diluted tenfold and 2-ml samples were irradiated for 20 min along with 3-ml sam- 
ples of a comparison standard. 

Ne\t. 0 5 ml of the SRM solution and 1.0 ml of the reference solution were pipetted into 50-m] polyethylene 
beakers contammg I mg of Mn’- carrter. 30 mg of sodium cyanide, and either’5bmg of ascorbic acid-or 25 mg 
ofhydro\ylammonmm chloride. After 0.5 ml of non-irradiated SRM solution had been added to the beaker con- 
tammg the reference solutton. manganese was separated first by the HPDC/HDEDC method and subsequently 
s~~bsto~ch~ometricilll\ isolated. 

THEORY OF SUBSTOICHIOMETRIC EXTRACTIONS 
BY ADDUCT FORMATION 

The extraction of Mn’+ with excess of HHFA into cyclohexane via the reaction, 

Mn’+ + 2HHFA z$ Mn(HFA),,,O, + 2H+, (1) 
is very inefficient. as shown by curve B in Fig. 1. The synergic combination, HHFA- 
TOPO. extracts Mn2+ completely from the aqueous phase at pH > 2.5 (see A in Fig. 1). 
Thus. TOP0 establishes the degree of extraction according to the tendency for the adduct 
reaction. 

Mn(HFAL,,, + wTOPO,~, C$ Mn(HFA),(TOPO),,,,,, (2) 



138 J. W. MITCHELL and ROLAND GANGES 

Fig. 1. Dependence of the extraction of Mnz+ (344 x IO-‘M) on pH with (A) 0.07M HHFA- 
O.OlM TOPO-cyclohexane and (B) OG7M HHFA-cyclohexane. 

to occur in the organic phase. Depending on the stability constant for the adduct complex, 
given by 

CMnWMTOW&, 
” = CM~(HFA)~l~o,CT~P~l;,~ 

or on the magnitude of the extraction constant, 

(3) 

[Mn(HFA)z(TOPO),,J,O,[ + 2 

’ = [Mn”] [HHFA]21JOPt];bl, (4) 

for the reaction 

Mn’+ + 2HHFA + mTOPOtO, G Mn(HFA),(TOPO),,(,, + 2H+, (5) 

a substoichiometric amount of TOP0 can be used to transfer always the same quantity 
of Mn2+ into the organic phase. 

If at least 99% of the manganese in the organic phase is in the form Mn(HFA),(TOPO), 
and the TOP0 (initially O*OOlM in the organic phase) has reacted to the extent of 99% 
or better during equilibration of the organic phase with an equal volume of aqueous phase 
(0*002M Mn2+) to produce a single adduct-species, reproducible substoichiometric extrac- 
tions can be performed provided the stability constants, p, and f12 for the mono- and di- 
adduct complexes are > 10’ and > lOi respectively,6 and that the pH of the aqueous 
phase provides for production of enough Mn(HFA), to react with all the TOPO. 

The threshold pH at which 50% extraction can be achieved is derived from the value 
of K. Under the conditions of 99% reaction of TOP0 (initial concentration DOOlM), equal 
phase volumes, Mn’+, and di-adduct formation in the organic phase, equation (4) becomes 

pH > - l/2 log K - log [HHFA] + 5. (6) 
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Fig 3 Substolchiometrtc extraction of Mn*’ (3.64 x 10e3M) with 007M HHFA-OGO2M 
TOPO-cyclohexane. 

Table I Dependence of substolchiometrlc extraction of Mn2’ on [HHFA] 

“Mn activtty Dlstrlbution 
[HHFA]. M m orgamc phase* rat10 Extraction, 7; 

0.0007 2033 0016 1.6 
0.0014 3080 0.024 2.3 
0.002 I 470’ 0.037 3.6 
0.0047 7565 0,060 5.7 
0.0063 17.281 0,150 13.0 
0.0070 17.134 0.152 13.2 
0.0 1 o-2 17.460 0,153 13.2 
O~O?SO 18.738 0.164 14.1 
00704 19.260 0.169 14.4 

* [Mn] = 0.00361M. [TOPO] = O.OOiM. L’, = I’, = 5 ml. 
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Replicate extractions of trace amounts of 54MbZc (IO-‘M; aqueous phase at pH 2.18. 
ionic strength 0.1) into cyclohexane with excess of HHFA (O~OiM) as a function of the con- 
centration of TOP0 (1.0 x 10T4-8.0 x lo-‘M) gave slopes between 1.2 and I.7 on log- 
log plots. Deviations of these slopes from 2-O are probably related to aqueous phase com- 
plexation of Mn 2+ by HHFA.’ The formation of the di-adduct was confirmed by the mole- 
ratio plot in Fig. 2. 

It was estimated from the log-log graph that the extraction constant for reaction (5) was 
about 6.3 x 104. Substitution of this value into expression (6) suggests that substoichio- 
metric extractions should. be possible above a threshold pH of 3.8 which closely 
approximates the experimental value of 4-O (Fig. 3). 

The influence of the concentration of HHFA on the substoichiometric isolation of 
Mn2+ is demonstrated by Table 1. Although a large excess of HHFA is used in combina- 
tion with substoichiometric amounts of TOPO, the minimum HHFA concentration 
required for the extraction is the amount needed to generate an HFA- concentration 
greater than the initial concentration of Mn2+ in the aqueous phase when 50% of the stoi- 
chiometric amount of TOP0 is present initially in the organic phase. 

RESULTS AND DISCUSSION 

The precision obtained for substoichiometric extractions of Mn” (in the absence of 
other metal ions) is shown in the first column of Table 2. The effects of traces of other 
transition metal cations are shown in Table 3. It is seen that the total concentration of 
ions capable of participating in adduct reactions with TOP0 can approach 10 pg without 
significantly affecting the isolation of Mn 2+ from an aqueous phase containing 1.0 mg of 
manganese carrier. Thus, direct substoichiometric extraction of manganese can be applied 
after irradiation of 1 g samples of highly pure reagents and materials containing less than 
10 ppm of transition elements.6 Interferences from other metal ions at this concentration 
can be reduced further by adding 10mg of Mn2+ carrier and extracting with 0.02M 
TOPO. Samples with matrix or major elements that react with HHFA or TOP0 will 
require preliminary separations. 

Owing to the large interference by calcium, a preliminary separation was required before 
manganese could be determined in calcium carbonate. The results are shown in Tables 
4 and 5. 

Table 2. Reproducibility of substoichiometric extractions of Mn’* under 
ideal conditions 

Activity of s4Mn in 
organic phase*, cpm 

Mn in aqueous 
phaset, mg 

Activity of 54Mn in 
organic phaset, cpm 

18,202 0.4 18.299 
18.312 @8 18,518 
18,343 1.0 18,401 
18,939 1.2 18,268 
18,084 1.4 18.554 
18,720 1.6 18,160 
18,468 
18,731 

* v, = v, = 3 ml, pH = 4.4. POPO] = 00018M. [Mn”] = OQO37 M. 
t V, = 3 ml, pH = 4.2. FOP01 = OGO2M. 
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Table 3. Effect of various cations on the substolchiometric 
extraction of Mn’+ 

Element 
Amount of catlon m 
aqueous phase, pg Interference ratio* 

54Mn 
59Fe 
wo 
wu 
Fe3+ 
co 
Zn 
SC 
Co. Fe3’ 
Ni 
Ca 

100 
100 
100 

10 
10 
10 
3 
3 
3 

6000 

l.ooO 
1.394 
1.149 
7.707 
1.112 
I Q90 
I.143 
1.043 
I.017 

I .740 

* Ratio = 
S4Mn actwity isolated in absence of cation 

activity separated in presence of cation. 

t [Mn]. = 0.20 mg/ml, pH = 4.0. L’a = V,, = 5 ml, ~OPOlO, 
= OGO2M. 

Table 4. Separation of 54Mn from Ca(NO& solutions 

Preliminary extraction* 
PH ES 

Strippingt 
ES 

Substoichiometric extractiong 
54Mn actiwty 

m organic 
PH phase, cpm 

7.7 999 95.4 4.1 34,235 
7.7 99.6 97.5 4.2 34,072 
7.7 99.6 97.5 4.4 33.930 
7.9 99.7 97.9 49 33,075 
7.9 99.8 97.6 5.0 35,283 
7.9 99.9 100 4.0 33,927 

34.087q 

* 1:; HPDC-0,5”, HDEDC-CHC13, [Mn”] = 0.1 mg/ml, V, = 10ml. 
t 4.0M HCI. 
$ Extraction. :,. 
6 0.07M HHFA-0002M TOPO-cvclohexane. 
;’ Mean value. standard dewation ? I I. 

Table 5. Determination of Mn in CaCO, 

Sample, g 

56Mn activity isolated. 
w 

Sample Standard 
[Mn] found, 

w’ 

0.509 24.628 22,076 242.6 
21.941 20,706 230.5 

0.554 24.372 21.967 221.7 
20.464 21.071 194.1t 

0.504 23,015 20,171 250.6 
21.425 22.198 212.0 

21,365: 231.55 

* NaI detector. detection lnrnt 0.1 ng of Mn. 
t Value rejected. 
: Mean value. standard dewatlon = 837 cpm 
4 Mean value. standard deviation = 15.5 ng. 
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Table 6. Determination of Mn’+ m solutions prepared by dissolving 
samples of SRM 57 

s6Mn y-ray activity m organic phase, cprn 
Set* Standardt Sample [Mn’ l ]. pgjml$ 

I 37,474 47,101 0.280 
37,134 48,395 0.287 

49.241 0292 

II 40,442 59,046 0.324 
40,389 59,478 0.326 

0.3024 

*Results for sets I and II obtained with different TOP0 con- 
centrations. 

t [Mn2+] = @I 107 &ml. 
$ Two c 0.1 samples of SRM 57 dissolved and diluted to 100 ml. 0.5- 

ml aliquots of these solutions were analysed. 
5 Mean. standard deviation = 0.022 ,ug/ml. 

There being no reference CaC03 standard certified for traces of manganese, NBS SRM 
57 (O-0340/, Mn) was selected to test the accuracy of the method. The results reported in 
Table 6 demonstrate the precision and accuracy of the method. Atomic-absorption deter- 
minations of the manganese (2.90 pg/ml in the test-solution) agreed closely with the mean 
value O-303 + 0017pg/ml found by activation analysis of a tenfold dilution of the test- 
solution. Analysis of 0 l-g samples of the SRM by atomic absorption showed a mean value 
of 0.031% Mn, which agrees reasonably well with the NBS value, 0.034 + 0.003%. Based 
on the NBS recommended value, the amount of manganese in 0.5-ml samples of the 
diluted test-solution would be O-17 pg, with a relative uncertainty of &- 7.6%. The results 
by activation analysis were 0.151 + 0.009 pg. Because of either small losses of manganese 
during sample dissolution and fuming or uncertainties in the manganese value recom- 
mended for SRM 57, a total error of 612% is indicated for this analytical procedure for 
determinations of 0.2 ppm of manganese. 

CONCLUSIONS 

The reagent hexafluoroacetylacetone-tri-n-octylphosphine oxide-cyclohexane has been 
shown to be suitable for precise and accurate substoichiometric determinations of traces 
of manganese by neutron activation. The y-ray activity from the 0.847-MeV photopeak 
is sufficient for the determination of 2.0 ng of Mn by this method. Owing to the number 
of cations that can form adducts with it, this reagent has broad applicability in activation 
analysis. 

Although preliminary separation of the element to be determined will often be required. 
direct substoichiometric separations of Mn’+, CL?+, Zn2+, Co2’ and rare earths from 
certain reagents and materials of high purity should be possible.6 

Acknowledgements-The authors wish to thank J. E. Riley for techmcal assistance during several experiments. 
The atomic-absorption data provided by L. D. Blitzer are also greatly appreciated. 
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Zuaammenfasaung-Manganspuren wurden quantitativ durch Neutronenaktivierung und unter- 
stochiometrische Extraktron mit einem Gemisch von Hexafluoroacetylaceton und Tri-n-octyl- 
phosphinoxrd in Cyclohexan bestimmt. Bei der Anwendung auf Calciumcarbonat, dem hier 
aufgefiihrten Beispiel. war es notwendig. Mangan vorher durch Extraktion mit einem Gem&h 
von Pyrrolidindithiocarbaminsgure und Diiithylammoniumdithiocarbamat in Chloroform ab- 
zutrennen, urn Stiirungen durch Calcium zu vermeiden. Mehrfachbestimmungen von Mangan- 
mengen unter 1 ppm in emer Calcmmcarbonatprobe zeigten eine relative Standa;dabweichungvon 
6,9”,. wahrend Messungen an der Losung eines Standards aus gerenngtem Silicmm. SRM 57. einen 
relativen Fehler von 6.0”,, ergaben. 

R&urn&On a dose quantttatrvement des traces de manganese par activatron de neutrons et 
extraction substoechtometrtque avec un melange d’hexafluoracttyladtone et d’oxyde de tri-n- 
octylphosphme en cyclohexane Dans I’application au carbonate de calctum. l’exemple spec~fi 
que cute ICI. il a itt ntcessatre d‘effectuer une separatron prtalable du manganese par extractton 
avec un melange d’acide pyrrolidmedithtocarbamique et de dithtocarbamate de diethylammonium 
en chloroforme pour eviter des interferences du calcium. Un dosage rep&e de quantitb de man- 
ganese a I’tchelle de la sub-ppm dam un tchantillon de carbonate de calcium a montrt un &cart 
type relatlf de 6.99, tandts que des mesures sur une solutton preparee en dissolvant un &talon de 
silicium purifie SRM 57. ont montre une erreur relative de 6.0”(, 



DETERMINATION OF CADMIUM IN BIOLOGICAL 
MATERIALS BY ATOMIC ABSORPTION 

PAUL A. ULLUCCI and JAE Y. HWANG 

Apphcations Laboratory. Instrumentation Laboratory. Inc.. 113 Hartwell Avenue. 
Lexington. Massachusetts 02173, U.S.A. 

(Receitled 8 October 1973. Accepted 4 December 1973) 

Summary-A variety of brologtcal samples such as blood. urme, hair, nail and kidneys has been 
analysed cadmium. Tantalum ribbon flameless and conventional flame-aspiration atomic- 
absorption techrnques were employed for the analysis. 

Among the heavy metals of toxicological importance, cadmium has received considerable 
attention. Some investigators have gone as far as saying that cadmium has probably more 
lethal possibilities than any other heavy matal.’ Cadmium is a common air and water pol- 
lutant, especially from smelters. It is also present in cigarette smoke.’ Diagnosis of cad- 
mium exposure may be difficult. 3,4 With this problem in mind, the present work has been 
geared to the determination of cadmium in a variety of biological samples, especially with 
regard to micro-sampling. 

Four analytical techniques have been commonly applied to cadmium analyses, includ- 
ing ultraviolet and visible spectrophotometry, neutron activation, optical emission spec- 
trography and atomic-absorption spectrometry.5 Of these techniques, atomic-absorption 
spectrometry has received the greatest attention because of its excellent sensitivity for cad- 
mium. Pulido. Fuwa and Valee, using long-path absorption cells to increase sensitivity, 
were able to determine cadmium in urine and serum by direct aspiration.6 More com- 
monly used atomic-absorption techniques involve chelation and extraction of cadmium 
into an organic solvent. Blood (after trichloroacetic acid precipitation of protein), urine, 
and tissue (after digestion with nitric-perchloric acid mixture and dissolution) are adjusted 
to a pH of 64-7.5, sodium diethyldithiocarbamate is added and then methyl isobutyl 
ketone (MIBK)’ is used for extraction. Other methods for tissue analysis involve acid 
digestion or dry ashing followed by acid dissolution of the residue and ultimately direct 
aspiration of the acid solution.4,8 All of these methods, however, require at least 5 ml of 
whole blood or l-2 g of tissue. Few microtechniques have been developed for the analysis 
of biological samples for cadmium. One recent method is based on solvent extraction in 
bloqd.’ No methods have been reported for the determination of cadmium in biopsy tis- 
sue. 

In this paper, methods are presented which have been developed for the determination 
of cadmium in urine by conventional flame aspiration atomic-adsorption spectrometry 
and in blood by flameless atomic-adsorption spectrometry. In addition, since some results 
have been reported concerning high levels of cadmium in hair from exposed animals5 a 
micro flameless atomic-absorption method has been developed for the determination of 
cadmium in organ biopsy samples. Assay of biopsy samples may be of significant value 

Presented at the 1973 Pntsburg Conference on Analyttcal Chemistry and Applied Spectroscopy. March, 1973. 
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in the light of previous data indicating that analysis of blood and urine may be of no value 
in diagnosing excessive exposure to cadmium. 

Apparatus 
EXPERIMENTAL 

All flame atomic-absorption measurements were made with an Instrumentation Laboratory (I.L.) Model 253- 
02 Atomic Absorption Spectrophotometer. For the flameless atomic-absorption measurements. the burner head 
was replaced with an LL. Model 355 Flameless Sampler. Procedures for the optimization and use of the flameless 
sampler have been described previously. lo The background correction mode was used as described in the I.L. 
Instruction Manual. The operation and application of the background correction mode was described in earlier 
papers.’ ’ Important instrumental parameters are given in Table 1. 

Table 1. Instrumental parameters 

Spectrometer 

Mode 
Hollow-cathode lamp A 

B 
Lamp current A 

B 
Photomultiplier 
Slit-width 
Wavelength 

Automatic background correction 
Cadmium 
Hydrogen continuum 
5mA 
lot0 15mA 
R372 (run at 530 V) 
320 pm 
228.8 nm 

Flameless sampler 

Mode 
Purge gas 
Gas flow-rate 
“Dry” setting 
“Dry” time 
“Analyze” setting 
Height of measurement 

Automatic 
Argon 
10 ft3/hr 
4-5 turns 
30-60 set 
8.0 turns 
2mm 

Polypropylene test-tubes, 5 ml and 15 ml size (Falcon Plastics), were used throughout the sample preparations. 
The tubes were soaked overnight in 5 ?/, w/v Triton X-100 solution before use. 

Reagents 

The following solutions were used in the present work. Formamide, Iv/, w/v ammonium pyrrolidinedithiocar- 
bamate solution (APDC), 1% w/v saponin solution and water-saturated MIBK for blood analysis. For hair, nail 
and tissue dissolution, nitric acid (Baker “Ultrex”) and 10% v/v hydrogen peroxide were used. A 1000 &ml stan- 
dard cadmium solution was prepared from cadmium metal. 

Urine. Samples were collected in polyethylene bottles and acidified by addition of 10 ml of concentrated hydro- 
chloric acid per 1. 

Blood. To O-1 ml of heparinized whole blood were added one drop of I “/g w/v saponin solution 0.1 ml of forma- 
mide, 0.1 ml of 1% APDC, and 0.2 ml of water-saturated MIBK. The samples were mixed after each addition 
and for at least 1 min following the addition of the MIBK and then centrifuged. The blank and cadmium standard 
of @005 Mug/ml, prepared from water and standard solution, respectively, were treated similarly. 

Hair and nails. Samples were soaked in 0.3% Triton X-100 solution for 30 min followed by three successive 
washes with the Triton X-100 solution and then three successive washes with demineralized water. then dried. 
To 10 mg of sample was added 1 ml of 8M nitric acid in a plastic test-tube. The tubes were capped lightly and 
placed in a water-bath at 80-90”. After 5-10 min, 05 ml of 10% hydrogen peroxide was added and the tubes 
were left in the water-bath for an additional 5-10 min, cooled. and diluted to a volume of 5 ml. Blank and stan- 
dard (Cd @005 pg/ml) were prepared in a similar acid matrix. 

Tissue samples. A 5-10 mg portion of tissue sample was weighed into a plastic test-tube and I.0 ml of concen- 
trated nitric acid was added. The tubes were capped lightly and placed in a water-bath at 80-90”. After 5-10 
min, I.0 ml of 10% v/v hydrogen peroxide was added and the tubes returned to the water-bath for an additional 
5-10 min. Blank and standard (Cd 0005 pg/ml) were prepared in a similar acid matrix. 



Cadmium m biological materials 747 

Urine cadmmm was determined by simple aspiration of the sample. The method of standard addrtions was 
used for standardtzation. 

For blood. hair. nail and ttssue analysis. 25 ~1 of the sample extract or solutton were placed on the tantalum 
rtbbon. For very low cadmmm levels. more sample. up to IO0 ~1, can be used. 

RESULTS AND DISCUSSION 

Contartrihatiort 

During the early stages of this work, severe problems were encountered with sample 
contamination when the flameless atomic-absorption technique was employed, because of 
the extreme sensitivity of atomic-absorption for cadmium (4 pg). Glass test-tubes were 
found unsatisfactory despite repeated soakings in acid and 5% Triton X-100 solution. Plas- 
tic tubes were far more satisfactory but still required cleaning. Soaking in 8M nitric acid 
overnight was found inadequate. However, excellent results were obtained when the tubes 
were soaked overnight in 5”/, w/v Triton X-100 solution. The tubes used were polypropy- 
lene with snap caps, which could be capped lightly during heating, thus preventing any 
loss. 

16 Determlnotron of Cd in urine 

(Direct osprrotionl 

ta 
E a 

n Bockground - correction mode 

n Non- bockground - correctron mode 

Fig. 1. Determinatton of Cd in urine. 

Reagent-grade nitric acid was found to have a cadmium content of 5-10 pg/ml and 
could not be used, but Baker “Ultrex” nitric acid contained less than lpg/ml and was very 
satisfactory. 

The APDC. MIBK and other reagents used for the determination of cadmium in blood 
were found to be virtually free from cadmium contamination. Under the conditions men- 
tioned above. very low blanks were observed in all cases. 

The determination of cadmium in urine has suffered considerable difficulty in the past 
from interferences by alkali metal salts in the sample. This has led to erroneously high 
values for cadmium in urine. 20-50 pg/15 Because of the high salt content, most urine cad- 
mium analyses are performed by a solvent extraction technique. Figure 1 shows results 
for determination ofcadmium in urine by direct aspiration in the non-background-correction 
mode and the automatic background-correction mode. A significant amount of back- 
ground signal is evident. This also shows the utility of the background-correction mode. 
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Thus, use of the automatic background-correction mode coupled with high scale-expan- 
sion (100 X) and signal integration makes possible the direct determination of cadmium 
in urine. The cadmium value which we have obtained, 4 &l, is consistent with normal data 
previously published, Table 2. More data’concerning normal levels of cadmium in the 
body may be found in reference 5. 

Table 2. Normal values of cadmium in biological 
materials 

Sample 

Urine,14 m/l00 ml 
Blood,14 /q/I. 
Liver,’ ppm 
Kidney,’ ppm 

Average Range 

0.85 0.3-50 
1.6 05-l 1.0 
2.03 1.19-3.71 

11.2 21-220 

Blood analysis 

The extraction procedure presented here for the blood samples is merely an adaptation 
of a method used for the determination of lead in blood, reported earlier.‘2V’3 Results 
obtained from four normal blood samples by using the method described are given in 
Table 3. These results yielded a cadmium result of O-3 pg/lOO ml. The results presented 
for the normal blood samples are consistent with those previously published, Table 3. Lead 
can also be determined in the same extract. 

Table 3. Cadmium in whole blood (~/lo0 ml) 

Sample A* 0.3 
Sample B 0.4 
Sample B + 1.0 pg Cd/l00 ml 1.6 
Sample C 0.2 
Sample C + 1.0 peg Cd/100 ml 1.3 
Sample D 0.4 
Sample D + 1.0 peg Cd/100 ml 1.3 

* Results for Samp.le A were verified by stan- 
dard additions. 

Hair and nail analysis 

Analytical results obtained from the determination of cadmium in hair and nails are 
given in Table 4. In all cases, duplicate determinations gave good agreement. Normal 
levels of cadmium in hair are not well documented, since variations occur with sex, age, 
sampling site, colour of hair, and especially external contamination. The value of hair 
analysis as a measure of cadmium intoxication is not understood and is disputed.’ A IO- 
mg sample of hair is used since at least this amount of hair is necessary for the sample 
to be representative. Ca, Mg, Na and K can be determined by aspiration in this same 
sample as well as Cu, Cr, Mn, Zn, Fe and Pb by flameless atomic-absorption. 

Tissue analysis 

The most important analyses conducted were those performed on the tissue samples. 
The goal here was to establish whether or not biopsy tissue analysis could be used as a 
means of determining toxic exposure to cadmium. Autopsy samples of kidney and liver 
organs were sampled in triplicate from different portions of the organ. At the same time 
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Table 4. Cadmium in hau and nails 

Sample Cd, ppm Sample Cd. ppm 

Hair No. 1 

Hair No. 2 

Hair No. 3 

Hair No. 4 
Nails No. 9 

4.1 
3.7 
1.0 
0.8 
1.7 
2.5 
2.4 
2.3 
25 

Hair No. 5 

Hair No. 6 

Hair No. 7 

Hair No. 8 
Nails No. 10 

3.2 
2.4 
3.4 
4.5 
4.5 
4.9 
I.7 
0.32 

a 2-g sample was taken from the organ for conventional flame-aspiration atomic-absorp- 
tion analysis. The results obtained are summarized in Table 5. It is important to notice 
the large spread in the three different analyses of the same organ. To ascertain whether 
the range of values obtained was due to variation in cadmium concentration at different 
locations in the organ, or due to poor reproducibility of the method, NBS SRM No. 1157, 

Table 5. Cadmium m kidney and liver autopsy samples. ppm 

Cadmium 

Sample Weight of sample, mg Flameless Flame 

A (Kidney) 9.8 127 
5.2 150 150 

10.3 167 
B (Kidney) 18.4 42 

18.2 64 69 
13.8 92 

C (Liver) 21.2 2.2 
11.0 4.8 3.0 
12.5 2.8 

D (Kidney) 12.7 2.1 
11.5 4.4 5.0 
8.5 5.3 

bovine liver. was analysed by the method presented. The results of the triplicate cadmium 
determinations are shown in Table 6. The accuracy and precision of the analysis were 
found to be excellent and thus it is obvious that the variation in cadmium concentrations 
observed is attributable to the heterogeneous distribution of cadmium in the organ. 
Although a significant variation in cadmium concentration at different organ locations is 

Table 6. Accuracy and precision of method. 
(NBS SRM 1157 Bovine Liver) 

Present method. ppm* NBS data. ppm 

0.27 f 0.02 0.27 f 0.04 
0.27 + 0.02 
0.25 * 0.04 

* Results based on 50-mg sample and aqueous 
standards Precision data based on IO readmgs. 
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apparent, this does not rule out the validity of the method as a diagnostic tool, since in 
the case of individuals suffering from cadmium poisoning a considerably higher than nor- 
mal organ cadmium level is observed. 

Acknowledgement-The authors would like to express their appreciation to Dr. George Lewis and his colleagues 
at the Boston V. A. Hospital for providing the autopsy samples used in this work. 
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ZusuaannfLJsune-Eine Anzahl biologischer Proben wie Blut, Urin, Haare, N&gel, Leber und 
Nieren wurden auf ihren Cadmium-gehalt analysiert. Zu der Analyse wurden das flammenlos 
Atomabsorptionsverfahren mit Tantalband und das iibliche Verfahren mit Ansaugen der Probe 
in die Flamme verwendet. 

R&&-On a analyd une varittk d’tchantillons biologiques tels que sang, urine, cheveux, ongles, 
foie et reins pour le cadmium. On a employ& les techniques d’absorption atomique sans 
flamme au ruban de tantale et a aspiration de flamme ordinalre. 
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Summary-A series of Ion-exchange resins contammg -COCH2N [(CH,),COOHJ2 groups has 
been synthesized. AdditIonal analogues were prepared by means of the reaction of the carbonyl 
group with phosphorus trichloride or thioglycollic acid. The properties of these resins and the 
selectivity for different metal ions have also been investigated. 

A great deal of work has been done on the preparation of ion-exchange resins containing 
various complexing functional groups.‘-4 During recent years attention has been paid to 
exchangers with amino- or imino-acids as ligand groups. Dowex A-l or Chelex 100 are 
typical representatives. The presence and arrangement of the two carboxyl groups and the 
tertiary nitrogen atom confer upon the resins a strong preference for complexing copper 
and other heavy metal cations. 

Little is known of the synthesis of derivatives having a carbonyl group as an additional 
co-ordinating site. Schwarzenbach5 reported a monomeric compound, N-acetoiminodia- 
cetic acid. Ando synthesized a chelating monomeric agent aminoacetone-NJ-diacetic 
acid and explained the increase in the chelate stability by the contribution of the carbonyl 
co-ordination. No reports have been found on exchange resins containing similar func- 
tional groups. 

This report describes the synthesis, basic characteristics, and selectivity of some new che- 
lating resins (Fig. 1). Besides the resins based on iminodicarboxylic acids, compounds with 
a keto group as an extra co-ordinating site were prepared. The reactive carbonyl group 
permits the preparation of further exchange resins having two or more different complex- 
ing groups. 

Synthesrs 01 I’CWIS 

EXPERIMENTAL 

Compound I. To 150 g of macroreticular polystyrene-divinylbenzene copolymer (4% DVB)t. previously 
extracted wnh chloroform. m 1050 ml of carbon disulphide were added 391 g of anhydrous alumimum chloride. 
To the stirred mixture 196 g of acetyl chloride were added dropwise over 2 hr. The mixture was stirred for 10 
hr at room temperature and finally for 3 hr at 37’. The solid phase was filtered off. washed with acetone. and 
hydrolysed m concentrated hydrochloric acid and ice. The temperature for hydrolysis was kept below 5” The 
acetylated copolymer was washed several times with, in succession, hydrochloric acid (1 + l), water, 0.2M 
sodium hydroxide. water. acetone and ethanol. The shghtly yellow product was dried in air. 

* Present address. Nuclear Research Institute. Czechoslovak Acddemq of Sciences. r\ei. Czechoslovakia. 
t Prepared in the Research Institute for Synthetic Resins and Lacquers. Pardubice. Czechoslovakia. 
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CH,N(CH,CCCH& 

Fig. 1. Diagram of resin synthesis and theoretical formulae. 

Cornpound Il. Bromine (I 10 g) was added dropwise over a period of 2 hr to a stirred suspension of 160 g of 
acetylated copolymer previously dried over phosphorus pentoxide, in 500 ml of glacial acetic acid. The tempera- 
ture was kept below 5” with an ice-bath. After the reaction mixture had been stirred for 7 hr the solid phase 
was filtered otTand washed with ice water, acetone and ethyl acetate. 

Compound III. To a suspension of 30 g of compound II in 200 ml of P/J’-dimethylformamide were added 
100 g of iminodiacetonitrile. The mixture was stirred for 8 hr at 90-100”. After cooling, the solid was filtered 
off and washed with water and acetone. 

Resin IV. (a) Compound III (15 g) was heated for 5 hr, with stirring, in 150 ml of concentrated hydrochloric 
acid. (b) Compound III (10 g) was hydrolysed in a mixture of 150 ml of water, 100 ml of ethanol and 30 g of 
barium hydroxide octahydrate for 6 hr at 80-W. After the hydrolysis’step, both products were washed with 
water, hydrochloric acid (1 + I), and 0.2M sodium hydroxide, and converted into the hydrogen form with 5”,, 
hydrochloric acid. 

Compound V. To a stirred mixture of 30 g of compound II and 100 ml of boiling ethyl acetate. were added 
60 g of iminodipropionitrile in 100 ml of ethyl acetate over a period of 60 min. The mixture was kept at just 
below boiling point for 15 hr. After cooling. compound V was filtered off. 

Resin VI. Compound V was hydrolysed for 5 hr in a mixture of 150 ml of water, 70 g of barium hydroxide 
and 70 ml of ethanol. After hydrolysis the resin was washed in I M hydrochloric acid. water and @5M sodium 
acetate, and converted into the hydrogen form with 1M hydrochloric acid. The tinal product was dried m air. 
In a similar manner a resin with higher cross-linking I IO”:, DVB) was obtained. 

Compound VII. The same procedure as that used for the synthesis of compound V was employed. but Instead 
of iminodipropionitrile, I 10 g of iminodiacetic acid dimethyl ester were used.’ The mixture was kept at just below 
boiling point for 18 hr. 

Rem VIII. The hydrolysis of compound VII was carried out in a similar fashion to that described for resm 
VI. 

Resin IX. Compound VIII (15 g) was dried for 6 days over phosphorus pentoxide. The dry resin was suspended 
in 100 ml of phosphorus trichloride. After 2 hr (for swelling of the resm), 60 g of glacial acetic acid were added. 
The mixture was allowed to stand for 6 days with occasional stirring. The solid phase was filtered off and hydro- 
lysed in a mixture of ice and water. After washing with water and 02M sodium hydroxide. the resin was converted 
into the hydrogen form and dried in air. 

Resin X. Compound VII (10 g, dried over phosphorus pentoxide) was added to a mixture of 190 ml of chloro- 
form and 20 g of anhydrous zinc chloride; 65 g of 85% thioglycollic acid solution were added over a period of 
50 min. The mixture was heated under reflux for 8 hr. After cooling, the solid phase was filtered OR and washed 
with acetone, dioxan, and water. After a final washing with SU,:, acetic acid and water. the resin was dried in air. 

Resin XI. This was synthesized from compound I by using phosphorus trichloride as a phosphorylating agent. 
Resin XII. This was prepared from compound I by the reaction with thioglycollic acid. 
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Au-dried resin m the hydrogen rorm (0.1 SC@200 g) was shaken m polyethylene flasks For a period of 7 days 
wtth 2M potasstum chlortde solutton contaming different amounts of O.lOM potasstum hydroxtde at constant 
tome strength The total volume of the solutton was 20.0 ml. 

Distribution studtes were performed m 100 ml polvethylene flasks wtth approximately 0.200 g of au-dried resin 
111 the hvdroeen form. and 50 ml of solution contaming the metal (2 x IO-’ N) as the nitrate. and ammonium 
acetate (0.25&f). The pH of the solutton was adjusted with hydrochloric acid or ammonia solution. Batches were 
equtlibrated by shaking ror 8 days. The pH and metal content m each solutton were then determined. The results 
are expressed as distribution coeffictents. D: 

D= 
meq of metal/g of dry resm 

meq 0r metal/ml 0r solution 

The dry, ton-exchange resm (parttcle size O.lGO.16 mm) was soaked m water and packed in glass tubes. Resm 
columns of about 5 mm dia and 60 mm length were used. Before each expertment the column was washed with 
0.2.V ammonmm acetate unttl the pH of the effluent and wash-solution was identical. Perchlortc actd was added 
to adjust the pH of the wash-solutton. A similarly buffered solutton containing metal nitrate (5 x lo-‘N) and 
ammonmm acetate (O.lM) was passed through the column at the rate ofO.25 ml/min. Fractions 1.25 ml in volume 
were collected [or analysts. 

The content of the elements Investigated was determined complexometrically or spectrophotometrically. The 
I~I~I-O~C‘I~COIII~I~~ ~~~\i~r~~~~~~r~bllls\\~ls~‘sttlniltcd hylhc K)cldahlmcthod Thcamount orphosphorusw;~sdctcrmincd 
gravtmetrtcally as ammonmm phosphomolybdate alter decompositron of the resms with a mtxture of sulphurrc 
actd and perchlortc acid. For the sulphur content the resins were fused in a sodtum carbonate-sodium mtrate 
mixture. and the suiphur was determined as barium sulphate. The water content was estimated by drying the 
exchange resins (hydrogen form) to constant weight at 80; over phosphorus pentoxide. 

RESULTS AND DISCUSSION 

A summary of all resin syntheses is shown in Fig. 1. The yields were usually 70--90x, 
but for resins X and XI the yield of the reaction with thioglycollic acid was only about 
35” 0’ 

The freshly prepared resins are yellow or slightly brown. with the exception of resin XII 
which is white. The mechanical stability of the resins is very good and their chemical stabi- 
lity varies with the type of resin. With the exception of resins X and XII, all the exchangers 
are stable in neutral or acidic solution at room temperature. In alkaline solution a slight 
degradation was observed. In the presence of Cu ’ + ions at 80”, changes in resin VIII were 
also observed. This was probably due to a reaction between the carbonyl group and Cu2+ 
ions. No such changes were observed with Ca’+ instead of Cu’+. 

Resins X and XII. containing sulphur in their functional groups, have lower chemical 
stability than the other exchangers. In water a slight hydrolysis of the functional groups 
was observed. When 200 ml of 2N sulphuric acid were used for the column washing (10 
g of resin Xl the sulphur content decreased by approximately 25”/& Nevertheless these 
resins may be used for separations in slightly acidic or neutral solution. 

To avoid using elemental bromine for the preparation of compound II, other syntheses 
were investigated. e.cq.. by reacting styrene-DVB copolymer with monochloroacetyl chlor- 
ide. but the yield of resins prepared from the chloro-analogue of compound II was lower 
than from the bromo-compound II. The exchange capacities of these products were only 
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0 
ml KOH 

Fig. 2. Titration curves: l resin VI ( x 4); 0 resin VI ( x IO). 

about 1.5 meq/g of dry resin. A low exchange capacity was also obtained if iminodiaceto- 
nitrile instead of an iminodiacetic acid dimethyl ester was used (resin IV). Resins XI and 
XII were prepared only for comparison of the titration curves with those of resins IX and 
X. 

The contents of nitrogen, phosphorus and sulphur were lower than the theoretical 
values of these elements, calculated from structural formulae of the resins. 

Titration curves 

The titration curves shown in Figs. 2-4 indicate that the synthesized resins are dibasic 
polyacids. The first inflection point for the curve of resin VI is very indistinct, as are all 
those for resin X (Fig. 4). The titration curves of these resins (Fig. 4) are affected by the 
degradation of sulphur-containing groups. 

12 

IO 

e 

I 0 
6 

4 

2 

0 5 IO 15 

ml KOH 

Fig. 3. Titration curves: 0 resin VIII: o rem IX: 0 resm XI 



Ion-exchange resms contaming ketoiminocarboxylic actds 755 

6 

4 

ml KOH 

Fig. 4. Titration curves: o resm X: l resin XII. ApHjAC’ shown for resin X. 

Titration curves for resins VIII and IX are presented in Fig. 3. For comparison of resins 
with and without phosphonic acid groups, the titration curve for resin XI (containing only 
phosphonic active groups) is also included in Fig. 3. It is not possible to differentiate the 
individual dissociation steps of iminodiacetic and phosphonic groups in the curve for resin 
XI. 

Table 1 Charactertsttc properties of synthetic exchange resins. 

Exchange capacity Apparent 
ineqlg dissociation constant 

Resin no. N. “” P. “; S. “” 1 st equiv. 2nd equiv. PK1 PK2 

VI [x4] 2.58 - - 200 3.98 > 66 
VI [x lo] 2.72 - - 1.30 262 >6.8 
VIII 3.03 - - 2.62 5.26 3.8 8.5 
IX 244 7.25 - 3.62 7.25 3.1 8.0 

* X 2.52 - 3.9 - 5.74 3.1 8.5 
XI - - - 437 8.72 26 8.2 
XII - - - - 5.82 - - 

According to the values of the first dissociation constants, all the exchange resins pre- 
pared can be classed as medium strength cation-exchangers. Values of their apparent dis- 
sociation constants are shown in Table 1. Titration curves of Chelex 100, resin VIII, and 
resin IX in the presence of metal ions were obtained and are shown in Fig. 5. 

The application of selective chelating exchange-resins is limited by the slow exchange- 
rate of various ions (pH effect). In Fig. 6 are shown the time dependences for the sorption 
of the cations at several pH values on resin VIII. 

The equilibrium sorption of various cations at different pH values is presented in Tables 
2-6. Anomalies in the sorption of Cu” ions have been noted; the D values found were 
too low and did not correspond to those which were obtained from dynamic experiments. 

For transition elements. lower D values were generally found at higher pH values (prob- 
ably because of the formation of amine complexes). 
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2 4 6 a 
ml O.IM KOH 

Fig. 5. Titration curves of Chelex 100. resin VIII and resin IX in the presence of metal ions. 

Fig. 6. Rate of exchange of calcium and thorium ions on resm VIII. 
0 Cazf at pH 50; ~l”h~+ at pH 2.5: 0.1 A4 ammonium acetate as support electrolyte. 

Selectivity 

On the basis of equilibrium batch experiments it is possible to show a qualitative order 
of selectivity of the exchangers. 
Resin VI (x 4), pH 3-O: Th > U(V1) > Pb > La > Zn > Ni > Co > Ca > Sr > Mg. 
Resin VI (x 10). pH 3.0: U(W) > Th > Pb > La > Ni > Co > Ca > Sr > Mg. 
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Resin VIII. pH 3.0: Th > Pb > Ni > U(VI) > Ca > Zn > DC > Co > Ca > Sr > Mg. 
Resin IX. pH 3.0: Th + U(V1) > Pb > Fe(II1) > La > Zn > Ni > 
Co > Cd > Ca > Sr > Mg. 
Resin X. pH 3.0: Th > Zn > (Cu). 

The data in Tables 2 and 3 indicate the influence of the cross-linking of the resin matrix 
on the order of selectivity for Th, U and Pb. The great differences of selectivity for thorium 
and uranyl ions on resin IX and resin VIII are the result of the presence of -PO(OH)2 
groups in resin IX. With increasing pH, the differences in selectivity values generally de- 
crease. but all resins showed increases in the selectivity for Zn’+ ions. with a maximum 
at pH 65-8~0, depending on the nature of the resin. 

The pH-dependence of the breakthrough curves of various ions was studied for only 
two resins. Their selection was based on the results as shown in Fig. 7 and 8. 

Table 2. pH-dependence of the distribution coefficient D of several metal ions on resm VI. 
(4”,, DVB. @25M ammonmm acetate as support electrolyte) 

6.0 7.0 8.0 8.5 

Th(IV) 110 168 207 250 318 403 600 
Cu(II) 3 13 30 76 148 215 380 723 882 

Pb(I1) 5 50 100 162 219 355 

U(VI) 28 56 126 204 233 208 238 
Cd(I1) 2 20 60 157 300 492 608 
Zn(I1) 16 50 93 197 328 526 632 
La(II1) 5 33 47 85 142 215 381 475 
Co(H) 2 20 47 87 116 140 170 
N1(11) 5 28 52 93 123 140 150 
Ca(I1) 1 5 33 74 103 129 132 
Sr(II) 1 18 62 96 118 124 

Mg(II) 1 47 83 106 112 
Fe(II1) 125 100 95 

830 

405 
540 

175 
145 
134 
125 
114 

Table 3. pH-dependence of the dtstribution coefficient D of several metal ions on resin VI. 
(lo”, DVB. @25M ammonium acetate as support electrolyte) 

1.5 2.0 25 3.0 3.5 4.0 5.0 6.0 7.0 8.0 8.5 

Th(IV) 44 55 60 66 70 75 
Cu(I1) 1 37 74 107 135 212 335 455 305 
Pb(I1) 2 35 60 83 98 117 125 
UVI) 2 25 93 110 116 
Cd(H) 5 7 30 55 136 178 217 237 228 
Zn(I1) 50 75 158 177 233 258 270 
La(II1) 25 55 82 105 157 234 
CO(H) 2.5 13 25 42 75 92 106 133 150 
Ni(II) 2.5 15 28 47 78 95 106 113 111 
Ca(I1) 1 11 21 33 60 85 103 112 113 
Sr(I1) 1 11 21 48 73 93 102 104 
MS(H) 1 5 35 65 87 97 98 
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Table 4. pH-dependence of the distribution coefficient D of several metal ions on resin VIII. (02% ammonmm 
acetate as support electrolyte) 

1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 65 7.0 7.5 8.0 8.5 9.0 

Th(IV) 
Pb(I1) 
UVI) 
La(II1) 
FejIII) 
Ni(Il) 
Cu( II) 
Zn(I1) 
Cd(H) 
Co(I1) 
Ca(I1) 
Sr(I1) 
M&II) 

370 600 958 1350 1650 2020 
190 490 850 1275 14181490 1525 
95 187 265 310 330 312 265 
10 55 155 275 415 620 920 
IO 25 35 45 

80 225 360 47X 570 653 72X 7X3 X26 X40 x03 660 --- ?.” 515 
60 105 142 150 155 160 160 155 128 

5 1 IO 270 450 620 730 795 850 950 1270 1185 I020 750 100 
55 200 340 530 730 850 YX5 1050 IO85 III5 1020 
65 200 253 500 580 605 575 540 5 18 505 500 496 493 

IO 66 115 165 250 400 485 572 660 745 827 XYO 4% 
40 72 110 165 255 392 422 628 700 745 760 775 
25 50 75 100 130 170 235 315 410 510 545 553 

Table 5. pHdependence of the distribution coefficient D of several metal ions on resin IX. (0.25M ammonium 
acetate as support electrolyte) 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 

Th(IV) 1100 3250 9880 18,20021,150 
UVI) 340 620 1100 1700 2120 1600 
Fe(III) 200 320 630 1020 
La(II1) 230 450 910 1350 2200 
Pb(II) 210 700 1320 1900 2230 
Cu(II) 120 170 260 320 350 
Zn(I1) 80 210 390 655 930 
Cd(I1) 5 50 110 170 250 
Ni(I1) 205 305 405 505 
Co(H) 90 200 300 400 
Ca(I1) 40 80 145 210 
Sr(I1) 20 60 100 140 
MgUI) 5 30 55 80 

1215 

3300 5000 

420 470 
1200 1560 
365 370 
590 660 
480 540 
290 420 
180 220 
105 130 

560 620 640 660 
2100 36206200 
620 750 955 11601380 1635 1880 
710 755 800 840 880 910 970 
560 620 815 10801385 17352250 
500 670 900 1200 1550 lY20’300 
280 360 470 600 740 885 1050 
160 195 230 280 330 400 500 

Table 6. pH-dependence of the distribution coefficient D of several metal ions of resin X. (025M ammonmm 
acetate as support electrolyte) 

Equilibrium 
PH 

Ion 
1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6,O 6.5 7.0 7.5 8.0 8.5 

Th(IV) 260 310 390 540 875 1330 
Cu(I1) 45 65 80 120 165 215 245 250 250 250 250 250 250 225 170 
Zn(I1) 10 65 145 220 300 375 450 530 610 685 760 760 660 570 
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pH 5.0 pH 3-O 

Fraction Fraction 

pH 4.0 pH 2.0 

Fraction Fraction 

Fig. 7. pH-dependence of breakthrough curves of various ions on resm VIII, with O.lM 
ammonium acetate as support electrolyte. 

o &I’+. l Mg”.b Ca”. Q Pb2’.e Zn2’.@ La3+.@ Th4+ 

pH 5.0 pH 3.0 

Fraction Fraction 

pH 4.0 pH 2.0 

Fraction Fraction 

Fig. 8. pH-dependence of breakthrough curves of various ions on resin IX. with @lM ammonium 
acetate as a support electrolyte. 

0 Cu”. 0 Mg’-. 0 Ca’+.O Zn”. 0 La3+. 0 Th“+ 
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Fraction 

Fraction 

Fig. 9. Separation of binary mixtures on resin VIII. 
A: Ca + Mg from Pb; 5: La from Th. Column 0.5 x 15 cm, flow-rate 04 ml/mm. Column precon- 

ditioned with O.IM ammonium acetate at pH 3.0. 

The selectivity of both resins decreases in the order Cu > Th > La > Zn > Ca > Mg. 
The difference in selectivity at various pH values for different ions was utilized for the sep- 
aration of some binary mixtures of ions. The conditions for sorption were chosen such 
that only one type of ion was quantitatively sorbed, other ions being sorbed slightly or 
not at all. 

Separation of’ mixtures 

The optimum pH range for separation of different mixtures was found to be 20-3.0. 
Under these conditions, Ca’+, MgZf and Sr2+ passed quantitatively through the column. 
Zn’+ and La3+ ions being partly sorbed. For their elution hydrochloric or perchloric acid 
at pH l-5-14 was used. If thorium was separated on resin IX the last traces were removed 
from the resin with a 1--2x, solution of ammonium carbonate. Other elements sorbed 

Ku 2+ Pb2+) were sharply eluted with 10-l.SM hydrochloric or perchloric acid. 
The’data in Tables 2-6 give a great deal of information for possible separation of metal 

ions in mixtures. For instance, magnesium may be separated from calcium and strontium 
with resins VI, VIII, and X at certain pH values based on their separation factors. Some 
results of separations of various binary mixtures are presented in Fig. 9 and Table 7. 
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Table 7. Separation of mixtures 

Resin Metal 
Taken. 

,,I(, 
Found, 

my 
Error, 

mg 

VIII 

VIII 

IX 

VIII 

VIII 

VIII 

VIII 

VIII 

VI 

IX 

VIII 

VIII 

Th 11.53 
Mg 2.50 
CU 6.46 
Mg 2.50 
CU 6.46 
Mg 2.50 
cu 646 
La 9.47 
Pb ‘I.14 
Ca 4.06 
Pb 21.20 
Mg + Ca 643 
Pb 21.20 
Zn 662 
Th 11 46 
La 9.27 
cu 6.46 
Mg 2.50 
Th 22.50 
Ca. Mg. Sr 5231 
cu 12.92 
co 2.50 
Na 250 ml of IM NaNO, 
cu 3.22 

11.50 
2.50 
644 
2.50 
6.42 
2.50 
6.50 
9.38 

21.60 
4.00 

21.45 
6.43 

21.10 
663 

II.33 
9.31 
6.40 
2.50 

22.01 
52.35 
12.88 
2.52 

3.19 

- 0.03 
OGO 

- 0.02 
0.00 

-0.04 
OGO 

+ 0.02 
- 0.09 
+ 0.46 
-0.06 
1-0.25 

0.00 
-0.10 
+0.01 
-0.13 
+ 0.04 
- 0.06 

0.00 
- 0.49 
+ 004 
-0.16 
+ 0.02 

- 0.03 

Separations were carried out at pH 3.0 or pH 2.0. 

Table 8. Swelling properties of resms in water and hydrochloric acid. 

Ion 
Resm VIII. Resin IX, Swelling 

nil/g nil/g rnedmm 

Na’ 
Ca’ - 
Ma’+ 
SrY- 

Zn’+ 
Ca” 
Co”’ 
Ni’ - 

La” 
uo:’ 
Cu’: 

Pb’- 
Th’- 
H’ 
H - (control) 
H- 
H- 
H- 
Water regain 
H- 

218 2.40 water 
2.06 2.06 water 
2.18 2.13 water 
2.03 2.06 water 
2.06 1.98 water 
2.00 2.00 water 
2.05 2.06 water 
206 2.08 water 
2.01 2.00 water 
1.98 1.96 water 
1.98 1.96 water 
1.98 1.94 water 
2.00 1.90 water 
1.95 1.90 water 
1.95 1.91 water 
1.93 1.90 @lM HCl 
1.98 1.95 l.OM HCI 
2.03 2.01 6.OM HCI 

0.375 @403 water 
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Swelling properties of the resins in water and hydrochloric acid 

It is known thaf chelating resins such as Chelex 100 tend to swell considerably when 
complexed by multivalent metal ions, and the swelling properties of these new chelating 
resins were investigated both in water and in hydrochloric acid media. 

Approximately 0.300 g of air-dried resin in the H+ form was placed in water for 24 hr. 
The resin was then converted into the desired ionic form by an exchange reaction with 
a O-l-0*15M solution of the appropriate metal nitrate in 0.15M ammonium acetate 
adjusted to pH 6.0. For La3+, Co”, Pb2+, and Th4+, and pH was adjusted to 4.5-5-O. 
Approximately 80% of the resin capacity was converted into the desired ionic form; it is 
difficult to obtain lOOo/ conversion, because of hydrolysis. After rinsing with water, the 
resin was transferred to a l*O-ml cylinder (readable to 0.01 ml) and gently tapped until no 
further packing could be detected. The results are shown in Table 8. 

Generally the swelling volumes are in good agreement with the selectivity series of these 
resins. The ion for which the functional groups have lowest selectivity (Mg”) gives the 
highest swelling volume. 

Usually the swelling volume of resins in the H’ form in different concentrations of hy- 
drochloric acid decreases with increasing acid concentration. The present results show the 
opposite trend. With Dowex A-l as a reference resin, resins VIII and IX were treated in 
various hydrochloric acid solutions. It may be concluded that the two resins showed 5y0 
swelling or less for most ions except Na + and Mg’ +. 
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Zusammenfassung-Eine Reihe von Ionenaustauschharzen, die -COCHZN[(CH2),COOHJ,- 
Gruppen enthalten, wurde hergestellt. Weitere analoge Verbindungen wurden durch Umsetzung 
der Carbonylgruppe mit Phosphortrichlorid oder Thioglykollure gewonnen. Die Eigenschaften 
dieser Harze und lhre Selektivitlt fiir verschiedene Metallionen wurden ebenfalls untersucht. 

Rti&On a synthbid unestrie de &sines &changeuses d’ions contenant des groupes-COCHZN 
[(CH2)“COOH]2. On a prepare des analogues supplhentaires au moyen de la reaction du groupe 
carbonyle avec le trichlorure de phosphore ou l’acide thioglycolique. On a aussi ttudie les prop&&s 
de ces r&sines et la s&ctivitt pour differents ions m&alliques. 
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Summary-Complexatlon of iron(II1) with several pyridmols has been studied and used in selective 
detection and determination (spectrophotometric and chelatometric) of the metal. Iron(III)-pyri- 
dinol complexes are also used as indicators in acid-base titrations. A thiol group vicinal to a phenol 
group in a pyridine molecule provides a reagent that is a suitable hgand for palladium(II) deter- 
mination Stabihty constants of bivalent metal complexes with pyridinols have been determined 
potentiometrically. 

Sommer and BartuSek’ have reviewed the extensive work on metal complexes with hyd- 
roxy derivatives of benzene. It was thought of interest to study the chelating capabilities 
of similar co-ordinating centres on heterocyclic analogues of benzene. The presence of the 
heterocyclic nitrogen atom considerably affects the co-ordinating characteristics of the 
substituents and the properties of the resulting metal complexes. Several pyridinols (Table 
1) were therefore examined and this communication reports the complexing abilities of 
these compounds and reviews the earlier work. 

Table 1 

Pyridinol source E, l.mole-‘.cm-’ 

2%Dihydroxypyridine (DHP) 

2-Ammo-3-hydroxypyridme (AHP) 

5-Chloro-2.3-pyridinediol (CPD) 

.;-H!d~o\!p!rldlnc-‘-thiol (HPT) 
h-Methyl-2-hydroxypyrldlnr-?- 
carboxyhc acid (MPC) 
i-Hydroxypyridme-2carboxylic 
acid (HPC) 
7-Hydroxy-2-picolinamide (HPA) 

Aldrich Chemical Co., 
U.S.A. 
Aldrich Chemical Co.. 
U.S.A. 
K & K Laboratories. 
U.S.A. 
Fluk;~ AG. Swit7crland 
K & K Laboratories, 
U.S.A. 
Fluka AG, Switzerland 

Fluka AG. Switzerland 

240; 298 4.4 x 103; 7.5 x IO3 

235; 300 5.8 x 103;66 x lo3 

245; 305 44 x 103; 6.1 x lo3 

275; 360 9.1 x 10”; 1.1 x lo3 
235; 315 6.7 x 103;9.6 x lo3 

230: 300 5.6 x 103; 7.2 x IO3 

220; 300 7.6 x 10”; 7.4 x lo3 

?.3-Dih!,d~os!p!,ridilte (DHP) 

This reagent was first applied to spectrophotometric determination of iron(II1) by 
Katyal et al.’ Later, more systematic studies of the ligand3 and its complexing ability were 
reported by several workers. 4-7 The reagent was also used in chelatometric determination 
of iron.* The reagent is now used for chelatometric determination of vanadium, and its 
iron-complex in acid-base titrations, as described below. 

Take an aliquot of vanadium(IV) solution containing 0.5-2.5 mg of the metal, add 10 ml 
of sodium acetate-hydrochloric acid buffer so that the pH is between 3.6 and 4.6, add 
about 4 ml of I”,, DHP solution (in ethanol) and dilute to about 25 ml. Allow 5-10 min 
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for full development of the reddish-brown colour. then titrate slowly with 0.01 M EDTA 
added from a microburette. The disappearance of the colour shows the end-point. 

Tolerances for other ions (in terms of w/w ratio to vanadium) are: CN-,NO;, Cl-, Br-. 
I-, SOb2-, citrate, tartrate, BOJ3- and Mg2+ (lo&fold); IO; @O-fold); Cal+. Sr2+ and 
Ba” (lo-fold); A13+ and Sn4+ (6-fold); Cu2+ and Ni2+ (j-fold. if masked with CN-). 
NO;, Cz04 2-, Zn2+, Cd2+, Pb2+, UOz2+, MnZf and Co” interfere. 

DHP forms two stable complexes’ with iron(III), a blue 1: 1 complex up to pH 2.0 and 
a red 2: 1 (DHP: iron) complex at pH > 3.5. The colour change can be used for end-point 
indication hi titrations of strong acid us. strong base. Mix 2.5 ml of ferric perchlorate solu- 
tion (iron 1 mg/ml) with 25 ml of 1% DHP solution (in ethanol). Adjust the pH to 7.0, with- 
out increasing the volume to > 30 ml. 

To 10.0 ml of z O*lM strong acid add 0.5 ml of indicator; a deep blue colour develops 
instantly. Titrate with standard sodium or potassium hydroxide solution to the appear- 
ance of a red colour. The end-point is sharp, and reproducible within +0*2’!. The 
titrations can be done in the reverse direction. The apparent indicator constant, pKi, is 
2.3, which limits use of the indicator to titration of acids (or bases) that are 3 0.1 N. The 
indicator solution is stable for several weeks. 

Filter paper impregnated with DHP can be used to detect iron(II1). Whatman No. 1 
paper is soaked for 1 hr in 1% DHP solution (in methanol), then dried at room tempera- 
ture and cut into strips. A drop of acidified test solution (- 2M in hydrochloric acid) is 
placed on the paper. Appearance of a blue spot which turns red on addition of 2 drops 
of 1 M sodium hydroxide indicates iron is present. The minimum detectable concentration 
is O-2 /lg per drop. Amounts of foreign ions (in pg/ml) which do not interfere are: 10000 
ofCH,COO-. Cl-. Br-. I-, NO;. SO;-, SOi-. Ag’, Mg”+, Ca’+. Sr’+. BaZC, Zn’+, 
Cd’+, Hg’+, A13+, Pb’+, As3+, Bi3+, Cr3+, Mn2+, Co’+ and Nil+; 5000 of citrate; 4000 
of Pd2+; 1000 of F-, S2-, NO;, S20s2-, C2042-r POd3-, Li+, Cu2+, Tl+, Sn4+, Sb3+, 
Ta’+, MO 6+, W6+, Ru3+, Os8+, Ir3+ and Pt4+; 500 of Th4+ and UOi+ ; 200 of Be’+ 
and Nd3+; 100 of Ga3+, Ti4+, Zr4+, Hf4’ and V5+. 

2-Amino-3-hydroxypyridine (AHP) 

AHP reacts similarly to DHP with iron(II1) but the complexes are not very stable and 
the absorbance varies with time. Stability constants of bivalent metals with AHP. in 
aqueous and in 507; dioxan medium. have been reported. The order of stability is UO1 > 
Cu > Be > Pb > Zn > Ni > Co > Mn. 

AHP forms a violet-red I: 1 complex (i.,, 510-525 nm; E 446 x lo3 1 .mole-‘.cm-L) 
with ruthenium(III), which can be used for selective determination of the metal.” 

5-Chloro-2,3_pyridinediol (CPD) 

Addition of a few drops of an ethanolic solution of CPD to an acidic ferric solution 
results in a blue complex which changes to red at higher pH (boric acid-sodium hydroxide 
buffer). The characteristics of the two complexes are summarized in Table 2. The amounts 
of foreign ions (pg/ml) tolerated in estimation of 2.5 pg of iron per ml in O*lM perchloric 
acid medium are: 500 of CH3COO-, NO;, NO;, Cl-, Br-, S042-, citrate, tartrate or 
B0,3-; 250 of Ag+, Ca2+, ST’+, Bat+, Zn2+, Hg’+, A13+, Pb2+, Bi3+ or Mn2+; 150 of 
Cu2+, UOz2+, Co’+ or Ni2+; 50 of Th4+, As3+, Sb3+ or Sn4+; 20 of P043- or Pd”; 
IO of F-, C2042- or Zr4+. I-, IO;, S2032-, EDTA Cr3+ and Mo6+ interfere. The red 
complex gives a rather more selective and sensitive determination of iron. The amounts 
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Table 2 Charactertsttcs of iron(lII) complexes 

Characteristic CPD 
Pyridmol 

CPD HPC HPA 

Coloul 
/ _,,,,,\. 11111 

e. I ,rlollJ- i “I,, i 
pH for formatton 

Medium 

Composttion 
(tron:pyrtdmol) 
Beer’s_law range 
(iron concn.. pgy!rft/) 
Accurate range of 
determmatton. ~g’rnl 
Molar excess of 
pyrtdmol needed for 
full colour development 
Std. devn. from 10 
observations (iron concn. 
m pp,n: mean absorbance) 
Apparent stability 
constant at 25 C 

Blue Red 
560 515 
2.5 x lo3 5.4 X IO” 
From 1M HCIO, 3-11 
topH25 
50” ethanol 
and”O.lM HCIO, 

50”,, ethanol 
and pH _ 9 

I:1 I:2 

up to 10 Up to 5.6 

2.2-7.2 I .7-5.0 

ISfold 6-fold 

OGK! oQO3 
(2.78; 0,125) (2.78: @260) 

3.8 X IO3 2.4 x 10s 

Yellow 
390-405 
3.7 X lo” 
3.5-5.0 

Aqueous and 
pH 4 4 
I:1 

up to 7.9 

- 

1 O-fold 

ONI’ 
(4.14; 0.285) 

8.0 x IO3 

Red 
480-500 
1.6 x IO3 
0.8 

50” ethanol 
and’pH 1.5-3.0 
I:1 

up to 11.5 

20-fold 

OGOl 
(5.58; 0.160) 

1.7 x IO4 

of foreign ions (pg;ml) tolerated in estimation of 2-5 ,ug of iron per ml at pH 9 are: 500 
of CH,COO-. NO;. NO;, Cl-, Br-, I-. IO;. S04’-, tartrate, Sr’+ or Ba’+; 250 of 
S203’-. PO,“-. Ag’ or Ca”: 200 of A13’. As3+. Sb3’ or Sn4+: 100 of citrate. Pb’+ 
or Mn’ + : SOofF-.Zn”, Hg”. Th4’, Bi”+. Mob+, Co”. Ni’+ or Pd”; 25 ofC204’-, 
Cu2+ or Zr4+. The presence of EDTA, Cr3+ or UO,‘+ interferes. 

Both iron(III)-CPD complexes are easily decomposed by EDTA; this fact is utilized in 
chelatometric determination of iron at pH 14-3.2. 

Adjust the pH of the iron solution (l-10mg of iron) to 14-3.2 with hydrochloric acid 
or sodium acetate-hydrochloric acid buffer. Add 0.40.8 ml of CPD solution (0.004M in 
ethanol). dilute to about 20 ml, and titrate slowly with O.OlM EDTA until the blue (pH 
below 3.0) or red (pH above 3.0) colour completely disappears. When the amount of iron 
in the original solution exceeds 3.0 mg, the end-point is given by the appearance of the 
pronounced yellow colour of the iron(III)-EDTA complex. The effect of various ions on 
the determination of iron in the pH range 29-2.8 is shown in Table 3. 

The iron(IIItCPD system. used as an acid-base indicator. has a pK, = 2.8. and is less 
stable than the DHP indicator. 

The stability constants of complexes formed by CPD with bivalent metals were deter- 
mined in 50”, dioxan medium. the method of Bjerrum and Calvin as modified by Irving 
and Rossotti’ ’ being used to obtain values of 6 and pL which were plotted to obtain the 
formation curves. K 1 and Kz were calculated by the correction-term method of Irving and 
Rossotti. I2 Table 4 gives the results. in order of decreasing stability. From the log K, 
values of complexes formed by metal ions having 3d5-3d9 configurations, the 6H values 
were calculated (Table 4) according to the method described by George and McClure.i3 

HPT reacts with iron(II1). forming three complexes-green (up to pH 3.0). blue (pH 3Q- 
1 142) and red (pH > I I .O). The green complex contains the reactants in 1: 1 molar ratio14 
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Table 3. Effect of various ions on determination of 1.117 mg of iron(II1) (= 200 ml of O.OlM EDTA). with CPD 
as indicator 

Foreign ion added 

Cl-. Br-, S04*- 
Thiourea 
Gp$_tartrate, BO,‘- 

Pd$ 
.S20,2- 
c2042- 

;;N- + 

Th”’ 
MO” . W”. 
ZrO’ 
Al” 
Cd’+, Hg2+ 
Ti4+ 
cu2+ 
Sb’+ 
Zn’ + 
Pb2+, Co’+, Mn2+ 

Amount of 
foreign ion 
added, mg 

100 
60 

Vol. of O.OlM 
EDTA soln. 

used, ml 

2.00 
2.00 

Masking agent 

- 
- 

20 
10 

2.00 
2.00 + 0.01 

2.00 
2.01 
1.98 
2.01 
2.00 
20-l 
200 
2.01 
2.00 
2.00 
2.01 
2.01 
2.01 
2.02 

2+lO + 0.01 

- 

7 
5 
4 
3 

10 
IO 

- 

- 
- 
- 

Chloride 
Citrate 
Tartrate 
Tartratc 
Acetate 
Citrate 
Tartrate and fluoride 
Thiourea 
Tartrate 
Tartrate 
Acetate 

Iodide and Ni2+ Interfere at all concentration levels. 

up to pH 1.0, and 1:2 (iron:HPT) at higher pH. The characteristics of the complexes and 
their use in spectrophotometric and chelatometric determination of iron(II1) have been de- 
scribed.‘4*‘5 The complexation of Pd2+ with the ligand is now reported. 

HPT forms a yellow 1: 1 complex with Pd2+ (J,,,,,, 410 nm; 4.5 x lo3 1. mole- ‘. cm- ‘) 
in acid medium. The complex was studied in SOY0 aqueous methanol medium. The absor- 
bance is maximal and constant in 0*25-2*OM hydrochloric acid medium. A S-fold molar 
excess of the reagent is sufficient for full colour development; larger ratios do not affect 
the colour. Between 4.2 and 12.6 pg of Pd2+ per ml can be accurately determined. The 
procedure is as follows. To a suitable aliquot of Pd2 + solution in a lo-ml volumetric flask, 
add 2.5 ml of O*OlM HPT (in methanol), followed by sufficient hydrochloric acid to make 
its final concentration about 1M. Dilute with methanol and water to make the solution 
50”/, (v/v) methanol. Measure the absorbance at 410 nm against a reagent blank. The stan- 
dard deviation of the method is 0002 (mean absorbance 0.435 for Pd concentration 
10.6 ,ug/ml). 

The tolerance limits for various ions bg/ml) in determination of 5-O pg of PdZc per ml 
are’ Cl-, NO;, S032-, SOb2- (750); F-, Br-, tartrate, B033-, P043- (650); ZnZC. Cd2+, 
A13”, Pb2+ (500); citrate, As ‘+, Sn2+ (300); SCN-, C2042-, Ag’ (250); UO,‘+, Th4+. 
Ce4+ (125); Hg2+, Zr4+, Mn2+. Ni2+ (50); Cu’+, Co’+ (35); IO; (20): Rh3+. Ir3+ (7). 
Thiourea. SIOi-, EDTA. Bi3+, Cr3+. MO”+. Ru3+, OS*+ and Pt4’ interfere. 

The method compares favourably with others using thiols, r.y., Bismuthiol I and Bis- 
muthiol II ” The PdZf-HPT complex is stable. The Sandell sensitivity is fairly good 
(0.024 pg/cm2 for O*OOl absorbance). 

Stability constants and 6H values for some bivalent metal complexes of HPT were deter- 
mined potentiometrically in 50% aqueous dioxan (Table 4). 
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Table 4. Stability constants of blvalent metal complexes and thermodynamic stabilization energy (6H) of the 
transition metal complexes with pyrldinols 

CPD HPT MPC HPC 

Cation loi? K, log Kz 6H log K, log K, bH dH log A, log K, 6H 

lJ0z2+ 7.94 7.32 - - - - - - - 
$1 7.62 6.65 7.01 6.02 26 - 8.42 8.06 7.84 7.66 - 27 - 25 5.25 5.08 4.88 5.02 - 25 

Fe’ + 6.52 5.89 18 7.80 7.28 19 17 5.02 4.46 18 
Niz+ 6.01 4.98 33 7.66 6.98 35 32 4.60 3.82 33 
co’+ 5.82 4.6b 24 7.01 6.31 25 23 4.40 3.32 24 
Cd2 + 5.62 4.58 - 6.86 5.98 - - - - 
Mn’ + 5.32 - - 5.60 - - - 3.9 1 2.84 - 
Mg2+ 4.52 - - 5.32 - - - - - - 

6-Methyl-2-hydroxypyridine-3-carhosylic acid (MPC) 

The spectrophotometric study of iron(II1) complexation with MPC and stability con- 
stants of bivalent metal complexes with the ligand have already been reported.” From 
reported log K, values the 6H values have been calculated (Table 4). 

3-Hydroxypyridine-2-carboxylic acid (HIT) 

The characteristics of the iron(II1) complex with HPC in aqueous medium are summar- 
ized in Table 2. The procedure for iron(II1) determination is as follows. 

To an iron(II1) solution containing 16-77 pg of the metal add 5.0 ml of O*OlM HPC (in 
water). Adjust the pH to _ 4.0 with perchloric acid and sodium hydroxide solution and 
dilute to 10.0 ml in a standard flask. Measure the absorbance at 400 nm against a reagent 
blank. 

The tolerances for other ions (pg/ml) in determination of 28 pg of iron per ml are: Cl-, 
BY. NO;, NO;, CH&OO-, SOd2-, citrate, tartrate, B033-, Pb2+ (500); POh3-, Ag’, 
Cd’+, As3+ (400); Zn’+ (350); thiourea (300); A13+, Sn4+ (250); Bi3+, Ni’+ (200); Co2+ 
(150): Th4+. Ce4+ (125); I-, Hg’+. UOz2+ (100); F-. Mn2+ (50); Mo6+ (40); S203z-, 
Ga3+ (35): Pd” (4. after masking with citrate). Ag+. Ga3’, Sn4+ and Bi3+ give a precipi- 
tate which can be separated by centrifuging before measurement of the absorbance. SCN-, 
EDTA. CLI’+ and Cr3+ interfere seriously. 

Some stability constants and 6H values are given in Table 4. 

3-Hydrosy-2-picolinarnide (HPA) 

The characteristics of the iron(IIIkHPA complex are given in Table 2. The procedure 
for the determination of iron is as follows. To a suitable aliquot containing between 20 
and 100 pg of iron(III), add 2.5 ml of 0*02M HPA (in ethanol). Adjust the pH to 5 2.0 with 
dilute perchloric acid and sodium hydroxide solution, dilute to 10.0 ml in a standard flask, 
making the ethanol concentration 50% v/v. Read the absorbance at 480-500 nm against 
a reagent blank. 

In determination of 5.6 /cg of iron per ml. the tolerance limits for various ions are: Cl-, 
Br-. NO;. NO;. CH,COO-. SO:-. BO:-. Pb” (500); Zn”, A13+. Th4’ (400); 
Hg” (250): thiourea (200): Ce”. UO,” (130); MO”+ (100); tartrate. Ag+, Cd’+, Ga3+, 
Sn4+. Mn’+. Pd’+ (50): Co”. Ni’+, Ru3+. Rh3’. Ir3+. Pt4+ (X-30). 
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DISCUSSION 

In the iron(III)-HPA complex (involving an amide group and a hydroxy group in posi- 
tions 2 and 3 respectively), a six-membered ring is formed and the molar absorptivity is 
lower than that of the iron(II1) complexes with DHP, AHP, CPD or HPT (all forming 
five-membered chelates). 

When the hydroxy group is in the 2-position the ligand behaves as a lactam tautomer 
at low pH and the resulting iron(III)-complex is yellow, as seen in the case of MPC. On 
the other hand, although the hydroxy group is in the 3-position in HPC. the iron(III)-com- 
plex is yellow because the chelation involves co-ordination of the heterocyclic nitrogen 
atom and the carboxyl group in the 2-position. 

Thus to develop heterocyclic phenolic compounds as sensitive reagents giving intense 
colours with iron(III), it is essential to have the hydroxy group in the 3-position along with 
a suitable co-ordinating group in the 2-position which would form a five-membered che- 
late rather than a six-membered one. These observations were later applied in developing 
the use of pyrimidinols18 as selective and sensitive reagents for iron(II1). The pyridine 
molecule (I) contains two ring nitrogen atoms separated by one carbon atom. Each 
nitrogen atom reinforces the electronic effect of the other on the 2- and 4-positions. As 
the hydroxy group at the Sposition is affected only by the inductive effect of the two 
nitrogen atoms, it will resemble the 3-hydroxy group in the pyridine molecule. Thus the 
mode of reactivity of 2,4,5_trihydroxypyrimidine (II) towards iron(I11)18 was found to be 
similar to that of DHP. Also. the compound 

0 H”gJoH Hooc~JoH 
(I) (II) (III) 

2,4-dihydroxypyrimidine-5-carboxylic acid (III) gives a yellow colour with iron(II1). as 
expected from the complexation of the analogous pyridine compound, MPC. 
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Zusammenfassung-Die Komplexbildung von Eisen(III) mtt mehreren Hydroxypyridinen wurde 
untersucht und beim selektivenNachweis und der Bestimmung (spektrophotometrisch und chela- 

tometrisch) des Metalls verwendet. Eisen(III)-Hydroxypyridin-Komplexe werden such als Indi- 
katoren bei S&ire-Basen-Titrationen gebraucht. Eine zu einer Phenolgruppe in einem Pyridin- 
molekiil benachbarte Thiolgruppe liefert einen zur Bestimmung von Pd(I1) geeigeten Liganden. 
Die Stabilitatskonstanten zweiwertiger Metallkomplexe mit Hydroxypyridinen wurden potentio- 
metrisch bestimmt. 

R&urn6 La complexanon du fcr (III) avcc plusteurs pyridinols a etc Ctudtce et utihsie dans la 
dctcctton ct Ic do~gc aelcctllb (spcctrophotometrlquc et chelatomttrtquc) du metal. Les complexes 
lcr 1111) l~\rtdtnol wnt ;IU\U utilt& commc tndtcatcur\ dans Its tttragcz actde~ base. 1111 groupe- 
mcnt thtol \~c~nul d’un groupcmcnt plxz~~ol~qt~s dam unc molcculc pyridunque fournit un rcacttf 
CJLII cst un coordmat convcnahlc pour Ic dosage dc Pd (Ill. On a dctcrmmc potcntiomctriquemcnt 
Its con~tanta~ Jc stnhtlnc de complcxcs de metaux btvalcnts avec Its pyrtdmols 
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DETERMINATION OF MICROGRAM QUANTITIES OF 
GADOLINIUM BY CATHODE-RAY POLAROGRAPHY 

(Received 18 October 1973. Accepted 27 February 1974) 

Gadolinium has been used as a target material for producing dysprosium-157 by bombardment with alpha-par- 
ticles from a medical cyclotron.’ After separation of the radioactlve dysprosium in a carrier-free state from the 
bulk of the gadolinium, the product must be checked for gadolinium contamination before it can be administered 
for clinical use. A rehable method for the determination of microgram quantities of gadolinium was therefore 
needed. 

Rare earths have been determmed by classical d.c. polarography ‘J in O.lM potassmm chloride as supporting 
electrolyte. It has been shown.3 however, that of the two waves reported.’ the first (E,,, - 1.5 V) is due to reduc- 
tion of hydrogen Ions ansmg from hydrolysis of the rare-earth aquo-ion and the second (Elf2 - 1.8 V) is due 
to the three-electron reduction of the rare-earth ion. The work was done with acidic solutions of gadolinium. 

In the present studies. attempts were made to reproduce these results, but by usmg a cathode-ray polarograph 
m the derlvatlve mode. A standard gadolimum solution (1 mg/ml) was made up in 03M nitric acid. To 5 ml 
of 0,lM potassium chloride. m an electrolytic cell containing a mercury pool electrode, were added 5-35 ~1 of 
the gadolimum stock solution to obtain a final gadolinium concentration of l-7 pg/ml (the nitric acid con- 
centration varied from 3 x 10m4M to 2.1 x 10Y3M). 

Two well-separated polarographlc peaks were obtained at about - 1.55 and - 1.75 V, the amplitude of which 
increased with increasing gadolinium concentration. A typical set of polarograms IS shown in Fig. 1A. 

However. It was noticed that ldentlcal polarograms of increasing amplitude were also obtained when 0.3M 
nltrlc acid (which contamed no gadolimum) was added to a fresh lot of electrolyte. so that the final strength 
of the acid m the potassium chloride electrolyte still lay m the range 3 x 10-4M-2,1 x 10m3M. For a quahtatlve 
comparison a set of such polarograms 1s shown in Fig. 1B. Similar observations were also made after the addition 
of hydrochloric. sulphuric or acetic acid. Under these conditions, therefore, the peaks observed did not seem 
to be due to the g;ldolmlum at all hut only due to the acid solutions. 

Non-aqueous soluttons have also been studied with a view to faclhtating the determination of rare-earths. Pey- 
chal-Heiling and Gutmann used 1.2-propanediol carbonate as solvent and tetraethylammonium perchlorate as 
supporting electrolyte with some success. The limits of detection were around 0.03 pg/ml, but the Eli1 values, 
and the diffusion currents were markedly affected by varying contammation by water. Moreover, It would not 
be very convenient to obtain our dysprosium samples m the non-aqueous solvent. 

Azo-dyes which form complexes with metal ions have been used for the polarographic determination of alu- 
mmmm.z and several other Ions including lanthanum.6 As the waves were not very distinct. Palmer and 
Reynolds6 preferred to use derivative polarography. and found limits of detection of around 05-10 pg/ml in a 
pH 13 buffer containing plperidine. with Solochrome Violet RS as azo-dye. It was decided to test the apphcability 
of this method to the determination of gadolinium. 

EXPERIMFNTAL 

Srar~dord yudolrr~rum solurrou. 1 rl~y/rnl. Gadolmium foil (Koch-Light Laboratories) was &solved m concen- 
trated mtrlc acid. the solution evaporated to dryness and the residue redissolved in 0.3M nitric acid. 

Solochrorne L’ioler RS. 0.05”, solurro~l 111 water. 
Drrnethylam~~. 30”, w/r solution @MA). Used without further purification. 
H>,droch/oric acid. 3M. and sodium Itydroxlde. 3M 

Procedure 

To each of five 50-ml standard flasks were added. in the following order, 20 ml of Solochrome Violet solution, 
an ahquot of the standard gadolmmm solution (0, 0.25, 0.5. 0.75. 1.00 ml), 1.5 ml of 309; DMA solution, 3.4 ml 
of ?A4 hydrochloric acid. and 5 ml of 3M sodium hydroxide. Water was added to dilute the mixture to about 

771 
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Fig. 1. Polarograms of nitric acid in O.IM KCI medium (A) with and (B) without gadolimum. 
(A) [Gdl: (a) 1, (b) 2. (c) 3. (d) 5. (e) 7 &ml: CHNOJ (a) 3 x 10-4. (b) 6 x IO+, (c) 9 x 10-4. 
(6) 15 x 10-q (e) 21 x 10e4M: sensitivity (a) 25, (b) 40. (c) 60. (d) 100. (e) 250 nA full-scale deflec- 
tion. (B) [HNO,] as for (A): sensitivity (a) 25. (h) 60. (c) 100. (s) 250. (e) 400 @A full-scale deflection. 

45 ml and the flasks were heated in the water-bath at 70” for 15 min. After cooling. the solutions were made 
up to the mark and the derivative polarograms were recorded. 

The dye alone gives a peak at -0.75 V, which has been ascribed to a four-electron reduction step.’ In the 
presence of gadolmium a second peak appears at -0.95 V (Fig. 2). Upon addition of an increasing amount of 
gadolinium the second peak increases and the first decreases. 

Eflect ofpH 

The heights of both peaks depend on the pH of the solution (Fig. 3). Although at pH 9-10 the first peak remains 
fairly constant, It was decided to work at pH 12.5 which gives a slightly higher sensitivity for gadolinium. 

Effect of liyand concentrution 

Increased amounts of gadolmium were added to the same amount of Solochrome Violet as descrtbed under 
Procedure, and the peaks recorded. The results are shown in Fig. 4. A final dye concentration of0.02”, IS adequate 
for up to about 600 peg of gadolinium in 50 ml (I 2 pg/ml). 

Effect of heating time on complexjtirmation and limits of detection 

Most of the metal ions which react with Solochrome Violet do so only slowly at room temperature. This also 
applies to gadolinium. In a series of experiments the peak-height was found to increase with length of heating 
up to 15 min and thereafter to remain constant. 
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CGdl pg/ml 

Fig. 4. Calibratton graph. 

The response is linear for the determination of @5-12 &nl gadolinium concentrations (coefficient of varia- 
tion = + 167%). Above this concentration the peak height falls rapidly. This is in agreement wtth the observation 
made by Palmer and Reynolds6 

Interferencefiom other metals 

A number of other metal ions were added, in the absence of gadolinium, at concentrations of 5 pg/ml and 
polarograms were recorded. The results are summarized in Table 1. 

Table 1. Interference from other metal ions 

Element E,, t Remarks 

Fe’ + 
cl?+ 
Zn’ + 

$*++ 

A? + 
Rh’+ 
Ho3+ 
Y’+ 
La’ + 
U(VU 

0.83 
0.83 
0.79 
0.8 
- 

0.96 
0.96 
0.X 
0.75 
0.85 
@73 

W.D. irreversible 
Small, irreversible 
W.D., irreversible 
Small, irreversible 
No wave 
Very small. irreversible 
Very small. irreversible 
W.D. irreversthle 
W.D. irreverstble 
Small. irreversible 
W.D. irreversible 

W.D. = Well defined. 

It is perhaps noteworthy that aluminium does not interfere. Arsenic and rhodium interfere even at low con- 
centrations, while moderate concentrations of the other ions could be tolerated, as long as the peaks do not over- 
lap, and the ions do not preferentially complex the Solochrome Violet. 

Pmty of reagent and stability of the complex 

Some solutions were prepared with Solochrome Violet twice recrystallized from 50 % methanol,’ but no differ- 
ence in the peak heights or potentials was noticed. Solutions stored for five days before measurement also gave 
unchanged polarograms. 

OIS( 1 CIION 

Although the use of 0.1 M potassium chloride as electrolyte is well established for rare-earth analysts by classi- 
cal d.c. polarography, its use with fast sweep cathode-ray polarography is impracticable. The second peak 
observed here. which can easily be mistaken for the metal peak, may either be due to the discharge of potassium 
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and overlap the feeble gadollnmm pcah or due IO the dllkrent hehaviour 01” the catalytic reaction under the condt- 

tions of cathode-ra) polarograph). 

For the determination of mlcrogram quantities of gadolmmm with the cathode-ray polarograph the method 
mvestlgated is satisfactory. However it is linear only m the range 05-12 pg/ml. This is attributed to the hmited 
solubihty of the ligand. 

Acknowlrdgrr,lrrlt-The author IS grateful to Dr. D. J. Silvester for his interest and encouragement, 

I. M L. Thahur and S. L Waters. J. IUO,Y. fviucl. Chcrn. 1973. 35, 1787. 
2. I M. Kolthoff and J. J. Lingane. Polaroyraphy. C’ol. II p. 435. Interscience, New York, 1952 
3. S. W. Rabideau and G. Glockler, J. A~I. Chen~. Sot.. 1948, 70, 1342. 
4. G. Peychal-Heiling and V. Gutmann, Z. Anal. Chern., 1969. 248, 6. 
5. H. H. Willard and J. A Dean. Anal. Chem.. 1950. 22, 1264. 
6. S. M Palmer and G. F. Reynolds. Z. Anal. Chem., 1966, 216, 202. 
7. T. M. Florence and G. H. Aylward. Australian J. Chem.. 1962. 15, 65. 

Summary-A cathode-ray polarographic method has been developed for the determination of mic- 
rogram quantmes ofgadolimum with the use of an azo-dye. Solochrome Violet RS. Disadvantages 
in the use of 0.1 M potassium chloride, commonly recommended as electrolyte for the polar- 
ographic determmation of rare earths. have been demonstrated. The influence of pH, temperature, 
ligand concentration and purity. and the stability of the complex, have been investigated for the 
opttmum performance of the method. The linear range is 05-12 pg/ml of gadolinium. Interferences 
by some lanthamdes and other cations have been examined. 

Zusammenfassung--Zur Bestlmmung von Mlkrogrammengen Gddolinium mit Hilfe eines Azo- 
farbstoffs. Solochromvlolett RS. wurde eine kathodenstrahlpoiarographische Methode entwickelt. 
Die Nachtelle der Verwendung von O.lM Kaliumchlorid, das gewiihnhch als Elecktrolyt zur polar- 
ographischen Bestimmung seltener Erden empfohlen wird, wurden slchtbar gemacht. Der EinfluB 
von pH. Temperatur. Konzentration und Reinheit des Liganden und die Stabilitlt des Komplexes 
wurden untersucht. urn die optlmale Arbeitsweise des Verfahrens au erreichen. Der lineare Bereich 
1st 0.5-12 fig Gadolmium pro ml StBrungen durch einige Lanthaniden und andere Katlonen 
wurden untersucht. 

R&urn&-On a diveloppt! une methode polarographlque A rayon cathodique pour le dosage du 
gadolimum en quantitis de l’ordre du microgramme avec l’emploi d’un colorant azoique, le Solo- 
chrome Violet RS. On a dCmontrt les desavantages de l’emploi du chlorure de potassium O,lM, 
habituellement recommandk comme Clectrolyte pour le dosage polarographique des terres rares. 
On a Ctudie I’influence du pH, de la temp&rature, de la concentration et de la purett du coordinat, 
et la stabilitC du complexe. pour la marche optimale de la methode. Le domaine lineaire est 0,5-12 
pg/ml de gadolinium. On a examin les interfkrences de quelques lanthanides et autres cations. 



THIOMERCURIMETRIC DETERMINATION OF SULPHUR. 
ALIPHATIC AND AROMATIC THIOLS AND 

DISULPHIDES IN HYDROCARBON 
SOLVENTS, USING REDUCTION WITH SODIUM 

ALUMINTUM bis@METHOXYETHOXY)DIHYDRIDE 

(Received 22 November 1973. Accepted 27 January 1974) 

Although numerous reagents have been proposed for reduction of a disulphide bond.’ none can be unreservedly 
accepted for general use in determination of organic disulphides and sulphur in hydrocarbon solvents. The best 
results have been obtained by using lithium aluminium hydride in tetrahydrofuran solution.’ but this reagent 
is inconvenient and even dangerous in daily analytical application. It may be expected that lithium triaikoxyalu- 
minium hydrides’ would be more suitable. 

In this work a new reagent, sodium aluminium bis(2-methoxyethoxy) dihydride. NaAIH,(OCH,CH,OCH,),. 
(proposed abreviation SAMD), supplied by EGA Chemie KG* as a 70% solution in benzene. has been mvesti- 
gated as a reducing agent for the disulphide bond and proved to be active, convenient in use. and stable when 
kept under dry hexane. 

In earlier work. titration of thiols with sodium o-hydroxymercuribenzoate (HMB). in the presence of dithio- 
fluorescein or dithizone as indicator, was recommended. ‘.’ A new approach suggested in this work IS based on 
the observation that aromatic thiols in strongly alkaline aqueous solution consume only about 3”” of the equivalent 
amount of HMB in the presence of dithizone. whereas in aqueous alcoholic solution with dithiofluorescem as 
indicator the consumption of HMB is equivalent to total thiol and hydrogen sulphide. Moreover. according to 
previous work.‘.’ thiols react with acrylonitrile, whereas hydrogen sulphide does not. In this way hydrogen sul- 
phide and aliphatic and aromatic thiols can be determined in the presence of each other and the same procedure 
can be applied to sulphur, aliphatic and aromatic disulphides after reduction with SAMD. 

EXPERIMENTAL 

Reagents 

HMB solution, ca. 0.05N. Prepared by dissolving 16g of o-hydroxymercuribenzoic acid anhydride in 100 ml 
of IM sodium hydroxide and diluting to I litre. For standardization weigh 2&80 mg of pure diphenylthiourea 
(equivalent weight 114.15), dissolve it in 20 ml of ethanol. add 2 ml of M sodium hydroxide. heat for I min m 
boiling water and titrate with HMB in the presence of dithiofluorescein as Indicator. Dilute the standardized 
solution of HMB with @OlM sodium hydroxide to IO-‘. 10V3 and IOmaN. in water and m 50”,, c,v aqueous n- 
propanol. 

Dithioj7uorescein solution. Dissolve 5 mg of dithiobuorescein in 5 ml of 0.3M potassium hydroxide contamrng 
0.1% of EDTA, and dilute with 96% v/v ethanol to 50 ml. Keep the solution in a brown bottle in the dark. Use 
0.2 ml per titration. 

Dirhi:one solution. Dissolve 5 mg of dithizone m 50 ml of 969, v/v ethanol and keep the solution In the dark. 
Use 02ml for titrations with IOe3N HMB, and 0.1 ml with IO-*N. When the colour of the solution becomes 
yellow-green, prepare a new one. 

SAMD. Place 5-10 ml of the reagent in a 25-ml brown bottle fitted with a TeHon stopper and fill up with heu- 
ane dried with sodium. The reagent forms a VISCOUS layer on the bottom. 

Benzene solutions of thiols and disulphides are prepared as follows. To 5 ml of I M sodium hydroxide m a 
50-ml separatory funnel add co. @5 mmole of S-alkylthiuronmm salt and 40 ml of benzene. shake. add 5 ml of 
2N sulphuric acid shake again, wash the benzene solution with water, then with sodium bicarbonate solution 
and finally water again. Standardize by titration with HMB. For preparation of a disulphide place 20 ml of this 
solution and 5 ml of aqueous O2N iodine m a separatory funnel, shake for 5-10 min. wash the benzene layer 
first with water, then with CCL O.OlM sodium thiosulphate. and if the benzene solution IS still coloured. with dilute 
sodium sulphite solution and finally with water. Filter the solution through paper and dry it with sodium sul- 
phate. The concentration of disulphide IS assumed equal to the origmal concentration of thiol. 

* 7924 Stemheim bci HcidenheimiBrcnz. Wcqt Germany 
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Proced1rrc I 

This applies to determmatlon of hydrogen sulphlde, ahphatic and aromatic thlols m the presence of each other 
m aqueous 2nf potassium hydroxide and of thiols m hydrocarbons 

((11 Tl~rols untl h.~/roy~~ sulphide. Dilute I.5 ml ofsample with 5 ml of n-propanol and titrate with a ml of 10m3N 
HMB III 50”,, v v propanol m the presence of dithiofluorescein. The end-point is indicated by the disappearance 
of the blue colour 

(h) .4/1phurrc thiol~ lrrd hpfroyrr~ sulphdc. Dilute I.5 ml of sample with 5 ml of water and titrate with h ml of 
aqueous IO-“R’ HMB. using dithzone as Indicator, to the change of colour from yellow to red (m the presence 
of aromatic thlols) or to purple 

(c) Hydrogrrl xrlphidr Dilute 1.5 ml of sample with 5 ml of water. add 0.5 ml of IO?;, v/v acrylonitrile solution 
In methanol and tnrate with c ml of aqueous IOm3N HMB. using dlthlzone as Indicator. 

(t/l Tllrols iu h~d~~octrrhom. Dilute 2-5 ml ofa hydrocarbon sample with 5 ml of propanol and titrate with HMB 
III 50”,, \ v propanol. using dlthiofluorescem as mdlcator. 

Ctrlc~ltrr~or~.s. The allphatic thlols content could be calculated on the basis of the difference h - 0,03(a - h) - c. 
and that of aromatic thiols from LI - h + O.O3(u - h). The results obtained for hydrogen sulphlde. n-propan- 
ethiol and benzenethlol are demonstrated III Table I. 

Table I. Determmatlon of hydrogen sulphlde. n-propanethlol and benzenethiol in the presence of each other 
m 5 ml of 2M potassium hydroxide 

Taken, PAL/* Found. pey 

Hydrogen Hydrogen 
sulphlde Propanethiol Benzenethlol sulphide Propanethlol Benzenethiol 

700 8.68 IO.8 6.85 9.30 10.5 
13.00 0 10.8 13.7 0.50 11.0 
0 16.7 IO.8 0.06 16.5 11.3 
7.00 0 21.6 7.03 0.33 21.7 
5.66 6 70 15.3 5.30 6.84 15.7 
8.50 IO.0 6.50 7.96 10.7 6.32 
2.83 3.34 24.0 3.03 3.23 23.7 

* For H,S I iteq = 0.5 Itmole: for thlols 1 peq = 1 pmole. 

Thlc apphrz IO dctermmatlon of sulphur and total dtsulphldes. Place 2 ml of hydrocarbon sample (abphatlc 
samples should be diluted m I : 1 ratio with benzene) m a 15-mm dta. test-tube. and add one drop, cu. 0.05 ml. 
of 70”,, SAMD by ustng a small. 4-mm thick. glass stick. which is dipped to a depth of I cm in the reagent and 
rapidI> transferred to the test-tube A small glass tube may also be used. On shaking, the reagent should dissolve. 
To complete the reduction the sample IS heated for 30sec on the water-bath. then is cooled in water and the 
excess of reagent IS decomposed b) addition of 2 ml of n-propanol. When no or only weak evolution of hydrogen 
IS observed. the anallsls should be repeated with more reagent or the sample should be dried with anhydrous 
sodnlm sulphate Compounds contaming active hydrogen Interfere in the reduction by decomposing the SAMD. 
The sample IS tinall! tmated with IO-‘- IO-” 2’ HMB in 50”,, v/v propanol. with dithiofluorescem as Indicator. 
Dumg the tltratton ethanol is added III amountsJust enough to dissolve the emulsion produced. 

The results obtamed for sulphur and some dlsulphides are summarized m Table 2. 
The reactions of SAMD with dlsulphldes and sulphur can be expressed as follows: 

NaAIH2(0CH2CH,0CH,), + RSSR - NaA1(SR),(OCHZCH,OCH,), + Hz 

~%IAIH,(OCH,CH,OCH,)~ + S-+ NaA1S(OCH,CHZOCH,)2 + H,. 

The decomposltlon nith \vater produces thlols. hydrogen sulphide. sodium and alummium hydroxide and 
mctho\\ethanol The excess of SAMD produces additional hydrogen. Thlophene and thioethers are stable to 
S4MD under the condmons suggested. However. the sulphur-benzyl bond IS not stable enough. and the reduc- 
uon of dlbenz!l dlsulphlde should be carried out at room temperature. On the other hand. di-t-butyl disulphide 
after IO mm reduction m hoilmg benzene gives onI> 75”” of the calculated value Any thiols present should be 
rcmo\sd b! e\tractlon or be determmed before the reduction by titration with HMB and the disulphlde content 
calculated b! difference Carbon dlsulphlde should be removed as dithlocarbamate after reactlon with amines 
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Table 2. Determination of sulphur and chsulphides m benzene solution 

Disulphide Taken, peq 

Sulphur 2.1 
4.2 

57.5 
Dimethyl ;:o” 

45.3 
Di-n-propyl 4.1 

a.3 
30.6 

Di-isoamyl 4.5 
a.9 

Diallyl 5.9 
11.8 

Di-n-dodecyl 4.4 
a.7 

87.2 
Diphenyl 3.4 

6.9 
Dibenzyl* 2.7 

5.4 
Tetramethylene 2.5 

5.1 
50.8 

* Reduced for 3 min at 18-C 

Rel. std. devn, Mean recovery (6 titrations). 
0’ “. 
0 0 

0.75 94.0 
0.87 945 
0.33 98.3 
1.3 99.5 
0.85 100.2 
044 100.0 
1.2 101.5 
0.64 lM36 
0.57 100.0 
1.5 100.3 
1.0 99.6 
1.0 101.0 
1.4 99.2 
I.2 102.3 
0.88 98.5 
I.1 99.8 
2.2 102.1 
1.3 99.5 
3.7 101.5 
1.8 100.4 
1.2 99.5 
I.0 98.3 
0.94 IO@’ 

Procedure 3 

This applies to determination of aliphatic and aromatic disulphides and sulphur in the presence of each other. 
To 10 ml of hydrocarbon sample in a test-tube add ca. @05 ml of SAMD. shake, keep for I min on the hot water- 
bath, cool. add 5 ml of 2M potassium hydroxide, and shake after decomposition of the SAMD. Analyse the 
aqueous phase according to Procedures l(a), (b), (c). The hydrogen sulphide content is then equal to the original 
sulphur content. Typical results for dimethyl disulplude, sulphur and diphenyl dlsulphlde are shown in Table 
3. 

CONCLUSIONS 

In view of the results given in Table 2 and the simplicity of the analytical procedure, the proposed method 
can be recommended for general use. The relative standard deviation, apart from a few values, is m the range 
@Z-1.5%. The recovery is near to 100% and only for small amounts of sulphur should a correctIon be necessary. 
By reduction, extraction. and titration with 10U4N HMB. sulphur at the O.l-ppm level in hydrocarbons can be 
determined. By application of the photometric method using dithiofluorescein-HMB complex” or the titration 
with tetramercurated fluorescein the estimation of even lower sulphur contents may be possible. 

Table 3. Determination of sulphur, dimethyl disulphide and diphenyl disulphide m 10 ml of benzene m the pres- 
ence of each other 

Sulphur 

Taken, peel 

Dimethyl 
disulphide 

Diphenyl 
disulphide Sulp hur 

Found. /UV, 

Dlmethyl 
disulphide 

Dkphenyl 
dlsulplude 

844 6.04 13.8 7.87 6.00 14.1 
844 1208 13.8 a.35 12 I 14.2 
4.22 12.08 6.90 4.37 I I.6 7.2 I 

16.88 3.02 13.8 15.4 3.30 13.3 
2.11 9.06 3.45 2.33 8.55 4.07 
0.118 0 0 @II4 - 
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The determmatron of hydrogen sulphrde aliphatic and aromatrc thiols, or sulphur, ahphatrc and aromatic dr- 
sulphrdes in the presence ofeach other. as suggested in Procedures I and 3, can be very useful for rapid determina- 
tion of sulphur compounds in hydrocarbon solvents, although the accuracy IS not better than k 5:; at a level 
of ca. 0.019, of total sulphur. 

Department of Chernlcal Technology 
Uuirwsrt~~ of tdd: 
L.&l5 Poland 

MIECZYSLAW WROIGSKI 
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2 
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Summary-A method is proposed for determination of hydrogen sulphide and aliphatic and aro- 
matrc thiols m hydrocarbon solvents by extraction with 2M potassium hydroxide and titration 
wrth o-hydroxymercuribenzorc acid in the presence of dithiofluorescein and dithizone, wrth selec- 
trve mdskmg with acrylonitrile. Sulphur and organic drsulphides are readily converted by sodium 
alummium brs(2-methoxyethoxy)dthydride in benzene solution mto hydrogen sulphide and thiols, 
which can either be directly titrated after dilution with alcohol or separated by extraction and 
determined in the presence of each other. 

Zusammeofaswng-Ein Verfahren zur Bestimmung von Schwefelwasserstoff und aliphatischen und 
aromatischen Thiolen in Kohlenwasserstoff-Losungsmitteln durch Extraktion mit 2M Kalium- 
hydroxld und Titration mit o-Hydroxymercuribenzoesiiure in Gegenwart von Dithiofhrorescein 
und Dithizon wird vorgeschlagen. Dabei wird mit Acrylnitril selektiv maskiert. Schwefel und 
organische Disulfide werden durch Natriumaluminiumbis(2-methoxylthoxy)dihydrid in Ben- 
zollijsung zu Schwefelwasserstoff und Thiolen umgesetzt; diese konnen entweder nach Verdiinnung 
mit Alkohol direkt titriert oder durch Extraktion abgetrennt und nebeneinander bestimmt werden. 

ResumeOn propose une methode pour le dosage de I’hydrogtne sulfurt et des thiols aliphatiques 
et aromatrquesdans les solvants hydrocarbures par extraction avec la potasse 2N et titrage a l’acide 
o-hydroxymercurrbenzotque en la presence de dnhlofluoresceine et de drthizone, avec dissrmula- 
bon selectrve a l’acrylonitrile. Le soufre et les disulfures organiques sont aistment convertis par le 
dihydrure de brs(2-methoxyethoxy) alummmm et sodmm en solution benzenique en hydrogene sui- 
furt et throls qur peuvent itre. soit tit& dnectement apris dilution a l’alcool, soit s&pares par 
extraction et doses en la presence I’un de I’autre. 
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A RADTOCHEMTCAL STUDY OF THE FIRE ASSAY OF RHODIUM WITH 
COPPER AND THE SUBSEQUENT RHODIUM-COPPER SEPARATION 

(Received 20 September 1973. Revised 8 January 1974. Accepted 25 January 1974) 

The determination of the precious metals in ores, rocks, alloys, etc. generally requires a prior concentration of 
the noble metals. which is usually accomplished by means of the fire assay. Practical procedures are described 
m detail by Beamish’.’ and by Beamish and Van Loon.’ Lead is most widely used for extracting the noble 
metals, but procedures have also been proposed using iron-copper-nickel.” tin.9.‘0 and mckel sulphide.“-” 
More recently. procedures for the recovery of platinum. palladium. iridium. and rhodium by means of copper 
have been described.““’ Copper can be removed from these metals by cation-exchange in hydrochloric acid, 
adjusted to pH 1.0. 

In the present paper, 102,‘02mRh tracer has been used to Investigate the distribution of rhodium after the tire 
assay with copper. Rhodium and copper were separated on a Dowex 50 cation-exchanger in hydrochloric acid 
adiusted to pH I.5 In that medium. copper IC htrongl> retained b! the resin. while rhodium is not adsorbed. 

EXPERlMENTAL 

Apparatus 

The ‘02*‘02mRh activity (io2Rh, tl12 = 206d; 102mRh, t,,2 = 2.9 yr) was measured by gamma-spectroscopy 
with a 3 x 3 in. NaI(Tl) crystal (Nuclear Enterprises), coupled to an EM1 9531 A photomultiplier and placed 
in a low-background lead castle. The pulses were analysed with a multichannel spectrometer (SA 40, Intertechni- 
que). 

Meker gas-an furnace. 
Fire-assay crucibles, Battersea, England. 
Glass and saturated calomel electrodes (Radiometer). 
The e.m.f. was measured with a Radiometer 22 instrument. 
Ion-exchange column (length 5 1 cm. diameter 5.4 cm). 

‘02*‘02mRh tracer solution 

*02~‘02mRh carrier-free tracer was produced by IS-MeV deuteron bombardment of natural ruthenium. The 
tracer solution also contained “‘Rh (t, ,2 = 3.0 yr). Details concerning the isolation and the yields of the carrier- 
free ‘02.‘02mRh radionuclides are described elsewhere.“~‘* 

Rcayc~ts 

Nitric acid reagent grade. 
Hydrochloric acid, reagent grade. 
Hydrochloric acid of pH 1.5, prepared by diluting 25 ml of 6M hydrochloric acid to 5 1. in a volumetric flask 

with distilled water. The pH was checkes with the glass electrode. 
The ion-exchange resms (Dowex 50 W-X8,50-100 mesh, Fluka and Dowex 50 W-X8,100-200 mesh, Baker “Ana- 

lyzed Reagent”)were thoroughly washedwith 6M hydrochloric acid, then with water and finally with hydrochloric 
acid of pH 1.5. 

Copper oxide, borax. sodium carbonate. silica and graphite were all technical grade. The composition of the 
charge was copper oxide 65.0 g. borax 25.0 g. sodium carbonate 60.0 g. siiica 10.0 g and graphite 3.5 g. 

Distrlbutiorl of rhodium ufter thefire assay with copper 

Small aliquots of rhodium tracer were pipetted into a fire-assay crucible onto the mixed charge (7@0 g), which 
was added in layers so that the tracer was divided over the flux. After addition of about log of silica. the crucible 
was placed in a gas-heated furnace, and the mixture heated at 1300” for about one hour. About IO g of flux were 
added and the mixture further heated for about 30 min 

780 



T
ab

le
 

I 
R

h
o

d
iu

m
~-

co
p

p
er

 
se

p
ar

at
io

n
 

E
xp

er
im

en
t 

C
o

p
p

er
 

h
u

 tt
o

n
 

w
et

g
h

t,
 

9 
C

o
n

d
it

io
n

s 

R
h

o
d

iu
m

 
el

u
te

d
, 

‘Y
 

R
h

o
d

iu
m

 
in

 
R

h
o

d
iu

m
 

ad
so

rb
ed

 

co
p

p
er

 
el

u
at

e,
 

o
n

 
th

e 
re

si
n

, 
0,

 
,‘”

 
‘/ 

0 

I 
29

.3
 

27
-o

 

3’
 

30
.0

 

R
es

in
, 

D
o

w
ex

 
5O

W
-X

8 
(S

O
-I

O
0 

m
es

h
),

 
F

lu
ka

 
L

en
g

th
 

o
f 

th
e 

io
n

-e
xc

h
an

g
e 

co
lu

m
n

 
41

 c
m

 
(i

n
 

H
C

I 
o

f 

p
H

 
1.

5)
; 

d
ia

m
et

er
 

5.
4 

cm
 

R
h

o
d

iu
m

 
el

u
en

t:
 

I 
I. 

o
f 

H
C

I 
(p

H
 

1.
5)

; 
el

u
ti

o
n

 
ti

m
e 

ca
. 

30
 m

in
 

99
 6

0 
0.

22
 

0 
,*

4 
(h

)@
O

47
 

i 

(a
) 

0.
04

3 

(C
)M

41
 

kl
) 

0.
05

2 

C
o

p
p

er
 

el
u

en
t:

 
2 

I. 
o

f 
l2

M
 

Ij
C

I;
 

el
u

ti
o

n
 

ti
m

e 
ca

. 
90

 m
in

. 

R
es

in
. 

D
o

w
cx

 
S

O
W

-X
X

 
(5

0 
lo

t)
 m

es
h

),
 

F
lu

ka
 

L
en

g
th

 
o

f 
th

e 
co

lu
m

n
 

40
 c

m
 (

in
 H

C
I 

o
fp

H
 

1.
5)

; 
d

ta
m

et
er

 
5.

4 
cm

 
R

h
o

d
iu

m
 

el
u

en
t 

2 
I. 

o
f 

H
C

I 
(p

H
 

1.
5)

 
C

o
p

p
er

 
el

u
en

t:
 

2 
I. 

o
f 

I2
M

 
H

C
I 

T
o

ta
l 

el
u

ti
o

n
 

ti
m

e 
ca

. 
3 

h
 

99
.7

, 
0.

12
 

((
I)

 0
.0

26
 

@
IO

 

i 

th
) 

0.
02

3 
t c

) 0
.0

25
 

td
) 

0.
02

6 

R
es

in
. 

D
o

w
ex

 
5O

W
-X

8 
(I

O
&

20
0 

m
es

h
) 

B
ak

er
 

A
n

al
yz

ed
 

R
ea

g
en

t 
L

en
g

th
 

o
f 

th
e 

co
lu

m
n

 
33

 c
m

 (
in

 H
C

I 
o

fp
H

 
1.

5)
; 

d
ia

m
et

er
 

5.
4 

cm
 

O
th

er
 

co
n

d
it

io
n

s 
as

 f
o

r 
ex

p
er

im
en

t 
2 

99
.9

, 
0.

02
2 

(a
)O

Q
O

l3
 

0.
00

57
 

(h
) 

o
.t

N
O

99
 

(c
) 

O
N

)1
 

I 
(t

l)
 0

.0
02

4 

(a
),

 (
h

),
 (

c)
, 

(d
):

 T
o

p
, 

se
co

n
d

, 
th

ir
d

 
an

d
 

b
o

tt
o

m
 

q
u

ar
te

rs
 

o
r 

th
e 

re
si

n
. 



782 SHORT COMMUNICATIONS 

A rhodmm standard was prepared as follows: 1 ml of rhodium tracer was ptpetted m small aliquots onto 45 g 
of mixed charge without the copper oxide. The crucible was placed in the furnace and treated m the same way 
as the others. 

After cooling, the crucibles were broken to free the copper button. tf present; slag adhering to the button was 
removed by gentle tapping with a rod and by means of a steel-wire brush. The slags were collected in 250 ml 
beakers. The crucible walls, together with some adhering glassy layer. were broken and pulverized. and a suitable 
fraction also placed in 250 ml beakers. 

The rhodium activities of the slags and the pulverized crucibles were measured at a large source-detector dis- 
tance, so that errors due to geometry differences were minimized. 

In order to check the presence of metallic copper, the pulverized slags were treated with concentrated nitric 
acid. After careful washing with distilled water and drying the rhodmm activtties of the slags were measured. 
together with that of the standard. 

The rhodium-copper separation 

The copper buttons were dissolved in concentrated nitric actd. The nitrate was converted into chloride by re- 
peatedly evaporating to dryness with concentrated hydrochloric acid under an infrared lamp. The salts were dis- 
solved in hydrochloric acid (pH = 1.5) and transferred to a Dowex 50 W-X8 cation-exchange column. previously 
washed with hydrochloric acid at the same pH. Rhodium was eluted with 2 I. of hydrochloric acid (pH = 1.5). 
The effluent was concentrated and transferred to a 250 ml comcal flask. Copper was removed from the resm 
with 2 1. of 12M hydrochloric acid. The copper effluent was evaporated and also transferred to a 250 ml conical 
flask. The eluent was removed from the column and the resin extruded. The ion-exchange column was divided 
into four parts and the resin transferred to 250 ml conical flasks. Distilled water was added to the rhodtum 
and copper solutions as well as to the resin, so that the flasks were filled up to the same height. The rhodium 
activities of the samples were measured at a large source-detector distance to reduce geometry errors. 

The experimental conditions for the copper-rhodium separation are summarized in Table 1. The copper but- 
ton in the second experiment resulted from a fire assay on a 5.0 g sample. This sample originated from a silver 
chloride reduction process and contained 94 ppm silver. I.15 ppm gold, 2.65 ppm platinum, 2.99 ppm palladium 
and 3.01 ppm rhodium. 

RESULTS AND DISCUSSION 

The activities due to ‘“‘~‘oz~‘“Zm Rh were determined from the areas of the 127. 198 and 475 keV (complex) 
photo-peaks. On the average, ca. 0.05% of rhodium remained in the slag. After the nitric acid treatment, the 
percentage slightly decreased to ca. @04%. Up to 0.05% of rhodium was present in the crucible walls or in the 
glassy layer adhering to the walls. This means that rhodium is very effectively collected m copper (ca. 99.993. 
which confirms the findings of Banbury and Reamish.“” 

The results of the copper-rhodium separation are given in Table 1. It appears that with 2 I. of hydrochloric 
acid at pH 1.5 at least 99.6% of the rhodium could be eluted. Between 50 and 704; of the rhodium left on the 
resin could be eluted, together with copper, with 2 I. of 12M hydrochloric acid. The residual amount of rhodium 
on the resin varied finally from 0.18 to 0406~0 of the initial loading. The variation was due to changes in the 
experimental conditions, such as different physical properties of the resin. The rhodium-copper separation may 
also be influenced by the presence of rhodium-nitrite complexes. Indeed such complexes can be formed during 
the dissolution of the copper button and are not completely converted mto the chloride by repeated evaporations 
with hydrochloric acid. The conclusion is that with a single fire assay at least 99.8”; of the rhodium present can 
be collected in copper: more than 99.6% can be eluted from the cation exchanger. 

The findings with radioactive rhodium tracer are also applicable to “normal” rhodium. possibly present in 
a sample, since the htgh-temperature fire-assay ensures isotopic exchange. 
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Summar! “‘2.1”Z”‘Rh has hcen used as a tracer to stud! the tire-ass:]> collcctlon of rhodtum 111 

copper. The rhodium and copper are separated on a Dowek 50 catlon-exchanger m hydrochloric 
acid of pH 1.5. 

Zusammenfassung-‘02’02mRh wurde als Tracer verwendet, urn die Anreicherung von Rhodium 
in Kupfer bei der Schemelzprobe zu untersuchen. Rhodium und Kupfer werden an einetn Dowex 
50-Kationenaustauscher in Salzs&ure von pH 1.5 voneinander getrennt. 

R&urn&On a utihse le ‘02~‘02m Rh comme traceur pour itudier la ricuptratlon par essal par voie 
s&he du rhodium dans le cuivre. Le rhodium et le cuivre sont s&Paris sur un tchangeur de cations 
Dowex 50 en acide chlorhydrique de pH 1.5. 

DETERMINATION OF SULPHUR SPECIES ARISING FROM 
THE REACTION OF SULPHUR AND SULPHIDE IN 

A (K. Na)SCN EUTECTIC MELT 

(Recelred 15 June 1973. Accepted 14 Decenlber 1973) 

Sulphur and sulphide react at a temperature higher than 200’ in molten potassium thiocyanate and in molten 
hthium and potassmm chloride mixture to give a blue colour ’ ’ We have previously observed that at a 
temperature less than 200~ the reaction takes place with polysulphide formation and the appearance of a 
yellow colour ‘.’ Knowledge of the nature of the electrogenerated sulphur and of the occurrence of the 
reaction M ith sulphide m molten thlocyanate at low temperature is Important for the understanding of the nature 
of the polysulphlde species because under these experimental conditions thermal decomposition of the 
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thiocyanate melt IS avoided and sulphurous products from the solvent do not Interfere with the renctlon 
between sulphide and sulphur. 

Voltammetric and spectrophotometric measurements have therefore been made on solutions of sulphur 
species in (K,Na)SCN eutectic mixture at 15.5 and 165’. The influence of light on the formation of sulphur 
has also been studied. 

EXPERIMENTAL 

The general apparatus and experimental procedure were similar to those described elsewhere. 

Apparatus 

Voltammefry. A three-electrode Amel model 557cSU polarograph. Graphispot type GRVAM galvanometric 
recorder, Ag/Ag(I)(O*lM) glass reference electrode and platinum vertical alternate movement electrode 
(VAME)‘.* were used. 

Sp~~trophorornerr~. A Unicam SP 700 spectrophotometer with a furnace’ which holds both sample and 
reference cells was used. 

Irrudiation. A Beckman Xe 1045 apparatus equipped with a high-pressure 450-W Osram xenon lamp was 
used. The light was filtered by the Pyrex glass of the apparatus vessels and a 2-cm cell containing saturated 
copper sulphate solution was used to remove heating effects. 

Reagents 

Soluent. The solvent was prepared as previously described.5 
Sulphur and sulphide. The sulphur was obtained by anodic generation from molten alkali metal thiocyanate 

by means of a split cylindrical platinum gauze electrode. The current density was 10 jlA:mm’. Sulphide 
was introduced as pellets of (K,Na)SCN eutectic mixture containing a known quantity of sodium sulphide. 

RESULTS AND DISCUSSION 

We have found in agreement with Eluard and Trimillon. lo that the anodic oxidation of SCN- proceeds 
quantitatively by the reaction 

ZSCN- + 2S + (CN), + 2e 

A small amount of elemental carbon and nitrogen arises because of thiocyanate ions being adsorbed at the 
electrode surface between sulphur atoms or occluded in the bulk of the sulphur phase. The sulphur which is 
electrolytically produced has a well-defined reduction wave with E,,, - -0.5 V. The id/C ratio is constant up 
to a concentration of 1 meq/kg. 

The viscous sulphur electrogenerated on the platinum surface was yellow-orange. and fairly stable m air. 
The reflectance spectrum in air at room temperature showed a minimum at 400 nm. When the molten (K.NalSCN 
mixture was irradiated in the region 350-650 nm, no light was absorbed. 

Voltammetric measurements were carried out after each addition of sulphide Ion to the melt contammg 
electrolyticallygeneratedsulphur.Asthesulphideconcentrationincreased thediffusioncurrent ofsulphur decreased 
and an oxidation wave appeared at the potential range corresponding to discharge of sulphide. The plot of 
diffusion current of thts wave cs. sulphide Ion concentration gave a straight line. 

The appearance of this wave and the change in colour from yellow-orange to yellow suggested there was a 
reaction between sulphur and the sulphlde ion, leading to the formation of a polysulphlde which underwent 
anodic oxidation. with a consequent decrease in the sulphur-reduction diffusion current. 

The plot of id us. [S*-] was a typical amperometric titration curve, with equivalence point at 2.5 x lo-” mole kg 
( _+ 2.3%). The initial concentration of electrogenerated sulphur was 1 meq/kg so the result is consistent with a 
reactlon ratio of 1 : 4. Thus, the production of sulphur chains at the electrode surface is indicated, because 
viscous sulphur consists primarily of Ss rings at temperatures less than 169”.” This could imply that the average 
number of sulphur atoms in the chain is 4, but we think it more likely that all the chains are Sq. From 
these results it is possible to calculate an equilibrium constant: 

Results for 155’ are shown m Table 1. 
In order to study the polysulphide formation reactlon at a higher temperature. measurements were also 

carried out at 165“. The upper limit is set by the decomposition of the solvent. which begins at about 170.. 
The plot ofsulphur diffusion current rs. the sulphide ion concentration at this temperature gave an equivalence 

point at 5 x 10v4 mole/kg (+0.6’:/,) of sulphide for an initial sulphur concentration of I meq/kg. corresponding 
to I : 2 reaction ratio of sulphide to sulphur. It is thus possible to determine the equilibrium constant of the reaction 
s2 + s’- = s:-. 
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Table I. Reaction constants with standard devtattons 

155 c 16S’C lss”c* 

I.7 X 10” i 0.3 x 10’ 4.5 X 103 + 0.7 X IO3 4.2 x lo3 + 0.2 x lo3 
1.1 X 10’ + 0.2 X 10J 5.0 X IO3 _+ 0.9 x lo3 47 X 10” + 0.8 X lo3 
1.1 X 10J _f 0.1 x lo* 3.9 X 103 + 0.5 X lo3 4.3 x lo3 f 0.6 x lo3 
1.2 X 10” 2 0.3 X loa 3.8 X 103 i 0.4 x lo3 4.2 x lo3 +_ 0.6 x 10” 

Mean value 
1.3 x 10” f 0.2 X 10’ 4.3 X lo3 + 0.5 x 10” 4.3 X 103 j 0.2 x IO3 

* With irradiation 

I.3- 

05- 

O.I--- 

15 19 23 27 31 35 

IO3 cni’ 

FIN. 1. Absorption spectra of sulphur spectes m (K.Na)SCN eutectic at 165°C. 
(-I) [S2-] = 8 x 10wJ moleskg and [S] = lo-’ eqikg; (B) [S] = 10e3 eq/kg; (C) [S2-] = 

5.1 x lo-“mole/kg. 

The reproductbihty of end-point detection ( k0.6Y0) suggests that there are distinct reactions at the two 
different temperatures Investigated. and that at the higher temperature there is cleavage of the sulphur chains. 

We have also carried out the tttration at 155’ with simultaneous irradiation of the cell. The equivalence 
pomt (2 I”,,) and the values of the equilibrium constant are the same as those at 165’. 

Visible light IS known to break the S-S bond homolytically. r* The energy of 400-nm radiation is 
72 hcal mole. whtch IS higher than that required to cleave a long sulphur chain (34 kcalimole)r3 and to 
open an S, rmg (64 kcahmole). Therefore the photolysis reaction is presumably S, + In + 2S2. It IS mteresting 
to observe that the sulphur so obtained reacts m the same way with sulphtde as that produced, electrolytically 
at 165 

We have also carried out spectrophotometric measurements to confirm the polysulphide formation. The 
absorption spectra of sulphur. sulphide. and a mixture of the two in a eutectic melt at 165’ are shown in 
Fig. 1 Comparison of the spectra indicates that the absorption peak at 33.5 x lo3 cm-’ (298 nm) IS 
attributable to polysulphrde The band at 25 x lo3 cm- ’ (400 nm) is also due to polysulphide.’ 

Because no difference between the spectra at 155 and 165. has been observed. it is not possible to 
distmguish the polysulphides. S:- and S:-. obtained at the two experimental temperatures 
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Summary-Sulphur and sulphtde ions react in (K,Na)SCN eutectic melt with the formation of 
polysulphide. The electrolytic oxidation of SCN- at 155” forms S4 which gives S$- with S2-; 
at 165” the sulphur electrogenerated is S2 that reacts according to S2 + S2- = S:-. The 
equilibrium constants of these reactions have been obtained by voltammetric measurements. The 
formation of S, at 155” by irradiation from a xenon lamp was confirmed. The S2 reacts with 
S*- to give S:-, and the equilibrium constant for this reaction is the same as that found for 
the reaction at 165”. 

Zusammenfassung-Schwefel und Sulfidionen reagieren in der eutektischen Schmelze (K,Na)SCN 
zu Polysulfid. Di;elektrolytische Oxidation von SCN- bei 155” liefert S4 der mit Sz- S:- bildet. 
Bei 165” ist der anodisch erzeuate Schwefel S,. der nach S, + S*- = S:- reagiert. Die 
Gleichgewichtskonstanten dieser R&ktionen wurden durch voltammetrische Mes&ngenbestImmt. 
Die Bildung von S2 bei 155’ durch Eestrahlung mit einer Xenonlampe wurde bestltigt. 
Dieser S2 reagiert mit S*- zu S$-; die Gleichgewichtskonstante dieter Reaktion ist dieselbe 
wie die der Reaktion bei 165’. 

Rtisumi--Lc soufrc ot lcs ions sulfure reagissent dans l’eutectlque fondu (K. Na)SCN avcc la forma- 
tlon de polysulfure. L’oxydation &lectrolytique de SCN- B 155* forme S4 qui donne Si avec Sz-; 
a 165’. le soufre tlectrog&ntr& est Sz qui reagit selon S2 + S2- = S:-. Les constantes d’tquilibre 
de ces reactIons ont & obtenues par des mesures voltamm&triques. La formation de Sz a 155” par 
irradiation avec une lampe au x&on a ttt confirm&e. Le S1 rtagit avec S2- pour donner S:-, 
et la constante d’equilibre pour cette reaction est la mime que celle trouvee pour la reaction B 165’. 



DETERMINATION OF IODINE BY ATOMIC-ABSORPTION 
SPECTROMETRY USING THE PLATINUM-LOOP TECHNIQUE 

(Rwrrved IO July 1973. Rrvwd 31 December 1973. Accepted 20 January 1974) 

We have prevtously described the quantitattve measurement of the atomic absorption of mercury at 184.9 nm 
by use of a platinum-loop nebuhzeriatomrzer and a mtrogen-purged monochromator.’ The determination of 
iodine by conventronal flame atomic-absorptton presents the same difficulties as that of mercury, the most serious 
being the absorptron by oxygen entrained in the flame gases, which IS appreciable m the far ultravrolet region, 
near to the iodine resonance line at 183.0 nm. Previous studies have mainly utilized the 206.2-nm non-resonance 
Ime. with correspondingly reduced sensitivity More recently, Kirkbrrght rr al.’ carried out atomic-absorption 
studies at 183.0 nm. using an inert-gas-separated nitrous oxide/acetylene flame and a mtrogen-purged mono- 
chromator. This communication describes the application of the platinum-loop technique to the atomic-absorp- 
tion determination of iodine. usmg the 183.0-nm resonance line, with apparatus slightly modified from that used 
to determine mercury. The apparatus IS sampler than that used for the flame determination and requires smaller 
sample volumes. Catiomc and anionic interferences have been studied. and their removal. where possible. IS also 
described. 

The primary 
(fused Quartz. 

source of resonance radiation was a Tesla-initiated iodine electrodeless discharge lamp (EDL). 
. I 8-mm internal diameter, 5 cm long, filled with argon at 5 mmHg pressure) operated at a power 

of 15 W m a foreshortened j-wave resonant cavity (Electra-Medical Supplies Ltd.). Both the stability and inten- 
sity of the resonance line at 183.0 nm were increased and the degree of self-reversal greatly reduced by cooling 
the lamp wrth a flow of nitrogen. 

EXPERIMENTAL 

The experimental arrangement 1s shown in Fig. 1. Radiation from the EDL source was passed through the 
absorption tube (length 12.5 cm. internal diameter 7 mm) before entering the grating monochromator (Rank Pre- 
cisron lndustrtes Ltd. Type D 330. linear dispersion 26 A/mm). The monochromator was flushed with argon at 

CiC. 

SUPPlY 

_/ 

Photomultiplier 

- Readout 

Monochromotor 
entrance slit 

Fig. 1. 

a flow-rate of I 5 1 ‘min. to remove atmospheric oxygen. which absorbs strongly at wavelengths shorter than 
200 nm (stmiiar results could have been obtained by using nitrogen). 

The photomultiplter (E.M.I. Ltd. Type 6256s) was loaded with 20 kR and Its output measured on a Servoscribe 
potenttometric chart recorder fitted with a 20 nF capacitor across tts input terminals to reduce short-term noise. 
A platrnum loop (made horn I.0 cm of 0 I-mm dia. wire: elhptrcal wtth major axts 0.86 mm and minor axis 
062 mm) was used as the atomrzmg devtce: this was suspended dtrectly in the absorption path just in front of 
the monochromator entrance slit. On dipping the loop mto the sample solutron. a surface-tension film of about 
0 I pl volume was picked up The water in the sample was evaporated by passing a small d.c. current (- 0.1 A) 
through the loop: the dried sample was then atomrzed by passing sufficient current (_ 1.9 A) to heat the loop 
raprdly to just below its melting point of about 1500 K). Argon was used as carrier gas. 

RESL’LTS AND DISCUSSION 

Measurements were made both at the 206.2 nm resonance hne and the 183.0 nm resonance lme When scanned 
h! the tnoiiochroIi~:Itor. (bandpass 0.1 nm. scan-rate 1.98 nm mm. chart-speed 30 cm’mrn) the emtsston lme from 
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the source appeared.as a strong, well-resolved peak (Fig. 2). Various concentrattons of potassmm todtde (Jo- 
5000 ppm) gave rise to atomic-absorption signals at 183.0 nm and a scatter signal at 2062 nm. At concentrations 
of iodine higher than 500 ppm, some scatter also contributed to the signal at 183.0 nm. At lower concentrations 
the signal was entirelv due to atomic absorntion. as verified by the absence of a stgnal at the 184.9 nm Hg 
reson&ce line from a-mercury EDL. 

R 

I 

I90 I80 

Wavelength, nm 

Fig. 2. 

170 

The sensitivity was found to be 9ppm of iodine for I”,; absorption, the relatrve standard deviation of the 
measurements being 4’5; at the 100 ppm level (20 variates); the limit of detection was 18 ppm for a signal:noise 
ratio of 2: 1, or, in absolute terms. 1.8 ng of iodine. This compares favourably with the results obtained by using 
an inert-gas-separated nitrous oxide/acetylene flame,’ which gave a sensitivity of 12 ppm and a detection limit 
of 25 ppm (i.e., absolute detection limit of 12.5 pg, the minimum sample required in that method being -0.5 ml). 

Interference studies were done with solutions containing 200 ppm of iodine (as potassium iodide) and 200 ppm 
of the extraneous cation (as the chloride). The following results were obtained. 

Cation Interference, % Cation Interference. % 

cuz+ +20 Mn’+ +25 
Na+ -14 Zn2 + -8 
Cd2+ -23 Cr3 + +51 
co2 + + 15 A13+ -30 

In the case of Cr. Cd Na and Co, the mterference was removed by passing the solutions through a cation- 
exchange column. Zeo-Karb 225 (H’-form), and adding a IO-fold molar ratio of potassium hydroxide to the 
eluate to regenerate potassium iodide. For Zn Cu. Mn and Al, however, the solution was more acid (pH 1-2) 
and neutralizing this with potassium hydroxide (the optimum pH for the cation-exchange being about 7). pro- 
duced a large scatter signal. Therefore the Zeo-Karb was used in the K+-form obtained by passing 2 M potas- 
sium chloride through the column. On passage of the sample solutions through the column. Zn”. Cu”. Mn’+ 
and A13’ were preferentially adsorbed. K’ tons were liberated and the eluate contained the iodine as potassium 
iodide. 
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Aniomc Interferences were mvestlgated m a similar manner by usmg solutions contaming 200 ppm of Iodine 
as potassium lodlde and 200 ppm of the extraneous anion. present as the potassium salt. The following results 
were obtained 

Alllorl Irltc~rfirellcc~. ls(, .4r1io11 IIItcrJlYencc’. o<, 
C:Oi- -77 so:- +12 
F- -53 BrO; +7 
Br- +20 MnO; +9 
c10; -14 cl- 0 
Cr,O? +20 

Removal of some of these interferences IS possible ciu oxldatlon of the lodlde to Iodine and extraction mto chloro- 
form followed by reduction of the iodine to yield potassium Iodide. The oxidizing agent used was ferric chloride. 
which IS too mild an oxidant to oxldlze anions other than lodlde which may he present. Accordmgly. IO ml of 
sample solution were mixed with excess of ferric chloride solution and allowed to stand for I hr to ensure com- 
plete oxidation The iodine formed was extracted into IO ml of chloroform and then back-extracted by shaking 
with potassium h!droxlde solution (two washings with 5 ml portions of 0,2”,, solution gave complete stripping. 
,.c’.. no detectahlc colour 111 the organic layer). This procedure removed interference due to C20:-. F-. Br-. 
ClOi. cr:o;- and so; (The dlchromatc v,ould ~tsclf n\~d~/c ~t>d~dc IO ~od~nc.) Houcver Interference by 
BrO; and MnO, \\a~ noi rcmovcd b> this method. prohahl> the! oxldlzc I to IO, or I’. which are 
not extracted into chloroform. No sultahle method was devised for removmg these interferences. 

CONCLUSIONS 

The technique has the advantages over flame methods of being both simple and fast. It also demonstrates that 
an EDL may be used as a satisfactory source of excitation in this region of the spectrum, provided that adequate 
care IS taken to remove oxygen from the light-path. Although most of the interferences examined may he 
removed. this method cannot he regarded as a technique for general application; however. with fairly simple pre- 
treatments it could be used for specific analytical problems 
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Summary-The use of a platmum-loop atomizer and an electrodeless discharge lamp has been 
applIcd to the atomlc-;lh9orptlon determination ofmercur! at the I83.0-nm resonance line. Oxygen 
\iIt, Ilushcd from the l~~ht-p,~~h I\ lth argon. y\Ing xiequn~c radiatmn transmission charactcrIstIcs 
and ii b,r~ls~tI\ 10 of Y ppm 01 lodme for I “,, ahsorptlon. The method IS prone to both catlomc and 
anionic interferences. hut the use of cation-exchange and solvent-extraction procedures overcomes 
some of the problems 

Zusammenfassung-Eine Platinschlelfen-Atomquelle und eine elektrodenlose Entladungslampe 
wurden zur Atomahsorptionsbestimmung von Quecksilber an der Resonanzline bei 183,O nm 
verwendet. Durch Argonspiilung wurde Sauerstoff aus dem Lichtweg entgemt; dadurch wurde 
eine ausreichende Strahlungsdurchllssigkeit erzlelt und eine Empfindlichkeit, die 9 ppm Jod 
fiir I To Absorption entspricht. Die Methode ist stiirungsanfallig gegeniiber Kationen und Anionen, 
Jedoch kann man mit Kationenaustausch- und Extraktionsverfahren einige der Prohleme iiber- 
wmden. 

Rbsum&On a apphquP I’emplol d’un atomiseur a houcle de platine et d’une lampe a d&charge 
sans ilectrode pour le dosafe par ahsorptlon atomique du mercure ti la raie de r&.onance 183.0 nm. 
L’oxygine a 6ti halaye rapldement de la trajectoire de la lumlere par I’argon. donnant des carac- 
terlstiques de transmission de radiation convenahles et une sensihilite de 9 ppm d’iode pour I”, 
d’ahsorptlon. La methode presente une tendance aux interfkrences tant catloniques qu’aniomques. 
mais I’emplol de techmques C&change de cations et &extraction par solvant surmonte quelques- 
un> dc 1.2); probl&iies 
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MICROANALYSIS OF ALL SIX PLATINUM METALS PRESENT IN A DROP 
BY RING-COLORTMETRY IN CONJUNCTTON WITH SOLVENT EXTRACTION 

There are comparatively few acceptable methods for separation and determination of noble metals in trace 
amounts, and these usually involve ion-exchange, liquid-liquid extraction, and chromatographic procedures.’ 1 
and generally the prior separation of ruthenium and osmium via the extraction or distillation of their tetroxides. 
These methods also relate to the separation and identification of the metal Ions rather than to their evaluation. 

The present investigation deals not only with the efficient separation of all six platinum metals in a drop of 
solution but also their evaluation by ring-calorimetry and solvent extraction. 

EXPERIMEYTAL 

Standard metal solurions. Standard solutions of ruthenium, rhodium, palladium and iridium were prepared by 
dissolving ruthenium(III), rhodium(III), palladium(I1) and iridium(II1) chlorides in dilute hydrochloric acid. and 
standardized by determining ruthenium, rhodium and iridium by the hydrolytic precipitation method’ and palla- 
dium by the dimethylglyoxime method. Osmium solution was prepared by dissolving I g of pure osmium tetrox- 
ide in 250 ml of 02M sodium hydroxide. Platinum solution was made by dissolving chloroplatmic acid in dis- 
tilled water and standardized by precipitation of the metal with formic acid. 

Developing agents 

(i) Aqueous potassium thiocarbonate (PTC) solution. 0.5M. 
(ii) z-Nitroso-j-naphthol solution in acetic acid 17; w/v. 

(iii) Rubeanic acid solution in acetic acid, 1% w/v. 
(iv) Aqueous sodium diethyldithiocarbamate solution, 8?/, w/v. 

Procedure 

Separation. Test solution (5 pl) is spotted on the centre of a filter paper placed on a Welsz ring-oven. It is dried. 
then fumed with ammonia, and 2 drops (I.5 11) of r-nitroso-P-naphthol solution are added. The brownish-red 
complex formed is brought into the ring zone (ring I, palladium) by washing several times with chloroform. The 
ccntre of the disc is punched out and placed on another filter paper. and I.5 pl of 2M hydrochloric acid is 
applied, followed by 5~1 of 0*05M PTC. The olive-green osmium complex is washed into the ring zone (ring 
2) with ethyl acetate, the ring-oven being kept at 50-60’. The disc IS fumed with bromine and then wnh 
ammonia, put on another filter paper, spotted with a drop of 3M hydrochloric acid and then with 3 pl of rubeanic 
acid solution. The blue ruthenium complex is washed into ring 3 with isopropyl alcohol.’ The disc is 
put on another filter, then spotted with 3 ~1 of sodium diethyldithlocarbamate solution followed by 5 pl of 
2M ammonium acetate solution. The yellow rhodium complex is washed into ring 4 with methyl isobutyl 
ketone. Ring 4 is treated with PTC and dilute hydrochloric acid to give brown Rh2 S,. The disc is transferred 
to another filter, and spotted with 1.5 pi of 3M hydrochloric acid followed by 3 pl of rubeanic acid solution. The 
iridium is washed into ring 5 with distilled water. Ring 5 is treated with PTC and dilute hydrochloric acid to 
yield brown Ir&. The disc carrying the platinum-rubeanic acid complex is put on a fresh filter and washed 5 
times with 5-/J drops of 05M PTC and then with distilled water, and finally with IM hydrochloric acid on the 
hot ring-oven, and dried. Ring 6 is then brown PtS, and the disc is discarded. 

Determinntion. The separated ions are determined semi-quantitatively by visual rmg colorimetry.J a standard 
scale for each metal being prepared with the chromogenic reagents given above. 

Palladium forms an insoluble hro\\n compl’cx with x-nitroso+naphthol. which can bc estractcd ~lth chloro- 
form. resulting In the scparatlon of palladium from the other platmum metals. 
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Tahlc I Rc~ult\ 01 dctcrmlnatmns 

Metal Ion taken, Metal Ion found. 
rng ‘rlll IIlgirtll 

Error, 
0 

I, 

Metal ion taken. 
rllglrlll 

Metal Ion found. 
Jll~/lfd 

RLI~IIII 04x 0.46 
o,no 0 76 
I ,34 1.26 

Rh(II1) 0.30 0 3’ 
0.45 0.50 
0.90 0.85 

Pd(I1) 0.53 0.52 
@90 0.85 
I.08 1.02 

-3.1 
- 5.0 
- 5.9 
+6,6 

+ 1 I.1 
-5.5 
- 3.7 
- 5.5 
- 5.5 

Os~VII1) 0.75 0.70 
1 GO 1.05 
1.50 1.55 

Ir(II1) 0.60 0.65 
0.85 0.90 
IGO 1.05 

Pt(IV) 0.64 0.60 
0.96 0.90 
1 2x 1.32 

- 6.6 
+ 5.0 
+ 3.3 
+ x.3 
+ 5.8 
+ 5.0 
-6.2 
-4.1 
+ 3.1 

Osmium !~clds an olive-green complex with potazslum thlocarbonate m acid medium. The complex IS extract- 
ahlc with cth~l acetate: Rh. Ir. Ru and Pt do not form complexes under these condmons. 

Fuming with bromine oxidizes any free thlocarbonate and any sulphldes of platinum and ruthenium (to sul- 
phate). In strongly acldlc medium ruthenium and platinum form complexes with rubeanic acid. The ruthenium 
complex IS soluble in isopropyl alcohol, but the platinum complex IS not 

Rhodmm(II1) forms a complex with diethyldithiocarbamate, but platinum and Iridium do not. under the condl- 
tions specified. The rhodium complex is soluble in methyl lsobutyl ketone. As the colour of the ring is very faint_ 
It IS developed with PTC and hydrochloric acid. which yield Rh2S3 with the rhodium. 

Iridium(II1) IS separated from the platinum rubeanic acid complex by washing with dlstilled water and devel- 
oped with PTC to give lrldmm sulphlde. The platinum rubeanic acid complex is converted into a soluble PTC 
complex which is washed mto the ring zone and converted mto the sulphlde by heating. 

Metal Ions which form complexes with the reagents used will Interfere. but many of them can he removed 
l~cI~rchand. or ma! WI hc .~~w~~m_l u 111~ the ph~~num metal\ m the kind of sample usually iltxtl>\cd 

The SIX platmum metals generali) occur togcthcr m the form of alloys, and the common metals usuallq found 
with them arc Iron. titamum and chrormum in the form of then oxide ores. The analysis of different alloys of 
platinum metals requires the separation of gold. silver. nickel etc. which are generally also present. 

Before the solution of the platinum metals is applied to the rmg oven. the following procedure can be used 
for removal of Ag. Pb. Au. Hg. NI. Co. Zn. Fe, Ti. Cr. Th. Zr, Pd. 

Ag. Ph. Au. Hg and Pd can be separated by preclpltation as the sulphides from cold solution (pH 0.7-1.0) 
u 1111 potass~tm~ thlocarbonate. The other platmum metals (Ru. Rh. OS. Ir, Pt) are then obtained as sulphides by 
hc:~tmg tbc filtrate and addmg more PTC to ensure their complete preclpltation. The ions of Ni. Co. Zn. Fe. 
TI. (‘I-. Th and Zr ~111 rem;lm m solution. Thr platmum metals sulphides thus obtained are then dissolved in 
excess of potassium thlocarbonate reagent. 

The palladium is recovered by adding excess of PTC reagent to the sulphldes of Ag. Pb. Au, Hg and Pd. Au 
and Pd ~111 form soluble thlocarbonate complexes. leaving Ag. Hg and Pb in the residue. Then a 5-pl drop of 
the Au and Pd complex solution is spotted on a filter on the ring oven, and fumed with bromine, followed by 
the application of 3 ~1 of r-mtroso+naphthol solution. The palladium complex IS washed into the ring zone 
with chloroform. and the disc is punched out. put on a fresh filter and washed several times with 2M hydrochloric 
acid and then with ferrous sulphate solution to reduce the gold to the metal (brown). 

Ru. Rh. OS. Ir and Pt are then separated by applying 5 ~1 of the solution of their thlocarbonate complexes 
to a filter paper on the ring oven. fuming with bromine and ammonia. and then applying the normal procedure. 

Results of a few determmatlons are given in Table 1. The errors are within the permissible limits for semiquan- 
titative analysis. 

N. K. KAIJSHIK 
H. C. MEHRA 
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Summary-The ring-oven method combined with solvent extractton has been used for the separ- 
ation of all six platinum metals when present in pg-amounts in a drop of solution. The separated 
constituents are determined by ring-calorimetry. 

Zusammenfaasung-Die Ringofen-Methode wurde zusammen mit der fhissig-tliissig-Extraktion 
zur Trennung aller sechs Platinmetalle verwendet. wenn in einem Tropfen Liisung pg-Mengen 
vorlagen. Die getrennten Bestandteile werden durch Ring-Colorimetrie bestimmt. 

R&sum&La methode du four annulaire, combinie avec l’extraction par solvant. a tte utilisee pour 
la separation des six mttaux de la mine du platine quand ils sont presents en quantites de l’ordre 
du pg dans une goutte de solution. Les constituants sipares sont doses par colorimetrie annulaire. 

Talanc~~.Vol. 21. pp 192 196 Pergamon Press 1974. Prmted in Great Br~tam. 

THE OXYGEN-SHIELDED AIR-ACETYLENE FLAME 
IN EMISSION ANALYSIS 

Recent studies have shown flame-emission spectroscopy (FES) to be a useful complementary technique to ato- 
mic-absorption and fluorescence spectroscopy,‘-’ with good analytical sensitivity’ and ready applicability to 
multi-element analysis.9*Lo The present work exammes FES with an oxygen-shielded air-acetylene flame. The 
low burning velocity of the shielded flame permits it to be supported on a wide burner slot, to grve a low back- 
ground inner zone similar to that observed with a multi-slot burner. ’ 1 A simultaneous enhancement of the flame 
temperature occurs on shielding, because of oxygen-supported combustion m the outer diffusion zone.‘l This 
creates a high-temperature low-background system. found to be very suitable for FES. 

EXPFRIMELTAL 

A Varian AA5 spectrometer was used. with the standard Ebert 0.5-m monochromator and 638 line/mm grat- 
ing. giving a reciprocal dispersion of 3.3 nm/mm at the exit slit for the first order. A 285 Hz chopper was used 
to modulate flame emission signals. The spectrometer output was recorded on a Phillips PR 4069M/OO 
recorder. with a 3 set time constant. 

The oxygen-shielded burner was similar to that described earlier.” but with a slot reduced to 25 cm in length 
and increased to 1.25 mm in width, to give the low-background inner zone mentroned above. and with the water 
cooling omitted. The burner was mounted directly in the AA5 burner assembly. This emission burner was 
unable to support a C,H,-N,O flame. because of the higher burnmg velocny. and emission measurements on 
C,H,-N20 flames were therefore made by using the standard Varian mtrous oxide head. Detection limits in this 
flame were obtained at a constant N1O flow of 8.2 I./min. with fuel flow. burner position. monochromator slit and 
photomultiplier voltage optimized for each element. 

FES results for all names used were obtained by using analytrcal-reagent grade chemrcdts dissolved in etther 
demmerabzed distrlled water or I M hydrochloric acid. A IWO {cgjml potassmm solutron was used as an toniza- 
tion suppressant where necessary, except for calcium, for which potassmm salts of sufficient purity were not avatl- 
able. and for barium in the shielded flame. Owing to the low background of the shielded Hame. signal-enhance- 
ment due to ionization suppression was found to be more than offset by increased flame noise from the potassium 
ionization continuum in the spectral region observed 
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RESULTS 

All studies on the shielded flame were made at a constant air flow-rate of 6.2 I./mm and constant oxygen flow- 
rate of 4.0 l.lmin. corresponding to the shielding “plateau” for this particular flame.12 For most of the elements 
eiammed. emlsslon signals were observed to increase with fuel Rows higher than those corresponding to the 
lummous hmlt of the flame. However. a simultaneous and severe increase of flame noise also occurred at this 
pomt. and accordmgly a flame stoichlometry Just below that of the luminous limit was adopted for optimum 
sensltlvlty. 

17- 

16- 

15- 

14- 

mm from ccntre of flame 
Fig. 1. Background emission profiles of the shIelded flame. Contours give the “/, intensity Increase 
relative to the mmimum Intensity at the centre of the flame. Contours were measured at 240.0 nm 

and a slit-width of 25 pm 

hd AL Background 
Background 2pg/ml Cu 

Spg/ml Cu 

Background 

(a) (b) 
2pg/ml Cu 

(c) 
Fig. I!. Cu emission at 324.8 nm (a), Air-acetylene flame. monochromator sht 25 llrn. photomultlp- 
her voltage 850 (b): Shlelded air-acetylene flame. same instrumental settings as for (a). (c): 

Nitrous oxide-acetylene flame. monochromator slit 25 jtm. photomultiplier voltage 450 V. 
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Figure I shows the background notse contours of the shielded flame. measured for the luminous-hmtt Hame. 
The results of Fig. I were obtained by using a 0.5 mm dra. ctrcular collimator: subsequent results were obtamed 
by replacing this with a larger collimator. approxrmately matching the 104, contour. shown by the dotted outlme 
in Fig. I. The low flame background given by this system is illustrated by the results in Fig. 2. showing the Hame 
emrssion signals of Cu at the optimum 324.8 nm line. These results show the shielded Hame to give a background 
intensity little different from that of an air-acetylene flame alone, but an emission signal for Cu of similar magni- 
tude to that from the C,Hz-N,O flame at the instrument settings used. 

Analytical sensrrimty 

The work of Koirtyohann and Pickettk6 among others has shown the C,H,-N,O flame to be probably the 
most sensitive and versatile system currently available for flame emission work. Accordmgly the emisston sensitr- 
vtties grven by the shielded burner were compared with the corresponding results given wtth the same Instrument. 
by the CzH2-N20 Hame. and wtth those determined elsewhere (Table I). Although dtthculttes artse m gtvmg 
any exact comparison of analytical data between different laboratortes. a.’ it is felt that the AA5 spectrometer 
used here IS sufficiently similar to many other units in current use for the comparative data m Table I to offer 
some indication of the level of analytical sensitivity whrch may be expected from FES with the shielded tlame. 

Spectral interferences; calibration curves 

Spectral interferences were generally found to be of comparable magnitude m the shielded flame and in the 
C,H*-N,O flame. The latter flame, however, did show a clear advantage m reducmg interferences due to band 
emission from the alkaline-earth metal oxides and hydroxides. presumably because of Its enhanced chemical 

Table I. Detection limits at a stgnal to root-mean-square noise ratio of 2: I. la, J~II 

Species i, nm Shielded flame* CH-N20* &Hz-N20L4 _ C2H,-N,OJ Separated C-H,-NZO” 1 

Al 3962 05 
Ba 553.6 0.001t 
Be 234.9 20 
Be0 470.9 0.4 
Ca 422.7 OGOO2t 
co 345.4 007 

352.7 - 
Cr 425.4 001 
cu 324.8 0.006 

327.4 0.01 

Zf 670.8 372.0 0.05 00JO1 
Mg 285.2 0005 
Mn 403.1 OGO8 

403.3 
Ni 341.5 

352.4 0.03 
Sc 391.2 2.5 

402.0 - 
402.4 - 

Sr 460.7 OGOOl 
Ti 334.9 - 

399.9 >20 
Tl 377.6 0.01 

535.1 @03 
V 318.5 - 

437.9 I.5 
Zr 360. I 120 

0.05 
oGI2 

40 
0.4 
OWOI 
0.05 

006 
0.05 
0.03 
0.06 
OGOO2 
0.01 
0.006 

0.04 
0.4 

- 

OGOOl 

0.2 
0.08 
0.05 

0.1 
IO 

0.05 
0.002 
I.0 

Iwnn2 
0.03 

_~ 

OW4 
0.01 

0.03 
oGOOO2 
0.07 

- 
OX08 

- 
0.02 

- 
- 

0.8 
oGOO5 
0.2 

0.1 
0.02 

- 
0.1 
5 

0.019 
OGO2~ 

40 
@2 
0.000 I 
0.05 

WOO5 
- 

001 
0.05 
oG?OQ3 
0.005 
oGO5 

0.03 
- 
- 

0.03 
- 

OGOO2~ 
- 

0.2 

0.02 

0.01 
3 

0.08t 

- 
- 

* This study: 100 ilrn and 25 Ltm monochromator slits were used with the shielded and CIH2-N20 flames 
respectively. 

t No ionizatron suppressant used with these elements. 
g Detection limits for Al. Ba and Sr given as OGO5. 0001 and OWOI respectively. in later publications.‘,“ 
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reducmg propertress The calibratton curves obtamed wtth both flames, both in the presence and absence or spec- 
tral interferences. were also similar. In ail cases examined, calibration curves were linear over a range of more 
than two orders of magnitude from the detectron hmtt 

The results obtained show that FES with the oxygen-shielded flame is capable ofgtvmg a very similar perfor- 
mance to the C2H,-NIO flame for many elements. The major advantage of the former appears to be its low 
background. which permtts good sensitivity to be obtained, in parttcular for Cu and Tl, wtth a comparatively 
low-resolutton monochrochromator. Thiscontrasts wtth the rather stringent optrcal requirements for FES m the 
C,H2-N20 flame.“ a conclusion which IS emphasized by the experimental condttions used. where resolutton was 
further reduced by the use of large slit-wtdths to compensate for inadequate photomultiplier sensittvity. 

Ac~rlo~ledye~,~rrlr.\-lt IS a pleasure to acknowledge the helpful comments made by Professor W. F. Ptckermg 
of the Universttv of Newcastle, N.S.W.. Australia, during this study. We are also indebted to the Nattonal 
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Summary-Flame-emtsston studtes have been made on 18 elements in the mner zone of an oxygen- 
shielded atr-acetylene flame. The shrelded flame gave higher emission sensitivity that that of the 
C,HI -NZO flame for Cu and Tl. and comparable sensitivity for a number of other elements, but 
poorer sensttivtty for elements forming stable refractory oxides in flames. The inner zone of the 
shtelded flame has low emission-background and high flame-temperature. permrtting good analyti- 
cal sensttivity to be obtained wtth relattvely low-resolution optical equipment. 

Zusammenfassung-Die Flammenemissron von 18 Elementen wtude in der inneren Zone einer mit 
Sauerstoff abgeschirmten Luft-Acetylen Flamme untersucht. Die abgeschirmte Flamme ergab 
bei Cu und Tl eme hiihere Emisstonsepfindlichkeit als die &Hz-N20-Flamme, bei einer Anzahl 
anderer Elemente verglerchbare Empfindlichkeit, geringere Empfindlichkeit jedoch bei Elementen, 
dte in Flammen stabile feuerfeste Oxide bilden. Die innere Zone der abgeschinnten Flamme weist 
emen germgen Emissions-Untergrund und eine hohe Flammentemperatur auf; daher erlaubt sie 
gute analytische Empfindlichkeit bei relativ gering aufliisender optischer Ausriistung. 

* Present address. Department or Chemtstr!. Memphis State Untversny. Memphis. Tennessee. U.S.A. 
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R&m&-On a elIectue des etudes d’emission de flamme sur 18 iitments dans la zone interne 
d’une flamme air-ac&yl&ne prottgCe de l’oxyg+ne. La flamme protegee a donne une sensibilite 
d’tmission plus Blev&e que celle de la flamme C,H,-N20 pour Cu et l-1. et une sensibilitk 
comparable pour un certain nombre d’autres Cltments. mais une sensibiliti plus faible pour les 
tlCments formant des oxydes rbfractaires stables dans les flammes. La zone interne de la flamme 
protigke an un found d’tmission bas et une haute temperature de flamme. permettant d’obtenir 
une bonne sensibilite analytique avec un equipement optique de risolution relativement faible. 

Jhr~r~r.Vol ?I. pp 796799 Pergamon Press. 1974 Prmted m Great Brnnm 

ZUR ENTMISCHUNG DER L&UNGSMITTEL BE1 DER 

CHROMATOGRAPHISCHEN TRENNUNG-V* 

SORPTION VON FLIESSMITTELDAMPFEN AN CELLULOSE 

(Eirtyeyartgen N,~I 27. Mdr-_ 1972. Angerlornrnrn a111 19. Jnmrar 1974) 

In einer friiheren VerGffenttichung’ wurde gezeigf da0 bei der Sorption von Alkohol-Wasser-Gemischen an 
Cellulose deren Massezunahme nicht allein auf eine Erhahung des Wassergehalts zuriickgefihrt werden kann. 
sondern, da0 neben Wasser such Alkohole an der Cellulose gebunden werden. Nun war es interessant. noch die 
Zeitabtingigkeit der Massezunahme der Sorption zu priifen und festzustellen. wie sich Cellulosepulver verhllt. 
das Liisungsmitteldiimpfen mit steigendem Wassergehalt ausgesetzt worden ist. 

EXPERIMENTELLER TEIL 

Die benutzten LGsungsmittel wurden durch mehrfache Destillation gereinigt. Die Sorption der LGsungsmittel 
an der Cellulose wurde in einer zylindrikhen chromatographischen Kammer von 10 cm Durchmesser und 25 
cm Hijhe durchgefiihrt. Das Cellulosepulver wurde in emem Wlgeglas 55 x 35 mm untergebracht. wghrend das 
LGsungsmittel den Boden der Kammer bedeckte. 

Crllcdose: Whatman Cellulose Powder. Standard Grade. Der Wassergehalt wurde durch blamperometrlsche 
Titration mit Karl-Fischer-Liisung bestimmt. 

ERGEBNISSE UND DISKUSSION 

Urn die Verhaltnisse bei der Sorption des FlieDmittels am Trlger noch von emer anderen Seite her zu erfassen. 
wurde die Sorption aus der Gasphase untersucht. 

Zertahhiingigkect der Sorptiorl 

Urn die Zeitabhlngigkeit der Massezunahme zu erfassen. wurden I,0000 g des getrockneten Cellulosepulvers 
I bis IO Tage in der getittlgten Atmosphlre der mijglichst wasserfreien niederen aliphatlschen Alkohole au&e- 
wahrt. Die Resultate sind in Abb. I dargestellt. Das Diagramm zelgt. dal3 die Massezunahme in erster Nlherung 
mlt der Dielektrizitltskonstanten der Solventien abfiillt. Der schwankende Wassergehalt der Gemische schemt 
dabei die MeBwerte nur in untergeordnetem MaBe zu beeinflussen. 

Zur Untersuchung des EinRusses des Wassergehalts auf die Sorption der Liisungsmitteldlmpfe durch luft- 
trockene Cellulose wurden weltere Proben eine Woche iiber dem Gemisch L&ungsmittel/Wasser aufbewahrt 
und ddnach wieder die Massezunahme bestimmt. Die erhaltenen MeDwerte sind Ielder ohne gral3eren experi- 
mentellen Aufwand nur qualitativ reproduzierbar. Die Ergebnisse sind in Abb. 2 dargestellt. Trotz der unbefriedi- 
genden Reproduzierbarkelt kann m;Ln aus diesen Versuchsreihen wesenthche Informationen iiber die Masse- 
zunahme. iiber den EinBuR des Alkohol-Wasser-Verhlltnisses. iiber die Zusammensctzung des Sorbats usw. be- 
kommen. 

* Mitteilung IV: Tulor~tu. 1974. 21, 641. 
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46 96 144 I92 240 

Abb. I. Zeitabhangigkett der Massezunahme der .~ellulose bet der Sorptron von Losungsmn- 
teldampfen: (1) Wasser; (2) Methanol (99.56%); (3) Athanol (95,07x); (4) I-Propanol (99,30x); (5) 

2-Propanol(98.25”/); (6) I-Butanol (99.55%); (7) 2-Butanol(98,83%). 

150 

F 100 

d 

I” 

50 

0 

-50 t, 
100 60 60 40 20 

Alkohol, % 

Abb. 2. Reproduzierbarkeit der Megwerte bei der Sattigung der lufttrockenen Cellulose mit 
Dampfen wll3riger Alkohole. Abhangtgkeit der Wasserzunahme vom Wassergehalt des 

urspriinglichen Alkohols 
Kurven 1. 2. 3. 4: Versuchsreihe a Kurven 5. 6. 7, 8: Versuchsreihe b. Methanol (1, 5). Athanol 

(2. 6). I-Propanoi (3. 7). tert-Butanol (4. 8) 

797 
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Die einzelnen MeBwerte dieser Versuchsreihe sind in Tabelle 1 zusammengestellt. Bei der Berechnung der 
Zusammensetzung des sorbierten FlieDmittels wurde auf die Summe aus aufgenommenem orgatuschen Liisungs- 
mittel und aufgenommenem Wasser plus dem bereits in der lufttrockenen Cellulose vorhandenen Wasser bezogen. 
Wegen der starken Streuungen such innerhalb der Rethen wurde auf eine graphische Darstellung verzichtet. 

Auch die Ergebnisse dieser Untersuchungen lassen wieder mteressante Schhisse im Hinblick auf das verfolgte 
Ziel zu. Mit steigendem Wassergehalt der Alkohole steigen sowohl die Massezunahme. wie such der Wasserge- 
halt der Cellulose. Die Art des Alkohols spielt zwar eine erkennbare und systematische Rolle, doch sind die Un- 
terschiede zwischen den einzeinen Kurven unwesentlich und gegeniiber dem EinfluB der Versuchsbedingungen 

Tabelle 1. Sttigung lufttrockener Cellulose mit D;impfen wasserhaltiger Losungsmittel. Einwaage an Cellulose 
1,0000 g, Wassergehalt 48,3 g/l g Cellulose. 

FlieDmittel 
Gehalt an org. Wassermenge Wasser- Sorbiertes Org. Liisungsmtttel in 
Losungsmittel, Massezunahme, gefunden, aufnahme, H,G, FheDmtttel. 

% mg mg @I 
0, 0. 0 0 

Methanol 95 
90 
85 
80 
60 
40 
20 

Athanol 95 
90 
85 
80 
60 
40 
20 

2-Pro- 95 
pan01 90 

85 
80 
60 
40 
20 

tert.- 95 
Butanol 90 

85 
80 
60 
40 
20 

Aceton 95 
90 
85 
80 
60 
40 
20 

Pyridm 95 
90 
85 
80 
60 
40 
20 

97,4 
100.6 
104.6 
135,9 
103,7 
109.6 
149.2 

56,5 

!Y? 
6917 

140.9 
146,l 
148.5 

4035 
66.9 

109,7 
83,3 

171.2 
116.9 
120.7 

24,4 
59,7 
55.7 
76,9 

110.7 
121.4 
151.5 

51.3 
79.6 

114.7 
76,2 

105.5 
155.6 
162.9 

167,2 
- 

188.2 
133.3 
145,6 
140.9 
145.2 

22,4 
47,l 
43,8 
64.9 
99.9 

127,6 
185.4 

24.3 
63,8 
46.2 
62.5 

13016 
147,l 
214,O 

29.8 
629 
81.1 
8714 

191.0 
140.1 
175.0 

38,2 
71.5 
62,8 
84.7 

1623 
145,2 
226.3 

46,0 
94.3 

125.6 
83.9 

114.3 
169.7 
205.6 

27.4 

44,s 
66, I 
99, I 

141.8 
209.7 

- 25,9 
- 1.2 
-4.5 
16,6 
51,6 
79,3 

137.1 

15.4 
31.6 
28,6 
35.2 
65.7 
848 
93.9 

- 24.0 23.2 
15.5 58.9 

-21 56.7 
14.2 53,0 
82.3 69.0 

75.7 
- 

33.5 
54.7 
51.3 
66.4 
87.0 
84.8 

98.8 
165.7 

- 18,5 
14,6 
32,8 
39,l 

142.7 
91.8 

126.7 

- IO,1 
23.2 
14,5 
36,4 

114,o 
96,9 

178.0 

-2.3 
46.0 
77.3 
35,6 
66.0 

121.4 
157.3 

- 20.9 
- 
-3.8 
17.8 
50.8 
93.5 

161.4 

52.5 
66.2 
60.4 
67.6 
- 

85.6 

46.2 
73.7 
77.0 
67.4 
74.3 
83.2 
97.3 

12.7 
- 

18.8 
36.4 
51.1 
74,9 
- 

84,6 
68.4 
71.4 
64.8 
34.3 
19.2 
6. I 

76.8 
41.1 
43.3 
47.0 
31.0 
24.3 

66.5 
45.3 
48.7 
33.6 
13.0 
15.2 

47.5 
33.8 
39.6 
32.4 
- 
14.4 

53.8 
26.3 
23.0 
32.6 
25.7 
16.8 
2.7 

87.3 

8 1.2 
63.6 
48.9 
25.1 
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gering. Der Wassergehalt der Cellulose mmmt zwar erwartungsgemlfi mlt stelgendem Wassergehalt der 
LBsungen zu, dlese Abhlngigkelt 1st aber nicht linear und verlhuft in charakteristischer Welse (Abb 2). 

Ein bemerkenswertes Ergebms dieser Messungen 1st die Tatsache. daR im Verlauf der Sorption sogar em be- 
relts fixlertes Solvens durch ein anderes ersetzt werden kann Das geht aus den Kurven m Abb. 2 hervor Aus 
der lufttrockenen Cellulose, die schon vor der Slttlgung 48,3 mg Wasser pro 1 g Cellulose enthlelt. wurde beI 
der Slttigung mit den Dlmpfen der hochprozentigen Alkohole ganz emdeutig das Wasser verdrlngt und dessen 
Platz an der Trlgerphase durch den Alkohol eingenommen. 

Aus den Versuchen dieser Reihe geht hervor, daI3 es such beI der Emwlrkung von LGsungsmltteldLmpfen auf 
die Cellulose zur Bildung einer Phase kommt. die aus allen LGsungsmlttelkomponenten aufgebaut 1st. Der Anteil 
des Wassers 1st gewiihnhch griil3er als im urspriinghchen Gemisch und wird durch das benutzte orgamsche 
LGsungsmlttel bestimmt. Eine praktlsche Folgerung daraus 1st. dal3 es bei der 9ttlgung der Cellulose mit den 
Dimpfen des reinen Lijsungsmlttels kaum eme Schlcht geben kann, die nur aus dem reinen Solvens besteht. 

Insmut fir Er:forschung 
Prag. CSSR 

JAN MICHAL 

Sektlorl Chemre-Lehrsfuhl fiir Analyt&~e Chemle 
Bergakaderme Freiberg (Sacks), DDR 

GERHARDACKERMANN 
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Summary-The sorption of solvent vapours onto dried cellulose has been investigated. The time- 
dependence and the effect of the solvent-water ratio is discussed. The studies concerned the proper- 
ties of methanol, ethanol, propanol and butanol. 

Zusammenfassung-Es wird die Sorption von Lijsungsmitteldiimpfen an getrockneter Cellulose 
untersucht und dabei die Zeitabhiingigkeit. sowle der EinfluD des Verhlltmsses Lasungsmittel zu 
Wasser diskutiert. Die Untersuchungen erstrecken sich auf das Verhalten von Methanol, Athanol. 
Propanol und Butanol. 

R&sum&--On a ttudit la sorption de vapeurs de solvants sur la cellulose destichCe. On 
discute de la dtpendance par rapport au temps et de l’influence du rapport solvant-eau. Les 
ttudes ont concerni les proprittts des methanol, tthanol, propanol et butanol. 



ERRATA 

In the May issue on page 357 the name M. K. Kumaran as an author of the paper was 
printed by mistake and should be deleted. 

On page 254 in the March 1974 issue, line 25 should be replaced by the following: 

(J, 5.). and that at 8.56 ppm to H,. because of the JY,q coupling constant of 7.5 Hz. The 
remaining pyridyl proton, 
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SPECTROCHEMICAL DETERMINATION OF 
TRACE BISMUTH AND LEAD IN IRON-BASE AND 

HIGH-TEMPERATURE SUPERALLOYS* 

G. L. VAWLAROS 

Colt Industries Crucible Inc., Materrals Research Center P.0 Box 88. 
Pittsburgh, Pennsylvania 15230, U.S.A. 

(Recewed 15 October 1973. Accepted 28 November 1973) 

Summary-A method is presented for determmation of lead and bismuth in steels and superalloys, 
based on co-precipitation with manganese dioxide followed by optical-emrsston or atomic-absorp- 
tion measurements. The limit of determination is about OQOOl~O and the relative standard devia- 
tion is 4”/, at the 0.002’4 level. 

A chemical spectrographic method is proposed for determining trace amounts of bismuth 
and lead in iron-base and high temperature superalloys. The method utilizes the separ- 
ation of the elements from the matrix by co-precipitation with manganese dioxide before 
their determination by optical emission or atomic absorption. Manganese dioxide is pro- 
duced by the reaction of potassium permanganate with a manganese salt such as manga- 
nese sulphate. Elements such as bismuth and lead have been found to be effectively 
absorbed on the manganese dioxide surface. The use of manganese dioxide as a collector 
was first reported by Blumenthal’ in 1928. Several investigators have used the technique 
since. Pyburn and Reynolds’ published a comprehensive study of the separation of trace 
metals by the manganese dioxide collection method. Their study shows poor collection 
for copper and negligible collection for zinc, but better results are reported for lead and 
tin. A detailed study of manganese dioxide as a collection agent for lead and bismuth in 
nickel (before atomic-absorption analysis) was published by Burke3 in 1970. We have also 
used manganese dioxide in the past few years as a means of concentrating traces of bis- 
muth and lead in ferrous and high-temperature superalloys in an effort to improve sensiti- 
vitiesanddetectionlimitsforbothelements.Thecomplexcompositionofsuperalloys(Chrom- 
ium-cobalt-niobium- tantalum-molybdenum-tungsten- titanium-aluminium-nickel) 
necessitated the development of a method whereby lead and bismuth could be separated 
and concentrated with minimum interferences from the multi-element matrix. The manga- 
nese dioxide precipitate can be arced in an optical-emission spectrograph or may be dis- 
solved in a small volume of hydrogen peroxide and hydrochloric acid for atomic-absorp- 
tion analysis as reported by other investigators. 3*4 The proposed method gave us a useful 
means of determining bismuth and lead at the O-200 ppm level without cumbersome sepa- 
rations and with no involved sample preparation. A few experiments showed that anti- 
mony and tin can also be concentrated in the same way, thus offering possibilities for trace 

* Presented at the 25th Pittsburgh Conference on Analytrcal Chemistry and Applied Spectroscopy, Cleveland, 
Ohto. U S A.. 7 March 1974 Paper No. 329. 
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determination of these elements. X-Ray fluorescence examination of the manganese diox- 
ide precipitate for bismuth and lead showed the sensitivity to be too low and the back- 
ground too high for use of X-ray fluorescence for the final determination. 

EXPERIMENTAL 

Apparatus 

A JACO 3.4 m Ebert optical-emission spectrograph, JACO console microphotometer. photographic process- 
ing equipment, and a JACO 82-500 absorption spectrograph with a Sargent recorder were used. 

Materials 

Electrodes. The upper counter-electrode (ASTMCS) and lower sample electrode (ASTMS-11) were both of 
high-purity graphite. 

Bismuth solution 1 mg/ml. 
Lead solution 1 mg/rni. 
Manganous sulphate monohydrate, 5% solution. 
Potassium permanganate, 0.25M. 

Procedure 

Two procedures, one for low-alloy iron-base and high-temperature superalloys and the other for stainless-steel 
matrices were developed. 

Low-alloy iron-base and high-temperature superalloys. Dissolve up to 5 g of sample m IO ml of COW. sulphuric 
acid and 30 ml of water. Treat this solution with sufficient I.2M nitric acid (200 ml) and adjust the final volume 
to 200 ml by boiling off the excess. Add 5 ml of 5% manganous sulphate solution and heat to boiling. Add IO 
ml of 0*25M potassium permanganate solution slowly and continue boiling for 2 min. Allow the solution to stand 
at a temperature of about 70” for 30 min and then filter through a micropore membrane (5 itm). Wash the precipi- 
tate three times with 1.2M nitric acid using the first two washings to transfer the last traces of precipitate from 
the beaker to the membrane. 

Stainless-steel matrices. Dissolve up to 5 g of sample m 90 ml of 4M hydrochlortc acid and 30 ml of cont. 
nitric acid added in that order. The nitric acid is added with caution to avoid any violent reaction. Then add 
20 ml of (70%) perchloric acid and evaporate to dense fumes of perchloric acid. This step is necessary to oxidize 
chromium to the 6+ state, since chromium(II1) reacts with the added potassium permanganate. and prevents 
complete formation of the manganese dioxide. The manganese dioxide is then precipitated and treated as for 
the other alloys (starting from addition of 1.2M nitric acid). 

The dried manganese dioxide residue can be either directly arced in the optical-emission spectrograph or dis- 
solved in a definite volume of a suitable solvent and the resulting solution used for atomic-absorption analysts. 
A suitable solvent is 10 ml of a mixture of cont. hydrochloric acid. hydrogen peroxide and water (3 : I : I v v). 
used in a 150 ml beaker with gentle heating. 

The following optical-emission conditions are used for bismuth and lead. 

Discharge 
Voltage (open-circuit) 
Current (short-circuit) 
Spectral region 
Slit-width 
Preburn period 
Exposure period 
Sample polarity 
Analytical-line pairs 

d.c. arc 
220 * 2ov 
6-12 A 
2250-3450 A 
30 pm 
nil 
5, IO, 30 set (moving plate) 
positive 
Bi 3067.72 A Pb 2833.07 A 
Mn 3035.0 A Mn 2842 A 

The 3067.72 A bismuth line is a doublet with the second peak at 306764 A. 
a molybdenum line at 306764 A. The Pb 2833.07 A line is interfered with by 

The latter is interfered with by 
Zr 2833.3 A and Mn 2833.3 A. _ ..^ 

the latter being the more serious. The interference, however, appears neghglble at the 5 and 10 set exposures 
and becomes serious only for longer exposures. This was confirmed by moving-plate results whereby tt was found 
that lead substantially separates from the less volatile manganese during the 5 and 10 set exposures. 

The dissolved manganese dioxide residue is analysed by atomic absorption according to the followmg condt- 
t1olls. 
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Lamps 
Resonance lmes 
Entrance slit 
Exn slit 
Air-flow 
Acetylene-flow 

bismuth and lead, single-element 
2231A Bi, 2170 A Pb 
100 pm 
150 pm 
57 l./min 
2.4 l./min 

RESULTS AND DISCUSSION 

Bismuth can be determined very satisfactorily by the proposed method over the range 
O-100 ppm. Optical emission is the best method for the O-5 ppm range, and atomic- 
absorption for higher levels. 

As no superalloy standards with ultralow bismuth contents are available, the standard- 
addition technique was used, four l-g samples of High Temperature Superalloy 494-100 
being spiked with 0~0001,0~0003 and 0.0005% bismuth and a log-log plot of intensity ratio 
LX concentration being made. Inspection of the Bi/Mn intensity ratios given in Table 1 
clearly indicates that the unspiked samples 494-100, 494-102 and 494-122 contain levels 
of bismuth lower than or equal to 0.0001%. A cross-check with Ledoux’s Chemical Labor- 
atory* confirmed our optical-emission bismuth values. 

Table 1. Bismuth, optical-emission spectroscoptc results for l-g 
samples of high-temperature superalloys 

Bi/Mn 
Bismuth intensity 

Sample added, % ratio Bismuth, %* Bismuth %’ 

494-100 0.40 5 OGOO1 $0.0001 
494- 100 0~0001 0.45 0WlO11 
494100 00003 0.60 0.00025 
494- 100 00005 0.85 oGOO55 
494- 102 0.40 I00001 5 oXlOOO5 
494- I22 0.40 I oGOO1 5 OWOO5 

* Our results. 
t Ledoux’s results. 

For the maximum of O*OOOl% bismuth specified in our superalloy programme the pro-, 
posed optical-emission method is operating at its limit of detection if a 1 g sample is taken. 
For better reliability a larger sample should be taken, preferably 5 g, but may present dis- 
solution problems, as is the case with the superalloys. 

A 5-g sample was found to be the minimum weight suitable for the atomic-absorption 
analysis. Calibration graphs constructed by use oflow-allow steels and stainless steels spiked 
with bismuth are linear but the slope for stainless steels is almost twice that for low-alloy 
steels. What is significant however, is that both graphs are linear, indicating constant bis- 
muth recoveries during co-precipitation with manganese dioxide. As no certified standards 
with O.OOOl-0*014, bismuth were available at the time the method was developed, the in- 
clusion of at least one reagent blank and five synthetic standards was necessary and is still 
recommended. From Table 2 it can be seen that the proposed atomic-absorption method 
provides a new analytical capability for accurately determining bismuth at trace levels 
never before possible by direct methods. Recently the NBS (361-365) series of low-alloy 
steels was also analysed for bismuth by atomic absorption. The results given in Table 3 
show the bismuth values obtained by our method, in comparison with NBS values. 

* Independent Referee Laboratory. New Jersey. U.S.A. 
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Table 2. Bismuth results obtained by atomic absorp- 
tion (5 g samples) 

Sample 

Low alloy 
Low alloy 
Low alloy 
Low alloy 
Low alloy 
Low alloy 
Low alloy 
16 G-10 Ni 
Stainless 
185 0-95 Ni 
Stainless 
20.5 0-10 Ni 
Stainless 

Bismuth. O,, 
Assumed Found 

0+005 oQOo5 
OGOl 0~0014 
oGO2 @0019 
OGO4 0.0033 
OGO6 00044 
0.008 00090 
0010 0~0110 

OGOO4 oGOO47 

OGO16 00014 

00032 00032 

Agreement between our values and the NBS values is very satisfactory. A 1-5 g sample 
was found suitable for lead analysis by optical emission for levels ranging from 1 to 200 

ppm. 
The standard-addition technique was used for the high-temperature superalloy 494- 150 

to compensate for the lack of certified standards. Table 4 shows that the detection limit 
for lead by optical emission is 3 ppm when a 1 g sample is used. A wet chemical determina- 
tion of lead in 494-150 by the dithizone method gave a value of I OGIO2 which is in good 
agreement with the optical-emission value. Optical-emission sensitivity for lead was con- 
siderably improved by using a 5 g sample; however, no lead was detected in NBS 361 and 
365. Excellent agreement was obtained between the optical emission and the dithizone 
methods for 18-8 stainless-steel samples 73-729 and 73-730. 

Lead determination by the manganese dioxide and atomic-absorption method has been 
found successful for low-alloy and stainless steels at levels ranging from O-0005 to 0.02%. 
The proposed method offers a new, rapid approach for determining lead at critical OGOl- 
OGO2% levels with excellent accuracy and precision. 

Results for low-alloy and stainless-steel samples and certified standards, interpreted 
from a calibration graph constructed with synthetic samples, are exhibited in Table 5 along 
with values obtained by the dithizone method. 

Table 3. Bismuth m NBS Series 361-365 by atomic 
absorption (5g samples) 

Sample 
Bismuth. ?< 

Found NBS values 

NBS 361 
NBS 362 
NBS 363 
NBS 364 
NBS 365 

oGOO3 
oGO54 
oGGQ7 
OW24 
Not 
detected 

(OQOO4)* 
(0.006) + 
(0%)08)* 
(0002) + 

<OWOOl 

* NBS value from a single laboratory. 
+ NBS approximate value from heat analysis Spark- 

source mass spectrometry. 
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Table 4. Optical-emission determination of lead 

Sample 

494- 150 
494-150 
494-150 
494- 150 
494- 150 
494- 150 
NBS 361 
NBS 362 
NBS 363 
NBS 364 
NBS 365 
73-729-l 
73-129-2 
73-730-I 
73-730-2 

Pb found, % 

I O-0003 
5 oGOO3 
I oGx)3 

OGOO6 
OGOO9 
0,002 

Not detected 
OGOO6 
OX)016 
0.010 

Not detected 
OGQO6 
OGOO6 
OGOO6 
0.0006 

Pb presenf % 

OwO* 
OGOO1 
0-0003 

@OOlO 
0*0020 

<0_0001t 
OGIO6 
OGO18 
0.019 

<O-00005 
OQOO6$ 

OGIO6 

* Lead added. 
t Lead reported by NBS (361 value from single labor- 

atory, 362 value from heat analysis, 363 value from 
single laboratory, 364 provisional value, 365 polar- 
ographic). 

$ Lead analysed by dithizone method at Crucible 
Materials Research Center. 

Table 5. Lead results by atomic absorption 

Sample Type Weight, g 
Atomic 

absorption 

Lead, % 

Dithizone 
NBS 

certificate 

NBS 13Oa Low alloy 0.20 0.217 0.23 
BC 328 Low alloy 2.0 00148 @015 
BC 273 Low Alloy 5.0 0.003 0.003 
NBS 442 16 0-10 Ni 5.0 0002 1 0.0017 
NBS 443 18.5 Cr-9.5 Ni 5.0 00024 0.0025 
NBS444 20.5 Cr-10 Ni 5.0 oGO37 @0037 
72-1553 18 Cr-8 Ni 5.0 oGO30 0.0027 
72-1554 18 Cr-8 Ni 5.0 o+m33 oGO39 
72-1558 18 Cr-8 Ni 5.0 0.0049 0.0048 
73-1562 18 Cr-8 Ni 5.0 0.0130 O-0140 
72-1831 18’0-8 Ni 5.0 0.0009 OGOO8 
72-1929 18 Cr-8 Ni 5.0 OQOO8 oGcKl7 
72-1930 18 Cr-8 Ni 5.0 OGOO6 OQOOS 
72-1564 18 Cr-8 Ni 5.0 0.0065 OGO61 

Inspection of Table 5 reveals that the method determines lead as accurately as does the 
dithizone method. It is also more rapid and has the advantage that bismuth can be deter- 
mined on the same sample. The coefficient of variation was found to be 4% for both ele- 
ments (10 variates) at the 0G0270 level. 
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Zusammeafassung-Ein Verfahren zur Bestimmung von Blei und Wismut in Stahlen und Superle- 
gierungen wird angegeben, das auf der Mitfallung mit Mangandioxid und nachfolgender Messung 
der opt&hen Emission oder der Atomabsorption beruht. Die Grenze der Bestimmung ist etwa 
0,0001%, die relative Standardabweichung 4% bei etwa 0,002%. 

R&sun&-On prtsente une mithode pour la determination du plomb et du bismuth dans les aciers 
et superalliages, bade sur la coprecipitation avec le bioxyde de manganese suivie de mesures 
d’tmission optique ou d’absorption atomique. La limite de dosage est d’environ 0.0001”~ et I’ecart 
type relativ est de 4% au niveau de 0,002%. 
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Summary-Methods for determining stability constants are reviewed critically. Recommendations 
are made about the choice of technique, the detailed design of experiments, the calculation of the 
constants and the presentation of the results for publication. 

Many discussions of stability constants start by an exhortation to consider either “the 
formation of N complexes BA, (where n I N and charges are omitted for clarity) by the 
addition of n ligands A to a central group B” or, even more depressingly, “the formation 
of complexes of general composition B,A,HjM,X, (H,O), in an aqueous solution con- 
taining the bulk electrolyte MX.” This latter formula is usually simplified by assumingthat, 
since the concentrations of M, X and water hardly vary, the (average) values of m, x and w 
are fixed for a particular set of values of q, p and j. The contributions of those species which 
make up the medium are then thankfully ignored, and the complexes are written as 
B,A,H,, where q and p may have values of zero, or of any positive whole number. The value 
of j is also integral, and is positive for species which act as Bronsted acids, but negative for 
those which contain one or more hydroxyl groups. 

The discussions usually continue by defining an overall stability constant, which is 
merely the equilibrium constant for the formation of each particular complex from the 
appropriate components B, A and H (or OH). Obviously, the concentration of each 
complex in a given solution depends on the value of this constant, expressed as a con- 
centration quotient, and on the equilibrium concentrations of B, A and H, and if it were 
possible to measure the concentrations of the complex, and of the components in equili- 
brium with it, the value of the stability constant could be obtained. 

The very large literature on the determination of stability constants (see, e.g. ref. 1) has 
grown up because it is seldom, if ever, possible to obtain direct measurements of the 
equilibrium concentrations of all species which are present in a solution in which complexes 
are formed. The equilibrium concentrations of the components B, A and H depend not 
only on the fractions of these species which are consumed in the course of complex forma- 
tion, but also on the toral concentrations of these components. An increase in the total 
concentration of a ligand will, by the law of mass action, always increase the concentration 
of free ligand, albeit sometimes by a very small amount. The equilibrium concentration 
of one of the components can therefore be related to the stability constants of the complexes 
and to the analytical composition of the system. Conversely, measurement of the variation 
of the free concentration of but one species with the overall composition of the solution can, 
in principle, lead to values of the stability constants. 

809 
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Any change in the extent of complex formation in a solution is reflected by changes in 
several aspects of its behaviour. Variation of suitable properties with the composition of 
the solution may therefore be exploited to give information about the complexes which 
are formed. It is sometimes possible to study a property which depends only on the con- 
centration of one species, and so provides a method of measuring the equilibrium con- 
centration of that species. For example, a potentiometric cell can sometimes be designed 
so that its e.m.f. can give a measure of the concentration of uncomplexed metal ion, and the 
total concentration of a metal ion in an organic solvent which has been equilibrated with 
an aqueous solution is often proportional to the concentration of uncharged metal complex 
in the aqueous phase. 

Interpretation is much more difficult when several species contribute to the property 
which is being measured. Thus the distribution of a metal ion between a cation-exchange 
resin and a solution depends on the concentration of the free metal ion and of any cationic 
complex, together with the various partition coefficients of the cations between the two 
phases. 

Spectrophotometric measurements may also be difficult to interpret, since the absorbance 
of the solution depends on the concentrations, and molar absorptivities, of all species which 
absorb radiation of the wavelength used. However, if addition of the ligand to a metal ion 
results in a marked change in absorbance, because of the formation of a single complex, 
the concentration of this species may be determined spectrophotometrically. Methods in 
which the concentration of a single species can be followed are deservedly more popular 
than those in which several species contribute to the quantity being measured. The latter 
are, indeed, best restricted to those situations in which the former cannot be used, but some 
studies seem to have been motivated by a desire to show that a particular technique can 
be used to measure stability constants, rather than by a resolve to obtain “good” experi- 
mental results in the most efficient possible manner. 

Although the general formula B,A,H, embraces conventional polybasic acids (q = 0, 

P = 1, j 2 0) and molecular complexes of organic species {i= 0), the term “stability 
constant” normally refers to the formation of a complex in which the central group, B, is 
a metal ion. The ligand, A, may be a simple anion or neutral molecule (e.g., Cl-, NH,, 
C,H,) or a multidentate organic anion or molecule of considerable complexity (e.g., 
polyamines and aminopolycarboxylate ions). With the exception of the method-hunters, 
the majority of workers have measured stability constants by means of some form of 
potentiometry, and it is with this method that the present paper is mainly, but not ex- 
clusively, concerned. An attempt will be made to answer such questions as: “on what 
assumptions is the experimental method based?“; “how can we tell if they are justified?“; 
“what should we do if it emerges that they are not?“; “which method is appropriate for 
which system?” ; “ how can experimental results best be processed?” ; “what do the stability 
constants mean?“; how may the results best be reported?“; and, of course, “why should 
one want to measure stability constants anyway?” 

SURVEY OF EXPERIMENTAL METHODS 

Methods for measuring stability constants may be classified according to whether or 
not any of the species B&H, exists in more than one phase. Within each group of tech- 
niques, further classification may be based on the way in which the measured property 
varies with the concentrations of the species being studied. The techniques most commonly 
used’ are shown in Table 1. 
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Table 1. Some methods for measuring stability constants 

All species B,A,,H, in 
homogeneous solution 

At least one species 
B,A,H, distributed 
between two phases 

Experimental output (fairly) directly related 
to concentrations of individual species. 

Classical analysis 
Potentiometry 
Polarography 
Amperometry 

Solvent extraction 
Solubility 
Vapour pressure 

Output depends in general on concentrations Spctropbotometry Ion-exchange 
of more than one species ; but in favourable Kinetics 
cases method can give single concentrations. 

Output always depends on the Colligative properties 
concentrations of two or more species Conductivity 

Many of the methods listed are of very restricted application. Classical chemical analysis, 
for example, can only be used on very inert systems ; most complexes are so labile that 
addition of an analstical reagent displaces the equilibrium before, say, a precipitate can 
be separated or an absorbance measured. Determination of concentration by measuring 
distribution between solution and vapour is restricted to systems where only one species 
is volatile, but it has been used to study complexes of metal ions with small, uncharged 
ligands such as ammonia and acetylene. Ebullioscopy and cryoscopy are, of course, re- 
stricted to a single temperature for any particular system. Changes in the colligative 
properties of a solution, and in the electrical conductivity, are usually swamped by the 
presence of a bulk electrolyte. If the solubility of a sparingly soluble solid, e.g., BA,, is 
measured, the constancy of the solubility product [B] [A]’ precludes independent variation 
of the concentrations of free metal ion and free ligand. The use of amperometry and polaro- 
graphy is restricted to those systems in which the metal ion can be reversibly reduced at a 
dropping mercury electrode ; but these systems can better be studied potentiometrically by 
using amalgam electrodes. 

Measurements which depend on the concentrations of several species are often difficult 
to interpret. Colligative properties, which depend only on the total number of solute 
species, can only be interpreted unambiguously in simple systems. On the other hand, 
techniques such as spectrophotometry and ion-exchange may lead to ambiguous (or, at 
least, imprecise) results just because each species contributes to the property to a different 
extent, and so increases the number of parameters needed to describe the system. Thus the 
expression for the absorbance of a solution involves the molar absorptivities ofall absorbing 
species in addition to stability constants and concentration variables. The interpretation 
of kinetic measurements is often particularly complicated. The rate of exchange between, 
say, Fe(I1) and Fe(II1) in a solution of their complexes, can be described only by introducing 
a rate constant for each pair of species between which exchange is possible. Techniques of 
this class are most useful for systems in which it can be firmly established that only one 
species contributes to the property measured. 

The rest of this paper will deal only with the four techniques printed in boldface in Table 1. 
The general principles of careful equilibrium work will be illustrated with references to 
potentiometry, since it is the method most commonly used; and potentially the best. An 
analyst might however, complain that since potentiometry can only be used for complexes 
which are appreciably soluble in the medium, the technique involves the use of just those 
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solvents which he tries to avoid. Solvent extraction will also be considered in some detail, 
since it can often be used when potentiometry is inapplicable. Spectrophotometry and ion- 
exchange will be discussed in the light of how to use apparently unpromising techniques 
to the best advantage. 

Systems of simple, mononuclear complexes 

The simplest systems of complexes are those in which only one series of complexes is 
formed and only one of the integers q, p and j varies. Examples are : 

(i) Oligomers B, (p = 0, j = 0) formed by self-association of such species as S, in the 
vapour phase, or phenol in organic solvents. (ii) Acids HjA (q = 0, p = 1) in solutions which 
contain no complexing metal ions. (iii) Complexes BA, (q = 1, j = 0 ; p is variable, con- 
ventionally written as p = n when q = 1). These species are formed by combination of non- 
basic ligands, such as halide ions, with simple metal ions such as Hg2+ and Fe3+ : similar 
complexes are formed by combination between these ligands and composite, but infinitely 
stable, central groups such as 

Hgi+(q = 2,j = 0), VO’+(q = 1,j = -2)* or UOi’(q = 1,j = -4)* 

The great majority of those species which act as ligands for metal ions can also act as 
Brsnsted bases and combine with at least one proton ; and so it is usually necessary to deal 
with systems in which at least the two series of species BA, and HP coexist. In many 
studies it is assumed that no further complexes are formed (i.e., that q can have values of 
only 0 and 1, such that, when q = 0, p = 1; and when q = 1, j = 0). 
Considering, for the moment, only the series BA, and HP, we may express the total 
(analytical) concentrations B, A and H as 

B = 2 [BA,] (19 

A = C [HjA] + C n[BA,J (2) 

H = Cj[HjA] + [H+] - [OH-] (3) 

(For alkaline solutions, H may be negative.) The summations run from zero to the maximal 
values n = N and j = J, inclusive. 

The equilibrium concentrations [BA,] and [HP] may be expressed in terms of the equili- 
brium concentrations, b, a and h of B. A and H, together with (N + J)f overall stability 
constants 

B, = PW/~a” (4) 

“flj = [HjA]/hja (5) 

The quantities /3, and “pi are concentration quotients, and may be treated as parameters 
only if the activity coefficients of the species involved remain constant over the whole 
range of concentrations used. Introduction of the stability constants into the mass-balance 
expressions (l-3) gives 

B = 1 jI,,ba” 

* VO’+ cannot be distinguished from V(OH):+, nor UO:’ from U(OH):+ by equilibrium studies in aqueous 
solution. 

7 For n = 0 or j = 0 the constants & and “bj become unity. 
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A = c H/?jhJa + c n/I,ba” 

H = x,jHfljhJa + h - K,h-’ 

(7) 

(8) 

where K, = h[OH-] is the stoichiometric ionic product of water. 
Values of “/I’~ for the formation of the acids H,A are usually determined in solutions which 

contain no B. Measurement of h leads to the average number,j, of protons bound to each 
A. For B = 0, we may write 

~ = C_i[HjA] H - (h - Kwh-‘1 
C [HjA] = A 

Thusj can easily be obtained from measurements of h, H and A (provided that h >> I&h- ‘, 
or that K, has been determined under the exact conditions used). By combining equations 
(7)-(9) we can also express j as 

(10) 

which is a polynomial in the single variable h. Since the coefficients of equation (10) are the 
required values of H/Ij, these may be obtained from the experimental function j(h), and 
hence from measurements of h, H and A. The most suitable way of solving equations 
derived from equation (10) depends on how many acids are formed, and to what extent 
they coexist. 

The average number, ii, of ligands A bound to B can be analogously defined as 

(11) 

Again this average degree of complex formation may be related to experimental quantities. 
Thus. from equations (2), (3) and (9) 

ii= 
A - [H - (h - K,h-‘)]h 

B 
(12) 

If values of Hflj (and K,) have been determined under exactly the same conditions, the value 
of j can be calculated for any value of h. Combination of the values of h and j with the 
analytical concentrations B, A and H then gives the value of 6. 

The variation of fi with a, like the functionj(h), can be expressed as a simple polynomial, 
in which the coefficients are the required stability constants. Thus, from equations (4) and 
( 11) we obtain 

(13) 

where the sole variable is the concentration, a, of free ligand. The value of a may also be 
obtained by measuring h in a solution of known B, A and H. Since, from equation (2) 

1 [HjA] = A - C n[BA,] (14) 

no further information is needed to enable us to calculate a from the expression 

A - iiB 
a=C (15) 
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which follows from equations (6), (7), (11) and (14). If the ligand A does not combine with 
protons, HPj = 0 for all values ofj above zero. The denominator of equation (15) then be- 
comes unity, and equation (12) takes the simple form 

_ A-a 
n=- 

B 
(16) 

The experimental function g (a) can then be obtained from measurements of a, A and B. 
Equations (15) and (16) become trivial unless the value of (A - fiB) differs appreciably 

from A: and this condition may be unfulfilled if the metal ion is present only in low con- 
centration. It may, however, be possible to measure an alternative concentration variable, 
such as the fraction, a,, of B which is present in the form of a particular species BA,. (The 
concentrations most commonly measured are those of the uncomplexed metal ion, and 
of the electrically neutral complex.) From equation (2) 

(17) 

the quantity a,, like fi, is a function of a only, and the stability constants are calculable from 
the measurements of a, and a. If A >> AB, approximate values of 

(18) 

,may be combined with measurements of a, and h to give preliminary values of /I, which 
may then be refined. The values of a from equation (18) are combined with the rough 
values of 8. to give valuespf ff (A, h), which are fed into equation (15) to give better values 
of a. Refined values of /3. are obtained from the experimental values of a, together with the 
improved ‘values of a, and so on, until convergent values of the stability constants are 
obtained. 

The procedure outlined above requires that: (a) precise values of B, A and H are known for 
all the solutions used; (b) values of the concentration quotients Hflj and &, are constant : 
(c) the concentration of H+ (or, as appropriate, of A, or BA,) can be measured: (d) no 
complexes other than HjA or BA, can be detected; (e) the stability constants calculated 
from the experimental functionsj (h), fi (a) or a, (a) are compatible with the primary measure- 
ments. 

These points will now be considered in more detail. 

Total analytical concentrations 

Solutions are normally prepared by dilution of standard stock solutions, which have 
been made up from highly purified components. Stock, and diluted, solutions should be 
stored at the constant temperature at which measurements will be made. The stock solu- 
tions (including those prepared by weighing-out of reagent grade materials) should always 
be analysed, preferably by two widely differing methods. The analysis of stock solutions is 
often considered to be one of the most tedious aspects of the determination of stability 
constants. But since the values of B, A and H form the basis of all subsequent calculations, 
the utmost care should be taken with the initial analyses. Failure to obtain “good” stability 
constants is often traceable, after much elapsed time, to inadequate analysis of stock 
solutions. 
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Dilute solutions should be prepared by using Grade A volumetric glassware. (Some 
workers may feel that the effort involved in recalibration of Grade A glassware is amply 
repaid by their resulting sense of virtue: but it is questionable whether it leads to any 
significant improvement in the values of the stability constants.) In order to allow for any 
temperature change which may occur during dilution, slightly less than the required 
volume of diluent should be added in the first instance, and the dilution completed by 
topping up to the mark only when the bulk of the diluted solution has returned to the 
constant temperature of the surroundings. 

In addition to conventional methods of analysis, there are a number of useful tricks of 
the equilibrium chemist’s trade. One is Gran’s method for determining end-points of a 
variety of potentiometric titrations. 3-s It can be used to determine concentrations of weak 
acids, strong acids, and even of strong acids in the presence of a readily hydrolysable metal 
ion such as Fe3+. Solutions which contain both hydrogen ions and metal ions M’+ may 
also be analysed by running an aliquot (u 1.) through a cation-exchange resin in the hydrogen 
form. Since u(H + zB) moles of hydrogen ion emerge from the resin, separate determination 
of the initial concentration B of metal gives the required value of H. 

Occasionally, the analysis of a solution of an organic base, such as a carboxylate ion, 
can be carried out potentiometricallysP6 in the same operation as the measurement ofj. 
A volume V of a solution of say NaA, of initial concentration A, is titrated with a volume u of 
strong acid of concentration Hi, and the free hydrogen ion concentration is measured 
potentiometrically. From equations (8) and (9), the value of j is given by 

H-h HiU-h(V+U) 

‘=A= AiV 
(19) 

Since, for a monobasic acid, j tends to a value of&,.X = 1 at high acidities, the required value 
of A, is obtained as 

Ai = lim [H+ - h(V + u)]V-’ 
hdm 

(20) 

Constancy of stability constants 

The stoichiometric stability constant /I,, may be related to the standard free energy 
change AG” for the formation of BA, from its components by the expression 

-RTlnj?, = AG” + RTlnA 
YOY”A 

(21) 

The activity coefficients yn and yA of the species BA, and A refer to the same (usually molar) 
concentration scale as do the values of /I,. An exactly analogous expression can be written 
for Hj3P So the concentration quotients /I. and HBj only behave as parameters if both the 
temperature and the activity coefficient term y.yO ‘~a” are held constant. 

Temperature control is little problem. For work at “room” temperature the whole 
laboratory can often be thermostatically controlled at, say, 25” + 1”. The temperature of 
the thermostat tank in which the measurements are done can then usually be kept steady 
to kO.1”. 

Control of activity coefficients is less easy. Only at exceedingly low ionic strengths are 
activity coefficients independent of the ion-size parameter, even for ions of the same 
charge-type. It is usually preferable to use solutions in which there is a high, almost constant, 
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concentration of a bulk electrolyte which plays the smallest possible part in the equilibria 
which are being studied and has little, if any, additional effect on the measurements. The 
perchlorate ion is a popular bulk anion on account of its very low tendency to form com- 
plexes. The background cation is usually sodium, which complexes only weakly with most 
ligands and forms a very soluble perchlorate, but lithium perchlorate, although less 
soluble, has advantages in potentiometric studies of protonic equilibria, on account of the 
similarity between the H+ and Lif ions. 

The concentration of bulk electrolyte can be held “constant” in a number of slightly 
different ways. Let us suppose that the background electrolyte is 3M sodium perchlorate 
and that we wish to study complex formation between a metal ion M’+ and an anionic 
ligand AY-. In order to keep the number of types of species as low as possible, it is best to 
add the metal ion in the form of M(ClO& and the ligand as Na,A. There is then the choice 
of designing the solutions so that, for example, [Na’] = 3M, or [CIO;] = 3M or that 
(ma+] 4: 3M and [ClOJ 4: 3M). Table 2 gives details of the concentrations of metal ion 
solution [M’+] = Bi and ligand solution [AY-] = Ai in the three cases mentioned, and 
shows how the concentrations change when the solutions are mixed. 

It is convenient to define the standard state as the hypothetical molar state in the 
appropriate ionic medium. Thus as Bi and Ai decrease to zero, the activity coefficients of 
metal ion, ligand and complexes tend to unity. In moderately concentrated solutions of 
metal ion and ligand, the activity coefficients may differ appreciably from unity, to an 
extent which depends on the exact composition of the solution. For studies of weak com- 
plexes, fairly high concentrations of ligand will be needed. Care should therefore be taken 
to see that solutions are always prepared so that the concentrations are consistent with the 
(explicit) conditions which have been chosen for the ionic medium. 

At the beginning of an investigation, belief in the constancy of the activity coefficient 
quotient must be an act of faith. But the faith can sometimes be put to the test. If no more 
than two complexes are formed in any concentration range, the formation curve, j (log h) 
or ii (log a) is symmetrical about its mid-point ; and if a single complex is formed, the forma- 
tion curve is of unique shape. It is most unlikely that a formation curve would be fortuitously 
symmetrical, let alone of the required shape. Such theoretical behaviour is strongly indica- 
tive of the constancy of the activity coefficient quotients, and hence also of the stability 
constants. 

When three or more complexes coexist, interpretation of experimental results may be 
ambiguous. It is possible that measurements made up to a high free ligand concentration 
are equally compatible with, say, the formation of complexes BA-BA4, with constant 
activity coefficient quotients, or with the existence of only three complexes, with variable 
activity coefficient quotients. Particular care must therefore be taken when interpreting 
measurements ma& in media which differ markedly from that referring to standard state. 

Further complications arise if the system is heterogeneous ; means of supposedly con- 
trolling activity coefficients in aqueous solutions cannot be applied to ion-exchange resins, 
or to solutions in organic solvents (see p. 821). However, we shall optimistically assume 
that, at least in aqueous solutions, the law of mass action is valid in terms of concentrations. 
The next problem is that of determining the concentration variables experimentally. 

Potentiometric determination of concentrations 

Potentiometric studies of chemical equilibria are usually carried out by means of the cell 
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solution in which probe for metal, ligand, or 
reference half-cell equilibria take place hydrogen ions 

although cells without liquid junction have occasionally been used. Metal, and amalgam, 
electrodes can act as probes for a variety of metal ions. In skilled hands, the latter electrodes 
are usually the more satisfactory ; they are more readily reversible provided that all traces 
of oxygen have been excluded. The concentrations of a few simple anionic ligands, such as 
halides and sulphate, can be measured with “electrodes of the second kind” such as Ag/ 
AgCl/Cl-. The range of probes for metal ions and simple anions has been greatly extended 
by the introduction of a variety of specific-ion electrodes.’ Although some of these function 
satisfactorily, even in the presence of a high concentration of background electrolyte, 
considerable development is needed before they can be widely used for very precise work. 

Further extension of the range of probes for metal and ligand ions can be achieved by 
introducing additional species. The ratio of [Fe3’] to [Fe2’] can be determined by means 
of a redox electrode, and if the Fe(I1) is known to be uncomplexed, the value of [Fe3’] can 
be obtained. This redox system has been used to determine the concentration of free 
fluoride ions in a solution containing Al(II1) fluoride complexes ; the stability constants of 
the Fe(III)-F- complexes were known and those of the Fe(II)-F- complexes were negli- 
gible. The use of auxiliary species, added only to facilitate measurement, greatly extends 
the scope of potentiometry, but each reagent added carries with it additional parameters, 
or assumptions, or both, and thereby decreases the precision of the final stability constants. 

Electrodes which respond to hydrogen ions are used much more frequently than those 
which respond to metal ions or ligands. The hydrogen gas electrode is, however, unpopular 
except for extremely rigorous work. It comes to equilibrium inconveniently slowly, and 
cannot be used in the presence of substances which oxidize hydrogen or poison the catalytic 
surface of the electrode. On the other hand, the quinhydrone electrode is a quick and 
convenient probe for hydrogen ions, but quinhydrone is no exception to the general caveat 
about auxiliary species. At values of pH > 7 or of pH < 1, it acts as an acid or base respec- 
tively, and so displaces the very equilibria it was introduced to probe. Quinhydrone may 
be an added nuisance in studies of metal complexes, since it combines with some metal 
ions, such as Cu(I1). An overwhelming majority of studies of protonic equilibria in systems 
A,, H and A, B, H have been carried out with a glass electrode, thereby avoiding the intro- 
duction of any auxiliary species. The e.m.f. of cell (I), which contains a glass electrode in 
the right-hand half-cell, is given by 

E=E”‘+RTF-‘lnh+E, (22) 

The term E”’ (which includes the half-cell potential of the reference electrode, the standard 
potential and asymmetry potential of the glass electrode, and the supposedly constant term 
R TF - ’ In yH) should be constant over a period of at least several hours. The term E, repre- 
sents the overall diffusion potential generated at any liquid-liquid junction within the 
cell : its value should be kept as low as possible by avoiding gross concentration gradients. 
The same ionic medium should therefore be used for the two half-cell solutions and the 
salt-bridge, as in the cell : 
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Ag(s) 

reference solution 

Ag+ O-OlM 
ClO; 34OM 
Na + 2.99M 

NaClO, 3-OOM 

(II) 

test solution 
+ 

H+ 
NaC :;“- h)M GE 
CIO; 3dOM 

Fig 1. Apparatus using cell (II) and Wilhelm-type liquid junction. The parts outside the dotted 
lines may conveniently be bent perpendicular to the plane of the paper. A, silver electrode; B, two- 
way stop-cocks; C, three-way stop-cock; D, reference solution; E, to waste; F, bridge solution ; 
G, J-shaped liquid junction; H, inlet for nitrogen stirring; I, glass electrode; J, burette; K, level of 
thermostat liquid; L, vessel containing test solution. (Reproduced with permission, from ref. 5.) 

A convenient cell incorporates a “Wilhelm” salt-bridge, see Fig. 1. The ubiquitous “calomel 
electrode” which incorporates both the reference half-cell and the salt-bridge, is much less 
satisfactory. There will be large non-reproducible concentration gradients across the junc- 
tion (a) in the cell 

Hil) -1 Hg,Cl,(s) ( 

(a) + 
satd. KC1 test solution GE 

(III) 

Moreover, equilibria involving metal ions may be disturbed by interaction between these 
ions and chloride”ions which have leaked across the junction. 

Determination of h by measurement of the e.m.f. of cell (II) requires values of E”’ and E, 
for substitution into equation (22); and since E”’ includes the variable asymmetry potential 
of the glass electrode, its value must be determined afresh for each set of measurements. At 
the start of an investigation the value of (go + E,) must be determined for a set of solutions 
in which h is known, as in the titration of strong acid with strong base. (Only one of these 
need be of known concentration, since Gran’s procedure3-’ may be used to give a precise 
location of the end-point). When only a small fraction of the background cation is replaced 
by H+, thevalue of(E”’ + E,) is often a constant, indicating that E, is negligible. For a larger 
degree of replacement, however, (go’ + E,) varies with h. Very fortunately, the variation 
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is linear, so that values of E”’ and x + E ,h- l may be obtained as the intercept and slope 
respectively. The value of x depends only on the ionic medium (i.e., on the solvent, and on 
the nature and concentration of the bulk electrolyte): it is unaffected by the presence of 
metal ion and ligand provided that the background salt is indeed present in large excess. 
Once the value of x for a particular medium has been obtained the constant value of 

E”’ = E - RTF-’ in h - xh (23) 

may readily be determined as a prelude to each set of measurements. Titration of strong acid 
with strong base, or of ionic medium with strong acid is convenient. Although E”’ may vary 
by a few tenths of a millivolt from day to day, larger variations may indicate deterioration 
in the health of the glass electrode and should be viewed with suspicion. 

The value of h in the test solution can be obtained from the measured e.m.f. and the 
known values of E”’ and x by means of equation (23); but in solutions which are so acidic 
that E, is not negligible, an approximate value of h must first be obtained by setting x = 0, 
and then refined by successive approximation. 

A glass electrode can be analogously used as a probe for hydroxyl ions, provided that it 
has a negligible “sodium error”, i.e., that the value of (E + R TF- ‘In [OH-]) is a linear func- 
tion of [OH-]. The intercept of such a plot gives EgH while the slope gives y = E,[OH-1. 
For a given medium, the difference (E& - E;;‘) gives RTF-‘ln K,, and the value of y is 
numerically smaller than that of x, and of opposite sign. 

Half-cells which respond to metal ions or to simple ligands may be calibrated as con- 
centration probes in the same way as glass electrodes, but the values of E”, as defined by 
e.g., (E - RTF-‘ln[M’+]‘/‘) or (E + RTF-‘ln[Cl-1) are acceptable parameters ; they 
neither change with time, nor need to be “corrected” by a term attributable to junction 
effects. 

Although measurements with glass electrodes normally involve the use of pH-meters, 
the assembly should always be calibrated as a concentration probe, as described above, 
rather than “standardized” with a buffer of conventionally agreed pH. Since the pH of the 
test solution is operationally defined as 

PH - PH, = R;F:&o 

where E, is the e.m.f. of cell (III) when the test solution consists of a standard buffer of pH,, 
the difference (pH-pH,) can only give the log of the ratio, h,/h, of the hydrogen ion con- 
centrations in the two solutions if (a) the values of E, for the two cells are either negligible 
or identical, and (b) the values of y,, in the two solutions are identical or calculable. If the 
test solution contains a high concentration of background electrolyte, and if the standard 
buffer is prepared as recommended, it is most unlikely that either condition referred to in 
(b) is fulfilled. Standardization of a pH-meter with ‘a buffer of fixed pH becomes even 
more difficult if the glass electrode is to be used in a mixed aqueous-rganic solvent; but 
the electrode can be calibrated as a concentration probe in any medium which contains H+ 
ions. 

The titration procedure may be made more convenient if various tricks-of-the-trade are 
employed. Stirring, for example, can be carried out with a stream of nitrogen, which has 
been freed from oxygen and presaturated with solvent by being bubbled through a sample 
of the ionic medium. It is often elegant, and sometimes essential, to keep either A or B 
constant during a titration, so that functions j(h), and R(a), may be obtained. This is readily 
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accomplished by having more than one titrant. For example, a solution of initial concentra- 
tions B,, Ai, Hi may be titrated with equal volumes of a solution of sodium hydroxide and 
of metal ion solution of concentration 2Bi. In this way, the value of H can be varied over 
a wide range, while that of B is kept at a constant value of Bi. 

Ingenious procedures can be devised so that as much information as possible can be 
obtained from one set of measurements, based on a single determination of E”’ with no 
subsequent transfer of the glass electrode between one solution and another. For example, 
one composite titration in a study of the system B, A, H might consist of the following 
stages. 

(a) Titration of an aliquot of standard strong acid with a solution of sodium bicarbonate. 
The concentration of the base is obtained by Gran’s method, and the value of E”’ from 
equation (22). 

(b) Addition of an aliquot of a solution of B and H, and titration with the bicarbonate 
solution. This gives the concentration of acid in the metal ion solution, together with the 
pH at which the metal ion undergoes appreciable hydrolysis or precipitation. (The bi- 
carbonate ion is often preferable to the hydroxyl ion as a titrant for solutions containing 
metal ions, since it is less likely to give local hydrolytic precipitation.) 

(c) Addition of an aliquot of either(i) ligand in acid, followed by titration with base, or 
(ii) ligand in neutral solution, followed by titration with acid. Alternatively, the metal ion 
solution from (b) may be titrated with a solution of ligand, often in the form of an HA-A 
buffer. 

Potentiometry can yield values of n’ for many systems in which 0.05M > B > 04001M 
and, for some metal ions, values of a0 within the concentration range 0.05M > B > 0401M. 
Before .we discuss the processing of the measurements, we shall look briefly at some other 
experimental methods. 

Liquid-liquid extraction 

Determination of stability constants by this technique normally involves distribution of 
an uncharged metal complex BA, between an aqueous solution (containing bulk electrolyte) 
and an organic solvent which is almost immiscible with it. The uncharged compiexing 
reagent H,A may also be distributed between the two phases, but charged species BA, and 
HjA are usually confined to the aqueous phase. Since the metal is often present only in 
tracer quantities, the total metal concentration in each phase is usually measured radio- 
metrically. The total concentrations, B, and A,, of B and A in the organic phase are related 
to the partition coefficients PC and P, of BA, and H,A by the expressions 

B, = Wcl, = f’c[BA,I 

Ao = U-440 + cCBA,Io = P,[Hfil + cp,[BA,I 

(25) 

(26) 
where [lo and [] refer to concentrations in the organic and the aqueous phase respectively. 
The distribution ratio, q, of metal is then 

Bo 
' B 

P,P&I pa =-=-= 
B E C (27) 

The value of a can be obtained from a knowledge of the total quantity of A in the system, 
the volumes of the two phases, the values of Pg, Bj, and the measured hydrogen ion con- 
centration of the aqueous phase at equilibrium. Thus the function PCs,(a) can be obtained 
from measurements of q and h, after equilibrium has been established. 
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Determination of 4 involves measuring B. and B in uncontaminated samples of each 
phase. Direct radiometric liquid-counting of such samples of a b-emitter does not, however, 
lead to a value of q, because the two phases have slightly different self-absorption charac- 
teristics. The value of B, is best obtained from the difference between the initial and final 
counts of the aqueous phase, assuming lOOo/O mass balance. Values of B, obtained in this 
way should then be plotted against those obtained by direct counting of the organic phase. 
A linear plot, of slope slightly different from unity, should be obtained ; and any points which 
lie markedly off the line should be discarded. Alternatively, the radioactive solutes may be 
precipitated from aliquots of the various solutions, and redissolved in a fixed volume of a 
particular solvent. Since all counts then refer to the same medium, the mass balance may 
readily be checked, provided that the equilibrium volumes of two phases are known. This 
method is especially suited to the determination of very high, or very low, values of q by 
use of unequal volumes of the two phases. 

The value of h may be determined by using the equilibrated aqueous phase as test solution 
in cell (II). The value of F” for the cell must previously have been established by using a 
solution of standard acid in the appropriate ionic medium, and checked with a second 
standard acid solution. Since the electrode must be washed and dried before being immersed 
in the test solution it is essential to check, by means of one of the standard solutions, that 
the value of E” has not changed during this transfer. 

Although q and h can be obtained with less precision than is afforded by potentiometric 
titrations, the results are acceptable if sufficient care is taken. The assumption of constant 
partition coefficients (tantamount to supposing activity coefficients to be constant in both 
phases) should not overtax credulity, provided that concentrations of solutes in the organic 
phase are low and that these solutes are uncharged species (rather than ion-pairs). The 
assumption is vindicated by the fact that a good description of distribution data can usually 
be obtained by introducing only one parameter in addition to the stability constants. 

Ion exchange 

The distribution ratio of a metal ion between a cation-exchange resin and an aqueous 
solution is given by 

where the summation includes terms for all cationic species. Interpretation is much more 
difficult than for distribution between two liquids, except in the special case where the free 
metal ion is the only cation formed ; but even then, there are considerable difficulties 
inherent in the technique. Since it is impossible to wash the resin free from aqueous solution 
without displacing the partition equilibria, the quantity of metal ion adsorbed on the resin 
can only be obtained from the difference between the initial and final aqueous solutions. 
Activity coefficients in the resin are highly sensitive to the nature of the cations. Values of 
q can only be compared if they refer to constant load (of B) on the resin and so for each 
required point q, a set of values q(B), must be measured, and interpolated to give q at one 
value of B. The method therefore demands a much greater expenditure of time and effort 
than does solvent extraction ; and the results obtained are probably less precise and more 
difficult to interpret. The technique is therefore not recommended. 

Spectrophotometry 

This might seem to be an unpromising technique, because the apparent molar absorp- 
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tivity E of B in a solution containing complexes BA, gives xe,cc, where E, is the individual 
molar absorptivity of BA,. If, as often happens, the values of a,, are appreciable for all species 
BA,, at the wavelength used, computation of the (2iV + 1) parameters E, and j?, is difficult, 
and the results obtained are of low precision. Nonetheless, the technique has marked 
advantages over, say, ion-exchange. The value of E can be measured easily and reliably, and 
the values of E, are true parameters and are unchanged by minor variations in the composi- 
tion of the solution. So in the special situation where only one absorbing species (BA,) 
exists, spectrophotometry provides a convenient and precise method for measuring a,, and 
forms a useful complement to potentiometry. Moreover, if the complex has a high absorp- 
tivity only trace concentrations of B are needed. So spectrophotometry can be used to study 
some systems in which low solubilities preclude the use of potentiometry. 

A value of a is, of course, also needed and is usually obtained by combining the experi- 
mental value of h with the known value of A. (The approximation A * a is valid only for 
non-basic ligands in the presence of tracer concentrations of metal ions, a situation seldom 
encountered in spectrophotometric work.) Unless the metal is present in tracer concentra- 
tions, rne~ur~en~ of B, R, 4 or B, A, k are needed to give values of ii, u, and these measure- 
ments can yield values of & without recourse to spectrophotometry. 

Much early, and regrettably, some recent spectrophotometric work has made use of the 
“method of continuous variations” in which absorbance is measured as a function of AB- ’ 
in solutions of constant (A f B). If a single complex is formed, its compositionand some- 
times its stability constant can be obtained from the position of the extremum on the 
graph. But the inte~retation is ambiguous unless a single 1: 1 complex is formed, and the 
method is not to be recommended. 

A forthcoming review paper deals with spectrophotometric methods in extenso.’ 

TREATMENT OF RESULTS 

The measured quantities ii, a,, 4 and E are all unique functions of a if, and only if, complex 
formation betweenB and A is restricted to the simple, mononuclear species BA,. If, however, 
polynuclear species B,A& > 1) are present the value of 

(29) 

will depend on both b and a ; and an experimental plot of (A - u)B- ’ against log a will 
produce separate curves for different values of B. If on the other hand, the complexes are 
mononuclear, but include hydroiysed or protonated complexes BA,H, (j # 0) the value of 
(A - u)F-” will be independent of b, but will be a function of both a and h. (Dependence 
on both u and h will be observed even in the absence of mixed species if the two series of 
complexes B(OH)_, and BA, are formed.) 

Before attempting to calculate stability constants it is therefore essential to obtain 
measurements for solutions with at least two, widely spaced, values of B in order to check 
whether or not polynuclear species are formed. It is advisable to plot all experimental 
values of (A - a)B- 1 (or a,, 4 or E, as appropriate) as a function of log u so that the results 
may be easily surveyed. The possibility of combination of H’ or OH- with any species 
containing B must be similarly checked by plotting (A - a&3- against log u for systems 
of widely differing h or A. [Since, for basic ligands, a varies with both A and h, coincidence 
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of functions E (log a),, demonstrates the absence of protonated or hydroxo-complexes as 
effectively as does coincidence of the functions fi (log a),,.] 

Computation of stability constants 

“If at least N sets of values of fi, a or a,,a are available, equations (13) or (17) may be 
solved for the required stability constants 8:; is a typical conclusion to a brief account of 
experimental aspects of stability constant work. It assumes, of course, that only species 
BA, are present; but questions arise as to the best way of handling the experimental data 
when, as is usually the case, more than N sets of measurements are available. 

Large numbers of methods, good and bad, have been described’*” for obtaining stability 
constants, not only from measurements of ii, a and ac, a, but also from functions 4, a and 
E, a which contain one or more unknown parameters in addition to the stability constants. 
One criterion of a “good” method is that it makes full use of the data. There is little point 
in carefully determining a whole titration curve and then calculating values of fil and /‘I2 
from only two points on it. Conversely, the constants obtained can never be more precise 
than the primary data, however elegant the method used for calculating them. Satisfactory 
stability constants can be obtained only be combining careful, well-designed experiments 
with rigorous computational technique. 

Whatever the complexity of the system, the problem is one of fitting experimental values 

of fi(4a,h or cM~,~ with parameters which give as good a description as possible of the 
measurements. If the only complexes formed are BA,, the data can be represented in two 
dimensions, since fi and cc, are functions only of a. If mixed, or polynuclear, complexes are 
formed, the data must represent a surface in three, or more, dimensions. 

Data of high precision are probably best processed by electronic computation, regardless 
of the type of complexes which are formed; and the advantages of such methods increase 
with the complexity of the system. Available programs,” include those for treating errors 
(systematic, correlated and random). Systems containing complexes BA,, even in the 
presence of BHA, can be treated by linear least-squares techniques. If polynuclear com- 
plexes, or two or more mixed complexes, are present, more elaborate search techniques, 
such as “pit-mapping” must be used. LETAGROP VRID, the most sophisticated of these 
programs, is of very wide applicability, but it would be foolish to use so sledge-hammer a 
procedure unless the system were fairly complicated. 

If the system can be described by only one, or two, parameters, electronic computers 
offer little advantage over graph paper, unless the measurements are exceedingly precise. 
Graphical methods are of two main types. 

(i) Linear, non-logarithmic plots. Up to two parameters may be obtained from a single 
plot. Further parameters can be squeezed (with decreasing precision) from the measure- 
ments by successive extrapolations. 

(ii) Curue-jitting methods, usually based on a semi-logarithmic plot involving one 
normalized variable. If a single complex BA is formed, the curves ii (log a) and a, (log a) are 
of unique shape. The value of /I1 can be obtained by matching the experimental points with 
the theoretical curves fi (log a) and cr, (log a) where a = /$a is the normalized value of a. 

For systems of two or more complexes, the curves are not of unique shape ; but when 
N = 2, the parameter fl:& ’ can be obtained from the shape of the experimental curve, and 
that of pZ from its position on the log a axis. The “projection strip” method’*” is par- 
ticularly convenient. 
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Curve-fitting procedures are of little use when more than three species (e.g., B, BA and 
BA,) coexist, but if the formation curve shows a plateau at an integral value of 6, measure- 
ments of fi above this value may be treated separately from those below it. In many systems 
H,A (e.g., H+-PO:-) the formation of each species occurs in widely separated steps, each 
of which may be treated as for a monobasic acid. Similarly, since mercury(I1) halides 
HgX, exist as the sole complex over a very wide range of free halide ion concentration, sets 
of data in the regions fi < 2 and ii > 2 may be treated independently of each other. 

Graphical methods have been much criticized by the purists on account of their subjec- 
tivity, both in the values of the parameters and in their limits of error. But the judgment of 
an experienced worker may be but little inferior to the machinations of a computer; and 
when waiting-time is taken into account, graphical methods may well be quicker (as well 
as cheaper). It is often easier to tell from a graph, rather than from tabulated print-out, 
when all is not well. Dud points, and systematic errors, obtrude like sore thumbs. A glance 
at the formation curve may suggest that it starts, improbably, at A = 04005 rather than at 
ii = 0; or that it is not symmetrical about fi = 1, as it should be, if the only complexes 
present are BA and BA2. A good fit between experimental points and a theoretical curve 
is an effective way of demonstrating that the calculated parameters give a satisfactory 
description of the system; curve-fitting procedures provide an automatic comparison of 
the two functions. 

Data should, ideally, be processed by two different procedures, and whatever the method 
used to calculate stability constants, the values obtained should always be checked* by 
substitution into equations (13) and (17) to ensure that they represent the experimental 
data satisfactorily (see Figs. 2-4). Nevertheless, however good the experimental and 
theoretical techniques, and the compatibility between them, stability constants can never 
be unequivocally “right”, but only “compatible with the data” within certain limits. This 
distinction may seem ludicrously pedantic for precise work on, say, a monobasic acid 

2 B = 0 IOOmM 

ii 

log a 

Fig. 2. Formation curve ii (log a) for the mononuclear copper(U) methoxyacetate system at 2PC in 
3M NaCIO,. I* The points represent experimental values, and the curve is calculated for log 8, = 

2.01 and log &/PI = 1.33. (Reproduced with permission, from ref. 5.) 

* Not only by the author, but also by the referee. 
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-log h 

Fig 3. Values of log b/B as a function of log h for hydrolysed bismuth(W) perchlorate solutions in 
3M NaClO, at 25°C. The curves are calculated by using only two parameters &,, for the species 
B&I,, viz. log Bl,o. - l = 1.58 and log jlsSO,_ i2 = 0.33. (Reproduced with permission from ref. 13.) 

over the whole range 0 I j I 1, but the distinction increases in importance with the 
complexity of the system. It is an essential corrective to complacency about interpretation 
of measurements on systems containing mixed, or polynuclear, complexes, or even about 
stability constants of simple mononuclear complexes obtained by techniques such as 
spectrophotometry, which involve several additional parameters. 

2C 

ii 

1.1 

, 

)- 

)- 

5 

log 0 - f log 82 

Fig 4. Illustration of a type of formation curve encountered all too frequently, even in the 1970’s. 
Points : experimental values submitted for publication. Curve: calculated from authors’ constants 

“obtained’by least-squares method”. 
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Display of results 

Values of stability constants, represented as numbers in a table, may not seem very 
interesting ; graphs l4 have greater impact. 

We have seen that a combined plot of experimental points ii, log a and the calculated 
formation curve is useful for convincing the researcher and others that the values obtained 
for the stability constants are respectable. But a value of ii = 1 may, of course, mean that 

a1 = l;orthata, = O.&a, = Oanda, = O-5. A better feel for the system may be obtained 
if the stability constants are used to construct distribution plots for the various species 
present. 

In simple, mononuclear systems, the distribution of species can be represented by two- 
dimensional diagrams (see Fig. 5). Plots of a, (log a) for values of 0 I n I N probably 
provide the best insight into the system, but distribution diagrams in the form of a set of 

plots of i an against log a have also been used. 
0 

If mixed or polynuclear complexes are formed, values of a, depend on two or more 
variables. The distributions of species in such systems can be represented as surfaces in 
three or more dimensions. Two-dimensional graphs can be constructed by cutting sections 
through the surface at constant values of one, or more, of the variables. A system which 
contains species BA,,H; may, for example, be represented as a series of plots of a, against 
log a at a number of values of pH. 

I.0 

log 0 

Fig. 5. Distribution diagrams for the mononuclear system’” Cd’+-CN-, (a) a, and (b) ia”, 

for values of 0 I n 5 4 as functions of log [CN-1. (Reproduced, with permission, from ref. 106.) 
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Publication 

Plots providing comparisons of theoretical and experimental functions and those showing 
the distribution of the various complexes, should always be drawn, if only for the edification 
of the research group. Presentation of the work to a wider audience (whether of examiners 
or journal-readers) requires, in addition, a clear statement of the following points. 
1. The temperature of the measurements. 
2. The ionic medium (including a statement as to which species, if any, is held at constant 

concentration). 
3. The credentials of any stock solutions. This should include the source and purity of 

starting materials (especially of any synthesized) and a report on the analysis of the 
solutions. 

4. The apparatus. 
5. The design and execution of the experiments. 
6. Methods of converting measurements, e.g. of E, A, B, H or of 4, E, A, B, H into secondary 

functions such as ii, a or ar, a. The values of any necessary parameters, such as Bj and PC 
should be quoted, together with a report of how they were obtained. (These values must, 
of course, refer to conditions identical to those used for the measurements.) 

7. The methods used for obtaining values of stability constants together with (defined) 
limits of error, from the secondary functions. 

8. The numerical values of stability constants, and of the limits of error, together with the 
concentration scale to which they apply. 

9. A critical comparison of these values with any which have been previously reported for 
the same system. 

The object of the work 

Determination of good stability constants clearly involves a great deal of painstaking 
work. Why should people take all this trouble? (Some, of course, don’t, to the obvious 
detriment of their results.) 

Equilibrium constants are measured for two main types of reason, to which the over- 
simplified labels “applied” and “pure” may be attached. Although the two categories 
overlap, the “applied” situations are basically those in which values of equilibrium 
constants are needed to calculate the distribution of species in a particular solution. Thus 
values of H/3j are needed in order to calculate the concentration of A in equilibrium with 
protonated species at a particular pH. Values of /?. may be needed in order to design 
satisfactory separative, or other analytical, procedures. Observed values of AH or E for a 
solution containing several complexes can yield values of AH, and E, for the individual 
species if the concentration of each species can be calculated. 

For “applied” purposes of this type, the most useful quantities are probably the con- 
centrations [B,A,H,] as a function of log h at fixed values of B and A. Calculation involves 
solving equations (6), (7) and (8) for b and a and, except for very simple systems, is best 
performed by an electronic computer. 

“Pure” problems are those designed to increase insight into the nature of chemica! 
behaviour, rather than into the properties of one particular set of solutions. The values 
obtained have provided evidence for the existence of a strange collection of polynuclear 
hydroxo-complexes of metal ions, and have led to many attempts to correlate the stability 
of complexes with the properties of the metal ion, the ligand and, occasionally, the solvent. 
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The usefulness of work on stability constants is not restricted to studies of chemical 
behaviour in vitro. Interactions between metal ions and a wide variety of ligands, ranging 
in complexity from cyanide to haem, have long been of interest to biochemists. More 
recently, stability constants have extended their domain to become the concern of soil 
scientists and oceanographers. 

Since the stability constants give a measure of AG for the formation of a complex, the 
variation of j?. with temperature, leads in principle to values of AH, and AS,, for the forma- 
tion of the separate complexes, but over the narrow range of temperatures which can be 
used, changes in fi, may be little larger than experimental error. Moreover, the method is 
based on the assumption that AH is independent of temperature. Values of AH, are better 
obtained by combining calorimetric values of AH with the appropriate values of a,, which 
are calculated from the stability constants. These values of AH,, may then be combined 
with the stability constants to give values of AS,. This type of work is only successful if all 
the measurements are of the highest precision. 

Acknowledgement-The author is very grateful to St. Anne’s College, Oxford for financial support. 

1. 

2. 

3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

15. 
16. 

REFERENCES 

F. J. C. Rossotti and H. Rossotti, The Determination of Stability Constants. McGraw-Hill, New York, 
1961. 
L. G. Sill&n and A. E. Martell, eds. Stability Constants of Metal-ion Complexes. Chemical Society, London, 
1964. 
G. Gran, Analyst, 1952,77,61. 
F. J. C. Rossotti and H. Rossotti, J. Chem. E&c., 1965,42, 375. 
H. S. Rossotti, Chemical Applications of Potentiometry. Van Nostrand, London, 1969. 
F. J. C. Rossotti, unpublished work. 
G. J. Moodv and J. C. R. Thomas. Talanta. 1972.19.623. 
L. Sommer,-T. Sepel and V. M. Iv&ov, Taianta, i968,15,949, and refs. therein. 
W. A. E. McBryde, ibid., 1974, 21, 0000. 
F. J. C. Rossotti, H. S. Rossotti and R. J. Whewell, J. Inorg. Nucl. Chem., 1971,33, 2051. 
F. J. C. Rossotti, H. Rossotti and L. G. Silltn, Acta Chem. Stand., 1956,10,203. 
J. D. E. Carson and F. J. C. Rossotti, unpublished work. 
A. Olin, Acta Chem. Stand., 1957, 11, 1445. 
L. G. Sill& in I. M. Kolthoff, P. J. Elving and E. B. Sandell, eds., Treatise on Analytical Chemistry, Part I, 
Vol. Interscience, New York, 1959. 
I. Leden, Svensk Ka. Tidrkr., 1944,56, 3 1. 
F. J. C. Rossotti in J. Lewis and R. G. Wilkins eds., Modem Coordination Chemistry. Interscience, New York, 
1960. 

Zusammenfassung-Es wird eine kritische obersicht iiber die Methoden zur Bestimmung von Sta- 
bilitgtskonstanten gegeben. Es werden Empfehlungen zur Wahl der Arbeltsweise, zur genauen 
Planung der Experimente. zur Berechnung der Konstanten und zur Wiedergabe der Ergebnisse 
in der VerGffentlichung ausgesprochen. 

R&sum&On passe en revue de man&e critique les mtthodes de dttermination des constantes de 
stabilitt. On fait des recommandations sur le choix de la technique, l’itude detailI& des ex@riences, 
le calcul des constantes et la prisentation des rbsultats pour publication. 
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SOME 3-SUBSTITUTED-1,2,CTRIAZINES, 
3,5-DISUBSTITUTED-1,2,CTRIAZOLINES AND 
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Summary-Chelation and chromogenic properties of 39 new ferroin compounds in reactions with 
iron(II), copper(I), and cobalt(I1) have been investigated spectrophotometrically. The results 
demonstrate that the chromogenic properties of triazole and triazoline heterocycles are inferior to 
triazine and pyridine when incorporated into the ferroin chromophore grouping. The triazole and 
triazoline compounds also undergo hydrolytic decomposition, strongly catalyzed by iron( mak- 
mg them unsuitable as calorimetric reagents. An outstanding chromogen was found from among 
the triazine derivatives which is superior in sensitivity to all ferroin-type chromogens previously 
studied. 

Among the extensive array of ferroin-type compounds synthesized by F. H. Case, certain 
triazine derivatives have proved particularly interesting for their sensitivity and usefulness 
as iron and copper chromogens. Previous papers in this series have included results and 
discussion of their chelation properties. 1-3 New synthetic approaches have been devised 
by Case to prepare additional and more varied triazine derivatives in hopes of finding even 
more superior chromogenic reagents. This note reports our findings on the iron( cop- 
per(I), and cobalt(I1) chelation properties of these recently synthesized triazines.4 In addi- 
tion, the chromogenic properties of some new triazolines and triazoles, also synthesized 
recently by Casq5 are reported. 

The new compounds, listed below by name, will be referred to by Roman numeral. 
Structures of the compounds are shown in the papers by Case describing their syntheses.4,5 

3-Substituted-1,2+niazines 

I 3-(ZPyridyl)-1,2,4_triazine 
II 3-(2-Pyridyl)-5,6-dimethyl-1,2+triazine 
III 3-(4Methyl-2-pyridyl)-1,2,4-triazine 
IV 3-(4-Methyl-2-pyridyl)-5,6-dimethyl-l,2,~triazine 
V 3-(4-Phenyl-2-pyridyl)-5,6-dimethyl-l,2$-triazine 
VI 3-(2-Thiazolyl)-1,2,4-triazine 
VII 3-(2-Thiazolyl)-5,6-dimethyl-1,ZCtriazine 
VIII 3-[2-(1,l0-Phenanthrolyl)]-5,6-dimethyl-1,2,4-triazine 

IX 

3,5-Disubstituted-1,2,4triazolines 

3-(2-Pyridyl)-5-methyl-l,f,Ctriazolines 
831 
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X 
XI 
XII 
XIII 
XIV 
xv 
XVI 
XVII 
XVIII 
XIX 
xx 

XXI 
XXII 
XXIII 
XXIV 
xxv 

XXVI 
XXVII 
XXVIII 
XXIX 
xxx 
xxx1 
xxx11 
xxx111 
XXXIV 
xxxv 
XXXVI 
XXXVII 
XXXVIII 
XXXIX 

ALFRED A. SCHILT. COLIN D. CHRISWELL and TSAILING A. FANG 

3-(2-Pyridyl)-5-phenyl-1,2,4_triazoline 
3-(2-Pyridyl)-5-(2-phenol)-1,2,4_triazoline 
3,5-bis(2-Pyridyl)-l,ZCtriazoline 
3-(4-Methyl-2-pyridyl)-5-phenyl-1,2,4-triazoline 
3-(4-Methyl-2-pyridy1)-5-(2-pyridyl)-1,2,4-triazoline 
3-(4-Phenyl-2-pyridyl)-5-phenyl-l&l-triazoline 
3-(4-Phenyl-2-pyridy1)-5-(2-pyridyl)-1,2,Ctriazoline 
3-(ZThiazolyl)-5-phenyl-1,2,4-triazoline 
3-(2-Thiazolyl)-5-(2-pyridyl)-1,2,4-triazoline 
3-[2-(1,l0-Phenanthrolyl)]-5-phenyl-1,2,4-triazoline 
3-[2-(1,1O-Phenanthrolyl)]-5-(2-pyridyl)-l,2,4-triazoline 

3,5-Disubstituted-l,2&riazoles 

3-(2-Pyridyl)-5-phenyl-1,2,4_triazole 
3-(2-Pyridyl)-5-(2-pyridyl)-1,2+triazole 
3-(4-Methyl-2-pyridyl)-5-phenyl-1,2,4-triazole 
3-(4-Phenyl-2-pyridy1)-5-phenyl-1,2,4-triazole 
3-(2-Pyridyl)-5-methyl-1,2,4-triazole 

Bis-substituted pyridines 

2,4-bis(5,6-Dimethyl-1,2,4-triazin-3-yl)pyridine 
2,4-bis(5,6-Diphenyl-1,2,4-triazin-Zyl)pyridine 
2,4-bis[5,6-bis(ZPyridyl)-1,2,4-triazin-3-yl)]pyridine 
2,6-bis(5,6-Dimethyl-1,2,4-triazin-3-yl)pyridine 
2,6-bis(5,6-Diphenyl-1,2,4-triazin-3-yl)pyridine 
2,6-bis[5,6-bis(ZPyridyl)-1,2~triazin-3-yl]pyridine 
2,4-bis(S-Phenyl-1,2,4-triazolin-3-yl)pyridine 
2,4-bis[5-(2-Pyridyl)-1,2,4-triazolin-3-yl]pyridine 
2,6-bis(S-Phenyl-1,2,4-triazolin-3-yllpyridine 
2,6-bis[5-(2-Pyridyl)-1,2,Ctriazolin-3-yl]pyridine 
2,6-bis[3-(2-Pyridyl-1,2,4-triazolin-5-yl]pyridine 
2,6-bis[3-(4-Methyl-2-pyridyl)-1,2,4-triazolin-5-yl]pyridine 
2,6-bis[3-(4-Phenyl-2-pyridyl)-1,2,Ctriazolin-5-yl]pyridine 
2,6-bis[3-(2,2-bipyrid-6-yl)-l,2,4-triazolin-5-yl]pyridine 

EXPERIMENTAL 

Preparative details and elemental analyses of the new compounds, samples of which were furnished by Case 
for the present study, are published elsewhere.4s5 

The various standard solutions, pH buffers, reagents. and procedures used in this investigation are described 
in an earlier communication of this series.’ Spectra were recorded with a Cary Model 14 spectrophotometer and 
corrected for absorbance due to reagent blanks. Ligand: metal ratios of the chelates were determined spectropho- 
tometrically by the mole-ratio method.” 

RESULTS AND DISCUSSION 

Spectral properties, solvents and conditions used for preparing solutions of the chelates, 
and other distinctive aspects of the iron(I1) chelates are summarized in Table 1. The most 
sensitive iron chromogen of the group is XXVII. It is also the most sensitive found to date 
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of all the known ferroin-type chromogens, at least on the basis of molar absorptivities. 
Its structure is shown below, with co-ordination site for iron indicated. 

Fe” 

3 

Chromogen XXVII acts as a bidentate ligand to form a tris-chelate with iron( as indi- 
cated by the 1: 3 ratio of iron to ligand found by the mole-ratio method. As expected from 
empirically based predictions, ‘,’ phenyl or aryl substituents in the heterocyclic rings para 
to the co-ordinating nitrogen atoms greatly enhance absorptivity of the iron(I1) chelate. 
All of the most sensitive ferroin chromogens have this feature, as for example XXVII (the 
most sensitive) and the two next most sensitive: 2,6-bis(4-phenyl-2-pyridyl)-pyridine (E = 
3.02 x lo4 at 583 nm for its iron chelate)* and 3-(4phenyl-2-pyridyl)-5,6-diphenyl-1,2,4- 

triazine (E = 2.87 x lo4 at 561 nm for its iron chelate).’ 
Compound XXVII has great promise as a calorimetric reagent for iron. It is relatively 

simple to synthesize compared to the two next most sensitive ferroin reagents mentioned 
above, and its intensely absorbing iron(I1) chelate is highly extractable, permitting precon- 
centration before measurement. One disadvantage is its insolubility in water and other 
common solvents. Its practical use is limited to chloroform extraction procedures, and it 
is not readily adapted to automation. However, chemical modification of XXVII by sul- 
phonation to produce water-soluble sulphonated derivatives should be relatively easy. Sul- 
phonation has provided very useful water-soluble derivatives of other phenyl-substituted 
ferroin chromogens. ‘O-i2 

The triazoline and triazole derivatives IX-XXV and XXXII-XXXIX are noteworthy for 
their adverse behaviour, lack of stability in solution, and relatively poor chromogenic 
properties. Colours and spectra of the iron(I1) chelates change drastically with time, the 
changes being catalysed by heat, and influenced by pH as well as hydroxylamine con- 
centration. Our studies indicate that these compounds undergo hydrolytic decomposition, 
reverting back to the aldehyde (or ketone) and the carboxamide from which they were ori- 
ginally synthesized by condensation. In some cases the unmistakable odour of the alde- 
hyde could be detected over aged solutions of the iron(I1) chelates. On storage of the solu- 
tions, the spectra change, approaching those of the iron(I1) chelates of the pyridylcarboxa- 
mide hydrazones (the hydrazidines) in question. 9 If hydroxylamine is present as reductant 
in sufficient excess. the spectra of aged solutions of the iron(I1) complexes of IX and X 
resemble that of pyridine-2-amidoxime,9 suggesting that hydrolysis has occurred followed 
by replacement of hydrazine with hydroxylamine to convert the hydrazidine into the ami- 
doxime. An important observation in this regard is that XXXVI, XXXVII, and XXXVIII 
do not give coloured iron(I1) complexes unless hydroxylamine is added, and only after pro- 
longed standing or brief heating are the typical ferroin red colours then produced. The 
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spectroscopic data reported in Table 1 for these three compounds are for solutions pre- 
pared with hydroxylamine and heated before measurement. Another result, pertinent as 
evidence of hydrolytic decomposition, is that the iron(I1) complex of XXXIX has an appar- 
ent ligand: iron ratio of 1: 1. This surprising result can be explained on the basis that the 
original ligand decomposes to yield three separate bidentate ligands or two separate ter- 
dentate ligands. Either is theoretically possible, but further study is necessary for substan- 
tiation. Finally, it is interesting that decomposition of the triazoline and triazole com- 

Table 1. Properties of the iron chelates 

Chromogen Colour 
1, 

nm 
Fe:L 

l.mole-E;.cm-l Solvent* ratio Remarkst 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 

$1 
XII 
XIII 
XIV 
xv 
XVI 
XVII 
XVIII 
XIX 
xx 
XXI 
XXII 
XXIII 
XXIV 
xxv 
XXVI 
XXVII 
XXVIII 
XXIX 

xxx 

xxx1 

xxx11 
xxx111 
XXXIV 
xxxv 
XXXVI 
XXXVII 
XXXVIII 
XXXIX 

Red 
Red 
Red 
Red 
Red 
Red 
Red 
Magenta 
Red 
Red 
Red 
Magenta 
Red 
Magenta 
Purple 
Magenta 
Colourless 
Green 
Purple 
Purple 
Orange 
Yellow 
Grange 
Red 
Orange 
Red 
Violet 
Violet 
Red-brown 

Green-black 

Blue-black 

Red 
Magenta 
Red 
Red 
Red 
Red 
Yellow 
Magenta 

525 1.13 x lo* 
525 1.45 x lo4 
531 1.21 x lo4 
527 1.53 x lo4 
533 1.99 x lo4 
522 1.34 x lo4 
530 lql x IO4 
588 1.04 x lo4 
506 7.3 x 103 
500 9.2 x IO3 
520 5.0 x IO3 
520 9.4 x IO3 
490 1.5 x lo4 
520 9.9 x lo3 
525 1.62 x lo4 
531 7.7 x IO3 
- - 
635 4.8 x lo3 
550 1.34 x lo4 
552 1.26 x 10.’ 
470 4.0 x lo3 
455 3.6 x IO3 
470 2.6 x IO3 
515 64 x IO3 
480 3.1 x IO3 
540 2.06 x IO? 
563 3.20 x lo4 
565 160 x lo4 
448 1.08 x lo4 
552 1.11 x lo4 
468 1.80 x lo4 
580 140 x lo4 
470 1.69 x lo4 
580 140 x lo4 
535 1.15 x lo4 
515 6.4 x lo3 
560 1.5 x IO3 
580 5.0 x ld 
625 5.0 x lo2 
630 3.0 x lo3 
- 
550 

- 
9.6 x IO3 

a 

a 

it 
b 
b 

i 
a 
b 
a 

;: 

i 
b 

- 

b 
b 
b 
b 
b 
b 

f: 
b 

i 
b 

b 

b 

- 

h 

1:3 
I:3 
I:3 
I:3 
1:3 
I:3 
1:3 
I:2 
1:3 
1:3 
1:3 
I:2 
1:3 
1:2 
1:3 
I:2 
- 
- 
I:2 
- 
- 
- 
- 
- 

1:3 
I:3 
1:3 
1:2 

I:2 

I:2 

- 
- 

- 
- 
1:2 
- 
I:1 

5 
5 
5 
5 
5 
1 
1 
5 
23.4 
2.3.4 
2.3.4 
234 
2.4 
2.4 
2.4 
2.4 
- 

1.2.4 
1.5 
5 
1.3.4 
L3.4 
l-3,4 
1.3.4 
1.4 
5 
5 
5 
5 

5 

5 

2.4 
2.4 
1.2.3 
1.2.3 
L2.3 
1,273 
Ppte 
3_.4 

* a, Water (pH 7). b, Ethanol and water (pH 7). c, Chloroform and ethanol (extracted from water, pH 7). 
t 1, Beer’s law not followed unless very large excess of chromogen is added. 2. Slow colour formation (5-30 

min necessary for completeness). 3, Ligand undergoes hydrolytic decomposition. 4, Poor colour stability on 
aging. 5, Colour stability good. 
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Table 2. Spectroscopic properties of copper(I) and cobalt(I1) chelates 

835 

/.. 
Chromogen nm 

Copper(I) 

l.moleE;.cm-i 
A, 

Remarkst nm 

Cobalt(I1) 

l.mole’i.cm-’ Remarkst 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
XXVI 
XXVII 
XXVIII 

462 
450 
460 
454 
460 
42S 
425* 
450 
468 
510 
503 

5.1 x 103 
7.4 X lo3 
5.2 x lo3 
7.4 x lo3 
6.4 x lo3 
5.0 X IO2 
4.8 x lo* 
2.6 x lo3 
9.2 x lo3 

1.52 x lo4 
6% x 10’ 

a 
h 

t 
h 
h.d.e 
b.d.e 

h 

h 

437 
437 
450 
.450* 
4508 
450* 

545 
475* 
475* 
475* 

710 h 
380 b 
330 b 
700 b,d 
280 b.d 
320 h.d 

0 hd 
1110 h 
400 b,d 
170 cd 

3100 hd 

* Wavelength not a maximum but a shoulder or at side of band just before reagent blank absorbance becomes 
appreciable. 

t a, Water (pH 7). b. Ethanol and water (pH 7) as solvent. c, Chloroform and ethanol as solvent (complex 
extracted from water, plI 7). d. Colours and spectra of chelate and chromogen are very similar. e, Poor stabihty; 
absorbance not linear with concentration. 

pounds in aqueous solutions is strongly catalysed by the presence of iron(I1). This is taken 
as evidence that the co-ordinated ligands are more susceptible to hydrolysis than the free 
ligands, a conclusion consistent with the known electron-withdrawing effect of the metal 
cation, which could promote bond-weakening in remote but conjugated groups. 

The ligand: iron ratios found for most of the iron(I1) chelates are consistent with predic- 
tions based on structures of the ligands. There are, however, a number of notable excep- 
tions, namely for compounds XIk XIV, and XVI (also for XXXIX, as discussed above). 
From structural considerations each of these three should be capable of only bidentate 
action, yet the mole ratio results indicate terdentate behaviour. Apparently these com- 
pounds also undergo hydrolysis; in this case to yield terdentate ligands. 

Chromogens XXIX, XXX, and XXX1 are substituted triazine analogues of 2,6-bis(2-pyri- 
dyl)pyridine, a well-known terdentate chromogenic ligand for iron(I As expected, the 
iron(I1) complexes of these were found to be bis-chelates (iron:ligand ratio 1: 2). The spec- 
tra of the chelates exhibit two well-resolved intense bands in the visible region, with the 
same general appearance as that for the terpyridine iron(I1) complex. 

Listed in Table 2 are the results obtained for the copper(I) and cobalt(I1) complexes of 
some of the chromogens. The triazole and triazoline derivatives are omitted because of 
their poor behaviour and instability in solution and the relatively weak colour intensities 
observed for their reactions with copper and cobalt. The most promising copper chro- 
mogen is XXVII. On the basis of its molar absorptivity it is slightly more sensitive than 
bathocuproine, which forms an intense yellow copper(I) chelate (E = 1.42 x lo4 at 479 nm), 
popularly employed for determination of trace amounts of copper.‘3S14 Although chro- 
mogen XXVII lacks suitable water-solubility, it is soluble in chloroform and can be 
employed effectively as a calorimetric-extraction reagent for simultaneous determination 
of both copper and iron in aqueous solution after extraction into chloroform. 

None of the new compounds is particularly noteworthy as a cobalt chromogen. Their 
use as calorimetric reagents for cobalt is not advocated, particularly since more sensitive 
reagents are available. 
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Znsammea&mmg-Die Chelat- und Farbbildungseigenschaften von 39 neuen Ferroinverbin- 
dungen in Reaktionen mit Eisen(II), Kupfer(1) und Kobalt(I1) wurden spektrophotometrisch unter- 
sucht. Die Ergebnisse zeigen, dag die farbbildenden Eigenschaften von Triazol- und Triazolin- 
Heterocyclen dem Triazin und Pyridin unterlegen sind, wenn man sie in den Ferroin-Chromophor 
einbaut. Die Triazol- und Triazolinverbindungen zersetzen sich such hydrolytisch, wobei Eisen(I1) 
ein starker Katalysator ist; daher sind sie als colorimetrische Reagentien ungeeignet. Unter den 
Triazinderivaten wurde ein hervorragender Farbbildner gefunden, der allen bisher untersuchten 
Chromogenen vom Ferrointyp an Empfindlichkeit iiberlegen ist. 

R&nnsd-On a ttudie spectrophotometriquement la chelation et les proprietes chromogenes de 39 
nouveaux composes de la ferroiire dans des reactions avec les fer(II). cuivre(I) et cobalt(I1). Les 
rtsultats demontrent que les proprietes chromogenes des h&&cycles triazole et triazoline sont 
inferieurs a la triazine et a la pyridine quand ils sont incorpores au groupement chromophore fer- 
ro‘ine. Les composes du triazole et de la triazoline subissent aussi une decomposition hydrolytique, 
fortement catalysee par le fer(II), les rendant impropres comme rtactifs colorimetriques. On a 
trouve un chromogene remarquable parmi les derives de la triazine, qui est suptrieur a tous les 
chromogenes de type ferroihe etudies auparavant. 
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Summary-A mechanism for the production of atoms during carbon-furnace atomzation IS 
presented, based on the reaction 

MO(s) + C(s)+ CO(g) + M(g) 

The lowest temperature at which this reaction is thermodynamically feasible has been calculated 
for 27 elements and is shown to be consistent, for the maJority of elements, with the lowest tempera- 
tures at winch a substantial population of the atoms appears in the carbon-furnace atomizer. The 
theory has been developed further to explain qualitatively the losses of elements that occur during 
heating cycles before the atomization. 

High-temperature flames such as air-acetylene and nitrous oxide-acetylene remain the 
most popular method for the atomization of sample solutions in analytical atomic-absorp- 
tion spectrometry. Whilst it is relatively easy to calculate the degree of atomization of solu- 
tions in the highest zones of flames where the assumption of thermal equilibrium is reason- 
ably valid,‘y2 it is much more difficult to (a) determine degrees of atomization in primary 
reaction zones or (b) predict with any degree of certainty the nature of reactions leading 
to the formation of atoms in the primary reaction zone. Such information as is available 
on atomization reactions suggests that radicals present in high concentration in primary 
reaction zones play an important role in the chemical reduction of particles and/or mole- 
cules formed during the rapid evaporation of the sample solution.3-7 

Although carbon-furnace atomization was first demonstrated many years ago,’ the wide 
application of the technique in routine analysis is much more recent and coincides with 
the introduction of commercially available equipme’nt. The physical design (e.g., dimen- 
sions. method of addition of sample) varies from instrument to instrument,*-lo but in all 
cases an aliquot (up to about 100 ~1) of the sample solution is placed in contact with the 
inner wall of a cylindrical graphite tube. The tube is then heated to temperatures as high 
as 3000” in an inert atmosphere to bring about atomization of the sample in order that 
atomic-absorption measurements can be made. When the operation of a carbon furnace 
is compared to that of a flame, it is logical to suggest that the carbon itself plays a role 
in the chemical reduction of the sample solution to produce atoms.” To take an example, 
Halls and Townshend” pointed out that the thermal chemistry of magnesium sulphate 
would predict that on heating a solution of this salt, MgSO,(s) would be formed on 
evaporation of the solvent and hydrated water molecules. This would be converted into 
MgO(s) at 890” and this oxide is known to sublime to give magnesium oxide gas molecules 
without decomposition at 2770”. If this occurred in a carbon furnace little if any atomic 
absorption would be observed. In fact very sensitive determinations of magnesium can be 
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made by using this method at temperatures as low as 1550”. Whilst this and other indirect 
evidence points to the conclusion that the carbon tube plays a role in atom production. 
no strong evidence has yet been put forward to support this mechanism. 

For most elements, met& solutions of oxy-anion salts such as sulphate and nitrate are 
preferred in the furnace atomizer rather than the chloride solutions normally used in game 
atomization. Chloride solutions give a higher degree of molecular volatilization, which de- 
creases the degree of atomization in the furnace. Most oxy-anion salts of metals decom- 
pose to the corresponding metal oxide on heating. A possible model for the formation of 
metal atoms would therefore be the reduction of the metal oxide by the graphite. yielding 
carbon monoxide and free metal atoms as in reaction (1): 

where M is the metal being atomized. This model assumes that sufficient energy is released 
on the formation of carbon monoxide to produce metal atoms directly in the gaseous state 
rather than in intermediate solid or liquid states. If it is assumed that reaction (1) exists 
in therm~y~mic equilibrium near the surface of the graphite tube then it is possible to 
use free-energy data to calculate the overall free-energy change of the reaction. The overall 
free-energy change will vary with temperature but will become negative at some particular 
temperature above which the reaction is thermodynamically feasible. If the model is valid 
this temperature should be related to the lowest temperature at which a substantial popu- 
lation of atoms is observed in the carbon furnace. The free energy calculations can there- 
fore be tested against experimental observation of atomic absorption. This approach takes 
no account ofreaction rates but it is generally assumed that at high temperatures reaction 
rates for carbon reduction of oxides are reasonably fast if the reaction has a negative free- 
energy change.i3 Long-term equilibrium cannot be assumed, as the metal vapour is carried 
away in a stream of argon, 

aerodynamic data obtained from various sources13-i9 allowed the calculation of 
reduction temperatures for 27 elements and measurements of the “appearance” tempera- 
tures of all these elements have been attempted and the results are reported in this paper. 

Measurements of atom populations were carried out by atomic-absorption analysts with a Perkin-Elmer 
H.G.A. 70 Heated Graphite Atomizer mounted in a Perkin-Elmer 306 Atomic Absorption Spectrophotometer. 
The H.G.A. 70 consists essentially of a graphite tube which can be heated electrically by currents of up to 400 A 
at 1OV and can attain maximum atomization temperatures of 2600”. The instrument and its operation have 
been described in detail elsewhere. “’ Perkin-Elmer Intensitron holiow-cathode lamps were used for most ele- 
ments and were operated at the ma~ufactur~‘s recommended currents. For a few elements. hollow-cathode 
tamps from other manufacturers (Hilger, Pye Unicam and AStj were used. A deuterium arc ba~kground~rrec- 
tor was used to remove any non-specific absorption, The atomization temperature of the graphite tube depends 
on the applied voltage and temperatures were obtained from the temperature-voltage calibration supplied by 
the manufacturer. The temperature attained shows small variations from instrument to instrument (dependent 
in part on the mains suppty voltage) and from tube to tube, particularly with respect to the age of the tube. Much 
more serious temperature variations have been reported to occur along the length of the tube”’ and the sampie 
solutions must be @aced reproducibly in the centre of the tube. We have used thermocouples to check the 
tem~ratur~ attained at the position of sample addition and find them in agreement over a wide range of 
temperatures with the calibration graph supplied by tire manufacturer. 

Experimental appearance temperature measurements were carried out on solutions of the sulphate salts of the 
metals or of the nitrates when the sulphates could not be used for solubility reasons. 
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RESULTS AND DISCUSSION 

Mechanism of atomization 

In the production of aluminium atoms from a solution of aluminium sulphate, solid alu- 
minium sulphate and then aluminium oxide will be formed as the temperature is raised. 
The carbon reduction model then predicts that aluminium atoms will be released through 
the reaction 

Al,O,(s) + 3C(s)-+ 3CO(g) + 2Al(g) 

The overall free-energy change, AG”, for this reaction will be given by the sum of the free 
energies of formation of the products minus the sum of the free energies of formation of 
the reactants, i.e., 

AGLtion = 2AG,“Al(g) + 3AG;CO(g) - AGfOAi203(s) - 3AG;C(s) 

In Table 1 are given the free energies of formation of all these species at temperatures 
between 2300 and 2600 K, obtained from the Janaf tables,14 and the calculated values of 

AGk-n . For purposes of comparison the values are rounded off. The values predict that 
the release of aluminium atoms becomes thermodynamically feasible between 2400 and 
2500 K. Values for the free energy of reaction for the reduction of Ti02, Cu,O, PbO and 
ZnO together with those for A1,OJ are given in Table 2 and show that the temperature 
at which the reduction of the oxide becomes thermodynamically feasible varies consider- 
ably with the oxide. 

The temperature at which the free energy change becomes negative for each oxide 
should correspond to the lowest temperature at which a substantial population of the 
atoms of the element appears in the carbon furnace. This temperature is referred to as the 

Table 1. Calculation of free energy of reaction of aluminium oxide with graphite 

Temp.. 
K 

AGf Al(g), 
kcallmole 

AG,” Co(g), 
kcallmole 

AG; Al,Os(s), 
kcalfmole 

AG,” C(s), 
kcal/mole 

A%,,,,,“* 
kcallmole 

2300 I I.34 -74.31 - 22487 0 + 2462 
2400 8.71 - 76.28 -218.36 0 + 697 
2500 (1.12 -7x.25 - 212.09 0 - IO.42 
2600 3.52 - 80.20 - 205.83 0 - 27.73 

* For the purposes of the calculation of appearance temperature these values can be further rounded off to 
whole numbers (cf. Table 2) because the temperatures cannot be measured sufficiently accurately to warrant 
better accuracy in AG;,,,,,,,,,, 

Table 2. Calculation of free energies of reaction of oxides of Al, Ti, Cu, Pb and Zn with 
graphite. All values in kcal/mole 

Temp.. K 1700 1800 1900 2C00 2100 2200 2300 2400 2500 2600 
AG;_, for Al,O, +I38 +119 +lOO +81 +62 +43 +25 +7 -10 -28 
AGk for TiO, +83 +71 +60 +49 +37 +27 +16 +6 -5 -15 
AC& for Cu,O +10 +1 -7 -15 -23 -31 -39 -47 -55 -63 

Temp.. K 800 900 loo0 1100 1200 1300 1400 1500 1600 1700 
AC,,,, for PbO +16 +9 +2 -4 -11 -17 -23 -29 -35 -40 
AG;,,,, for ZnO +45 +35 +2S +15 +3 -10 -20 -35 -45 -60 
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appearance temperature and was obtained as follows. The instrument was set to give full- 
scale deflection at the optimum atomization temperature for a particular element. The 
temperature of atomization was then reduced until this signal just disappeared completely. 
The atomization voltage was then increased in 0.25 V increments until a small signal (359, 
of full-scale deflection) appeared, and the corresponding temperature under these condi- 
tions was taken as the appearance temperature. This technique gave results to the nearest 
50” over most of the working range. 

The thermodynamic data 13-lg allowed the calculation of reduction temperatures for 27 
elements, and these temperatures, the experimentally observed appearance temperatures. 
and the melting and boiling points of the elements are given in Table 3. Good agreement 
between the temperature at which AGRaflion becomes negative and the appearance tem- 
perature was obtained for the first 18 elements in Table 3. Agreement to f. 100’ is consi- 
dered acceptable when the uncertainties in the measured temperatures and in the thermo- 
dynamic data are taken into account, and the values for SrO may be considered only just 
outside the range of good agreement. It was interesting that if calculations were done for 
production of copper from CuO, the agreement with the appearance temperature was des- 
troyed. The oxide Cu10 is known21 to be the most stable oxide above 800” in a non-oxi- 

Table 3. Thermodynamic reduction temperatures and appearance temperatures for 27 ele- 
ments undergoing carbon-furnace atomization. The melting and boiling points of the ele- 

ments are included for comparison 

Temperature Appearance 
at which AGo_, temperature 

Oxide Element m.p., K Element b.p.. K becomes negative. K of element, K 

PbO 
A1203 
cu,o 

Fe304 
Na,O 
NiO 
Cr203 

ZnO 
coo 
%03 

Cd0 
VI03 

SiO, 
BaO 
TiOz 
LiOz 
Mn30, 
Ag,O 
sro 
HgO 

600 
932 

1356 
1812 
371 

1728 
2176 
693 

1768 
1673 
594 

2190 
1683 
983 

1950 
454 

1517 
I234 
1043 
234 

W3 2300 

NbO 2770 
Snot 505 
K,O 336 
Sb,O, 903 
CaO 1123 
MgO 923 

2042 
2720 2400-2500 
2855 1800-1900 
3160 1700-1800 
1163 120~1300 
3110 1700-1800 
2915 
1181 
3150 
2750 
1038 
3650 
2950 
1910 
3550 

2314 
2450 

629 

4200 

5200 

1039 
1910 
1765 
1390 

1000-1100 

180&1900 
1200 
1800 

2400-2500 
> 800 

2400-2500 
2300 
2300 

240@2500 
1900-2000 
1600-1700 
1200-1300 

2300 
Below room 
temperature 

AGorCpC, still + ve 
at b.p. 
>3000 

- 1350 
1100 

1100-1200 
2400-2500 
2100-2200 

loo0 
2300 
1730 
1750 
1230 
1800 
1800 
1100 
I720 
2450 
850 

2350 
2300 
2200 
2420 
2100 
1600 
1150 
2100 

- 
1800 
1550 
1550 
1800 
1550 
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dizing atmosphere and in the presence of carbon and the results suggest that it is formed 
as an intermediate from CuSO, in the carbon furnace. 

Agreement with the theory could also be said to occur with three other elements. Hg. 
B and Nb. The free-energy change for the reduction of mercuric oxide is negative below 
room temperature and in fact an absorption signal for mercury was observed on simply 
evaporating a solution of mercuric nitrate to dryness at 60”. On these grounds alone, the 
heated graphite atomizer does not appear to be as suitable for the determination of mer- 
cury as the cold vapour techniques. The free-energy change for the reduction of B203 is 
still positive at the boiling point of the oxide, which should therefore leave the tube without 
being reduced. As expected, no atomic-absorption signal could be observed for boron, or 
for niobium for which the free energy change for the reduction of the oxide is still positive 
at the maximum temperature 3000 K available in the atomizer. 

Agreement with the theory appears to be poor for only the last five elements in Table 
3. Of these the metal vapour appears at higher temperatures than predicted for Sn, K and 
Sb. An explanation for this may be that although the reduction of the oxides of the metals 
is thermodynamically feasible at a lower temperature, the rate of reduction may be too 
slow to produce a substantial population of free atoms until much higher temperatures 
are reached. However, both potassium and antimony are well known to exist in associated 
forms at high temperatures. 22 For example antimony exists as Sb2 and Sb4 units in the 
gas phase up to temperatures above 2000 K. 22 Thus the reduction reaction for K20 and 
Sb203 may give rise to associated vapour at low temperatures, which could not give an 
atomic absorption signal. It is not so easy to give a plausible explanation for the lack of 
agreement for calcium and magnesium, which appear at temperatures much lower than 
predicted. 

Reaction (1) predicts that metal atoms are formed directly in the gaseous state following 
reduction of oxide, without the intermediate formation of solid and/or liquid metal. The 
good agreement between the predictions of reaction (1) and the experimental observations 
supports the theory. If intermediate solid or liquid metal was formed much closer agree- 
ment of the experimental observations with the boiling points of the metals would be 
expected. Table 3 shows that such agreement is hardly ever obtained, the majority of ele- 
ments appearing at temperatures well below their boiling points and the alkali and alka- 
line earth metals appearing either close to or above their boiling points. 

An interesting conclusion of practical importance can be drawn from these results. It 
can be predicted that the direct atomization of metals or alloys such as ferrous or copper- 
based alloys in carbon furnaces would be very difficult as under these conditions signals 
would not be expected until a substantial vapour pressure had been built up and this 
would require a high temperature (see b.p. values in Table 3). The use of a nitric or sul- 
phuric acid solution of the metal alloy would provide signals at much lower temperatures 
via the reduction of oxides. Chloride solutions would also be disadvantageous owing to 
molecular volatilization problems, except for those elements, such as iron and chromium 
where chloride solutions are known to decompose to yield the oxide. 

Losses qf metals during preheating steps 

The carbon-furnace atomizers available for atomic-absorption spectrometry include a 
facility for preheating samples at temperatures up to 1100” before high-temperature ato- 
mization. This is particularly useful for dry-ashing organic materials before trace metal 
determinations are carried out. and the usual procedure involves drying at 100” followed 
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by ashing at 490”, 750” or 1100” and atomization. Unfortunately the atomization signals 
of the more volatile elements are reduced by pre-ashing at these temperatures and the 
reduction in signal increases with temperature and the ashing time. This is now well 
known, and Fuller” has attributed the reductions in signal to carbon reduction of the 
oxides of the elements to solid or liquid metal during ashing, and removal of the metal 
by vaporization, depending on the vapour pressure of the metal. The vapour will then be 
removed by the stream of inert gas. 

Figure 1 illustrates the loss of the signal due to Cu, Ni, Co and Fe, as a function of time 
of ashing at 1100” and shows that losses are substantial at even very short ashing times 
and that losses for these four elements decrease in the order Cu > Ni > Co > Fe. The free- 
energy change for reaction (1) is still positive at this temperature so that it is unlikely that 
this could account for the observed loss of signal. However, the free-energy changes for 
the conversion of metal dxides into solid metals, referred to as AGZ , e.g., 

NiO(s) + C(s)+ CO(g) + Ni(s) (2) 

become negative at much lower temperatures and this reaction probably occurs as postu- 
lated by Fuller. l1 We selected nine elements for study and the temperatures at which 
AG; = 0 are shown in Table 4, together with the loss of atomization signal after preheat- 
ing for 300 set at 750” and 1 IOO”, and the appropriate vapour pressures of the elements. 

If reaction (2) occurs, then the amount of an element lost during ashing will depend on 
(a) whether AGO, is negative at the ashing temperature, (b) the value of AG; at the ashing 
temperature. which will determine the equilibrium constant of reaction (2) (this will be a 

Time, see 

Fig. I. Variation of the loss of atomization signal for Cu. Fe. Co and Ni with time during 
preheating at I 100°C. 
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Table 4. Loss of atomtzatton stgnal on preheatmg of samples for 300 set at 750” or 1100°C 

843 

Element 

Temperature 
at which 
AG; = 0. 

c 

Loss on 
preheating 
at 750-c 

for 300 sec. 
0 
0 

Vapour pressure 
at 

750°C. 
mmHg 

Loss on 
preheatmg 
at 1100°C 
for 300 set, 

% 

Vapour pressure 
at 

1 1 00°C 
mmHg 

V 1600 
Cr 1200 
Fe 700 
co 500 
NI 450 

Pb 
Sn 
Zn 

300 
600 
900 

0 

0 
0 
5 

11.x 
25 x 

100 
-1o* 
100 

- 0 3.88 x lo-” 
0 8.05 x lO-5 

3.10x 1o-9 31.8 2.95 x IO-’ 
2.77 x 10-s 47.8 344 x lo-3 
9.36 x 10-a 55.0 8.73 x 10-J 
I a3 x IO-” 7x.0 9.1 I x IO a 
1.11 x 10-l 100 6.18 

5 x lo-* 74 1.33 x lo-3 
85.6 100 308 

* - IO”,, mdtcates an mcnxse of I o”,, m the signal 

function of the difference in temperature between that at which AG: = 0 and the ashing 
temperature), (c) the rate of reaction (2) which is after all a solid/solid reaction, and (d) 
the vapour pressure of the metal.22 

The results in Table 4 are in acceptable agreement with (a), (b) and (4. No losses occur 
for vanadium and chromium. where the value of AG; is still positive at the ashing temper- 
atures used. For the next four elements, the difference in temperature between that at 
which AG; = Oand the ashing temperature is in the order Cu > Ni > Co > Fe which is in 
agreement with the observed losses shown in Fig. 1 and Table 4. Losses of iron at 750’ 
may have been too small to be observable and would be in agreement with the fact that 
this temperature is only 50 above that at which AGS = 0, and that the vapour pressure 
is very low. Losses for lead and zinc are very high, in line with the very high vapour pres- 
sures of these elements and rapid removal of these metals once formed. An anomalous situ- 
ation occurs for zinc at 750 since AGj is still positive at this temperature, which may 
be due to the necessity of using unsatisfactory thermodynamic data for this element.16 Tin 
actually shows an increase in signal after preheating at 750” and a 74% loss at 1100” and 
is anomalous for other reasons and is under further detailed study. 

It may be concluded from this study that carbon plays an important role in the produc- 
tion of atoms in carbon furnace atomization and that during rapid atomization at high 
temperatures carbon reduction leads to the direct liberation of gaseous metal atoms. Prior 
heating at lower temperatures leads to the formation of solid or liquid metals and a rela- 
tively slower liberation of metal vapour for the more volatile elements. This paper has dis- 
cussed one model for atomization processes based on carbon reduction. Although one or 
two other reaction models could be postulated, the agreement of experimental data with 
the reduction model lends support to this theory. This paper has been concerned with car- 
bon-furnace atomization but other devices. including tungsten and tantalum strips, are 
used for atomization purposes. One of the advantages of carbon in this context is that it 
has a high affinity for oxygen. which is removed as a gaseous species, giving efficient atomi- 
zation of oxides and leaving the surface clean for subsequent samples. The other materials 
also have a high affinity for oxygen and should give efficient atomization but may suffer 
from the disadvantage that the corresponding oxides are much less volatile. 
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Zwammenfassung-Ein Mechanismus der Bildung von Atomen im Graphitofen wird angegeben, 
der auf der Reaktion 

MO(s) + C(s)- CO(g) + M(g) 

beruht. Die niedrigste Temperatur, beI der diese Reaktion thermodynamisch miiglich ist, wurde 
filr 27 Elemente berechnet; es zeigt sich, da13 sie bei den meisten Elementen mit der niedrigsten 
Temperatur zusammenlllt, bei der eine merkliche Menge von Atomen in der Graphitofen-Atom- 
quelle auftaucht. Die Theorie wurde weiterentwickelt, urn qualitative den Verlust an Elementen 
zu erkllren, der bei Heizzyklen vor der Atombildung eintritt. 

R&m&-On presente un mkanisme pour la production d’atomes pendant l’atomisation au four 
de carbone, b&e sur la r&action: 

MO(s) + C(s)+ CO(g) + M(g). 

La temp&ature la plus basse d laquelle cette rtaction est thermodynamiquement r6alisable a tte 
calcul& pour 27 tlCments et est reconnue etre en accord, pour la majorite des &xnents, avec les 
plus basses temp&atures auxquelles une population importante des atomes apparait dans l’atomi- 
seur a four de carbone. On a dbvelopfi davantage la theorie pour expliquer qualitativement les 
pertes d’tl&ments qui se produisent durant les cycles de chauffage avant l’atomisation. 
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Summary-This paper is a survey of 66 studies from the literature and presents a review of the 
quantitative methods most widely used for the determmation of hydroxylamme and its salts. 
Volumetric, electrochemical and spectrophotometric methods are discussed, compared and 
evaluated. 

The quantitative determination of hydroxylamine is very important both in studies of 
biological processes, and for industrial purposes. It has been confirmed, e.g., that 
hydroxylamine is produced during the reduction of nitrates by E. coli and Torula yeast.’ 
It has also been detected in bacterial media and in the tissues of a number of organisms. 
Ammonia is reported to have been produced in uiuo from hydroxylamine by various 
micro-organisms.’ Hydroxylamine is also formed as an intermediate during oxidation of 
ammonia to nitrate by Nitrosomonas.3 

Moreover, hydroxylamine is often found in biological materials in combined forms, 
e.g., as hydroxamic acids or oximes. Both types of compound, which are often 
important industrial raw materials, can be determined as hydroxylamine after a preliminary 
hydrolysis.4 ’ 

Another important problem is posed by the difficulty of determining hydroxylamine 
when present together with other nitrogen compounds such as nitrates, nitrites, ammonia, 
hydroxamic acids and oximes which often accompany hydroxylamine in the process of 
the nitrogen cycle and in a number of industrial processes. 

There exists only a short review 7’a) of the methods for the quantitative determination of 
hydroxylamine, but there is no comprehensive review of all the methods. The purpose 
of this paper is to compare the quantitative methods for the determination of 
hydroxylamine described in the literature. 

Hydroxylamine and its salts are usually determined by methods based on oxidation 
or reduction either in acid or in basic solution. Those most frequently employed are 
volumetric, electrochemical and spectrophotometric methods. 

VOLUMETRIC METHODS 

The .most widely used of the classical titrimetric procedures for the determination of 
hydroxylamine and its salts are those based on redox reactions, generally involving the 
oxidation of hydroxylamine. a 28 The products depend on the oxidizing agent used, but 
can include nitrogen,‘5-‘7~1g720 nitrous oxide8~‘0-14~‘8*28 and nitric acid.2 1-24 Oxidation 
has also been made the basis of a complexometric method. 

845 
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Reducing methods have seldom been used. lo Reduction potentials for nitrogen species 
in aqueous solutions*’ are illustrated in the following diagram. 

Acidic solution 

-1.16 

Basic solution 

46 +0.66 -0.66 

D2--N20.- NO,- 

/ +0*01 I 
The volumetric methods are laborious but provide relatively accurate results if the 
analytical procedures are rigidly adhered to; the relative error is usually within f l-2%. 
They are particularly useful for fairly large (milligram) amounts of hydroxylamine. 

Oxidation with ferric salts 

Raschig’ is regarded as the originator of this frequently used approach, although 
Meyeringhg was perhaps the first to propose it. It has been discussed in detail by Bray, 
Simpson and MacKenzie,” and later by Milligan.” The method is simple and gives 
good accuracy if the prescribed conditions are rigorously maintained. It consists in 
oxidizing hydroxylamine with an excess of a ferric salt in acid medium in accordance with 
the reaction 

2NH20H + 4Fe3+ - 4Fe2+ + 4H+ + N20 + Hz0 

The mixture is boiled, and the ferrous iron produced is titrated with standard potassium 
permanganate solution. Another possibility is to use a mercuric salt in the presence of 
thiocyanate as titrant for unreacted iron(H ““’ 

Raschig’ pointed out that this method gives satisfactory results if a large excess of ferric 
salt (about three-fold) is used and the sulphuric acid is kept at a suitable concentration. 

Bray et al.” also emphasized the accuracy of the method. Two errors may, however, 
occur: a positive error caused by interaction of potassium permanganate with hydrox- 
ylamine or the intermediate product hyponitrous acid still present in the solution, or a 
negativeerror due to the presence ofoxygen. Both errors can easily be avoided. The precision 
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of the method is better than +0.3Y10. In the modified Raschig method, a ceric salt can be 
used for the titration of the ferrous ion. This reagent is stable to boiling and the 
accuracy and precision are the same as in the Raschig method. Rao and Rao12 improved 
this method by the addition of copper sulphate as catalyst. They found that ferric alum 
oxidizes hydroxylamine quantitatively and rapidly to N,O even at room temperature if 1 ml 
of a 5% copper sulphate solution is added per 50 ml of reaction solution, The reaction rate 
is sufficiently rapid only when the concentration of ferric alum is at least twice as high 
as that of hydroxylamine. The ferrous salt produced is titrated with standard sodium 
vanadate solution. 

Osidatiou with ceric salts 

Benrath and Ruland13 were the first to investigate the oxidation of hydroxylammonium 
sulphate with ceric sulphate and found that nitrous oxide and nitrogen were produced, of 
which 69-73 9; was nitrous oxide. They gave neither data nor a precise description of 
their experiments. 

Cooper and Morris14 gave an accurate procedure for the determination of hydrox- 
ylamine by this method. They investigated the effect of pH, volume of solution, temperature. 
presence of chloride ion and concentration of the oxidant on the reaction 

2NH,OH + 4Ce4’ - N20 + 4Ce3+ + 4H+ + H20. 

The excess of Ce4’ was titrated with standard arsenious acid solution. The accuracy of 
the method is similar to that of the ferric salt method. An advantage of this method is 
the good stability and high oxidation potential of ceric sulphate solution. 

Osidariolr with ranadate 

Hoffmann and Kuspert’ 5 oxidized hydroxylamine with an acidic vanadate solution 
and measured the liberated nitrogen volumetrically. Alternatively, the vanadyl salt 
produced could be titrated with a standard solution of potassium permanganate. 
Kurtenacker and Neusserr6.” found that ammonium metavanadate acts on an alkaline 
solutionofhydroxylamine togivea mixtureofNH,, NO, N,Oand N2. In neutral solution the 
reaction is slower and N20 and NH, are produced. In acid solution, hydroxylamine is 
oxidized to N20 and Nz nearly quantitatively. The course of the reaction depends on the 
pH. Gowda, Rao and Rao ‘* described the conditions for the determination of hydroxyl- 
amine by this method. They found that sodium vanadate oxidizes hydroxylamine 
quantitatively and rapidly to N,O even at room temperature if the reaction is carried out 
in hydrochloricacid solution with copper sulphate ascatalyst. By thisprocedure, the authors 
determinedO.l-0.3 mmole of hydroxylamine hydrochloride; the relative error did not exceed 
0.4”,. 

Osidation with potassium ,ferricj.anide 

Sant” reported a method in which hydroxylamine could be determined by oxidizing 
it to nitrogen with an excess of potassium ferricyanide in a weakly alkaline solution 
(pH 8-9) and titrating the resultant ferrocyanide with standard ceric sulphate solution. He 
proposed using this method also for the determination of oximes and their metal 
chelates. The dark brown colour obtained when too much ferricyanide is used makes it 
difficult to perceive the end-point. These difficulties can be avoided by employing an 
improved method suggested by Sant. 2o This also involves oxidation of the hydroxylamine 
with an excess of potassium ferricyanide in a borate buffer and subsequent iodometric 
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titration of the excess of oxidant with a standard thiosulphate or arsenious acid solution. 
The sequence of reactions occurring in this method is as follows: 

ZNH,OH + 2[Fe(CN),$- + ZOH- - Nz + Z[Fe(CN),]‘- + 4H10 

2[Fe(CN),J3- + 21- z 2[Fe(CN)J- + I, 

2s*o:- + 12 - s,o;- + 21- 

2H,AsO, + 21, + 2H20 - 2H,AsO, + 41- + 4H+ 

In a strongly alkaline solution the reaction is non-stoichiometric. San?’ also developed a 
method for determining milligram amounts of hydroxylamine by direct titration with 
hydroxylamine of the alkaline ferricyanide solution in the presence of zinc sulphate to raise 
the oxidation potential of the ferricyanide by precipitation of zinc potassium ferrocyanide. 
This procedure also permits rapid determination of hydroxylamine and hydrazine in 
solutions containing both these components. The relative error rarely exceeds 2”,,. 
Hydroxylamine is in this case titrated with ferricyanide in the presence of zinc 
sulphate to form nitric acid. The end-point of the titration is shown by precipitation 
of a clear white residue of zinc potassium ferrocyanide. The following reactions occur 
during determination of hydroxylamine : 

2[Fe(CN),13- + 2e- - 
zn- 

2[Fe(CN),]“- - Zn,K,[Fe(CN)& 

NH,OH + 70H- - NO; + 5H,O + 6e- 

In the absence of zinc sulphate and in a weakly alkaline solution. hydrazine and 
hydroxylamine are oxidized to nitrogen, whereas in its presence only hydrazine is 
converted into nitrogen. The determination of hydrazine and hydroxylamine is conducted 
in two stages. The determination time does not exceed 45 min. 

Oxidation with bromine, bromute and bromine monochloride 

Rupp and Mader22 were the first to utilize bromine for the determination of hydrox- 
ylamine. The oxidation product is nitric acid. According to Kurtenacker et a1.‘7.23 this 
method is applicable only to small amounts of hydroxylamine, because nitrogen oxide 
is also evolved from larger quantities. Kurtenacker and Wagner23 obtained better results 
by using potassium bromate in hydrochloric acid medium to oxidize the hydroxylamine. 

The most meticulous method seems to have been proposed by Burger. Gaizer and 
Schulek24 who have shown that bromine monochloride is useful for determining hydrox- 
ylamine, which is oxidized quantitatively to nitric acid by an excess of that reagent 
according to the equation: 

NHzOH + 3BrClf 2H20 - HN03 + 3HBr + 3HCl 

Bromine monochloride is produced by acidification of a potassium bromate and 
potassium bromide solution with hydrochloric acid according to the reaction: 

BrO; + 2Br- + 3Cl- + 6H+ - 3BrClf 3H20 

The excess of bromine monochloride is determined iodometrically. It is essential in this 
method to use an adequate excess of bromine monochloride, as this is reduced to 
bromide which subsequently reduces more BrCl to elementary bromine. This causes a 
decrease in the reaction rate because elementary bromine oxidizes hydroxylamine more 
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slowly. This procedure was employed to determine about 3-12 mg of hydroxylamine 
hydrochloride with an error of _I 0.5 “/,. The authors mentioned have demonstrated that 
elementary chlorine can also be used to oxidize hydroxylamine with an error not 
exceeding l-2 s,. 

Oxidation with iodine 

The reaction between iodine and hydroxylamine has been studied by a number of 
investigators.‘0.25 27 It was found to be extremely slow in acidic medium, but more 
rapid in basic medium containing such salts as NaHCO, , CH,COONa or Na2HP04. 
Even in these cases the reaction rate decreases at the end of titration, with the result that 
the determination has a considerable positive error” and is irreproducible.25 Another 
source of error is the fact that hydroxylamine is oxidized in these cases not only to 
N,O but also to nitrite. 

BartouSek28 developed a direct method for the determination of hydroxylamine by 
titration with iodine. He found that in the presence of magnesium oxide there occurs the 
stoichiometric reaction 

2NH20H + 212 - N20 + 4HI + H,O 

Decomposition of hydroxylamine, which is unstable in strongly alkaline medium, is 
minimized by magnesium oxide, which gives only a weak alkaline reaction. The titration 
must. however, be carried out’immediately after addition of the magnesium oxide in order 
to prevent decomposition of hydroxylamine in basic medium. Too slow a titration leads 
to negative errors due to spontaneous decomposition, while too rapid a titration causes 
positive errors, probably owing to the formation of nitrate. 

The method is rapid and the results are fairly accurate and reproducible if the 
prescribed conditions are used. It can be used for determining 5-30 mg of hydroxylamine 
hydrochloride, but for more than 30 mg the titration becomes too slow and high 
results are obtained. 

Reduction with titanous salts 

The most widely used reductant for hydroxylamine is titanium(II1) in acid solution,10 
with exclusion of air, according to the reaction 

NH20H + 2Ti3’ + H,O - NH: + 2Ti02+ + H+ 

The excess is titrated with standard permanganate solution. The results from this method 
are comparable with those obtained by oxidation with ferric salts. It is, however, somewhat 
laborious. as the reaction has to be carried out under an inert atmosphere, and the 
solution of titanium(II1) must be prepared by prior reduction of a titanium(IV) solution. 

Determination qf ll!sdrosylamine by the complexometric method 

BudeSinski.2g developed a method based on oxidation of hydroxylamine by the 
mercury(II)-EDTA complex in basic medium according to the reaction: 

ZNH,OH + 2HgY’ + 40H- - N20 + 2Y4- + 2Hg + 5H,O 

The EDTA released is titrated with standard lead solution, Methylthymol Blue being used as 
indicator. This method can also be used for determining hydrazine and phenylhydrazine. 
Amounts of 10-30 mg may be determined with a relative error within f 1%. 

T4L \ol 21 \o s D 
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Investigation of the hydroxylamine reaction with arsenic. antimony and bismuth salts 
has shown3’ that these reagents cannot be utilized for the quantitative determination of 
hydroxylamine. 

ELECTROCHEMICAL METHODS 

The electrochemical methods utilize the oxidizing and reducing properties of hydrox- 
ylamine. Some are based on reactions exploited in classical volumetric methods. The most 
widely used of these methods are chronopotentiometry, coulometry, potentiometry and 
poIarography. 

Szebelledy and Somogyi30C” oxidized hydroxylamine with coulometrically generated 
bromine. The determination was conducted in a silver coulometer, with potassium 
bromide solution as electrolyte. Bromine, which oxidizes hydroxylamine to nitric acid. is 
formed at the anode. The end-point of the reaction is indicated by the brown tint of 
free bromine, which can then be determined iodometrically. 

This method is suitable for the determination of less than 8 mg of hydroxylamine. 
since larger amounts give rise to significant side-reactions. The reaction rate depends 
on the temperature, being slow below 60”, particularly near the end-point, which is then 
difficult to perceive. When the conditions above are adhered to, the relative error does 
not exceed t 1%. 

Takahashi and Sakurai31 also described a coulometric method for the determination of 
hydroxylamine. It is based on the quantitative reduction of Fe3+ to Fe’+ by 
hydroxylamine : 

2NH20H + 4Fe3+ - 4Fe2+ + 4H+ f H,O + N20 

The ferrous ions produced are titrated with electrogenerated ceric ion. The use of an 
electrolyte solution of ceric sulphate. ferric sulphate and hydrochIoric acid at a constant 
current of suitable magnitude gives results within t lo,. Platinum generating and 
indicating electrodes were used, and a calomel reference electrode. 

This method was used to analyse 2-10 ml of solutions containing 0*04-0.20 mole of 
hydroxylamine, with an error of i_ 1%. Repeated use of the same solution is however not 
advisable, as large errors are obtained. 

Chronopotenriotnetry 

Davis3’ determined hydroxylamine in acidic medium at a platinum anode. He observed 
a single anodic wave when 1M sulphuric acid was used as the medium, and the 
transition time corresponded to a six-electron oxidation to nitrate. As the pH of the 
solution was increased, multiple waves appeared and the total transition time became 
shorter. This implies oxidation to some lower oxidation state, but the oxidation 
mechanism and the nature of the products are uncertain. In any medium the oxidation 
is inhibited by an oxidized electrode. This method was employed to determine hydrox- 
ylamine with a precision of f 1 T/, at concentrations over 1.4mM. At lower concentrations. 
the error increased prdgressively owing to the fact that the electrode surface became 
oxidized and charged. 

Morris and Lingane 33 described a chronopotentiometric method for the simultaneous 
determination of hydroxylamine and hydrazine, satisfactory for as little as 2”,, of hydrazine 
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in the presence of 98 “/, of hydroxylamine, and 2% of hydroxylamine in the presence of 
98 % of hydrazine. In O.lN sulphuric acid, when a platinum electrode is used, hydrazine 
produces a four-electron wave (E,,, = +0+36V us. S.C.E.) resulting from oxidation to 
nitrogen. Hydroxylamine produces a six-electron wave (E,,, = +0.83V us. S.C.E.) 
resulting from oxidation to nitrate. The errors are within + 5% for most cases. At high 
hydrazine concentrations nitrogen bubbles form on the electrode surface and block the 
access of hydroxylamine, thus leading to low results. In this method chloride ion 
interferes and must be removed. 

Potentiometric methods 

Britton and KGnigstein 34 developed an accurate potentiometric method for the 
determination of hydroxylamine and hydrazine in basic medium. Fehling’s solution 
is titrated with hydrazine and hydroxylamine salts at 90”. The platinum foil used as an 
indicating electrode acts after the end-point as a copper electrode in equilibrium with 
cuprous ions. The potential break amounts to 200-300 mV. In order to obtain correct 
results, the titration must be carried out under nitrogen to prevent oxidation of the 
cuprous ion by air. 

Bud&Sinskp3 5 determined hydroxylaiine in pyridine-ethyl alcohol medium (1 : l), using 
cupric actate as titrant at room temp. However, the break at the end-point is not very 
large, and very accurate results cannot be obtained. The mean relative error for 4-18 mg 
of hydroxylamine hydrochloride is +0.5x. Moreover, the determination is inhibited by 
cyanide, thiocyanate and iodide. 

Hydroxylamine can also be determined potentiometrically with potassium ferricyanide 
in 10-25’4 potassium hydroxide medium, as proposed by Vulterin and Zgka.36 A 
potential break of about 500 mV is obtained at the end-point. For 14-26 mg of 
hydroxylamine, the error does not exceed 1.4%. 

Attempts have been made to use iodine monochloride37.38 for a potentiometric 
titration of hydroxylamine. However, the direct titration is non-quantitative as the point 
of inflection does not coincide with the equivalence point (i 3%), probably because 
of side-reactions. Better results were obtained with an indirect titration of hydroxylamine 
in which the excess of iodine monochloride was titrated with standard hydrazine sulphate 
solution. 

Attempts to use manganese(II1) salts39 or permanganate4’ have not been successful. 

Polarographic methods 

The fast reaction between hydroxylamine and titanium(II1) has been the basis of an 
amperometric method for determining hydroxylamine.41 The reaction’ occurs according 
to the equation:42 

Ti3’ + HONH: - Ti4+ + NH2 + (OH- + H+) 

In the presence of oxalic acid as a radical-capture agent, titanium(II1) and hydroxylamine 
react in a 1: 1 ratio. Also in oxalic acid solution, titanium(III)/(IV) shows a wave with 
E 1 ,2 = -0.25 V US. S.C.E., which is pH-dependent. The titration end-point was best when 
a temperature of 50” was used, whereas when hydroxylamine was titrated with potassium 
bromate, the best temperature lay in the Lange 60-70”. In contrast to the .previous 
method where measurements were made by oscillographic polarography because of the 
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large diffusion current of the titanium wave, in the bromate titration a rotating 
platinum electrode was used, and the absolute error did not exceed loi. 

The reduction waves of the N-alkylhydroxylamines and hydroxylamine’3 cannot be 
distinguished from each other, but hydroxylamine can be determined in the presence 
of nitroethane,43 the reduction wave of which does not interfere. 

During hydroxylamine reduction in an aqueous alcohol solution of tetraethylammonium 
iodide, hydroxylamine was found44 to give three distinct waves, one with a half-wave 
potential of Eli1 = - 144 V us. S.C.E., which disappears at higher pH values, and two 
waves which may be observed in the pH range 5613.3. One of these waves, which 
has Eli2 = -2-l V, decreases with increase in pH, and at pH about 14 merges with the 
second wave which has E1,2 = -2.35 V. Because of the instability of hydroxylamine 
in alkaline medium, and in order to increase the reaction rate at 60 and 100”, the 
investigations were conducted at pH 11*7-12.3 instead of at pH 14. This made it 
possible to determine hydroxylamine concentrations of the order of 10m3 M. 

Iversen and Lund45*46 based their method on the anodic waves of hydroxylamine. 
They demonstrated that hydroxylamine and ~-alkylhydroxyiamines could be determined 
simultaneously, provided the respective concentrations were of the same order. For 
hydroxylamine El,1 = -0.32 V whereas for the N-alkylhydroxylamines the absolute 
values are higher. 

IversenandLundusedanalkaline solution containing 2% ofpotassium sulphite to remove 
the oxygen. Deaeration with nitrogen was not satisfactory, as two poorly reproducible 
waves were then obtained. Addition of sulphite resulted in a single well-formed wave 
being recorded. The wave-height was proportional to the hydroxylamine concentration in 
the range 10-4-10-3M. 

Turian and Smekalova4’ developed an indirect procedure for the polarographic 
determination of hydroxylamine, making use of the reaction 

NHzOH + CH,O - H,C=NOH + H,O 

and the fact that the compound formed is polarographically active. In acidic medium, 
formaldoxime gives two waves, the second of which lies too near the electrolyte 
discharge potential, so only the first wave with Ellz = -0.45 V is made use of, for 
hydroxylamine concentration lo- 5-10-2M. 

SPECTROPHOTOMETRIC METHODS 

These methods are based on coloured derivatives either of hydroxylamine itself, or of 
compounds obtained from it quantitatively, and can be classified into three groups. 

1. Methods for‘ the determination of nitrites previously obtained by quantitative 
oxidation of hydroxylamine.‘*6*7*48 54 

2. Methods based on direct reaction with hydroxylamine.s2~s5 60(“1 
3. Other methods.5*6i 
The methods in the first group are based on the Griess reaction”.7.‘8 51 or a 

modification, the Shinn reaction.6g54 The Griess reaction4* involves reaction between 
nitriteandsulphanilicacid in acid solution, and subsequent coupling of the diazo-compound 
with ~-naphthylamine to yield an intensely coloured dyestuff. 

Blom4’ made use of this reaction for the quantitative determination of hydroxylamine 
after prior oxidation with iodine to nitrite: 

NH,OH f 21z + H20 - HNOz + 4HI 
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The accuracy of the determination depends on complete removal of nitrite from the 
sample, and on restriction of the concentration range to that where the Lambert-Beer 
law is obeyed. 

Enders and Kaufmann” converted the nitrite into diazosulphanilic acid, which was 
then decomposed by heating with sodium azide. Drozdov and Jskandaryan’i showed 
that this procedure was not very satisfactory and could cause an error of the order of 
10% in the determination of hydroxylamine. Nitrite was therefore removed’l by con- 
version into diazosulphanilic acid and heating until this compound had completely 
decomposed. 

Csliky’ has also shown that the thiosulphate used in the Blom method to remove 
excess of iodine, causes opacity of the solution, and thus impairs the accuracy of the 
determination. He therefore proposed using sodium arsenite instead of thiosulphate. 

It has indeed been demonstrated” that the error in the determination of hydroxylamine 
at concentrations of 10-8-10-5M does not exceed 2-3%, and that the inaccuracies at 
higher concentrations result from poor solubility of the dyestuff. Drozdov and 
Iskandaryan ‘i have shown that the linear dependence between absorbance and con- 
centration holds at concentrations even lower than 5 x lo- ‘M, i.e., at lower concentra- 
tions than in the study of Enders and Kaufmann. 

Ferraris2 has demonstrated that when the sample contains organic substances reacting 
with the Nessler reagent, e.g., aldehydes, it becomes impossible to determine hydroxylamine 
and hyponitrous acid separately, and only a simultaneous determination of these two 
substances is possible. 

The Blon-Griess method has many attractive features, including high sensitivity and 
rapidity of determination-the total determination time does not exceed 0.5 hr-but its 
versatility is impaired by some disadvantages, such as (a) the diazo dyestuff produced 
is an indicator, and consequently the absorbance is pH-dependent,53 remaining constant 
only in the pH range 2.2-5.0, (b) the reaction rate depends on the temperature53 and 
rapidly decreases below lo”, (c) various ions such as chloride interfere, affecting accuracy 
of the hydroxylamine determination, for which reason acetic acid solution is preferred to 
mineral acid51 as reaction medium, and (d) low solubility of the coloured product, 
necessitating working within a restricted concentration range to ensure that the 
Lambert-Beer law is obeyed. 

Some of the disadvantages mentioned above have been overcome by using the 
Shinn reagent, 6.54 N-(1-naphthyl)-ethylenediamine instead of the Griess reagent u- 
naphthylamine. The method is improved6 in that the reaction time is decreased from 
lo-30 min to 2 min or less, the dye formed is stable for at least 3 hr, the 
sensitivity of the reaction and the solubility of the dye are increased (hence the use of 
acetic acid as solvent is no longer necessary and aqueous solution can be used), and there 
is no interference from iron in concentrations less than 5000 pprn, whereas in the Griess 
reaction the presence of 40 ppm of iron(I1) causes a 49,, error. 

The effect of temperature on the molar absorptivity, which decreases at above lo”, is also 
observed in the Shinn reaction. The molar absorptivity is also decreased by excess of 
acetic acid. as a result of the decreased pH; the maximum molar absorptivity is 
observed at pH 3.05. Nitrites and sulphitess4 must be removed from the solution, as in 
the Griess method. 

The methods based on direct reaction with hydroxylamine involve a variety of 
reactions. and are not easily summarized. Prodinger and Svoboda56 based their method 



on the Berg and Becker reaction. a55 hydroxylamine reacts with Ghydroxyquinoline (I) in 
alkaline medium to yield Samino-8-hydroxyquinoline (II) which in the pressence of 
aerial oxygen reacts with a second molecule of 8-hydroxyquinoline to produce an 
intensely green compound commonly called “indo-oxine” (III). 

p +%_* - @ +1/2*n_ 

OH 
II 

OH 
I 

The co~~ntration range for which Beer’s law is valid is somewhat restricte&55*56 
and is also dependent on the reaction time. es6 the law is obeyed for the range 
2-10 pg/ml, after 4 hr reaction time, and for 100-200 pg/ml after 1 hr. Deviations from 
linearity are observed both below 1 pg/ml and above 100 ,@ml (indo-oxine precipitates 
from the solution), 

This reaction is also pi-de~n~nt. ~~irnum colour development is observed at 
pH 11.5, and below pII 10 the indo-oxine does not form at all. Carbon dioxide must 
be absent, since it otherwise buffers the solution and affects colour development, and 
most metal ions other than those of the alkali metals must also be removed since 
they form chelates with Shydroxyquinoline. A IOOO-fold excess of ammonium salts can be 
toleratedsa but the determination is affected by organic substances, particularly by diethyl 
ether, and by sulphuric acid. 

Hydroxylamine gives a colour reaction with ninhydrim5’ but in this case the molar 
absorptivities of the products from ammonia and hydroxylamine are identical, so the 
explanation that hydroxylamine is reduced to ammonia by stannous chloride present 
in the ninhydrin solution seems to be well-founded. 

During investigations of the hydrolysis of N-hydroxyurea (HUN-~U-N~U~) by 
urease,” hydroxyiamine was found to form a eoloured complex with the Nessler reagent, 
the molar absorptivity of which is some five times that of the corresponding ammonia 
product. ‘s Despite the fact that the absorption spectrum in both reactions is the same, it 
seems reasonable to assume that hydroxylamine is oxidized to nitrite, and that the Nessler 
reagent is reduced just as it is in its reaction with aldehydes. It has been demonstrated 
by Csiky’ that one half of the hy~oxylamine is recovered as nitrate after reaction 
with the Nessler reagent, the remaining part being probably strongly Iinked to the 
mercuric iodide complex and responsible for considerable absorbance even at lower 
concentrations of hydroxylamine. Organic substances reacting with Nessler’s reagent 
interfere s2 though ammonia itself does not interfere seriously, partly because the molar 
absorpti\ity of the coloured product is much less than that of the hydroxylamine 
product, and partly because ammonia tends to be lost from alkaline solution by 
volatilization. 

The qualitative Jaffe test in which a-hydroxylamines react with alkaline picrate to give 
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an orange product, has been adapted by Knobler and Weiss”’ for the quantitative 
determination of hydroxylamine, canaline and x-amino-oxy acids. The advantages of this 
method are simplicity and rapidity, and its insensitivity to chloride ions and light. 
Another advantage is that the spectra of the coloured products remain the same for 
several days. A good linear dependence of the absorbance on the hydroxylamine concentra- 
tion was observed for the range 0.5-3 pM. 

The reactions of hydroxylamine and oximes with p-nitrobenzaldehyde to form p- 
nitrobenzaldoxime have been investigated. 6o The Lambert-Beer law holds for less than 
5 x lo-’ equivalents, when the absorbance is measured at 368 nm. The author suggests, 
however, that hydroxylamine and oximes can be determined simultaneously if care is taken 
to control the pH and other reaction conditions. but he does not give detailed procedures. 

Making use of the fact that hydroxamic acids form a red complex with ferric chloride, 
Brune and Riege?‘” developed a quantitative determination of hydroxylamine. They 
reacted ethyl acetate and hydroxylamine in alkaline medium, and obtained sodium 
acetylhydroxamate. The free acid forms a red complex with ferric chloride. It was found 
that the Lambert-Beer law was complied with for 0*2-I.0 g of +NH,OH.HSO,/l. 

In the third group are included the methods based on the reducing properties of 
hydroxylamine. and which are therefore indirect methods. 

One of these5 is a modification of Raschig’s method in which hydroxylamine reduces 
iron(II1) to iron( which in turn is estimated photometrically as the l,lO-phenanthroline 
complex. The absolute error does not exceed 2%, but it must be added that this method 
is not yet fully developed. 

In another method, potassium chromate is the oxidant, and the excess of chromate is 
determined photometrically as the red oxidation product of o-dianisidine.61 In the 
optimum pH range 1-2 the absorbance at 470 nm is constant from 10 to 25 min after 
mixing. However, this method would not seem very suitable for the determination of 
hydroxylamine as the oxidation of hydroxylamine is not stoichiometric. 

Summing up the spectrophotometric methods, it must be emphasized that they are 
sensitive and rapid but not one is universally applicable. They can also be used for 
determimng hydroxylamine derivatives such as oximes,5.6.7.56 after quantitative 
hydrolysis. 

CONCLUSIONS 

It must be said that none of the instrumental methods discussed here is suitable for 
determining milligram or larger amounts of hydroxylamine. They are, however, successful 
in determining small quantities of hydroxylamine when and where these must be 
determined quickly. as there is no need to prepare standardized titration solution. 

On the other hand. electrochemical and spectrophotometric methods are very sensitive 
to interferences, temperature changes and pH, hence the need for standardization before 
the measurements. The properties of the solutions were found to have less influence on 
the volumetric methods. 

It seems best to use all of these techniques: in biological determinations, however, 
where the amounts of hydroxylamine are very small, the use of spectrophotometric 
methods seems advisable. 

-!&o\c /ct/!/rllvrtr\-The authors thanh Dr B Kasterka and Dr A. Chimlak for helpful discussions and 
conlmrnts. 
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Zwammenfassung-Es wtrd eine Ubersicht tiber 66 Arberten aus der Literatur gegeben, die sich 
mit den zur Bestimmung von Hydroxylamin und seinen Salzen am meisten gebrauchten 
quantitativen Methoden befaBt. Die volumetrischen, elektrochemischen und spektrophoto- 
metrischen Methoden werden diskutiert, verghchen und bewertet. 

Rdsum~Ce memoire est un examen de 66 etudes de la litterature et presente une revue des 
methodes quantitatives les plus largement utihsees pour le dosage de I’hydroxylamme et de ses sets. 
Les methodes volumttriques. tlectrochimiques et spectrophotomttriques sont dlscutees, com- 
pa&es et &al&es. 
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Summary-The published methods for fluorometric determination of Se in plants are reviewed, 
with particular attention to those using 2,3-diaminonaphthalene as the fluorometric reagent. Two 
steps in the analysis are shown to be crttical: the final stages of the digestton and the complete 
conversIon of the Se to Se(IV). A modified experimental procedure is given. 

It has been shown’.’ that selenium, though an essential nutrient, is also toxic even in 
trace concentration. Passwater states that the permissible level for selenium intake for 
mammals lies between 0.5 and 3.5 pg/g of diet, with the optimum at 2-O pg/g. The distribution 
of selenium over a particular geographic region can vary widely.4 

For control analysis of animal feeds and for assessing natural distributions of selenium 
a rapid, reliable and inexpensive trace method is required. The methods available have 
been reviewed by Passwater. Those with acceptably low detection limits include 
fluorometry, atomic-fluorescence spectrophotometry and neutron-activation, and of these 
the cheapest and most widely used is fluorometry. 

The aim of this work was to evaluate the published methods for the fluorometric 
determination of selenium in plants in order to produce a reliable procedure for general 
USC?. 

EXPERIMENTAL 

Apparatus 

Ail fluorescence measurements were made with a Httacht-Perkin-Elmer MPF 2A spectrofluorometer. The 
experimentally determined optimal excitation and emission wavelengths were 380 and 520 nm respectively. 
Smce uncorrected spectra were used. these wavelengths should be checked by each operator for his own 
particular instrument. 

Stmdard Se salutrart. Prepared by dissolvmg 50 mg of pure selenium in 5 ml of concentrated nitric acid and 2 ml 
of concentrated hydrochloric acrd and diluting to 100 ml with water. Regular gravtmetric analysts of thus solutton 
by the hydroxylamine method’ showed that the concentration remained unchanged for at least 2 months. 

2.3-Dlanlrrlortaphrltalellr (DAN) Recrystalhzed twice by the procedure of Watkinson Before each analysts a 
fresh O.l”, solution of 0,lM hydrochloric acid was prepared and shaken twtce.with 10 ml portions of decalin to 
remove fluorescent impurtttes. The aqueous layer was then filtered through a fine-porosity filter paper saturated 
with water 

ED7A-h?dlos!larltirIr solutim. The masking-reducing solutton (002M in EDTA and 0.3M m hydroxylamine) 
was prepared by the method of Olson.’ 

859 
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Zinc-&ho/ reagent. A I Y, suspension of the zmc complex of toluene-3.4~dlthlol in redistilled 95”,, ethanol 
was prepared according to Koval’skii and Eermakov.’ 

Nitric acid. Analytical-grade reagent doubly distllled. 
Decalin. Analytical-grade reagent doubly distilled. 

Procedure 

Samples were ground and heated at 100” for 24 hr in an air-‘oven before analysis. A I g sample was 
placed in a 100 ml Kjeldahl flask and 10 ml of concentrated nitric acid were added (a reagent blank was also 
run). If practicable, this mixture was allowed to stand overnight in order to achieve gradual dissolution without 
loss of selenium, otherwise it was heated on an electric hot-plate until the organic matter had dissolved. 
the flask being rotated regularly to ensure that the refluxing acid washed all traces of sample from the neck 
of the flask. In either case, 2 ml of 72% perchloric acid were then added and the mixture heated, without 
boiling, until the appearance of perchloric acid fumes (about 40 min), after which 1 ml of water was added. 
and the solution reheated to fuming, which was continued for a further 15 min. After cooling, 2 ml of 1M 
hydrochloric acid were added and the flask was placed on a boiling water-bath for 15 min to convert all the 
selenium into Se(IV). If separation of selenium with zinc-dithiol complex was considered necessary, the 
procedure of Koval’skii and Eermakov8 was followed and the addition of EDTA omitted in the steps described 
below. Alternatively, if EDTA masking was to be employed, the solution was transferred to a suitable vessel 
(such as a 25 x 200 mm culture tube fitted with a screw top), 5 ml of EDTA-hydroxylamine soln were added 
and the pH was adjusted to 2.0 with 7M ammonia. The volume was approx. 40 ml at this stage. The 
DAN solution was prepared. 5 ml were added to the sample and the tube was placed in a water-bath at 50” for 
30 min, then cooled, and IO.0 ml of decalin were added and the tube was shaken on a mechanical 
shaker for 6 min. The organic layer was placed in a centrifuge tube containing a little anhydrous calcium 
chloride and centrifuged for 1 min. With a clean dry teat-pipette, SOIIY: of the extract was transferred to a 
I cm quartz cell and the fluorescence read under the experimentally determined optimal conditions. The 
fluorescence of the sample was compared with that of a suitable range of standards treated according to 
the procedure after the heating period on the boiling water-bath. 

RESULTS AND DISCUSSION 

Drying and digestion of sample 

The drying of samples at temperatures__up to 100” does not result in any appreciable 
volatilization of selenium,’ but prolonged heating at elevated temperature should be 
avoided.6 The normal method of drying the sample is simply to store it in a desiccator for 
an extended period or to dry it in an air-oven at loo-. 

The first step is quantitative dissolution of the selenium and complete destruction of 
organic matter. The two main methods of dissolution are acid digestion and combustion 
in oxygen in closed systems, and the complete recovery of selenium in these two methods 
has been demonstrated with “Se tracer.” 

Combustion in oxygen has included bomb,l’ flask6*9*“-‘3 and flow14 techniques, the 
Schiiniger flask method being used most, but this procedure is unsuitable for samples with 
a high inorganic content because of retention of selenium in the ash.” 

Acid digestion is more widely applicable but can lead to high blank values because of the 
large volume of reagents used. A recently developed digestion procedure16 using nitric 
acid vapour gives very low blank values and could be used where blank levels are a 
problem. Charring of the sample must be avoided since this usually leads to losses of 
selenium through volatilization.” Mixed acids are generally used for digestion, usually 
nitric and perchloric. Such a mixture readily oxidizes plant material without charring 
and has a high oxidation potential which is maintained throughout the digestion. The 
maximum temperature attained during digestion is 200” and this is sufficiently low to 
prevent volatilization of selenium. Sulphuric acid is generally considered unsuitable 
because it causes charring, but it has been employed in a mixture with molybdic and 
perchloric acids, -la this mixture however, has the disadvantages of being applicable only 
to small samples and of difficulty in purifying the sulphuric and molybdic acids. 
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Table 1. Recovery of Se for various times of fuming 

Fuming time, 
tnirl 

Wt. Se found, 
w 

Recovery, 
0, 
‘0 

3 0.01 10 
5 0.80 80 

10 0.95 95 
15 1GI 100 
20 1.01 101 
50 1.00 100 

There is ample evidence 6.11.12.19 that no significant differences exist between the 
results obtained by acid digestion and combustion in oxygen. Acid digestion was chosen 
for this work because of the less specialized apparatus required and its wider use. Of the 
available acid mixtures, nitric-perchloric was selected after consideration of ease of 
purification and general applicability. The conditions for successful use of this mixture are 
critical although this fact does not appear to have been widely recognized. Most 
workers have noted the need to prevent charring of the sample and to remove traces 
of nitric acid completely from the final solution in order to prevent side-reactions with 
the fluorometric reagent. These conditions are achieved by slow heating, delayed addition 
of perchloric acid, and heating to fuming several times. Olson’ reported that the 
precision of the fluorometric procedure was improved if heating was continued for 15 min 
beyond the appearance of perchloric acid fumes. Shorter heating times led to low 
recoveries. We have confirmed Olson’s results, using 1 pg of selenium (Table 1). For 
reproducible results, it is essential to fume the solutions for 15-20 min. 

Fluorescence interference caused by the presence of undigested plant material has 
been observed by many workers and is attributed to lipoidal plant material by Dye et al.” 
It is likely that extraneous fluorescence is caused by unoxidized chlorophyll or xanthophyll, 
both of which are known to fluoresce strongly. The presence of unoxidized pigments 
can be detected by comparison of emission spectra of standard selenium and digested 
plant soln. Any difference between the spectra indicates the presence of fluorescent 
impurities and that the digestion system is inefficient. The extended fuming process 
described above was found sufficient to remove such fluorescent interferences from the 
plant materials analysed. 

The next step involves conversion of all the selenium into the + 4 oxidation state (which 
is required for reaction with DAN). The oxidation potential of the acid digestion mixture 
is such that most of the selenium in the sample is in the +4 state after digestion. There 
may be some selenate however,” and this is usually reduced with hydrochloric acid: 

H2Se0, + 2HCl+ H2Se0, + Hz0 + Cl2 

Levesque and Vendette 2o have noted that the correct reducing conditions are highly 
critical and, again this does not appear to be widely recognized. They found that the 
correct conditions obviate stringent subsequent pH adjustments and can also lessen 
certain interferences. The critical nature of the reductant was attributed to the effects of 
heat and excess of acid on the equilibrium between selenic and selenous acids in the 
solution. Variations in the amount of 1M hydrochloric acid added and the heating 
conditions used gave rise to recoveries of added 75Se of between 8.0 and 95.0%. The 
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optimum conditions were 2 ml of 1M hydrochloric and heating on a boiling water-bath 
for 15 min. 

Separation of selenium 

Separation of selenium from the matrix is only necessary when a high concentration of 
interfering elements is present. Extensive studies of interferences’ 1.13.21.22 show that 
oxidizing agents (e.g., hypochlorite, nitrite) which can react with DAN and reducing 
agents [e.g., tin(II)] which react with selenite, are the chief interferents. Enhancement of 
fluorescence by antimony(II1) and chromium(III)‘3 and catalysis of oxidation of DAN 
by copper( have also been observed. 

Selenium can be separated from the digest or the interferences can be masked with 
EDTA. Separation methods include co-precipitation with arsenic23 or solvent extraction 
of the complex of selenium .with toluene-3,4_dithiol into carbon tetrachloride.8*1g.24 
Co-precipitation from perchloric acid media is unsuitable”2.23 and the additional 
manipulations required can lead to losses. The extraction method is more convenient. 
The masking method with EDTA effectively removes interference from copper, iron(I1) 
and vanadium, but traces of nitrous acid still interfere and must therefore be absent.24 

The dithiol extraction method was examined experimentally and we encountered no 
difficulties. However it took l-5-2 hr to complete because of the necessity to evaporate 
the extract on a water-bath. Because of the time factor, this method should be used 
only for samples containing a high concentration of inorganic ions. Otherwise, it is 
enough to mask the interferences with EDTA. Also the dithiol method is unsuitable for 
samples digested with the molybdic-sulphuric-perchloric acid mixture, because of inter- 
ference from molybdenum which forms a strong, green complex with dithiol, competing 
with selenium. 

In general, whether EDTA masking is sufficient must be tested experimentally. The 
grass samples analysed in this laboratory required only the use of EDTA. 

Formation and extraction of the fluorescent complex 

Several aromatic diamines have been investigated’ 5 for use as fluorometric reagents 
for selenium the most successful being 3,3’-diaminobenzidine (DAB) and 2,3- 
diaminonaphthalene (DAN). DAN has the greater fluorescence sensitivity” and has 
almost entirely replaced DAB in recent years. A further advantage is that DAN can be 
more readily purified. 

DAN reacts with Se(W) according to 

This reaction is confined to the +4 oxidation state of Se. 
DAN, like many aromatic diamines, undergoes rapid decomposition in light, to give 

highly fluorescent products which must be removed before the reagent is of analytical 
value. For this reason, purification of DAN assumes particular importance. It has been 
found satisfactory to recrystallize the reagent from water and to extract the freshly 
prepared 0.1% DAN soln (in O*lM hydrochloric acid) twice with decalin or cyclohexane 
to remove fluorescent impurities. 6*7.25 All operations must be performed either under a 
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Table 2. Rate of plazselenol formatlon at 15 and 50 
(Conditions used: pH 2.0. 1 pg Se) 

Development time. 
111111 

Fluorescence readmg 

15’ 50’ 

5 10 57 
10 22 75 
15 30 78 
20 37 80 
30 54 83 
50 70 83 

100 81 83 
120 83 83 

yellow safe-light or in diffuse daylight, and the recrystallized reagent kept in a light-proof 
container. Preparation of a fresh DAN solution immediately before use is essential. Wilkie 
and Young 26 have suggested that a more stable DAN solution results when 10% hydro- 
chloric acid is used as solvent and have emphasized the need for short extraction times in 
order to reduce fluorescent interferences from the reagent. 

The reaction of DAN with selenium(IV) is pH-sensitive, although less so at elevated 
temp. 25 The kinetics and possible mechanism of this reaction have been studied in detail 
by Cukor and Lott2’ who conclude that the reacting species are the monoprotonated 
diamine and undissociated selenous acid. The rate of formation of the piazselenol at 
the optimum pH of 2.0 was investigated in this laboratory at room temperature (15’) and at 
50’. After various times, the piazselenol was extracted with decalin and the fluorescence 
measured. The results appear in Table 2. Optimum development times were 120 min at 
1.5’ and 30 min at 50”. 

Because of the lower sensitivity to pH at higher temperatures and the short time at 
50’, this temperature was subsequently used for piazselenol formation. 

The reaction is usually done under weakly reducing conditions to prevent the interference 
of oxidizing agents (hypochlorite, nitrite and traces of nitric acid). Hydroxylamine is 
suitable and is frequently added to the EDTA solution, thereby producing a combined 
masking-reducing solution. The rate of piazselenol formation is not affected by hydroxyl- 
amine, which may therefore safely be used to prevent oxidation of DAN.27 

The solvents used to extract the piazselenol include cyclohexane,6.‘3.20 decalin,7.‘2*‘s.25 
toluene” and n-hexane,26 cyclohexane and decalin being the most popular. Levesque and 
Vendette” found that for selenium up to 0.012 pg/ml, decalin solution gave about 1.5 
times the emission from cyclohexane solution. Despite this, they chose cyclohexane because 
it was easier to handle and gave less variability. We compared toluene and decalin 

Table 3. Comparison of toluene and decalm as extractants for the 
piazselenol 

Solution Solvent Fluorometer reading 

Blank Decalin- 0. 0, 0 
Blank Toluene 13.12.12 
1 ppm Se Decahn 100.100,100 
1 ppm Se Toluene 9290.9 1 
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Table 4. Comparison of results obtained by various laboratories for samples. Values are expressed as 
jog of Se/g of dry material 

Previous analyses 

Analyst 1 Analyst 2 Analyst 3 University of N.S.W. 

Lucerne Chaff 0.135-0.149 0.134-0,145 0.130-0.135 0.143, 0143. 0.143. @145, 0.147 
No. of analyses 5 7 2 5 
Mean 0.14 0.14 0.13 0.144 

Wheat and Hay Chaff @018-0.030 0~016-0*021 0.020-0.025 0*018.0019, 0.020. 0.021. 0.024 
No. of analyses 5 9 2 5 
Mean 0.02 002 0.02 0.021 

Liver 1.184-1408 1~150-1~150 1.36-1.39 1.149, 1.150. 1.150, 1.150. 1.150 
No. of analyses 9 3 2 5 
Mean 1.28 1.15 1.38 1.150 

(Table 3) and found decalin superior, consistently giving higher fluorescence intensities 
and lower blank values without any evidence of the variability experienced by Levesque 
and Vendette. We therefore chose decalin as the best solvent. 

Analysis of samples 

Powdered and dried samples were obtained from CSIRO Division of Nutritional 
Biochemistry (Adelaide) and analysed by the proposed procedure. These samples had 
previously been analysed fluorometrically with DAN by three Government departments. 
A liver sample containing a relatively high concentration of inorganic ions was included 
as an example of a matrix requiring dithiol separation. Our results, together with those of 
previous analyses, appear in Table 4. 

The variation of results between different analysts is evident, especially for the liver 
sample, which proved more difficult to digest than the grass samples. The precision 
of our results was as good as or better than that obtained by other analysts. These 
results indicate that the described procedure is suitable for accurate determination of 
selenium in plants in the range 0*02-1.5 pg. 

CONCLUSION 

The fluorometric procedure with DAN for selenium has two critical steps: the final 
stages of the digestion and the complete conversion of selenium into oxidation 
state +4. Particular attention must be paid to the details of these two steps if precise 
and accurate results are to be obtained. 
Acknowledgement-The authors wish to thank the CSIRO Division of Nutritional Biochemistry for kindly 
supplying analysed samples. 
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Zusammenfassung-Es wird eine Ubersicht tiber dre bekannten Methoden der fluorimetrischen 
Bestimmung von Selen in Pflanzen gegeben, wobet besonderer Wert auf die Methoden mrt 
2.3-Dtaminonaphthalm als fluorometrtsches Reagens gelegt wird. Es wird gezeigt, daB zwei 
Arbertsghnge bet der Aanlyse krttisch sind: die Endstufen des Aufschlusses und die vollstindige 
Uberfuhrung von Se m Se(IV). Es wird eine gelnderte Arbeitsvorschrift angegeben. 

Resume-On passe en revue les methodes publtees pour le dosage fluorimetrique de Se dans les 
plantes. en portant une attentton particuliere a celles utilisant le 2,3-diaminonaphtaltne comme 
rtacttf fluorimetrtque. On montre que deux phases de l’analyse sont essentielles: les stades finaux 
de la drgestton et al converslon complete de Se en Se(IV). On donne une technique experimentale 
modtfi&. 
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Summary-The major group types m petroleum streams may be analysed by high-resolution mass 
spectrometry. The method described here relies on a calibration matrix derived from the high-reso- 
lution spectra both of pure compounds and of cuts separated from petroleum. The analytical 
results have been assessed statistically for precision. 

Mass spectrometry has been a valuable analytical tool in the petroleum industry for the 
quantitative analysis of the hydrocarbon group types present in refinery streams. Low- 
resolution mass spectrometry (LRMS) has, traditionally, been the most widely docu- 
mented. Typically, in an LRMS analysis, a petroleum stream would be separated into a 
saturated and an aromatic fraction. Both fractions would be analysed separately by using 
characteristic integral m/e values and their intensities. Such LRMS methods have become 
increasingly sophisticated to the extent that Robinson’ has reported recently a compre- 
hensive procedure which does not require that the oil be separated. 

By contrast, high-resolution mass spectrometry (HRMS) has not been widely reported 
as a technique for the quantitative analysis of petroleum. An exception is the application 
of HRMS to the analysis of the aromatic portions of oils and similar samples.2 The sparse 
use of HRMS in petroleum analysis has been caused mainly by lack of the dedicated and 
versatile data-acquisition systems so essential for routine petroleum analyses. A less im- 
portant drawback has been the comparatively low sensitivity of HRMS. The advantages 
of HRMS have been outlined by Gallegos et al., 3 who published the only HRMS approach 
to the group type analysis of petroleum streams. The recent availability of dedicated com- 
puter systems and the increasing use of electrical recording at high resolution have been 
added incentives to the development of HRMS for the routine analysis of oils. 

The work reported here is a continuation of an earlier paper4 which described one 
approach to optimizing a high-resolution instrument for quantitative studies. We adopted 
an approach similar to but more precise than that described earlier.3 The atomic composi- 
tions of all the characteristic ions are computed for the sample spectrum. Additionally, 
the calibration matrix reported here is derived from high-resolution spectra of calibrants. 
This is in contrast to a low resolution matrix modified to be compatible with the output 
from a high resolution mass spectrometer.3 

The scope of this method covers samples boiling in the range of about 240-550”. Distil- 
late streams and some process streams may be routinely analysed providing the sulphur 
content is not too high. Quantitative results are reported for three saturated, thirteen are- 
matic, five aromatic sulphur and one aromatic oxygenated group types. 

867 



868 IAN P. FISHER and PETER FISCHER 

EXPERIMENTAL 

The high-resolution mass spectrometer used was an MS-902 made by Associated Electrical Industries Ltd. 
The procedures described earlier4 were adopted to ensure quantitative operation of the instrument. In summary, 
the dynamic resolution was lo’, scan speed 4.6 min/decade and the ion-source temperature set to a nominal value 
of 250.0 f 0-l”. This temperature was adjusted to give, for the standard paraffin blend,4 E’Il/TI = 056 + 0.02.* 
Under these conditions the fragmentation of n-hexadecane was 1.2 for (m/e = 127)/(m/e = 226). This ratio is 
higher than that quoted by ASTMs for low-resolution procedures. The temperature of the all-glass heated inlet 
system was about 310”. The sample size was 1 d with @7 4 of perfluorokerosine being run concurrently to estab- 
lish the reference masses. A mass range from 617 to 60 was scanned for the standard runs. 

A schematic diagram of the system is shown in Fig. 1. The storage scope was used to monitor the optimization 
of the peak profile during the dynamic run at lo4 resolving power. To obtain the highest accuracy of mass 
measurement over the entire mass range it was necessary to adjust the instrument operating parameters to give 
uniform peak widths at both high and low values of m/e. 

The MSDS-30 data system automatically calculates the atomic composition of all the ions in the sample spec- 
trum. Error limits of 10 ppm were routinely set for the error of the mass measurements which, for most samples. 
were large enough to identify more than 90% of all the ions. The intensities and compositions of all the ions 
were stored on the 256K disc associated with the PDPSI computer. These data were subsequently transferred 
off-line, to an IBM 1800 computer, which produced the intermediate and final reports. If some ions were not 
unequivocally identified during the mass identification step with the MSDS-30 system an extra program was 
used to process the transferred data. The preliminary IBM 1800 output reported only those ions identified un- 
equivocally. The additional program used criteria based on minimum mass deviations and smooth carbon 
number distributions of the constituent hydrocarbon and sulphur group types. 

The intensity, Z-number, atomic composition and accuracy of measurement for each ion were listed in the 
intermediate output from the IBM 1800. The final step summed the characteristic ion intensities and processed 
these by matrix inversion to give matrix solutions in units of total ionization. These matrix solutions were multi- 
plied by weight sensitivity factors and finally normalized to give weight percentages. 

Although not all the ion intensities are used in the method the sum of the characteristic ion intensities should 
be about 90% of the total ionization. Similarly, the preliminary output which lists the summations of character- 
istic ion intensities should not include ions which are not accounted for by the method. These conditions, together 
with certain resolution requirements, necessarily restrict the applicability of the method. 

Calibration 

Table 1 shows the calibration matrix covering 22 group types. This matrix was constructed from standard 
high-resolution analyses on a variety of pure chemicals and blends of pure chemicals. These were obtained from 
API prqject 42 and from syntheses in our own laboratories. A selection of benzthiophenes was obtained from 
the Bureau of Mines, U.S.A. Several cuts composed of condensed-ring saturated compound types were isolated 
by “Sephadex” separations in our own laboratories. 

Blends of pure compounds belonging to one Z-number class were made up to reflect. where possible, current 
views about the composition and structure of petroleum.’ Weight sensitivities were determined from high-resolu- 
tion analyses of mixtures synthesized from two or more Z-number class blends. 

The paraffin (Z = + 2) blend was composed of normal and isoparaffins with the carbon number ranging from 
10 to 36. The ratio of iso to normal paraffins was about 0.4 and the average carbon number was 20. The matrix 
in Table 1 contains the calibration coefficients expressed as the ratio of the sum.of the intensities of the ions 
characteristic of each group type to the sum of all the ion intensities from mass 65 upwards. For the paraffin 
group the characteristic ions were CsH,i+, CsHi3+, C,H,s+ and CsHi,+. 

The characteristic ionic compositions for the two remaining saturated groups corresponded to the integral 
masses selected by Clerc, Hood and O’Neal.’ The blend of mono + non-condensed cycloparaffins was composed 
mainly of trisubstituted monocycloparaffins with average carbon number-18. No analytically significant trends 
were observed relating molecular wejght to the matrix coelhcient for this group type. It was not possible, with 
the compounds and narrow cuts which were available, to resolve two-, three- or four-ring and higher condensed 
ring cycloparaffins. Consequently the matrix will resolve only condensed from mono + non-condensed ring satu- 
rated compounds. The pattern coefficient for condensed ring saturated compounds, although not a function of 
molecular weight, did change with degree of condensation. The matrix value finally selected for this composite 
group was calculated from the high-resolution spectrum of a mixture of tri- and tetra-condensed (z 80/20 w/w) 
cycloparaffins separated from a Western Canadian crude oil by “Sephadex” liquid chromatography. 

The choice of calibration material for the aromatic groups was severely limited, particularly for the more highly 
condensed ring groups. Wherever possible, trisubstituted aromatic compounds were predominant in the blends. 
As an example, the average carbon number of the alkyl benzene blend was 21, the average degree of substitution 
was three and the average carbon numbers of the three substituents was 2, 2 and 11 respectively. For all the 

* 271 is the sum of the CnH2,,+ 1 series, i.e., 71, 85, 99, 113; TI is the sum of all ion intensities in the spectrum. 
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aromatic and sulphur types the characteristic ions were C,H,._, and CnH2n_,Z+ ,). These correspond to the most 
intense ions in the spectra of petroleum aromatics, namely the parent and parent-H series. In practice. the pre- 
liminary listing obtained from an HRMS analysis of a calibration blend produced an element map. which, after 
division of the characteristic intensities by the sum of all the ion intensities, gave the matrix coefficients. 

In selecting the blending components for di and more highly condensed aromatics some discussion about the 
structure of petroleum is essential. Mass spectrometry provides an analysis of petroleum by group types which 
are defined by the Z-number. For decreasing Z-numbers the choice of available structural types which may be 
included in the blends becomes increasingly more complex (in practice the choice is limited by the availability 
of such compounds). It is not firmly established which of these structures predominate in petroleum streams. 
Consider the group types of Z-number - 18. Several skeletal structures (I-VI) represent a few of the choices made 
available by the number of rings plus double bonds allowed by a Z-number of - 18. 

Two structural extremes, I and VI, are readily apparent and the former may be postulated to predominate in 
catalytically cracked streams and the latter in severely hydrogenated streams. Indications are that intermediate 
hybrid structures such as II, III or IV occur in virgin streams’ and their concentrations will depend on the crude 
source. Unfortunately few such hybrid compounds and their homologues are readily available for mass spectral 
studies. It is probable that structures such as V or VI will give rise to significant fragment ions which are charac- 
teristic of cycloalkyl groups. In order to achieve satisfactory percentages for aromatic and saturated compounds 
for straight-run materials, several experimental matrices were generated from aromatic blends composed of dif- 
ferent percentages of hybrid molecules. The final matrix shown in Table I was derived after critical appraisal 
of a variety of test results over a 2-yr period. However, in most cases, the blends contained significant proportions 
of structures similar to I. 

FIG. I. Schematic diagram of HRMS system. 

RESULTS AND DISCUSSION 

The ratio of saturated compounds to aromatics in an oil is an important property in 
petroleum processing. A variety of different types of oils was analysed and the saturated 
and aromatic contents were determined. The saturated content was obtained by adding the 
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Table 2. Weight percentages of saturated and aromatic compounds by HRMS and liquid chromatography 

Stream type 

Lrght distillate 

Heavy distillate 

Light lube feed 

Cat. cracker feed 

Heavy lube feed 

Heavy lube basestock 

Aromatic basestock 

Decant oil (ex. F.C.C.U.) 

Light cycle oil (ex. F.C.C.U.) 

Aromatic extract 

sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 
arom. 
sat. 

arom. 
sat. 
arom. 

HRMS 

76.8 
23.2 
74.8 
25.2 
67.2 
32.8 
68.3 
31.7 
61.3 
38.7 
81.4 
18.6 
47.6 
52.4 
7.9 

92.1 
20.0 

79.8 
35.1 
64.9 

Liq. chrom. 

80.8 
19.2 
76.1 
23.9 
69.4 
30.6 
685 
31.5 
59.5 
40.5 
78.9 
21.1 
45.7 
54.3 
9.7 

90.3 
21.7 

(includes 2: 5% olefins) 
78.3 
27.7 
72.3 

amounts of the three individual saturated groups. The aromatic content was obtained, 
similarly, by addition of the nineteen remaining groups. The results were compared with 
those from the separation of the oils by ASTM D2007 procedures. The results are shown 
in Table 2. An example is shown where there was often a poor agreement for aromatic 
extracts from lube-oil processing. The reason for this is that extracts often contain signifi- 
cant concentrations of both sulphur and nitrogen types and of aromatic types below 2 = 
- 30. The agreement between the two techniques for catalytically cracked stocks is, at first 
sight, surprising. However, it must be remembered that decant oils contain large percen- 
tages of three- and four-ring aromatic compounds. The only compounds available for 
calibration at low Z-numbers were mainly condensed aromatic molecules. Nevertheless 
it would seem from these results that the method is relatively insensitive to the microstruc- 
ture of the stream components providing all the ionic compositions are accounted for by 
the matrix. The saturated-aromatic ratio was strongly dependent on source temperature 
and to achieve agreement between the two techniques required strict adherence to the cri- 
teria established earlier.4 

Error analyses were carried out on a standard aromatic oil. This oil was analysed under 
standardized conditions over a two-month period. A total of 18 analytical runs was made 
and these formed the basis for the statistical analyses. Reproducibility may be defined as 
the quantitative expression of the random error associated with a single operator in a given 
laboratory obtaining successive results with the same apparatus under constant operating 
conditions on the. identical test material. The 95% confidence limit is given by 

where L,, is the 95% confidence limit, t is the value of Srudenr’s t function, s is the esti- 
mated standard deviation and 17 is the number of experiments. 
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Table 3. Statistical analysis of a standard aromanc 011 

Group type 

Paraffins Cycloparaffins 
Condensed cycloparaffins 
Benzenes 
Indanes 
Dinaphthene benzenes 
Naphthalenes 
Acenaphthenes 
Pluorenes 
Phenanthrenes 
Naphthenephenanthrenes 
Dinaphthenephenanthrenes 
Chrysenes 
Dinaphthenepyrenes 
Dibenzofluorenes 
~~nzant~acenes 
~~ot~op~enes 
Dibenzothiophenes 

Dibenzofurans 

Z-number 

+2 0 
-2 
-6 
-8 
-10 
-12 
-14 
-16 
-18 
-20 
-22 
-24 
-26 
-28 
-30 
-10s 
-16s 
- 18s 
- 20s 
-22s 
-160 

2;. “6 \(‘/l\ 
Mean of 18 analyses 

12.5 19.1 
30.4 
5.5 
4.9 
5.2 
4.4 
3.7 
3.6 
3.4 
1.1 
0.6 
@3 
0.1 
- 
- 
1.6 
2.7 
0.2 
0.2 
- 
0.5 

s. n” \I’ I\ 4,. O* \L’ I\ 

E;$.,? L- 
@W 
0.38 $ 091 
0.91 

0.8 I 0.41 
0.33 0.17 
0.3-I 0.16 
016 0.08 
0.37 0.17 
0.33 0.18 
0.51 0.26 
062 
0.25 

0‘3 1 
0.36 

Table 3 shows these data. The different Z-number classes have been assigned names cor- 
responding to a single group type. This is for convenience only and the predominance of 
the specific group type within any Z-number class will depend on many factors. as dis- 
cussed briefly in the section on calibration material. The arithmetical averages (x) for 18 
runs are shown with the associated standard deviations and limits at the 959; confidence 
level. Also shown are the errors for the total saturated content. The mean (cl) for this set 
of runs is given by 

In practice, however, the error associated with any analytical number resulting from a 
single analysis is realistically associated with X i ts and here t is 2.145. The error of an 
analytical result is thus about twice the standard deviation for the mean of this set of runs. 

Applications of most analytical methods involve mathematical manipulation of indivi- 
dual group type concentrations. To assess the additivity of the present method an example 
is shown where 463% by weight of the extracted aromatics is added to the standard 
oil. A comparison between the calculated and observed compositions may be made from 
the data in Table 4. The difference between these two compositions approximates to the 
reproducibility for the analysis. 

The resolution and sensitivity available routinely for this procedure limit the scope of 
the analysis to the predominant group types found in petroleum. A primary resolution re- 
quirement for the separation of the ‘zCl-HHl doubiet is <5 x IO3 at mass 300. Equally 
important is the separation of the C,H,-32S, doublet. requiring again < 5 x lo3 resolving 
power at mass 300. Examples of these important doublets are the overlapping of paraffins 

(GH Zn+Z) and naphthalenes (C.HzII- ,2) and of the latter with dibenzothiophenes 
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Table 4. Analysis of standard oil blended with 46.3”,;, w/w aromatic fraction 

Group type Z-number 
Calculated, Observed. 

9; w/w “/, W/M 

Paraffins 
Cycloparaffins 
Condensed cvciooaraffins 
Benzenes . ’ 
Indanes 
Dmaphthene benzenes 
Naphthalenes 
Acenaphthenes 
Fluorenes 
Phenanthrenes 
Naphthenephenanthrenes 
Dmaphthenephenanthrenes 
Chrysenes 
Dmaphthenepyrenes 
Dibenzofluorenes 
Dibenzanthracenes 
Benzothiophenes 
Dibenzothlophenes 

Dibenzofurans 

+2 7.2 8.4 
< 0 IO.3 11.9 
< -2 19.1 19.1 

-6 6.7 6.6 
-8 6.6 69 
-10 8.1 7.4 
-12 6.8 6.7 
-14 6.6 5.9 
-16 6.1 6.2 
-18 6.8 6.3 
-20 3.1 2.7 
-22 1.7 1.7 
-24 0.6 0.9 
-26 0.9 0.4 
-28 
-30 
-10s 
-16s 
-18s 
- 20s 
-22s 
-160 

- 

2.0 
4.5 
0.9 
0.7 
- 
1.1 

- 
- 
2.3 
46 
0.7 
0.4 
- 
0.9 

(C,H,,_ , +,S). The doublet, C3-SH,, requiring > 8 x lo* resolving power, did not appear 
to limit the precision of the method. In most instances the characteristic ions correspond- 
ing to groups in these two series (e.g., C,H,,_ I$ and C,HI,_ 26) occurred in separate and 
fairly distinct regions of the spectrum. It is also probable that the distribution of sulphur 
compound types reflects the distribution of the hydrocarbons found in the oil. Conse- 
quently, to determine only five of the sulphur group types may be misleading. However 
these five specific classes of sulphur types were found to encompass the majority of aro- 
matic sulphur compounds, provided the total sulphur content did not exceed 10%. Thus 
the analysis of aromatic lubricating oil extracts showed not only inaccurate total aromatic 
contents but also summations of sulphur and aromatic types not accounted for in this 
matrix. 

In the petroleum industry it is usual to classify an oil for virtually any purpose by differ- 
ent functions of the density and mid boiling point. The Bureau of Mines Correlation Index 
(BMCI). one such complex function, assesses an oil as a feedstock for carbon black produc- 
tion. If the matrix developed here has any validity in analysing highly aromatic streams 
then the BMCI should correlate, over a limited boiling range, with some function of the 
analytical results. The data in Fig. 2 show the results of plotting BMCI against a linear 
function of the weight percentages of two-, three- and four-ring aromatics (MSCI). The 
correlation is reasonably precise for predictive purposes but would be improved by intro- 
duction of some molecular weight function in the mass spectrometric terms. These data 
indicate that the aromaticitji of an oil may be usefully assessed by the present matrix. 

This procedure may also be used to observe gross changes in the hydrocarbon composi- 
tion of an oil such as occur during moderately severe hydrogenation (> 1000 scf/bbl*). 

* scf bhl = Standard cubic feet per band. 
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FIG. 2. Correlation of coking properties of different oils. MSCI with BMCI. 

Table 5 shows results of compositional changes accompanying hydrogenation of an 
FCCU light cycle oil. From the composition it can be seen that reduction of two- and 
three-ring aromatic compounds and sulphur compounds is quite extensive. The hydrogen 
consumption calculated from the change in composition agreed with the consumption 
observed at the plant level. 

In conclusion, the matrix method presented here represents a useful addition to the ana- 
lytical skills of the petroleum chemist. Whilst the method is restricted to the major hydro- 
carbon and sulphur types the principles outlined here allow for much modification and 
extension of its scope. As with many approaches to the analyses of high-boiling petroleum 
streams the major limitations lie in our relative ignorance of their detailed composition. 
Thus the method described here does not increase our knowledge of this composition but 
rather reflects our a priori assumptions concerning the microstructure of petroleum. As 
research is continued into composition, processing and evolution of the heavy ends of 
petroleum, the calibration data will be more meaningful and realistic. 

Table 5. Analysis of a light cycle oil feed and the hydrogenated product 

Group type 

Paraffins 
Monocycloparaffins 
Condensed cycloparaffins 
Benzenes 
Indanes 
Dinaphthene benzenes 
Naphthalenes 
Acenaphthenes 
Fluorenes 
Phenanthrenes 
Benzothiophenes 
Dibenzothiophenes 
HZ consumption observed 
HZ consumptton calculated 

Feed, 
% w/w 

17.6 
7.9 

IO.8 
9.0 
6.4 
2.9 

25.1 
6.4 
6.3 
5.2 
3.1 
1.4 

Hydrogenated product, 
% w/w 

23.3 
9.6 

18.5 
10.8 
22.9 
9.8 
2.2 
2.1 
0.7 
0.1 

1095 scf/bbl 
1045 scf/bbl 
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Znsammenfassnng-Petroleumdibnpfe k&men durch hochaufliisende Massenspektrometrie auf 
griibere Gruppentypen analysiert werden. Das hier beschriebene Verfahren ist aufgebaut auf einer 
Eichmatrix, die aus hochaufgelosten Spektren sowohl reiner Verbindungen als such aus Petroleum 
abgetrennter Schnitte abgeleitet ist. Die Analysenergebnisse wurden statist&h auf ihre Genauig- 
keit hin ausgewertet. 

R&wm&Les types de groupes principaux dans les vapeurs de petrole peuvent itre analyses par 
spectrometrie de masse a haute resolution. La mtthode d&rite ici s’appuie sur une matrice d’tta- 
lonnage dtrivh des spectres de haute resolution a la fois des composes purs et des fractions 
separees du petrole. Les resultats analytiques ont ete apprecies statistiquement pour la precision. 
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Summary-Indicator properties of eleven substituted chrysoidins have been studied. Conditional 
reduction potentials of the three appreciably reversible indicators in this group were obtained by 
classical approaches and by use of a potentiopoised standard solution procedure. Chemical and 
electrochemical observations lead to the conclusion that the other eight indicators act irreversibly 
in their oxidation. Hence, only transltion potential ranges can be reported for these. Substitution 
in other than the 4-position induces greater irreversibility. while the hydroxy group m the 4-pos- 
Ition produces a greater degree of reversibility than does either the methoxy or ethoxy group, 
4-Hydroxychrysoidin appears to be the best of the group for bromate titrations. 

For some time ye have sought further information on the indicator properties of substi- 
tuted chrysoidins which have been recommended by Schulek and Rosza.’ A particular goal 
has been determination of conditional redox potentials of these substances at various 
levels of hydrogen ion concentration. Previous information about these compounds is un- 
satisfactory. Pungor and Schulek found a value of 0.76 V relative to the N.H.E. for Cethoxy- 
chrysoidin, by measuring the potential of a solution assumed to be equimolar in both 
oxidized and reduced forms.2 Details of their procedure are incomplete. Another reported 
value for this substance is 1.0 V.3 

In preliminary work we carried out classical titration procedures on solutions of reagent 
grade 4-ethoxychrysoidin in l*OOM sulphuric acid, using O*Ol-O.lM solutions of cerum (IV). 
End-points were observed potentiometrically with a platinum indicator electrode and 
calomel reference electrode system. The platinum electrode was treated before use, to 
remove oxide deposits. 

The titration curves were obtained by two methods. In the first only 4-ethoxychrysoi- 
dine was present and the formal potential, E’, was observed as the potential corresponding 
to 50% titration. For the second method a small amount of tin (II) was added to the indi- 
cator solution and both were then titrated, the tin (II) first, followed by the indicator. 
Resolution of the two curves was obtained and the E’ value was taken as the E value mid- 
way between the two inflection points. The indicator solutions employed in both cases 
were in the range 2 x 10e4-4.6 x 10e2M. 

In this work. the electrode system was often found to be poorly poised in spite of oxide- 
removal treatment and the flushing of air from solutions by nitrogen. The titrations were 
therefore long and tedious and it was only with great care that several sets of apparently 
reasonable results could be gathered. These indicated conditional E values in the range 

* Present address: Chemistry Department Wisconsin Lutheran College, Milwaukee, Wisconsin. 
t Author to whom reprint requests should be addressed. 
$ Present address’ Science Department. Germantown High School, Germantown, Wisconsin. 
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077-0.78 V for sulphuric acid concentrations from 0.5 to 2M. Figures 1 and 2 show typical 
titration curves. 

Because of the electrode problems encountered, corroboration of these results was 
sought by other methods. 

I.2 - 

1.1 - 

lo- 

09- 

Volume of 0.1 N Ce (IX) tltront, ml 

Fig. 1. Potentiometric titration of 4-ethoxychrysoidin in IM sulphuric acid with 0.M cerium (IV) 
oxidant. 

Titration medium: IM HzS04, 75 ml; 
Quantity of indicator: 0.0732 g; 
Titration condition: titration medium deaerated with nitrogen before and during titration; 
Titrant was not deaerated; oxygen scrubbers were not employed in the nitrogen train. 

0 IO 20 30 40 SO 

Volume of 001 NCe(EZ) titront, mt 

Fig. 2. Simultaneous potentiometric titration of tm (II) and Cethoxychrysoidin in 05M sulphuric 
acid with OOlk cerium (IV) oxidant. 

Titration medium: @5M H,S04, 125 ml; 
Quantity of indicator: OGO5 g; 
Quantity of tin (II): OG282 g of SnCI, 2H20; 
Deaeration: both the titrant and the titration medium were deaerated with nitrogen gas. An oxygen 
scrubber was utilized in the gas train. 
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The potentiopoise method proposed by Smith and Banick appeared to be a possible 
technique for evaluation of conditional redox constants.4 In this, equimolar solutions of 
vanadyl and vanadate compounds are adjusted to various acidities. This causes variation 
in the ratio of reduced to oxidized species to produce a series of solutions of varying E 
values which may be measured potentiometrically. An indicator, added to such a series, 
displays its transition range and an E’ value may then be obtained for the middle of the 
range. 

Since the vanadyl-vanadate couple did not have a sufficiently low potential range, other 
couples were sought. The quinone-hydroquinone couple proved to have too much colour 
while the U(VI)-U(IV) and arsenite-arsenate couples gave drifting potentials with the 
platinum indicator electrode. Some reasonably promising results were observed at times 
with the arsenite-arsenate couple over the range 070-0.80 V. Further investigation of the 
system may be worthwhile, using some other indicator electrode than platinum. 

However, a fourth couple proved superior and attention was concentrated on its appli- 
cation. This was the system studied by Kolthoff and Tomicek,5 namely the ferricyanide- 
ferrocyanide couple for which the ionization constant of HFe(CN),‘- was reported as 
much smaller than the first three for H,Fe(CN),. The value of K, for this fourth ionization 
step was found to be 5.6 x 10e4. 

Hence, for the Nernst equation of the reaction, Fe(CN),3- + e- z$ Fe(CN),4- we have 

K,[HFe(CN)z-] 

E = E” - %log {H+) [Fe(CN)z-] 

Thus this couple should demonstrate a potential which varies with hydrogen ion con- 
centration in such a manner that establishment of potentiopoised solutions in a manner 
analagous to the vanadyl-vanadate couple should be possible. Experimentation was there- 
fore undertaken to test this. Alternative procedures based on (a) microtitration of the indi- 
cators with standard oxidant, using another indicator electrode than platinum and (b) cyc- 
lic voltammetry, were also deemed appropriate for investigation. 

It was also desired to investigate the effect of various substituents on the formal poten- 
tial of the parent compound, chrysoidin. Since only Cethoxychrysoidin was found com- 
mercially available, synthesis of ten such compounds was undertaken. 

EXPERIMENTAL 

Apparatus 
Spectropkotometer. Beckman DK-2; Beckman Electroscan 30M. 
Potemtowerer. Leeds & Northrup “Student” model with appropriate accessories. 
Inj-ared spectrometer. Perkin-Elmer Infracord 137. 
Mass spectrometer. Consolidated Electrodynamss, model 21-103 C. 
AnGnco motor-driven syrmge burette. 
Elecrrodes. Carbon paste indicator electrodes prepared according to Adams;6 saturated calomel electrodes, 

either Sargent Model 30080-15 or an electrode prepared according to Adams;6 platmum indicator electrode; 
Beckman Planar Disk. No. 39273. 

Volumetric ptpettes and flasks were all Class A. 

Reagents 

Substztuted chrysoidrrrs. These were prepared wtth one exception, by drazotization of appropriate substituted 
anilmes and couplmg wrth nr-phenylenediamine. The product was purified by extraction mto acetone, volatiliza- 
tion of the solvent and recrystallization from either methanol or ethanol. 
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The substituted anilines used were; m-. o- and p-toluidine. IW. o- and p-anisidine. p-nitroaniline. p-phenoxyam- 
line and sulphanilic acid. If these materials were badly discoloured. they were purified by vacuum drstrllatton 
(two times). The 4-ethoxychrysoidin was a commercial product. 

To avoid the undesirable diazotization of aminophenols,’ 4-hydroxychrysoidin was prepared by a procedure 
similar to that ofTedder and Theaker.’ Phenol in acetone-water solution was treated with sodium nitrite. cooled 
overnight at O-5” and then reacted successively with sulphamic acid and sodium bicarbonate such that a two- 
phase system resulted (white solid but red-brown liquid). After addition of ru-phenylenediamine and stirring for 
2 hr the desired red-orange solid product was obtained in crude form and purified as for the other indicators. 

Porassiumferricyunide ondferrocyanide. Recrystallized from water and dried overnight at 120’. 
Nitrate-free cerium (IV) solution. Prepared according to Smith and Fly,9 
Potassium bromate. Recrystallized and dried at 180”.10 

Characterization of substituted chrysoidins 
Purity of recrystallized products. This was ascertained by thin-layer chromatography on Eastman Chromogram 

TLC plates by conventional ascending elution with the best solvent system found namely butanol-n-hexane 
(1: 3). Properly purified materials exhibited one spot, in contrast to the several spots found with crude materials. 

Infrared examination. The IR spectrum of each purified, substituted chrysoidin was obtained over the range 
3-15 ,nm (KBr pellet technique). The principal peaks observed were as expected for the presumed products. 

Molecular weight determinations. These were obtained by mass spectrometry for several of the compounds and 
found to agree with expected values within @3 atomic mass units. 

Elemental analyses. Analyses of 4-hydroxychrysoidine for C, H and N were in satisfactory agreement with 
theory. 

Procedures 

Potentials ofpotentiopolsed ferri- and ferrocyanide solutions. Stock solutions (DIOOOM) of ferrocyantde and fer- 
ricyamde were prepared once a week (although found stable for several weeks). The potentiopoised soluttons 
were then obtained by addition of lGO-ml of each stock solution to a 100.0 ml volumetrtc flask. The latter was 
then filled to the mark with strong acids of appropriate molarity to cover the desired range. 

The potential of each solution (0001 M total concentration for each of the two species) was then measured 
with a platinum electrode-saturated calomel reference electrode system and the Electroscan 30M to record the 
values. These readings were confirmed by data obtained with the L & N potentrometer. The results are listed 
in Table 1, and were found to be reproducible and a plot of E vs. acid concentration was essentially linear over 
the range I-4M sulphuric or hydrochloric acid. 

Table I. Ferrocyanide-ferricyanide potentiopoised potentials as a function of H2S04 concentration 

H,SO, 
concentration, 

M 
Potential us. SCE Potential US. SCE 

Electroscan, V Potentrometer 
Potential 
~1s. NHE 

0.10 0.362 0.362 0.608 
‘0.30 0.412-0.410 0410 0.656 
0.50 0.436 0.437 0.681 
0.7 I 0.458 0.460 0.706 
I.01 0.484 0.484 0.730 
1.32 @509 0.508 0.754 
I.52 0.524 0.524 0,770 
I .72 0.537 0.538 0.784 
2.02 a555 0.555 0.801 
2.33 0.576 0.578 0.824 
2.54 0.587 0.591 0.837 
2.75 0.605 0606 0.854 
3.06 0.624 0.625 a871 
3.29 0647 0.651 0.897 
3.53 0.663 0.663 0.909 
3.68 0.68 l-0.682 0.682 0.928 
3.99 0772-0.775 0.699 0,945 
4.52 0.780-0784 0,787-0790 I.035 
5.03 0.7860816 0.828-0.830 1,075 

- 
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Table 2. Ferrocyanide-ferricyanide formal potenttais by the potentiopoise method 

881 

Indicator 

Observed E us. HNE. c’; Formal potential 
at first at final E’ as midway Acid 

colour change colour change value of F. V concentration, A4 E”;,,,‘, V 

Sodium diphenyl- 
benztdine sulphonate 
Variamme Blue B 
4-Ethoxychrysoidin 
2-Methylchrysoidin 
3-Methylchrysoidin 
4-Methylchrysoidin 
2-Methoxychrysordm 
3-Methoxychrysoidm 
4-Methoxychrysoidin 
4-Phenoxychrysoidm 
4-Hydroxychrysoidm 

0.840 a986 0913 3.67 0.88t 
0.608 0.818 0713 I.07 0.7134 
0793 0.890 0.842 2.53 0.821 
0.784 0.952 0.868 2.86 
0,836 0.974 0.905 3.34 
0,857 0.960 D909 344 
0.782 0.958 0.870 2.88 
0.836 0974 0.905 3.34 
0.802 0.913 0.858 2.80 0.831 
0,776 0.913 0,845 2.58 
0.793 0.915 0.854 2.71 0.833 

* (E”corr was calculated from E’ (midway E value) on the basis of correction for hydrogen ion concentration, 
assummg the reactions mvolved take the general form In&, + 2e- + 2H’ - Indr.d. 

t Value reported m the hterature: 0.87 V.” It appears to be generally considered that two electrons and two 
hydrogen ions are mvolved for this indicator. 

:LSubstituted chrysoidms exhtbitmg reversibility in oxidation. 
6 Value reported in the hterature: 0,712 V.i3 The numbers of electrons and hydrogen tons mvolved for oxidation 

of the indicator appear unknown However. the correctton for 1.07M acid is considered negligible. 

Trart.~ror~ rcrrigr of selectctl rridrcators hr use ofporenriopoised solutions. An imtial series of potentiopoised solu- 
tions was prepared such that the sulphuric acid concentration ranged from I to 5M at intervals of 1M. To 1 ml 
portions of each. in test-tubes. 5 or 10 drops of mdicator solution (0.1%) in ethanol were added. After stirring 
the start and end of the colour change were noted. For this range a similar set of potentiopoised solutions was 
prepared differmg in acid concentration m steps of 0,lM and used to determine the first and last perceptible 
colour change and the corresponding potentials for the two solutions in question. The mean of these two values 
was then taken as E’. 

The results obtained m this manner for nme substituted chrysoidms are given in Table 2. If we assume that 
oxidation of the reduced form of the indicator involves two hydrogen ions and two electrons, a corrected poten- 
tial EC;,, may be calculated for IM hydrogen-ion concentration by subtraction of 0.0295 log {H+} from E’. 
Schulek and Somog,yi concluded that m the case of 4-ethoxychrysoidin, ‘i the two electrons and two hydrogen 
eons were mvolved m the oxidation In work described later in this paper, it was observed that only three of 
the substituted chrysoidms studied were chemically and electrochemically reversible. The correction was there- 
fore applied only to these three and is recorded m Table 2 This was also done in the case of two indicators 
of other types for which redox potentials are available m the hterature. as indicated in the table. 

Table 3. Absorbance as a function of equivalents of oxidant added 

Equiv Ce mole ind. 
Absorbance* 

4EC 40HC Equiv. KBrOJmole ind. 
Absorbance* 

4EC 40HC 

0.00 1,551 1.229 
0 50 1.128 0.880 
140 0.692 0611 
1.50 0.360 0.348 
2.00 0,180 0.168 
2.50 0,170 
3~00 0,180 0,172 
4.00 0,190 

0.00 
0.50 
100 
1.50 
2Qil 
2.50 
3.00 
3.50 
4+0 
4.50 

1.321 
1.530 
1.695 
1.630 
1.426 
1.163 
0.767 
0.232 
0.123 

1.333 
1602 
1.815 
1.804 
1.529 
1.265 
0750 
0.450 
0.124 
0.110 

* 4EC = 4-Ethox!chrysoidin: 40HC = 4-hydroxychrysoidin. 
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For the seven substituted chrysoidins exhibiting irreversibility, such a correction based on the Nernst equation 
seems irrelevant. For these indicators the useful information is found in the colour transition interval. the mid- 
point E’ of this range and the pertinent acid concentration for the latter. 

Determination of n in the oxidation of4-ethoxychrysoidin and 4-hydroxychrysoidin. This was done spectroscopr- 
tally since the oxidized and reduced forms of the indicator differ appreciably in colour. Solutions were prepared 
to be. 1.0 mM in the indicator and l*OM in sulphuric acid. Portions (1 ml) of the solutions were placed in IO-ml 
volumetric flasks with varying amounts of 0.M ceric sulphate, diluted to the mark with IGXvf acid and mixed. 
and the absorbance was observed at the wavelength of maximum absorption (430 nm) for the reduced form. A 
similar study was carried out with O*lN potassium bromate, I ml of 1M potassium bromide also being added 
to each solution. The results for both procedures are summarized in Table 3. 

The consumption of cerium (IV) as oxidant indicates that n = 2, since the absorbance becomes essentially con- 
stant after addition of two equivalents of cerium per mole of indicator. The results with bromate are best inter- 
preted in terms of the conclusions of Schulek and Somogyi, Ii that the indicator process first mvolves a two-step 
bromination, the bromo products being more intensely coloured than the original indicator and causing a rise 
in absorbance until 2.5 equivalents of bromate have been added per mole of indicator. Beyond that point. a two- 
electron oxidation takes place, with Beer’s law presumably being obeyed. after addition of 3.0 equivalents of oxi- 
dant. Essentially constant absorbance is obtained after addition of 4.0 equivalents per mole of indicator. Presum- 
ably there is competition between bromination and oxidation. 

I.0 - 

09- 

0.0 - 

w O.?- 

z 
: 0.6- 
> 

-I 
3 

mt tltrant added 

Fig. 3. Titration of 4-hydroxychrysoidin in IM H,SO,. Titrant, DIN KBr03. 

Further verification of a two-electron exchange for both indicators was obtained from peak heights observed 
in cyclic voltammetry. By use of the equations of Adams with the assumption that the diffusion constant of azo- 
benzene may be substituted for that of the indicators, I4 the value of n was found to be 2.1 for 4-hydroxychrysoidin 
and 2.3 for both 4-ethoxychrysoidin and Cmethoxychrysoidin. 

Determination offormal potentials by microtitration. Either 0.1 N potassium bromate or cerium (IV) was used 
as titrant. With the former, 1 g of potassium bromide was also added the medium being sulphuric acid of known 
molarity. With cerium (IV) as titrant, 2 drops of osmium tetroxide solution were added as a catalyst. To the 
solutions containing the indicator was also added 0.1 meq of arsenic (III). The reagent reacted with the latter 
before oxidizing the -0025 mmole of indicator. The reagent was added with a motor-driven syringe. the poten- 
tial being recorded on the Electroscan 30; the indicator electrode was carbon-paste, the reference electrode a 
saturated calomel electrode. 

The titration curves of arsenic (III) and indicator was resolved and E”’ for the latter was observed as the poten- 
tial halfway between the two inflection points. Prelimmary runs were made with a 1.4 V range on the Electroscan. 
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A second titration was then recorded with a switch to the expanded 0.56 V scale as the arsenic (III) end-point 
was approached. This permitted greater sensitivity. With either scale the zero of the instrument vs. SCE was set 
so that the chart scale would read directly in V vs. NHE. Typical titration curves are found in Figs. 3 and 4. 

After the end-point, the syringe was removed and excess of solid ferrous ammonium sulphate was stirred into 
the solution to see whether the original colour could be obtained. Results in these titrations did not differ whether 
air was present m the solutions or, was removed with nitrogen. 

ml titront odded 

Fig. 4. Titration of 4-hydroxychrysoidin in 1M H,SOI. Titrant, O.lN KBrOs. Change in scale 
expansion during titration. 

The results obtained with eight of the substituted chrysoidins by bromate titration in 1M sulphuric acid are 
given in Table 4. The effects of variation m sulphuric acid concentration upon the bromate and cerium (IV) 
titration of 4-ethoxychrysoidin and 4-hydroxychrysoidin are found in Table 5. 

The data in Table 4 tends to disagree appreciably with those which might be predicted from the results given 
m Table 2. Thus the bromate titration results indicate that the ease of oxidation of the irreversible indicators 
should be in the order 4-methylchrysoidin > 2-methylchrysoidin > 3-methylchrysoidin > 3-methoxychrysoi- 
din > 2-methoxychrysoidin. The potentiopoise data, however, would place the order; 2-methylchrysoidin > 2- 
methoxychrysoidin > 3-methylchrysoidin = 3-methoxychrysoidin z Cmethylchrysoidin. 

The reasons for the variations observed may lie in the difference in mechanism of oxidation which occurs when 
bromate is mvolved or to variable electrode effects for the various indicators at the carbon paste electrode. 

For the three indicators which exhibited chemical reversibility, the E”’ results from bromate titration and the 
potentiopoise method agree within 0908 V or better. This also holds for the cerium (IV) titration results for 
4-ethoxychrysoidin. 

Agreement between the two procedures is also quite good at higher acid concentrations for two of the rever- 
sible indicators, the results for which are given m Table 5. Thus, 4-hydroxychrysoidin is found to have an E 
value of 0.844 V in 3M sulphuric acid as compared to the potentiopoise value of 0854 V for 2.72M acid. In the 
case of 4-ethoxychrysoidin, a value of 0.842 V is found by both methods at 2M acid concentration. 

In three of the four series of results given in Table 5, a variation in E’ occurs as the acid concentration changes 
but the effect is some 25% less than assumed for the correction to E”’ from Table 2. This might be attributed 
to difference in activity values for the two cases but other factors may be present. 

The lack of variation in E’ at higher acid concentrations for cerium (IV) oxidation of 4-ethoxychrysoidin is 
puzzling. In the earlier titration attempts with this reagent at a platinum electrode, a similar constancy of the 
potential value at higher acidities was also noted The mechanism of oxidation may here involve a side-reaction 
with products which lead to a potential that nullifies the effect of increasing acid concentration. 
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Table 4. Formal potentials as determined by titration with bromate 
(E” for 1M H,SO,) 

Indicator 

2-Methylchrysoidin 
3-Methylchrysoidin 
CMethylchrysoidin 
2-Methoxychrysoidin 
3-Methoxychrysoidin 
4-Methoxychrysoidin 
CHydroxychrysoidin 
p-Ethoxychrysoidin 

Potential Colour reverts with 
l’ us. NHE ferrous ion 

0855 No 
0856 No 
0.826 No 
0.886 No 
0.878 No 
0.825 Yes 
0822 Yes 
0.826 Yes 

Table 5. Potentials at acidity other than IM H,SO, as determined by 
microtitration 

Indicator 
Concentration 
of H,S04, M 

E’ or midway potentials, 
V vs. NHE 

Cerium Bromate 

CHydroxychrysoidin 

4-Ethoxychrysoidin 

1.0 
2.0 
3.0 
4.0 
6.0 

::; 

3.0 
4.0 

0.782 
0.786 
0794 
0.809 
0.830 

0.814 
0.814 
0.814 
0.814 

0822 
0.832 
0.844 
0.849 

no break 

0.826 
0.842 

Table 6. Titration of arsenate with bromate, using various substituted chrysoidins as indicators 

Indicator, 
@l% in MeOH 

CEthoxychrysoidin 
4-Hydroxychrysoidin 
4-Ethoxychrysoidin 
4-Hydroxychrysoidin 
CEthoxychrysoidin 

CHydroxychrysoidin 
2-Methoxychrysoidin 
3-Methoxychrysoidin 
CMethoxychrysoidin 
2-Methylchrysoidin 
3:Methylchrysoidin 
CMethylchrysoidin 
CPhenoxychrysoidin 
CNitrochrysoidin 
4Sulphochrysoidin 

Drops of Volume of Consumed ave. No. of Ave. Normality of 
indicator As, ml vol. of Br03-, ml trials dev., ml both solutions 

4 25Gl 25.04 2 0.00 0.1000 
4 25.00 25.03 3 0%) 0.1000 
2 39.95 39.97 I 01000 
2 39.95 39.96 2 0.015 0.1000 
1 25& 25.04 1 0~01000 
1 25.02 25.02 1 0~01000 
1 25.00 25.02 3 0.02 0~01000 
4 25.00 2500 3 @Ol 0.1000 
4 25.00 24.97 3 0.03 0.1000 
4 24.95 24.89 3 0.01 0.1000 

12 24.95 25.17 1 0.1000 
25 2495 no end-point observed 
2: 24.95 2500 2 0.00 0.1000 

24.95 25.51 1 0.1000 
3 2495 25.08 1 0.1000 

24 24.95 no end-point observed 
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In view of the difference in mechanrsm for the cerium (IV) and bromate oxidation of the two indicators of 
Table 5, the E’ values obtained may be expected to vary for the two processes. The large differences of 004-O-05 V 
for 4-hydroxychrysoidin are surprising, however, in view of the agreement of the bromate titration values with 
those of the potentiopoise method. 

The important attribute of a redox indicator of course, is its behaviour under actual titration conditions. To 
investigate this, solutions O.lCOON in arsenic (III) and potassium bromate were prepared by the usual procedures. 
Aliquots of arsenic (III) were then titrated. different indicators being added in various amounts. 

The results are summarized in Table 6. Some indicators found to be chemically irreversible required inordinate 
amounts of tltrant to produce an end-point. In other cases no end-pomt could be obtained whatever. 

The degree of reversibility of the various indicators was investigated by cyclic voltammetry. It was found that 
only 4-hydroxychrysoidm was highly reversible, 4-ethoxychrysoidin and Cmethoxychrysoidin only quasi-rever- 
sible, and the rest of the indicators highly irreversible. This work will be presented in a separate publication. 

In the practical work summarized by the data in Table 6, the difference in reversibility between 4-hydroxychry- 
soidin and 4-ethoxychrysoidin was estimated chemically. After titration to the end-point for each indicator was 
complete, solid ferrous sulphate was added in small amounts at a time with stirring until colour reversion was 
noted. Titration was then carried out to a second end-point. ferrous sulphate again added and the process con- 
tinued as long as successive end-pomts could be observed. 

With 4-hydroxychrysoichn. repeated end-points could be observed for a total of about five cycles, whereas no 
more than three were possible with 4-ethoxychrysoidin. With the latter the second end-point was much weaker 
than that for 4-hydroxychrysoidin. 

Similar results to those for Cethoxychrysoidin were obtained with 4-methoxychrysoidin by this colour rever- 
sion technique. The other substituted chrysoidins studied acted in a completely irreversible manner to give a 
single end-point, or no end-point at all. 

CONCLUSIONS 

Substitution of chrysoidin in other than the 4-position appears to promote a high degree 
of irreversibility for oxidation of the product. Substitution of groups in the Cposition tends 
to increase the degree of reversibility, in some cases to a high degree. The nature of the 
substituting group is critical. Reversibility decreases as the group varies from hydroxy to 
ethoxy to methoxy and becomes complete irreversibility in the case of the 4-methyl, 4- 
phenoxy, 4-nitro and 4-sulpho conipounds. 

It appears that 2-methoxychrysoidin and 3-methoxychrysoidin may be useful as irre- 
versible indicators for bromate titrations in a colour transition range centred on the values 
O%-0.9 V relative to the NHE. 

The other six, irreversible, substituted chrysoidins studied appear to have no utility as 
irreversible indicators for bromate titrations. 

In the case of the three indicators with variable degrees of reversibility, the E”’ value 
obtained as the average from two methods of measurement (potentiopoising and bromate 
titration) are very similar, being 4-methoxychrysoidin 0.828 V, 4-ethoxychrysoidin 0.824 V, 
4-hydroxychrysoidin 0.828 V. These may represent the best values available for these three 
indicators but the chemistry of oxidation appears complex and the effect of the oxidant 
system may be appreciable, as for cerium (IV) with 4-hydroxychrysoidin. 

The value of 0.82 V for 4-ethoxychrysoidin is appreciably different from the value 
reported by Pungor and Schulek and from that obtained in our earlier titration pro- 
cedures. In the latter case we attribute the differences to greatel problems of reversibility 
at the platinum electrode used then than at the carbon-paste electrode. 

In view of its greater reversibility in the redox process, the indicator Chydroxychrysoi- 
din seems to be superior for use in titrations involving bromate and related oxidants and 
should be seriously considered for such work. 

Finally, the use of the potentiopoise technique, as developed by Smith and Banick and 
further extended in its range by the work reported here, should be useful in preliminary 
screening of proposed redox indicators. particularly where various degrees of irreversibi- 



886 ULRIK J. LARSEN BC al. 

lity may be involved. Further study of its applicability, especially in terms of extension 
of the range of observable potentials, may be worthy of consideration. 
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Zusammenfasaung-Die Indikatoreigenschaften elf substituierter Chrysoidine wurden untersucht. 
Die Reduktionspotentiale der drei ziemlich reversiblen Indikatoren dieser Gruppe wurden auf 
klassischem Wege und mit Hilfe einer Methode mit StandardlGungen und ausbalanciertem Poten- 
tial erhalten. Die chemischen und elektrochemischen Beobachtungen ftiren N dem SchluD, daB 
die anderen acht Indikatoren sich bei der Oxidation irreversibel verhalten. Daher k&nmn fiir 
diese nur f..Ibergangspotentialvereiche angegeben werden. Substitution an anderen Stellen als der 
CStellung ftihren zu groBerer Irreversibilitit, wtirend die Hydroxygruppe in 4-Stellung xu einem 
hiiheren Grad von Reversibilitlt fiihrt als die Methody- oder &thoxygruppe. Filr Bromat-Titra- 
tionen scheint CHydroxychrysoidin der beste Indikator in der Gruppe zu sein. 

R&sum&On a Ctudie les propribtes d’indicateurs de onze chrysol’dines substituies. On a obtenu 
les potentiels de reduction conditionnels des trois indicateurs asset fortement reversibles dans ce 
groupe par les voies classiques et par l’emploi dune technique de solution etalon potentidqui- 
libree. Les observations chimiques et tlectrochimiques menent a la conclusion que les huit autres 
indicateurs agissent irreversiblement dans leur oxydation. Par suite, seulement les domaines de 
potentiel de transition peuvent etre rapport& pour ceux-ci. La substitution en une position autre 
que 4 entraine une plus grande irriversibilite, tandis que le groupe hydroxy en position 4 produit 
un plus grand degre de rtversibilite que ne le fait le groupe methoxy ou Cthoxy. La Chydroxychry- 
soldine apparait 2tre la meilleure du groupe pour les titrages de bromate. 
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THE OXIDATION OF ORGANIC COMPOUNDS BY TERVALENT 
MANGANESE COMPOUNDS-II* 

THE DETERMINATION OF MANDELIC ACID WITH A TERVALENT 
MANGANESE STANDARD SOLUTION IN PERCHLORIC ACID MEDIUM 

(Received 13 February 1974. Accepted 6 March 1974) 

We pointed out earlier the possibility of usmg tervalent manganese compounds as oxidimetric tittants for organic 
compounds. in particular mandebc actd.’ From a kinetic study of the reaction of mandelic acid with the pyro- 
phosphate complex of tervalent manganese* it appears that the reaction rate depends on the stability constant 
of the manganese complex. For this reason, we have attempted to use a solution of hexa-aquomanganese(II1) 
ions in perchloric acid for the determination of mandelic acid. This solution, so far prepared either electrolyti- 
cally3 or by oxidation of manganese(I1) with permanganate4 is, from our experience,5*6 sufficiently stable to be 
used as a titrant under suitable conditions. The present paper demonstrates that it can be used in perchloric 
acid medium for determination of small amounts of mandelic acrd accordmg to the equation 

C,H,CHOHCOOH + 2Mn” + C,HsCHO + CO1 + 2Mn2+ + 2H’ 

FXPERIMENTAL 

Rcqrrtts 

.Mmlc/~c md. 0.0005. 0.001. 0.00125 atld OG015M solutiorts Prepared by accurate dilution of solutions 10 
times as concentrated. made by dissolving accurately weighed amounts of the pure substance and diluting with 
water to 1 1 

Hrza-aqrrorllarlyatte~e (III) solutton. 0005M in perchlorw acid. The stability of this solution increases with in- 
creasmg concentration of perchloric acid and of manganese(II);5 the optimum medium is 6M acid and 0.4M 
manganese(l1) perchlorate In this medium. a 0.00% reagent solution can easily be prepared chemically by 
slowly addtng. with constant stirring. 10 ml ofO.OZM potassium petmanganate to the solution obtained by mixing 
I50 ml of X.21 perchloric acid and 40 ml of 2M manganese(H) perchlorate. If manganese dioxide separates. it 
is filtered off on a porosity -4 frit. smce its presence affects the reagent stability unfavourably. 

Procedure 

First the dependence of the reagent consumption on time was determined in 3M perchloric acid medium at 
20‘ From prelimmary experiments it was found that the reaction proceeds sufficiently rapidly in 3-6M perchloric 
acid medium Since the reagent is most stable in the 6M acrd this medium was used for the reagent preparation, 
giving 3M perchloric acid on mixmg 10 ml of the reagent solution and 10 ml of an aqueous solution of the 
test substance To IO.00 ml of ONl5M solution of hexa-aquomanganese(II1) in 6M perchloric acid at 20”. were 
added IO 00 ml of MO I25M mandehc acid also at 20 . and after time t the unredcted manganese(I11) was deter- 
mined potentiometrically. by tttration with 0.005M ferrous sulphate. A blank determmation was run in parallel. 
The potential (platinum electrode) stabihzes almost instantaneously under the given conditions and the inflection 
potenttal lies around 800 mV cs. S.C.E.. the potential change in the vicinity of the equivalence point bemg roughly 
200 mV 0.02 ml of 0.005M ferrous sulphate The results obtained which were the same for three identical 
measurements. are given in Table 1. and show that the mandelic acid is oxidized to benzaldehyde and carbon 
dioxide. that the reaction IS completed within 20 min and that further oxidation does not occur on standing with 
excess of reagent The production of benzaldehyde was verified by the formation of the 2&dinitrophenylhydra- 
zone and proof of its identity (m.p and i.r spectrum) The procedure given is satisfactory for ~GOO~-~NI~~M 
mandelic acid if the mtxture is left to react for 30 min at room temperature; 1 ml of OOO5M ferrous sulphate 

* Part 1: To/mm 1974. 21. 157 

887 
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Table 1. The rate of the oxldatlon of mandshc acid \\~th hr\u- 
aquomanganese(II1) in 3,\f HCIO, medium at 20 

Time, min 
Reagent consumption. 
mole/mole 

5 10 30 30 60 120 240 
1.98 1.99 2.00 2.00 1.00 2.00 1.00 

Table 2. The determination of mandelic acid with a standard solution of 
hexa-aquomanganese(IIIl ions 

Mandelic acid taken. mg 0.761 I.522 2.182 
Mandelic acid found, mg 0.764 I.523 2,285 
Standard deviation, mg 00X0 0.008 5 0,007, 

corresponds to 0.3803 mg of mandelic acid. Typical results are given In Table 2. The standard deviations were 
calculated from 10 determinations. 

DISC1 SSION 

The advantages of determining mandelic acid by oxidation with manganese(II1) were discussed in the previous 
paper.’ but the reactions proposed were slow [ I2 hr with the pyrophosphate complex. 2 hr with manganese(II1) 
sulphate]. In perchloric acid medium the reaction is faster (30 min). However. even this :eactlon cannot be used 
for the determination of mandelic acid in concentrations below 5 x 10-4M because when a 0.OOl.M solntlon 
of hexa-aquomanganese(I11) is used. it is impossible to determine the unreacted manganese(lI1) b! potentio- 
metric titration with OGOlM ferrous sulphate, since the potential change at the equivalence pomt IS too small 
to be measured. 
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Summary-An indirect titrimetrlc determination of mandelic acid. based on its oxldatlon 111 ;I Stan- 
dard solution of hexa-aquomanganese(II1) m perchloric acid medkum. IS described. 

Zusammenfassung-Ein Verfahren zur indirekten massanalytischen Bestimmung von MandelsIure 
wurde beschrieben. Es beruht auf deren Oxidation mittels Masslijsung von Hexaquomanganat 
(III) ionen [Mn(HzO$+] in PerchlorsBuremedium. 

R&sum&--Le dosage volum&rique Indirect de l’acide mandelique. bati sur I’oxydatlon par la 
solution des hexaaquo-manganCse(II1) ions. dans le milieu de I’aclde perchlorique est prisenti. 
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STRUCTURAL ANALYSIS OF SOME CHLORINATED 
PESTICIDES BY NUCLEAR QUADRUPOLE 

RESONANCE SPECTROMETRY 

(Received 8 January 1974. Accepted 26 February 1974) 

Nuclear Quadrupole Resonance (NQR). developed as a branch of radiofrequency spectroscopy, has already con- 
tributed significantly m provtding information on the molecular and crystalline structure of various compounds. 
The NQR technique appears to have great potential for development as a physical method of interest to analyti- 
cal chemistry and especially for elucidating the structure of organic and inorganic compounds.’ The “‘Cl spec- 
trum like the ‘H NMR spectrum of a molecule or its infrared spectrum, is a spectroscopic “fmgerprint”, which 
can be used to identify etther a partrcular molecule or a particular type of chlorine atom. By analogy with the 
magnetic resonance: the term “chemical shift” of NQR frequencies is used, which is an essential parameter in 
structural analysis. Fitzky,’ reviewing the analytical aspects of NQR for chlorinated compounds, points out two 
important pieces of information which the NQR spectra supply in relation to the structural analysis: (i) the 
number of lines in the whole spectrum, which must be equal to the number of chlorine atoms per molecule or 
in cases where there are several molecules per unit cell of the crystal, the appropriate multiple, and (ii) the multip- 
let grouping, indicating an accumulation of atoms of similar chemical linkage in certain functional groupings 
of the molecule. 

However. for precise structure assignments the use of shift table? and correlation chartsz*4*5 is recommended. 
Ftgure 1 illustrates a correlation chart of NQR frequencies for 35C1 resonances in the range 28-43 MHz at 77 K. 

Spectra-structure correlation charts have been used for elucrdating the structure of several organochlorine 
compounds commonly used as pesticides. and of a number of cyclodiene chlorinated insecticides4.’ However. 
m the case of 1,2,3.4.10.1O-hexahydro-l.~er~do-rso-5,8-dimethanonaphthalene (Aldrin) one resonance frequency 
only was observed and in the case of 1.2,3.4.10.1O-hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8a-octahydro-1.4- 
rrrdo.r~rdo-5.8-dimethanonaphthalene (Endrin), five frequencies were observed.’ The absence of other resonances 
in the spectrum of Aldrin was considered to be due to the lack of instrumental sensitivny; the spectrum of Endrin 
was constdered complete. with both vinylrc chlorine atoms resonating at the same frequency (37.7 MHz). 

In the present work we report the complete NQR spectra of Aldrm and Endrm; further we analyse the two 
Isomers of 6.7.8.9.10.lO-hexachloro-1,5,5a.6.9,9a-hexahydro-6,9-methano-2,4,3-be~odioxathiepin-3-ox~de (Endo- 
sulfan I and Endosulfan B). 

Structural type Frequency range 

Aliphotic - Ccl, 

Vinyl-Cl 

Aryl - Cl 

Aliphatic -Ccl, 

Aliphotic -CCI 

Aliphotic -oxy- Chlorides 

I I I I I I I I 
22 28 34 40 

Frequency, MHZ 

Frg. 1. Spectra-structure correlatrons of “Cl resonances at 77 K. 
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Table 1. “Cl pure quadrupole resonance (MHz) of some chlorinated pesticides at various temperatures 

Compound Structure 
Resonance frequency 

(this work) 
Literature 

value’ 

Aldrin 

Endrin 

Endosulfan u 

Endosulfan /I 

35.80, 37.90. 38.10 (300)* 37.9(295) 

* The temperature (K) of the measurement is given in parenthesis. 

EXPERIMENTAL 

The samples of Aldrin and Endrin used in the present work were analytical grade (99% purity) from Shell 
Chemical Co., New York, and were used without further purification. The samples of the two isomers of Endosul- 
fan were also analytical grade (z 99% purity) from Hoechst A. G., Frankfurt. Germany. 

The spectra were obtained by using a Decca-Radar nuclear quadrupole resonance spectrometer. Samples (05- 
1 g) were placed in a glass tube (1 cm dia) and positioned in the spectrometer coil. When closely spaced lines were 
suspected, side-band suppression by slow variation on the quench frequency was used, for better distinction 
between line and side-band. The spectra were obtained at two temperatures. 77 K (liquid nitrogen bath), and 300 K 
(water-bath). Frequency measurements were accurate to + 0.01 MHz and temperature measurements to f 1”. 

RESULTSAND DISCUSSION 

The NQR spectrum of Aldrin exhibits three resonance signals at room temperature and the expected six srgnals 
at lower temperatures. The frequencies are given in Table 1. The assignment of the signals to specific chlorine 
atoms is discussed elsewhere.6 

Endrin 

Endosulfan fi 

i i 
I I I :1 i, I I 

39.0 36.5 38.0 37 5 37 0 36 5 36.0 

Frequency, MHz 
Fig. 2. NQR spectra of Endrin at 300 K and of Endosulfan r and /I at 77 K. 
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Table 2. Assignment of signals (MHz at 77 K) to specific chlorine atoms in 
Endosulfan a and /I 

891 

Posttion of chlormc atoms 

Vinylic chlorine atoms 

Chlorine atoms of the 
dichloromethylene bridge 

Chlorines on the 
bridgehead carbon atom 

Endosulfan z 

38.92 
38.37 

37.48 
37.30 

37.07 
36.92 

Endosulfan p 

39.16 
38.79 
38.08 
37.69 

(37.35)* 
37.26 

(37.24) 
37.19 

(37.15) 
37.05 
36.91 

(36.72) 

* The existence of the lines at the frequencies enclosed in brackets is uncer- 
tain. 

The NQR spectrum of Endrin at 300 K is given in Fig. 2. It is Seen that this compound also exhibits the 
expected six signals. The assignment hy Roll and Biros’ of both the vinylic chlorine atom resonances at 
37.7 MHz and the bridge dichloromethylene chlorine atom resonances at 36.3 and 37.0 MHz is therefore prob- 
ably incorrect. From the spectra-structure corelation chart given in Fig. 1, the resonance signals at 37.86 and 
37.19 MHz may be assigned to the two vinylic chlorine atoms, since they give higher frequencies than aliphatic 
chlorme atoms do. 

Increasing accumulation of chlorme nuclei at one carbon atom results in a shift towards higher frequencies, 
thus the resonances of dichlorosubstituted carbon atoms occur at higher frequencies than those of monochloro- 
substituted carbon atoms.‘.” Therefore the signals of the chlorine atoms on the dtchloromethylene bridge carbon 
are probably those centred at 3643 and 36.18MHz. Fmally, the remaining resonance frequencies 36.14 and 
35.93 MHz are attributed to the bridgehead chlorine atoms. 

The NQR spectrum ofEndosulfan x at 77 K exhibits the expected six resonances corresponding to the six chlor- 
me atoms found m the molecule. The number of resonance lines found in the case of Endosulfan /I at 77 K suggests 
that there are two molecules per unit cell. The spectra of Endosulfan c( and fl are also shown in Fig. 2. The data 
obtained in the present work are summarized in Table 1 and are compared with literature values. The assign- 
ments can be made rn a fashion similar to that used for Endrin and are summarized in Table 2. 

However. these assignments are only tentative. smce in some cases. as with the spectra-structure correlation 
for vmylic “Cl atoms. insufficient data have been collected for meaningful correlations. Thus, in hexachlorocyc- 
lopentadiene- the low-frequency lmes correspond to vinylic chlorme atoms and the high-frequency group to 
dichloromethylene chlorine atoms. The present results complete and extend the cyclodiene chlorinated pesticide 
results previously pub1ished.s 
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Summary-Nuclear Quadrupole Resonance (NQR) spectrometry provtdes a useful technique for 
the determination of structure and has been employed to demonstrate the difference in the chemical 
environment of the ‘sC1 atoms in several chlorinated organic compounds commonly used as pesti- 
cides. A tentative assignment of signals to specific chlorine atoms has been made. by utrlizing spec- 
tra-structure correlation charts, in l,L3,4,10.lO-hexachloro-6.7-epoxy-1.4.Ja.5.6.7.8.8n-octahydro- 
1,4-endo,endo-5,8-dimethanonaphthalene (Endrin) and in two isomers of 6.7.8.9.10.10-hexachloro- 
1,5,5a.6,9.9a-hexahydro-6.9-methano-L4.3-benzodioxathiepin-3-oxide (Endosulfan 2 and fl). 

Zusammenfaasung-Die Kernquadrupolresonanz-(NQR)Spektrometrie 1st bei der Strukturermitt- 
lung niitzlich; sie wurde dazu verwendet. den Unterschied in der chemischen Umgebung von ‘%Y- 
Atomen in mehreren chlorierten organ&hen Verbindungen zu zeigen. die im allgemeinen als Pesti- 
zide verwendet werden. Die Signale wurden bei 1 .2.3.4.10.10-Hexachloro-6.7-epoxy-1.4.4a.5.6.7.8.8a- 
octahydro-l&en&, endo-5,8-dimethanonaphthalin (Endrin) und in zwei Isomeren von 
6,7,8,9,10,10-Hexachloro-1.5,5a,6.9.9a-hexahydro-6.9-methano-2,4,3-benzodioxathiepin-3-oxid 
(Endosulfan z und /I) mit Hilfe von Specktren-Struktur-Korrelationstabellen versuchswerse den 
einzelnen Chloratomen zugeordnet. 

R&au&-La spectrometrie de resonance quadrupole nucleaire (RQN) fournit une technique utile 
pour la determination de structures et a Cte employee pour demontrer la difference dans l’environne- 
ment chimique d’atoms “‘Cl dans plusieurs composes organiques chlores utilids communiment 
comme pesticides. On a pro&de a une attribution possible des signaux a des atomes de &lore 
spkcifiques, en utilisant des diagrammes de correlation spectres-structure, dans le 1,2,3,4,10,10- 
hexachloro 6,7-epoxy 1,4,4a,5,6,7,8,8aoctahydro l&endo, endo 5,S-dimethanonaphtalene (En- 
dtine) et dans deux isomeres du 6,7,8,9,10,10-hexachloro 1,5,5a,6,9,91_hexahydro 6,9-methano 
2,4,3benzodioxathitpine 3-oxyde (Endosulfan a et j). 

Talanra. Vol 21. pp 892-894 Pergamon Press. 1974 Prmted m Great Braam 

FORCED-FLOW CHROMATOGRAPHY OF THE 
LANTHANIDES WITH CONTINUOUS IN-STREAM 

DETECTION 

(Received 16 November 1973. Accepted 4 March 1974) 

Recently the application of forced-flow chromatography to the separation and in-stream quantitative analysis 
of metal ions has been described.’ Analytical methods based on rapid separatron by ton-exchange chromato- 
graphy and in-stream effluent analysis have been presented for lead.? iron.’ and chromium 4 by anion-exchange 
and zinc, nickel, and lead by cation-exchange. Many other separations have been shown to be possible. 

The work of Spedding et al.,‘-’ in achieving the first ion-exchange separatton of the rare earths m 1947perhaps 
most clearly demonstrated the potenttalities of ion-exchange chromatography. Recently the application of pres- 
surized ion-exchange chromatography to the rapid separatton of the lanthanides has been described.’ Although 
the separation itself took only 2-4 hr. the elution curve was constructed by fractton-collecting and radiochemical 
techniques. The total separation and analysis requtred about a week. 

This paper describes the application of forced-flow chromatography with simultaneous m-stream colortmetric 
effluent analysis, to the cation-exchange separation and determination of 13 lanthanides. 

EXPERIMENTAL 

Apparatus 

The liquidchromatograph used in this work has been descrtbed in another paper.’ The same instrumentation 
was used. The analytical column was a 1 m x 28 mm thick-walled glass tube fitted wtth type MB-3 “Cheminert” 
column fittmgs from Chromdtrorux Inc. Dowex 50 W X8 (25@325 mesh) was thoroughly washed in acetone, 
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FORCED-FLOW CHROMATOGRAPHY OF THE 
LANTHANIDES WITH CONTINUOUS IN-STREAM 

DETECTION 

(Received 16 November 1973. Accepted 4 March 1974) 

Recently the application of forced-flow chromatography to the separation and in-stream quantitative analysis 
of metal ions has been described.’ Analytical methods based on rapid separatron by ton-exchange chromato- 
graphy and in-stream effluent analysis have been presented for lead.? iron.’ and chromium 4 by anion-exchange 
and zinc, nickel, and lead by cation-exchange. Many other separations have been shown to be possible. 

The work of Spedding et al.,‘-’ in achieving the first ion-exchange separatton of the rare earths m 1947perhaps 
most clearly demonstrated the potenttalities of ion-exchange chromatography. Recently the application of pres- 
surized ion-exchange chromatography to the rapid separatton of the lanthanides has been described.’ Although 
the separation itself took only 2-4 hr. the elution curve was constructed by fractton-collecting and radiochemical 
techniques. The total separation and analysis requtred about a week. 

This paper describes the application of forced-flow chromatography with simultaneous m-stream colortmetric 
effluent analysis, to the cation-exchange separation and determination of 13 lanthanides. 

EXPERIMENTAL 

Apparatus 

The liquidchromatograph used in this work has been descrtbed in another paper.’ The same instrumentation 
was used. The analytical column was a 1 m x 28 mm thick-walled glass tube fitted wtth type MB-3 “Cheminert” 
column fittmgs from Chromdtrorux Inc. Dowex 50 W X8 (25@325 mesh) was thoroughly washed in acetone, 
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methanol and water. slurried m water and poured mto a funnel attached to the column with Tygon tubing. Suc- 
tion was applied at the lower end of the column to Increase the rate of packmg A plug of glass-wool was then 
inserted in one end of the column and the column was connected to the pump and pressure applied. Application 
of pressure to the resm bed resulted in some shrinkage. The alternate packing and compressing procedure was 
then repeated until there was no volume decrease. and a plug of glass-wool was then placed at the other end. 

Reagents 

2-Hydroxyisobutyrrc acid solution, 0.4M. was prepared by sttrrmg 41.6 g of the solid (Aldrich Chemical Co., 
“98+“/,“) with about 800 ml of water in a l-l. beaker until the soluble solids appeared to have dissolved and 
the solution was then filtered into a I-1. volumetric flask and diluted to volume. All standard metal ion solutions 
(O.OlM) were prepared by dissolvmg sufficient of the rare earth oxtde in IO ml of cont. nitric acid and diluting 
to 200 ml. Sample solutions were prepared by further dilution. 

4-(2-Pyridy1azo)resorcinol (PAR). 0.01257, w/v m 5M ammonia was used as reagent for the in-stream colori- 
metric analysts. 

Procedure 

The flow rate of the CMP-2 metering pump was set at 0.4 ml/mm and the column was conditioned for 30 
mm with the 0.4M 2-hydroxyrsobutyric acid (HIBA) at pH 2.9. For the gradient elutton 2 beakers. A and B, 
were placed on a level surface and equal amounts (75 ml) of HIBA were added to each. A connecting glass tube 
of 4 mm bore was also filled. The pH of the solution m beaker A was adjusted to 4.5 The pump inlet was placed 
in beaker B. and the eluting solution. stirred by a magnetic stirrer, was then pumped through the column. As 
the liqutd level m beaker B was lowered. the solutton of higher pH passed into beaker B, raising the pH of the 
eluent. A mixture of about 5 pg of each of 13 rare earths was mjected onto the column immediately after begin- 

_ ning the gradient elution 
After samnle-imectron the entire senaratron could be left unattended until all ions had been eluted. The order 

1 a 

of elutron was the same as that usually observed. i.e., m inverse order of atomic number. 

RESULTS 

Figure 1 shows the separation of 13 lanthamdes on the Dowex 50W X8 column. The separation, which was 
achieved at a flow rate of 0.4 ml/min, required about 4 hr. It is evident that the resolution of the first 2 and 

16 I I 
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‘.4-Cciumn:93~5 cm x 2.8 nv-n (id.) 
Fbw mte: O-4 ml/min 

I 2-Eluent:0~4M aHlBA 
Nd 

5pg each metal A 

Vol. ml 

Fig. 1. Chromatographic separation of rare earths. 

last 3 ions is not complete. However. in most cases involving real samples, not all the lanthanides would be pres- 
ent and the gradient can be adjusted to give complete resolutton for either light or heavy lanthanides. This separ- 
anon was performed on a sample solution containmg about 5 x lo-“ mole of each of the rare-earth oxides per 
litre. 

The primary innovation in thus work is the apphcatton of m-stream colour reagent addition to achieve con- 
tmuous detection of sample components. thus eliminating the need for fraction-collecting, radioisotope-handling 
or contmuous attention The colorrmetrrc detection could easily be used to give quantitative results if desired. 

Ames Laboratory L’SAEC and 
Deparrnwlr of Chernrstr!~ 
lo\ra Stare I~r~irersir\~. Ames. Iowa 50010. C:.S.A. 

JAMES N. STORY 
JAMES S. FRITZ 
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Summary-A method for ion-exchange separation of rare earths IS described in which the elements 
are detected automatically after addition ofa colour-forming reagent. A separation of 13 rare-earth 
elements was accomplished in 4 hr. 

Zusammenfassung-Ein Verfahren zur Ionenaustauschtrennung seltener Erden wird beschrieben, 
bei dem die Elemente nach Zugabe eines farbbildenden Reagens automatisch nachgewiesen 
werden. Es gelang, die Trennung von 13 seltenen Erden in 4 h durchzuftihren. 

R6sum&-On decrit une m&hode pour la s&aration des terres rares par tchange d’ions, dans laquelle 
1e.s &ments son! d&c&s automatiquement apr&s addition d’un rbctif generateur de coloration. On 
a rCalis6 une stparation de 13 Bements des terres rares en 4 hr. 
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SEPARATION OF GOLD FROM LEAD-RICH MINERALS 
FOR NEUTRON-ACTIVATION ANALYSIS 

(Received 4 October 1973. Accepted 29 November 1973) 

Because of the rarity of gold,’ very sensitive analytical methods are required in any gold exploration 
programme. Neutron-activation analysis, destructive or non-destructive, IS useful for this purpose.2*3 In the 
destructive method a suitable procedure is needed for the separation of traces of gold from the bulk of 
other materials in the ore. 

Gold has been separated from mineral sources by many workers. * ’ The separation, however, becomes 
particularly difficult when the mineral contains an appreciable amount of lead. because when the ore solution in 
aqua regia is evaporated to remove nitric acid, lead chloride begins to precipitate and co-precipitates some 
gold. It therefore poses the problem of whether gold can be separated directly from the aqua regia medium. 

The aims of the present investigation were (i) to find a smtable non-isotopic carrier for gold and (ii) to 
find an easy method of separation of gold from solutions of minerals in aqua regia. Gold-198 was used as 
radioactive tracer. 

Reqen ts 
EXPERIMENTAL 

Gold-198 in hydrochloricacld was procured from BARC, Trombay. India. Inactive gold solution was prepared by 
dissolving a known amount of spectroscopically pure gold in crqua reqia. evaporating the solution almost 
to dryness to remove mtric acid and dilutmg with dilute hydrochloric acid. All other reagents were of 
analytical grade. 
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destructive method a suitable procedure is needed for the separation of traces of gold from the bulk of 
other materials in the ore. 
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particularly difficult when the mineral contains an appreciable amount of lead. because when the ore solution in 
aqua regia is evaporated to remove nitric acid, lead chloride begins to precipitate and co-precipitates some 
gold. It therefore poses the problem of whether gold can be separated directly from the aqua regia medium. 
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find an easy method of separation of gold from solutions of minerals in aqua regia. Gold-198 was used as 
radioactive tracer. 

Reqen ts 
EXPERIMENTAL 

Gold-198 in hydrochloricacld was procured from BARC, Trombay. India. Inactive gold solution was prepared by 
dissolving a known amount of spectroscopically pure gold in crqua reqia. evaporating the solution almost 
to dryness to remove mtric acid and dilutmg with dilute hydrochloric acid. All other reagents were of 
analytical grade. 
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Procedure 

Separarior7 ofqold by solvent twractlon. Thirty ml of an acid solution contammg known amounts of radioactive 
and Inactive gold were shaken vigorously (z 150 shakes/mm) for 4-5 min with an equal volume of methyl 
isobutyl ketone m a 250 ml separating funnel. The two phases were allowed to separate, and then the 
activity in each was determined. The organic phase was first evaporated and the 19*Au was taken up in very 
dilute hydrochloric acid for counting. 

Co-precrpitarron o/go/d by lead sulphidr. Known amounts of active and Inactive gold solution were taken, to 
which was added the requisite amount of lead nitrate solution. The acidity of the solution was adjusted and 
lead precipitated with hydrogen sulphide and separated by centrifugation. The activity in both the solid and the 
solution was determined. 

RESULTS AND DISCUSSION 

Gold can be extracted in several ways, but for our purposes a solvent such as methyl isobutyl ketone 
(MIBK) which is not easily affected under strong oxidizing conditions seemed most appropriate. Ichinosea has 
found that extraction of gold with MIBK is greatest from a 1 : 3 mixture of 1M nitric and hydrochloric acids. 

The time of shaking was found to be important, but 4-5 min gave complete extraction in a single step. 
Loss of gold during concentration by evaporation has been reported,’ and to avoid this the gold was 
stripped by evaporating the MIBK in contact with very dilute hydrochloric acid. The process was slow but 
there was no significant loss of gold. Lead sulphide has been used before as a co-precipitant.“‘.” Since 
neither lead nor sulphur on neutron capture gives rise to any undesirable radioactivity, we chose lead 
sulphide to co-precipitate gold 

60 

40 

Cur& A:0.0314 N 
B :@I 192 N 
C:0.206BN 
D:02616N 

i0 

Lead sulphlde precwitated. mg 

Fig. 1. Uptake of “‘Au by different amounts of lead sulphide precipitated at different concen- 
trations of hydrochloric acid. 

Figure 1 shows the amount of lead sulphide that is necessary to collect all the gold present in solution 
at different concentrations of acid. It is evident that about 20 mg of lead sulphide are sufficient when the 
acidity of the medium is -O.O3N, and the gold is present in the range 10 -‘-lo-“M. Even when tartaric acid 
IS present in solution to complex antimony, tm, copper, etc., this amount of lead sulphide is sufficient. 

The specific activity of iy8Au was determmed in different amounts of lead sulphide precipitate and found to 
remam unchanged when up to 30 mg were taken. A slight decrease in specific activity with larger 
amounts may be due to self-absorption. It may be concluded that the distribution of gold in the lead 
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sulphide was uniform, hence quantitative collection of the precipitate is unnecessary. Recovery of gold was 
virtually complete (99&100 %) irrespective of the initial concentration of gold (lo- ‘- IO-“‘M). The method is 
very simple and easily adaptable. 
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Summary-An easy method for the recovery of gold from lead-rich minerals has been 
developed. The gold is extracted with methyl isobutyl ketone from an aqua rrgia solution of the 
mineral. then stripped into aqueous medium by evaporating the solvent. and finally co-precipitated 
with lead sulphide. The gold IS uniformly distributed in the lead sulphide. 

. 

Zusammenfassung-Eine einfache Methode zur Gewinnung von Gold aus bleireichen Mineralien 
wurde entwickelt. Das Gold wird mit Methylisobutylketon aus einer Lasung des Minerals in 
Kiinigswasser extrahiert, dann durch Verdampfen des LGsungsmittels wieder ins w3iDrige Medium 
iiberftihrt und schliel3lich zusammen mit Bleisulfid ausgelllt. Das Gold ist gleichtiBig im 
Bleisulfid verteilt. 

R&am&-On a mis au point une mtthode facile pour la recuptration de l’or de mintraux riches 
en plomb. L’or est extrait par la mithylisobutylcetone d’une solution du mineral dans l’eau r&gale. 
puis reextrait en milieu aqueux par Cvaporation du solvant et finalement coprCcipitt avec le sulfure 
de plomb. L’or est reparti uniformkment dans le sulfure de plomb. 
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STUDY OF ION-ASSOCIATION COMPLEXES USED IN 
SPECTROPHOTOMETRIC DETERMINATION OF IRON 

(Received 10 July 1973. Accepted 14 December 1973) 

Spectrophotometric methods based on the formation of the simple chelate complexes of iron(I1) with such 
ligands as 2.2’-bipyrldyl (bp), l,lO-phenanthroline (phen) and 4,7-diphenyl-l.lO-phenanthrohne (bathophen) 
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are well known and widely used.’ The bivalent complex cation can be extracted as an ion-pair with a suitable 
counter-ion. If the anion IS mtensely coloured the extraction procedure may lead to improved spectrophotometric 
sensitivities. 

Knt’iek and Musilova2 used Methyl Orange for the extraction of iron(H) complexes. This has been developed 
for the spectrophotometric determination of iron.3 The purpose of this study was to investigate the effect of the 
components of such system on the absorbance of the resultmg ion-association complex. 

EXPERIMENTAL 

RMJ~IILS 

All reagents used were of analytical grade and were not purified additionally. All reagents were in aqueous 
solution except 4.7-diphenyl-l.lO-phenanthroline which was used in ethanolic solution. 

RESULTS AND DISCUSSION 

The ion-association complexes wtth the ligands bp, phen and bathopen and the anions of Methyl Orange (MO) 
and Benzyl Orange (BO) were studied. 

In all experiments the chelate was formed m the presence of hydroxylamine hydrochloride and acetate 
buffer of pH 5.5. Extractions with chloroform did not differ significantly from those with 1,2-dichloroethane, 
which was used in prehminary experiments.’ At pH 5.5 the basic forms of the indicators MO and BO are 
present at maximal concentration. 

The continuous variatron method ror the chloroform extract at constant (l_O-fold excess relattve to iron) 
concentration of the chelating agent (bp. phen or bathophen) has shown that the complex ion:dye ratio is 1: 2. 
This is similar to other systems of this type. 

An excess of reactants is needed for quantitative reaction. It was found that the greatest excess of MO 
or BO is necessary for the bp complex; with the other systems lower concentrations of the dye suffice (Fig. 1). 

The spectra of the reactants and ion-association complexes have been recorded (Figs. 2 and 3). To eliminate 
the effect of salvation, chloroform was used as the solvent. However, the spectra were almost identical with 
those of the corresponding complexes in water. 

GWB~ M 

Fig. 1. Effect of excess of dye in aqueous solution on the absorbance of the extract. 
1. = 420 nm. Cr,ei, = 1 x lo-‘M; CnSand = 1 x 10T4M. l-Fe(bathophen):+-MO-; 2- 

Fe(phen):+-BO-; 3-Fe(phen):+-MO-; 4-Fe(bp):+-MO-. 

Spectra were also recorded for chloroform solution of the dye-tetramethylammonium ion complexes. For BO 
the spectrum was nearly the same as for aqueous medium but for MO absorption maximum was at 425 nm 
compared with 440 nm for alkaline aqueous solutton. 

The degree of extraction was determined by stripping the complex with an acid aqueous solution to decompose 
both the ion-association complex and the chelate. The absorbance of the dye liberated was taken as the 
measure of the amount of iron extracted since in the absence of the iron(I1) chelate, extraction of the dye is 
negligible. 

The degree of extraction depends on the chelate cation: with bp it is 40x, with phen it is >95% and with 
bathophen it is close to loon,. 

The practical apparent molar absorptivities for the systems studied are: Fe(bp),(MO), = 2.20 x 104; 
Fe(phen),(MO), = 4.83 x 104: Fe(bathophen),(MO), = 6.03 x 104: Fe(phen),(BO), = 5.27 x 104: Fe- 
(bathophen),(BOl, = 569 x IO4 1 mole- ’ .cm-‘. 

These values agree withm expertmental error with values estimated on the basis of reaction stoichiometry, 
absorptivrties of the reactants and of degree extraction. 

For analytical application the most suitable system is Fe(phen),(MO),. The bp chelates, because of low 
extractability. do not offer sufficient sensitivity. For the bathophen chelates. negative errors may occur owing 
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Fig. 2. Absorption spectra in chloroform solution. 
I-Fe(bp),(ClO& ; 2-Fe(phen),(ClO,), ; 3-Fe(bathophen),(CIO,)2 ; 4-(CH,),N(MO); 
5-Fe(bp)JMO)z : 6-Fe(phen),(MO)z : 7-Fe(bathophen),(MO), . C,,,,,, = I x 10-‘M; 

CLh&,< = 3 x IO-sM: C,, = z x 10-5M. 

to extraction of their perchlorate or nitrate complexes at high (lo- ‘M) concentrattons of these ions. BO is equally 
advantageous but more difficult to obtain in pure form. 

These procedures are less selective than the direct phenanthroline method, because Co(H), Ni, Cu(II), Zn 
and Cd which form colourless chelates of similar structure and stability, interfere. giving high results. Therefore 
a preliminary separation of iron by extraction as the iron(II1) chloride or thiocyanate complex is recommended. 

Institute of Fundamental Problems in Chemistyv ADAM HULANICKI 
UniL7rsitv of’ Warsaw, Poland JOLANTA NIENIEWSKA 

0.6 l- 

X. nm 

Fig. 3. Absorption spectra in chloroform solution. 
I-Fe(phen),(ClO&; 2-Fe(bathophen)&lO&: 3-(CH,),N(BO): 4-Fe(phen),(B0)2; 

S-Fe(bathophen),(BO),. CFc(,,, = I x lO-‘M; CEhelrtc = 3 x IO-‘M, C’ao = 2 x IO-‘M. 
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Summary-The following ion-association systems were Investigated spectrophotometrically: 
Fe(2,2’-bipyridyl),(Methyl Orange), ; Fe(l,lO-phenanthroline),(Methyl Orange), ; Fe(4,7- 
diphenyl-l,lO-phenanthroline),(Methyl Orange), ; Fe(l,lO-phenanthroline)s(Benzyl Orange), ; 
Fe(B?-diphenyl- I. IO-phenanthroline),(Benzyl Orangeh The molar absorptivities may be calculated 
with good precision on the basis of the spectra of the reacting species (iron chelate and dye anion), 
their storchiometry and the degree of extraction. Analytically the most useful is the Fe(l.lO- 
phenanthroline),(Methyl Orange), complex. molar absorptrvity 4.83 x IO4 1. mole- ’ .cm- ’ at 
420 nm. but many metals (Co, Cu, Ni, Zn, Cd) form similar extractable complexes and interfere. 

Zusammenfassung-Folgende Ionenassoziat-Systeme wurden spektrophotometrisch untersucht: 
Fe(2,2’-Bipyridyl),(Methyl-orange),; Fe( l,lO-Phenanthrolin),(Methyl-orange),; Fe(4,7-Diphenyl- 
1, 10-phenanthrolin),(Methyl-orange)2; Fe(l,10-Phenanthrolin),(Benzyl-orange)2; Fe(4,7-Di- 
phenyl-l,lO-phenanthrolin)s(Benzyl-orange)z. Ihre molaren Extinktionskoefhzienten kiinnen 
recht genau aus den Spektren der reagierendent Spezies (Eisenchelat und Farbstoff-Anion), der 
Stochiometrie und dem Extraktronsgrad berechnet werden. Den grijoten analyttschen Nutaen hat 
der Komplex Fe( l,lO-Phenanthrolin),(Methyl-orange), mit dem molaren Extinktionskoef- 
fizienten 4,83 x lo4 1. mol- ’ . cm- 1 bei 420 nm, aber viele Metalle (Co, Cu. Ni. Zn, Cd) bilden 
lhnliche extrahierbare Komplexe und storen. 

Resume---Les systbmes d’association ionique suivants ont ttt etudits spectrophotomttriquement: 
Fe(2,2’-bipyridyl), (Methylorange), ; Fe( l,lO-phtnanthroline), (Methylorange),; Fe(4,7-diphenyl 
l.lO-phbnanthroline), (Methylorange),; Fe(l,lO-phbnanthroline), (Benzylorange),; Fe(4,7- 
diphinyl l,lO-phenanthroline), (Benzylorange),. Les coefficients d’absorption molaires peuvent 
itre calcules avec une bonne precision sur la base des spectres es esp&es rbagissantes (chilate de 
fer et anion du colorant), leur stoechiomttrie et le degre d’extraction. Analytiquement, le plus 
utile est le complexe Fe( l,lO-phenanthroline), (Methylorange),, coefficient d’absorption molaire 
4,83 x lo4 1. mole-’ cm-’ a 420 nm, mais de nombreux mttaux (Co, Cu. Ni, Zn, Cd) format es 
complexes extractibles imilaires et interferent. 
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NOTICES 

AMERICAN VACUUM SOCIETY 

SHORT COURSES IN VACUUM SCIENCE AND TECHNOLOGY 

A 4 day basic course in “Vacuum Technology” and seven 1 day special subject courses will be offered in 
conjunction with the 2lst National Symposium of the American Vacuum Society. which will be held at the 
DisneylandHotel.Anaheim, California, on 8-I I October 1974. The basiccourse will cover vacuum technology from 
fundamental theory to state-of-the-art concepts. The 1 day special subject courses will be basic and will cover 
theory, equipment, and applications. The courses to be offered are: Fundamentals of Sputtering Technology; 
Partial Pressure Analysts; Fundamentals of Evaporation Methods; Leak Detection; Freeze Drying; Surface 
Analysis: Microcircuit Thin Film Technology. 

Course outlmes and apphcation forms can be obtamed from Nancy Hammond, American Vacuum Society, 
335 East 45th Street. New York New York 10017. 

THE 1975 PITTSBURGH CONFERENCE 

The 26th Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy will be held at the Cleveland 
Convention Center, Cleveland. Ohio, U.S.A., 3-7 March 1975. Many aspects of the genera1 fields of Analytical 
Chemistry and Spectroscopy will be represented. In addition to the general sessions, symposia are being arranged 
on the following specific topics: 

(1) Coblentz Society Award Symposium 
(2) Spectroscopy Awards Symposium 
(3) Svmnosium on Surface Chemistrv (ASTM E-2) 
(4) Panel Forum and Discusston-Computer Laboratory Systems (ASTM E-31) 
(5) The Impact of Tunable Lasers on Spectroscopy and Chemistry 
(6) Supplemental Fuels from Coal: New Analytical Needs 
(7) Liquid Chromatography-Today and Tomorrow; A Symposium, Pane1 Discussion, and Open Forum 
(8) Field Sampling and Analysis of Atmospheric Contaminants 
(9) The Role of Standards in Accurate Measurements 

(10) Polymer Analysis 
(11) The Science .of Toxicology 

The genera1 papers are riot to be restricted to the symposium topics and discussions of all aspects of Analytical 
Chemistry and Spectroscopy are solicited. It is expected that there will be many contributions in the areas of new 
instrumentation. new and growing techniques (such as plasma chromatography, laser spectroscopy, etc.), general 
pollution problems. analytical problems associated with industrial safety, and many other areas of current 
activity 

Those w~shmg to present papers m the 1975 Pittsburgh Conference Technical Programme should submit 
three copies of a 150-word abstract to: 

Peter M. Castle, Program Chairman 
1975 Pittsburgh Conference 
Bmldmg 401. Room 4A31 
Westinghouse Research Laboratories 
Beulah Road 
Pittsburgh. PA 15235 U.S.A. 

Correspondence regardmg papers should be sent in duplicate to: 
Peter M. Castle. Program Chairman 

at the above address. 
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2. The final date for receipt of title and IDword abstracf is 1 October 1974. Abstracts received after this date 
will not be accepted. 

3. A briefabstract, in triplicate. ofnot more than ISOwords for ux in categorizing sessions must be submitted. The 
abstract should state clearly (a) the ObJective of the research,(b) equipment and procedures used, and(c) typical 
results and conclusions. Use the attached abstract form for the original copy and include two copies on plain 
white paper. Enclose a stamped, self-addressed postcard which wilf be returned to indicate receipt of abstract. 

4. The letter transmitting the title and abstract should contain the following: 
(a) the title of the paper ; 
(b) the names of the author(s), the company(s), or institution(s) in whose laboratory the work was done, and 

the address( If the present address of any author is different, both addresses should be given; 
(c) in the case of multiple authors, the name of the person who will present the paper should be distinctly 

indicated by underlining; 
(d) a srcitentenr~that the paper, or ail material in it, has not been published or presented previously. 

5. Presentation time wiU be limited to 15 min with an additional 5 min altowed for discussion. 
6. Papers should be classified according to subject matter as indicated on the abstract form. 
7. A 35Oword abstract which will be reproduced in booklet form and made available to attendees will be required 

by 15 December 1974. Forms and details concerning this abstract will be sent to authors after acceptance of 
papers. 

8. Slides must be 34 in. x 4 in. (horizontal) or 2 in. x 2 in. and numbered. Legible and meanir@d slides are wry 
important to a paper’s success. Large print and moderation in the use of detail are crucial to a slide’s 
effectiveness. 

ANALYTICAL CHEMISTRY DIVISION, IUPAC 

902 NOTICES 

Fotiowing the eiecti6ns at the XXVII Conference of IUPAC at Munich, Germany in 1973, the composition of the 
Division Committee, responsibte for the administration of the Division, is as follows: 

President: Prof. N. Tanaka (Japan) 
Vice-President: Prof. W. Kemula (Poland) 
Secretary: Mr. R. W. Fennel], Materials Department, Royal Aircraft Establishment, Farnborough. 

Hampshire GU 14 6TD, U.K. 

Members: Prof. D. N. Hume (U.S.A.) 
Prof. H. Kaiser (Germany) 
Prof. I. M. Kolthoff (U.S.A.) 
Prof. 0. Samuelson (Sweden) 
Prof. B. Trimillon (France) 
Prof. T. S. West (U.K.) 
Prof. Yu. A. Zolotov (U.S.S.R.) 

The main work of the Division is performed by its Seven Commissions, and their projects are listed below. 

Commission V.l Analytical Reactions and Reagents 

Chairman: Prof. R. Belcher (U.K.) 
Secretary: Prof. F. Pellerin, HBpital General Emile Roux, F-95600 Eaubonne. France 

Projects: 1.1. Methods of analysis of food additives (CEE Contract) 
1.2. Methods for determination of carbonyl 
1.3. Redox indicators 
1.4. Compleximetric indicators 
1.5. Acid-base indicators for non-aqueous titration 
1.6. Methods for polyphenols 
1.7. Primary standards 
1.8. Calorimetric and fluorimetric determination of steroids 

~(~~~~ss~o~ V.2 Microche~~~ai Techniqtces and Trace Analysis 

Chairman: Dr. 0. G. Koch (Germany) 
Secretary: Dr. M. Pinta, Office de la Recherche scientifique et technique Outre-Mer, 70-74 route d’Aulnay, 

F-93 140 Bondy, France 



NOTICES 903 

Projects: 2.1. 
2.2. 
2.3. 
2.4. 
2.5. 
2.6. 
2.7. 
2.8. 
2.9. 
2.10. 
2.11. 

Study on accuracy and precision of the determmation of metals in organic compounds 
Determmation of C. H and N in organometallic compounds 
Standard reference materials for trace analysis 
Contamination in trace analysis 
Trace analysis of surfaces 
Stability of solutions used as trace analytical standards 
Volatility losses of trace elements in destruction of organic substances 
Applicability of high pressure decomposition in the trace analysis of biological materials 
Analysis of organoboron compounds 
Determination of minor impurities in analytical reagents 
Sensitivities of trace analytical methods 

Coiimiss~on V.3 Analytical Nomenclature 

Chairman: Prof. H. M. N. H. Irving(U.K.) 
Secretary: Dr. H. Zettler. Norddeutsche Affinerie. Postfach 67, Alsterterrasse 2. D-2000 Hamburg 36, German 

Federal Republic 

ProJects: 3.1. 
3.2. 
3.3. 

3.4 
3.5. 
3.6. 
3.1. 
3.8. 
3.9. 

Nomenclature of scales of working 
List of synonyms and trivial names 
Development and publication of methods of analysis 
3.3.1. Spectrophotometric procedures 
3.3.2. Gravimetric procedures 
3.3.3. Ion selective electrode procedures 
Nomenclature of liquid-liquid extraction 
Nomenclature of kinetic methods of analysis 
Nomenclature of ion selective electrodes 
Selectivity index 
Criteria for sensittvity, detection limits, precision and accuracy 
Nomenclature of data processing 

3.10. Compendium of analytical nomenclature 
3.11. Nomenclature of sampling 
3.12. Information storage and retrieval 

Cornmlssior~ V.4. Spectrochem~cal and Other Optwzal Procedures for Analysis 

Chairman: Prof. V. A. Fassel (U.S.A.) 
Secretary: Mr. B. F. Scribner. National Bureau of Standards, U.S. Department of Commerce, Washington DC. 

20234, U.S.A. 

Projects: 4.1. Nomenclature of analytical X-ray spectroscopy 
4.2. Systematic classification of spectromechanical excitation sources 
4.3. Nomenclature of analytical molecular fluorescence spectroscopy 

Cornrnissron c’.5 Electroanalytical Chemistry 

Chairman: Prof. R. G. Bates 
Secretary: Prof. J. F. Coetzee, Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 

51260. U.S.A. 

ProJects: 5.1. 
5.2 
5.3. 
5.4. 
5.5. 
5.6. 
5.7. 
5.8. 
5.9. 
5.10. 
5.11. 
5.12. 
5.13. 
5.14. 
5.15. 
5.16. 

Purification of electrolytes 
Half-wave potentials in dimethylformamide 
Symbols and terminology for electroanalytical techniques 
Pretreatment of solid electrodes 
Conditional diffusion coefficients 
Standard potentials in fused salts 
Purification of background electrolytes 
Diffusion coefficients in mercury 
Sign convention for currents 
Conditional equilibrium constants 
Recommendations on reportmg of electroanalytical data 
Selectivity of ion selective electrodes 
Indicator and reference electrodes in non-aqueous solvents 
Half-wave potentials in propylene carbonate and hexamethylphosphoramide 
Purification of dimethvlformamide 
Apphcation and potentiahties of electroanalyttcal methods in environmental analysis 
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Commission V.6 Equilibrium Data 

Chairman: Prof. G. H. Nancollas (U.S.A.) 
Secretary: Dr. S. Ahrland, Department of Inorganic and Physical Chemistry. Chemical Center, University of 

Lund, POB 740, S-220 07 Lund 7, Sweden 

Projects: 6.1. Stability constants 
6.2. Dis~ibution equilibria 
6.3. Critical surveys 
6.4. Ionic media 
6.5. Information retrieval (data flagging) 
6.6. Symbols for mixed ligand complex constants 
6.7. Solubility data 

Co~i~s~on V.7. Annlyticai ~a~iochern~~y and Nuclear ~afer~a~s 

Chairman: Dr. M. B. A. Crespi (Argentina) 
Secretary: Dr. J. C. White, Analytical Chemistry Division, Oak Ridge National Laboratory, POB X. Oak Ridge. 

Tennessee 37830. U.S.A. 

Projects: 7.1. 
7.2. 
7.3. 

E 
7:6: 
1.7. 
7.8. 
7.9. 
7.10. 
7.11. 
7.12. 

7.13. 

Light element analysis 
Trace analysis reference materials for radiochemical analysis 
Reference materials for uranium analysis 
Analysis of nuclear materials 
Nomenclature for radioanalytical chemistry 
Nuclear methods for analysis of key elements in environmental pollution 
Nuclear methods for analysis of fissile and fertile elements 
Nuclear methods for analysis of molecular compounds in environmental pollution 
Critical compilation of radioanalytical data 
Non-nuclear methods of analysis of fissile and fertile elements 
C~rged-particle-indu~d X-ray Suorescence 
Separations in radioanalytical chemistry 
7.12.1. Ion exchange 
7.12.2. Liquid-liquid extraction 
7.12.3. Precipitation and adsorption 
7.12.4. Miscellaneous 
State of the art of thorium analysts 
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TWO-PHASE TUITION OF ORGANIC AMMONIUM IONS 
WITH LAURYL SULPHATE AND METHYL YELLOW 

AS INDICATOR 

SVEN OLOF JANSSON, ROLF MODIN and G&AN SCHILL 

Department of Analytical Pharmaceutical Chemistry, University of Uppsala. Box 574, S-751 23 
Uppsala, Sweden 

(Receiued 16 May 1973. Revised 22 February 1974. Accepted 1 March 1974) 

Summary-Conditions for determination of quatemary ammonium compounds and amines by 
two-phase titration have been calculated on the basis of extraction constants for the ion-pairs 
between the titrant (lauryl sulphate), the indicator (Methyl Yellow) and the sample. Methods for 
detestation of extraction constants are presented. The precision and selectivity of the method 
are demonstrated by titrations of ammonium ions with diff’t structures and degrees of substitu- 
tion. The results are in agreement with the theoretical calculations. 

Two-phase titration with lauryl sulphate is a frequently used method for the dete~ination 
of cationic surfactants as well as amines and quaternary ammonium ions of pharmaceutical 
interest.lb3 The reverse procedure, i.e., titration of anionic tensides with large quaternary 
ammonium ions also has a wide application.e7 

The publications have in most cases an empirical approach to the method. Han’ gives a 
theoretical treatment of the titration error and Pellerin et ~1.~ have made a systematic study 
of structural factors of importance for the application of the titration procedure. 

The aim of the present paper is to demonstrate how equilibrium constants for the 
reaction between t&rant flauryl sulphate~, sample (organic ammonium ionf and indicator 
can be used in the computation of suitable conditions for the titration. Expressions are 
computed for the relation between titration error, extraction constant, concentration of the 
ammonium ion and pH of the aqueous phase in titrations with Methyl Yellow as indicator. 

THEORY 
The essential process in a two-phase titration of an organic ammonium ion (Q’) with 

fauryl sulphate (X- ) is an ion-pair extraction : 

Q8’, + X& = QX,, 

The quantitative expression for this equilibrium is given by the extraction constant, E,,, 
defined by 

E,x = ~Q~1,,,EQ+1-“~~-1-’ (11 

where [QX],,, denotes the molar concentration of the ion-pair in the organic phase and 
[Q’] and [X-J the concentrations of the ions in the aqueous phase. 

The magnitude of the extraction constant depends on the structure of the ion-pair and 
its components as well as on the properties of the organic phase.’ All ion-pairs have a more 
or less polar character and non-polar solvents such as aIiphatic hydrocarbons or carbon’ 
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tetrachloride give in most cases low degrees of extraction. Chloroform and methylene 
chloride are often suitable as extracting agents, but hydrophilic compounds may require 
more strongly hydrogen-bonding solvents, e.g., lipophilic alcohols. However, alcoholic 
solvents have the disadvantage of being rather unselectiveg-” and extract for instance 
sodium ion-pairs with large anions to a significant degree. 

In a titration procedure based on extraction of QX, the relation between the extraction 
constant, the total concentrations of sample (Co) and titrant (C,) and the concentration of 
the titrant in the aqueous phase (X-) is given by equation (2). It is obtained by combination 
of equation (1) with the definitions for Cx and Co. 

(Cx - w-1) 
EQx = (CQ - c, + [x-])[X-]R 

(2) 

c, = P-l + RLQXI, 
cQ = [Q’l + RCQ%r, 

R = V,,,JV,, where V&s and VW are the.volumes of the organic and aqueous phase 
respectively. 

The equivalence criterion is Cx = Co, but in order to obtain an acceptable result in the 
titration Q’ and X- have to be present almost entirely in the organic layer at the equiva- 
lence point, i.e., the prerequisite Cx >. [X-l has to be fulfilled. Under these conditions, 
equation (2) takes the form 

Wleq = (CQ)“2(EQxR)- 112 

where [X-les is [x-l at the equivalence point. The equation shows that not only the 
concentration and the extraction constant of the sample but also the volume ratio of the 
.phases (R) will have an influence on [X-l,, . 

Indication ofthe end-point 
The end-point of the titration can be indicated by use of a colour indicator that can form 

ion-pairs in the organic phase. Both [Q’] and [X-l will change very rapidly in the vicinity 
of the equivalence point and an indicator which forms an ion-pair either with Q’ or with 
X- can be used. It is usually convenient to use an indicator which forms an ion-pair with 
the titrant, X-, since the extraction constant of the indicator will be independent of the 
properties of the sample. 

If the uncomplexed indicator during the titration is present in the aqueous phase, the 
end-point of the titration is indicated by the transfer of the coloured titrant-indicator 
ion-pair to the organic phase. It is also possible to use an indicator that is present in the 
organic phase both in the uncomplexed form and as an ion-pair, but the two forms must 
then have distinctly different colours. The reaction of such an indicator (In) with the 
titrant (X-) is illustrated by the equation 

Inors + H& + X, = HInX,,, 

From the equilibrium constant of this process, Ei,, the following expression can be 
derived. 

[HInXl,,, 
[W,, 

= E&H + [X-l (4) 
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The equation shows that the colour of the indicator, expressed by the quotient [HInX],,/ 
[In]_., depends on the concentration of the titrant in the aqueous phase ([X-I) and the 
hydrogen ion activity (au+). 

The titration is usually finished at a predetermined value of the quotient [HInX],,,/[In],,, 
(the indicator end-point), and by pH adjustment it is possible to make this end-point 
correspond to different values of [X-l. 

The magnitude of the end-point quotient is also of some importance. A low quotient will 
broaden the range for variation of [X-l and will also decrease the consumption of titrant 
by the indicator. 

The aim of the calculations is to find a pH interval where the indicator end-point is so 
close to the equivalence point that results with suflicient accuracy and precision are 
obtained. 

The first step is a calculation of [X-l,, from equation (3), based on the sample concentra- 
tion and the extraction constant between sample and titrant. [X-l,, is then substituted 
into equation (4) which gives the pH where the indicator end-point coincides with the 
equivalence point. 

It is furthermore necessary to make an estimate of the precision that can be obtained in 
the titration. The error, F, in titration of a cation (Q’) with lauryl sulphate (X-) is given 
by equation (5). 

F = C, - C, = [X-l + R[HInX],,, - [Q’] (5) 

WInXlolg is the concentration of the ion-pair between the indicator and lauryl sulphate at 
the end-point of the titration. The indicator will give rise to a positive systematic error which 
has exactly the same magnitude for all titrations as long as the end-point quotient and the 
total concentration of the indicator are the same. An error of this kind can usually be 
compensated by a blank titration. 

It is assumed in the discussion below that a compensation for the indicator error is made. 
R[HInX], will then disappear from equation (5). The relative titration error, Frci, can then 
be expressed by 

F rcl = WI - [Q’l 
CQ 

(6) 

The titration error will have a minimum when the indicator end-point coincides with 
the equivalence point. Under practical conditions there will always be a deviation : there is 
some uncertainty in the determination of [HInX&/[In],,,, there is often a deviation 
between the calculated pH and that obtained in the solution and there is always some 
uncertainty in E,, and Co which influence the calculated [X-l,, [equation (311. The devia- 
tion, ApX, is defined by 

ApX = PX,,, - PX,, (7) 

or in exponential form 

1X -lend = [x-1,,10-*px (8) 

wle”d is the concentration of the titrant in the aqueous phase at the end-point. 
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The influence of such a deviation on the precision of the titration can be calculated by 
using equation (9). It is obtained from equations (l), (3) and (61, by using the substitutions 

[x-l = [x-lead and [Qxl,,, = Gg’R. 
F re* = (E,,C,R)- “2(10- APX - 10APX) (9) 

This ~~tion.shows that the error of the titration decreases with increasing extraction 
constant and sample concentration and increases with increasing deviation from the 
equivalence point. 

The relation between FCC, and the extraction constant at different sample concentrations 
is summarized in Tabie 1. The calculation of the conditions was made with the assumption 
that R = 1andApX = f0.1. The error in pX will usually not exceed this value if the titra- 
tion is made with photometric end-point determination, as will be discussed below. 

Table 1. Conditions for quantitative titra- 
tions, with photometric end-point deter- 

mination 

- log CQ jog EQX F W‘ 

2.3 2 5.6 SO.01 
26.2 IOJlO5 

3.3 2 6.6 SO*OI 
27.2 SO@05 

CQ = total molar concentration of or- 
ganic a~onium ion at the end-point of 
the titration, taken as being entirely in the 
aqueous phase. 

EQx = extraction constant defined by 
equation (1). 

FIcl = relative titration error defined by 
equation (6) and valid when ApX = &O. 1. 

The table shows that a sample with concentration 10 -2’3M can be titrated with a relative 
error of O-01 ( loA), if its extraction constant is 105’6. When the extraction constant is higher, 
titrations can be made with a higher precision and/or a lower sample concentration can be 
used. 

Selectivity 

The selectivity of the lauryl sulphate titration method can be illustrated by a determina- 
tion of a compound A+ in the presence of a compound B+, both extractable into the 
organic phase as ion-pairs with X-. The equivalence point of the titration is defined in 
equation (10) : 

F-1 + RPXI,,, = [A+1 (10) 

Bf has a dominating influence on the location of the equivalence point when R[BXJ,,, >> 
[X-l. Equation (10) can then be simplified to 

RMlo,, = [A+1 (11) 
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A calculation of [X-l,, can be based on equation (11) and the definitions of I!&, EBx, C, 
and Ca. A combination of these expressions gives: 

G&&-I,$ CA 
1 + &dX-l,,R = 1 + E&X- J,,R 

(12) 

This equation will give a rather complicated expression for [X-l,, but a simplification 
can be achieved by dividing the further discussion into two cases. 

1. BC is titrated to a small degree, i.e., R[BX],,, =z C,. 
2. B’ is almost completely titrated, i.e., [B+] << C,. 
Only case 1 will be discussed in detail, since it is obvious that the titration in case 2 will 

give the sum of A and B with a systematic error that will be directly proportional to the 
total concentration of B. 

The calculation of [X-],, in case 1 is made with the further assumption that C, >> [A’], 
since this is a basic prerequisite for an acceptable titration accuracy. Equation (12) then 
gives : 

Wle, = a ( c,;*xEBx)1’2 03) 

The pH of the titration is calculated by substitution of [X-l,, from equation (13) into 
equation (4). 

The relative titration error, F,,,, for a deviation ApX, from the equivalence point, can 
be calculated according to the principles used above. A combination of equations (11) and 
(13) with an expression for Fre, analogous to equation (6) gives: 

F rel = - lOA@) (14) 

This equation shows that the error of the titration decreases with increasing (C,E,,) and 
increases when (C&,x) increases. 

The relative titration error in case 2 can be derived according to the same principles. 
The following equation is obtained : 

Equation (15) shows, as expected, that good precision can only be obtained when 
CB/CA is low. 

The determination of extraction constants by batch procedures has been discussed in 
detail in several previous publications. 12*13 The limiting factor is the sensitivity of the 
method for determination of the ion-pair and its components. The determination of very 
high constants will also require a specialized technique. 

Extraction constant determination by the titrimetric method given in the experimental 
section has not been previously discussed in a corresponding manner. The constant is 
calculated from equation (2) and the precision in the constant determination will depend 
on the error in the end-point determination, ApX, and the corresponding error in the 
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titrant concentration, ACx (the error in CQ is assumed to be negligible). The error in Cx can 
be estimated from the lauryl sulphate buffer capacity of the system, BL, defined by 

&, = d&/dpX. (16) 

An expression for & can be derived from the combination of the definitions of CQ, C, 
and EQx : 

cx = Ix-1 + E,,&JX-]R(l I- E&X-lR)-’ (17) 

which gives 

_ 2.3 EQxLs[Q+lR 
i G 

When Cx >> p-1, the equation can be given the form 

~~2.3 = - (‘Q --PC, 

+ WI (18) 

(19) 

The buffer capacity is almost constant over the interval Cx = (0.25-0.75fCQ with a 
maximum at Cx = @5cQ. 

EQx is usually cakulated by means of the following simplified form of equation (2), valid 
when Cx >> m-1 : 

IOg EQ, = log Cx - IOg(CQ - Cd - IOg R + pX (20) 

The relative errors in Cx and (CQ - Cx) for the range Cx = (0.25 - OJ5)CQ can be 
calculated from equation (19). The following expression is obtained when ApX = fO45 
and Cx = OSCQ: 

iOg EQ, = log c, f 042 + bg(cQ - Cx) + 0.02 - log R + pX + 0.05 (21) 

Equation (21) shows that the error in log J!?QX is not higher than O-1 units for the Cx range 
given above. It will, however, increase at higher and lower Cx. 

The discussion above has not included the influence of side-reactions, since no such 
processes have been observed during the titration of any of the compounds dealt with in 
this paper. 

It is, however, possible to include the influence of side-reactions (e.g., protolysis in the 
aqueous phase, partition of ion-pair components in uncharged form, dissociation or 
association of the ion-pair in the organic phase) without any change of the general principle 
by use of a conditional extraction constant,’ 

EXPERIMENTAL 

Apparatus 

The photometric determinations were made with a Zeiss PMQ II and a Bausch and Lomb Spcctronic 505 
spectrophotometer. The pH measurements were performed with a Radiometer pH Meter 4 provided with glass 
and calomd electrodes. The titrations were performed in an EEL photometrlc titrator. 

Chemiculs and reagents 

Sodium latcryl s&hate (BDH, specially pore). 
Methyltriethylammoniu~ methybripropylammonium and dimethylprotriptyline. Prepared from the corresponding 

amioes and methyl iodide ln aatone. 
Methyl Yellow (44methyl aminoazobentene, Merck 3055). Recrystallized from diethyl ether-petroleum ether. 
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PH 

3- 

2- 

l- 

Fig 1. pH and sample concentration (Co) for titration of impounds with log Eox 2 60. 
Relative titration error 1 1.0% within the framed area, ~0.5% in the shaded part (equal phase 
volumes). pH and Co of the titration are obtained from the triangular area above the horizontal 
line corresponding to log Eox of the sample. The whole framed area is valid when log EQx > 8.2 
Example. A compound with log Epx = 72 can be titrated with a relative error of < 1% at pH 2-O- 
3.3. For titration at pH 2.0, a sample concentration of 10-2~o-10-3’ZM must be used, while a 

concentration of 10-2~0-10-2’7M can be used at pH 2.5. 

All other ammonium compounds were of pharmacopoeia or analytical grade. Chloroform was of analytical 
grade and saturated with water before use. The buffers were prepared from sodium phosphate and phosphoric 
or sulphuric acid. They had an ionic strength of O-1. 

Titration procedure 

Dissolve 10-4-t0-s mole oftheammonium~lt in 1Oml ofbufferin the titrat~onv~i. Add 2Omf of2 x 10-‘&f 
Methyl Yellow in chloroform. Titrate the mixture (magnetic stirring) with buffered 10-2-10-3M sodium lauryl 
sulphate in a photometric titrator at about 545 nm (filter 605 in the EEL titrator), i.e., close to the absorbance 
maximum of the ion-pair between Methyl Yellow and lauryl sulphate. The first perceptible red &our of the 
organic phase (equivalent to a rise of the absorbance to @12 in the EEL titrator) is used as the end-point of the 
titration. Compensation for the indicator error will not be necessary when the sample concentration is > 10-‘&f. 

The pH of the buffer must be adapted to the extraction constant &ox) and the concentration of the sample 
(Co). When E, > 106“‘, the pH and concentration ranges can be calculated by means of Fig. i which gives 
conditions for titrations with maximum relative errors of 05 and 1.0%. 

When Eo, c 10 6’o, the pH must be more closely adapted to the sample concentration. The calculation of the 
pH can then be made by means of 

pH = 7.15 + OS log Co - 05 log(EoxR) (22) 

The precision that can be obtained is calculated by equation (9), using ApX = rfr[ll, if the deviations from the 
calculated conditions are within the limits ApH = &+05 and A log Co = 20-l. 

The sample and the titrant (lauryl sulphate) are dissolved in buffer solutions of the same composition. Buffers 
prepared from phosphoric acid and sodium dihydrogen phosphate and with an ionic strength of 01 are re- 
commended. 

Two methods are presented: a batch extraction procedure which is generally applicable, and a titration pro- 
cedure which is more rapid but of limited use. 

Borch exrracrion merhod. Known amounts of the organic ammonium ion (Q) and lauryl sulphate (X) are dis- 
solved in 10 ml of buffer, and the solution is extracted with 10 ml of chloroform for 20 mm in a glass-stoppered 
centrifuge tube at 250 + 0.1”. After centrifugation the lower phase is separated by a capillary siphon. 



912 SVEN OLOF JANWN, ROLF MODIN and G&AN SCHILL 

The concentration of the ion-pair in the organic ph8se [OX],, is determined by photometry, compounds with 
low ultraviokt absorbance being determined by the Bromothymol Blue” or the he~~tr~iph~yIamine 
method,” and highly-absorbing compounds by direct photometric measurements. The extraction constant, Eox, 
is calculated from 

EQX = [QW,&, - [QGJ-‘~~, - [QGJ- ’ (23) 

‘Hrrerion mthod. A known amount of the organic ammonium ion is titr8ted with lauryl sulphate as described 
under titration procedure. As discussed above, the constant will be determined with the highest precision in the 
interv8l Cx = (@25-@75)CQ, Le., by titration approximateIy to the “h8RWtre point”. This criterion is fulfili~ by 
compounds with extraction constants of the order 10 3*a-10b’s, when they 8re titrated with Methyl Yellow as 
indk8tor 8t a suit8bk pH in the r8nge 3~2-12. 

Data suffkient for calculation of 8 constant will be obtained by one or at most two titrations if the following 
working order is used. 
1. Titrate at pH 2.2 with Co = 10 -s?W. Cakuktc th8 quotient Cx/CQ. If the quotient is about @25-0.75, no 

further titration is nece8s8ry. 
2. 8. If the quotient is ~025 repeat the titration at phi 3.2 with Co * lO-“*M. 
2. b. If the quotient is >@?5 repe8t the titr8tion 8t pH 1.2 with C, = tO-4.21M. 
The extmction consptant is calculated by equation (2). [x-l at the end-point is obtained by using equation (26). 

Deternttnarkn of indkeror groperties qf Methyl Yellow 

Absorbance rn~~~n~ in 10-s&4 chloroform solutions showed that Methyl Yeflow (basic form) has an 
absorb8nc.e m8ximum at 410nm while its ion-Hair with lauryl sulphate has absorbance maxima at 522 and 
545 nm. 

The mokr 8~~~ dtha im-pir wns detmftitmd by the foliowing procedure. Known soiutions of Methyl 
Yeiiow in cblorofom were quitibrated with 10-3M solutions of sodium lauryl suiphate Jpli 140-240). The 
absorbance of the org8nk plrasa wad determined at the absorbanoe m8xim8 of the ion-pair (522 and 545 nm) and 
the base (410 run). The m88surements were made in the presence of sm8R amounts of the aqueous phase in order 
to prevent quihbrium disphW8ments. 

The molar abso~tivity was cakukted by means of the equation 

s365 = A”’ Cr,,ots -g 
/l 1 

(24) 

c r,,sn is the tot81 conwmation of Methyl Yeitow in the organic piwe and A3*5 and A”’ the measured absor- 
bancea The absorb8nce of the base at above 520 nm and of the ion-pair below 420 nm ~8s negligible. 

The determination ~“ve: Methyl Yellow @as@, e *lo = 2.79 x lo* Lmole-‘.cm-’ ; Methyl Yellow-lauryl 
sulphate (ion-p8irh 6’* = 4% x lo’, P = 495 x lo*. 

The equilibrium const8nt of the naction between lauryl sulphate and Methyl Yellow in a two-phase system 
j’.&,dqu8tion (4)J was demrm&d by the batch extraction method at pH 1.2-2.5. The concentration of the ion-pair 

etermm& at 545 nm, and the conoentr8tion of the base at 410 pm. (X-3 was obtained as the difference 
between Cx and [HZnX&. 

The dCtWtlIitt8tiOtb @Ve &, = I@-“. 

RESULTS AND DISCUSSION 

End$oint indication 

Methyl Yellow has several properties that make it suitable as indicator for ion-pair 
extraction titrations with lauryl sulphate. It-has a high molar absorptivity both as base 
and as ion-pair with lauryl sulphate, and the two forms have distinctly different absorbance 
maxima. It is, furthermore, possible by pH variation to shift the colour change interval of 
the indicator to different [X’]. The relation between the indicator end-point, given by the 
quotient [~rn~~~~[Inl*~~, and the lauryl sulphate concentration at the end-point, w-lead, 
is given in logarithmic form in equation (25)[(cf. equation (4)]. 

PX,,, = log & - PH - log W~~XloJ?nlor, (25) 

The equation shows that a decrease in the quotient [HInX],,&In],,, will increase the 
width of the pX interval that can be achieved by pH variation. 
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It is advisable to use as low an end-point quotient as possible, since the broadening of the 
end-point interval will give opportunities to improve the titration conditions. Studies 
showed that even such a low end-point quotient as lo- 1’45, corresponding to the first 
perceptible colour change of the indicator, could be used to indicate the end-point with 
good precision. By substitution of this end-point quotient and log E;, = 5.70 into equation 
(25) the following expression for pX,,, is obtained : 

pX,,, = 7.15 - pH (26) 

By pH variation it is possible to confine the indicator end-point to the interval pX,,, = 
3-6.1. The upper limit corresponds to pH = 1.0. Titrations at pH < 1 cannot be recom- 
mended owing to the difficulties in determining pH in this range with sufficient precision. 
The ionic strength will also be higher than 0.1, which may necessitate a special determina- 
tion of the extraction constant. The lower limit of the pX,., interval is mainly due to the 
tendency of lauryl sulphate to give emulsions in the aqueous phase when pX < 3. 

The precision in the determination of the end-point quotient [HInX],J[In],,, has a 
considerable influence on the titration error and photometric end-point detection is 
recommended. An illustration of the precision that can be obtained by use of an EEL 
titrator to measure the absorbance of the ion-pair (HInX) is given in the following example. 
A series of samples was titrated according to the titration procedure to an end-point 
absorbance of 0.12 + O-01. Determination of [HInX],,, and [In],,, in the titrated samples 
by a Zeiss photometer gave the following interval for the end-point quotient : 

0.030 < [;;;]org < OWO 
n ore 

(27) 

Substitution of (27) in (25) gives 

PX,,, = log J% - pH + 1.45 k 0.05 (28) 

Table 2. Extraction constants of n-alkylammonium ions (determination by 
the titration method). 

Conditions as given in Table 4 except for constants within brackets where a 
lower Co had to be used, owing to the formation of emulsions. Titrant 

lo-“‘M lauryl sulphate 

Cation PH - log CQ & EQX 

Hexylamine 3.05 3.1 
Octylamine 1.97 3.2 
Dezylamine 1.07 3.3 
Dipropylamine 2.51 3.2 
Dibutylamine 1.92 3.2 
Triethylamine 1.95 3.1 
Tripropylamine 1.07 3.3 
Tetraethylammonium 3.02 3.1 
Tetrapropylammonium 1.74 2.23 
Methyltriethylammonium 3.05 3.1 
Methyltripropylammonium 240 3.2 
Nonyltrimethylammonium 1.07 3.2 

(3.7) 
5.2 
6.9 
(42) 
5.7 
46 

(if,* 
5.5t 

(3.1) 
4.9 
6.6 

l 3.41 by batch extraction. 
t 5.55 by batch extraction. 
i 10-2’oLf titrant. 
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Table 3. Extraction constants of ammonium ions used as drugs (determination by the 
titration method). 

Conditions as given in Table 4. Titrant 10-2~oM lauryl sulphate 

Cation 

Atropine 

Codeine 
Ephedrine 
Lidocaine 
Procaine 
N,N-Dimethylprotriptyline 
N-Hydroxyethylpromethaxine 
N-Methylpromethaxine 
N-Methylscopolamine 

Method PH - log CQ lo&C EQX 

batch extr. 2.4 2.3 5.34 
titration 1.76 2.1 5.4 
titration 1.79 2.1 5.4 
titration 3.15 2.3 3.8 
titration 1.68 2.1 5.4 
titration 1.94 2.1 47 
batch extr. 2.4 3.3-5.6 7.42 
batch extr. 2.4 3.1-3.4 680 
batch extr. 2.4 2.9-3.7 7.01 
batch extr. 2.4 3.2-4.2 360 

which shows that the uncertainty in the photometric end-point corresponds to 0.05 pX 
units. 

Extraction constants 

It is usually much simpler to determine extraction constants by titration than by batch 
extraction, but the use of the titration method is limited by the fact that the end-point must 
be located in the interval pX = 4-6, owing to the properties of the indicator. 

The extraction constants of lauryl sulphate ion-pairs of a number of organic ammonium 
compounds are given in Tables 2 and 3. Most of the constants were determined by the 
titration method. The batch extraction method was used for some of the compounds in 
Table 3, the constants for which were too low or too high to be determined with sufficient 
precision by titration. Controls showed that the two methods give results in good agree- 
ment. 

Recommended conditions for extraction constant determinations by titration are given 
in Table 4. Extraction constants of the order of 10 3’5-1O6’s can be determined with an 
error of 10-l log units when ApX = f O-05, as discussed in the theory section. 

Table 4. Extraction-constant determination by titration 

PH PG* log cQ cdcQ log EQX 

3.2 40 > -2.2 40.25 c3.5 
O-25-0.75 3.5-4.5 

2.2 5.0 > - 3.2 G25-0.75 45-5.5 
1.2 6.0 > -4.2 O-25-0.75 5.5-6.5 

>0.75 z.6.5 

* pX,,,, Calculated by equation (26). 

Extraction constants larger than 106” cannot be determined with good precision by 
the titration method. Good estimations of the constant for n-alkylammonium ions can, 
however, be based on the data in Table 2 and the well-known fact that the addition of one 
CH, group will increase the constant by 0.5-0.6 log units (cf. ref. 13). 
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Lauryl sulphate ion-pairs with alkylammonium ions with different degrees of substitu- 
tion show extraction-constant differences that agree well with earlier observations made 
with picrate and Bromothymol Blue as anions.‘3 

No extraction of lauryl sulphate as the acid or sodium salt was observed. 

Titration conditions 

[X-l at the equivaIence point of a titration depends on the extraction constant and the 
concentration of the sampie, while [X-J at the indicator end-point, depends on pH. The 
adaptation of [X-l,,, to [X-l,, which is made by adapting the pH of the solution to the 
extraction constant and the concentration of the sample, is of fundamental importance for 
the precision of the titration. 

When the extraction constant is high, good precision can be obtained within rather wide 
limits of both sample concentration and pH. The choice of conditions can be based on Fig. 
1. The construction is based on the conditions 

[Q+]/C, < Fzt,; [X-]/Co < FIcl; log Co < -2.0; pH > 1.0 

and negligible errors in E,, and the end-point detection. Figure 1 shows that the con- 
centration ranges that are suitable for titration increase with decreasing PH. It also shows 
that samples with Co < 10 -“‘A4 cannot be titrated with acceptable precision. Titrations 
at pH < 1 are not recommended as discussed earlier. 

The discussion above has dealt only with titrations with photometric end-point detection. 
In visual titrations, the error in the end-point is about 5 times larger, i.e., 0.25 pX units. 
Computations made by using equation (12) show that only compounds with Eox > lo’-10’ 
can be titrated with acceptable precision when the error in the end-point determination is 
of this order. 

Applications 

The titration procedure was tested on a number of organic ammonium ions with different 
degrees of substitution. The main part of the work was concentrated on compounds with 
log E,, < 6.5, since the discussion above has shown that substances with higher extraction 
constants can be titrated with good precision even if the conditions are not optimized. 

Table 5. Titration of organic ammonium ions 

Cation log Eox - log co PH Yield,% C.V. 

Decylamine 6.9 3.32 199 101.3 O-4 
Dibutylamine 5.7 2.32 
Dihexylamine 

.2.95 98.8 0.2 
7.F 3.28 l-60 loo-9 @8 

Tripropylamine 6.6 249 2.57 99.2 0.4 
Tributylamine 8*6* 249 1.57 99-l 04 
T~rapropy~ammonium 5.5 2.32 3-00 loa l-l 
Tetrabutylammonium 7.6* 3.30 1.67 100.2 03 
Nonyltrimethylammonium 6.6 3.32 2.17 100.8 0.5 
Atropine 5.4 2-32 3.15 101.5 1.3 
Codeine 5.3 2.32 3.14 102.6 1.6 
Lidocaine 5-4 2.32 3-13 100.5 Q6 
~.~-Dimethy~protriptyline 7.4 3.06 I.80 99.8 04 
N-Hydroxyetbylpromethazine 6.8 3.03 2.20 99.0 86 
N-Methylpromethazine 7.0 3.09 2.11 98.1 0.6 

* Estimated (c.J ref. 13). 
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The results of the studies are given in Table 5. It comprises ammonium ions from primary 
to quaternary, containing straight-chain alkyl substituents, as well as some ammonium 
compounds of pharmaceutical interest. The substances were titrated under conditions as 
close to the optimum as possible [cf: equation (22)]. 

The precision, given in the table as the coefficient of variation (C.V.), is in agreement with 
the theoretical calculations. 

Long-chain alkylamines have a tendency to give emulsions during the titration, which 
will spoil the observation of the end-point. The disturbance by emulsions decreases with 
decreasing concentrations, but can appear even with 10-3’3M samples. The titrations in 
such cases can be done at a low stirring speed. Short-chain alkylammonium ions have been 
titrated without disturbance even at concentrations of lo-‘M. 

Selectioitp 

The lauryl sulphate titration is particularly suited for quaternary ammonium ions which 
are devoid of other good methods for titrimetric determination. However, it may also find 
use in titrimetric determination of aliphatic amines, as an alternative to the acidimetric 
method, since the two methods have quite different selectivity. The selectivity of the acidi- 
metric method is based on differences in base strength, and it will not give discrimination 
between aliphatic amines which have very similar protonation constants. The two-phase 
titration withlauryl sulphate has a selectivity based on differences in partition properties, 
which are due to the number of alkyl and aryl carbon atoms as well as the number and 
character of the hydrophilic groups.8,‘3,‘6 

The influence of an additive B+ on the titration of A+ can be demonstrated by use of 
equation (14). Substitution of Fre, = 0.01 and ApX = 0.10 gives 

&XC, -= 
EBXCB 

103.4 (29) 

This equation shows that (EAxCA) must be at least 2500 times larger than (EnxC,) in 
order to keep the titration error within 1%. 

The validity of these calculations is illustrated in Table 6 for titration of some organic 
ammonium ions in the presence of cations with lower extraction constants. The experiments 
were performed close to the conditions given by equations (14), (25) and (26), and the results 
lie well within the expected limits for the maximum relative error. 
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Zusammenfrtssung-Die Bedingungen zur Bestimmung quartlrer Ammoniumverbindungen und 
Amine durch Zweiphasentitration wurden berechnet auf Grund von Extraktionskonstanten der 
Ionenpaare, die sich aus Titriermittel (Laurylsulfat). Indikator (Methylgelb) und Probe bilden. 
Methoden zur Bestimmung von Extraktionskonstanten werden angegeben. Die Genauigkeit und 
Selektivitit der Methode werden an Titrationen von Ammoniumionen verschiedener Struktur und 
verschiedenen Substitutionsgrades veranschaulicht. Die Ergebnisse sind in Einklang mit den theor- 
et&hen Berechnungen. 

R&r&-On a calcul6 les conditions de dosage de composes ammoniums quatemaires et d’amines 
par titrage a deux phases sur la base des constantes d’extraction pour les paires d’ions entre l’agent 
de titrage (sulfate de lauryle), l’indicateur (Jaune de Mbthyle) et l’tchantillon. On presente les 
mCthodes de determination des constantes d’extraction. La precision et la selectivite de la methode 
sont dtmonstr&s par des titrages d’ions ammonium de difftrentes structures et degres de substi- 
tution. Les r6sultats sent en accord avec les calculs theoriques. 



CHROMATOGRAPHIC SEPARATION AND 
DETERMINATION OF NOBLE METALS IN 

MATTE-LEACH RESIDUES 

C. POHLANDT and T. W. STEELE 

Analytical Division. National Institute for Metallurgy. Johannesburg. South Africa 

(Rewired I2 Noncrnher 1973. Accepred IO Decernher 1973) 

Summary-The practical application of various chromatographic methods to the analysis of resi- 
dues obtained from the leaching of copper-nickel mattes is described. The procedure involves the 
separation of gold on a TBP-treated Porasil column. the separation of base metals by cation- 
exchange. the separation of tellurium from platinum-group metals, and the separation of the non- 
volatile platinum-group metals on one cellulose column. 

Most metallurgical processes for the recovery of the noble metals involve their con- 
centration by a smelting procedure to produce a matte, which consists essentially of cop- 
per. nickel. iron and sulphur. and which has a noble-metal content of between 1000 and 
3000 ppm. Further concentration of the matte by various leaching processes results in a 
matte-leach residue having a noble-metal content of > l”/o. Because of the economic value 
of these concentrates, the accurate determination of their noble-metal content is impor- 
tant. 

Relatively fast methods for the analysis of matte-leach residues have been developed at 
the National Institute for Metallurgy, South Africa, and are used on a routine basis. These 
methods involve the dissolution of a sample in acid under pressure or by fusion with 
sodium peroxide, and atomic-absorption spectrophotometry (AAS). 

However, it was felt that an alternative method independent of AAS would be useful 
as an umpire method and also when. because of the complexity of a sample, direct AAS 
procedures might give doubtful results. In view of the findings of a recent investigation’ 
it was decided to include the chromatographic separation of gold, rhodium and iridium 
so that all the noble metals could be present in a sufficiently pure state to warrant their 
gravimetric determination. 

It was felt that this approach would result not only in a method independent of AAS 
but also in an assessment of the accuracy and precision of gravimetric methods, which are 
still favoured by some refineries. after separations considerably more involved than those 
proposed in this paper, in the belief that they are much more accurate than direct AAS 
measurement. 

EXPERIMENTAL 

Glass columns with sititered-glass discs or perforated porcelain discs at the bottom were used for the chroma- 
tographic separations. The cation-exchange resin Bio Rad AC-50W-X8 was obtained from Bio Rad Laboratories. 
Richmond. California. and the support material. Porasil C. from Waters Associates. Inc., Framingham. Mass., 
U.S.A. Whntmnn‘s fibrous cellulose CF I I aas used in the preparation of the columns. Platinum. palladium. 

919 
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rhodium. iridium and gold as metals were supplied by Engelhard Ind.. U.S.A. The preparation of standard solu- 
tions of gold, platinum and palladium has been described elsewhere.’ Rhodium and iridium solutions were pre- 
pared by dissolution of the metal in a sealed tube by chlorination.” 

The chemistry involved in the separation of the non-volatile platinum-group metals on a cellulose column, 
as well as column parameters and elution characteristics, have been discussed previously.’ In the following sec- 
tions an account is given of the various stages of the proposed procedure for application to the analysis of matte- 
leach residues. The method* is summarized in Scheme 1. 

0.5 - 1.0 g of sample fused with No2 02 in on alumina crucible 

Melt leached with 10% HCl 

SiOz removed by dehydration and filtration 

Gold separated on TBP - treated - Au eluted with HNOs 

Porasil C column (0.IM HCl as sluent 1 and determined gravimetricolly 

I 
with hydrazine hydrote 

Base metals separated on Eio Rad AG-SOW-X8 (O*lM HCL as eluent) 

Tellurium separated on TBP- treated Porasil C column (10M HCL QS aluent) 

Solutions evaporated and organic matter destroyed - 
OS and Ru 
volatilized 

I 

Separation of platinum-group met& on cellulose column 

t t t 
t Pd Ir Rh 

determined determined determined determined 

grovimetricolly gravimetricolly grovimetricolly gravimetrically 

with with with with 

hydrozine dimethyl - hydrated sodium 

hydrate glyoxime dioxide borohydride 

Scheme I. Separation and gravimetric determination of the noble metals. 

Fusion ofsample. Zirconium crucibles were previously used for fusions with sodium peroxide.’ However, since 
any zircomum dissolved during fusion tends to hydrolyse at the low acid concentrations used in the proposed 
procedure, particularly when left standing, it was decided to use alumina crucibles instead. The alumina crucibles 
were found to be resistant to sodium peroxide attack, and complete dissolution of a sample was readily obtained. 
Before leaching, the crucibles were allowed to cool to avoid breakage. Any aluminium dissolved during fusion 
was conveniently removed during the separation of the base metals on the cation-exchange column. 

Rrmoual of’silica. Silica, usually present in matte-leach residues in amounts up to 40x, has to be removed 
at an early stage in the analysis, because it would otherwise cause difficulties in the analytical procedure. Attempts 
were made to volatilize the silica by treatment of the sample with hydrofluoric acid in the alumina crucible before 
fusion with sodium peroxide. However, this treatment resulted in unsatisfactory fusion, and leaching produced 
an insoluble precipitate consisting mainly of aluminium and iron. 

It was therefore decided to remove the silica by the conventional procedure of dehydration and filtration. It 
was, however, observed that, depending on the type of sample, the silica precipitate was not always free from 
noble metals and had to be treated for their recovery. 

Srpuratian of’yold. Gold was initially separated by precipitation with sodium sulphitc and determined gravi- 
metrically.’ but this method was considered tedious and lacking in precision. Greater advantages were expected 
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if the gold could be separated chromatographicdlly from all the other metals present in a sample and then deter- 
mined by a suitable method. The separation of gold on the ion-exchange resin Amberlite XAD-7 or on a TBP- 
treated Porasil C column was considered. 

Svpcvatiorr o/ qoltl OH SAD-7. The separation of gold from various other metals Amberlite XAD-7 has been 
described bv Fritz et u/..’ who showed that gold is strongly adsorbed from I M hydrochloric acid, whereas base 
metals. pIat_inum. palladium and ruthenium were not adsorbed. Gold was readily recovered by elution with a 
mixture of acetone and hydrochloric acid. 

We conducted further tests with respect to the behaviour of rhodium and iridium, which had not been investi- 
gated by Fritz. The results of these tests (Table I) showed that complete separation of gold from base metals 
and platinum-group metals was obtained and that recoveries were quantitative. 

Separation qfgold 011 TBP-treated Porasil C. Various authors6-* have described the separation of microgram 
amounts of gold by reversed-phase extraction chromatography with TBP as the stationary phase and a mineral 
acid as the eluent. It has been shown that up to 20 mg of gold per g of TBP-treated Porasil C can be separated 
from platinum-group metals and base metals when these are eluted with O.lM hydrochloric acid.* A few further 
tests with mixtures of noble metals and base metals likely to be present in matte-leach residues confirmed that 
complete separation is obtained on a TBP-treated Porasil C column 3 cm long (15 g) and that the recovery of 
the noble metals is quantitative. as shown in Table 1. The gold can be easily eluted from the column with 14M 
nitric acid. 

It was thus ascertained that gold can be separated quantitatively on either XAD-7 or on TBP-treated Porasil 
C. However. in the analysis of matte-leach residues, it became apparent that a smaller amount of acid was needed 
to wash the TBP-treated Porasil C column free from foreign metals. and that the concentration of the eluate 
(0.1,~ hydrochloric acid) allowed direct transfer of the sample solution to the cation-exchange column for the 
separation of base metals. whereas if the gold had been separated on XAD-7 (1 M hydrochloric acid), an evapo- 
ration step would have been necessary. It was therefore decided that the TBP-treated Porasil C column should 
be used for the separation of gold in the analytical scheme for matte-leach residues. 

Silica is removed by dehvdration and filtration. Dissolution of the residue, obtained after evaporation of the 
filtrate, in 0.1 M hydrochloric acid and filtration removed residual silica and probably Ag, Bi and Sb. which can 
precipitate at very low- acid concentration. From published distribution coefficients’ it can be assumed that the 
following species are retained on the cation-exchange column from C-1M hydrochloric acid: Al(III), Zr(IVk 
Th(IV), Ba(II), Ga(I1). Fe(H). Fe(III), Ni(II), Co(H), Mg(I1). Mn(I1). Cu(II), Zn(II), Be(H), Ti(IV), Sn(IV), G&II). 

Cr(II1) and large amounts of Na+ were found to be only partially retained. According to distribution coeffi- 
cients published by Ishimori. ” V MO Sb. Ta. W and As, if present in 10M hydrochloric acid. would be separated 
from the platinum-group metals together with Te on a TBP-treated Porasil C column. It can be further assumed 
that, in addition to Ru and OS. elements such as Se and Hg would be partially or completely lost during the 
evaporation steps or during wet oxidation with perchloric acid.“*” 

In the analysis of matte-leach residues, only chromium was found to accompany the platinum-group metals 
through the entire procedure. Since chromium is not extractable into TBP, it was retained on the cellulose 
column and eluted together with rhodium. However, when rhodium was precipitated as the metal by reduction 
with sodium borohydride. chromium remained in solution and did not interfere in the gravimetric determination 
of rhodium. 

Table I. Separation of gold from platinum-group metals on XAD-7 or TBP-treated Porasil C 

Method 

Au Pt Pd Rh Ir 
Added. Found. Added Found, Added, Found. Added, Found. Added, Found, 

rng rng “%7 mg mg mg nig mg 1~ mg 

XAD-7 Base metals 9.7 969 53.6 53.4 25.2 25.4 9.92 9.92 2.52 2.52 
absent 
Base metals 10.0 IO.2 50.3 ‘- 30.3 - 10.0 - 2.5 - 
present 

TBP-Porasil Base metals 10.0 10.0 536 53.6 25.2 26.2 9.92 9.92 2.52 2.80 
absent 
Base metals IO.0 I@2 50.3 - 30.3 - 10.0 - 2.5 - 
present 

Not determinrd. 
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Separation oftellurium 

Sii tellurium, usually present in a matte-leach residue, is not retained on the cation-exchange column under 
the experimental conditions described, it was considered a possible interference in the gravimetric determination 
of rhodium and iridium. Moreover, it had been observed previously I3 that tellurium can seriously interfere in 
the determination of platinum if the ratio of tellurium to platinum exceeds I : 45. 

It was therefore decided to investigate the separation of tellurium from platinum-group metals by reversed- 
phase extraction chromatography with tri-n-butyl. phosphate (TBP) as the stationary phase and hydrochloric 
acid as the eluent. The system TBP-HCl has been widely investigated with respect to the behaviour of the noble 
metals, and of tellurium and selenium. W” Although the separation of tellurium and platinum-group metals 
had not been attempted, it appeared from published distribution coe@icients*.‘O that it would be possible to 
separate them at hydrochloric acid concentrations of more than IOM. To confirm this prediction, the behaviour 
of tellurium and the platinum-group metals on a TBP-treated Porasil C column with IOM hydrochloric acid 
as the eluent was it$vesti@ted. 

Sodium chlorate was a&&d to the sample solutions in a few experiments to show whether the presence of 
an oxidizing agent would affect the separation. On columns 5 cm long and I.2 cm wide (approximately 3 g of 
TBP-treated PorasilX tellurium was found to be retained as a narrow yellow band, while the platinum-group 
metals were eluted with approximately 50 ml of IOM hydrochloric acid. The results in Table 2 show that. within 
the limits of experimental error for the methods of’determination, complete separation was obtained. The plati- 
num-group metals were determined by AAS, and tellurium, after elution with hydrochloric acid of concentration 
less than 2M. was determined gravimetrically by prbcipitation with hydrazine hydrate. 

It can also be seen in Table 2 that the presence of sodium chlorate did not affect the separation and that rhe 
recoveries were quantitative. 

Sepuratiori c$plutirium. pulludium. iridium trud rhodium ou ow columrf 

It has been shown previously’ that rhodium and iridium are not separated on a cellulose column when eluted 
with TBP. In the present investigation, the separation scheme was extended to include the separation of the two 
metals to facilitate their respective gravimetric determination (see Scheme 2). 

Payne’* has described a semi-chromatographic separation of iridium from rhodium by first extracting the iri- 
dium with an oxidizing solution (a mixture of methyl isobutylketone. hydrochloric acid and sodium chlorate) 
and then passing the organic extracts containing the iridium through a cellulose column. An attempt was made 
to modify Payne’s method by oxidizing the iridium directly on the column to its mobile quadrivalent state and 
to elute it with TBP-toluene mixture (rather than with methyl isobutylketone as in Payne’s method) from the 
rhodium. After. elution of the platinum and palladium, 1CL I5 ml of an oxidizing solution consisting of chlorine 
dissolved in TBP and toluene was allowed to penetrate the column bed. After 5 min, elution was continued with 
the TBP-toluene without the oxidant. Under these conditions the brown. oxidized iridium band moved slightly 
ahead ofa very broad yellow chlorine band while rhodium remained unaffected in the upper part of the column. 
Rhodium was next eluted with water. and the iridium was stripped from the organic eluate with water. That 
the proposed procedure is quantitative can be seen from the mean amounts recovered when twelve synthetically 
prepared sample solutions containing gold, platinum, palladium. rhodium and iridium were analyscd (Table 5). 

Determination of the noble metals 

The precipitation of platinum and palladium with hydrazine hydrate and dimethylglyoxime respectively has 
been described previously.‘3 The separation of rhodium from small amounts of iridium by the selective reduction 
of the former with sodium borohydride has been reported by McKay. I9 Since, however, the subsequent precipi- 
tation of iridium proved to be difficult, the two metals were first separated chromatographically as described 
earlier. Rhodium was then precipitated with sodium borohydride according to McKay’s method, and iridium 
was precipitated as the hydrated dioxide as described by Beamish. Lo An indication of the accuracy obtainable 
for comparatively small amounts of rhodium and iridium is given in Table 3. 

Table 2. Separation of tellurium from platinum group metals 

NaCIO, Te Pt Pd Rh Ir 
added, Added, Found, Added, Found, Added, Found, Added, Found, Added, Found, 

mg mg my W my mg nty mg W 111g mg 

50 1.0 1.2 9.95 IO.02 - - - - - - 
50 5.0 4.8 9.95 9.92 5.0 5.08 3.60 3.55 I.0 1.1 
50 5.0 4.9 9.95 10.02 5.0 5.12 - - 
Nil 5.0 5.1 9.95 990 5.0 5.05 - - - - 

-Not determined. 
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Pt. Pd, Rh, Ir in 5 M hydrochloric acid 

Solution transferred to column 

t 
Elution with TBP - tdluene (1:l) 

t 
Discarded 1 ~a. 50 ml 

1 
Pi - 30-60 ml 

i 
Pd 4 75-125 ml 

1 
Addition of approx. 15 ml of oxidizing solution (chlorine in TBP - toluene 1 

lr * 

t 
Elution with TBP - toluene (1:l) 

1 
co. 50 ml 

+ 
Elution with water 

Rh - 
t 

co. 50 ml 

Scheme 2. Separation of platinum-group metals on cellulose. 

Gold in the presence of a small amount of nitric acid was successfully precipitated with hydrazine hydrate, 
and some of the results are shown in Table 4. 

Provided that in the determination of rhodium. iridium and gold, use is made of small porcelain crucibles 
having porous bottoms and a constant weight under the experimental conditions, relatively accurate results can 
be obtained for amounts of metal larger than 2 mg. 

RESULTS 

The precision obtainable with the proposed analytical procedure was tested by the 
analysis of twelve synthetically prepared samples containing platinum, palladium, rho- 
dium, iridium, and gold in the amounts shown in Table 5. The results obtained for rho- 
dium, iridium and gold show that the difference between the mean amounts recovered and 
the amounts added is well within the expected precision of the analytical procedure. Plati- 
num and palladium were not determined in this analysis. 

Table 3. Accuracy obtainable with mg amounts of Rh and Ir 

Added. 
my 

Rhodium Iridium 
Found. Difference, Added, Found, Difference, 

my nrg mg W mg 

I.0 1.25 + 0.25 1.0 1.24 +024 
I .o I .24 + 0.24 1.0 1.32 + 0.32 
2.0 2.10 f0.10 2.0 2.08 + 008 
2.0 2.14 +0.14 2.0 1.99 -0.01 
2.0 2.10 +0.10 2.0 2.04 + 0.04 
3.0 3.08 + 0.08 3.0 3.11 +0.11 
3.0 2.96 - 0.04 3.0 3.05 + 0.05 
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Table 4. Gravimetric determination of gold with hydrazine hydrate 

Au added. 
mg 

Au found 
‘rig 

Difference. 
in9 

6.06 6.08 + DO2 
7.07 7.14 + 0*07 
8.08 8.13 + 0.05 

IO.10 1009 -0.01 

Table 5. Analysis of synthetic samples 

Element 

Mean amount 
Amount added, recovered, Difference. Coeff. of variation, 

me mg mg 
0, 
,‘O 

Gold 
Platinum 
Palladium 
Rhodium 
Iridium 

10.10 LO.09 -@Ol I.2 (1.01 
49.55 49.20 -0.35 1.3 
54.56 54.21 -035 0.5 
40 4.04 + 0.04 I .47 (0.91 
2.0 2.05 + 0.05 2.49 12.81 

Table 6. The determination of noble metals in matte-leach residues 
1 

Sample 
i 

Au. Pt. ’ Pd, Rh, Ir, 
No. % “,’ II i I> , 0 i /O i 0 ‘0 /O 

Proposed procedure 1.47 18.4, 7.84 0.86 0.29 
1 AAS 1.35 18.1, 8.06 0.81 0.19 

Proposed procedure I.52 18.1, 7.67 0+3.S 0.27 
2 AAS 1.28 18.2, 7.82 @82 0.19 

Independent lab. 1.51 18.6, 7.91 0.87 0.23 
Proposed procedure I.10 14.06 5.73 0.61 0.21 

3 AAS 1.16 14.2, 5.97 0.61 0.18 
Independent lab. I.15 14.5, 589 0.62 0.20 

The coefficients of variation given in brackets in Table 5 were obtained previously8 by 
the proposed procedure, but with an atomic-absorption finish, instead of gravimetry. 
The difference in the coefficients of variation for rhodium is probably due to AAS 
analysis being applied to a rhodium level of 10 mg, instead of 4 mg. 

The proposed procedure was also applied to the analysis of samples of matte-leach resi- 
dues. The results obtained are shown in Table 6 and can be compared with those obtained 
when the noble metals were determined in the presence of one another by AAS, and with 
results obtained by an independent laboratory. 

CONCLUSION 

It has been shown that the noble metals can be separated by a simple chromatographic 
procedure in a sufficiently pure state to permit gravimetric determination with a relatively 
high degree of accuracy and precision. However. because of the absence of any interfering 
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elements after the ~hromatographic separation, the same degree of accuracy and precision 
can be obtained when the metals are subsequently determined by AAS. Moreover, this 
work has shown that, while accurate results have been obtained with the proposed pro- 
cedure, they are not outstandingly more accurate than those obtained by the much faster 
method of direct AAS measurement. 

The proposed procedure, nevertheless, is very useful as an umpire method when an 
analysis independent of AAS is required. and also when, because of the complexity of a 
sample. or because of unsuspected interferences, the more direct AAS procedure may give 
doubtful results. 
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Johannesburg. for permission to publish the work described in this paper. 
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Zusammenfassung-Die praktische Anwendung verschiedener chromatographischer Methoden 
auf die Analyse von Riickstanden aus der Auslaugung von Kupfer-Nickel-Stein wird beschrieben. 
Gold wird dabei an einer TBP-~handelten Porasildule abgetrennt, die unedlen Metalle durch 
Kationenaustausch; Tellur wird voa den Metallen der Platingruppe und die nichtfltichtigen Metalle 
der Platingruppe werden voneinander auf einer CelluIoses&ule getrennt. 

R&sum&-On decrit I’application pratique de diverses methodes chromatographiques ii l’analyse 
de residus obtenus A partir de Epuisement de mattes cuivre-nickel. La technique comprend Ia 
separation de l’or sur une colonne de Porasil traitee au TBP, la separation des mttaux basiques 
par echange de cations. la separation du tellurium des mitaux du groupe du platine, et la sepa- 
ration des metaux du groupe du piatine non volatils sur une colonne de cellulose. 
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Summary-The factors influencing the separation of monosubstituted phenols on silicone oi1, 
poly(ethylene glycol) (I 500), Apiezon L + Bentone 34, squalane. Versamide and diethylhexyl seba- 
cate are discussed. Specific retention volumes, height equivalent to a theoretical plate and thermo- 
dynamic quantitiesare reported. Diethylhexyl sebacate and Versamide are selective for quantitative 
separation of all the isomers studied. 

Methods of separation and characterization of phenols, chlorophenols, and cresols have 
already been reported. I-’ Smith and Norman7 suggested gas chromatographic conditions 
for the analysis of seven groups of isomeric monosubstitut~d phenols. They discussed the 
effect of the ortho-substituent on retention times, but nothing was proposed for the frreta and 
pan isomers. Hrivnak et a/.8 studied the gas chromatographic behaviour of nitrophenols 
on polyester and silicone columns. Ress and Higginbotham’ demonstrated the use of a 
variety of polar substrates containing phosphoric acid for the electron-~pture gas-chroma- 
tographic analysis of free chlorophenols. 

Most of the work reported did not discuss the interactions involved, but a discussion 
of the efficiencies of some systems was given. However, quantitative separations for the 
isomers dealt with in this study have not previously been reported. 

EXPERIMENTAL 

A Perkin-Elmer Model 451 Fractometer equipped with a thermistor-type thermal conductivity detector was 
used. The recorder was a 2.5 mV Honeywell Brown Electronic Unit. Nitrogen was used as the carrier gas. The 
average column temperature was controlled to within kO.2’. 

These were obtained. from Perkin-Elmer. U.K., in the form of stainless-steel tubing (2 m long and 6 mm o.d.) 
bent into a U-shape and covered with asbestos sleeves (to ensure uniform heating). The packing specifications 
of all the columns used and the chemical compositions of the liquid phases are shown in Table 1. 

Pure o- and rrr-chlorophenol, o- and p-bromophenoL o-iodophenol, o-, m- and p-cresols and methoxyphenols 
were ohtained from B.D.H. Ltd. Pure o-, m- and p-fluorophenol, ,n-bromophenol and p-iodophenol were 
obtained from Hopkin and Williams Ltd. 

Equal weights of the isomers were blended in a 3 ml cylindrical Pyrex glass cell. Sample sizes ranged from 
O-6 to I! jtl for liquid isomers and from I to 4 pl of 107; w/w solution in acetone for solid isomers. The injections 
were done with a 10 pl Hamilton syringe. 

927 
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Table 1. Packing specifications of the columns* 

Density Weight of 
Molecular at 20”. Loading, liquid Operatin Solid 

Stationary phase weight g/ml “/‘, wjw phase. $1 temp., -C support 

Poly(ethyleneglycol), (PEG) 15 x !03 1.152 20 340 225 Chromosorb P 
Silicone oil MS 200/50 (SO) - 0.971 20 3.40 60-80 200 Chromosorb P 
Apiezon L + Bentone 34 - - 10 + 10 1.814 80-100 250 Chromosorb W 

(APL + 34) 
2,6,10,15,19,23-Hexamethyl- 4225 0829 20 3.40 60-80 160 Chromosorb P 

tetracosane (~uaIane) (SQ) 
Versamide (VS) - - 2 0191 8&100 250 Chromosorb W 

AW-DMCS 
Diethylhexyl sebacate 426.6 - 20 340 60-80 175 Chromosorb P 

(Ectoil S) (DEHS) 

* Information from Perk&Elmer Ltd., Beaconsfield Bucks. Great Britain. 

RESULTS 

The optimum flow-rate for the carrier gas was found to be 25 ml.‘min at NTP except 
for DEHS (45 m~/min). Each injection for an individual isomer or mixture of isomers was 
repeated at least twice and the results were found to be reproducible. 

The specific retention volumes, Vi, were calculated according to the method of Little- 
wood et al.” The retention volume for the air peak was taken as zero. Specific retention 
volumes for halophenols, cresols and methoxyphenols at different column temperatures 
are listed in Table 2. 

The number of theoretical plates, n, separation factor, Q, height equivalent to a theoreti- 
cal plate, HETP, electron polarizabilites per unit volume, ~1, dipole moment. DM, activity 
coefficients at infinite dilution, y’$, the partial molar excess free energy, AR. partial molar 
excess entropy, AR, and partiaf molar excess enthalpy dHz of mixing at infinite dilution 
were calculated according to the methods used in previous work.’ ’ Tables 3-6 give these 

Table 2. Specific retention voiumes (mi/g) for monosubstituted phenols 

Isomer 
(SO) (PEG) (APL + 34) (SQ) (VS) (DEHS) 

150” 168” 185” 150” 168” 185” 150” 168” 185” 130” 150” 168” 185: i 68’ 

o-cresol 76 49 34 I4 II 8 47 23 18 
m- 88 51 36 20 13 9 64 28 20 
P- 88 51 36 20 13 9 64 28 20 

o-methoxyphenol 99 47 43 15 IO 4 47 26 18 
m- 174 76 73 54 31 12 96 74 43 
P- 174 76 73 54 31 12 96 74 43 

o-chlorophenol 60 42 29 9 8 5 34 17 14 
m- 159 96 60 38 24 14 128 49 35 
P- 159 96 60 38 24 14 128 49 35 

o-bromophenol 89 50 41 13 10 8 49 28 18 
m- 245 106 89 53 34 22 200 106 62 
P- 245 106 89 53 34 22 200 106 62 

~~uorophenoi 30 19 17 8 6 5 23 14 II 
m- 57 30 26 15 11 9 52 25 17 
P- 57 30 26 I5 11 9 52 25 17 

o-iodophenol 162 106 68 22 I5 fl 75 46 31 
P- 442 248 150 121 78 54 227 189 106 

306 190 420 280 
453 234 574 364 
453 234 561 364 

230 116 308 224 
230 97 1883 1219 
230 97 1646 1093 

183 81 
1785 733 
1785 733 

307 123 
Not eluted 
Not eluted 

98 55 
432 202 
410 202 

433 321 
Not eluted 

293 196 
2004 813 
1976 784 

462 322 
3266 1793 
2943 1793 

196 168 
659 449 
532 778 

1046 674 
6938 3980 

364 
507 
471 

307 
1301 
1253 

203 
1303 
1256 

343 
Not eluted 
Not eluted 

121 
441 
385 

607 
Not &ted 
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Table 3. Number of theoretical plates. II. separation factor. 1. and height equivalent to a theoretical plate, HETP, 
for monosubstituted phenols on different liquid phases at 168°C 

SO PEG APL + 34 vs DEHS 
isomer II HETP x n HETP z II HETP a II HETP OL n HETP CI 

o-cresol 

a,- 

P- 

o-mcthoxyphenol 

a,- 

/‘- 

o-chlorophenol 

P- 

,?,- 

o-bromophenol 

P- 

,11- 

o-tluorophenol 

P- 

I,,- 

o-iodophrnol 

r- 

1600 0,125 196 I.020 225 0.888 I44 1.388 2254 0.089 
I .03 I.21 I.20 1.33 1.29 

1707 0.117 94 2,127 106 I.886 212 I.945 984 0.203 
I .oo 1 .oo l+.Kl I .02 1.10 

1707 0,117 94 2,127 106 1.886 222 0.899 562 0.356 

2079 0.096 55 3.636 128 I.562 310 0645 1469 0.136 
I .63 3.15 2.81 5.34 4.08 

1143 @I74 121 I.652 455 0.439 1181 0.169 2634 0.055 
I .OO I.00 1~00 I.14 1.03 

1143 0,174 121 I.652 455 0.439 2053 0.079 3785 0.053 

1665 0,120 100 2+)00 121 I.652 784 0.255 2187 O+l91 
2.29 3.00 291 6.73 6.20 

2290 @088 41 4878 31 6.451 1414 0141 2473 0.081 
1 .oo I.00 1.00 1.01 1.03 

2290 0.088 41 4.878 31 6.451 1454 0.137 2728 0.054 

1661 0.120 55 3.636 144 1.388 697 0.286 1835 0.109 
2.11 3.46 3.83 6.36 - 

1849 0.108 52 3.846 30 6.666 183 1.094 Not eluted 
1.00 1 .oo 1.00 1.10 

1849 0.108 52 3.846 30 6666 277 0.722 Not eluted 

‘-116 0.094 114 1.754 324 0617 256 0.781 458 0.436 
I.56 1.87 I .78 2.71 3.17 

1294 0,154 56 3,571 114 I.754 I38 I.451 3341 0.060 
1 .oo 1QO 1.00 I ,23 1.14 

1294 0.154 56 3,571 1 I4 1.754 180 1.109 3975 0.050 

1575 0.1’7 53 3.773 73 2,739 411 0.486 1711 0.117 
2.35 5.20 4.10 6.63 - 

1044 0,191 141 I.411 72 2.777 425 @470 Not eluted 

Table 4. Some physical constants of monosubstituted phenols 

Isomer 
b.p.. Refr. T, E.P. D.M. 

c index ‘C 10-26 c$ D&ye 

o-chlorophenol 
,11- 

P- 

o-bromophenol 
a,- 

I’- 

o-fluorophenol 
a,- 

P- 

o-iodophenol 

I’- 

o-cresol 
I,,- 

/‘- 

o-methoxyphenol 
a,- 

/‘- 

152 
178 
185 

175.6 
214 
217 

194 
236.5 
238 

186 
d. 

191.5 
202.8 
202.5 

205 
244.3 
243 

1.5473 
1.5565 
I.5579 

I.5643 
1.5751 
I.5790 

I .4998 
1.5007 
1.5020 

- 
- 

1.5453 
1.5398 
I.5395 

I.5255 
1.5340 
I .5370 

40 
40 
40 

66 
66 
66 

50 
50 
50 

20 
20 
20 

57 
57 
57 

12.5883 
12.7632 
12.7697 

129105 
13.1130 
13.1858 

11.1625 
11.6834 
11.7091 

- 
- 

12.5501 
124448 
12.4390 

12.1689 
12.3333 
12.3910 

1.519 
2.625 
3.030 

1.508 
2607 
3.010 

1.469 
2.537 
2.930 

1.426 
2.850 

1.496 
1.403 
1.080 

2.383 
1.381 
0.150 
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Table 5. Vapour pressures and activity coefficients at various temperatures 

Vapour pressure, mmHg 

Activity coefficient 
yi (on PEG) 

Activity coefficient 
Y; (on SQ) 

Cresols Chlorophenols 
Temperature, 

‘C ortho metu ptWl1 OldlO lllrtcl puru 

130 96.61 68.39 62.66 192.8 59.57 43.65 
150 218.8 151.4 138 400 123 100 
168 389 280 275 660.7 223 178 
185 631 473.2 446.7 984 3548 317 

150 3.63 3.71 4.06 3.16 2.40 2.96 
168 2.79 3.10 3.20 227 2.12 2.60 
185 2.38 2.67 2.82 2.20 2.24 2.54 

130 1.36 1.30 1.42 1.14 0.38 0.53 
150 0.96 1.13 1.24 1.24 0.45 0.55 

Table 6. Thermodynamic data for cresols and chlorophenols on different phases 

Thermodynamic data 

cresols chlorophenols 

A$ AR 
Stationary Temp. AQ A& cal.mole- ’ AQ A@ cal.mole-!. 

Phase Isomer “C cul .n101r- ' kcal. mole- ’ dug-’ cal.mole-’ kcal mole- ’ deg-’ 

PEG ortho 150 1078 
168 872 
185 784 

tneta 150 1094 
168 986 
185 889 

para 150 1172 
168 1014 
185 938 

SQ ortho 130 247 
150 31 

meta 130 209 
150 102 

para 130 279 
150 180 

962 
4.75 8.75 721 5.91 11.7 

710 
732 

2.28 2.93 647 1.74 2.48 
730 
908 

3.82 6.37 833 1.36 1.19 
841 
104 

4.94 11.7 180 - 2.24 -573 
-776 

140 3.07 -676 - 3.62 - 6.96 
- 528 

1.31 2.66 - 502 - 1.86 - 3.22 

parameters and some important physical constants for the isomers studied. The o-halo- 
phenols, cresols and methoxyphenols were best resolved on DEHS. and less well by VS, 
SQ, SO, PEG and (APL + 34) (in order of decreasing efficiency). The corresponding p- 
and m-isomers were not resolved. 

DISCUSSION 

The order of elution of the isomers of cresols. halophenols and methoxyphenols was o-. 
p- and m-. The o-isomers were well resolved from the m- and p-isomers and had the small- 
est retention volumes. This is mainly due to the “ortho effect” of steric and intramolecular 
hydrogen bonding that minimizes the occurrence of the intermolecular hydrogen bonding 
observed with the WI- and p-isomers. 
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The consistently higher retention of the rtl-halophenols compared with that of the p- 
halophenols does not accord with the activity coefficients. This may be due to an intramo- 
lecular electronic effect, e.y., by resonance-induced electron transfer to one of the ring sub- 
stituents when it is under the influence of a solvent dipole. For cresols and methoxyphenols 
the longer retention of the rn-isomers correlates with their higher dipole moments (as seen 
in Tables 2 and 3). 

The most selective liquid phase for separation and quantitative determination is DEHS 
(followed by VS) as can be seen in Tables 2 and 3. This is explained by the solute-solvent 
interaction due to hydrogen bonding which can exist in more than one position. The 
straight line obtained by plotting log l’; for some of the isomers on DEHS against log !‘X 
for the same isomers on VS showed that similar interactions occur between the isomers 
and the two liquid phases.” 

SO, AP + 34, SQ and PEG did not resolve the 1~ and p-isomers. The overlap of m- 
and p-isomers on the first three liquid phases is due to the fact that these liquid phases 
are non-polar, and do not polarize the two isomers sufficiently to permit adequate resolu- 
tion. Furthermore the isomers have closely similar vapour pressures. In PEG, the solvent- 
solvent I3 and solute-solute interactions play a greater role than solute-solvent interaction, 
and this together with the high density of this liquid phase causes complete overlap of the 
two isomers. 

Escess pwtial quantities 

In PEG, the potential energies of interaction between two solvents and two solute mole- 
cules (WI , and W12) are greater than that of solute-solvent molecular interaction (WI 2). 
This will result in higher values of AR, and hence higher values of Ae and yq and positive 
deviation from Raoult’s law according to the equation: 

AR = Z (+W1, + $W,, - W,J 

In SQ. the solvent-solvent interaction is very weak and lower than in PEG, while there 
is a little solute-solvent interaction, that is dipole-induced dipole interaction; moreover, 
SQ contains 6 branching methyl groups in its structure, so Ae and yp would be expected 
to be lower than in PEG (as seen in Tables 5 and 6). 

The values of Ae for chlorophenol-PEG systems are lower than those for cresol-PEG 
systems at the same temperature (as shown in Table 6). The interaction of the former pair 
is stronger than that of the latter. This can be explained by the fact that the former pair 
forms donor-acceptor systems, which the cresols cannot do since the solute and solvent 
both contain electron-donating groups, (CH,) and (OH) respectively. Dipole moments of 
cresols are lower than those of chlorophenols. 

These results are in good agreement with those cited by Langer and Purnell12 for the 
increase of Ae on pass&g from electron-withdrawing substituted aromatic solutes to 
those with electron-donating groups. 

.4(~k~lo~~lrtlgcrIlolr’sThe authors are grateful to Dr. Sabri M. Farroha for his interest and helpful discussion, 
and to the Head of the Chemistry Department. College of Science. and to the University of Baghdad for provid- 
ing every facility to accomplish this work. 

REFERENCES 

1. C. Karr. Jr.. P. M. Brown, P. A. Estep. and G. L. Humphrey, Anal. Chern., 1958, 30, 1413. 
2. J. KolSek and M. Mat%?. J. Cltrornorog.. 1963. 12. 305. 



932 ALBERTISE E. HABROCSH and AWNI M. A.WRIS 

3. J. A. Barry, R. C. Vasishth and F. J. Shelton. clrml. Chrru.. 1962. 34, 1967. 
4. R. H. KollofT. L. J. B. Breuklander and L. B. Barkley. hid.. 1963.35, 1651. 
5.’ S. Goren-Strul, H. F. W. Kleijn and A. E. Mostaert. .&rul. C/h. Acru. 1966. 34. 322. 
6. M. M. Anwar, C. Hanson and M. W. T. Pratt, J. Cltrornaroy.. 1969.46, 200. 
7. J. R. Smith, R. 0. C. Norman and G. K. Radda, J. Gus Chrontaroy.. 1964.2, 146. 
8. J. Hrivnak, L. Barnoky and E. Beska. J. Chrornufoy.. 1969.44. 437. 
9. J. Ress and G. R. Higginbotham ibid.. 197!,47,474. 

10. A. B. Littlewood C. S. G. Phillips and D. T: Price. J. C/rem. Sot.. 1955. 1480. 
11. A. E. Habboush and A. H. Tameesh. J. Chrornuro~r., 1970.53, 143. 
12 S. H. &-anger and J. H. Purnell, J. Pltys. Chern., 1963. 67, 263. 
13. A. E. Habboush and A. H. Tameesh, J. Chrortmtog.. 1970,53,151. 

14. B. L. Karger. Y. Elmehrik and R. L. Stern. ,4rm/. Clrenr.. 1968. 40. 1227. 
15. R. R. Dreisbach. Physical Proper&s of’ Chernicd Compounds. Vol. 1. American Chemical Society. Wash- 

ington. D.C.. 1955. 

Zusammenfamung-Die Faktoren werden diskutiert. die EinfluS auf die Trennung monosubsti- 
tuierter Phewle an SiliconiiL Poly(lthylenglyco1) (1500). Apiezon L + Bentone 34, Squalan. Versa- 
mid und Dfthylhexylaebacat haben. Es werden spezifische Retentionsvolumina. das Hiihen;iqui- 
valent eines theoretischen Bodens und thermodynamische Grogen angegeben. Dilithylhexylsebacat 
und Versamid sind fib die quantitative Trennung aller untersuchten Isomeren selektiv. 

R&mu&--On discute des facteurs qui intluencent la dparation de phenols monosubstituts sur 
l’huile de silicone, le poly(ethyleneglyco1) (1500) I’Apiezon L + Bentone 34, le squalane, le Versa- 
mide et le sebacate de ditthylhexyle. On rapporte des volumes de retention specifique, hauteurs 
tquivalentes a un plateau theorique et quantites thermodynamiques. Le sebacate de diethylhexyle 
et le Versamide sont dlectifs pour la separation quantitative de tous les isomeres etudies. 



ALKALI- UND ERDALKALISPURENANALYSE IN 
WOLFRAM UND WOLFRAM-VERBINDUNGEN NACH 

WOLFRAMMATRIXABTRENNUNG AN 
DEAE-SEPHADEX” 

H. KRAINER, H. M. ORTNER, K. MUELLER und H. SPITZY 
lnstitut fir Allgemeine Chemie. Mikro- und Radiochemie. Technische Hochschule Graz TechnikerstraDe 4, 

A-8010 Graz und Metallwerk Plansee AG, A-6600 Reutte, ijsterreich 

Zusammenfassung-Es wird eine neue. s&tlenchromatographische Matrixabtrennungsmethode fir 
Wolfram an DEAE-Scphadex beschrieben. Alkali- und Erdalkalispuren gelangen dabei quantitativ 
ins Sauleneluat und kannen so ohne stiirenden MatrixeinfluB mittels AAS erfaRt werden. 
Einige Verfahrens-Kenndaten: mittlere. relative Standardabweichung fiir Na, K und Mg bis etwa 
50 ppm: *5-10?,;. I% Ca IO-207”: iiber 50 ppm: + 2-54;. ftir Ca 5-10%. Nachweisgrenzen: 
Na. K: 10 ppm: Mg: 1 ppm: Ca: ?!I ppm: Zeitbedarf einer Einzelbestimmung: 1.5 
Mannstunden. Die Methode ist durch pH-Anderung der Aufgabe- und Elutionslijsung such zur 
Moiybdlnmatrixabtrennung geeignet. 

Untersuchungen iiber den Einflurj von Alkali- und Erdalkalispuren auf das Reduktions- 
und Sinterverhalten der hochschmelzenden Metalle Wolfram und Molyb&n sowie auf 
deren Materialeigenschaften sind relativ selten, l-4 da es bislang an verl;ifilichen und 
einfach zu handhabenden diesbeziiglichen Spurenanalysenmethoden fehlte.’ Lediglich der 
EinfluD des Kaliums in Verbindung mit Aluminium und Silizium auf Wolfram ist 
schon seit langem Gegenstand intensiven Studiums, da diese Elemente als Dopesubstanzen 
zur Herstellung von NS-Wolfram fiir Gliihlampenwendeln dienen.2-4 Von kauf- 
mgnnischem Interesse ist datiber hinaus die Erfassung des Alkali- und Erdalkaligehaltes 
in technischem Wolframtrioxid, Ammoniumparawolframat, Wolframs;iure etc., da der 
Preis dieser Produkte von ihrem Reinheitsgrad begreiflicherweise entscheidend 
mitbestimmt wird. 

Es hat nicht an Versuchen gefehlt, ftir die Analyse der Alkalien und Erdalkalien in 
Wolfram und MolybdBn und deren Verbindungen den bequemsten und raschesten Weg 
einzuschlagen : die direkte Bestimmung dieser Elementspuren ohne Matrixabtrennung. 
Dies ist prinzipiell nur mit wenigen physikalisch chemischen Analysenverfahren miiglich:’ 
durch Festkiirpermassenspektrometrie,6 Emissionsspektralanalyse,6 Atomabsorption’qs 
oder Aktivierungsanalyse. ‘.I0 Praktisch erreicht man jedock ohne Matrixabtrennung 
mit keiner dieser Methoden ftir alle interessierenden Alkali- und Erdalkalispuren 
befriedigende Ergebnisse. 

Alle diese Methoden kijnnen jedoch mit einer meist entscheidenden Empfindlich- 
keitssteigerung und vieifach such mit besserer Reproduzierbarkeit zur Alkali- und 
Erdalkalianalyse herangezogen werden. nachdem die Matrix abgetrennt wurde. Wolfram- 
und Molyb&nmatrixabtrennmethoden, die sich zur Alkali- und Erdalkalispurenanalyse 

* Herrn Prof. Dr. FrIedrich Hecht zum 70. Geburtstag gewidmet. 
933 
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eignen, sind wenige bekannt.“-’ ’ Mit keiner dieser Methoden ist eine gemeinsame 
Abtrennung von Alkali- und Erdalkalispuren aus Wolfram oder Molybdlin miiglich. 
Deshalb wurde versucht, entsprechende Verfahren durch den Einsatz von Dextrangelen 
zu entwickeln. 

Fur die Isopolysauren des Wolframs und Molybdans wurde an Dextrangelen mit 
sinkendem pH-Wert steigende Chelatkomplexbildungstendenz mit den Hydroxylgruppen 
der Gelmatrix festgestellt. r6*17 Die nur im ‘sauren Bereich stabilen Komplexe werden 
unter Hydroxylionenabgabe gebildet. Dadurch, dal3 bei Molybd2n und Wolfram 
Komplexbildungstendenz mit der Gelmatrix und 1sopolys;iurebildungsbestreben 
miteinander konkurrieren, pragen Mokkiilsiebeffekte als zweiter dominanter Faktor die 
Elutionsprofile. WIhrend jedoch bei Molybd5n im starker sauren Medium die Komplex- 
bildung mit der Dextranmatrix dominiert, treten bei dem als trigen Komplexbildner 
bekannten Wolfram Molekiilsiebeffekte mit ausgepfgter Zeitabhangigkeit in den 
Vordergrund. Letztere vereiteln eine Wolframmatrixabtrennung an Dextrangelen. Hier 
gelingt eine vollstandige Matrixsorption erst durch Verwendung von DEAE-Sephadex. 
also durch den kombinierten Sorptionseffekt von Ionenaustausch und Chelatkomplex- 
bildung an der Dextranmatrix, woriiber im folgenden berichtet wird. 

EXPERIMENTELLER TEIL 

Geriite 

Gamma-Aktivititsmessungen erfolgten mit einem ZIihlgeriit der Firma Frieseke & Hoepfner. FH 49A. 
Grundsonde FH 421 AS, NaJ-Bohrlochszintillationskristall 2 11, in Verbindung mit einem lOO-Kanal 
Gammaspektrometer TMC-Gammascope II* in Einkanalschaltung. Zur &Zahlung wurde ein Methandurch- 
fluBproportiom&ihIrohr mit Schirmzahlrohr und eingebauter Antikoinzidenzschahung der Firma Frieseke 
& Hoepfner FHT 650 Dl, Zghlrohreinsatz 42267/10 (fur Proben bis 30 mm Durchmesser) verwendet. 

Flammenemissionsspe.ktrophotometrische und atomabsorptionsphotometrische Messungen wurden an 
einem Perkin-Elmer Model1 403 durchgefuhrt. 

Siiulenchromatographie: Es kamen selbstgefertigte Saulen aus Plexiglasrohren, gestanzten Filterplatten aus 
Hochdruckpolyiithylen (Plastibrand-Labpor, Dicke I,6 mm, Porositht 70 pm und mit Auslauftrichtern aus 
Vinidur zum Einsatz. Die Proben- und Elutionsmittelaufgabe erfolgte anfangs mit einer Mikropumpe der 
Firma Btihler & Co., Tiibingen, BRD, Typ mp 1. Fur Routinebestimmungen wurde die Probelosung bzw. 
das Nachelutionsmittel auf oben trichterfdrmig erweiterte Siiuhsn aufgegeben. Die dadurch bedingte Variation 
der DurchfluBgeschwindigkeit hat auf die Wolfram-Matrixabtrennung keinen EinfluB. Es wurden ausschlieRlich 
Silikonschluche verwendet. Ein automatischer Fraktionssammler “Fraktornat”, Buchler Instruments, Fort Lee, 
USA, wurde bei Bedarf eingesetzt. Es wurde durchwegs in PVC-, Polyathylen- bzw. TeRongefaRen 
gearbeitet. 

Moterialien 

DEAE-Sephadex A-25 fine (Chloridform) und QAE-Sephadex A-25 fine (Chloridform) von Pharmacia. 
Uppsala. WO, und HrWO, von H. C. Starck, Goslar, BRD. ‘*Na, ‘?a la3Ba, ‘*‘W von The Radiochemical 
Centre, Amersham, England. ‘% wurde durch Bestrahlung von KCI im ASTRA-Reaktor der Gsterreichischen 
Studiengesellschaft fdr Atomenergie in Seibersdorf selbst hergestellt. 

Alle iibrigen Reagenzien waren von Merck, Darmstadf BRD. Ihr erforderlicher Reinheitsgrad ist in der 
Arbeitsvorschrift jeweils dezidiert angefuhrt. 

DIE SORPTION VON WOLFRAM AN SEPHADEX- 
ANIONENAUSTAUSCHERN 

Aus friiheren Untersuchungen betreffend das Verhalten von Wolfram(V1) an Dex- 
trangelen” ging eindeutig hervor, da13 die Sorptionstendenz des Wolframs an diesen 
Gelen allein nicht zu einer vollstiindigen Matrixabtrennung ausreicht. Im Gegensatz zu 

* Das Gerlt wurde vom iisterreichischen Fonds zur Forderung der wissenschaftlichen Forschung zur 
Verfigung gestellt. 
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Molybdan(VI)16 treten bei Wolfram(V1) im sauren und im Neutralbereich Molekiil- 
siebeffekte mit ausgepragter Zeitabhangigkeit in den Vordergrund. Deshalb wurde 
versucht, durch die Anwendung von Sephadex-Anionenaustauschern die Sorptionstendenz 
von Wolframatlosungen an Dextrangelen zu steigern. Tatsachlich fuhrt der kombinierte 
Effekt von Chelatkomplexbildung und Sorption an den Ionenaustauschgruppen zu einer 
ganz wesentlichen Steigerung der Wolframsorption: 

ml 
200 I- 9 

0 
y 

I I I I 
2 4 6 PH 

Abb. 1. pH-Abhiingigkeit der Wolfram(Sorption an QAE- und DEAE-Sephadex. Oberes 
Diagramm: Abhiingigkeit des Durchbruchselutionsvolumens fiir Wolfram auf DEAE-Sephadex 
A-25. Ordinate: Elutionsvolumen in ml, bei dem die ersten W-Spuren im Eluat nachweisbar sind. 
Unteres Diagramm: ‘I0 der Aufgabeaktivitiit imGesamteluat x- x Werte filr QAE-Sephadex A-25; 

o- o Werte fir DEAE-Sephadex A-25. 
Versuchsbedingungen: Saulendimensionen: 9.0 x 2,0 cm; Sulenfbllung: jeweils 5 g QAE- bzw. 
DEAE-Sephadex A-25, Chloridform; Zimmertemperatur; DurchfluBgeschwindigkeit 38 ml hr-’ 
cm-’ (= 120 ml/hr) Aufgabeliisung: 200 ml 0,lM WolframatlGsung (4.64 g WO,, nit ls5W 

markiert). Nachelution mit 200 ml 0,OlM HCl. 

Erste Versuche wurden sowohl mit dem stark basischen Sephadex-Anionenaustauscher 
QAE A-25 als such mit dem schwach basischen Anionenaustauscher DEAE A-25 
ausgefuhrt. Die pH-Abhangigkeit der Wolframsorption an den beiden Austauschertypen 
ist in Abb. 1 dargestellt. Fur beide Austauschertypen ergab sich ein lhnlicher Verlauf 
der pH-Abhangigkeit. Beste Resultate werden bei pH 2,0 erzielt, bei pH 3,0 ist die 
Sorption am schlechtesten. Auf DEAE-Sephadex ist die Sorption durchwegs vollsthndiger 
als auf QAE-Sephadex. Dies 1aDt den SchluB zu, dal3 die gegeniiber unsubstituierten 
Sephadexgelen gesteigerte Wolframsorption an Sephadex-Anionenaustauschern nicht auf 
einen reinen Ionenaustauscheffekt zuriickzufuhren ist. Vielmehr scheinen in Analogie zum 
Sorptionsverhalten des Molybdans an Sephadex G-10 bei Anwesenheit von NH,C1i6 die 
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Austauschgruppen ebenfalls eine stabilere Chelatkomplexbildung zu bewirken. Dieser 
Effekt ist bei DEAE-Sephadex offensichtlich ausgeprfgter als bei QAE-Sephadex. Im 
folgenden wurde daher nur DEAE-Sephadex zur W-Matrixabtrennung eingesetzt. Der 
Austauscher wurde in der Chloridform belassen, da bei anderen Sliureanionen erhohte 
Gefahr der Komplexbildung mit Wolfram besteht und das Chlorid fur die AAS- 
Endbestimmung das giinstigste Anion darstellt. Die Chelatkomplexbildung des Wolframs 
mit den Gelhydroxylgruppen gibt sich such hier durch pH-Erhohung wahrend der 
Sorption deutlich zu erkennen, wie aus Abb. 2 ersichtlich ist. Auf eine Pufferung der 
Aufgabeliisung zur Hintanhaltung dieses pH-Sprunges bei beginnender Sorption mul3 
verzichtet werden, da &imtliche infrage kommenden Puffergemische organische sure- 
anionen enthalten, die durch Komplexbildung mit Wolfram(V1) zu einer Verminderung 
der Durchbruchskapaziti t fu hren. 

Abb. 2. pH-Elutionsprofil fur die Wolframsorption an DEAE-Sephadex A-25. 
Versuchsbedingungen: 8ulendimensionen: 15 x 2 cm; Durchfluggeschwindigkeit: 120 ml/hr: 

Aufgabelosung: MO ml 0,IM Wolframatlosung. pH 2.0: Nachelution mit 200 ml O.OlM HCI. 

DurchJlufigeschwindigkeit 

Wie fur die Molybdansorption an Sephadex G-lO”j war such fiir die ‘Sorption des 
Wolframs an DEAE-Sephadex aufgrund des Bhnlichen Sorptionsvorganges mit betricht- 
lichen Sorptionsungleichgewichten bei hoheren Durchflul3geschwindigkeiten zu rechnen. 
Dies ist jedoch iiberraschenderweise bis etwa 50 ml. hr- ’ .cmm2 nicht der Fall 
(Tabelle 1). Es kann also mit relativ hohen Tropfgeschwindigkeiten gearbeitet werden. 

Tabelle 1. Einflug der DurchfluBgcschwindigkeit auf die Vollstlndigkeit der 
Wolframsorption an DEAE-Sephadex A-25 

Tropfgeschw., Durchtluggeschw.. W im Eluat 
mi/hr ,111 /w- ’ c/n- 2 0 0 

60 26.4 10.01 
120 52,7 0.0 1 
130 57,l 0.03 
150 65,9 0.1 
180 79,l 3.5 

Versuchsbedingungen: innerer Siulendurchmesser: 1.70 cm: Sulenfuliung: 25 g 
DEAESephadex A-25, Chloridform; Gelbetthohe cu. 8 cm; Zimmertemperatur: 
Aufgabelosung: 40 ml Wolframatlosung (Einwaage 1.0 g WO,); pH 2.0: Nachelution 
mit 60 ml 0.1 %iger NH&l-Losung, pH 2.0. Probenvorbereitung nach Arbeits- 
vorschrift. 
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Elutiorcsce~hnlten c’oc? Alkali- urcd Erdalkalispcwen bei cler Wo!fi-an?-Matrixabtrennurcg an 
DEA E-Sephades 

Tabelle 2 gibt eine ijbersicht der durchgefiihrten Ausbeuteuntersuchungen. Dabei 
wurde zunkhst 0.01 M HCI zur Nachelution eingesetzt. Natrium und Kalium sind auf 

Tabelle 2. Ausbeuteuntersuchungen zur Wolframmatrixabtrennung an DEAE-Sephadex A-25 

Ausbeute. 
0 
‘0 

Element 
aufgegeben 

(ppm) 

durch durch 
Aktivitiitsmessung Flammenphotometrie 

ermittelt ermittelt 

1. Nachelution mit 0,OlM HCI 
12Na triigerfrei 

Na 25 
Na 50 
Na 75 
Na 100 
Na 200 

“K + K 0.01 
K 25 
K 50 
K 75 
K 100 
K 200 

%a + Ca 5 pbb 
Ca 25 
Ca 50 
Ca 15 
Ca 100 
Ca 200 
Mg 25 
Mg 50 
Mg 75 
Mg 100 
Mg 200 

2. Nachelution mit 0.1 “(, NH,CI, pH 2.0 
“Na triigerfrei 
“Na + Na 50 
“Na + Na 100 

Na 200 
‘2Na + Na 300 
“K + K 10 pbb 
“lK + K 50 
“K + K 100 

K 200 
“K + K 300 
“Ca + Ca 5 pbb 
“Ca + Ca 50 
‘“Ca + Ca 100 

Ca 200 
Mg 50 
Mg 100 
Mg 200 
Mg 300 

98 
- 

_- 
99.5 
_- 
_- 
- 
- 

96: 98 
_- 
- 
- 
- 
- 
- 

- 

100 
99.5 
99.5 

100 
100 
99.5 

100 
_- 

100 
99.5 
99 
99.5 
- 

_- 
97 
91 
95 

loo,5 
99.4 
- 

104 
104 
98 

103 
102 

- 
72.5 
75 
94 

100 
100 
99,5 
99 
91 
89 
91.5 

- 
98,5 

100 
99 
- 
- 

101,5 
103 
102 

- 

98 
101 
102.5 
98 

loo,5 
99 

100 

Versuchsbedingungen: Siulendimensionen: 15 x 2 cm; DEAE-Sephadex A-25, Chloridform; 
Tropfgeschwindigkeit: 120 ml hr: Zimmertemperatur: Aufgabelosung: 200 ml 0,lM Wolframat- 
liisung. pH 2.0: Nachelution mit O.OlM HCI oder O.l”,, NH,CI (pH 2.0) bis zu einem 
Gesamteliuionsvoli~men von 400 ml. 
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diese Weise vollstiindig eluierbar, bei Calcium ist die .Ausbeute erst ab etwa 100 ppm 
quantitativ und Magnesium zeigt schliel3lich ein etwas ungewiihnliches Verhalten, indem 
es bei hoheren Konzentrationen, etwa ab 75 ppm. nur mehr unvollstiindig eluiert wird. 
Generell ist die Sorptionstendenz fiir Alkali- under Erdalkalispuren wesentlich geringer als 
bei dem fir Molybdln ausgearbeiteten Verfahren an Sephadex G-10.16 Bei Nachelution 
mit 0,l 7; NH,Cl-L&sung werden slmtliche interessierende Alkali- und Erdalkalispuren 
quantitativ eluiert. Im Laufe vorliegender Untersuchungen gewannen such Bariumspuren 
in Wolfram steigendes technologisches Interesse. Barium kann jedoch nicht quantitativ 
mit O.l’+;iger NH&l-Ldsung eluiert werden. Seine quantitative Elution gelingt erst durch 
Nachelution mit 200 ml 1 T;iger NH,Cl-Liisung (pH 2,0) unter den in Tabelle 2 
angefuhrten Bedingungen. 

Versuche iur Siiulenregenerierung 

Alle Versuche, das sehr stark sorbierte Wolfram wieder quantitativ von DEAE- 
Sephadexsiiulen zu eluieren, verliefen erfolglos. Wohl gelingt mit griiberen Elu tionsvolumen 
von ADTE, Oxalsiiure, Salicylsiiure oder Citronensiiure eine weitgehende Wolframde- 
sorption (SO-900;), jedoch ist schon der dafiir erforderliche Zeitaufwand zu grol.3. 
Es ist daher wesentlich einfacher und bei den geringen eingesetzten Austauschermengen 
such rationeller, die Austauscherfiillung jeweils nach vollendeter Matrixabtrennung zu 
verwerfen. 

Optirnierung tier Siiulendiinensionen 

Als optimale Siulendimensionen ergaben sich fir die Sorption von maximal 2.5 g 
Wolframtrioxid und im Hinblick auf eine mijglichst rasche, aber dennoch vollstandige 
Matrixabtrennung 150 x 20 mm. Die Hiihe des Gelbettes betrligt bei einer eingesetzten 
Menge von 5 g DEAE-Sephadex A-25 (Chloridform) etwa 10 cm. 

Abb. 3. Ablaufplan zur Wolframmatrixabtrennung auf DEAE-Sephadex A-25 zwecks Alkali- und 
Erdalkalispurenanalyse in Wolframund Wolframverbindungen. Die hier angewandte Symbolik zur 
iibersichtlichen Darsteilung von Analysenabkiufen wurde im Rahmen des Arbeitskreises *‘Analytik 
hochschmelzender Metalle”‘” erarbeitet. Sie stellt eine Modifizierung der von Malissa und 

Jellinek’” vorgeschlagenen Symbolik dar. 
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Im Rahmen der Untersuchungen des Arbeitskreises “Analytik hochschmelzender 
Metalle”18 ergab sich vor allem fur die Analyse von Wolfram-Lampenwendeln die 
Notwendigkeit, die WO,-Einwaagen auf 1 g zu verringern (Aufgabevolumen: 40 ml). 
Damit mubten such die Siulendimensionen dieser Einwaage angepabt werden: 
100 x 17 mm (Gelbetthiihe: cu. 8 cm). Die DEAE-Sephadex A-2%Einwaage betriigt 
2,5 g. Nachelution mit 60 ml 0.1 ‘!.iger NH,Cl-Liisung, pH 20. 

zur Liisllltg YOU wo, 

Je nach Dehydratisierungsgrad und Korngriihenverteilung des zu analysierenden 
Wolframoxids sind sehr verschiedene Ammoniakmengen zur Liisung erforderlich. Fur 
H2W0, und Ammoniumwolframate geniigen immer 5 ml konz. Ammoniak pro 1 g 
Einwaage. Speziell bei calcinierten Wolframoxiden wurden jedoch bis zu 80 ml 
Ammoniak zur Liisung beniitigt. Letzte Triibungen solcher Liisungen blieben unberiick- 
sichtigt. Ein krasses Ansteigen der Blindwerte wurde bei Anwendung such von 80 ml 
suprapurem Ammoniak zwar nicht beobachtet, jedoch ist dies im Einzelfall jeweils zu 
iiberpriifen. Eine Liisung unter Druck in Teflonbomben brachte keine Verbesserung 
(Aufschlubzeit: 45 min: Temp.: 170’; Aufschlug in Uni Seal Decomposition Vessels. 
P.O. Box 9463. Haifa. Israel). Eine Liisungsbeschleunigung fiir grobkiirnige, hochgegliihte 
Oxide durch Ultrabeschallung erscheint miiglich. Eine diesbeziighche Apparatur stand 
jedoch nicht zur Verfiigung. 

In letzter Zeit wurde untersucht, ob sich in Ammoniak nicht vollstiindig liisliche 
Wolframoxide in suprapurem Lithiumkarbonat lijsen. Dabei zeigte sich, dab dimtliche 
Wolframoxide durch Druckaufschlufi in Teflonbomben in 30 min und bei 180’ lijslich 
sind. Es wurden jeweils 0,5 g Lithiumkarbonat und 10 ml Wasser pro 1,25 g WO, 
eingesetzt. Eine Beeintriichtigung der Wolframsorption an DEAE-Sephadex findet dabei 
interessanterweise nicht statt, d.h. die Matrixabtrennung verliiuft such nach Liisung in 
Lithiumkarbonat problemlos. Zur pH-Einstellung auf 2,0 werden cu. 1,2 ml 6M HCl 
benotigt. Die Eichlosungen miissen im Falle der Liisung in Lithiumkarbonat ent- 
sprechende Mengen an Lithiumkarbonat anstelle von Ammoniumchlorid enthalten. 
Deshalb wird eine Losung in Lithiumkarbonat derzeit nur fur calcinierte Wolframoxide 
eingesetzt. urn fur den Grolliteil der im Metallwerk Plansee anfallenden Wolfram- und 
Molybdiinrohstoffproben eine gleichartige Probenvorbereitung und eine Art von Eich- 
liisungen anwenden zu kijnnen. Auch die Verfahrenskenndaten der Arbeitsvorschrift (s.u.) 
beziehen sich auf in Ammoniak geliiste Wolframoxidproben. 

Anwendung ties Verfahrens :ur Mo1?6nal7lttatrix_abrrelzllul~g 

Es wurde such versucht, das hir Wolfram ausgearbeitete Verfahren zur Molybdan- 
matrixabtrennung einzusetzen. Bei pH 2,0 waren diese Versuche nicht erfolgreich, 
wohl aber bei pH 3.0. Dieses pH-Optimum ist fur die Molybdiinsorption an DEAE- 
Sephadex A-25 weit weniger scharf ausgepriigt wie das fir die Molybdinsorption an 
Sephadex G-10.16 Erste Versuche ergaben, dab die Ausbeuten an Natrium- Magnesium- 
und Calciumspuren such bei Molybdlinsorption quantitativ sind. Bei Kalium scheinen 
hingegen konzentrationsunabhiingige Verluste von etwa 10 “/A aufzutreten. Naheres iiber 
die Anwendung der hier beschriebenen Matrixabtrennmethode fur Molybdlin wird in 
einer folgenden Arbeit mitgeteilt werden. 
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Im folgenden sind nun Merkmalsmatrix und Arbeitsvorschrift zur Wolframmatrix- 
abtrennung an DEAE-Sephadex wiedergegeben, wie sie den Richtlinien fir standardisierte 
Analysenmethoden nach Gottschalklg entsprechen (Tabelle 3). 

Tabelle 3. Merkmahmatrix und Arbeitsvorschrift fur Natrium, Kalium Magnesium und Calcium in Wolfram. 
Wolframmatrixabtrennung auf DEAE-Sephadex A-25 siulen; Endbestimmung mit AAS 

Anwendungsbereich Natrium/Kalium Magnesium Calcium 

Gehaltsbereich in ppm Rir 
Probemenge von 1 g lo-100 5-50 20-200 

Konzentrationsarbeitsbereich 
in &I fur ein Ausgangs- 
volumen von LOO ml 100-1000 50-500 200-2000 

Standardabweichung, 
mittlere. relative, ‘It; 
fur <50 ppm 
fur > 50 ppm 

Nachweisgrenzen (ermittelt nach H. Kaiser aus 3 x Standardabweichung der Blindwerte + Mittelwert der 
Blindwerte) 
ppm 10 1 20 

Ursache Reagenzienkontamination Empfindlichkeit der 
AAS-Bestimmung 

Arbeitsvoraussetzungen 

Gerlite 
Hartmetailmi~rser; Muffel- bzw. Simon-Mtiller-Ofen: Pt-Tiegel (hohe Form), Teflonbecher (500 ml): Plastik- 
meBzyIinder (200 ml): Teflonrtihrstab, Chromatographietiiule aus Plexiglas (Llinge 1-w mm. innerer 
Durchmesser 17 mm) mit trichterfdrmigem Aufsatz; pH-meter. Die Endbestimmung erfolgte auschlieDIich 
durch Atomabsorptionsspektrometrie. Verwendetes AAS-Gerat: Perkin-Elmer Model1 403. Die Gergteeinstel- 
lungen entsprachen den von Perkin-Elmer als optimal angegebenen MeBparametern. Die MeBwertablesung 
erfolgte nach Integration iiber 2 bzw. 10 sec. 

Reagenrien 

HNOs, min. 650/‘, Merck Suprapur 
HF. min. 4076 . . . 
Ammomaklosung, mm. 25 “/b 
6M HCI, aus HCI, min. 307; 
0.1% NH,Cl-Liisung, mit HCI auf pH 2.0 
CsCI-Liisung 254 mg/ml 
DEAE-Sephadex A-25 Pharmacia Fine Chemicals. Uppsala 
Eichiiisungen : Na O,l-1.00 ppm NaCI, z.A. 

K O,l-LOO ppm KC1 
Mg 0.05450 ppm M&J, 
Ca 0.2-200 ppm CaCO, 
Diese Eichlasungen miissen O.OIM an HCI sein. sowie 0.1 “‘,ig. an NH,Cl und 
1.267 g;I CsCl enthalten. Alle Liisungen sind mit bidestilliertem Wasser aus 
einer Quarzdestillationsapparatur anzusetzen. 

Durchfilhrung 

Probencorbereitung 

Metafipulcer, Driihte, Spiine: 1250 mg Probe in Pt-Tiegel mit 25 ml konz. HF versetzen: durch tropfenweise 
Zugabe von 5 ml konz. HNO, liisen. Eindampfen, auf Sand- oder Luftbad bis zur Trockene abrauchen und 
15 min. bei 300’ beiassen. 

Kornpaktes Muteriul: 1 min. mit HF konz.-HNO, konz (10 : I) abbeizen, mit Wasser und dann mit 
AthanoI z.A. waschen und trocknen. Im Hartmetallmorser zerkleinern und wie oben weitserbehandeln. 

Mischoxide. WO,: Bei x <3 (blaue. braune, schwarze Pulver) vor der Einwaage ausreichende Probemengen 
im Pt-Tiegel bei 300-400’, (nicht hoher. sonst Alkaliverluste miiglich) zu gelbem WO, oxidieren. 

WO, und H2WO0, Ammonwolfiumute: ohne Vorbehandlung einwiegen und l&en. 
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Durchfihrung 

1250 mg WO, (H2W04) oder die mit HF und HNO, vorbehandelten Proben werden in einem Teflonbecher 
in 50 ml H,O suspendiert und mit 5 ml konz. NH3 (bei Bedarf such wesentlich mehr) geliist 
(Heizplatte 150-200 ). 

Das Ammoniak wird rollsrkntliy verkocht (Priifung mit pH-Papier tiher der Liisung). Dabei wird bis auf 
S-10 ml eingeengt (zur Verhinderung der Bildung von ‘P-Metawolframat). Nun wird abgekiihlt, mit Wasser auf 
cc,. 45 ml gebracht und 0.S ml 6M HCI rrop/~nvc~izc infer Riihrcr, zugegeben. Bei sehr unreinen Produkten 
bleibt vorhandenes SiOl. Fe?O,. Cr,O, etc. ungeliist. Die LGsung wird nun in einen PlastikmeRzylinder 
iiberfihrt und auf 50 ml aufgefillt: 1-3 ml werden zur pH-Messung entnommen. Der pH-Wert liegt meist bei 
2-4. Nach Zugabe einiper Tropfen 6M HCI und Umriihren wird der pH-Wert nochmals gemessen. Dies wird 
fortgesetzt. bls der pH-Wert von 2.0 errelcht ist. Auf diese Weise vermeidet man eine eventuelle 
Kaliumkontamination der Probeliisung durch die kombinierte Glaselektrode. 40 ml der so hergestellten Liisung 
(entsprechend einer Probemenge von 1.0 g) werden zur chromatographischen Matrixabtrennung einpsetzt. 

Gleichbleibende Parameter: Zimmertemperatur, DurchfluBgeschwindigkeit: unter 50 ml/hr cm’: Slulen- 
vorbereitung: 2.5 g DEAE-Sephadex A-25 (Chloridform) werden in 0,OlM HCI einen Tag quellen gelassen 
und in die SBule gefiillt. Ein Einlauknlassen der 9ule ist nicht niitig. Die Siulenfiillhiihe betrlgt etwa 8 cm. 

Probeliisung (40 ml) wird auf die Siiule aufgebracht. Darauf wird mit 0,l “/,iger NH,CI-Liisung, pH 2,0, 
nacheluiert. bis ein Eluatvolumen von 100 ml erreicht ist. Das Eluat wird in einem PlastikmeDkolben 
gesammelt. Die Siiulenfillung wird nach erfolgter Matrixabtrennung verworfen. 

Die flammenphotometrische Alkali- und Erdalkalianalyse erfolgt ohne Einengung im Eluat. Zu 100 ml Eluat 
werden jeweils 0.5 ml einer CsCl-Liisung zugesetzt. die 254 mg CsCl/ml enthiilt. Dies entspricht einer 
Dotierung mit 1000 ppm Cs. 

Stiirungen 

Bei ungeniigender Einengung der Probelijsung oder bei zu schneller HCI-Zugabe zur Einstellung der 
Probeliisung auf pH 2.0 vor Aufgabe auf die Siiule kann die Matrixabtrennung unvollstiindig sein 
(vermutlich infolge Bildung vcm Y-Metawolframat oder noch hiiherer Wolfram-lsopolydiureaggregationen 
durch zu schnelles Antiuern). 

RINGANALYSENERGEBNISSE FijR KALILJM 

Im Rahmen eines ersten. voqliiufigen Ringversuches des Arbeitskreises “Analytik 
hochschmelzender Metalle”18 wurde die VerliiBlichkeit des ausgearbeiteten Verfahrens fiir 
die Kalium-Analyse in verschiedenen Wolframproben unter Beweis gestellt, Tabelle 4. Die 
von der Technischen Hochschule Graz erhaltenen Werte galten bald als Leitwerte fiir 

Tabelle 4. Ergebnisse der ersten Ringuntersuchung fir die Bestimmung von Kalium in Wolfram 

Ausfiihrendes Labor: TH Graz Radium Wipperriirth 
Matrixabtrennung 

an DEAE-Sephadex durch Chlorierung 
Angemandte Mcthode 
Endbestimmung mil AAS FES FES 

Osram Studienges. 
.Miinchen 

direhte Bestimmung 

FES AAS 

Probenbezeichnung 
und Art 

0.: W-Pulvrr 
05 W-Puller 
06 W-Feindrahr 
R- 1 olidierter 

C\‘-Draht 

130 110 74 122 - 
154 13.5 97 148 148 
50 50 64 3 2 40 

IO0 76 102 98 

4ngaben in ppm. auf \~‘olframmetall bezogen. FES = Flamm~nemissionsspektromrtrie 
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andere Untersuchungen. Die etwas zu niedrigen Resultate van Radium Wipperfiirth 
sind auf die Anwendung etwas zu grol3er Siiulen zur Matrixabtrennung und daher auf 
unvollsfindige Elution zuriickzuftihren. Ganz deutlich zeigt sich. dalJ bei Matrixab- 
trennung durch Chlorierung vor allem bei Wolframpulvern betriichtliche Kaliumverluste 
auftreten. Trotz ausgepriigter Matrixeffekte ist fiir Kalium such die direkte Erfassung 
ohne Matrixabtrennung miiglich.’ Die Erfassung des Kaliumgehaltes von Wolframtrioxid 
machte dabei besondere Schwierigkeiten, da interessanterweise nur ein L&en in H202 
zu brauchbaren Resultaten fiihrt. Hochgegliihte oder grobkiirnige Oxide sind nicht oder 
nur sehr schwer in H20, liislich. Der bisher von Osram-MUnchen beschtittene Weg 
der Reduktion der Oxide im Wasserstoffstrom bei etwa 8001C diirfte bisweilen zu Alkali- 
verlusten fiihren. was jedoch noch einer experimentellen Kliirung bedarf. Gegebenenfalls 
fiihrt such hier die Liisung mittels Lithiumkarbonat zum Ziel. 

Im Gegensatz zu Kalium tritt bei Calcium eine derartige Depression der MelJsignale 
durch die Wolfram-Matrix auf, da13 dieses ohne Matrixabtrennung nicht unter 100 ppm 
erfaDbar ist. Fiir Natrium und Magnesium stehen schliissige Ergebnisse noch aus. 

Die griii3ten Vorteile bietet demnach die hier beschriebene Matrixabtrennung bei der 
Erfassung ah interessierenden Alkali- und Erdalkalispuren. Die Eignung der Methode 
zur Isolierung weiterer Metallspuren aus Wolfram- und Molybdtinmatrices wird gepriift. 

1. 

2. 
3. 

4. 

d: 

7. 
8. 
9. 
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11. 
12. 
13. 
14. 
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Summary--A new column-cbromatographic method is described. for the separation of tungsten 
on DEAE-Sephadex. enabling trace amounts of alkali and alkaline earth metals in tungsten to 
be determined quantitatively by AAS without matrix interference. Mean relative S.D. for 
~50 ppm Na. K. Mg. are 5-IO”,,. and for <H) ppm Ca lo-20”,,. and for > 50 ppm. 
2-5 ‘I,, and C- IO”,, respectively. Limits of detection in tungsten are IO ppm Na and K. I ppm 
Mg. and 20 ppm C’n. Time for a determination is about 90 min. B! appropriate changes in pH 
and other conditions. the method can be used for the separation of mol! bdenum from traces 
of alhali metal ions. 
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Resume-On d&it une nouvelle methode chromatographique sur colonne. pour la separation du 
tungstene sur Sephadex DEAE, permettant la determination quantitative de traces de metaux alca- 
fins et alcalino-terreux dans le tungsttne par spectromitrie d’absorption atomique sans interference 
de la matrice. Les &arts types relatifs moyens pour < 50 ppm de Na. K. Mg, sont S-IO%, et pour 
< 50 ppm de Ca 1O-2Oo/0. et pour > 50 ppm, 2-5”/, et 510% respectivement. Les limites de dttec- 
tion dans le tungstene sont 10 ppm de Na et K, 1 ppm de Mg, et 20 ppm de Ca. Le temps pour 
un dosage est d’environ 90 mn. Par des changements appropries du pH et d’autres conditions, la’ 
methode peut etre utilisie por la separation du molybdtne de traces d’ions de metaux alcalins. 
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Summary-A controlled-potential coulometric method using iodine as an intermediate has been 
devised for the determination of nitrite. Nitrite is reduced by iodide and the iodine formed is then 
reduced coulometrically. The reduction of nitrite in the pH range O-6 has been studied and the 
optimum conditions for an accurate determination are stated. The time of analysis for a determina- 
tion in the range 0005-5 mg of nitrite is about 2-5 min and the error f O,l”,,. The method is 
applied to the determination of nitrite in some meat products. 

A large number of methods for the determination of nitrite can be found in the literature. 
Classical titrimetric procedures are based on the permanganate method where nitrite is 
oxidized to nitrate. and the iodometric method where nitrite is reduced to nitric oxide. 
These methods are all rather complicated and have limited accuracy. Besides. they require 
samples containing around 50 mg of nitrite for each analysis. Cool and Yoe’ have exam- 
ined more than thirty of these titrimetric procedures. of which only a few proved relatively 
satisfactory. 

Electroanaly tical approaches to the determination of nitrite are usually based on oxi- 
dation of nitrite to nitrate. An amperometric titration with permanganate was investigated 
by Stock and Bjork’ but the errors were not less than a few per cent. Constant-current 
coulometry using manganese(II1) as oxidant was proposed by Buck and Crowe.3 In the 
presence of an excess of prcgenerated manganese(Ill1. nitrite was oxidized to nitrate. and 
the excess of manganese(III1 was then determined by back-titration with electrolytically 
generated iron(I1). With this method small samples could be analysed but the use of two 
intermediates seems rather complicated. A more straighforward method. in which the 
nitrite was directly oxidized to nitrate at a platinum electrode by coulometry at controlled 
potential. has been described by Harrar.’ The accuracy obtained was very good but the 
time of electrolysis was more than 30 min. The analysis time could be shortened apprecia- 
bly by the use of predictive coulometry. investigated earlier by the same author. but in 
that case the accuracy was lower. Owing to the high potential required for the oxidation 
of nitrite in this method the possibility of interfering reactions is increased and .therefore 
special pretreatment procedures must be followed in order to obtain low background cur- 
rents 

The disadj,antages of most of the existing methods for the determination of nitrite in 
meat and similar products are the relatively poor precision and accuracy. The calorimetric 
mcthod~ using Jiffcrent modifications of the Griess reagent’ are most commonly used but 
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they are limited by low precision. Landmann and Worland” found. using statistical 
methods according to Youden.’ that the use of an iodometric method for the determina- 
tion of nitrite in meat products proved superior to the calorimetric methods. Therefore. 
we found it attractive to use controlled-potential coulometry with iodine as an interme- 
diate8.9 for the determination of nitrite and to apply this method to nitrite in meat pro- 
ducts. 

The reaction for the iodometric determination of nitrite is: 

2HNOz + :I- + 2H-4.1, + ‘NO + 2H:O 

Air must be carefully excluded because of the reactions 

(1) 

2NO + OT-2N0 1 (2) 

NO: + 21- + 2H+--f l2 + NO + H?O (3) 

In the earlier iodometric methods proposed in the literature’“~ ” the main problem was 
the difficulty in preventing reactions (2) and (3) occurring because of contamination from 
aerial oxygen during the analysis. In the electrolysis cells used in this investigation (and used 
carlicr by the authors’.’ for rapid and precise coulometric analysis) the exclusion of air 
is not at all difficult. The nitrite sample is added to an acid solution of sodium iodide in 
an electrolysis cell. The iodine formed in the reaction is then reduced coulometrically and 
the amount of electricity required is measured with an electronic integrator. By main- 
tenance of a nitrogen atmosphere over the solution in the electrolysis cell. and passage 
of a rapid stream of nitrogen through the solution. the oxygen is effectively removed from 
the system and the nitric oxide liberated according to reaction (1) is expelled from the solu- 
tion. Hence. reactions (2) and (3) cannot occur. Samples of nitrite in the range 0.005-5 mg 
can be determined with a relative standard deviation of about O*l”,, and with analysis times 
in the range 2-5 min. 

EXPERIMENTAL 

Standard solutions of nitrite were prepared from dried sodium nitrite of pro trrlcrlysi quality (E. Merck. Darm- 
stadt). All solutions were prepared with distilled water that had been boiled and cooled under a nitrogen atmos- 
phere. The nitrogen used was 99.998”,, pure. Two titrimetric methods were used to assay the sodium nitrite. 

A O.IN potassium permanganate solution was standardized against arsenic(ll1) oxide (NBS No. UC. purit! 
9999”,,, dried at I15 for 8 hr). The nitrite solutions were titrated according to the method proposed by Kolthoff 
and Sandell.‘3 

Tirrtrrion with clt/ortrurirrc~-T ICH ,C,.H,SO, .\‘C/.Vtr .3HIOI 

The chloramine-T solution was prepared from ,V,I trrxr/jxi reagent IE. Merck. Darlnstadt). It u ils <tandardi/ed 
and the sodium nitrite solutions were titrated according to the method described b! Agterdcnhos.” 

With each of the two titration procedures IO titrations were performed on each of the standard sodium nitrite 
solutions. The accuracies of the two methods were not significantly different and the sodium nitrite assayed as 

99.96 f. O.lo”, pure. 

The sample is lirst carcfull! minced and mixed. A weighed portion of the sample (5 20 gl is then mined with 
boiling distilled water and quontitativcly transferred with boiling water to a IO0 ml \-olumetric Rask. Then I5”,, 
pc~~a>Gum Erroc!anidc solution and 30”,, 7inc sulphatc solution (I ml of each) arc xl&d to clnrif! the sample 
4ution. The x~lution ih made up to ItM) ml ;III~ allouctl IO stand for I5 min hclbrc hcing tiltercd. OT!gen is 
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then removed from the sample by a stream of nitrogen and the sample is placed in a refrigerator if not to be 
analysed immediately. 

The controlled-potential coulometric circuit and the electrolysis cells have been described in detail earlier.“,’ 
(‘ells of different sizes were used. depending on the nitrite content of the samples. The cells were fitted with an 
additional nitrogen inlet for rapid passage of nitrogen through the test solution. The solution in ~hc \sorking 
clcctrodc compartment was made IM in sodium iodide and IM in sodium sulphatc. and suficicnt sulphuric acid 
and or acetic acid was added to obtain the appropriate pH. The counter-electrode compartment and bridge com- 
partment wcrc tilled with 2.V sodium sulphate. The bridge compartment solution was continuously deoxy- 
genated with nitrogen. A glass electrode (Radiometer GK 232lC) was used to monitor the pH in the working 
electrode compartment during the analysis. 

The nitrogen stream passing over the solution in the cell is adjusted to about 150 ml/min. which prevents any 
oxygen horn entering. and that passing through the solution is adjusted to about 250 mlimin. After IO min pass- 
age. of nitrogen. an appropriate amount of iodine is generated coulometrically in the cell and then immediately 
reduced. This is a check of the electrolvsis system. 

After this start-up a sample of nitrite-is added to the cell. The amount of iodine liberated according to reaction 
I I ) is immediately reduced and determined coulometrically. The analysis is followed by a check procedure in 
which an amount of iodine approximately equal to that liberated in the determination just finished. is generated 
and then immediately reduced. After this check procedure the nitrite content in the sample can be calculated. 
The corrections from the check procedure will normally not exceed 0.05”,, of the total integral obtained in an 
anal! sis. 

RESULTS AND DISCUSSION 

In order to establish the best conditions for the determination of nitrite a series of 
measurements was performed in which the pH was varied between 0 and 6. Table 1 shows 
the results obtained when 50.45 /(mole of nitrite were added to the cell in each analysis. 
From the table it can be seen that the reaction between nitrite and iodide is rather slow 
at above pH 4 and practically negligible at pH 6. We interrupted the analysis after 30 min 
at pH 5 and 6 because of the very slow reaction rates, which made coulometric analysis 
impossible. At pH 4 the reaction goes appreciably faster but the result obtained was 1.1:; 
low. Probably loss of nitrous acid, together with uncertain blank corrections, cause low 
results because of the relatively long time of analysis. Also the reaction: 

HNO, + I2 + H1O=NO; + 21- + 3H’ 

can give rise to an error since both nitrous acid and iodine are consumed. This reaction 
is slow but may be a source of error with long analysis times. The high iodide con- 
centration effectively prevents errors which might be due to volatilization of iodine. 

The reaction : 

41- + 0: +4H + ~21~ + 2H20 

is a possible source of error at low pH. Kinetic studies” of this reaction have shown that 
the rate of aerial oxidation of iodide increases greatly at high hydrogen concentrations and 
that both light and oxides of nitrogen will catalyse this reaction. According to Kolthoff 
L’f trl. ’ h even the smallest trace of nitric oxide will have a considerable influence. However, 
with the high rate of passage of nitrogen through the cell solution any dissolved oxygen 
will be effectively expelled. If these conditions are fulfilled. precise coulometric determina- 
tions of nitrite can be performed even at pH 0. Only the very first analysis will result in 
a somewhat high value. probably because of traces of residual oxygen’in the cell. but these 
will be consumed during the first analysis by the nitric oxide then formed. 
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Table I. pH-Dependence for the determination of nitrite 

pH 
Time of analysis. 

l,lill 

0 3.7 100.15 
05 3.6 1 Oil.06 
1.0 3.4 99.95 
1.5 3.5 99.96 
2.0 3.5 99.93 
2.5 3.8 99.90 
3.0 4.5 99.78 
4.0 17 98.9 
5.0 30 12 
6.0 30 <I 

The high reaction rate between nitrite and iodide in the pH range O-2 results in very 
rapid analysis, which minimizes the usual errors in the coulometric determination. 

A. series of tests was performed to find whether the passage of nitrogen could be 
diminished or even eliminated by the use of other methods. The use of carbon dioxide. 
from sodium bicarbonate or “dry ice”, as a substitute for nitrogen for removing the dis- 
solved oxygen and nitric oxide, as proposed in the literature, does not work satisfactorily 
in our method. The results were always a few per cent high. Urea will reduce nitrous acid 
and nitric oxide to nitrogen and water but these reactions are rather slow. whereas the 
reaction between iodide and nitrous acid is very rapid in acid medium. Even with a large 
excess of urea the results obtained were too high. indicating that the urea could not reduce 
the nitric oxide during the analysis. 

A series of determinations on pure solutions of sodium nitrite was performed at the opti- 
mum pH of 05-1.5 and with sufficient nitrogen bubbling. Since the reaction between 
iodide and nitrite consumes hydrogen ions the pH in the working compartment will in- 
crease somewhat during a series of analyses, owing to the low buffer capacity of the system. 
Consequently, we adjusted the pH to @5 with sulphuric acid to avoid reaching too high 
a pH during the analysis. The results of the nitrite determinations in the range OGX-5 mg 
are shown in Table 2, where the accuracy and precision are also quoted. The times of 
analysis were 2-5 min. These short times, with background currents always below 5 /IA. 
lead to corrections not exceeding O-05”,, of the result obtained in a determination. 

Table 2. Determination of nitrite in the range OGO5-5 mg 

Nitrite. iq/ 

added found 
Number of 

determinations 

Precision* 
at a confidence 

limit of 95”,,. Rel. error. 
cw 

<I 
0 

5.22 5.21 
1044 IO.42 
34.57 34.6 1 

103.7 103.6 
345.7 346.0 

11601 1160.7 
4640 4639 

* Student’s t-test. 

6 0.05 -0.2 
5 0.05 -0.2 
5 0.08 + 0. I 
5 @IO -0.1 
5 0.22 + wo9 
5 0.5 + 0.05 
4 2 - 0.03 
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Table 3. Determination of nitrite in meat products 

Meat 
product 

Sodium nitrite 
added before 

the extraction. 
IJC/ 

Meat sample. 
0 (in IO0 ml) 

Aliquot 
analysed. 

Ill/ 

Nitrite 
talc.. 

I’(1 

Nitrite 
found, 

/‘II 

Pork 1250 5.00 
sa u saye 250 5.00 

1250 5QO* 
250 5GO* 

Ham 5.00 
- 500* 
250 500 
250 5X)0* 

12.5 12.7 
12.5 12.6 
12.5 12.5 
12.5 12.4 
0 0 
0 0 

12.5 12.5 
12.5 12.4 

Meat 
product 

Sodium nitrite 
added before 

the extraction. 
KI 

Determined 
Aliquot spectrophoto- Nitrite 

Meat sample. analysed. metrical1y.t found. 
g (in 100 ml) IllI w KI 

Cicrman 5.00 IO 1.5 * 0.7 I.1 
sausage 20.00 5 3 +0.7 2.3 

250 5.00 IO 26.5 k 2 26.2 
1000 2OGO 5 53 +3 52.1 

Bacon 5.00 5 1.3 * 0.7 0.8 
2OGCl 5 5.2 + 1 3.3 

I25 5+Kl 5 7.6 _I I 7.1 

* Protein not precipitated. 
+ The error limits quoted correspond to a 95”,, confidence level. 

Table 3 gives the results of nitrite analyses in different meat products. (Each value is 
the mean of three measurements.) Some determinations of nitrite were performed without 
precipitation of the protein before analysis and the results in these cases showed no signifi- 
cant differences from those obtained for the treated solutions. However, with protein in 
the sample the time of analysis was increased owing to the diminished rate of mass transfer. 
The background currents became higher and the cell solution had to be changed after a 
few analyses in these cases. Addition of the precipitating ferrocyanide and zinc solutions 
to the cell alone (blank test) caused no disturbances. In general, the protein should be pre- 
cipitated from the solution. 

Nitrite in meat products reacts in different ways-for example it reacts with myoglobin 
to form the stable. coloured nitrosylmyoglobin. Also, oxides of nitrogen and free nitrogen 
are formed in different nitrite reactions, and nitrate is formed by disproportionation of 
nitrite. Therefore. calculations of nitrite contents based on experiments with a known 
amount of nitrite added are only relevant for freshly prepared samples. 

We added nitrite to the samples just before the extraction step and the results obtained 
by immediate analysis agreed well with the values calculated, as may be seen in Table 3. 

We also made simultaneous determinations with the standard spectrophotometric 
method using sulphanilic acid and z-naphthylamine. measuring the red coupling-product 
at 525 nm. The results obtained with the spectrophotometric method are given in Table 
.3 with confidence limits at the 95”,, level. 
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From the results in ‘Table 3 it can be seen that the coulometric method is convenient 
for the determination of nitrite in meat. The method is rapid and the standard deviation 
is as low as 0.5”,, which makes the method an excellent alternative to the standard spectro- 
photometric method. In a further investigation the coulometric method will be extended 
to determination of nitrite contents below the /lg level and also to include determination 
of nitrate. 
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Zusammenfasaung-Ein coulometrisches Verfahren mit geregeltem Potential mit Jod als Zwis- 
chenprodukt wurde zur Bestimmung von Nitrit entwickelt. Nitrit wird durch Jodid reduziert und 
das gebildete Jod anschliel3end coulometrisch reduziert. Die Reduktion von Nitrit wurde im pH- 
Bereich O-6 studiert; die besten Bedingungen ftir eine genaue Bestimmung werden mitgeteilt. Die 
Anal!senziet fiir eine Nitritbestimmung bei 0.005-5 mg ktr?igt etwa 2-5 min. der Fehler kO.l”,,. 
Das Verfahren wird auf die Bestimmung van Nitrit in einigen Fleischprodukten angewandt. 

R&sum&On a ClaborC une mCthode coulom&rique P potentiel contilC utilisant l’iode comme un 
produit intermtdiaire pour le dosage du nitrite. Le nitrite est rCduit par I’iodure et l’iode for& est 
alors r&duit coulom&riquement. On a etudit la reduction du nitrite dans le domaine de pH O-6 et 
I’on foumit les conditions optimales pour un dosage p&is. Le temps d’analyse pour un dosage 
dans Ie dornaine de 0,005-5 mg de nitrite est d’environ 2-5 mn et I’erreur + 0,1x. La m&hode est 
appliqube au dosage du nitrite dans quelques produits g base de viande. 



DETERMINATION OF THE OXIDIZING CAPACITY OF 
MANGANESE ORES 

RAUI;I)KA PIUSAl) 

Thomas Hill-.lonrs Lrd.. IS High Street. Stratford. London. E I5 208. England 

Summar!-An accurate method is described for determining the amount of active oxygen in 
manganese ores. based on the oxidation-reduction reaction between the ore and arsenic(II1) in 
presence ofammonium molybdate. followed by the back-titration of excess ofarsenic(lI1) with cer- 
ium(IV). using osmium tetroxide as catalyst and Disulphine Blue V as indicator. A survey has been 
made ofthe applicability of this method to various pyrolusite ores containing less than O,?‘, phos- 
phorus. Aluminium(IIII copper(I1). iron(II1). manganese(I1). and molybdenum(V1) do not interfere. 
Up to Jo”,, phosphorus(V) causes no interference. 

The active oxygen in a manganese ore is regarded as the amount in excess of that required 
by the formula MnO. It is usually described as being present in the form of manganese 
dioxide MnO, and is quoted as such throughout this work. A variety of methods have 
been used for its estimation. In the classical oxalate method’ the sample is digested with 
oxalate in dilute sulphuric acid. and the excess of oxalate titrated with permanganate. 
However. this method has been criticized by several workers,‘-’ who found that oxalate 
is decomposed catalytically by Mn( II). Katz. Clarke and Nye’ discovered that the loss of 
oxalate \vas reduced when the space above the reaction mixture was filled with carbon 
dioxide. and suggcstcd that “decomposition” was due to rcnction with atmospheric 
o~>gcn. This could be present in solution5 or adsorbed on the surface of the ore.” Other 
workers’ found that decomposition was also brought about by light and acid. Freeman 
and Chapman’ obtained more accurate results in the presence of copper(I1). or iron(II1). 
both of which stabilize the oxalate, and a method was developed which used iron(II1) as 
additive. The present author, following the procedure of Freeman and Chapman, found 
that it was necessary to adhere very closely to the specified conditions to obtain reproduc- 
ible results and that the method was not suitable for small samples. 

The British Standards method.9 based on the oxidation of iron(I1) sulphate, was found 
to be accurate but tedious. Moreover. the reaction had to be carried out in an atmosphere 
of carbon dioxide to prevent the oxidation of iron(I1) by aerial oxygen. 

In Bunsen’s methodlO the ore is treated with hydrochloric acid and the evolved chlorine 
is passed into potassium iodide solution, the released iodine being titrated with thiosul- 
phate. This method was regarded as satisfactory by Belcher and Kolthoff’ ’ and by Pan- 
ton\ and Siddiqi.” but Mrsudich and C1a1.k’~ qucstinncd its ;ICCIII’;I~\. In an\ cast. il ton 
is lcdious and time-consii1iiing. Moditicd proccdurcs. ’ ‘- I” in \vhich mangancsc dioxide 
is made to react directly with potassium iodide. can be used only in the analysis of reactive 
materials and are not generally applicable to ores of a refractory nature. The same criti- 
cism can be made of the methods of Schaeffer” and Stognii” in which hydrogen peroxide 
is used as the reducing agent. Tanino’ has used fusion with potassium hydrogen fluoride 
AS ;I mc:~ns of reducing mang:~ncsc( IV I :III~ mnngancsc(Vl1 I to llli\Ilg:IIlese( III j. The fused 
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mixture was extracted and titrated with ammonium iron sulphate. However. this 
method did not give satisfactory results in presence of a high proportion of Mn(II). and 
therefore it is suitable only for samples with a high manganese dioxide content. 

Wilson23 and Schweigart2* reduced the ore with vanadium(IV) at room temperature. 
They allowed the ore to dissolve in a solution containing excess of vanadium(IV) sulphate 
and hydrofluoric acid, and then titrated the resultant vanadium(V) produced with 
ammonium iron(I1) sulphate. However, although some ores dissolve with ease in the 
reducing mixture, others take several days to go into solution. 

The manganese ores analysed in the present work fall into the marketing categories of 
“metallurgical”, “catalytic”, “ceramic” and “battery” grade ores, all of which contained 
manganese as pyrolusite (MnO,) in concentrations varying from 30 to 90”,,. With the 
exception of Caucasian ores, each type of ore analysed had characteristics unsuited to the 
methods reviewed above. 

Moroccan ores with high Mn(I1) contents give high results by the oxalate method. owing 
to catalytic decomposition of the oxalate. Congo manganese. while initially reacting 
quickly with oxalate, leaves behind a residue of a refractory nature which decomposes very 
slowly. Mamatwan type ores have high iron contents and decompose at only moderate 
rates; further, the colour of the reaction products makes end-point detection difficult. 
Amapa I and Hotazel manganese ores are of metallurgical grade and contain insoluble 
matter together with iron and other metals. In the analysis of these ores it is difficult to 
ascertain the completeness of the reaction and again end-point detection is difficult. The 
osalatc method for the determination of the oxidizing capacity of “electrolytic” manganese 
was found to be unreliable in this laboratory. 

This paper describes a method anticipated by Cantoni’s arsenite method.25 It is based 
on reduction by arsenic(II1) followed by back-titration of the excess of arsenic(II1) with 
cerium(IV) sulphate, ammonium molybdate being present to reduce the depressive effect 
of phosphorus. 

EXPERIMENTAL 

Rruyerus 

Ar.ser~ic(/fl) solution, 002%. Dissolve about 49 g (accurately weighed) of analytical grade arsenic(III) oxide. 
previously dried at 108 + T for 2 hr. in about 200 ml of cold 20% sodium hydroxide solution to obtain a clear 
solution. Add just enough dilute sulphuric acid to bring the pH to below 7 (indicator paper). Dilute it accurately 
lo I lilrc. 

t,rrrrrorriuru wriurrr( I I ) .w/p/rcrrc .wlrrrio~r. 04tWhI. Dissolve ahou t 23 g ol’on~ll\tical-grndc ammonium ccrium( IV I 
sulpl~;~tc in 500 ml of 5”(, \ v sulphuric acid and dilute to I litre with water. Standardize it with the orsrnicllll) 
solution as in the proccdurc. 

-Irrlrnorliltrlr ho/ ~!~t/trrc~ .so/frriorr. I”,,. Dissolve I g of analytic&grade ammonium paramol! hdntc tctrohydrate 
in lo0 ml of water and add I ml of 2M ammonia. 

Osmiuu~ retroxirle solurion. 0.01 M. Dissolve 0025 g of osmium tetroxide in 100 ml of 0.0.5M sulphuric acid. 
Dhlphirw Blrre V idicuror .solutiorl, I”,:. 
Sodium hplro.~it/r .w/urior~. 7O”x. 
Strlphtrric trcitl. I?S”:, L.!I.. 

Grind the sample to pass through a 150~pm aperture sieve and dry it at I IO + Y for 2 hr. Transfer about 
170 m ol’ ~mnlc. accur;ltcl\ wciahcd. into a 5oO-ml conical flask which contains 504 ml of standard 041C.lf 

arwnic(Illl u,lution ml 3) ml 0r 15”,, v \ sulphuric acid. and dilute to about 2(n) ml ailh bvatcr. Plocc in the 

neck of the Ilask ;I l’unncl with ;I short wide stem and hoi1 the solution gentI> l’or a11 hour. keeping the volume 
at 3x1 ml hy adding water from time to time. Crush any unrcacted solid.pnrticlcs with a glass rod. udd I ml 
01’ I”,, ilmmonium mol!hdatc solution nnd boil the solution scntl! l’or I hr or until no dark hro\\n piirticles 
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Table 1. 

B.S.I. 
method”* 

MnO,. ‘I,, 
Present method Present Phosphorus in ore. 

without molybdatc* method* 0 
I, 

Congo I 
Congo II 
British Chemical 

Standard 176: 1 
Amapa (Brazil) 
Lagos (Nigerian) 
Immini 1 (Moroccan) 
lmmini II 
Australian 
Indian 

80.1, (0.1,) 
82.1> (0.1,) 

73.4, (0.1,) 
72.98 (O.lo) 
77.2, (0.0,) 
74.2, (0.1 1) 
81.4,(0.1,,) 
65.0, (0.1,) 
93.9,(0.1,) 

77.9, (0.4”) 
80.3, (0.3,) 

72.4, (0.2,) 
72.0” (0.2,) 
76.53 (0.2,) 
74.0, (0.1’)) 
81.0, (0.1,) 
64.9 s (0.0,) 
93.9, (0.0,) 

80.1,(0.1,) 0.18 
82.1,(0.1 ,) 0.14 

73.5, (0.1”) 0.14 
72.99 (0.0,) 0.09 
77.18 (0.0,) 0.06 
74.3(, (0.0,) 0.05 
81.50(0.0,) 004 
65.02 (0.0,) 0.03 
93.9? (0.0,) 0.0’ 

* The ~alucs in lvxclcts represent standard deviations from the mean of 5 dctcrminations 

1’cn1;~~11. n Ihichcxcr i\ the ~hortcr. <‘ool the Ilask to roo11~ tcmpcraturc. add IWO drops ofosmium tctrolidc solution 
and three drop\ of Indicator and titrate with standard 0.05A1 ccrwm(lV) until the colour cl~nngcs lrom grcen- 
>ellou to red. 

RESLILTS AND DISCUSSION 

A series of results obtained by the present procedure with and without the addition of 
molybdate is presented in Table 1. Standard deviations are given in brackets. Each figure 
is the average obtained from 5 different samples of the ore. The phosphorus contents of 
the ores were determined by an absorptiometric method.26 The figure in column 2 repre- 
sents the results obtained by the British Standards method.’ The absolute standard devia- 
tion is seen not to exceed 0*16”/, regardless of the weight and nature of sample used. By 
comparison the standard deviation of the set of five separate analyses of the MnO, content 
of sample B.C.S. 176/l as quoted in the sample specification is 0.37. This figure is in agree- 
ment with the results reported by the British Institute for its standard method.’ However 
the figures in columns 2, 3, and 5 indicate that when the phosphorus content of the ores 
exceeds about 004”/0, the results obtained in the absence of molybdate are low and some- 
what less reproducible. It is believed that these losses are caused by some type of associ- 
ation of phosphorus with manganese. 

Ammonium molybdate was added to see whether this effect could be reduced by con- 
verting the phosphorus into phosphomolybdate. A comparison of columns 3 and 4 indi- 
cates marked improvement. The influence of phosphate was further studied by adding tri- 
sodium phosphate to the reaction flask together with the sample. Results obtained on sam- 
ples of B.C.S. 176i I. Tmini(1) and Imini(II1) manganese are presented in Table 2. The addi- 
tion of 2 mmole of phosphorus. which corresponds to 30”,, phosphorus being present in 

Table 2. Effect of phosphorus(V) 

Phosphate added. B.C.S. 176/l 
rllrllole (73.5,)t 

MnOz found. ‘I;* 
Imini I 
(74.3Jt 

Imini III 
(84.0,)t 

0.5 73.5,) 74.2, 83.9, 
1.0 73.4, 74.3, 84.0, 
I.5 73.X, 74.3, 84.1,, 
2.0 73.4, 74,& 84.1, 

* Average of three determinations. 
t True value. obtained b! standard method.” 

T\L \<,I 2, \o 4 D 
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Table 3. Effect of additives to mongunese arcs 

MnO, found. ““* 
B.C.S. I7611 lmini I Imini III 

Ion added, ~urnolr (735,)t (74.3o)t (840,)t 

Mn(I1) 

O-5 73.6, 74.3, 84.1, 

I.0 73.4, 74.3, 84.0, 

1.5 73.5, 74.& x-l. I, 
2.0 73.4, 74.3, 84. I 1 

AI(II1) 

0.5 73.4, 74.3, 84.0; 

I.0 73.6, 74.4, 84, I ) 

I.5 73.3, 74.2, 84, I - 
2.0 73.4, 74.3, 84.0, 

Fe(III) 
0.5 
1.0 
1.5 
20 

Cu(I1) 
0.5 
1.0 
1.5 
2.0 

Mo(VI) 
0.5 
I.0 
I.5 
20 

All five 

73.3, 
73.4, 
73.6, 
73.50 

73.4, 
73.3, 
73.5, 
73.4, 

73.3, 
73.4, 
73.6, 
73.4, 

73.4, 
73.3” 
735, 
736, 

74.2, 
74.3s 
74.1, 
74.3, 

74.21 
74.42 
74, I * 
74.3,, 

74.4, 

74.3, 
74.4, 
74.20 

7440 
74.15 
74.3, 
74. I y 

84.2, 
54.1, 
84.0, 
84.l- 

84.1, 
84.1, 
54.2, 
84.OQ 

Y4,10 
83.9” 
84.0,, 
84.1, 

83.9, 
84,0,, 
54,2,, 
8-l. I %, 

* Average of three determinations. 
t True value obtained by standard method.’ 

the ore sample, did not cause any interference. The molybdate had to be added after the 
initial reaction, because if it was added at the start, the reaction between manganese diox- 
ide and arsenic(II1) was retarded. 

Manganese(II), copper(H). iron(III), aluminium(III), molybdenum(W), and phosphor- 
us(V) (in Zmmole amounts) do not interfere with either the titration of arsenic(II1) with 
cerium(IV) or with the determination of manganese dioxide by the method described 
(Table 3). 

The maximum relative standard deviation found was 0.1 SO/;, for electrolytic manganese 
dioxide, which is better than that obtained by other methods. particularly the oxalate 
method. For the other samples analysed (18 in all) the absolute standard deviation was 
generally 0.07-O. 1 I I’,;. 

Ack~~ow/e~/~ert~er,r.~-The author wishes to thank L. C. Roscllar of the Polytechnic of the South Bank. London 
for bclpful discussions and T. W. Miller-Jones of Thomas Hill-Jones Ltd. for permittine this work to be pub- 
lishcd. Apprcciution is also cxtcndcd to the British Standard Institute and tvcr Keady (6.B.) Ltd. for the provi- 
sion of some manganese samples. 
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Zusammenfassung-Es wird eine genaue Methode zur Bestimmung des aktiven Sauerstoffs in 
Manganerzen angegeben. Sie beruht auf der Oxidations-Reduktions-Reaktion zwischen dem Erz 
und Arsen(II1) in Gegenwart von Ammoniummolybdat. Nach dieser Reaktion wird das iiberschiis- 
sige Arsen(II1) mit Cer(IV) zuriicktitriert. wobei Osnjumtetroxid als Katalysator und Disulfinblau 
V als lndikator verwendet werden. Es wurde eine Ubersicht iiber die Anwendbarkeit dieses Ver- 
fahrens auf verschiedene weniger als 0. Z”, Phosphor enthaltende Pyrolusit-Erze zusammengestellt. 
Aluminium(IIII Kupfer(I1). Eisen(II1). Mangan(I1) und Molybdln(V1) stiiren nicht. bis zu 30”” 
Phosphor(V) ebenfalls nicht. 

R6sum&On dkcrit une methode precise pour dtterminer la quantitt d’oxygine actif dans les 
minerais de manganese. baste sur la reaction d’oxydation-reduction entre le minerai et I’arsenic(II1) 
en presence de molvbdate d’ammonium. suivie par le titrage en retour de I’excts d’arsenic(II1) par 
Ie cCrium(IV). en ut:Iisant le tetroxyde d’osmium comme catalcseur et le Bleu Disulfine V comme 
indic;ltcur. On ;I cll&tuC; tine L:tudc de Ia possihilitti d.appiicntion dc cettc mCthode h divers 
mincritls dc p~rolus~tc contonant mains dc O.?‘,, dc phosphorc. Lcs aluminium(lll). cuivrc(llj. 
Itr(IIll. mangar&e(II) et molybdtne(V1) n’interRrent pas. Le phosphore(V) jusqu’ii 30”” ne cause 
pas ginterfbrence. 
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COULOMETRIC DETERMINATION OF 
DISSOLVED OXYGEN IN WATER 

(Received 30 Januar_v 1974. Accepted 28 February 1974) 

Ofall the methods published for the determination of oxygen dissolved in water that of Winkler’ and its numerous 
modifications are most widely used. From the critical reviews of these methods made by Potter’ and later by 
Caritt and Carpenter3 it can be seen that rather large sample volumes are required and that several of the pro- 
cedures used are time-consuming. The final step in most of these methods, and in some others such as those 
in which oxygen is allowed to react with chromous ion, 4,5 is based on the determination of iodine titrimetrically 
or photometrically. The accuracy of these determinations is often affected by difficulties in determining the end- 
point exactly. 

Electrochemical approaches to oxygen measurements have been made by Caritt and Kanwisher6 who used 
membrane-type electrodes and by Lilley er ~1.’ who improved these electrode measurements by the use of a 
chronoamperometric technique. The need for calibration curves and the sensitivity ofthe electrodes to temperature 
variations however. make these methods time-consuming and less accurate. 

In an earlier paper we presented a coulometric method for the determination of nitrite, using the reaction: 

2HNOz + ZI- + 2H+ + 2N0 + I, + 2H,O (1) 

and found it necessary to prevent oxygen from entering the coulometric cell. Oxygen will otherwise interfere 
according to the reactions 

2N0 + O2 + 2N02 (2) 

and 

NO1 + 21- + 2H+ -+ NO+I, + Ha0 (3) 

In our method for the determination of oxygen, sufficient nitric oxide is produced according to reaction (1) for 
reactions (2) and (3) to occur. The iodine formed is then reduced coulometrically and the amount of oxygen can 
be determined. Since all the reactions involved are rapid and stoichiometric the determinations are accurate and 
take only a few minutes. 

EXPERIMENTAL 

Apparatus 

The controlled-potential coulometric apparatus was the same as for the determination of nitrite* and as de- 
scribed earlier.‘~” 

Preparation qforygen samples 

A thermostat bath was built containing about 8 1. of water and with very well insulated walls. A four-necked 
250 ml flask containing 150 ml of doubly-distilled water was immersed in the bath to the top of the necks. Carbon 
dioxide-free thermostated air saturated with water vapour was bubbled through the water in the flask at about 
50 mlimin. The flask was also furnished with a mercury thermometer calibrated against a platinum resistance 
thermometer. 

When the desired temperature was reached the air stream through the water was decreased and only a small 
stream of air was blown over the surface of the water to renew the atmosphere in the flask continuously and 
allow the system to be completely equilibrated. 

Procedure 

The electrolyte in the coulometric cell was the same as in the determination of nitrite and the pH was adjusted 
to 0.5 with sulphuric acid. The nitrogen streams through and above the solution in the working electrode com- 
partment were adjusted to 250 and 150 ml,min. respectively. 

957 
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The following sequence of operations was performed for a determination of oxygen. 
1. The nitrogen bubbling through the cell solution was stopped. 
2. A coulometric determination of about 25 pmole of sodium nitrite was performed. 
3. An identical amount of sodium nitrite together with the oxygen-containing sample was determined. 
4. The oxygen content of the sample was calculated from the difference of the integrator read-outs obtained in 

steps 2 and 3. 

Drterrlhatiorl of osygerl irz air-saturated ware1 

Water was saturated with air at seven different temperatures in the interval lOXlO’. Three samples were taken 
at each temperature with a carefully calibrated 1 ml “Misco” pipette. working from the lowest to the highest 
temperature and then back again. The results from the two series of determinations agreed within 0.2”,. which 
indicated that equilibrium was r.eached at each temperature. 

RESULTS AND DISCUSSION 

The results for the determination of oxygen in water saturated with air are shown in Table I together with 
data from some often-cited studies. The values calculated by Whipple and Whipple.” based on a gasometric 
determination by Fox,” and quoted in several books on standard methods for the determination of oxygen are 
somewhat high over the whole range in comparison with our results. Probable explanations are supersaturation 
with dissolved oxygen and systematic errors due to the gasometric method used. A modification of the Winkler 
technique was used by Truesdale et al. ” Their values up to about 30” are appreciably lower than any others 
available in the literature. A probable reason for this is that iodine had been lost by volatilization and that the 
loss was greater for samples saturated with oxygen at low temperatures than for samples saturated at high tem- 
peratures. This has also been &own by Montgomery et a/. I4 who used a modification of the Winkler technique 
but eliminated the loss of iodine by using a large excess of iodide. Their values agree rather well with those 
obtained in our investigation. 

Table 1. Oxygen content of air-saturated water. expressed in pprrt (witv) 

Temp, Whipple and Truesdale Montgomery 
:c Whipple et al. et nl. This work 

10 11.33 IO.92 II.28 Il.20 
15 IO.15 9.76 IO.07 IO.10 
20 917 8.84 9.08 9.10 
25 8.38 8.11 8.26 8.28 
30 7.63 7.53 7.57 7.60 
35 7.10 7.04 6.98 7.04 
40 6.60 6.59 6.47 6.48 

Our values presented in Table I are the mean of six determinations and all values are adjusted to a pressure 
of 760 mmHg according to the formula 

S _S760?’ 
‘ND- - 

P-P 

where SThO is the saturation value at 760mmHg. S is the observed saturation value at the actual barometric 
pressure P. and 1~ is the saturated water vapour pressure in mmHg. The relative humidity measured with a dew- 
point apparatus indicated that the water vapour pressure was within a few per cent of the saturation value at 
every temperature measured. The temperature was controlled to _CO.O3’ which gave an uncertainty of less than 
0.05”,, in the results. Volume-weight conversions for the pipette at the different temperatures gave an error of 
about @I’!, and together with the uncertainty in the coulometric determination gave a total maximum error of 
about 04”; for each value obtained. 

An empirical equation for the solubility of oxygen was calculated by the method of least-squares: 

S = 14.1271 - 0.33935t + 5.1333 x IO-‘t’ - 3.5556 x IO-‘? 

where S is the solubility of oxygen in water (ppm w/w) and t is the temperature in ‘C. The root mean square devia- 
tion of the experimental values from those calculated from the equation above is 0.021 ppm. 

The enthalpy and entropy changes for the following reaction can be calculated: 

O&. PO?) * O,(aq. Xo,) 

where po, is the partial pressure of oxygen in atmospheres in the gas phase and X0, is the solubility of oxygen 
expressed as a mole-fraction. 
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The solubility of individual gases in a mixture is directly proportional to their partial pressures and nearly 
independent of the presence of the others. If we express the solubility of oxygen in water at different temperatures 
as a mole fraction and use the equation 

AH- AS 
In X0, = - RT + R + In po, 

which is relevant if we assume that AH- and AS’ for the transfer of I mole of oxygen from the gas phase to the 
water phase are independent of the temperature in the measured interval (25 + 15’) a plot of In Xo2 VS. the 
reciprocal of the absolute temperature will then result in a straight line. The line was evaluated by means of 
a least-squares fit and from the slope AH’ was estimated to be - 13.40 kJ/mole and from the intercept on the 
ordinate AS. was found to be - 134 J mole. deg- I. The deviation of the solubility values from the calculated 
line is only @3”,,. which supports the assumption that AH and AS’ are almost independent of the temperature 
in this relatively small interval. The attractive forces between the oxygen molecules and the water molecules are 
probably of van der Waals type as the order of magnitude of such forces usually lies in the range IO-1 5 kJ/mole. 

The good accuracy obtained for the solubility determinations and the small sample volumes required make 
the coulometric method very convenient for the determination of oxygen dissolved in water. 

.4ckrlolrlerill~rllrrlr-The authors thank Mrs. Lena Andersson for skilful assistance with the experiments. 
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Summary-The oxygen content of air-saturated distilled water has been determined at between 
IO and 40. by using a controlled-potential coulometric method based on an earlier published 
method for the iodometric determination of nitrite. The maximum error for the determinations 
was *@3”, over the whole range. and the time of analysis about 3 min. An equation is given for 
the solubility in the measured range. and some thermodynamic functions are calculated. 

Zusammenfassung-Der Sauerstoffgehalt von luftgeslttigtem destilliertem Wasser wurde zwischen 
IO und 40. mit Hilfe einer coulometrischen Methode mit geregeltem Potential bestimmt; diese ber- 
uht auf einer vorher publizierten Methode zur jodometrischen Bestimmung von Nitrit. Der maxi- 
male Fehler der Bestimmungen betrug im ganzen Bereich *0.3”,. die Analyse dauerte etwa 3 min. 
Es u ird eine Gleichung fur die Loslichkeit im gemessenen Bereich angegeben. und es werden einige 
thermodynamische Funktionen berechnet. 

Rhm&-On a determine la teneur en oxygkne de I’eau distill&e saturte d’air entre 10s et 40s en 
utilisant une methode coulometrique a potentiel controle basee sur une mithode publiet prictde- 
mment pour le dosage iodo-metrique du nitrite. L’erreur maximale pour le dosage est +-0,3% 
dans tout I’mtervalle. et le temps d’analyse est d’environ 3 mn. On donne uneequation pour la 
solubilite dans I’intervalle mesure, et quelques fonctions thermodynamiques sont calcultes. 
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SIMULTANEOUS DETERMINATION OF DIMETRIDAZOLE AND 
FURAZOLIDONE IN FEED-PREMIXES BY D.C. POLAROGRAPHY 

(Received 14 February 1974. Accepted 25 February 1974) 

Dimetridazole (1.2-dimethyL5-nitroimidazole) and furazolidone [N-(5-nitro-2-furfurylidene)-3-amino-2-oxazoli- 
done] are active ingredients of some veterinary feed-premixes used for the preparation of animal feeds effective 
against some diseases of pigs. A rapid polarographic method for the simultaneous determination of both these 
active constituents has been established. 

The sample is treated with DMF to facilitate the dissolution of dimetridazole and furazolidone. A Britton- 
Robinson buffer, pH = 68, is used as supporting electrolyte and both constituents are determined polarographi- 
tally in a single determination. Sugars, antibiotics of the tetracycline group, and most vitamins do not interfere. 
Vitamin Br and compounds with an aromatic nitro-group interfere. 

Reagents 
EXPERIMENTAL 

N,N-DimethyJformamide (DMF). analvtical grade. 
Britton-Robinson bufir, pH = 6.8. Mix 100 ml of a solution which is 004M in acetic acid, 0.04M in orthophos- 

phoric acid and 0*04M in boric acid with 50 ml of @2M sodium hydroxide. 
Standard soluriort. Weigh 120 mg of dimetridazole reference standard and 60 mg of furazolidone reference stan- 

dard into a 100 ml volumetric flask. Dissolve them in 80 ml of DMF and add water to volume. This standard 
solution is used when the ratio dimetridazole: furazolidone in the sample is expected to be about 2: I. In general 
the ratio dimetridazole :furazolidone in the standard should be about the same as that in the sample. and other 
standards can be prepared appropriately. 

Preparation of sample 

Weigh a portion of finely ground sample containing 1.2-2.4 mg each of metronidazole and furazolidone into 
a 50 ml volumetric Rask. add 5 ml of DMFand shake the Hask for some minutes. Then add 0.75 ml of 0.2”/, aqueous 
solution of Triton X-100 (Rohm and Haas Co.), or of 0*2”.I aqueous solution of gelatin and dilute to volume 
with Britton-Robinson buffer. pH = 6.8. Mix well and filter the solution if necessary. 

Polarography 

Pipette 25 ml of the clear solution into a polarographic cell and purge with oxygen-free nitrogen for IO min. 
Record the polarogram us. SCE from +O.l to - 1.1 V with a sensitivity of 7-20 +4 full-scale deflection and suit- 
able damping. Use of a drop-life timer is recommended to give a drop-time of 2-3 sec. Under these conditions 
E,,, offurazolidone is -0.35 V and that ofdimetridazole about -@69 V, so that AE,,z is sufficient for separation 
of the two waves. 

After obtaining the polarogram, add I ml of the standard solution to the solution in the cell. deaerate with 
oxygen-free nitrogen for I min and again record the polarogram under the same conditions. 

Measure the wave heights and calculate as follows: 

mg of furazolidone in I g of sample = 
20 t-ill, 

(I.04 h2 - h,)w 

mg of dimetridazole in I g of sample = 
20hH, 

(I.04 HI - H,)w 
where a = mg of furazolidone reference standard in 100 ml of standard solution 

b = mg of dimetridazole reference standard in 100 ml of standard solution 
w = weight of the sample in mg 
h, = wave-height of furazolidone before standard addition 
hz = wave-height of furazolidone after standard addition 
H, = wave-height of dimetridazole before standard addition 
H, = wave-height of dimetridazole after standard addition. 



SHORT COMMUNICATIONS 961 

r 

30 I- 

Fig. 1. Polarogram of an equimolar (2 x 10e4M) solution of dimetridazole and furazolidone in 
Britton-Robinson buffer. pH = 6.8. The solution contains 20% v/v of DMF. Recording of the 
curve starts at +O.l V vs. SCE. One abscissa division corresponds to 0.1 V and one ordinate divi- 

sion to 1.5 pA. 

RESULTS AND DISCUSSION 

The method is especially suitable for rapid control during the manufacture of feed-premixes. One analysis for 
both components takes about 30 min. The precision is fairly good (see Table 1). The polarographic currents of 
both components are diffusion-controlled and increase linearly with concentration in the range used for the deter- 
mination. The supporting electrolyte chosen (Britton-Robinson buffer pH = 68 with 10% of DMF) was found 
to be the most suitable. At lower pH values the separation of the waves is not so good, and in the alkaline region 
furazolidone decomposes.’ An addition of DMF improves the solubility of both components. Other supporting 
electrolytes,‘~z were also tested but their buffer capacity is too low for the purpose. The standard-addition method 
is preferred because more accura!e results are obtained and it is more rapid than the concentration-diffusion 
current plot method. 

Table 1. Results of IO analyses on a feed-premix containing l27<%, metronid- 
azole and 6”,, furazolidone 

Furazolidone 
Found. I’<, Recovery, % 

Dimetridazole 
Found, % Recovery, % 

5.86 91.7 11.86 98.8 
607 101,l 11,95 99.6 
5.87 97.8 12.10 100.7 
5.97 99.4 12Q4 100.3 
5.91 98.4 11.88 990 
6.13 102.1 11.92 98.4 
5.90 98.3 12.11 100.9 
6.08 101.4 12.04 100.3 
604 100.6 11.87 98.8 
6.01 100.2 11.88 98.9 

Average 
Std. devn. 

5.98 99.7 11.96 99.6 
k 1.6”” *0.9x 
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Summary-A polarographic method has been proposed by which dimetridazole and furazolidone 
can be determined in combination in feed-premixes in a single determination. The sample is treated 
with DMF to facilitate the dissolution of dimetridazole and furazolidone. Britton-Robinson buffer 
of pH = 6.8 is added and the solution is polarographed at the dropping mercury electrode rs. SCE. 
The waves are sufficiently separated to allow quantitative determination. The standard-addition 
method is used. The method is simple and very fast. 

ZusammenfassuagEs wird ein poiarographisches Verfahren vorgeschlagen. mit dem Dimetrida- 
zol (1,2-Dimethyl-5-nitroimidazol) und Furazolidon nebeneinander in einer Bestimmung in vor- 
gemischtem Futter bestimmt wcrden konnen. Die Probe wird mit DMF behandelt. urn die 
Aufliisung von Dimetridazol und Furazolidon zu erleichtern. Britton-Robinson-Buffer von pH 6.8 
zugegeben und die Liisung an einer Quecksilbertropfelektrode gegen eine ges;ittigte Kalomelelek- 
trode polarographiert. Die Stufen liegen gentigend voneinander entfernt. urn eine quantitative Bes- 
timmung zu erlauben. Es wird die Methode der Standardzugabe verwendet. Das Verfahren ist ein- 
fach und geht sehr schnell. 

Rkmmk-On propose une mtthode polarographique par laquelle le dimetridazole et la furazoli- 
done peuvent We doses en combinaison dans des premtlanges alimentaires en une settle dttermina- 
tion. L’CchantiIlon est traiti au DMF pour faciliter la dissolution du dimttridazole et de la firra- 
zolidone, on ajoute du tampon B&ton-Robinson de pH = 6,8 et la solution est pa&e au polaro- 
graphe a 1’Clectrode a gouttes par rapport a l’tlectrodt au calomel satume. Les vagues sont suffisam- 
ment tip&es pour permettre le dosage quantitatif. On utilise la mtthode d’addition d’ttalon. La 
mtthode est simple et t&s rapide. 

Tukrwu. Vol. 21. pp. 962.965. Pergamon Press 1974. Printed in Great Britain 

POLYSTYRENES IMPREGNATED WITH ETHERS-A 
POLYMERIC REAGENT SELECTIVE FOR GOLD 

(Rrcriced 3 I Jnr~uary 1974. Accqml 6 ~Murclt 1974) 

The use of polymeric reagents in the recovery of.metals offers many advantages over the use of liquid-liquid 
extraction. The most important of these is the east with which the solid- liquid separation can he achieved. How- 
ever, the choice of polymeric reagents is restricted by the complexity of their preparation. to the common ion- 
exchangers containing acidic or basic functional groups. The emergence of the high surface-area polymeric absor-‘ 
bants of the macroreticular or macroporous types now permits the preparation of polymeric reagents. not by 
chemical reactions, but by impregnation of a suitable compound having a high athnity for the polymeric matrix. 

In the work described here. polymeric reagents srlrcrirc for gold were prepared by the impregnation ofethylene 
diglycol dibutyl ether. according to the method reported by Morris and Khan.’ so that the following points could 
he tested:(i) whether an impregnated polymeric reagent is completely analogous to a liquid reagent in selectivity. 
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Summary-A polarographic method has been proposed by which dimetridazole and furazolidone 
can be determined in combination in feed-premixes in a single determination. The sample is treated 
with DMF to facilitate the dissolution of dimetridazole and furazolidone. Britton-Robinson buffer 
of pH = 6.8 is added and the solution is polarographed at the dropping mercury electrode rs. SCE. 
The waves are sufficiently separated to allow quantitative determination. The standard-addition 
method is used. The method is simple and very fast. 

ZusammenfassuagEs wird ein poiarographisches Verfahren vorgeschlagen. mit dem Dimetrida- 
zol (1,2-Dimethyl-5-nitroimidazol) und Furazolidon nebeneinander in einer Bestimmung in vor- 
gemischtem Futter bestimmt wcrden konnen. Die Probe wird mit DMF behandelt. urn die 
Aufliisung von Dimetridazol und Furazolidon zu erleichtern. Britton-Robinson-Buffer von pH 6.8 
zugegeben und die Liisung an einer Quecksilbertropfelektrode gegen eine ges;ittigte Kalomelelek- 
trode polarographiert. Die Stufen liegen gentigend voneinander entfernt. urn eine quantitative Bes- 
timmung zu erlauben. Es wird die Methode der Standardzugabe verwendet. Das Verfahren ist ein- 
fach und geht sehr schnell. 

Rkmmk-On propose une mtthode polarographique par laquelle le dimetridazole et la furazoli- 
done peuvent We doses en combinaison dans des premtlanges alimentaires en une settle dttermina- 
tion. L’CchantiIlon est traiti au DMF pour faciliter la dissolution du dimttridazole et de la firra- 
zolidone, on ajoute du tampon B&ton-Robinson de pH = 6,8 et la solution est pa&e au polaro- 
graphe a 1’Clectrode a gouttes par rapport a l’tlectrodt au calomel satume. Les vagues sont suffisam- 
ment tip&es pour permettre le dosage quantitatif. On utilise la mtthode d’addition d’ttalon. La 
mtthode est simple et t&s rapide. 
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POLYSTYRENES IMPREGNATED WITH ETHERS-A 
POLYMERIC REAGENT SELECTIVE FOR GOLD 

(Rrcriced 3 I Jnr~uary 1974. Accqml 6 ~Murclt 1974) 

The use of polymeric reagents in the recovery of.metals offers many advantages over the use of liquid-liquid 
extraction. The most important of these is the east with which the solid- liquid separation can he achieved. How- 
ever, the choice of polymeric reagents is restricted by the complexity of their preparation. to the common ion- 
exchangers containing acidic or basic functional groups. The emergence of the high surface-area polymeric absor-‘ 
bants of the macroreticular or macroporous types now permits the preparation of polymeric reagents. not by 
chemical reactions, but by impregnation of a suitable compound having a high athnity for the polymeric matrix. 

In the work described here. polymeric reagents srlrcrirc for gold were prepared by the impregnation ofethylene 
diglycol dibutyl ether. according to the method reported by Morris and Khan.’ so that the following points could 
he tested:(i) whether an impregnated polymeric reagent is completely analogous to a liquid reagent in selectivity. 
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and (ii) whether it compares favourably with a conventional polymer. in spite of the fact that permeability inside 

the pores could be impaired during the impregnation process. 

XAD-2 polymeric absorbant (5Og) obtained from Rohm and Haas. was impregnated by being stirred in a 
solution of ethylene diglycol dibutyl ether (20g) in hexane (150ml) for 1 hr. followed by evaporation of the sol- 
vent in a rotary flash-evaporator. until freely flowing beads were obtained. The beads contained 2X%“,, of cthy- 
lene diglycol ether (or 1.3 I mmole/g). 

In all the tests. the resin was shaken with a known amount of tetrachloroaurate in hydrochloric acid. and the 
amount adsorbed was calculated from analyses of solutions before and after the tests either by spectrophoto- 
metric or by atomic-absorption methods.’ 

First the rate of adsorption from 3M hydrochloric acid was determined. and it was found that a contact time 
of 30 min is sufficient (see Table 1) for constant extraction (53”,,). 

Table 1. Rate of adsorption of Au(III) onto resin from 3M hydrochloric acid (Au 
177mgin IOml; 1 gofresin) 

Time, tnifr 0 5 10 15 20 25 30 
Au(II1) in filtrate. rng/rnl 17.7 125 IO.1 9.0 8.4 8.3 8.3 
Au(II1) in resin. rng/g 0 52 76 87 93 94 94 

Next. the influence of hydrochloric acid concentration on adsorption was tested. The results. which indicate 
that adsorption is not strongly dependent on acid concentration. are given in Table 2 (see also Fig. I). 

Table 2. Influence of acidity on adsorption of gold (Au 17.7 mg in 10 
ml. I g of resin) 

Hydrochloric 
acid. M 

Au(II1) Au(II1) 
in filtrate. adsorbed on resin. 

177gir77l 177glg 

1.0 1.02 7.5 
2.0 0.84 9.3 
3.0 0.79 9.8 
4.0 0.69 IO.8 
5.0 0.67 11.0 
6.0 0.65 11.2 

AhsorptIon of Au[m) NlO CdR, and F&U) 
I I I I I I 

, NlflD, CutJIll I I Ni(II) ~CutItl I 
I.0 6 (a 2.0 3.0 40 60 6.0 

Hydrochloric acid, N 

Fig. I. Adsorption of Au(II1). Fe(II1). Cu(III and Ni(lll as a function of hydrochloric acid 
concentration. 
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Adsorptior~ ~/‘platirllrrrl-Mlorrp rwttlls 

individual platinum-group metal ions---Pt(lVl. Pdllll. Rht 111). Ru( IV) and Ir(lVk in 10 ml of l.\I h\drochloric 
acid containing 17.7 mg of Au(IlI) were passed through a column of I g of resin at a mtc of I ml min. and the 
column was rinsed with IM hydrochloric acid. The solutions from the column were analysed by atomic absorp- 
tion the results indicating that the resin did not adsorb any of the metals except gold (Table 31. 

Table 3. Adsorption of platinum-group metals from 1111 hydro- 
chloric acid 

Metal 
Amount added. Amount recovered. 

“Y I’?? 

Pt 0.367 0.367 
Pd 0.255 0.257 
Ir 2.75 2.75 
Rh 0978 0.98 
Ru 2.90 2.90 

Adsorption of base rwtu1.s h!, the resin 

Iron(III), copper(I1) and nickel(I1) chloride solutions [IO ml. containing 17.7 mg of Au( III) and of varying hy- 
drochloric acid concentrations] were shaken with 1 g of resin. and the solutions were analysed by atomic absorp- 
tion before and after. The results (Fig. 1) indicate that only the iron(II1) is adsorbed from solutions of hydrochloric 
acid concentration higher than 3M (see Fig. 1). 

Recycling tests 

To see whether the resin could be used several times. a limited number of recycling tests were performed. Each 
cycle involved loading of the resin (500 mg) by shaking it with a solution of 5.4 mg of Au(II1) in 2M hydrochloric 
acid; the resin was then separated from the solution and stripped with 5”,, thiourea stripping solution. after which 
it was washed and loaded again. The loading of the resin for successive cycles was 9.0. 8.0. IO.6 and 96 mg/g. 

DISCL’SSION 

The results show that the polymeric reagent tested has high selectivity for gold in preference to platinum-group 
metals and base metals. These results are in remarkable agreement with the behaviour of a solution of the reagent 
in a paraffin-type solvent. 

The performance of the polymeric reagent is also very satisfactory when compared with that of ordinary ion- 
exchange resins. No detrimental effects were encountered, and the resin has fairly good ion-exchange capacity. 
It seems that the high surface areas of the polymeric absorbants ensure that the reagent is distributed evenly 
inside the pores in a thin layer, or perhaps even in a molecular monolayer, as the impregnation does not affect 
permeability to ions. 

Although the recycling tests are not by any means conclusive. they indicate that the impregnation process 
affords a stable, easy-to-handle reagent. The impregnation technique therefore provides a fast way of preparing 
selective polymeric reagents by simple methods. 

Although the evidence obtained is insufficient to decide which of the two possible mechanisms (ion-salvation 
or anionexchange) is operative, the second seems the more likely since it accounts better for the behaviour of 
iron(II1). The fact that the platinum-group metal anionic complexes are not adsorbed by the resin shows the 
bond between the resin and tetrachloro-aurate(II1) to be rather weak in nature. 
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Summary-A polymeric reagent selective for gold was obtained by impregnating XAD-2 polymeric 
absorbant with ethylene diglycol dibutyl ether, a gold-selective liquid. The reagent showed a high 
selectivity for gold over the platinum group metals, nickel(I1) and copper( but the selectivity 
relative to iron(Il1) was pH-dependent. 

Zusammenfassung-Ein fur Gold selektives polymeres. Reagens wurde gewonnen durch Impriig- 
nieren des polymeren Absorptionsmittels XAD-2 mit Athylendiglycoldibutyllther, einer fur Gold 
selektiven Flilssigkeit. Das Reagens zeigte eine hohe Selektivitlt fur Gold gegeniiber den Platinme- 
tallen. Nickel(I1) und Kupfer(I1); die Selektivitlt gegeniiber Eisen(II1) war pH-abhlngig. 

R&sum&-On a obtenu un reactif polymtre stlectif pour l’or en imprbgnant I’adsorbant polymbre 
OAD-2 avec l’ethylenediglycoldibutyl ether, un liquide selectif pour l’or. Le reactif a montre une 
haute stlectivite pour l’or par rapport aux metaux du groupe de platine, au nickel(I1) et au cuivre(II), 
mais la selectivitt relativement au fer(II1) depend du pH. 

ANALYTICAL APPLICATIONS OF THIO-, SELENO- AND 
TELLURO-ETHERS-III 

SPECTROPHOTOMETRIC DETERMINATION OF PALLADIUM 
WITH DIBENZYL SELENIDE 

(Receirrd 23 October 1973. Accepted 26 February 1974) 

Although a wide variety of reagents for palladium is known. relatively few are selenium compounds.‘-* However, 
the purpose of this paper is not to describe yet another method for palladium, but to continue our systematic 
comparison of organic sulphur. selenium and tellurium compounds as analytical reagents. Previous works.’ has 
shown the highly selective behaviour of some selenium compounds towards palladium, in basic agreement with 
ideas advanced previously.‘-” By analogy.‘a probably any “soft base” compound” R-Se-R should be a poten- 
tial reagent for palladium determination by solvent extraction and spectrophotometric measurement of PdXJR- 
Sc R)? where X = Cl.Br.1. The srlectivity should be enhanced because selenides reduce Au(lII).’ 

EXPERIMENTAL 

Rca~qerm 

Diherz!,l selenidr. Synthesized by the Chugaeff method for aliphatic selenides.” (Yield 8O”i,; recrystallized from 
ethanol: m.p. 44.5-45.0’.) 

Bermw. Distilled before use. Commercial benzene was purified by the usual method. 
Srom1u1.d onlladim soltrriorl ( - 1.15 rnq/rnl). Prepared from palladium(H) chloride and O.lM hydrochloric acid. 

Standardized gravimetrically with dime;hylglyoxime. . 
Solrrrions cfdirene ions. Prepared from the chlorides in O.lM hydrochloric acid; silver and lead were used 

as the nitrates: cations such as tin(W). thorium(W). zirconium(IV) and bismuth required more concentrated acid. 
Stock solutions of anions were made from the sodium salts. All contained ca. 10 mg of the relevant ion per ml. 

All inorganic chemicals were of analytical grade. 

The palladium complex was obtained by the Mann and Purdie method. i3 Anhydrous PdCl, (044 g) was dis- 
solved in 75 ml of 0, I A4 hydrochloric acid. and 75 ml of ethanol containing 1.3 g of dibenzyl selenide were added 
dropwise. After stirring for I hr a yellow solid was formed. and was filtered off and dried. Yield 1.3 g, 77%; m.p. 
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139-141’ (decomp.) Calculated for CZsH1,Se,PdCIZ: C 48.19;. H 4.07, Pd 15.2”,; found C 47.9”,, H 4.0”, Pd 
14.8%. Palladium was determined after mineralization with concentrated sulphuric and perchloric acids. by the 
dibenzyl sulphide method.” 

Conductivity measurements on nitromethane solutions of the complex showed it to be a non-electrolyte. 

Characteristics 

The complex, PdCI, .2[(&,H&Hs)sSe], extracted into benzene from acidic palladium chloride solution. had 
an absorption spectrum with a well-defined maximum at 342 nm (Fig. I) Benzene solutions of the reagent also 
absorb strongly at this wavelength and all absorbance measurements were made against a reagent blank. The 
molar absorptivity is 2.7 x IO’ 1. mole- ’ .cm- ‘. 

The effect of reagent concentration was tested by extracting palladium with 1, 2 and 39, w/v dibenzyl selenide 
solution in benzene, and was found to be immaterial over this range. A 2% solution was therefore chosen. The 
pH of the palladium solutions before extraction was varied from 1.0 to 5.5 by addition of perchloric acid and 
acetate buffer and extraction was found to be quantitative over the pH range 1.c4.5. The chloride concentration 
was varied from 0.1 to IOM without effect on the extraction. Temperature variation between 20’ and 25’ was 
also without effect. The absorbance remained constant for at least one day if the solution of palladium complex 
was kept in the dark. 

When the palladium complex is extracted from 0.M hydrochloric acid with 27: benzene solution of reagent 
and measured at 342 nm against a reagent blank, Beer’s law is obeyed over the concentration range 0.38-3.0 
ppm. The optimal concentration range, according to the Ringbom method, is 0.66-3.0 ppm in the final solution. 

In extraction of 1GO ml of aqueous solution containing 3.30 pg or 13.3 pg of palladium, with I.0 ml of 2s; 
solution of reagent, it was found that 80% of the palladium was extracted in a single pass, at either concentration. 

Interferences 

Earlier work’*” had indicated that separation and determination of palladium with thio- or seleno-ethers 
should be possible in the presence of various cations and anions. Interference by gold(III)‘o is avoided because 
the reagent reduces the gold, presumably to gold(I). 

Platinum(IV) gives a positive interference, and cannot be prevented by addition of Fe(II1) chloride or nitrate.“’ 
Ce(IV), Ir(IV) or chloramine-T or by pH adjustment. However, if the aqueous phase is saturated with LiCl or 
CaCl, and the Pt concentration kept below 250 &ml this interference is avoided. 

Potentially interfering anions such as bromide, iodide, azide, thiocyanate, sulphide, su;phite or thiosulphate 
are easily eliminated by heating with aqua regiu.” 

L nm 
Fig. I. (I) Absorption spectrum of the benzene extract containing the species [PdClI.2(C,HS- 
CH,),Se]; Pd(II) 13.3 pg/ml. (II) Absorption spectrum of 2% benzene solution of (C,H=,-CH?)Se 

measured against benzene. 
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It was found that 3.30 keg of Pd(ll) could be determined within i 2”,, and 13.3 11g within + 3”,, in the presence 
of I.0 mg of Rh(III). Ir(lV). Ru(IV). Ni(II). Co(H). Zn(ll). Cd(I1). Cr(I11). Fe(IIl). UO,(II). Mn(Il), AI(III), In(lIl). 
C&1(111). Be(I1). Cu(ll). Ag(l). Bi(lll). V(III). Pb(Il). Sn(IV). Zr(lVI. Th(IV). Au(lll). HAsOj-. HPOi-. NO;. 
CIO;. SO:-. Br-. I-. N;. SCN-. S’-. SOi- and S,Oj- and in the presence of 250 erg of Pt(IV): the presence 
of I mg of MOO:- or WOa- caused an error of <3”,, in determination of 13.3 pg of Pd(Il); I.0 mg of Hg(Il j 
caused a positive error of about 7”,, in determination of 3.3 iI& of Pd. 

Pwcisiorl 

The standard deviation calculated from all the interference studies was 0.0022 for the absorbance of 3.3 pg 
of Pd. and @009 for the absorbance of 13.3 pg of Pd. corresponding to a range of kO.09 and kO.36 pg respectively 
(95”, confidence limit. 36 variates in each case). 

Reco117177~77ded procedrrrc 

Take 1.00 ml of the test solution. which should be about 0.1 M in hydrochloric acid, [if Pt(IV) is suspected 
to be present. saturate with LiCl or CaCI,] in a ground-glass-stoppered IO-ml test-tube and shake it vigorously 
for 5 min with 1.0 ml of 2?,, benzene solution of dibenzyl selenide. Centrifuge to separate the phases and transfer 
the organic layer to a 5.0 ml volumetric flask (protected from the light) with an oxtraction pipette.“’ Repeat the 
extraction three times. dilute the combined extracts to volume with reagent, and read the absorbance at 342 nm, 
against a reagent blank run in parallel. 

DISCUSSION 

Although Pt(IV) is considered a moderately “hard acid”. it unexpectedly interferes. Increasing the chloride ion 
concentration (palladium chloride is extracted even from IOM chloride) to keep [PtCl,]:;, associated as much 
as possible to avoid the extraction of Pt(IV). was successful only when the Pt(IV) concentration was below 250 
lcg:ml. Although this limit is lower than for the other ions tested. the ratio Pd:Pt is acceptable and realistic. 

The substitution mechanisms for Pt(lV) systems are arguable as reported before”’ and to this problem two 
new experimental.facts may be added. During attempts to inhibit the effect of Pt(IV). solutions of [PtCI,]‘- 
in 0.1 M hydrochloric acid were saturated with zinc chloride. and on extraction. yellow instead of colourless 
extracts were obtained. After two extractions. the aqueous phase became colourless. it appearing that all Pt(IV) 
was extracted: the extract had a well-defined absorption maximum at 355 nm. Studies to interpret and apply 
this fact are in progress. It is interesting that zinc chloride apparently had no effect when dibenzyl sulphide was 
used. but the same yellow extracts were obtained with dibenzyl selenide and platinum solution saturated with 
chloramine-T. The first fact indicates a salting-out effect but the second is very difficult to interpret. 

The absorption band of the palladium selenium complex occurs at lower energy (29.200 cm-‘) than that of 
the sulphur complex” (31.400 cm-‘). A bathochromic trend had already been observed for benzene solutions 
of palladium chloride complexed with diphenyl sulphide, selenide and telluride (27.000. 26,700 and 25,000 
cm-‘I.“’ and for alcohol solutions.‘4 It being suggested that the assignment should be an S,,, or Se,,- ag* 
charge-transfer metal-reduction type. 

The molar absorptivity of the selenium complex is roughly 50”,, higher than that of the sulphur compound. 
and the sensitivit! is therefore increased. 
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Summary-Palladium chloride is very efficiently extracted with a benzene solution of dibenzyl 
selenide. The extract can be used to determine palladium spectrophotometrically in the range 0.38- 
300 ppm. Determination of palladium in presence of platinum metals and many cations and 
anions, is reported. 

Znsanunes&mung-Palladiumchlorid 1HDt sich mit einer Losung von Dibenzylselenid in Benz01 
sehr gut extrahieren. Der Extrakt kann zur spectrophotometrischen Bestimmung von Palladium im 
Bereich 0.3%3,oO ppm verwendet werden. Es wird iiber eine Bestimmung von Palladium in Gegen- 
wart von Platinmetallen und vielen Kationen und Anionen berichtet. 

R&au&-Le. chlorure de palladium est extrait t&s efficacement par une solution de s&niure de 
dibenzyle dans le be&ne. L’extrait peut 2tre utilisC pour doser le palladium spectrophotom&rique- 
ment dans le domaine 0,38-3,00 ppm. Gn rapporte le dosage du palladium en presence de m&aux 
du platine et de nombreux cations et anions. 

TITRIMETRIC ESTIMATION OF CYSTEINE ALONE AND 
IN THE PRESENCE OF OTHER AMINO-ACIDS 

(Received 22 May 1973. Revised 24 October 1973. Accepted 6 March 1974) 

There are several methods ofestimating amino-acids, but the chemical methods are generally non-selective. How- 
ever. simple titrimetric methods have been reported for sulphur-containing amino-acids.L.Z 

This paper reports simple and brief direct compleximetric titrations of cysteine either alone or in the presence 
ofother amino-acids. The methods are based on use of mercury or lead solutions as titrants with a metallochro- 
mic indicator. 

EXPERIMENTAL 

Reagents 

Doubly distilled water was used throughout. Standard solutions of cysteine hydrochloride monohydrate were 
prepared by dissolving exactly weighed amounts. Mercuric chloride and lead nitrate solutions were prepared 
by dissolving the reagents and standardizing. 

Indicator solutions were O@lS% PAR, 0.1% Catechol Violet and 0.1% diphenylcarbazone in ethanol. The 
diphenylcarbazone solution must be freshly prepared. 

Citrate buffer, pH 6.2, was prepared by diluting a mixture of 7.2 ml of O.lM citric acid and 42.8 ml of O.lM 
sodium citrate to 100 ml. Carbonate-bicarbonate buffer, pH 9.2, was made by diluting a mixture of 4 ml of 0.2M 
sodium carbonate and 46 ml of @2M sodium bicarbonate to 200 ml. Boric acid-borax buffer, pH 9.2, was made 
by diluting a mixture of I 15 ml of 005M borax and 50 ml of 0.2M boric acid to 200 ml. 
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Summary-Palladium chloride is very efficiently extracted with a benzene solution of dibenzyl 
selenide. The extract can be used to determine palladium spectrophotometrically in the range 0.38- 
300 ppm. Determination of palladium in presence of platinum metals and many cations and 
anions, is reported. 

Znsanunes&mung-Palladiumchlorid 1HDt sich mit einer Losung von Dibenzylselenid in Benz01 
sehr gut extrahieren. Der Extrakt kann zur spectrophotometrischen Bestimmung von Palladium im 
Bereich 0.3%3,oO ppm verwendet werden. Es wird iiber eine Bestimmung von Palladium in Gegen- 
wart von Platinmetallen und vielen Kationen und Anionen berichtet. 

R&au&-Le. chlorure de palladium est extrait t&s efficacement par une solution de s&niure de 
dibenzyle dans le be&ne. L’extrait peut 2tre utilisC pour doser le palladium spectrophotom&rique- 
ment dans le domaine 0,38-3,00 ppm. Gn rapporte le dosage du palladium en presence de m&aux 
du platine et de nombreux cations et anions. 

TITRIMETRIC ESTIMATION OF CYSTEINE ALONE AND 
IN THE PRESENCE OF OTHER AMINO-ACIDS 

(Received 22 May 1973. Revised 24 October 1973. Accepted 6 March 1974) 

There are several methods ofestimating amino-acids, but the chemical methods are generally non-selective. How- 
ever. simple titrimetric methods have been reported for sulphur-containing amino-acids.L.Z 

This paper reports simple and brief direct compleximetric titrations of cysteine either alone or in the presence 
ofother amino-acids. The methods are based on use of mercury or lead solutions as titrants with a metallochro- 
mic indicator. 

EXPERIMENTAL 

Reagents 

Doubly distilled water was used throughout. Standard solutions of cysteine hydrochloride monohydrate were 
prepared by dissolving exactly weighed amounts. Mercuric chloride and lead nitrate solutions were prepared 
by dissolving the reagents and standardizing. 

Indicator solutions were O@lS% PAR, 0.1% Catechol Violet and 0.1% diphenylcarbazone in ethanol. The 
diphenylcarbazone solution must be freshly prepared. 

Citrate buffer, pH 6.2, was prepared by diluting a mixture of 7.2 ml of O.lM citric acid and 42.8 ml of O.lM 
sodium citrate to 100 ml. Carbonate-bicarbonate buffer, pH 9.2, was made by diluting a mixture of 4 ml of 0.2M 
sodium carbonate and 46 ml of @2M sodium bicarbonate to 200 ml. Boric acid-borax buffer, pH 9.2, was made 
by diluting a mixture of I 15 ml of 005M borax and 50 ml of 0.2M boric acid to 200 ml. 
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Procedure 

Citrate buffer (pH 6.240 ml), 0.1 ml of PAR and 1-5 ml of 0001 M cysteine hydrochloride solution were mixed 
in a 100 ml beaker and titrated with OG_rlM mercuric chloride from a microburette. to a sharp change in colour 
from yellow to intense pink. 

Similarly 044M cysteine hydrochloride was titrated with 0.01 M lead nitrate with Catechol Violet as indicator 
and boric acid-borax buffer (pH 9.2, 5 ml), the end-point colour change being from pink to blue. 

Further, OGOlM cysteine hydrochloride was titrated with 00X M mercuric chloride, in carbonate-bicarbonate 
buffer (pH 9.2,5 ml) and diphenylcarbazone as indicator, the end-point colour change being from yellow to violet. 

RESULTS AND DISCUSSION 

Micro-amounts of cysteine were estimated by the methods given both alone and in the presence of a mixture 
oflysine monohydrochloride, L-arginine hydrochloride, DL-kuCine. Dr-threonine, DL-methionine. hydroxyproline. 
asparagine, Dr-aspartic acid, DL-alanine, DL-valine, DL-isoleucine, proline, DL-norleucine, t%-phenyl alanine, cys- 
tine, glutamic acid, glycine and ot_-serine and it was found that these acids in up to ten times the concentration 
of the cysteine did not interfere. 

Table 1. Titration of cysteine hydrochloride with mercuric chloride (PAR indicator and 4 ml of 
citrate buffer, pH 6.2) 

Cysteine hydrochloride, 
OGOl M, 

I??/ 

Mercuric chloride, 
OGO1007M, 

ml 

Cysteine hydrochloride 
monohydrate, mg 

Error. 
Taken Found “#, 

1ao Ia0 0.176 0.177 +0.7 
2.00 2GCl 0.351 0.353 +07 
3.00 3.00 0.527 0.530 +0.7 
4.00 4.00 0.702 0.707 +0.7 
5.00 5.00 0.878 0.884 + 0.7 

Table 2. Titration of cysteine hydrochloride with lead nitrate (Catechol Violet indicator and 5 ml 
of boric acid-borax buffer. pH 9.2) 

Cysteine hydrochloride, 
OG4M. 

ml 

Lead nitrate, 
O.OlOO!lM, 

ml 

Cysteine hydrochloride 
monohydrate, mg 

Error, 
Taken Found ‘I{, 

0.50 1.96 3.51 3.47 - 1.1 
0.70 2.74 491 4.85 -1.3 
0.90 3.53 632 6.25 -1.1 
1.10 4.31 7.72 7.63 -1.2 
1.30 5.10 9.13 9.03 -1.0 

Table 3. Titration of cysteine hydrochloride with mercuric chloride (diphenylcarbazone indicator 
and 5 ml of carbonate-bicarbonate buffer, pH 9.2) 

Cysteine hydrochloride. Mercuric chloride, 
OGOlM, 0GO1008M. 

r77l ml 

Cysteine hydrochloride 
monohydrate, mg 

Error. 
Taken Found 0o 

1 a0 0.98 0.176 0.173 -1.3 
2.00 1.96 0.351 0.347 -1.2 
3.00 2.94 0.527 0.520 -1.2 
4.00 3.94 0.702 0.697 -07 
5.00 4.92 0.878 0.870 -0.8 
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Typical results are shown in Tables 1-3, and indicate that the lead method has a negative bias of about I.?‘, 
and the mercury method has a positive bias of @7% at pH 6.2 and a negative bias of about 1.20,; at pH 9.2. 

The cystcine solution must not be allowed to stand in air for too long, or there is partial oxidation to cystine 
and a change in the stoichiometry. 

Up to about 10 mg of cysteine hydrochloride can be titrated. With larger amounts a white precipitate appears 
in the reaction mixture an addition of the titrant, and it is difficult to judge the end-point. 

A I : 1 complex is formed in agreement with earlier report? of both 1: 1 and I : 2 complexes. 

Acknowledgement-Thanks are due to the University Grants Commission (Government of India), New Delhi. 
for providing the financial support for this investigation. 
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Sammary-Cysteine has been determined alone and in the presence of other amino-acids by 
titration with mercury(H) at pH 6.2 or 9.2, and with lead at pH 9.2. In all three procedures. a I : I 
complex is formed. 

~mmenfassuag_Cystein wurde allein und in Gegenwart anderer Aminosiiuren durch Titration 
mit Quecksilber(I1) bei pH 6.2 oder 9.2 und mit Blei bei pH 9.2 bestimmt. Bei allen drei Methoden 
bildet sich ein 1: 1-Komplex. 

R&rum&On a dose xa cyst&e seule et en la presence d’autres acides aminC par titrage avec le 
mercure (II) a pH 6.2 ou 9,2 et avec le plomb a pH 9.2. Dans les trois techniques, il se forme un 
complexe 1: 1. 

Tulanra. Vol. 21. pp. 910.972. Pergamon Press 1974. Printed in Gent B&in 

REACTION BETWEEN COPPER(IbTHIOUREA AND 

BISMUTH(III~THIOUREA COMPLEXES IN 

PRESENCE OF IODIDE. NEW SPOT-TESTS 
FOR COPPER(I1) AND BISMUTH(II1) 

(Receiwd 2 October 1973. Accepted 29 November 1973) 

Bismuth(II1) has been detected by various workers ’ 4 by the development of a deep yellow colour 
caused by the action of thiourea on an acidic solution of this metal. Depending upon the conditions of the 
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reaction, a variety of bismuth(III)-thiourea complexes, oiz.. Bi(tu)X,, Bi(tu),X,, and Bi(tu),Xs [where 
tu = thiourea: X = a univalent anion]s.6 are formed. Like bismuth, copper(I1) also reacts with thiourea, 
giving complexes of varying composition,’ 9 predominantly Cu(tu),X. In these complexes, copper is stabilized 
in the copper(I) state. When a solution containing bismuth(IIJ)-thiourea complex is mixed with another 
containing a copper(I)-thiourea complex. there is apparently no major colour development. However. if a 
soluble iodide is then added. there is immediately formed a heavy. deep red or red-orange precipitate like 
that obtained with bismuth(Il1) in presence of iodide and organic bases.‘” The coloured product in the 
prcscnt case is most likcll due to the formation of a mixed bismuth-copper-iodide-thiourea complex. 
which may be represented as [Bi(tu)313. Cu(tu),I]. Since the reaction is sensitive, and also is characteristic of 
bismuth and copper, it has been used for the spot-test detection of these metal ions when present alone or 
together, and also when present with iodide. This reaction is also characteristic of iodide, but the sensitivity 
is poor. 

EXPERIMENTAL 

RfW/etlt~~ 

He.sokis( thiou~eatoI.sul/~hatotttortouyuodicopper(l) [Cu2(tu),S0,. HzO] solution (A 1. Prepared by the method of 
Cavalca et ~1.~ About I g of this complex was suspended in 30 ml of cont. sulphuric acid, and 50 ml 
of water were then added. The clear solution thus obtained was filtered and stored. 

Pota.ssiurit iodi& solution. 4”,, w/r irt water. 

Thiorrreu solutiorl. 2.5”,, w/r in water. 

Bismrth(lll) rtitrute solutiort. I”,, w/r irt dil. nitric mid. 
Copper solution. A 2” 0 w/v solution of cupric chloride or sulphate in acidified water. 

Procedures 

Bi.vttuth(lll). Mix a drop of the acidic testsolution with 1 drop of solution A in the depression of a spot plate. 
and add I drop of 4’:; potassium iodide solution. Appearance of a deep orange or red-orange precipitate 
indicates bismuth, 

Limit ~1 detection: 2pg of 81(111). 
Limit cfdilution: 1 : 2.5 x 104. 
Alternatively. to 1 drop of the acidic test solution on a spot plate, add 1 drop of 25’j, thiourea solution and 1 

drop of 2:” cupric chloride or sulphate solution with stirring. (More thiourea should be added if a precipitate 
persists on addition ofcopper solution.) Then add a drop of4’:/,potassium iodide solution. An orange or red-orange 
precipitate indicates bismuth. 

Copper by corn!er.sion into copper complex. Mix 1 or 2 drops of 2.57, thiourea solution with 1 drop of test 
solution on a spot plate. and add successively 1 drop each of I;,:, bismuth nitrate or chloride solution and 4% 
potassium iodide solution. An orange or red-orange precipitate indicates copper(H). 

Limit of detection: 8 pg of Cu(I1). 
Limit qfdilutiott: 1 : 6.25 x 103. 
lodidc. To I drop of l”,, acidic bismuth nitrate solution on a spot plate add 1 drop each of the reagent 

solution (A) and neutral or slightly acidic test solution. An orange or red-orange precipitate is formed if iodide is 
present. 

Limit ofdetection: 75 pg of J- in a drop (0.05 ml). 
BisrmttlzUll) W/WI p,esm with iodide. Place 1 drop of the acidic test solution (which is invariably yellow 

owing to in situ formation of BiI; ions) on the spot plate, and add 1 drop of solution (A). A deep orange 
or red-orange precipitate indicates both bismuth and iodide. 

Limit of’detrctiort: 2 pg of Bi(lI1): 75 ng of I-/O.05 ml. 
Bisrttutlt(lll) where prcsetlt with copper’( Mix on a spot plate I drop of the slightly acidic test solution and 

I or 2 drops of 2.5”” thiourea solution. Then add 1 or 2 drops of 4:/A potassium iodide solution. A red or 
red-orange precipitate indicates both bismuth(II1) and copper(II1. I . 

Limit of detection: 2 be of Bi(III1 and 8 ug of Cu(IIVOO5 ml. 
Bisrttuth(ll1) whett pr’eiettt with copper and iobi&. To 1 drop of the slightly acidic test solution on a spot 

plate add 1 or 2 drops of 2.5”, thiourea solution. A deep orange or red-orange precipitate indicates the combined 
presence of bismuth(II1). copper(H). and iodide ions. 

Limit ql detection: 2 pg of Bi(III), 8 pg of Cu(I1); 75 ng of I-/@05 ml. 

Irltet-ferences 

Most cations and anions (coloured or colourless) do not interfere in any of the tests above. Only T](I), Cs, 
SO:-. S,Oi-. EDTA. and oxidizing ions (e.g.. NO;. IO;. JO;. BrO,. and MnO;) interfere. 

The intcrfcrence h! thalliumt1) is because it forms a wine-red or maroon-red precipitate of thallium bismuth 
iodide (TlzBil,)” I3 with Bi” and I- ions. Similarly, caesium interferes because it forms with Bi3’ and I- 
ions a bright red precipitate of caesium bismuth iodide (CszBiIs).‘*~i5 
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Summary-New and very simple spot tests are described for the detection of Bi(III), Cu(I1) and 
I- ions with limits of detection of 3. 8, and 75 &ObS ml respectively. Tests are also described 
for such combinations as Bi(III) + I-; Bi(III) + Cu(l1): and Bi(III) + Cu(I1) + I-. All the tests 
are based on the formation of an orange or red-orange precipitate of bismuth(III~copper(I)- 
iodide+thiourea complex, for which the formula [Bi(tu)sIs.Cu(tu)sI] (where tu = thiourea) is 
proposed. This complex is produced in various ways by the interaction of Bi(III), Cu(II), and 
I- ions with thiourea. Most cations and anions do not interfere, but TI(I), Cs(I), SO:-, S20i-, 
EDTA, and oxidizing ions such as NO;, IO;, IO;, BrO;, and MnO; do. The complex 
hexakis(thioureato)sulphatotnonoaquodicopper(I) [Cu&u)$O,.HsO] is proposed as a new 
spot-test reagent for Bi(III) and I- ions, although the sensitivity for the latter is poor. 

Ztuummer&mmg-Neue und sehr einfache Tilpfelreaktionen zum Nachweis von Bi(III), Cu(II) 
und J- mit Na<hweisgrenzen von 3, 8 bzw.* 75 rplo.05 ml werden beschrieben. Auch fur 
Kombinationen wie Bi(II1) + J-; Bi(II1) + Cu(II); Bi(III) + Cu(II) + J- werden Tests be- 
schrieben. Alle Tests beruhen auf der Bildung eines orange oder orangeroten Niederschlags eines 
Komplexes von Wismut(III), Kupfer(I), Jodid und ThiohamstolT, fur den die Formel 
pi(tu)sJs.Cu(tu)sJ] (tu = ‘Thioharnstol?) vorgeschlagen wird. Dieser Komplex wird auf ver- 
schiedene Weise durch die Reaktion von Bi(IIIL CufII) und J- mit Thioharnstoff erhalten. 
Die meisten Kationen und Anionen stijren t&hi es &en jedoch TM), Cs(I),‘SO<-, &O:-, 
EDTA und oxidierende Ionen wie NO:, JO-;, JO-, BrO: und MnOi. Der Komplex 
Hexakts(thioharnstoR~sulfatomonoaquodikupfer(1) [Cu2(tu)eS04.H20] wird als neues Ttipfel- 
reagens fur Bi(II1) und J- vorgeschlagen, obgleich die Empfindlichkeit fur J- nur gering ist. 

R-On d&ritdesessais ii la touche nouveaux et tres simples pour la detection des ions Bi(III). 
Cu(II) et I- avec des limites de detection de 3,8 et 75 ,ug/O,O5 ml respectivement. Des essais sont 
aussi dtcrits pour des combinaisons telles que: Bi(II1) + I-; Bi(If1) + Cu(I1); et Bi(II1) + Cu(I1) 
+ I-. Tous les es&s sont bases sur la formation dun precipite orange ou rouge-orange de com- 
plexe bismuth(III)-cuivre(I)-iodure-thiourtk, pour lequel- on propose la formule- [Bi(tu,I,, 
Cu(tu)sI] (ou tu * thiourte). Ce complexe est produit de diverses manieres par l’interaction d’ions 
Bi(III), Cu(I1) et I- avec la thiourie. La plupart des cations et anions n’interferent pas, mais Tl(I), 
Cs(I), SO:; S,O:; 1’EDTA t les ions oxydants tels que NO;, l$, lO_, BrOs t MnO; 
g2nent. On propose le complexe hexakis (thioureato) sulfato-monoaquodicuivre (I) [Cu,(tu),SO,, 
H,O] comme un nouveau reactif d’essai a la touche pour les ons Bi(II1) et II, quoique la sensibi- 
lite soit faible pour le dernier. 
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NEW SPOT-TEST FOR SILVER(I) BASED ON DOUBLE 
IODIDE FORMATION WITH BISMUTH(II1) 

(Received 2 October 1973. Accepted 29 November 1973) 

Various spot-test methods for the detection of silver have been reported. They mostly involve organic 
reagents,‘.* although certain inorganic reagents’ such as manganous nitrate/alkali, manganic nitrate/hydrochloric 
acid, ceric ammonium nitrate/nitric acid, potassium chromate, stannous chloride, and cuprous thiocyanate 
have also been used. The present paper describes a new and unusually simple spot-test for silver involving the 
use of bismuth(III) solution and a soluble iodide. The test is based principally on the tendency of bismuth(H1) 
halides to combine with one or more molecules of halides of other elements to form double halides.’ ’ 
Thus, for example, a spot-test for thallium(I) has recently been described which is based on the formation 
of a wine-red thallium bismuth iodide (2TB,BiI,).a Similarly, a spot-test for copper and bismuth has been 
reported9 which is based on the formation of a red-orange complex [Bi(tu)aIsCu(tu)sI], produced by the 
interaction of bismuth(III)-thiourea-iodide and copper(I)-thiourea-iodide complexes. 

The present test for silver is based on the formation of a deep red-maroon or brownish-maroon 
precipitate of bismuth silver iodide (Ag,BiI,) when a silver salt solution is treated with a solution of 
potassium iodobismuthate KBiI, or its acid, iodobismuthic acid HBiI,. No work has so far been reported on 
this compound. The test is highly sensitive, and is capable of detecting submicrogram quantities of silver. 

EXPERIMENTAL 

Reagents 

Bismuth(lll) solution. A I’!;, w/v solution ofbismuth trinitrate pentahydrate or bismuth trichloride in dilute nitric 
or hydrochloric acid. 

Silver nitrate solution. A I :‘” w/v solution in distilled water acidified with a few ml of nitric acid. 
Potassiunr iodide solution. A 2:,, w/v solution in water. 

Procedure 

Place 2 or 3 drops of 2’:” potassium iodide solution in the depression of a spot plate and mix with it 1 drop of 
I’!, bismuth nitrate or bismuth chloride solution. To the resulting yellow solution of potassium bismuth iodide add 
1 drop of neutral or slightly acidic test solution. Immediate formation of a deep red-maroon or brownish-maroon 
precipitate or colour indicates the presence of silver. When. however, ultramicrogram quantities of silver are 
present in the test solution. a positive response is indicated by the appearance of a green colour either 
immediately or after a few sec. The green colour is often accompanied by a brownish precipitate. 

Limit of detection : 0.01 hlg Ag(1). 
Limit qfdihrtion: 1 : 5 x 106. 

RESULTS AND DISCUSSION 

Interferences 

Most cations and anions, including the following, do not interfere: Cu(II), Ni, Co(II), Mn(II), Fe(II), Mg, 
Ca, Sr. Ba. Zn. Cd. Fe(III), Al, Cr(III), In(IIIj, Eu(III), Ru(III), Ce(IV), Zr, V(IV), La, V(V), Mo(VI), 
W(VI), U(V1). Fe(CN)i-, SOS-, Fe(CN),NO -, Cr,O:-, NO;, CN-, F-, PO:-, SO:-, and small 
quantities of Hg(1) and Hg(I1). 

Fe(CN):- and CrOi- hinder the reaction. but their interference is avoided by rendering the test solution 
acidic with a few drops of cont. sulphuric acid. Pd(I1) and Pt(IV). although they form dark ionic species 
with iodide. ric. PdIa- and PtIi-. generally do not interfere because if silver is presenf the dark maroon-red 
precipitate is clearly visible. In the presence of thiourea. an orange precipitate is formed instead of maroon-red. 
Excess of thiourea. however. hinders the reaction. In presence of a.x’-bipyridyl. a deep scarlet-red precipitate 
appears. x.x’-bipyridyl otherwise forms an orange precipitate with KBiI,. 

Serious interference is caused by Tl(I),a Cs. lo S,O:-. and oxidizing species, such as NO;, BrO;, IO;, 
IO;. MnO;. SO:-. and hydrogen peroxide. Pyridine and EDTA also interfere. When they are present in the 
sample, 8 ions such as Cl-. Br-. I-. SCN-. and N; which cause precipitation of silver. also cause interference. 
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Nature of the product 

Bismuth iodide, BiI, , when allowed to react in situ with the iodide of a univalent metal (MI), results in the 
formation of a double iodide of the type ZMI.BiI, or M,BiI,. It is interesting to note that only a few such 
double iodides possess a specific colour of analytical importance. The M,BiI, may also be formed by the 
interaction ofa univalent metal ion (M’) with potassium bismuth iodide. KBiIJ, in presence of a slight excess of 
iodide ions. Thus, the following series of reactions is likely to be involved: 

Bi3+ + 31- - BiI, 
Kl 

l KBiI, w - b MBiI, ” * M,Bil, 

Thallium(I) and caesium are known to form beautifully-coloured double iodides of this type with bismuth 
in presence of iodide.“.‘.” Silver(I) most probably forms a similar compound. 
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Summary-The formation of an intense brownish-maroon or maroon-red product by the 
interaction of silver(I) and bismuth(II1) solution in the presence of iodide forms the basis of a new 
and specific spot-test procedure for silver. The test is conducted on a spot plate with 2 or 3 
dropsof2%potassium iodide solution, 1 drop of I”/, bismuth(II1) nitrate solution, and I drop of test 
solution. Limit ofdetection is 0.01 j(g; limit of dilution is I : 5 x 106. Most cations and anions do not 
interfere. Only Tl(I), Cs, !&0:-l EDTA, pyridine, excess of thiourea, oxidizing ions (NO;, 
IO;, IO;, MnO;, BrO;, and S,Oi-) and ions such as Cl-, Br-, I-, SCN-, and N; which 
cause precipitation of silver, interfere. The product formed is most probably Ag,BiI, 

Zusnmmenfarsruag-Die Bildung eines intensiv kastanienbdunlichen oder kastanienroten 
Produktes durch die Reaktion von Silber(I)- und Wismut(III)-tisungen in Gegenwart von 
Jodid bildet die Grundlage einer neuen und spezifischen Tiipfelprobe auf Silber. Auf eine 
Tiipfelplatte werden 2 oder 3 Tropfen 2% KaliumjodidlGsung, 1 Tropfen 1% Wismut(III)- 
nitratliisung und 1 Tropfen Probeliisung gegeben. Die Nachweisgrenze ist 0.01 fig, die 
Verdilnnungsgrenze 1 : 5 x 10’. Die meisten Kationen und Anionen stiiren nicht. Es staren nur 
TI(I), Cs, S20:-, EDTA, Pyridin, ein OberschuD an Thioharnstoff, oxidierende Ionen 
(NO;, JO;, JO;, MnO;, BrO; und S,Oa-) und Silber ausfillende Ionen wie Cl-, Br-, J-, 
SCN- und N;. HGchstwahrscheinlich wird Ag,BiJS gebildet 

R&sum&--La formation d’un produit marron-brunltre ou marron-rouge intense par l’interaction 
de solutions d’argent (I)et de bismuth (1II)en la presence d’iodure constitue la base d’une technique 
d’essai g la touche nouvelle et sptcifique pour l’argent. L’essai est mene sur une plaque pour 
touches avec 2 ou 3 gouttes de solution d’iodure de potassium B 20/, 1 goutte de solution de nitrate 
de bismuth (III) B 1%. et I goutte de la solution essai. La limite de d&ection est 001 leg; la limite 
de dilution est 1 :5 x 10“. La plupart des cations et anions n’interfhrent pas. Seuls TI(I), Cs. 
S,O:-, I’EDTA, la pyridine, un exds de thiourte, les ions oxydants (NO;;, 1%. 14, MnO;, 
BrO; et S,Og-) t es ions tels que Cl-, Br-, I-, SCK et N; qui provoquent la prtcipitation 
de l’argent sont g&ants. Le produit form6 est trt’s probablement Ag,BiI,. 



SHOUT COMMUNICATIONS 

T~NIIIO. Vol. 21. pp. 975. 97X. Pergamon Press. 1974. Printed in Great Brnain 

975 

ON THE THEORY OF THERMOMETRIC TITRATION 

(Received 18 December 1973. Accepted 8 February 1974) 

In recent years, the thermometric titration method has become extensively used in analytical and physico-chemical 
laboratories. Many aspects of the theory have been c1arified,lw5 yet there remains the question of the role of heat 
emission during the thermometric measurements. 

That heat transfer between ambient medium and thermometric cell has an important effect on the measurements 
has been confirmed many times(cf’. Tyrrell and Beezer’). However, in the formulae used for thermometric titration 
calculations this factor is, unfortunately, either not accounted fo?.’ or the formulae are complicated to such an 
extent as to become unsuitable for practical calculations. 4*5*7 This paper is an attempt to fill this gap. 

Thermometric titration yields a curve which is plotted in terms of solution temperature T VS. time t, or T us. 
volume 1’ of titrant added. Such curves are equivalent to each other at a constant titration rate. Figure 1 represents 
a general curve, which may be subdivided into three sections. The first corresponds to the period before titration is 
started. In this period, heat sources are friction during mixing, and heat transfer with the ambient medium. The 
second section is the main one, and the additional heat sources are the chemical reaction and mixing or dilution of 
the solution. The third section represents the final step of the experiment. The reaction is completed, but the 
titrant continues to flow into the solution at a constant rate. The heat sources are the same as those in the second 
section. with the exception of the chemical reaction. 

i.$3 fk t NC 

vk V cm= 

Fig. 1. Thermometric titration curve to( V,) = start of titration, tt( Vk) = end-point. 

Only the second step is of interest to us here. We assume that the titrant is added at constant rate, that heat 
transfer between the solution and the ambient medium occurs in accordance with Newton’s law, with a constant 
heat-transfer coefficient, that mixing is so efficient that temperature and concentration are uniform throughout 
the solution, that the temperature-dependence of the specific heat capacity, heat-transfer coefficient and heats of 
mixing and reaction may be neglected, that frictional heat is generated at a constant rate of w cal/sec, that the 
solution composition and ionic strength do not influence the results, and that the reaction rate is infinitely high. 

To make the argument general. the initial temperature of the solution r,, (at time to = O), temperature of titrant 
r,. and temperature of the ambient medium T, are taken as not equal to one another. 

We consider reactions of the type 
mA + nB -+ A,B, (1) 

where B is the titrant. 
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The thermal balance of the thermometric cell may be expressed as:* 

a(M,C,+hGY)~+q+lF(T-T,)+p,C,a(T-T,)=O (2) 

where o is the titration rate (cm”secl III,, and C,, are the mass (g) and the specific heat capacity (cat .g- ’ .deg- ‘) 
respectively of the thermometric cell + starting solution system or and C, are the density (g/cm3) and the specific 
heat capacity respectively of the titrant (cal .g- ’ . deg- ‘); V is the volume of titrant (cm3) added in time r. x is the 
heat-transfer coefficient (cal .cm-* . deg- ’ . set- ‘); F is the surface area for heat-transfer (cm2), 4 is the rate of 
production of internal heat: 

4 = Q~Gamln + QVPT~ + wlp,a (3) 

where Qa is the heat ofchemical reaction @al/mole); Ca is the concentration of the titrant (mole/cm3). Qv is the heat 
of mixing (Cal/g of titrant), and T is the solution temperature at time t. The initial condition is that V = 0 and 
T= T,,. 

Equation (2) can be solved in a conventional manner* to yield 

AT=T-T,,i 
1 + To - T, + K,Vo - TT) 

(4) 

where 1 = q/rF, K, = m,C,a/zF and Kz = pTCTa/zF. 
Sina K, V/K, 4 1, then to a good approximation 

Equation (4) may then be written as 

AV 
AT=T-T,,=-_ 

1+ BY (5) 

where 

A = 1 + TO - Tc + K,(To - T,), 
B = 1 + K, 

K, K, ’ 
both being constants. Since usually 1 $D To - T, and 1 p K2(To - TT) the sign of AT is determined by the sign 
of q. 

By comparing equations (2) and (5) with those in the literature, it can be proved that the Keily and Hume 
equation6 is a special case ofequation (2). Although the thermal-balance equations proposed by other&’ agree in 
general with equation (2) except in some details, the authors cited could not find a concise and simple solution of 
their equations. 

Equation (5) represents the experimental data satisfactorily. Table 1 presents as an example the experimental 
and calculated data from Keily and Hume’s work.6 Comparison with the results calculated by the use of (5) shows 
that the deviation between the experimental and calculated values is an order of magnitude smaller when 
equation (5) is used. 

Table 1. Comparison between the experimental and calculated values of the temperature change (“C) in titration 
of sodium acetate with perchloric acid (in glacial acetic acid as medium) 

I’. III/ of 0.5M HCIO, AT (exp.) AT, (theor.)* AT2 (theor.)t 

0.5 0.045 0.047 0.045 
1.50 0.134 @I36 0.131 
2.50 0213 0.225. 0.21 I 
3.50 0.285 0.314 0.285 
4.50 0353 0.399 0.355 
5.50 0.418 0483 0.42 1 
5.95 0442 0521 0449 

AT - AT, AT - AT2 

- oXtO 0 
- 0002 + 0.003 
-0.012 + 0.002 
-0-029 0 
-0046 - 0.002 
-0.065 -@CO3 
- 0.079 -o+Io7 

* Calculations according to Keily and Hume.6 
t Calculations according to equation (5). A = -0092, B = 0.0368. 

* We have chosen the titrant volume V as an independent variable, because it is directly proportional to the 
titration time. as indicated by the assumed condition a = du/dt = const. 
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The most interesting conclusion which may be drawn from (5) is that in the general case the value of AT is not 
directly proportional to I’. as is sometimes assumed to be the case. The linear dependence should exist between 
the inverse values: I !A7 and I ‘1’. 

Consequcntl\. it would he Ibct~cr IO plot not AT I‘.\. I the usual practice. but l/AT I‘.,. lit’, which should 
give a straight hne. This can easily be proved if (5) is written in the form 

1 1 B (1 
-__-_=---/J 

rT= AV A V 

where a = l/A = const.. h = B/o = const. 
In these graphs. the point of inflexion corresponding to the end-point should become more conspicuous, 
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Summary-The general equation defining the change in solution temperature AT during a 
thermometric titration is 

AV 
AT=T-T,,=_--- 

1 + BV 

where A and B are constants, V is the volume of titrant used to produce temperature T, and T,, 
is the initial temperature. There is a linear relation between the inverse values of AT and V: 

1 a __=---b 
AT V 

where 11 = 1/A and b = B/A. both a and h being constants. A linear relation between AT and V is 
usually a special case of this general relation. and is valid only over a narrow range of V. Graphs 
of 1 /AT cs. I W are more suitable for practical calculations than the usual graphs of AT vs. V. 

Zusammenfassung-Die aljgemeine Gleichung. die die &nderung der Losungstemperatur AT 
wahrend einer thermometrtschen Titration angibt, lautet 

AC 
AT=T-T,=-_ 

I + B1’ 

wo A und B Konstanten sind, V das Titrantvolumen, das die Temperatur T herbeifiihrt, und Te die 
Anfangstemperatur bedeuten. Es besteht eine lineare Beziehung zwischen den reziproken Werten 
von AT und V: 

I 0 

7=-1- 
h 

wo a = 1 i’A und b = B/A ebenfalls konstant sind. Eine lineare Beziehung zwischen AT und V ist im 
allgemeinen ein Spezialfall dieser allgemeinen Beziehung und gilt nu; in einem kleinen Bereich 
von 6’. Graphische Darstellungen von 1 /AT gegen 1 /V sind fiir Berechnungen in der Praxis besser 
geeignet als die iiblichen graph&hen Darstellungen von AT gegen V. 
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RkumCL’equation generale dtfinissant la variation de la temperature de solution AT durant un 
titrage thermometrique est: 

AV 
AT=T-T,,=_- 

I + BV 

ori A et B sont des constantes, V est le volume d’agent de titrage utilise pour produire la 
temperature T, et T,, est la temperature initiale. 11 y a une relation lineaire entre les valeurs inverses 
de ATet V: 

1 a -= -_- b 
AT V 

oti a = l/A et b = B/A, a et b etant toutes deux des constantes. Une relation lineaire entre AT et V 
est habituellement un cas special de cette relation g&kale. et est valable seulement dans un 
ttroit domaine de V. Les graphiques de l/AT par rapport a I/V sont plus convenables pour les 
cakuls pratiques que les graphiques habituels de AT par rapport a V. 
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Summary-This paper reviews eritxally a number of published methods for using ultraviolet or 
visible spectrophotometric data for the determination of equilibrium constants in solution. Single- 
stage or overlappmg equilibria are considered. and a number of ways m which the experimental 
data can be handled by electronic computers are suggested. 

Equilibrium data continue to serve as important criteria of the stability of complexes or 
the strengths of acids and bases in solution. They provide the basis for speculations on 
linearity of free-energy relationships, structural factors influencing stability. or medium 
effects arising from change in solvent composition. Through the application of computers, 
equilibrium data may be utilized to predict the distribution of solute species in model sys- 
tems representative of multicomponent solutions as complex as sea-water’ or blood 
plasma.’ In analytical work. equilibrium data provide the theoretical foundation for com- 
plexometric titrations. the choice of masking agents,3 and broadly speaking the selectivity 
of reagents in general for solution procedures. 

This paper presents an outline and some discussion of spectrophotometric methods for 
measuring equilibrium constants in solution. The examples particularly apply to the for- 
mation of metal complexes or acids, which may be regarded as proton complexes of bases, 
but the procedures are described with sufficient generality to be adapted to any association 
equilibrium. 

The intention is not to be encyclopaedic but to discuss a number of methods in depth, 
especially those with which the author has had experience. 

FEATURES OF THE SP~CTROPHOTOMETRIC METHOD 

An obvious requirement is that the reaction in question should be accompanied by 
appreciable changes in light-absorption at one or more convenient wavelengths. If the 
molar extinction coefficients are large enough very small concentrations can be used, 
which is an advantage in the case of sparingly soluble materials, or when it is desired to 
work at low ionic strengths so that activity coefficients can be estimated from theory. 

The spectrophotometric method may be complementary to other methods, by giving 
access to regions of equilibrium not otherwise attainable,4 or supplementary, e.g.. in inves- 
tigating “micro” ionization constants of polyfunctional acids, where potentiometric evi- 
dence can only indicate “macro” constants (for example. in the ionization of tyrosine5). 

* For reprmts of this Re\zea see Pubhsher’s announcement near end of this issue. 
979 

T\t \..i ~ \.. 34, \ 



980 W. A. E. MCBRYDE 

Moreover, spectrophotome&ry can provide confirmation of results obtained in other ways. 
It differs from and has the advantage over. potentiometry in that a property of one or 
more of the reactants or products can be directly measured. Accordingly. the spectra mea- 
sured in determination of an equilibrium constant must be consistent with all solution 
compositions predicted by that constant. Spectrophotometry can be used for solvent sys- 
tems or reactions that may not be suitable for potentiometry. e.g.. the reaction between 
iron(II1) and thiocyanate. 

Each solution prepared for spectrophotometric measurement should be examined at 
several wavelengths, so that it provides several data points instead of just one. Such spec- 
tral observations may reveal the occurrence of other reactions or side-reactions which will 
perturb the calculation of an equilibrium constant, for instance. the oxidative or other 
degradation of a reagent, though some kinds of interactions may not be revealed (r.g.. 
protonation or deprotonation of a metal-ligand complex without ~~pp~~r~l~t rtfclct on the 
chromophore’). The appearance of isosbestic points in the spectra of a series of solutions 
in which some parameter other than reactant concentration is systematically varied will 
generally mean the system in equilibrium comprises just two absorbing species; this infer- 
ence, as will be shown later, considerably facilitates interpretation of the data. 

SOME PRACTICAL CONSIDERATIONS 

Spectrophotometric study of chemical equilibrium has been mainly confined to the 
visible and ultraviolet regions. Infrared spectroscopy is restricted for this application 
owing to absorption by many solvents, e.g., work with aqueous solutions is not possible. 
There are also problems, because of the common occurrence of narrow absorption bands, 
in the application of the Beer-Lambert law to infrared data. In recent years Raman spectra 
have been utilized, r.g.. by Irish and co-workers,’ in the study of equilibria in fairly concen- 
trated solutions. The integrated Raman intensity has been found to be a reliable measure 
of the concentration of a particular constituent. These spectra are also sometimes able, 
through inferences about symmetry, to yield structural information about complexes. 
Magnetic resonance spectroscopy will not be included in this review, but is capable of pro- 
viding information from which equilibrium constants can be calculated and inferences 
made about structural features of complexes.* 

To make a series of measurements of the equilibrium constant for a reaction such as 

A + B = BA(=C) (1) 

in a particular solvent, A and B may be mixed together in various proportions. or solutions 
of C prepared at different concentrations. Then measurements are made directly or indir- 
ectly (spectrophotomktrically or otherwise) of the activity or the concentration of one or 
more of these species when equilibrium is presumed to have been attained. When a par- 
ticular concentration is measured by difference, it may be important for the degree of con- 
version of the reaction not to be too great or too small. 

Many of the refationships in this paper presuppose the validity of the Beer-Lambert 
law. True variations of this law can arise when moderately concentrated solutions are used. 
but can usually be neglected when working with dilute solutions. Departures from the law. 
for dilute solutions, nearly always have their origin in dilution causing shifts of equilibria 
involving the absorbing species. It is an instrumental limitation of the absorptiometric 
method that absorbance (A) cannot be widely varied without decreasing the precision of 
its measurement and is effectively confined to a range covering about one order of magni- 
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tude. i.cj.. 0.1 < ,4 < 1.2.” though the range of concentrations measured can be increased 
by use of different path-lengths, r.g., 5, 1, and 0.2 cm. 

To incorporate measured concentrations into equilibrium constants requires a decision 
about activity coefficients. For non-electrolytes these are usually taken as unity in dilute 
solutions; for ionic species relationships such as the Davies equation” are used. However, 
the practice has become widespread of expressing equilibrium constants as concentration 
quotients. particularly for ionic systems, an indifferent background electrolyte being in- 
cluded in all solutions at a fairly high concentration. These quotients are thus conditional 
constants, and the medium to which they apply must be specified. This practice amounts 
to adopting a thermodynamic system based on a different standard state, namely unit con- 
centration in the specified medium. I1 The use of concentration quotients to define equili- 
bria presupposes that activity coefficients remain constant if the ionic strength arising from 
an indifferent supporting electrolyte is fixed and comparatively high. 

HYDROGEN-ION EFFECTS 

Many reactions involve a competition between metal ion (B) and hydrogen-ion (H) for 
a particular ligand (A): 

B+HA=BA-tH (2) 

(charges will generally be omitted for simplicity). The degree of formation of BA can be 
controlled via the hydrogen-ion concentration which can be varied over a wide range, and 
can’usually be measured easily without disturbing the equilibrium. Side-reactions may also 
be pH-dependent, e.g.. hydrolysis of the metal ion or protonation of the complex 

B + H,O=BOH + H (3) 

BA + H+BAH (4) 

A possible source of error that is often overlooked arises from the buffers used to control 
the hydrogen-ion concentration. Several common buffer components react with a fair 
number of metal ions and can give rise to competing side-reactions.” 

In the complete study of equilibrium in a reaction such as (2) when side-processes such 
as (3) and (4) are also involved, two or more equilibrium constants have to be combined. 
If these have been obtained from separate investigations they must be compatible, e.g., 
with respect to temperature, but more important, if they are concentration quotients they 
must refer to media essentially similar in nature of the background electrolyte and ionic 
strength (especially the latter). There are many instances in the literature where equilib- 
rium data have been combined without proper regard for this requirement. 

Some comments seem in order concerning hydrogen-ion functions. The concentration 
[H] is unambiguously defined; the activity (H) is conceptually defined, but cannot really 
be evaluated on its own; a third quantity H = 10-p” is operationally defined through the 
use of buffers. Considerable effort has gone into defining the pH of certain buffer solutions 
in such a way as to make H identical with what (HJ is believed to be in these. However, 
in media of higher ionic strength than these buffers, specific ionic interactions and a liquid 
junction potential can give rise to differences between H and (H) which become appreci- 
able at higher concentrations. In practice H has been found to be proportional to [H] 
within certain limits. so that pH-meters can be empirically calibrated as hydrogen-ion con- 
centration probes. l 3.1 4 even for mixed solvents.’ 5 Many acidity constants have been eva- 
luated by means of the Henderson equation pK = pH + log([HA]/[A]) or similar expres- 
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sions. These are “mixed” or practical acidity constants of the form H.[A]/[HA]. There is 
no harm in the use of such quantities in conjuction with other compatible experimental 
data l6 but because of uncertainty in the significance of the quantity H in many back- 
grodnd solutions, “mixed” acidity constants can only be regarded as having limited physi- 
cal significance. Published compilations of equilibrium constants for acids and bases do 
not as a rule reveal whether these are tlrennod~~namic. concentmrion, or nrised quotients. 
and indeed many authors of original papers have not made clear which kind of “constant” 
is intended. 

It may seem that undue stress is being placed on the precise significance and use of these 
hydrogen-ion functions in what is supposed to be a discussion of spectrophotometry. but 
the matter is often of considerable importance. As will be shown later. expressions such 
as (1 + /3y[H] + /3![H]‘. . . ) often occur in calculations to compensate for portions of 
a ligand that may be protonated.* When [H] is large these expressions may become the 
determining factor in fixing the accuracy or precision with which an equilibrium constant 
may be evaluated. The use of an improper value of the acidity constants can thus lead 
to an incorrect value of the equilibrium constant sought. 

EXPERIMENTAL CONSIDERATIONS 

It should scarcely require mentioning that all possible pains should be taken to ensure 
the purity of reagents, the correctness of volumetric dilutions, the maintenance of constant 
temperature, and so forth. In the author’s experience. th,e commonest and sometimes the 
most surprising source of erroneous results is dirty, etched. or otherwise unmatched 
absorption cells. No series of measurements should be begun without checking, by the in- 
terchange of cells, that no bias is being introduced into the results at any wavelength 
through non-equivalent absorption by the cells. Finally, if equilibrium data of high quality 
are sought, absorbance measurements should be made on a null-type spectrophotometer. 
In the writer’s experience, results taken from even a high-quality ultraviolet-visible record- 
ing spectrophotometer have never yielded results in subsequent cal&lations that were as 
satisfactory as the same information gathered on a good null-type instrument. 

STEPWISE FORMATION OF COMPLEXES 

Jt is assumed that readers are familiar with the terminology and symbolism pertaining 
to stepwise formation of complexes,17~‘s which is briefly summarized below. For a series 
of n simple mononuclear complexes BA . . . BA,, the fraction of B that is in the jth com- 
plex is 

31 = P,CAl’IX (5) 
where X is given by 

X = 1 + p, [A] + /&[A]’ + . . . /3,,[A]” (6) 
The fraction of B that is uncomplexed x0 = [B]/C, = i/X. and this leads to the conven- 
tion of defining fi,, = 1. It also follows that 

* Throughout this paper the symbol /3: will be used to denote overall proton cc.mwkrrim constants. i.v.. /?y = 
[H,A]/[H]j[A]. The use of these, rather than the usual acid dissoclatlon constants, permits more generahzed 
representation of proton exchange reactions. particularly for computer programming. 
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The degree of complex formation is defined by 

983 

ii = i i/Ij[A] i/s = i ,ia, (7) 
,= 1 J=l 

More complicated expressions are required to define these quantities when polynuclear 
species or complexes that undergo proton exchange with the solvent are formed. The 
cumulative equilibrium constants in these expressions apply to formation of the species 
in question: if dissociation constants are used, the polynomials must be altered 
accordingly. 

The manner in which fi and zJ vary with log[A] is depicted in Figs. 1 and 2 for two 
systems of complexes for which II = 3. In the first case, which is comparatively rare among 
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metal complexes, the formation of one complex is complete before that of the next begins, 
In the second case the formation of two or more complexes overlaps. The difference 
between the two systems arises from the ratios between the stepwise formation constants.‘” 
Systems of the first sort can be treated as a series of independent formations of 1: 1 com- 
plexes, and are simple to handle. In systems where overlap occurs the treatment becomes 
more complicated and susceptible to error. 

EXCESS ABSORBANCE 

For a reaction 
mB + nA = B,A,(=C) (la) 

A - E& - EACA = [C](Ec - !?EB - IlEA) (8) 

where A represents the measured absorbance. adjusted if necessary for the path-length used 
in definition of the molar absorptivity E. The quantity on the left is the difference between 
A and the absorbances of A and B if no reaction occurred. This quantity has sometimes 
been called excess absorbance, and although this term may not be very appropriate when 
it occurs with a negative value, we shall use it as occasion warrants and designate it A*. 
The quantity (cc - MB - RQ) may for some purposes be treated as a single coefficient 
which we shall represent by E*. 

EQUILIBRIUM INVOLVING FORMATION OF ONE COMPLEX 

Reaction of 1: 1 sto~c~~o~etry bitt CA aPuf C, vuriub~e 

The equilibrium constant for equation (1) may be expressed in terms of absorptiometric 
quantities as follows: 

K = (C, 

A*/@ 

- A*/e*)(& - A*/E*) (9) 

If E* or cc can be found by a suitable experiment. several independent estimates of K can 
be made by preparing a number of solutions with various C, and Ca values and measuring 
A to find A*. 

It is sometimes assumed that by adding a large excess of one of the reactants the degree 
of conversion of the other into complex may be considered complete. Thus if C’, 9 Cs 
it may be assumed that CC] = CB, and that E* will be given by A*/CB. This may be tested 
by keeping CB fixed and increasing CA to see whether A* becomes constant, but this 
method is impractical if the reactant in excess is a strong absorber, and in practice constant 
absorbance may not be obtained even when CJCB is made quite iarge. 

A brief digression will disclose the factors that render this particular assumption valid 
or invalid. Suppose C4 is put equal to nCH in equation (9); when 11 is large enough A*/e* 
may be neglected in comparison with KS, The result is a quadratic equation for which 
the positive root is 

CB = 
nKA*/e* + ,/(nKA*/e*)’ + 4(nKA*/e*) 

2nK 

From this it is evident that C, ---) A*/E* as the second term under the square root becomes 
small compared to the first. This only occurs if nKA*,k* is fairly large. In fact, unless this 
quantity has a value greater than 100, the estimate of E* based on A*/C, wilf be in error 
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by lo; or more. The following table gives an indication of the relationships defined by 
equation ( 10). 

4 0.829 E* 
40 0976 E* 

400 0.997 E* 

Clearly. therefore. systems with small values of K or large values of E* are not well suited 
to this method. since .4* will generally be unity or less, and a number of practical factors 
may impose a limit on II. 

Another approach to estimating E* which, like the preceding case, requires for practical 
reasons that Ed be zero, entails finding by trial and error,20 or preferably by computer,2’ 
the value of l e which yields the minimum standard deviation for K. 

When E* is not or cannot be determined in this way, a common strategy is to treat it 
and K as a pair of unknowns to be extracted from the experimental data. Rearrangement 
of equation (9) gives: 

CACB - (C, + &J/4*/E* + (4*/E*)2 = A*/c*K 

As a rule the term (A*/c*)’ will be smaller than the others, and may be temporarily or 
permanently dropped. This gives: 

CACB/A* = l/E*K + (CA + Q/c* (11) 

Then if C,CBI’A* is plotted against (C, + C,) it should be possible to find E* and K from 
the slope and intercept of a straight line.2’ Many variations of this method have been sug- 
gested. according to the systems and stabilities involved. 23-25 Relationships of this sort 
may be extended to include coefficients for side-reactions, provided these do not interfere 
spectrally. For example. hydrolysis of a metal ion: CB - [C] = [B](l + K,,/[H] + . . .); 
protonation of a ligand: CA - [C] = [A](1 + fly[H] + . . . ). 

There are at least two potential problems with this method. One or two bad experimen- 
tal values can markedly influence the slope and intercept of a straight line, even if fitted 
by a least-squares regression analysis. Thus the values of both E* and K can be prejudiced. 
Furthermore. for a slope and intercept to be well-defined by equation (1 l), l/K and (C, + 
C,,) must be of comparable magnitude. For rather weak complexes the first term on the 
right of (11) is large compared to the second, so the slope and E* remain ill-defined, and 
one is left with only the product l *K. If the complex is strong and (C, + C,) % l/K, the 
intercept will be small and probably poorly defined. In this case E* 5 A*/CA + A*/&, 
and can probably be estimated satisfactorily. There remains the risk, however. that a high 
degree of conversion into a strong complex could, as mentioned previously, impair evalua- 
tion of the equilibrium constant. A searching analysis of the propagation of errors in this 
type of analysis of data to secure an equilibrium constant has been given by Conrow et 
al..” and Ramette” has reduced to a simple generalized numerical problem the treat- 
ment of data from a variety of spectrophotometric determinations of equilibrium con- 
stants. and demonstrated how this may be most readily solved with a computer. 

In the method just considered E* and K were both regarded as unknown parameters. 
For weak complexes a good alternative is to arrange pairs of observations so as to eli- 
minate E*.~‘.‘~ Fo r instance. for two solutions with the same CB but different and much 
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larger C” and C” undergoing reaction (1): 

[Cl” = 
C,(A”CA - KC’;) 

A’(C:* _ (y) 

A 
(121 

whence 

Equation (12) also establishes a value of E* = A*“/[C]“. In practice large numbers of solu- 
tions with fixed Ca and varying CA may thus be compared in pairs to get a number of 
estimates of K, or better still analysed by computer to find what value of E* would most 
nearly make the two sides of equation (12) equal for all experimental values of A and CA. 
It will be evident that this procedure will be less appropriate the stronger the complex. 
in which case XC” more nearly equals A’CA and the quantity on the right of (12) is there- 
by less precisely defined. Another caveat: although E* is used in the discussion above, the 
suggested procedure entails the use of a considerable excess of A and is not likely to be 
successful unless eA c 0. 

Method of continuous variation”*” 

For a reaction described by equation (la) it is easily shown that the concentration of 
complex [C] will have its maximum value when fnCA = nC,, and from equation (8) that 
the excess absorbance A* will then show a maximum or minimum value. If CA and Ca 
are varied but (CA -t C,) is kept constant. the maximum in CC] or A* will occur when 
X/(i - x) = n/m, where x = C,J(C4 + C,)t. In practice. equimolar solutionsare mixed to give 
a constant total volume, so that x is the volume fraction VA/(V* -t- V,). 

Figure 3 shows the appearance of such plots for a system forming a 1: I complex (nz = 
n = I;&,, = 0.5). The different curves in this diagram might arise from sets of measure- 
ments (i) at different wavelengths; (ii) with different total (CA + C,); (iii) on groups of solu- 
tions that differ in pH. where the complex formation is dependent on the hydrogen-ion 
concen~ation as in equation (2). 

There are several features of this method that require further comment. 
1. The relationship just described is valid for a single complex, and is independent of 

the wavelength at which A* is measured. When more than one complex is simultaneously 
formed equation (8) must be changed to include on the right-hand side a term for each 
complex, and in consequence the ensuing relationships no longer apply. In practice. the 
value of x at which A* shows an extremum becomes dependent on wavelengthS. Con- 
tinuous-variation analysis incorporating measurements at several wavelengths can thus 
provide diagnostic evidence of whether one or more than one complex forms at a time 
(cf: Fig. I). 

2. The method is not vitiated by side-reactions such as (3) or (4), provided the products 
of these are spectrally non-absorbing, and that the degree of conversion in the side-reac- 
tions is kept constant (constant pH in these instances3’). 

t It is convenient, though not strictly correct. to speak of this ratio as the “mole fraction” of A. Perhaps a 
better term would be the “molarity fraction”. 

$ ft is posstbie in principle for a second complex to be characterized by E* = 0. m which case this effect would 
not appear. but the plot of A* would assume a decidedly abnormal shape. 
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x 

Fig. 3. TypIcal Job curves for 1: 1 complex. 

3. Only the empirical formula of the complex is established. and the method as ori- 
ginally conceived cannot discriminate between mononuclear (VI = 1) and polynuclear 
(~1 > 1) complexes. 

The method of continuous variations is unfortunately open to misuse on systems in 
which more than one complex-forming reaction takes place at a time.3’ Only in a few in- 
stances. where there has been considerable insight into the absorbing properties of a series 
of complexes. have continuous-variation plots been successfully interpreted for systems of 
more than one complex species.3’.33 A few authors have recently discussed how the forma- 
tion ofa polynuclear species B,,,AA,, (1~ > 1) affects the shape of the Job plots, and proved that 
the plots should then be concave at the ends, .34 however. this effect may be too small to 
be detectable. and the absorbances are necessarily small and so prone to measurement 
error; the effect may instead be caused by impure reagents or undesirable side-reactions.35 

A number of ways have been suggested for calculating stability constants from con- 
tinuous-variation analysis. Job showed 36 that when x volumes of C,, molar B are mixed 
with (1 - s) volumes of K,, molar A (1. # 1). then at equilibrium for the formation of BA,: 

lG~“+ ’ [r - S,,,(iI + 1.)-J”+’ = (I’ - l)“[S,,,(iI + 1) - l] (14) 

For the value of smn, to be independent of Co, I’ must equal unity. If non-equimolar solu- 
tions are mixed. Job plots for the solutions can in principle be used to evaluate fl. In prac- 
tice, however. this method may not yield particularly accurate values of j?. owing to diffi- 
culties in precisely fixing values for s,,,. 

A very simple approach is to assume that near the ends of the Job curve the degree of 
conversion into product is essentially complete.37 and hence. 

(dA*!dx),+, = (nin7) E*( c, + C,) (W 

- (dA*/ds),_ 1 = (mbl)E*(c,& + qt (15b) 

t III these relatlonshlps can be seen the essence of the slope-ratio nlethod.38 
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Given a value ofe*, [B,A,] for other solutions can be obtained and thence the equilibrium 
constant. However, the validity of the assumption should be checked by proving that the 
value ofe* so derived is independent of (C, + C,) and of pH. For instance, the Job curves 
in Fig. 3 will certainly not lead to a unique value of E* via equations (15a) and (15b) unless 
they correspond to measurements at different wavelengths, and further evidence would be 
required concerning the effect of pH or concentration. 

Schwarzenbach has shown in a more rigorous analysis that equation (15a) is really a 
special case of a more general relationship.39 For m = n = 1, this is 

(dA*/dx),,, = E*K(CA + ‘8 
K(cA + c,) + 1 

(16) 

Only when K(CA + CB) is considerably larger than unity does this expression converge 
with (15a), so that the applicability of the latter is restricted to complexes that are at least 
moderately stable. Bud&nsky3 5 has stated that the minimum stability of complexes for 
which the method is applicable is given by the equation 

K, = l@“-‘(c, + Cg)l-(m+“) 

i.e., a 1: 1 complex requires that K(CA + CB) > 100. Equation (16) contains both E* and 
K as unknowns which could in principle, be evaluated from sufficient and suitable exper- 
imental results. 

In passing, two other methods for extracting equilibrium constants from the data of Job 
curves may be mentioned. Heller and Schwarzenbach4’ applied an equation closely 
related to (11) to the results of continuous-variations analysis to find E* and K by a slope 
and intercept method. Hagenmuller41 compared values of A* for two different solutions 
within a series having (CA + C,) constant = Co. One of these solutions corresponded to 
the maximum (minimum) in A*, the other to any other suitable value of x. With the respec- 
tive molarity fractions, excess absorbances and concentrations of complex, designated xmnX. 
A*‘,[C]’ and x,A*,[C], the following relationships can be derived. 

{nCol(m + n) - m[C]') (mC,/(m + n) - n[C]‘) = [C]'/K, 

{( 1 - x)Co - m[C]) {XC, - n[C]) = [Cl/K, 

[Cl/CC]’ = A*/A*’ = a 

This set of equations can be solved for [Cl, [Cl’ and K,, either algebraically or graphi- 
cally. 

Proportional absorbances 

Some authors have made use of what have come to be called proportional absorbances 
in connection with continuous-variations analysis. Two “Job” series are prepared, corre- 
sponding solutions from each set having a constant ratio of reactant concentrations: 

Cs/Ca = CJCA = a (constant) 

The values of ,y,,, and the corresponding excess absorbance are measured for the two Job 
curves. Then for a I: 1 complex, Cs = CA at x,_, and if the maximum concentrations of 
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complex are denoted by [C] and [Cl’, we can write [C] = zC, and [C]’ = z’Cg and 

[Cl 
lc = (C, - [C])Z = 

[Cl’ 
G - cw2 

zc, Z’Cg z’C,/a 

= (C, - ,-CB)’ = (Cg - z’Q2 = (&/a - z’C,/a)’ 

Hence we can write 

z -’ 1 
o’= (1 :--_‘)2 = y (17) 

and 

KL- 
YG 

(18) 

The two expressions in equation (17) may be given in terms of experimental quantities: 

A*/,* CB aA*/c* Ck 

(1 - A*/E*&)~ = (1 - A*/E*C;))~ 

All the quantities are known save E*. so this may be evaluated as a solution to a quadratic 
equation. With E* known. a value of K can be determined from equation (18). 

If m # n # 1, these relationships can be modified [see equations (17a) and (18a)], but to 
find a value of K in this case would require the solution of an equation of higher degree 
in E*. Although this could be done, absorbance data of very high precision would be 
required for the values of the equilibrium constant to be acceptable. 

A novel alternative to seeking explicit solutions to such equations has been developed 
by BudSinsky,3 5 who has shown that equation (17) may be given in a more general form 
for the complex B,,,A,: 

_ m+n- I,, 
-Pm 1 

(1 - i?l&Jm + n = (I”_ nIz;;;+” = j 

K,, = ,;‘r!l 1 

(174 

(184 

The quantity y [in (17) and (17a)] depends functionally on z,, or zb,,, and may be eva- 
luated for values of z,,,,, or -?L,, lying between 0 and l/m. It is evident that y becomes infinite 
ifzorc” is zero. and y becomes zero when z or 2’ = l/m. Figure 4, taken from BudSinsky’s 
paper, shows how log y varies with z or Z’ corresponding to different coefficients m and 
II, with a = 2. Each value of y has a pair of corresponding values of z and _*‘, the ratio 

of which can be expressed in terms of the respective absorbances, thus: 

&&;nn = [C]/a[C]’ = A*/aA* = x,, (19) 

The quantity s,, has limiting values that are a consequence of the limits of y. From (17a) 
and (19) it appears that if y is zero, s,, = 1, while if y is infinite, x,, = am+“- I. The rela- 
tionship between x,,, and logy is indicated in Fig. 5, which also suggests the approach 
to these limiting values4’ 
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Fig. 4. Dependence of log y on z, or &, (curves numbered with primes) for a = 2 and various 
compkxes: 1.1’ = BA; 2.2’ = BA, ; 33 = BA3 ; 4.4 = BIAl (after BudGinsk~,3” reproduced with 

permission). 

If several solutions are prepared having x = +xmax, but differing in Ca, the ratio of A*/aA* 
for pairs of these will establish values of x,. Inspection of the latter may, but not necess- 
arily will, indicate a choice between alternative compositions of the complex, e.g., BA or 
B2Az. For instance, values of x,, > 2 are incompatible with the composition BA. How- 
ever, if the indicated values of x, admit the possibility of more than one composition of 
the complex, a choice can still be made based on which gives the lesser variation in K,, 
when appropriate alternative values of m and n and a value of y corresponding to x,, are 

Fig. 5. Dependence of log .V on X, values for various complexes (after BudSSinsk$.‘5). 
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inserted in equation (18a). Tables have been worked out43 showing for various combina- 
tions of m and IZ the values of log y to enable this calculation to be made. 

BudEinskj’s treatment of continuous-variations analysis44 

Equation (la) can be generalized by considering the complex to be B,YiH,A, which 
allows for formation of protonated species, or species incorporating some other ligand Y. 
If we call this complex C’, then 

and an apparent stability constant can be written 

Kk, = [C’]/(C, - m[c’])“(CA - n[C’]) (21) 

The effect of side-reactions may be expressed by side-reaction coefficients as usual (but 
note that rBo., is dependent on [H’]): 

clB(Y) = cc, - 4S’IYCBl (224 

xA(H) = (CA - W’I)/CAI WW 

Suitable substitution then gives 

Kkncc;;(Y&H) = CYliCWPm~jn (23) 

The coefficient QA(H) relates to all forms of A other than metal complexes (i.e., 
A, HA . . . H,A): 

ZA(H) = $ B,“CHl” 

where ,bz = 1. Thus %A(~) depends only on [H] as an experimental variable. The coefficient 
zB(y) relates to complexes formed by the metal with Y but not containing A, and can be 
made dependent on [H] and essentially independent of [B] if the complexes are mononuc- 
lear (BH,Y,) and Cy $ Cg, since [Y] = Cy/Ic~y(u), and hence 

xB(Y) = $ $ hs[Hl’(cY/aY,H,) (24) 

The side-reaction coefficients are thus defined in terms of experimental quantities and, 
hopefully, available and compatible equilibrium constants. 

From experimental information it is usually possible to fix the values of i and j in C’. 
From equation (23) 

log K;,, + nzlog xB(y) + nlog xA(H) = ilog [Y] + Jog [H] + log fimijn 

It must be assumed that conditions can be chosen such that the side-reaction leads to a 
single complex BH,Y,: this may occur naturally with some multidentate ligands such as 
EDTA, or be contrived by the use of an excess of Y so that s = s,,,. In this case, at constant 
[H] the equation above becomes. 

log K,,, = (i - ms) log Cy + constant (25) 

In a completely analogous way the dependence of log K& on pH at fixed Cy can lead 
to a value of j. Once i and ,j are established, values of Pmijn can be found from (20). 

Obviously. for the necessary spectrophotometric measurements to be within the useful 
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range, the relationship of the magnitudes of the equilibrium constant and the reactant con- 
centrations must fall within certain limits. The apparent stability constant can be brought 
within this range through the use of side-reactions. 

Hydrolysis of metal ions is an undesirable side-reaction. It can easily lead to polymeric 
condensation products, the formation of which is not immediately reversible, or to hydrox- 
ylated species of possibly uncertain composition. The first stage of the hydrolysis may be 
taken as formation of BOH. BudZ’sinsky44 has suggested that a side-reaction coefficient 
of 1.25 for this first-stage hydrolysis is tolerable, i.e., 

log S(BOH = log (1 + K;/[H]) = 0.1 

where Kg = [BOH] [H]/[B]. 

(26) 

The pH corresponding to this side-reaction coefficient is pKt - 0.4. To work at higher 
pH, as may be required by the characteristics of a particular colour-forming reaction, it 
is recommended that hydrolysis be controlled by a masking agent Y. Then, according to 
the acid-forming and complex-forming characteristics of Y, the pH corresponding to some 
designated degree of hydrolysis of the metal ion can be calculated. For instance, for 1% 
of the metal ion not involved in complexation with A to undergo hydrolysis, 

or 
lOO[BOH] = CB = [B]ccecy, 

lOOK; = [H]x,~~,. 

The corresponding pH will be an implicit function of C, and the p,., and /I,” values for 
the masking ligand Y [equation (24)]. 

The spectrophotometric study should often be done at a pH at which the apparent for- 
mation constant of the absorbing species is a maximum. Below this pH A will be increas- 
ingly protonated and above it, any masking agent Y present will compete for the metal 
to an increasing extent. For the optimum pH,45 

(d log KJdpH),,, = 0 
and for a constant excess (C,) of Y, 

and on appropriate substitution this yields 

in which 
m@i - qopt - nSpr = Rpt - .i (27) 
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It will be evident that p and ?j refer respectively to those parts of the masking agent Y 
and the ligand A that are not bound in the complex C’. and specifically these are the 
degrees of protonation of each. Also ? and S refer to the complexes MH,Y,, and are respect- 
ively the average numbers of moles of protons and of masking agent Y bound per mole 
of metal in these complexes. It follows that these four variables can be evaluated for par- 
ticular ligands and masking agents as functions of pH, and useful predictions derived 
therefrom. 

ACID-BASE AND SIMILAR EQUILIBRIA 

Many of the procedures thus far described have been devised to overcome the problem 
caused by inability to convert B completely into BA (Z C), and hence to be able to measure 
cc. However. if A can be made large enough to achieve complete formation of C, then for 
a fixed CH, and varying [A] 

Et = A - dA1 = EB + +KCAl 
CB 1 + K[A] 

for a single complex, or, if a series of complexes forms 

d = EB + EIPICAI + dMA12 + . . .&CAI" 

1 + PICAI + P2CAl' + . ..PnCAl" 

(28) 

(284 

If only one complex forms, or formation of BA is complete before that of BA, begins, 
equation (28) applies. Then at very small [A]. Et -+ Eg and at very large [A], Ei + cc. At 
intermediate values of [A] 

K _ 1 et - fB 

CAlvp Ec - Et 
(29) 

Unless a probe is available for the direct measurement of [A] this quantity will not be 
known, hence to evaluate l t it is necessary that eA be zero. These relationships are dis- 
played in Fig. 6 in which [A] is represented on a logarithmic scale. When K[A] = 1, et = 
(eg + l A)/2. Several corresponding values of Ei and [A] may be obtained, but the precision 

L I I I I I 
2 3 4 5 6 7 

-log [Al 

Fig. 6. Variation of absorbance at a fixed wavelength with -log[A] for reaction B + A = C. 
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of (Et - EB)/(q - et) should be adequately defined by the data; the ratio should be in the 
range O*l-IO, and A may be measured at any wavelength for which cc and 6g are well separ- 
ated. 

By far the most familiar application of (29) is to acid-base equilibria. where A is the 
hydrogen ion and B and C the conjugate base and acid respectively. The pH can be varied 
and measured over wide ranges in aqueous or partially aqueous solutions. A related use 
of (29) is to define acidity functions such as the Hammett function”’ by means of indi- 
cators. When pH is used to control formation of metal complexes. and these and the free 
metal have sufficiently different absorption spectra, plots of absorbance OS. pH can be used 
to measure the formation constants for the complexes. For this purpose (28) still applies. 
but it is necessary to find a value of [A] as fol!ows: 

[Al = (CA - ~C~)/~~~~~ (30) 

where 

ii = (Et - EJ(Ec - Eg) (31) 

It is presupposed that A can be protonated and is non-absorbing in all its forms. 
Even if ec is inaccessible to direct measurement, it is still feasible to estimate it by com- 

puter calculation of the value that gives the most consistent fit of the ex~rimental results. 
This device has been used by the writer to determine some low pK, values where it was 
apparent that conversion into the fully protonated species was incomplete.47 

Isosbestic points as diagnostic tools 

Isosbestic points in absorption spectra plotted for constant Ca and variable [A] arise 
at wavelengths where l g and EBA have the same value. The value of [A] is often varied 
by pH control. Usually occurrence of an isosbestic point is taken to imply that only two 
species in equilibrium are present over the appropriate range of conditions. This infer- 
ence is normally warranted, but Sch15fer4* cautioned that a fortuitous combination of cir- 
cumstances could give rise to a p~udo-isosbestic point for which the inference would be 
incorrect. Occurrence of an isosbestic point implies that equation (28) can be applied. 

As shown by Vareille49 in an analysis of the spectra of certain iron(II1) complexes, sys- 
tems of non-overlapping consecutive complex-formation reactions (as in Fig. 1) can be 
treated in the same way. 

It has been shown I2 for a series of three complexes. typical of many metal chelates, 
that if equation (28a) is expressed in terms of Zj [see equation (S)] 

Et = EfJSto + El@1 + EzX2 + E3X3 (28b) 

The expression on the right-hand side of (32) will be zero if any one of the values of x 
becomes unity, since then the other three must be zero. Thus & will not change as [A] 
varies as long as all the B is present as a single species in solution. The same expression 
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will he zero whenever any of the following pairs of relationships is fulfilled: 

Eg = E, and x,+rx,=I 

61 =E2 and x,+x?=1 

E2 = E3 and x, + x3 = 1 

Eg =E, =Ez and crO+cc, +zz= 1 

E, =EZ =EJ and z, +az+x3= 1 

These are the conditions that would generate an isosbestic point. and as it is usually consi- 
dered unlikely that three different species would have a common molar extinction coefi- 
cient at some particular wavelength. it is a reasonable inference from the occurrence of 
an isosbestic point that only two absorbing species are in equilibrium. 

Within the appropriate ranges of [A], therefore. absorbances at any suitable wavelength 
may be applied to evaluate formation constants by means of equation (29a). 

K =L (E~-eE,_1) 
n [A]’ E, _ E+ 

(294 

In evaluating [A]. it is necessary to modify equation (31) to 

ii = (n - 1) + (Et - E,- J/(E, - %I- 1) (31a) 

Values of e0 can be found directly, and those of E3 can generally be found from solutions 
containing a large excess of A. It is more difficult to fix Ed and E? precisely. However, Ed 
at the isosbestic point where Ed = E? is easily found; we may denote this E;. For a solution 
of lower [A] containing only B and BA. the value of A/CB can be represented as E’ at the 
isosbestic wavelength or E at some different wavelength. For the other wavelength, then, 
E , = E .8, /c’. The best way to assign Ed is then by computer search to find the best fit to make 
(et - E?)/(E~ - &) [A] constant for a set of solutions, and (et - E~)/(E~ - Et) [A] constant 
for another set at the same wavelength. In one such study4’ there was a marked improve- 
ment in the precision of the equilibrium constants. relative to that obtained by assignment 
of E values by inspection. 

OVERLAPPING EQUILIBRIA 

With many polybasic acids and most metal complexes the equilibria overlap and most 
of the procedures and calculations just discussed are vitiated; at best they must be used 
only with the greatest caution. For example, the method of continuous variations can be 
quite mis1eading.31 

The absorption at a particular wavelength can be described by equation (28a) if either 
E - 0 or [A] can be determined by a suitable probe. There are two features of this rela- 
tkihip that place spectrophotometry at a disadvantage compared to some other methods 
of establishing p, in systems of this sort. First. each complex speciei represented in the 
equation contributes two unknown parameters. E and b. so that the number of unknowns 
requiring evaluation from experimental results is double that originating in some other 
procedures.‘- Secondly. the value of E at a given wavelength often changes only a little 
as higher compiexes are formed. This probably signifies that the relative change in the con- 
ditions of bonding from one complex to another decreases in passing to higher com- 
pIexes.5” According]!. values of fl for the higher complexes can only be evaluated from 
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small changes in Et and are therefore unreliable. Nevertheless, for systems of complexes, 
particularly those involving transition metal ions and chelate-forming organic Iigands. 
where pronounced spectral changes occur in passing from one complex to another. the 
spectrophotometric method may be successfully applied. 

The method of corresponding solutions5’ 

Corresponding solutions in this sense are defined as having the same degree of complex 
formation, 8, and hence the same [A]. Since ii is a single-valued function of [A] only if 
mononuclear complexes are formed, this method is restricted to such systems. For two 
corresponding solutions it may be shown [see equation (30)] that 

whence 

(33) 

Since aA{H) depends only on [H], z’ = 2” in solutions adjusted to the same PI-I, and then 

Wa) 

Thus if we know CB and CA for two corresponding solutions we can calculate a pair of 
corresponding values of E and [A], that is to say, the co-ordinates of a point on the com- 
plex formation curve. Given sufficient such co-ordinates to be able to draw the forn~ation 
function we may obtain Pj values by curve-fitting procedures. 

It was shown earlier that 

Et = eOaO + Elal f e2z2 + . . . E,Z, (2W 

If we treat co, E,, etc., as constants, then corresponding solutions. having [A] fixed. also 
have Z~ and ET fixed. Solutions are prepared in sets. each set having fixed CR and variable 
C,; then the values of Et and pH (if required) for each solution are measured (preferably 
more than one wavelength being used). The results are displayed as in Fig. 7. The points 

I 
cA 

Fig. 7. Id~ntlfic~tion of corresponding solutions. 
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of intersection of the experimental E? curves and the horizontal lines define the composi- 
tion of corresponding solutions; from these the co-ordinates of the formation curve can 
he obtained. 

Insofar as this is almost the only spectrophotometric method that will generate a forma- 
tion curve for a series of complexes it has a good deal to recommend it. However, it is 
time-consuming because so many solutions have to be prepared. Some care must be taken 
in choosing the experimental conditions to ensure that C, - [A]x,,,,, is well-defined: thus 

CA]GM should lie well away from CA. For various reasons connected with the values of 
Ej and lack of differentiation among corresponding solutions. the method may yield only 
a portion of the formation curve. 

An interesting extension of this method was based on competition of two metal species 
for the same ligand.5’ The ligand was l,lO-phenanthroline; one metal species was iron(I1) 
which forms a stable. coloured tris complex (large p3), the other was Co(I1). Ni(II), Cu(I1) 
or Zn(I1) which give colourless complexes. All solutions were prepared with constant Cr, 
but variable CM and C,. Solutions of constant absorbance contained the same [FeA,], 
hence the same @Fe). and same [A]. For the second metal E(M) was equal to (CA - [A] - 
‘il(Fe)C,,f/C,. The fraction of the iron(I1) present as FeA, was given by the ratio of the 
absorbance observed in the presence of competing metal to that observed in the absence 
of the latter [the experimental conditions having been designed so that conversion of 
iron(I1) into complex was complete in the absence of the second metal]. Thus A/A,,,was 
equal to rx,(Fe). and since the stability constants for the iron(I1) complexes were known, 
[A] could be found from a,(Fef. The use of competing reactions to determine stability con- 
stants will be mentioned again in a later section. 

Yatsimirskiis mhods3 

This is an extrapolation method analogous to a procedure devised by Poulsen. Bjerrum 
and Poulsen54 for finding stability constants from a set of corresponding values of Ti and 
[A]. The method has been described a number of times,‘7*18,48 and will not be given in 
detail here. In the writer’s opinion, there are two stumbling blocks which militate against 
the application of this procedure. First data must be available in the form of corresponding 
values of l t and [A]. It is clear from equation (30) that [A] is not ordinarily available 
from the experimental quantities unless CA $ Cg, when it may be permissible to put 

CA3 = CGL,,W. However, when all experimental considerations such as solubility, work- 
ing range of absorbance, etc., are met, the ratio CA/& may not be able to meet this 
additional requirement. 

Secondly. extrapolation procedures such as the two cited in this section are extremely 
susceptible to “differencing errors”; they only work with exceedingly good data, and 
absorptiometric measurements seldom possess the necessary precision. At the best, it is 
doubtful if this method is capable of deriving stability constants for systems of more than 
two successive complexes. 

The following procedure was developed for the case of a dibasic acid, but is here genera- 
lized for any system of two overlapping equilibria. The essential requirement is that there 
be some wavelength(s) such that as B + BA --) BA, with increase in CA the absorbance 
goes through a lnaxilnulll or lninirnulll. at which presumably CBA] is at a maximum. Such 
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ct 

Fig. 8. Variation of absorbance suitable for Ang’s method” for two successive complexes. 

a situation is represented in Fig. 8. If we assume A is non-absorbing. then from equation 

(28) 
(Et - ~0) -I- (E? - ~i)#lr[A] + (c? - Q&[A]’ = 0 (34) 

The horizontal lines in Fig. 8 cut the absorbance curve at two points at which the eP values 
are the same. If we designate by [A’] and [A”] the corresponding values of [A]. substitute 
these in turn in (34), and then subtract, we obtain 

Et - e1 = - (et - G)K~([A’] + [A”]) (35) 

since fi1/j3, = K2. From Fig. 8 it is evident that E? will be known from Et at sufficiently 
great values of log [A]. Thus the quahtity (et - E?) ([A’] + [A”]) can be evaluated for each 
of several chosen values of et. A plot of et cs. this quantity should yield et as intercept 
and K, as slope. Likewise 

E-t - Eo = -(Et -cAa,/(&+&j) (36) 

from which p1 can be obtained in the same way. 

Method of Newman and Htm# 

These authors have given a penetrating analysis ofrelationships that may arise whem sim- 
ple or mixed complexes are formed through the interaction of metal and ligands in various 
overall proportions. and various species are absorbing or non-absorbing. The original 
paper should be consulted for the details, which are too lengthy to include here. 

Computer-assisted study ofovcrlappiry equilihrh 

During the last 67 years the graphical and numerical procedures developed earlier have 
been greatly assisted, if not actually superseded, by the introduction of computer-based 
procedures. These are being introduced and modified in many laboratories and it would 
scarcely be practical to include a complete report of such methods in this survey. The prob- 
lem in investigating stepwise equilibria spectrophotometricahy is that both the stability 
constants and the molar extinction coefficients are unknown, and the best values of all of 
these are sought. 

The method of corresponding solutions oilers the possibility. not always realized. of 
reducing this problem to finding the stability constants only. by means of converting 
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absorptiometric results into a formation function. Several cbmputer programs exist for 
finding the values of the proper number of /J’s to give the best fit to a Bjerrum formation 
curve. The most obvious approach. and one of the earliest suggested.57 was to seek opti- 
mum solutions to a set of simultaneous equations of the sort: 

7T = (1 - ii,/J,[A] + (3 - ii,fi,[A]’ + (3 - Ti,&[A]” . . . (37) 

Values of/j are sought which yield a minimum in the sum of squares of residuals. a residual 
being the difference between ii (observed) and the calculatcci value of the right-hand side. 
In the writer’s laboratory a comprehensive program NLMAX was developed and used for 
a time for this purpose. but experience in its use revealed certain difficulties that should 
be kept in mind. The coefficients of fi in (37) include values of Ti and [A] derived from 
experimental measurements. Uncertainties in the latter cause uncertainties in the coef% 
cients and these may vary widely between, say. low and high values of [A J. To compensate 
for these uncertainties the residuals need to be weighted. but the manner of arriving at 
the proper weighting is somewhat discretionary. In this connection we found the approach 
outlined by Varga5* to be quite effective. 

There is a second problem in the solution of sets of linear equations like (37). This arises 
whenever the values of /3 span too wide a range. It is difficult to define “too wide”, but 
a system that creates such probiems is nickel-~thylenediamine (log /3, = 7-7, log f12 = 141, 
log p3 = 18.6). In such a system the coefficients of p in (37). which constitute the elements 
of a matrix in the computer solution of the simultaneous equations, are too disparate in 
size to be effective in defining values of the several p’s. The difficulty is eased but not eli- 
minated by introducing scale reductions before submitting the equations to solution, fol- 
lowed by suitable subsequent adjustment of the stability constants. We also found it prefer- 
able in handling such a system to divide the data defining the formation curve (Ti [A]) into 
two lots covering different but overlapping regions of [A], the one capable of defining p1 
and /j2. the second p2 and p3. The resulting computation gave good approximations of 
p1 and p3 but not necessarily a single satisfactory value of p2. A new grouping of data 
was then taken. encompassing the middle range of values of [A]. and used with the first 
estimates of/i, and /j2 to obtain an acceptable value of fiz. 

ln a recent publication Perrin L’I ul.” employed essentially the same method for deter- 
mining overlapping pk’, values. They used equation (34). treating PI. f12 and e1 as un- 
knowns to be found by a least-squares computer solution to a set of equations, one from 
each experimental point. These authors allude to the problem of poor conditioning arising 
from the columns of the matrix having different orders of magnitude. They employed a 
scaling technique to limit to unity the modulus of any element in the matnx, 

The exact form in which equation (37) is to be written will depend on what species are 
assumed to be present. and for which stability constants must be sought. As the assumed 
complexity of the system becomes greater. so does the chance of postulating spurious spe- 
cies. The chemist must therefore exercise considerable judgment in selecting reasonable 
constituents in accordance with experimental data. Fortunately. as mentioned before. 
spectrophotometric observations do provide some direct evidence concerning the reality 
of the assumptions. Negative values offi are not admissible. and if obtained generally indi- 
cate an unwarranted assumption of existence of the corresponding species, 

A rather better. though less obvious. approach to computer-assisted evaluation of s’s 
is typefied b! the Swedish program LETAGROP.“O which by now has appeared in a 
number of variations. If the stability constants are to be experimentally evaluated through 
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the formation function Ti, the values of p are sought which will minimize the weighted sum 
of squares of residuals defined as ii (observed) - Ti (calculated). This quantity to be mini- 
mized is denoted the ‘error square sum”. U. and is assumed to bear some functional rela- 
tionship to the stability constants sought. The nature of this relationship has been shown 
to be of the form of a generalized elliptic paraboloid in (N + 1)-dimensional space, where 
N is the number of /?s sought, subject to the assumption that ii is. as we normally express 
it, a linear function of the ps. The nature of the error function. so represented. can most 
easily be visualized in the case where N = 2, when U will describe an elliptic paraboloid 
in three dimensions, with U,,,, at the lowest point. This image has led to the practice of 
describing U in the vicinity of Urnin (irrespective of the value of N) as a “pit”, and the whole 
process of searching for U,,i, as “pit-mapping”. Initially-guessed values of the various sta- 
bility constants are used to find an initial value of U; the constants are then systematically 
adjusted and corresponding values of U evaluated. The characteristics of the error function 

.are such that a set of&N + 1) (N + 2) values of it are sufficient to permit estimates of 
the N equilibrium constants corresponding to U,,,,, and also of the standard deviations 
associated with these. Just as in the previous case negative values of p are forbidden. and 
some care and common sense must be used in the choice of species and their fi values. 

Since spectrophotometric data do not, except for suitable measurements on correspond- 
ing solutions, yield information about ii and [A] for systems in which equilibria overlap, 
some other strategy must be resorted to. For a long time Mrs. J. L. McCourt and the writer 
have sought to develop a procedure along the following lines. Sets of solutions can be 
prepared containing the complexes to be studied in a wide range of proportions. Absor- 
bance values of each of these can be measured at a reasonably large number of wavelengths 
of interest. These measurements yield two arrays of relationships: the first is for different 
solutions at a single wavelength; 

etc. 

Et = E&J + ElCll + EZt(2 f Ejt(3. * . 

et0 = EOtx; + E,GLY + E24 + E3c4 . . . 

Et” = EOCl$ + E,Cq + E& + c3a; . . . 

The second array involves one solution at different wavelengths: 

(38) 

Et =EOMO +E*C(, +Eza, fE323... 

Et9 = E~$CC~ + ~~$a, + E&a2 + E3$a3 . . . 

EtIl = WO + EI PI + E2ilR + E3llr3.. . 

(39) 

to which may be added the non-spectrophotometric relationship: 

1 = SO + a, + x2 + g3 + . . . . (40) 

These relationshps are treated by computer in such a way as to find the values of Ei and 
zi that will best satisfy all these relationships. The method was tried out on extremely pre- 
cisely measured results gathered on a Cary Model 16 spectrophotometer for three much- 
studied systems of complexes, vi=. nickel(I1) + ethylenediamine, copper(I1) + glycine. 
iron(II1) + 5-sulphosalicylic acid. In addition a completely synthesized set of absorbance 
values was worked out for a hypothetical system of complexes of assumed stability con- 
stants, and used to study the behaviour of the computer program. 
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Working with the synthetic data. when the correct values of ci were supplied the com- 
puter could in one pass furnish the correct values of ~~ and vicr urrsa. Solutions to (38) 
and (39) are unbounded. and these equations by themselves can be satisfied by an infinite 
set of solutions. Accordingly. when values for both ci and CQ are sought there have to be 
additional constraints imposed. One such constraint is equation (40). The value of co can 
always be measured* and that of the highest complex can often also be found. Values for 
Ed, etc., are supplied as estimates if they are not known. The computer in this case produces 
best first estimates of Cli. 

It was found advantageous to arrange the data in the first array (38) in order of increas- 
ing Ti or [A] : this can be established without difficulty on the basis of chemical and optical 
evidence. The first estimates of 3~, were then adjusted on the basis of chemical knowledge; 
for instance x0 must decrease with increasing ii. while a for the highest complex must in- 
crease. For each intermediate species a rises to a maximum then falls ultimately to zero. 
After these adjustments the revised values of ai were used to find a new set of values for 
all or some of the E,. This cyclical process was sometimes able to achieve reasonable stabi- 
lity with iteration. though not always. Failure to achieve refinement could not be traced 
to any single cause. It is clear from this description that our method involved a suitable 
blending of machine computation and human correction based on the known character- 
istics of sequential equilibria; it could in no way be represented as a fully automated pro- 
cedure for characterizing such a system. In such cases as did succeed in establishing values 
of the complete set of Sli, it was a straightforward matter to apply equations (7) and (30) 
in order to obtain fi and [A] and hence the corresponding values of p. 

This method. although not really developed succe&fully, has, because of its directness 
and simplicity. afforded the writer an opportunity to discover many of the difficulties in- 
herent in the problem of finding acceptable equilibrium constants for overlapping com- 
plexes by the spectrophotometric method. The procedure attempted is analogous, for two 
sets of unknowns (E and x). to the simple solution of simultaneous equations described ear- 
lier. In addition to the problems mentioned there. such as the incidence of physically im- 
possible negative roots. there are more subtle difficulties which arise from the interdepen- 
dence of E and x (or of E and p). Thus at some wavelengths a particular ei may be quite 
small. and this can prejudice the determination of the corresponding ai, and the same thing 
occurs in reverse for solutions in which xi is small or zero. It will be recalled that earlier 
in this review attention was drawn to this interdependence in the case of single weak com- 
plexes for which it 1s sometimes easy to measure the product EK but difficult to assign 
a value to either individual quantity. 

The application of “pit-mapping” to the problem of overlapping equilibria has been dis- 
cussed in two important papers by Nagano and Metzler6’ and Silltn and Harnquist.62 The 
first of these computer programs, known as PITMAP, was subsequently modified, with 
incorporation of some features of the second, by Thomson in this university. The essence 
of this procedure is as follows.63 Suppose there are J species in solution to be characterized; 
various solutions designated by i are measured at several wavelengths indicated by k. Then 

(41) 

* When E,, 1s zero at all wavelengths. It proves advantageous to use equations (38) and (39) in the form 

l~t-~,,)7,,+(~t--,)Y,+(Et--CZ)IZ+(~t-E~)r,=0 
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and the error sum is given by 

U = C W,(Ai, - Cji~j~)’ 
ik 

(42) 

where wk is a suitable weighting factor. This is minimized when ?c,,?eEjk = 0. and a set 
of simultaneous equations is produced which may be solved to give values of Ejk. However. 
initially estimates of Cji must be supplied and are found from tentative estimates of the 
J stability constants and the overall composition of the solutions. The program then un- 
dertakes a systematic variation of the values of the equilibrium constants. working out for 
each set the corresponding value of the error sum. In this way the best set of equilibrium 
constants for the initial estimates of 6jk is obtained. The program next undertakes to find 
an improved set of values of 6jk consistent with the observed absorbances and composi- 
tions, and a cycle is established which will normally converge fairly promptly. The PIT- 
MAP program of Nagano and Metzler, refined by Thomson, is constantly undergoing im- 
provement in performance, for instance, by replacing a subroutine EQUIL, described by 
Thomson, the purpose of which was to calculate values of Cji from the solution para- 
meters, by the apparently much more reliable subroutine COGSNR extracted from the 
published computer program SCOGS,64 developed to secure equilibrium constants from 
pH-titration data. These are large complex computer programs, difficult to describe in a 
review of this sort, and they contain many practical devices, for instance. one for disposing 
of negative answers for values of~jj,. The success with which the task of evaluating stability 
constants and molar extinction coefficients has been achieved can be judged by the ability 
of these parameters to give calculated absorbance values that match the experimentally 
observed quantities. Alternatively, values of equilibrium constants obtained from spectro- 
photometric observations should be compared with results derived from other procedures. 
Unfortunately, in the writer’s opinion, there has been little effort made yet to subject differ- 
ent procedures, including computer programs, to well-controlled comparisons. 

Some other experimental methods 

We conclude with a mention of two other experimental strategies for spectrophotometric 
determination of equilibrium constants. One is the use of competitive equilibria, already 
mentioned in connection with corresponding solutions.” More direct procedures can also 
be used based on competition between two metals for a single ligand,65-h7 or two ligands 
for a single metal, 68-70 although in the latter case the absence of mixed complexes should 
be confirmed before calculations are made. and in the former the absence of ligand-bridged 
mixed metal complexes. 

Another procedure which has proved particularly useful for determination of stability 
constants of metal complexes of l,lO-phenanthroline and 2.2’-bipyridy171.” is based on 
distribution of the ligand between two immiscible solvents. The method in this case 
depends on the fact that only the free ligand is distributed between the phases and can 
readily be determined spectrophotometrically. By judicious choice of solvent a wide range 
of concentration of free ligand can be obtained in the aqueous phase. Solvent extraction 
can also be applied when a neutral complex is distributed between the two phases. and 
Rydberg73 has given a thorough account of the theory. The distribution has usually been 
measured radiochemically by means of isotopic tracers. but in principle spectrophoto- 
metric methods could also be used, though they do not appear to have been by many 
workers, and there are practical limitations of sensitivity and difficulties in determining 
small differences between large values. 
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Zusammenfassuq-Die Arbeit gibt eine kritische ubersicht iiber eine Anzahl in der Literatur 
angegebener Methoden. aus spektrophotometrischen Daten im Ultraviolett oder im Sichtbaren 
Gleichgewichtskonstanten in LGsungen zu bestimmen. Es werden einstufige oder sich iiberlap- 
pende Gleichgewichte behandelt und aufeine Anzahl von MGglichkeiten hingewiesen. wie die Ver- 
such&ten mit Elektronenrechnern verarbeitet werden kiinnen. 

Rksum&Ce m&moire passe en revue de man&e critique un certain nombre de mtthodes publites 
pour l’emploi de dondes spectrophotomttriques ultraviolettes ou visibles pour la dktermination 
de constantes d’tquilibre en solution. On considire les equilibres qui ne cornportent qu’un temps 
ou qui s’imbriquent, et l’on suggere un certain nombre de voies selon lesquelles les donnkes expkri- 
mentales peuvent Btre trait&es par des calculatrices ilectroniques. 
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Summary-The acrd association constants for plcoline-2-aldehyde thiosemicarhazone have been 
determined by potentrometry and spectrophotometry. Results are calculated by the modified com- 
puter programs SCOGS and PITMAP. Protonation sites are suggested for these reactions. A spec- 
trophotome~ic survey has been performed of the reaction between PATS and several metal ions. 

Picoline-Zaldehyde thiosemicarbazone (PATS) came to our attention as a possible ana- 
lytical reagent for some heavy metals. A method for the determination of silver with 
PATS, useful in the range 09-1~0 pmole, has been developed.’ The present paper deals with 
our findings concerning the acidity con&ants of PATS, determined potentiometrically 
and spectrophotometrical~y. A broad survey of the reaction of PATS with various metals 
is reported. The pK,‘s of PATS have been reported by F. Pino et CZ~.‘*~ The validity of 
their results and that of those presented in this paper are compared. 

Apparatus and reagents 
EXPERIMENTAL 

Glassware. Only Class A volumetric glassware was used, and all transfer pipettes were calibrated. 
pH Measuremmr. Measurements of pH were made with an Orion Research 801 PI&meter and a Radiometer 

PHM52 pH-meter. The Orion meter was equipped with a Beckman 39301 glass electrode and a Leeds and North- 
rup 117208 saturated calomel reference electrode. whilst the PHM52 meter was equipped with manufacturer’s 
G20213 glass electrode and K401 saturated calomel reference electrode. Before use the meters were calibrated 
with two buffer solutions4 of pH 6.865 and pH 4.005 to compensate for the actual Nernst slope of the glass elec- 
trode. The meters were calibrated as hydrogen-Ion concentration probes.5,b 

Titratim apparatus. Potentlometric titrations were performed with a Gilmot microburette. The piston travel 
was calibrated from known weights of dehvered water. Flexing of the polypropylene tubing was avoided by 
mounting the mlcroburette on a laboratory jack. thus enabling the whole assembly to be raised and lowered 
a> dewed. The pH-meter was restandardlzed at pH 6,865 after each titration. 

Sl’c~r~ol’ltoto~t~efr~. Spectrophotometric measurements were made at 25 f 0.1’ in IO-mm matched silica cells 
wzth a dual-beam Cary I4 recording spectrophotometer (purged with dry mtrogen). Absorbance values were esti- 
mated to O@Ol. Measured values were key-punched. and processed by an IBM 360/75 computer, with graphical 
output plotted by a Calcomp 765 digltal incremental plotter. 

Potassiunz hvdwsidc sohriou. Commercral concentrates were diluted according to instructions. standardized 
against potassium hydrogen phthalate’ and stored under nitrogen. The solution was frequently restandardized 
and discarded after three months. 

Picolme-2-aldehyde and th~osrrt~icarha-_rde Obtained commercially, and redistilled and recrystallized respect- 
ively before use. 

Metal ion salutms. Prepared from hydrated perchlorates or nitrates and standardized by conventional 
methods Other chemicals used were of reagent grade purity. 

Procedures 

Prepa~at~u~ qfpicofrizr-3-aide~7~d~ tlrioset?liralha-_otle. Thio~mi~rb~ide (4.55 g) was dissolved m 200 ml ofeth- 
anol and the solution boiled under reflux. Picoline -2-aldehyde (5.03 g) dissolved in 20 ml of ethanol was added 
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and the mixture refluxed for 30 mm. The solution was allowed to cool in the dark and the product separated 
by filtration. giving a crude yield of 82%. The product was recrystallized twice from boiling ethanol. forming 
white needles (m.p. 205-2055,’ found: C 46.9”,: H 47”,,: N 308”,: S 18.0”,; calculated for C;HBN+S: C -l667”,,: 
H 444%; N 31.11%; S 17.72%). 

Compliance with Beer’s law. Two sets of ten solutions each were prepared. which were O@-4.00 x IO- ‘M in 
.PATS.The mean pH of each set of solutions was adjusted with buffers’.’ to give pH 1.31 and pH 8.25. These 
‘pH values had previously been shown to be favourable for the formation of only one of the three forms of PATS. 
Absorbances were obtained at 300, 320, 345 and 365 nm for the pH 1.31 set and at 280. 312. 325 and 330 nm 
for the pH 8.25 set. Compliance with Beer’s law was observed at both pH’s for all wavelengths. 

Dethnination of pK,,‘sfor PATS by various methods 

(i) Mixed (Bronsted) quotienrs. The graphical spectrophotometric method for the determination of well-separ- 
ated pK,,‘s”‘-” was used to evaluate the mixed quotients. A stock solution of 2,422 x 10-‘&f PATS was mixed 
with stock buffer solutions and supporting electrolyte so that on dilution to final volume the ionic strength was 
QlM and the pH was in the range 1.10-1270. Solutions of PATS were also prepared, in which the ionic strength 
was greater than O.IM, to extend the range from Ha 3.0 to pH 14.0. These solutions were employed to investigate 
the existence of pK,‘s greater than 13.0 andless than 1.0. 

(ii) Potentiomrtric titration. The titration assembly was that described by Perrin.13 Solutions containmg 
various concentrations of PATS (in the range 1.0-2.0 x lo-‘M) were titrated with potassium hydroxide solution 
from pH 2.0 to 12.0. Evaluation of concentration constants was possible from pH-meter readings by utilizing 
the experimental parameter, j-u5 The titrations were performed in O.IOOM potassium chloride and nitrate. rH 
for these background electrolytes was determined as 0.864 + 0.005 and 0.875 + 0.011 respectively. The titration 
data were processed with the computer program SCOGS modified from the origmal versionLJ to deal with sys- 
tems of one ligand and one metal. 

(iii) Spectrophotometric determination. Thirteen solutions. each 3.968 x IO- 3M in PATS. approximately 2 x 
IO-‘M in nitric acid and @iOOM in potassium nitrate were prepared and the p[H] of each adjusted with molar 
potassium hydroxide to cover the range pH 236-11.86. The spectrum of each solution was recorded. digitized 
at 2.5-nm intervals between 260 and 390 nm and the data processed with the computer program LIGAND PIT- 
MAP,‘“.16 based on Sillen’s LETAGROP VRID.” 

Location ofthe ionization sites in the PATS molecule. Stock solutions of thiosemicarbazide and picoline-2-alde- 
hyde, each 2 x 10w3M, were prepared and suitably diluted. The spectrum of each compound was measured at 
various pH’s. 

Reaction of PATS with uarlous metals as afunction of pH. Stock solutions of PATS and various hydrated metal 
perchlorates or nitrates were prepared. each being 2 x lo-‘M. Solutions were then prepared, by dilution, such 
that CD(:CL was 1:2, the concentration of PATS in each final solution was 3.274 x IO-sM. and the pH was 
varied. The metal ions investigated were mercury(H), cobalt(X). silver, thorium, nickel, bismuth, copper(I1) and 
palladium(I1). The investigation of the iron(PATS system will be published at a later date. Mercury(I) showed 
signs of rapid disproportionation and was not studied further. 

Programs. The modified versions of SCOGS and LIGAND PITMAP are available on request from the 
authors. 

RESULTS 

pK,’ values for PATS 

Table 1 shows the pK, values obtained, together with the method, medium, and type 
of constant. 

Pino et al. have recently reported 2~3 p A K values for PATS.* These results are not com- 
pletely comparable with ours, since there will be an appreciable medium effect on measure- 
ments of pK, in ethanolic solution which cannot be estimated without information con- 
cerning solvent composition and then only semiquantitatively. l8 Similar uncertainties 
apply to the measurement of p[H] in such solvents of unspecified composition.435 These 
authors have given absorption spectra for PATS of 4.0 x lo- ‘M aqueous solutions. 
Suitable measurements at various pH values would have enabled the determination of 

* The diagram showing these spectra (Fig. 1 in reference 2) was incorrectly labelled. We agree that spectrum 
A is correct for pH 7.2 but feel that the spectrum for pH I.3 should be labelled C and that for pH 12.8 should 
be B. 
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1% 802 1 Background Constant 
Method log P”! 1 ~011 (PK,,) ~021 electrolyte type 

Graphical 11.06* + 0.21 14,81* *DO8 O.lM, various Brcmsted 
(3.75 J- 002) buffers 

LIGAND 
PITMAP f0.927i +o-010 14‘615t 10.012 aide Concen~ation 
(Spectrophotome~ic) (3.688 i ~~) KNO, 

SCOGS 10*935$ + 0002 14*608$ * 0*003 O.iOOM Concentration 
(Potentiometric) (3.673 If: 0.001) KNO, 

SCOGS 10.877’ * 0.001 14551C f oQo2 O~looM Concentration 
(3.674 i 0.001) KCI 

* Artthmetrc mean value of those obtained at four wavelengths (312. 328. 336. 347 nm). 
t Best values from twelve solutions. 53 wavelengths per solution. Standard deviation = iO+KE absorbance 

umts. 
2 Values obtained b) combmug four titrations-a total of 291 points. Standard deviation of the combined 

data = i2-0 x t0-3ml. 
* Values obtamed by combming three titrations-a total of 227 points. Standard deviation of the combined 

data = k 1.7 x IO-‘ml. 

pK,‘s to be made in aqueous media at these concentrations, thus avoiding the mixed sol- 
vent. 

The general problems with graphical evaluation’0-‘2 of Brernsted pK,‘s is evidenced by 
the discrepancy of the first reported value in Table 1. The two different methods and back- 
ground electrolytes employed for evaluation of concentration constants give values of both 
pK,‘s that are in close agreement. 

Figure 1 shows the individual spectra of PATS species and Figs. 2 and 3 indicate the 
fit between the observed spectra (symbols) and the theoretical ones based on three absorb- 
ing species having the log PO 1 1 and log fiOz 1 values shown in Table 1 and the molar absorp- 
tivities indicated by Fig. 1. (Eight of the total number of spectra are shown in Figs. 2 
and 3). 

400.00 
r 

N 

b 

250.00 

Wovelsnbth, nm 

Fig. 1. Computed spectra of individual species of PATS. 
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Key 
I.40 PH (l)=2~365symbol= o 

PH (2)= 3.067. symbol: A 

I.20 PH (3)= 3,396.symbol + 

PH (4): 4.436. symbol o 
oq beto,,,, =10.927 

I.00 og betaop, =14.615 

:: 
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fl 
0 
2 0.60 
u 
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Fig. 2. Experimental (symbols) and computed (solid line) spectra at various acidities. 

Location of the ionization sites for PATS 

The potentiometric studies strongly indicate the proton reactions of PATS as 

H+ + L- =HL P 011 

H+ + HL=H,L BozIlPolI 

Examination of the literature did not permit any deductions concerning the protonation 
sites, there being no suitably related compounds with evaluated pK,‘s. The qualitative tests 
performed showed that for basic and neutral solutions of picoline-2-aldehyde the resultant 

PH (5) =9.346. symbol - o 
PH (6) =10477. symbol = A 

PH(7)=11.327 symbolr+ 

PH(E)=ll.662. symbol= o 

log beto,,, = IO.927 

log beta,,, =14.615 

0.60 

0.60 

0.00 
260.0 260.0 300.0 320.0 340.0 360.0 360.0 

Wavelength, nm 

Fig. 3. Experimental (symbols) and computed (solid line) spectra at various acidities. 
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Fig. 4. The absorbance of several metal-PATS solutions as a function of acidity. 
C PATS = 2CM = 3.274 x lo- 5M. Absorbances were measured at 312 nm. 

spectra were virtually identical whereas the acidic solutions exhibited markedly different 
spectra. However the addition of acid or base to a neutral solution of thiosemicarbazide 
led to a small bathochromic shift for only the alkaline solution. Although the changes 
observed here were not as dramatic as those for the aldehyde, when they are considered 
together with the resonance-stabilized anion -N=C(NH&S- it seems probable that the 
proton is abstracted from the thiol group in alkaline solution and that protonation occurs 
at the heterocyclic nitrogen atom. It should be noted that these tests are only qualitative 
and a procedure such as quarternization of the ring nitrogen atom and/or methylation of 
the thiol group could be more informative. 

Reaction of PATS with various metals 

The absorbance of the PATS-metal ion system as a function of pH (measured at 312 nm) 
is shown in Figs. 4 and 5. A similar curve indicating the absorbance-pH behaviour of 
PATS is included for reference. Several broad conclusions may be drawn from these 
curves. First. all the metals studied, except thorium, gave an observable reaction with 
PATS. Nickel. palladium and copper showed similarities in their pH-absorbance relations 
but the effect was less intense than that for PATS alone. 

Bismuth is only apparently anomalous. The sharp break in the curve at pH 7 can be 
attributed to the hydrolysis of the bismuth ion possibly with the formation of mixed ligand 
complexes. Whilst the nature of the complex bismuth hydroxides is not fully understood 
the high stability of these complexes is well known.’ 9 The approach of the, bismuth curve 
to that of PATS at pH 8 and higher confirms this argument. 

The mercury(IItPATS spectrum. on close examination, is not merely less intense than 
the PATS spectrum. More detailed studies of mercury-PATS and mercury-PATS-EDTA 
systems will be discussed in a forthcoming publication. The similarities of these curves to 
those of nickel. palladium and copper are superficial. 
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Fig. 5. The absorbance of several metal-PATS solutions as a function of acidity, (conditions as 
for Fig. 4). 

Silver ions and PATS produce a spectrum very different from that of PATS, and this 
was the basis for the investigation of PATS as an analytical reagent for silver.’ Both 
cobalt and iron give coloured solutions with PATS. The colours formed are pH-depen- 
dent: from colourless to yellow for cobalt in the range pH l-3 without further change at 
pH > 3; rose through purple and blue to green for iron(I1) at pH 1*5-11.0. The iron(I1) 
colours were only observable after the addition of ascorbic acid.” The cobalt and iron(I1) 
reactions will be discussed in further detail in a future communication. 

This general method for the initial appraisal of the reactions of a particular ligand with 
various metals is qualitatively beneficial. It enables a rapid decision to be made concerning 
the wisdom of undertaking further studies with that ligand. 

De$nitions 

The overall stability constant describes the reaction between the free components to give 
a particular complex. For instance plzl describes the reaction 

M + 2H + L+MH,L 

(charges omitted for clarity) 

where 

P 12 1 = CMH~LI/CMICW2CLI 

To avoid possible confusion in the terms pK,,, pK,, etc., the overall stability constant 
notation has been used to describe the process nH + L z$ H,L; POnl = [H,L]/[H]“[L]; 

logBo,, has the same numerical value as pK,? and log po3, is the sum of pK,,, and PK.,?. 
This symbolism also simplifies computer algorithms. However, the synonym “pK,‘s” has 
been retained to denote the collection of log $s related to a particular ligand. 
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Throughout the text pH is used to denote pH-meter reading and not the concentration 
of hydrogen ions in solution. which is denoted by p[HJ 
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Zusammenfassung-Die Sauredissoziationskonstanten von Picolin-2-aldehyd-thiosemrcarbazon 
(PATS) wurden potentiometrisch und spektrophotometrisch bestimmt. Die Ergebnisse wurden mit 
den modifizierten Rechnerprogrammen SCOGS und PITMAP berechnet. Es werden Vermu- 
tungen dartlbe: ge;iuBert, wo das Molekiil bei diesen Reaktionen protoniert wird. Ein spektropho- 
tometrischer Uberblick iiber die Reaktron zwischen PATS und mehreren Metallionen wurde 
erstellt. 

R&urn&-Les constantes d’association acide pour la thiosemicarbazone du picoline 2-aldehyde ont 
ete determinies par potentiometrie et spectrophotometrie. Les resultats ont eti: calcults par les pro- 
grammes de calculatrice modifes SCOGS et PITMAP. On suggbre des positions de protonation 
pour ces reactions. On a effectui une etude spectrophotometrique de la reaction entre le PATS 
et plusieurs ions metafliques. 
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Summary-A critical review IS given of the contemporary state and the perspectives for develop- 
ment of solvent extraction methods for the separation of tellurium(IV~. The literature (150 refer- 
ences) is covered up to the end of 1973. 

In the last 5 years. in connection with the wide application of tellurium compounds 
in the electronics industry, numerous papers on the analytical chemistry of tellurium 
have been published. i-3 The necessity to determine traces of tellurium in various samples, 
and impurities in tellurides. has raised difficult problems for analysts. This, however, 
also provided the impetus to search for rapid and selective methods for separation and 
determination of tellurium. Solvent extraction methods have given very good results when 
applied to the separation of rare elements.4.5 Tellurium is a typical rare element (abun~nce 
in the earth’s crust cu. 1 x IO-‘%). 

The mechanism of distribution of the compounds in both phases must be known if a 
separation method is to be developed. Thus far, however, only qualitative data on the state 
of tellurium in aqueous solutions are available.6 Hence all equilibrium constants for sys- 
tems of tellurium compounds are only conditionally valid. 

Complexes of tellurium(II), tellurium(W) and tellurium(W) are known. The tellurium(II) 
compounds were found to disproportionate in aqueous solutions: 

2 Te(I1) - TefIVf + Te 

Some of these compounds. however, r.g_Te(dtc),. Te(tu),(SCN&* are stable in organic 
solvents.‘-9 Tellurium(V1) is a powerful oxidizing reagent. oxidizing many ions and almost 
all organic solvents. Further, very stable oxo- and hydroxo-complexes are formed by tel- 
lurium(W), and these complexes reluctantly undergo substitution by other ligands. 

In the analytical chemistry of tellurium, Te(IV) is much more important than Te(I1) and 
Te(V1). The compounds of tellurium(IV) are stable in aqueous and organic solutions. The 
opinions of various authors on the state of tellurium(IV) in aqueous solutions are often 
contradictory. Hence we have summarized below the most probable ionic species of tellur- 
ium(IV). 

#Aa/inr art& nroclerarel~~ acidic solutiom (the important medium for solvent extrac- 
tion using most of the chelating reagents).l’-” 

pH 2 8 pH = 3-7.5 pH = 3.5 from pH = 3 to 1M mineral acid 
TeOz- HTeU; H,Te03 TeOOH + 

.St~~i~yl!~ mitlic .sohrions. Stable complexes of tellurium(W) are not formed by sul- 
phuric and perchloric acids. These acids, however, affect the equilibrium in solutions by 

* For ahbrr\latlons seep 1014. 
1013 
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their high hydrogen-ion concentrations and thus suppress the formation of oxo- and h>d- 
roxo-complexes. 

Hydrochloric ncid.6.‘3-‘8 

l-3M 3-7M 7-10M lo-l’,\4 
TeOCl,? TeOCl$- Te(H20)2C1, TeCli - 
TeOCl;? Te(OH)2C1:- TeCl; 

Te(H,0)2CI, TeCli - 

Hvdrohromic ucid.‘3*‘g~21 If the concentration of the hydrobromic acid is higher than 
3M ;he predominant ionic species in the solution is the co-ordinatively saturated complex 
TeBri-. In mixtures of HBr + HC104 (a total concentration of 411~) the predominant spe- 
cies are TeBr, and TeBr: (06-1.4M HBr), and TeBri- (> 1.4M HBr). 

H).driodic acid.‘3q” The stability of the halide-complexes of tellurium( IV) increases 
from bromide to iodide. The co-ordinatively saturated complex TeIi- is formed and it 
is the predominant species even when [HI] = 0.4M. 

Instead of HI, a mixture of potassium iodide and a strong acid is often used. For smaller 
concentrations of hydriodic acid (e.g., in mixtures of 3M H2S0, + 0.04M KI or 1M 
H,S04 + 0*2M KI), owing to the high hydrogen-ion concentration the species TeIi- is 
predominant. 

In the following summary the solvent extraction systems are classified according to their 
solvent extraction mechanisms. In some cases, for which thus far the extraction mechanism 
is not yet investigated, we have placed the corresponding extraction system in the most 
probable type. 

The following abbreviations are used. 
A-anion of the chelating 
reagent, HA HDEHP-di-(2-ethylhexyl)phosphoric acid 
AmAc-amyl acetate MIBK-methyl isobutyl ketone 
B-a bulky cation R-alkyl radical 
dit-dithizonate S-solvating reagent 
dtc-dithiocarbamate. R?NCS; TBP-tributyl phosphate 
dtp-dithiophosphate, R?PS; TOPO-trioctylphosphine oxide 
EtAc-ethyl acetate tu-thiourea, H,N . CS. NH? 
Et,dtc-diethyldithiocarbamate e-molar absorptivity ( 1. mole- ’ . cm- ‘) 

SOLVENT EXTRACTION OF NEUTRAL NON-POLAR 

COMPOUNDS 

Tellurium(IV) aquo-species cannot be extracted from acid media with non-polar sol- 
vents. Tellurium(IV) bromide and especially the iodide are stable neutral non-polar com- 
pounds and it would be expected that they could be extracted.‘3 

It seems that from hydrobromic acid medium tellurium(W) is probably extracted as 
TeBr, into benzene.‘4 Tellurium(IV) can be extracted into nitrobenzene with a high distri- 
bution’ coefficient (D > 100 from 005M HBr + 181V H,SO,. or 0~05M HBr + 7M 
HC104)*25 this solvent has no solvating groups, hence the extracted compound is prob- 
ably of the composition TeBr,. 

From mixtures of sulphuric acid and potassium iodide, tellurium(IV) can be extracted 
with non-polar solvents.‘4*‘6 The extractable tellurium compound is the neutral non-polar 
Te14;26 previously it was assumed that a suspension of elementary tellurium is formed in 
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the system.” This mistake was probably due to the very low solubility of TeI, in both 
phases: if the concentration of tellurium is higher than 10W4M an almost black precipitate 
IS formed. which consists of Tel,. however. and not of elemental tellurium. 

CHELATE COMPOUNDS 

In this paper the solvent extraction systems are arranged according to the reactive group 
of the ligand. 

Telluri~Im(VI) oxidizes nearly all Iigands and this is the reason why co-ordination com- 
pounds of tellurium(W) have not been extensively investigated. Tellurium(I1) and tellur- 
ium(W) can form stable neutral co-ordination compounds of the types TeAz and TeA,, 
mainly with sulphur-containing ligands. Owing to their electroneutrality, these chelates 
can be very well extracted. The distribution coefficients are high for solvent extraction with 
both polar and non-polar solvents. It is interesting to know whether all four ligands are 
bonded to tellurium in an equivalent manner. For Te(Et,dtc), we have found that the 
ligands differ in their manner of bonding-two of the Etzdtc groups are bidentate and two 
are unidentate.’ 

HDEHP forms neutral chelate compounds with tellurium(W) which are extractable at 
pH 3 into non-polar solvents. 27 HDEHP is found to be more suitable for the separation 
of Mo(V1). Fe(W). rare earths. U(W). Th(IV) erc. These ions are extracted with higher dis- 
tribution coefficients than tellurium(IV). 

Tellurium(IV) does not form co-ordination compounds with cupfirron hence this re- 
agent can be recommended for the separation of the other ions (e.g., from a tellurium 
matri\].‘x.‘- 

The ~jr~~j~c~~~?~~?~ff~~ ligand forms stable co-ordination compounds with both Te(II) and 
Te( IV).” 8*31 The solvent extraction of tellurium with NaEt,dtc has been extensively stud- 
ied. At pH X.5. Te(Et,dtc), can be precipitated and thus separated from a solution of 
Te(IV).8 This complex ma! be extracted at pH < 9.5 into non-polar solvents1+‘s~30~33-35 

(E 128 = 3.6 x 103). This compound was found to be light-sensitive. The most widely used 
photometric method for the determination of small amounts of tellurium is Bode’s 
method.‘8.30+33 Bode used NaEt,dtc at pH 8.5 in the presence of masking reagents such 
as EDTA. tartrate and cyanide, and ultimately extracted the dithiocarbamate complex into 
carbon tetrachloride. In this extraction photometric method only Bi(III), Tl(III), Hg(II), 
Ag(1). and a high concentration of Cu(I1) were found to interfere. The method is of great 
importance for the separation of tellurium(IV) from Se(IV). Selenium(IV) does not interfere 
until the ratio Se:Te = IO”:1 is reached” and this is a great analytical advantage. The 
sensitivity of this photometric method may be enhanced if substitution of Te(IV) by Cu(I1) 
is used : in this case. however. the separation of the phases is rather difficult and the selecti- 
vity smaller. since both Sb(III) and Cd(U) are found to interfere with the determination 
of tellurium. 

Tellurium(I1) forms the complex Te(Et,dtc), and this compound can be extracted, with 
a high distribution coefficient. into polar and non-polar solvents;8*9.3 ’ this compound was 
proposed for a selective determination of copper by using a substitution reaction.’ 

Bode’s method is often used for the determination of tellurium.30*36-3g If tellurium is 
subsequentl! to be determined by atomic absorption the solvent must burn, hence in this 
case the Te(Et,dtc), should be extracted into AmAc4’ or MIBK41 The solvent extraction 
of the tellurium(IV 1 dieth! ldithiocarbamate into TBP offers no advantages-the selectivity 
of the separation is \vorse.‘- 
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Solvent extraction using di-(2-hydroxyethylklithiocarbamate has also been describeda 
This reagent is less stable than NaEt,dtc. Diethylammonium-N.N’-diethyldithio- 
carbamate is much more stable than NaEt,dtc (the C-N bond in the first compound 
is stronger), hence by use of this reagent tellurium(IV) can be extracted into carbon tetrach- 

loride from 1M hydrochloric acid, 4L46 Ammonium bis(carboxymethyl)dithiocarbamate 
was found to react with Te(IV) and to form a complex compound extractable at pH 5; 
the reagent, however, was rapidly decomposed in the acid medium.47 Ammonium pyrroli- 
dinedithiocarbamate tellurium(IV) complexes can be prepared which are not sensitive to 
light and can also be extracted from acid medium.” Ammonium hexamethylenedithio- 
carbamate has been proposed as a reagent for the separation of tellurium.49 

The molar absorptivity of all the tellurium dithiocarbamates mentioned is relatively 
small (less than 5 x 103). Higher absorptivity can be obtained if a dithiocarbamate is used 
which has an additional conjugated system: it is most advantageous if the CS; group is 
in conjugation with the N-substituents. Such dithiocarbamates, however. are less stable; 
they are decomposed even in alkaline medium. Another possibility for increasing E is to 
incorporate a dye molecule in the dtc molecule.32.50 Thus 3-methyL5(phenyl)-pyrazolidine- 
dithiocarbamate was found3’ to form stable complexes at pH 8.5 with tellurium(IV) 

(%I,, = 5.8 x 104).50 Unfortunately the preparation of such a chromophoric dithiocarba- 
mate is very complicated. 

Tetramethylthiuramdisulphide [(CH3)2NCS2. S,CN(CH,)J (a product from the oxi- 
dation of dimethyldithiocarbamate) forms extractable tellurium(IV) complexes in 3M hy- 
drochloric acid; this method was recommended as being very selective for the separation 
of tellurium(IV).51 

Similarly to the dithiocarbamates, the dithiophosphate ligand can form chelate compounds 
with Te(IV) and Te(I1). 52-54 If di-n-butyldithiophosphoric acid is used (diluted with a non- 
polar solvent) tellurium(IV) can be extracted from 1-1OM hydrochloric acid medium (or 
0.2-8M sulphuric acid) and the distribution coefficient is greater than 10. The dithiophos- 
phate ligand was found to reduce tellurium(IV) to tellurium(I1) much more rapidly than 
the corresponding dithiocarbamate, and the oxidation product was a disulphide. When 
tellurium(IV) is analytically separated by a solvent extraction with dithiophosphate, a mix- 
ture of Te(dtpk and Te(dtp)2 is always obtained. The electronic spectra of these two com- 
pounds are different. Hence this solvent extraction method could not be recommended 
as a photometric method for the determination of tellurium. 

Mercaptobenzthiazoie 

[ Ql&“] 
forms stable co-ordination compounds with tellurium(IV), of the type TeA4;55 the com- 
pounds have an absorption maximum in the near ultraviolet (360 nm). If the solvent 
extraction is performed with carbon tetrachloride from 4M hydrochloric acid medium the 
compound obtained hasa molar absorptivity of2.4 x 10 4 55.56 The complex obtained is not . 
as sensitive to light as is the dithiocarbamate complex. It seems promising to study the 
naphthyl homologue as a reagent for tellurium: the conjugated system is greater, thus the 
molar absorptivity should be higher, and the absorption band of the tellurium complex 
shifted to the visible region of the spectrum. 
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Bis711uthi01 II 

at pH 3 forms a co-ordination compound with tellurium(IVj, which contains four 
ligands.29*57*58 Th e compound is soluble in non-polar solvents,‘*59*61-63 and if it is 
extracted with chloroform its molar absorptivity is high: e335 = 3.4 x 104.” The great 
disadvantages of this method are the sensitivity of Bismuthiol II to aerial oxygen (a disul- 
phide is formed which has strong light absorption at 335 nm) and the interfering effect of 
selenium(N). Cheng has improved the method by changing the sequence of addition of 
the reagents. thus obtaining e33s = 4-O x 104.64 Busev et u1.29~65-67 have prepared many 
analogues of Bismuthiol II (the phenyl radical was replaced by another radical). These Bis- 
muthiol derivatives are more stable in respect to aerial oxidation than Bismuthiol II, but 
the absorption coefficients of the corresponding tellurium compounds are smaller.65 

Diacetyldithiol 
CH 

[ 1 +a :I 

scow, 

SCKH, 

reacts very selectively with tellurium(IV) in 12M hydrochloric acid.6s Palladium(I1) and 
rhenium(VI1) are the only ions which form dithiolate complexes under these conditions. 
If a suitable non-polar solvent could be found which would extract this tellurium com- 
pound, a very selective separation method for tellurium(IV) might be developed. 

Dimercaptopyrone HS / c=o 
[cl 1 HS \ 0 

forms extractable tellurium(IV) complexes.69 
Thionaphthenic acid C,2H,3C(0)SH forms easily extracted tellurium(IV) co-ordination 

compounds’(’ in which a co-ordinative bond to the carbonyl group and a covalent bond to 
the sulphur atom are assumed to occur. Owing to the greater affinity of tellurium(IV) for 
sulphur, it may be expected that these compounds would not be as stable as the corre- 
sponding dithio co-ordination compounds. Thionaphthenic acid” also reacts with 
selenium(IV) in acid medium. This chelating reagent is very stable. 

In slightly acidic medium 8-rltelcaptorfuinoline 

SH 

diluted with non-polar solvents, can extract tellurium(IV).” 
Tellurium(IV) can be extracted by a dithizone solution in carbon tetrachloride from a 

O.l-1M mineral acid solution. 10,45*72*146 The composition of the extracted complex is 
assumed to be Te(dit)4.“.73 Marhenke and Sandell were the first to realize that the reac- 
tion product is an equimolar mixture of Te(dit), and a disulphide from the dithizone.” 
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The resulting oxidation products of dithizone have almost the same absorption spectrum 
as that of the tellurium dithizonate. Consequently this extraction cannot be recommended 
as a photometric method since the reduction of Te(IV) to Te(I1) does not always proceed 
completely. 

Thiourea forms co-ordination compounds with both tellurium(IV) and tellurium(I1) 
which can be extracted into polar solvents. 60*74,75 Tellurium(IV) in an acid medium is 
reduced by thiourea to tellurium(II)75 and mixed complexes of the composition Te(tu),X1 
are obtained (X is the corresponding anion of the acid-Cl_, Br-, ClO,, l/2SOi-).9 The 
solvent extraction of tellurium(IV) with tributyl phosphate and thiourea from 061.7M 
hydrochloric acid containing KSCN has been described.“9,60 Most probably this is an 
extraction of Te(tu)* (SCN)2-for this system a synergistic effect may be expected. 

Tellurium(IV) was found to react with diphenylthiourea in 4*5-8.OM sulphuric acid.76*77 
The stable compound obtained is easily extracted into chloroform (e3s0 = 2 x 104). The 
molar absorptivities of the tellurium complexes of other substituted thiourea compounds 
are smaller than those of the diphenylthiourea compounds. The solvent extraction-photo- 
metric method for the determination of tellurium with diphenylthiourea has a great advan- 
tage over the dithiocarbamate method-the reagent is stable with respect to light and 
oxygen (but selenium interferes). 

It is of interest to study the solvent extraction of some organotellurium compounds 
which could easily be prepared. In this field there are new possibilities for the development 
of selective separation methods for tellurium. In all reactions known so far78-82 the 
organotellurium compounds are prepared in the absence of water and this requirement 
creates great difficulties for the analytical separation. 

SOLVENT EXTRACTION OF ION-ASSOCIATION 

COMPOUNDS 

Tellurium(IV) can be easily extracted from hydrogen halide-acid media as an ion-associ- 
ation complex with a bulky cation. In all cases studied so far the extracted compound is 
of the composition BzTeXs (X is Cl, Br, or I). 

A very useful method for the separation of tellurium from selenium(IV) is the solvent 
extraction of tellurium(IV) from 4-7M hydrochloric acid medium with the long-chain 
amines Amberlite LA-1 or Amberlite LA-2.83 This separation is based on the great differ- 
ence in stability of the chloro-complexes of these two elements. For the industrial purifica- 
tion of tellurium(IV), a similar solvent extraction from hydrochloric acid mediums4 was 
proposed, using commercial mixtures of aliphatic amines (C, r-CzO). Tellurium(IV) could 
be separated from a number of ions such as Se(IV), Cd(II), T&III), Sb(III), Cu(I1) and Bi(II1) 
by a solvent extraction reaction with 4,4’-methylenediantipyrene.6’**5~a6 The solvent 
extraction of tellurium(IV) with (C,H,),PBr from 3-5M hydrochloric acid medium has 
also been described.’ For the selective separation of traces of tellurium, Bock has recom- 
mended solvent extraction with tetraphenylphosphonium chloride’ from a mixture con- 
taining sulphuric acid and potassium iodide. 

The recommended methods for the solvent extraction-photometric determination of tel- 
lurium(IV) are based on the extraction of the ion-association complexes of the halide-com- 
plexes (TeCli-, TeBri-, or Tel:-) of tellurium(IV) with cations of some dyes”,** such 
as Rhodamine 4G,89 Victoria Blue 4R9’ (solvent extraction with a mixture of nitrobenzene 
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and carbon tetrachloride from an aqueous phase consisting of 9%fON H,SO, and 07M 
KBr. E,,,,, = 8 x 104). These methods. however, are less selective and most other ions must 
be separated in advance. 

Bismuthiol II and its derivatives extract tellurium(IV) very well from a 12- 16N sulphuric 
acid + hydrobromic acid medium.” In this case, however. no chelates are formed (in con- 
trast to the chelates found at low hydrogen-ion concentrations), the species being ion-as- 
sociation complex of the protonated molecule of the reagent and TeBri-. This is an 
example of how the solvent extraction mechanism may vary according’to the experimental 
conditions. 

Telluriuln(IV~ reacts with 1.4-diphenyltlliosemicarb~lzide ~~.~,H~.N~.CS.NH.NH. 
C,H,) in 54-63M sodium bromide (E,,, = 5 x lo41 giving a tellurium compound of the 
composition Te:Reagent = 1:2 (probably an ion-association complex with TeBri-).91 
The reaction of tellurium with 1,4-diphenylthiosemicarbazide proceeds only in bromide- 
containing solutions. These compounds could probably be extracted into polar solvents 
and thus the selectivity of the photometric method might be enhanced. 

EXTRACTION BY SOLVATION 

These extraction methods are very often used for the separation of tellurium(IV) from 
hydrogen halide medium. With oxygen-containing extractive reagents (ethers, alcohols, 
esters. ketones and basic extractive reagents such as organophosphorus compounds), the 
halide-complexes of teIlurium(IV) can be extracted. Tellurium(I1) and telluriumfVI),92*93 
do not form halide-complexes which might be extracted into solvating extractive reagents. 
Tellurium(IV) is poorly extracted from hydrojuoric acid medium since its fluoro-com- 
plexes are not stable. The degree of extraction. however, is increased with increasing 
hydrofluoric acid concentration.94 

The solvent extraction of tellurium(IV) from h_vdrochloric acid medium has been exten- 
sively studied. Tellurium(IV) can be extracted into alcohois from a 6-1OM hydrochloric 
acid medium fthe distribution coefficient shows a maximum for the 8*5M acid).14 The com- 
position of the compound extracted into octanol is H2(H,0),S,.TeC1,.95 Another solvate, 
HTeCl, . S was found by Shitareva’* when studying the extraction by n-hexanol. The 
ethers are weaker proton-donors than the alcohols and this is the reason why they are 
poorer extractants of tellurium(IV).‘4~96~97 When studying the solvent extraction of teliur- 
ium(TV) from 9-EM hydrochloric acid medium with di-n-butyl ether, Iofa found a solvate 
of H,TeCl, was extracted. r4 Brubaker99 has found in the organic phase ~~,~‘-dichloro- 
diethyl ether) a solvate with Te: Cl = 1: 4 when an aqueous phase of low hydrochloric acid 
concentration was used and another solvate (Te: Cl = 1: 6) at higher hydrochloric acid 
concentrations. 

Ketones”” and TBP’0’-‘04 can extract from 2-1OM hydrochloric acid medium a tel- 
lurium complex with Te:Cl ratio 1:4 (but at concentrations of HCI more than lOM, 
Te:Cl = 1:6l’*). It seems that an ionic species Te(OH)2C1$- is formed: the hydroxy 
groups of these species are solvated through hydrogen-bonding by the relatively highly 
basic solvents.“’ Owing to the more strongly polarized P=O bond the TOP0 has a 
greater extraction ability. In extraction of tellurium(IV) we have found the solvate TeCl,. 
2TOPO (unpublished observation). In this case the distribution process is based on the 
substitution of TOP0 for water molecules in the co-ordination sphere of tellurium(IV). 

The presence of alkali metal nitrates in these solvation extraction systems enhances the 
degree of extraction. The distribution coefficients of tellurium(IV) depend on the con- 
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.centration of other ions.96*‘05 In comparative studies on the extraction of tellurium(N) 
into alcohols, ethers and ketones it was established that ketones are the best extractants 
and that the resulting distribution coefficient is inversely proportional to the length of the 
chain 14~100~106~107 

An extensive literature exists on the solvent extraction of tellurium(N) into MIBK from 
4-7M hydrochloric acid medium.37,9”*93*98.‘06*108-1 ’ L.1s’.149 This is an important 
method for the separation of tellurium(IV) from Zn(I1). Cu(I1). Pb(I1). Cd(I1). Se(IV) L’~c. 
With respect to selectivity, the solvent extraction of tellurium(IV) with MIBK in mixtures 
with amyl alcohol and AmAc,“2.‘13 or EtAc.‘14 or methyl ethyl ketone”’ from 2-7M 
hydrochloric acid medium offers no advantages over the MIBK extraction. These separ- 
ation methods are also suitable for the industrial purification of tellurium. the great 
advantage of these extractive reagents being their low price and high extraction capacity. 

Solvent extraction with TBP is suitable for the separation of tellurium(IV) from tellur- 
iurn(V l6 tellurium(V1) is not extracted from a 2-10M hydrochloric acid medium”’ (D 
is less than 10e2). The great advantage of this separation is the stability of TBP with re- 
spect to strong oxidizing reagents such as tellurium(V1) [ketones. ethers and alcohols are 
slowly oxidized by Te(VI)]. Tellurium(IV) is easily extracted into TBP (diluted with satu- 
rated hydrocarbons)87*‘04*11**1 l9 or a cyclohexane solution of TOPO. The neutral 
organophosphorus compounds are appropriate for the separation of tellurium from other 
elements such as Fe(III), U(VI), Mo(V1). Au(III), Re(VI1). Hg(I1) and TNIII). which are bet- 
ter extracted than tellurium(IV). In this case tellurium(IV) remains in the aqueous phase. 

The extractive ability of sulphoxides was recently investigated. l 2o The sulphoxides are 
less basic than the corresponding organophosphorus compounds. Di-n-hexylsulphoxide 
can easily extract tellurium(IV) from 2-1OM hydrochloric acid medium and the extracted 
compound has a Te: Cl ratio of I : 5 (a disolvate).‘? ’ 

The bromo-complexes of tellurium(IV) are more stable than the corresponding chloro- 
complexes. Tellurium(IV) can easily be extracted from /z~&ohronric acid medium with 
ethers.‘22,123 Shitareva has proposed the formula (H30),(H,0),,,S3.TeBr, for the com- 
pound extracted into hexanol.” Tellurium(IV) is better extracted by ketones;’ ’ 1*147 in this 
case the organic phase may be directly subjected to an atomic-absorption determina- 
tion.‘24 In comparison with extraction from hydrochloric acid medium. the separation of 
tellurium from hydrobromic acid medium offers no advantages, since many elements form 
extractable bromo-complexes. This is the reason why this solvent extraction system has 
found limited application. Tellurium(IV) can be extracted with a high distribution coeffi- 
cient from hydrobromic acid medium with TBP.lzS The solvate of TBP was found to be 
dissociated in the organic phase and the distribution coefficient for tellurium(N) decreased 
at higher concentrations of indium(II1). 

Tellurium(IV) can be easily extracted from h~rl~?otli~ LICKS/ medium with alcohols”” and 
ethers.‘27 The extracted ionic species is formulated as H?TeI, or HTeI, (at lower HI con- 
centrations).‘1*22.128*129 We have established that the compound extracted into aceto- 
phenone (from mixtures of sulphuric acid and potassium iodide) has the composition 
Te14.S3.26 The solubility of this solvate in ketones is very low (less than IO-‘M). Hence 
this extraction system with ketones can be used only for the separation of microgram 
amounts of tellurium(IV). 1*26,41*130-‘32 The other solvates of the tellurium(IV) iodo-com- 
plexes with ethers,‘33 alcohols.12’j or mixtures of alcohols and polar diluentslz7 have a 
substantially higher solubility, hence these methods can be used for higher concentrations 
of tellurium(IV). 
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Recently other techniques have been used for the separation of tellurium, namely thin- 
layer chromatography.‘3h-139 paper chromatography,‘35q150 and extraction chromato- 

graphy 134~140~‘4S-predominantly with oxygen-containing solvating extractants. These 
techniques are especially suitable for complicated separations since they are in fact a 
multistage extraction process and the selectivity of the separation is very high. It would be 
advantageous to develop such separation methods by using sulphur-containing chelating 
reagents, ’ 3 * which are more selective for separation of tellurium. 

Unfortunately no solvent extraction method for the separation of tellurium has so far 
been published in which the organic phase consists of an active extractant which can be 
dissolved in a biphenyl melt. Such a method could eventually be important also for the 
treatment of fission products. 

Arkrlo,,/etl~/rr,le,lr-We are thankful to Dr. Markus Stoeppler (Zentralinstltut fiir Analytische Chemie der Kern- 
forschungsanlape Jiilich GmbH. BRD) for comments and discussion on this paper. 
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Rbsun&-On prtsente une revue critique de Y&at actuel et des perspectlres pour le dkveloppement 
de mkthodes d’extraction par solvant pour la iparatlon du telluriums(IV). La littkrarure (150 
rifkrences) est couverte jusqu’8 la fin de 1973. 
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Summary-A method IS described for the determination by atomic-absorption spectrophotometry 
of lead. up to the mtlhgram level. m samples of geologtcal matertals. After attack with perchloric- 
hydrofluortc acid mixture and the removal of perchlorate ion by precipitatron as potassium perch- 
lorate. lead is separated from matrix elements by means of anion-exchange in 2M hydrobromic 
acid on the strongly baste anion-exchange resm Dowex I x 8. Lead is adsorbed on the resm column 
whtle practically~all other accompanying elements pass into the effluent. For the elution of lead 
6M hydrochloric acid is used and after evaporatton of the eluate lead is determined by atomic- 
absorptron spectrophotometry. The method was tested by analysing numerous samples with con- 
tents rangmg from a few ppm to milltgram amounts of lead. In most cases very good agreement 
of results was obtained 

Atomic-absorption methods have been used extensively for the determination of lead in 
a variety of materials. including silicates,‘-3 rocks and minerals,” soils,s-9 glass,“*’ 1 cer- 
amic ware.‘“.13 bismuth oxychloride,‘4 sodium chloride,r5 lead titanate zirconate,16 food- 
grade phosphates and phosphoric acid.” iron oxide,’ 8 uranium compounds,‘9-21 reagent- 
grade chemicals.” paints,‘3-‘5 waters,2h-29 air and atmospheric particulate mat- 
ter.‘6.3”-37 metallurgical products,38-49 petrol and petroleum products,50-55 plant mater- 
ial.ih-60 urine.‘9.hl-74 blood 63~68~‘O~‘1~75~84 milk,29 bone,66,85 faeces,66 tissue,66 

fish,86-89 beer.” chocolate,” organic solvents.” and aqueous and organic media.‘l 
To avoid interferences by matrix elements and to increase the sensitivity, suitable 

organic complexes of lead are often extracted into organic solvents and the organic extract 
is aspirated directly into the flame (usually air-acetylene). Reagents used include sodium 
and diethylammonium diethyldithiocarbamate,‘*’ 7*22348*84 ammonium tetramethylene- 
dithiocarbamate.‘8.6?.~9.70.83 ammonium pyrrolidine-l-carbodithioate,27~29~58~66~71~80-82 
dithi~one3.18,43.68.81.8j.89 and 8-hydroxyquinoline” and the solvents include isobutyl 
metl,,,l ketone 18.~2.27.28.48.58.66.69-71.80-84 

tetrachloride3.43.“8 
heptan-Z-one,” chloroform,7*8’~89 carbon 

and xylene.’ ’ Methods have also been described, based on the extrac- 
tion of tetraiodoplumbate ion into isobutyl methyl ketone44,45*47*55 or isopropyl methyl 
ketone.” followed by aspiration of the organic phase into the flame. 

The sensitrvity of lead determinations in various materials can also be increased by 
extraction of the matrix. An example is the removal of uranium nitrate by TBP-extraction 
before the atomic-absorption determination of lead in uranium compounds.19-2’ 

Before the determination of lead by atomic-absorption measurements, especially in bio- 
logical materials such as plant and animal products59360 and biological fluids such as 
urine-‘---” this element is occasionally separated from the matrix by co-precipitation 
methods. Suitable co-precipitants are strontium sulphate59.“0 and calcium phosphate74 as 
well as bismuth-: and thoriumi which are added as nitrates. 

I025 
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Ion-exchange procedures in conjunction with atomic-absorption spectrophotometry 
have found but little application4Lh.4Q to the determination of lead in various materials. 
although the technique of ion-exchange separation of lead is a very suitable means of 
obtaining solutions in which lead can be determined by atomic-absorption measurements 
free from interferences. 

This paper describes an anion-exchange separation method and its application to sam- 
ples containing from a few ppm to milligram amounts of lead. 

EXPERIMENTAL 

Solutions and reagents 

All the reagents wer’e of analytical-reagent grade unless otherwise stated. 
Ion-eschanger. Dowex 1 x 8 (100-200 mesh; chloride form). The resin (4 gl was soaked m a few ml of 2.24 hyd- 

robromic acid and the slurry transferred to the ion-exchange column, the same acid being used as a rinse. Subse- 
quently 50 ml of 2M hydrobromic acid were passed through the resin bed to pretreat the resin, i.e.. to transform 
the chloride into the bromide form. 

Lead standard solutions. Lead nitrate, Pb(NO& (33.Og), dissolved in 0.5”, viv mtric acid and the solution 
diluted to I litre with 0.5”,, nitricacid: I ml of this standard solution contained 20.36 mg of lead (the lead content 
of this solution was determined by EDTA titration). Aliquots were diluted with @5”,, nitric acid to give solutions 
with lead concentrations in the range 0.2-200 ppm. 

Hydrobromic acid, 2M. This acid was prepared by diluting 235 ml of concentrated hydrobromic acid (about 
47%; specific gravity z 1.50) with water to 1 htre. 

Other reagents. Potassium bromide, 6M and concentrated hydrochloric acid. concentrated hydrofluoric acid 
and concentrated perchloric acid. 

Apparatus and operating conditions 

A Perkin-Elmer 303 atormc-absorption spectrophotometer (equipped with a Hitachi-Perkin-Elmer Recorder 
56 connected to a read-out accessory) was used with the following Instrumental settings. 

Grating: 
Wavelength: 
Scale expansion: 
Slit: 
Source: 
Lamp current: 
Burner : 
Acetylene pressure: 

Air pressure: 

Noise suppression: 

ultraviolet 
283.3 nm 
up to 30 x 
4 (1 mm; 0.7 nm bandpass) 
lead hollow-cathode lamp 
8mA 
three-slot burner head 
8 psig; 9.0 on Howmeter 
(arbitrary scale) 
30 psig; 9.0 on flowmeter 
(arbitrary scale) 
up to 5 

Under these conditions the sensitivity is @6 ppm of lead for 19; absorption (when the measurement of lead 
la carried out In 0.5C’C, v/v nitrz acid). In the determination of lead concentrations euceedmg -Ml ppm the burner 
has to be turned by 90.. 

The ion-exchange separations were performed by using columns of the same type and dimensions as described 
earlier.” 

Determnution of distribution coefficients 

The distrlbutlon c C% ;I 11~ I I C, 11111-, i Inn,! elution characteristics of lead and other elements were determmed 
by usmg the batch in&j .,‘.l,,,?,,? mF,I,.:..j 

Procedure 

Dissolution ojgeological samples. To I g of the thoroughly homogenized sample m a platinum dish. add I ml 
of water (or 1 ml of lead standard solution when a spike is to be used and the whole procedure applied), 2 ml 
of concentrated perchloric acid and 10 ml of concentrated hfdr&fluoric ,acid, and heat the mixture (which is 
stIrred occasionally) on a steam-bath until most of the hydrofluoric acid IS removed. Then take the mixture to 
dryness on a sand-bath or on a hot-plate and add IO ml ofconcentrated hydrofluoric acid. Evaporate the mixture 
to dryness on a steam-bath and take up the residue in I ml of water and 2 ml of concentrated perchloric acid. 
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Take the mrxture to dryness on a sand-bath or on a hot-plate, dissolve the resrdue in 20 ml of 2M hydrobromrc 
acid and let stand for about 1 hr (occasronal swirling of the solutron speeds up the drssolution of the resrdue). 

Removal ofperchlorate. Transfer the solution of the sample in 2M hydrobromic acid (see above) to a beaker 
and use 10 ml of 2M hydrobromic acid as a rinse. Then add 2 g of potassium bromide and after mrxing let stand 
for several hr (preferably overnight or longer). Filter off the insoluble preciprtate (mainly potassium perchlorate), 
rmse it with 10 ml of 2M hydrobromic acid and dilute the filtrate to 50 ml with the same acid. From this sample 
solution (=sorption solution) lead is separated by means of the ion-exchange procedure described below. 

Ion-exchange separarion. Pass the 2M hydrobromic acid sample solution (sorption solution) through the ion- 
exchange column containing 4 g of the resin (pretreated with 50 ml of 2M hydrobromic acid) at a flow-rate which 
corresponds to the back-pressure of the resin bed. Wash the resm with 30 ml of 2M hydrobromic acid and elute 
the lead with 50 ml of 6M hydrochloric acid (lead eluate). 

Determination oflead. Evaporate the lead eluate to dryness on a steam-bath, take up the residue in 5 ml of 
0.5% nitric acid and after about 30 min transfer the solution to a lC-ml standard flask. using the same acid as 
a rinse. Dilute to volume with O.SS;, nitric acid and filter the solution through a dry filter paper to remove any 
solid particles whtch might block the capillary used for aspirating the solutron into the au-acetylene flame. In 
this filtrate determine the lead by atomic-absorption spectrophotometry. Construct the calibration curve by 
aspirating suitable lead standard solutions (prepared in exactly the same way as the samples) before and after 
each batch of samples. 

In the determination of ppm quantities of lead rt is necessary to run a reagent blank through the whole pro- 
cedure (startmg with dissolution of geologtcal samples: see above) and finally to deduct its lead concentration 
from the lead contents measured in the samples. 

RESULTS AND DlSCUSSlON 

Atomic-absorption spectrophotometry is a well-established method for the determina- 
tion of lead in various materials, because it is almost free from interference effects. Thus, 
of 25 cations, 25 anions and 6 organic acids investigated by Dagnall and West” only alu- 
minium. beryllium, thorium, zirconium phosphate, pyrosulphate, formate and phthalate 
interfered slightly in the determination of lead in aqueous solution at 283.3 nm. As 
a consequence atomic-absorption spectrophotometry is frequently used in methods which 
involve the direct aspiration of the dissolved samples into the 
flame. 1,2,~6.8-16,23-26.30-42,50-54.56,57.61-65.75-79.86-88,90 

By closely matching calibration standards and test samples in both lead content and 
matrix. good analyses can be obtained without preliminary separation of lead from the 
matrix elements. However, because of the presence of the sample matrix and the associated 
physical alteration of the sample solution, sample concentrations above 1 or 2 g/100 ml 
should be avoided. Therefore, lead contents less than 20-30 ppm cannot be determined 
accurately. However, high accuracy of lead determinations is attainable after separation 
of the lead by means of ion-exchange employing strongly basic or acidic ion-exchange 
resins or by extraction with long-chain amines. 

On strongly basic anion-exchange resins such as Dowex 1 or Amberlite IRA-400 lead 
can be adsorbed quantitatively from solutions l-2M in hydrochloric acid, and water or 
0.005-0*02M and 6-12M hydrochloric acid solutions can be employed for its elu- 
tion.49.9”’ l8 This “chloride method” of anion-exchange separation of lead has been used 
to separate lead from barium,94 copper,96 zinc,96*‘06 thorium,97 nickel,lo4 cobalt,ro4 
iron,104 manganese,lo4 metallurgical products,98-‘00~107-‘08,110--1 l6 geological mater- 
ials,‘0’*105~109*’ l8 biological materials,95.117 and clear solutions.102*‘03 It is probably the 
most selective of all the methods available. but the low maximum value of the distribution 
coefficient of lead in about 1.5 M hydrochloric acid (Kd z 27) allows only limited amounts 
of solution to be passed through a column before lead appears in the effluent. In addition, 
the distribution coefficient of lead in I-2M hydrochloric acid is further decreased in the 
presence of salts (e.g.. chlorides and perchlorates) so that a sorption solution which is 
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obtained after acid dissolution of a sample has to be passed through a relatively large 
column of a strongly basic anion-exchange resin to effect quantitative retention of the lead. 

Although anion-exchange of lead in mixed aqueous organic solvent systems containing 
nitric acid”9~1z0 or in a malonate solution”’ of pH 4.8 as well as adsorption of lead on 
the chelating resin Dowex A-l 122~123 show some advantages over the “chloride method”. 
the difficulties mentioned above can be eliminated only when using systems in which hy- 
drochloric acid is replaced by hydrobromic acid. 

On cation-exchange resin columns dilute hydrobromic acid (O-5-0*6M) is a very effective 
eluent for lead and highly selective separations of this element from most metal ions can 
be achieved.‘2”‘26 Unfortunately, most of the common elements remain adsorbed. a fact 
which limits the amount of sample material which can be handled and makes the method 
Iess suitable for the separation of small amounts of lead from large amounts of such ele- 
ments as aluminium, iron, calcium and magnesium (which are main constituents of geolo- 
gical samples). This disadvantage of cation-exchange separations in hydrobromic acid 
media can be completely eliminated by the use of strongly basic anion-exchange 
resins’27-i3’ or tong-chain liquid amines such as be~yldodecylmethylammonium bro- 
mide (in isobutyl methyl ketone)46 and methyltrioctylammonium salts (in xylene).‘3’*133 

In the procedure described in the present paper, lead is adsorbed on a column of the 
strongly basic anion-exchange resin Dowex 1 from 2M hydrobromic acid solution and by 
means of this method lead can be separated from most accompanying elements. The elu- 
tion characteristics of these metal ions are shown in Table 1 from which it is seen that 
lead is separated under these conditions from the majority of the elements investigated. 
Furthermore, most of the co-adsorbed metal ions are not co-eluted with lead when 6M 
hydrochloric acid is used as the eluent (see Procrd~e).‘~” Since geological samples, espe- 
cially silicates, do not contain amounts of the co-adsorbed elements which exceed ppm 
quantities, their presence in the sorption solution (see Procedure) will have no adverse 
effects on lead adsorption, such as replacing lead. from the resin. However, a considerable 
decrease of lead adsorption was observed in the presence of perchlorates, which are formed 
when applying the dissolution technique described in the Procedzrre. Thus, the recovery 
of lead was reduced by 20-50% when the separation step involving the precipitation of 
perchlorate by the addition of potassium bromide to the 2M hydrobromic acid sample 
solution (see Procedure) was omitted. 

A decrease of lead adsorption is also observed in the presence of excess of bromide ion 
but this effect (see results presented in Table 2) is not as pronounced as when the acid 
molarity is increased or hydrochloric acid used in place of hydrobromic acid (see Table 

3). 
Investigations with respect to the effects of perchlorate precipitation and of lead con- 

centration on the recovery of lead gave the results presented in Tables 4 and 5. 
From the results shown in Table 4 it is seen that lead was recovered quantitatively. 

which means that lead was not co-precipitated with the potassium perchlorate. which was 
precipitated by the addition of 2 g of potassium bromide to 30 ml of 2M hydrobromic acid 
containing 05 ml of concentrated perchloric acid and a known amount of lead. Following 
this precipitation the solution was treated in exactly the same way as described in the pro- 
cedure. A quantitative recovery of pg and mg-quantities of lead is also possible in the pres- 
ence of the entire amount of 2 g of potassium bromide (see Table 5). 

The suitability of the anion-exchange method in combination with the atomic-adsorp- 
tion technique described in this paper for the determination of lead was tested by analysing 
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Table 1. Elution charactertstics of metal ions (I.0 mg each) in 2M hydrobro- 
mtc acid (I g column of Dowex I x 8) 

Metal ton BTV. ai/ c ill/ K, EV. ml 

Pb(II) 
Cu(II) 
Fe(II1) 
Co(I1) 
Ni(I1) 
Mg(II) 
Ca(I1 I 
Sr(I1) 
Ba(I1) 
Mn(I1) 
Al(III) 
Ga(II1) 
La(II1) 
Ce(II1) 

Cr(II1) 
Ti(IV) 
Th(IV) 
UOl(II) 
Mo(V1) 
WV) 
Bi(II1) 
Zn( II) 
Cd(I1) 
In(II1) 
Au(II1) 
Pt(IV) 
Pd(I1) 

60 
I 
I 

I 
1 

1 
1 

1 
>lOO 
,108 
>117 
> 144 

110 109.3 
3 2.3 
2 1.3 
2 1.3 
2 I.3 
2 I.3 
2 1.3 
2 I.3 
2 1.3 
3 2.3 
2 1.3 
2 I.3 
2 I.3 
2 I.3 
2 13 
2 I.3 
2 1.3 
2 1.3 
2 1.3 
2 I.3 

strong adsorption 
strong adsorption 
strong adsorptton 
strong adsorption 
strong adsorption 
strong adsorption 
strong adsorption 

210 
22 
13 
4 
4 
5 
5 
4 
4 
5 
4 
4 
4 
4 
5 
4 
5 
6 
8 
4 

BTV = breakthrough volume;7 = volume of elution peak; K, = distrtbu- 
non coefficient = T’- 0.7 (0.7 = void volume in ml); EV = elution volume. 

Table 2. Effect of concentration of potas- 
sium bromide on batch distribution coeffi- 

cient of lead 

q K Brirnl ZM HBr 

0 130 
10 96 
20 87 
30 76 
40 66 

Table 3. Batch distribution coefficients of lead in hydro- 
bromic and hydrochloric acid solutions 

Acid 
concentration. M 

&I 
in HBr 

K* 
in HCI 

1 353 -50 
2 130 5 10 
3 44 <10 
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Table 4. Effect of perchlorate precipttation on lead recovery 

Amount of lead used 
(ICY. 50 1111 241 HBr) 

.4mount of lead found in 6M HCI 
eluate. &/ 

DO 1.5 
10 9.75 
20 21.0 
50 50.1 

100 101 
500 498 

1000 998 

Table 5. Effect of lead concentration on lead recovery (4 g column of 
Dowex 1 x 8; sorption solution: 50 ml of 2M HBr containing 2 g of 

KBr) 

Amount of lead used. 
ncg 

Amount of lead found in 6M HCI 
eluate. ng 

5 4.45 
20 20.2 

100 100 
488 467 
977 977 

2442 2472 

Table 6. Results of lead determinations (ppm) m Geological Survey Standards 

Sample 
This method 

A B 
Results obtained in 

other laboratories’35 

Granite G- 1 43.9 
Granite G-2 304 
Diabase W-l 8.0 
Diabase Q.M.C. 13 7.0 
Peridotite PCC-I IO.1 
Tonalite T-l 45.0 

31.8 (20) 
- 

7.6 (10) 
9.4( 10) 

41.0(20) 

21-58 
15-50 

trace-20 
<20; 14; 4 

120 
37 

A = Lead content determined by atomrc-absorptton spectrophotometry after sep- 
aratton of lead by anion-exchange. 

B = Lead content determined by atomic-absorptton spectrophotometry after sep- 
aration of lead by anion-exchange and deduction of lead-spike which was added 
before dissolution of the sample (the number in parentheses gives the number of peg 
of lead added as a spoke). 

numerous samples with contents ranging from a few ppm to milligram amounts of lead. 
The results of these investigations are shown in Tables 6-8 from which it is seen that in 
most cases very good agreement of results was obtained. In the samples shown in Tables 
7 and 8 lead was also determined directly, i.e., without preliminary separation of lead by 
anion-exchange. These analyses (see columns C in Tables 7 and 8) show that results were 
obtained which, especially at low lead concentrations, deviate considerably from those 
listed in columns A and B (Tables 7 and 8). This is due to the effect of the matrix elements 
on the absorbance of lead. which is more pronounced at low than at high concentrations 
of this element. 
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Because the anion-exchange separation can be performed more or less automatically, 
numerous samples can be analysed simultaneously, i.e., the procedure is very well suited 
for the routine determination of lead by atomic-absorption spectrophotometry. 

Table 7. Results of lead determinations in geochemical standards from the 
Centre de Recherches Petrographiques et Gtochimtques 

Sample A* 
Lead content. p,>iir 

B* c D 

Granite GA 
Granite GH 
Basalte BR 
Biotite Mica-Fe 
Phlogopite Mica-Mg 
Diortte DR-N 
Serpentine UB-N 
Bauxite BX-N 

Disthtne DT-N 
Verre Synthetique 
VS-Nt 

294 29.2 (20) 34.5 26 
41.5 45.0 (20) 43.8 50 

4.2 5.4(10) 21.3 16 
8.0 9,2(10) 14.1 17 

11.2 11.4(10) 21.1 10; 25 
52.9 540 ( 50) 57.5 75 
12.1 13.2(20) 24.8 12; 18; 30; 32 

137.2 147.8 (100) 132.5 132; 155; 
205; 215 

- 1 I.4 (50) 25.0 14; 25; 30 
1058 1086 (500) 959 50@1293 

* See footnotes to Table 6. 
t The lead content of this synthetic glass standard is given in ppm PbO. 

Theoretically this sample should contain 1000 ppm of this oxtde. 
C = Lead content determined by atomic-absorption spectrophotometry 

without preliminary separation of lead by anion-exchange. 
D = Lead content determined in other laboratories.‘36,‘3’ 

Table 8. Results of lead determinations in Canadtan radioac- 
tive ore standards i3a 

Lead content, ppiii 
Sample A* B* 

DH 18.1 18.2 (20) 
DL 541 505 (500) 
BLl 73.2 69.0 (50) 
BL2 933 911(1000) 
BL3 1783 1640(1000) 
BL4 358 334 (400) 

* See footnotes to Tables 6 and 7. 

c* 

27.5 
562 

89.3 
890 

1720 
383 
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Zusammenfasau~Es wird ein Verfahren zur Bestimmung von Blei in geologischen Proben bis 
zum Milligrammbereich durch Atomabsorptions-Spektrophotometrie beschrieben. Nach 
AufschluB mit einem Gemisch aus &erchlors;iure und FluBslure und Entfernung von Perchlorat 
durch Fillung als Kaliumperchlorat wird Blei von den Hauptbestandteilen durch Amonenaustausch 
in 2M Bromwasserstofftiure an dem stark basischen Anionenaustauschharz Dowex 1 x 8 getrennt. 
Blei wird an der Harztiule adsorbiert, wahrend praktisch alle Begleitelemente durchlaufen. Blei 
wird mit 6M Salzslure eluiert; nach Eindampfen des Eluats wird Blei durch Atomabsorptions- 
Spektrophotometrie bestimmt. Das Verfahren wurde durch Analyse zahlreicher Proben mit 
Bleigehalten von einigen ppm bis zu Milligrammen getestet. In den meisten Fallen stimmten die 
Ergebnisse sehr tut iiberein. 

R&urn&--On decrit une mtthode pour le dosage par spectrophotometrie d’absorption atomique 
du plomb, jusqu’a la teneur du milligramme. dans des tchantillons de matieres geologiques. Apres 
attaque par le melange acide perchlorique-acide fluorhydrique et elimination de l’ion perchlorate 
par precipitation a letat de perchlorate de potassium, on &pare le plomb des elements de la 
matrice au moyen d&change d’anion en acide bromhydrique 2M sur la resine echangeuse d’anions 
fortement basique Dowex 1 x 8. Le plomb est adsorbe sur la colonne de &sine tandis que prati- 
quement tous les autres elements qui l’accompagnent passent dans I’effluant. Pour l’elution du 
plomb on utilise l’acide chlorhydrique 6M. et aprbs evaporation de l’eluat on dose le plomb par 
spectrophotometrie d’absorptton atomique. On a essayi la mtthode en analysant de nombreux 
echantillons avec des teneurs allant de quelques ppm a des quantites de l’ordre du milligramme 
de plomb. Dans la plupart des cas. on a obtenu un tres bon accord des risultats. 
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Zusammenfassung-Es wird eine Methode beschrieben. die es ermiiglicht ppM- Mengen an Uran. 
Kobalt und Kadmium aus natilrlichen Wlssern abzutrcnncn und der quantitativen Endbestim- 
mung mittels fluorimetrischer und spektrophotometrischer Verfahren zugiingig zu machen. Die 
Wasserprobe wird mit SalzsCrre angesluert, filtriert und nach Zugabe von Ascorbinslure und 
Kaliumthiocyanat durch eme Siiule des Anionenaustauscherharzes Dowex 1-X8 (Thiocyanatform) 
flieRen gelassen. Dabet werden Uran. Kobalt und Kadmmm nicht nur am lonenaustauscher m 
Form ihrer amornschen Thiocyanatkomplexe quantttativ angereichert, sondern such gleichzeitig 
von den meisten in der Wasserprobe anwesenden Begleitelementen getrennt. Koadsorbierte Ionen 
werden mittels eines salzsauren, gemischt wlBrig-organischen Losungsmittelsystems entfernt und 
Kohalt met hAl Salzsaure. Uran mit IM Salzdurr und Kadmium mit 2M Salpetersiiure eluiert. 
Die Mcthode wurde zur Bestunmung von Uran. Kobalt and Kadmmm m zahlreichen osterret- 
chtschen Gewassern herangezogen wobei Gehalte m den Konzentrationsbereichen 0,Ol bis 5,0 ppM 
fUran). 0.04 bts 1.9 ppM (Kobaltl und 0.04 his 0.6 ppM (Kadrmum) gefunden wurden. 

Zur Uranprospektion werden haufig hydrogeochemische Methoden verwendet, da der 
Urangehalt nattirlicher WPsser wertvolle Hinweise hinsichtlich der Lokalisierung von 
Uranvorkommen liefert.’ Auf Grund von in Kanadaza3 gemachten Erfahrungen ist es 
jedoch erforderlich. da13 die Nachweisgrenze des zur Uranbestimmung verwendeten Ver- 
fahrens besser ist als einige Zehntel eines ppM, da ein Gehalt von mehr als 1 pg Uran pro 
Liter als Anomalie angesehen werden kann. Dazu eignen sich vor allem Bestimmungs- 
methoden, die es gestatten das Uran. moglichst ohne vorangehendes Eindampfen der Was- 
serprobc. mit grober Empfindlichkeit zu bestimmen und mit denen sich such eine gr6Bere 
Anzahl Wasserproben gleichzeitig analysieren lassen. Diese Eigenschaften weisen Uran- 
bestimmungsmethodenauf. die in Kombination mit lonenaustauschverfahren4- 23 angewen- 
det werden. wodurch eine Anreicherung des Urans und damit eine wesentliche Steige- 
rung der Empfindlichkeit und Genauigkeit der Uranbestimmung erzielt wird. Zu diesen 
Methoden gehoren die Fluorimetrie,69 Polarographie,“-I4 Spektrophotometrie15 und 
radiochemische Metl~oden16~1’ die nach vorangehender Isolierung des Urans auf 
Anionen 5-8.1”~14.1’ oder Kationenaustauscherharzen9.15.16 beniitzt werden. 

In frtiheren Arbeiten dieser Reihe werden Methoden beschrieben die es ermiiglichen die 
in naturlichen Wassern vorhandenen Spurenelemente Kobalt” und Kadmium” ohne 

vorangehenes Eindampfen der Analysenproben unter Anwendung von Anionenaustausch- 
verfahren abzutrennen und der spektrophotometrischen Endbestimmung zugangig zu 

1035 
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machen. Da such Uran und Kadmium analog zum KobaltZ4 anion&he Thiocqnnatkom- 
plexe bilden. kijnnen diese Elemente. wir in der vorliegenden Arbeit beschrieben wird. aus 
ein und derselben Wasserprobe quantitativ auf dem stark basischen Anionenaustauscher 
Dowex 1 adsorbiert und nach ihrer Elution mittels fiuorimetrischer und spektrophotome- 
trischer Methoden bestimmt werden. 

EXPERIMENTELLER TEIL 

Lbngen und Reagenzien 

lonenaustauscher. Es wurde der stark basische Anionenaustauscher Dowex I-X8 (IQO-200 mesh: Chloridform) 
verwendet. Vor dem Einfiillen in die Ionenaustauschers%ule werden 4 g des Anionenaustauscherharzes m wemgen 
ml der Vorbehandlungslijsungz4 aufgeschliimmt und nach Ablauf von etwa 15 Minuten wird der Austauscher 
so vollstindig als miiglich in die mit derselben LGsung gefiillte Ionenaustauscherslule gebracht. Danach wird 
mit 50 ml der Vorbehandlungslijsung nachgewaschen urn den Austauscher weitestgehend in die Thiocyandtform 
liberzufdhren. 

Kohalr- und Kadrrlrurrt-Stanllarrll8sullgert. C’orhehar~t//urzg.\/~.~~~~~~/. THF--MG-HCI-ILIi,\ch~r/ly. UIU/ Rqqe~:lo- 
sungm. Die Herstellung von diesen Liisungen wurde bereits in Teil I und Teil II dieser Reihe beschrieben.” ” 
THF = Tetrahydrofuran; MG = Methylglykol (t-methoxyethanol). 

Andere Reagenzien. Ferner wurden verwendet: Kaliumthiocyanat (p.a.), Ascorbinslure. 1M. 6M. 9M und kon- 
zentrierte Salztiure und zahlreiche in den Beitrlgen I und II dieser Reihe“‘.‘> angefiihrte Reagenzien. 

Apparaturen 

Die Ionenaustauschtrennungen wurden in Austauschersiiulen eines in einer friiheren Arbelt“’ angegebenen 
Typs ausgefdhrt. 

Die Huorimetrlsche Besummung des Uranb erfolgte mit emem Galvanek-Morrison- Fluoruneter. Mark V. der 
Firma Jarrcll-Ash. 

Fiir die photometrischen Bestimmungen von Kobalt, Cadmium und Uran wurde ein Beckman Spektral- 
photomctcr. Model1 B mn I cm-Kilvetten verwendet. 

Bestimmung der Verteilungskoej’iziertten 

Die Gleichgewichtsverteilungskoeffizienten (K,-Werte) der stark adsorbierbaren Metallionen wurden unter 
Anwendung der Batch-Methode bestimmt.” 

Vorhrreitung der Wasserprohe 

Ein Liter der Wasserprobe wird so bald als mijglich nach der Probenahme (mittels einer gut verschliel3baren 
Plastikflasche) mit 10 ml konzentrierter Salzslure angetiuert und dann durch ein dichtes Filter filtriert. Dem 
Filtrat werden 5 g Ascorbinslure und 20 g Kaliumthiocyanat zugesetzt, gut durchgemischt bis sich beide Reagen- 
zien aufgelijst haben und danach wird die Mischung (Sorptionsltisung) etwa 5 bis 6 Stunden stehengelassen. Wird 
ftir die Analyse ein kleineres oder gr6Beres Volumen als I Liter beniitigt, so miissen natiirlich die der Wasser- 
probe zuzugebenden Mengen an Reagenzien entsprechend variiert werden. 

Ionenaustauschtrennung 

Die wie oben angegeben hergestellte SorptionslGsung wlrd durch eine mit 4 g des Ionenaustnuschrrharzes be- 
schickte S&de (die vorher mit 50 ml dcr Vorhchnndlung~li~~ung gewaschen wurdr) mit rmrr dem Gegendruck 
des Harzbettes entsprechenden Geschwindigkeit (etwa 70 bls 80 ml/Stunde) flieDen gelassen. AnschlieDend wird 
mit 200 ml der THF-MG-HCI-Mischung nachgewaschen (wobei die, durch den am Harz adsorbierten Thio- 
cyanatkomplex des Eisens wghrend der Sorption gebildete. rote Adsorptionszone vollstlndlg verschwindet) und 
das adsorbierte Kobalt (selbst IObrg sind als grtin-blaue Zone am Harz noch deutlich erkennbar) mit 100 ml 
6M Salztiureeluiert(Kobdlteluat). AnschlieBend wlrd das Uran mit 50 ml I M Salzsiiure elulert (Uraneluat). koad- 
wrblertes Zink mitt& 100 ml 0.15M BromwasserstoH&ure entfernt und danach das Kadmmm mn 50 ml 2,bf 
Salpeterdure eluiert (Kadmiumeluat). 

Uranhestimmung 

Fluorimrtrische M&ode. Das Uraneluat wird auf dem Wasserbad zur Trockne eingedampft und der 
Riickstand in 2 ml 6M Salzs&re geliist. Diescr LGsung wird ein geeignetes Aliquot (z.B. 0.1 ml) entnommen und 
das Uran Ruorimetrisch bestimmt. Die angewendctc Huorimetrische Methode beruht auf der Messung der Inten- 
sitit des Fluoreszenzlichtes von Uran m erkalteten Schmelzfliissen und dem Vergleich mit ebenso bereiteten 
Standards mit bekannten Urankonzentrationen.‘B Zur Herstellung der Schmelzen werden Fluorbase-Tabletten 



Bestlmmung von Spurenelementen 1037 

(Nordrhem-Chemle. Wolfgang Zeh jun.. 41 Dutsburg 12. Dcutschlandl hestehend aus 9X gew.“,, Natriumfluorid 
und 2 Gew.“, Lithntmfluortd verwendet (Gewlcht einer Tablette = 200 mg). 

Spekrropl~ororller~tsch~ Mzrhodr Dleses Verfahren. bet dem das Uran m 9M salzsaurer Liisung mittels Zink- 
grles zur vierwertlgen Oxydationsstufe reduzlert wird wonach dann m Gegenwart von Arsenazo III die Extink- 
tionsmessung erfolgt. wird an anderer Stelle beschrieben.” 

Die spektrophotomctrischc Bestlmmung des Kobalts tm Kohalteluat erfolgt unter Anwendung der Nitroso- 
R-Salzmethode ‘A 

Im Eluat wud da\ Kadmlum mlttclh dcr Dlthlzonmethode spektrophotometrisch bestimmt.” 

Obwohl dir zur Abtrcnnung und Bcstmimung von Uran. Kohalt und Kadmium beniitzten Reagenzien keine 
nachwelsbaren Mengen dieser Elemente enthielten. 1st es lmmer ratsam ihre Konzentrationen unter Anwendung 
der oben beschrlebenen Arbertsvorschrift zu ermitteln wobei I Liter destilliertes Wasser als Wasserprobe 
emgesetzt wlrd. 

RESULTATE UND DISKUSSION 

Die in der Arbeitsvorschrift beschriebene Methode zur direkten Abtrennung von Uran, 
Kobalt und Kadmium aus Proben natiirlicher WCsser beruht darauf. da13 diese Elemente 
mit Thiocyanationen sehr stabile anionische Komplexe bilden, die aus verdiinnt salzsaurer 
LGsung relative stark auf dem stark basischen Anionenaustauscher Dowex 1 adsorbiert 
werden. Unter den angegebenen Bedingungen mit denen die Sorptionsliisung durch die 
Ionenaustauscher&ule fliel3en gelassen wird (siehe Arbeitsvorschrift) wurden Verteilungs- 
koeffizienten von X.5 x IO4 (fiir Uran). 3,3 x lo3 (fi.ir Kobalt) und 7,6 x IO2 (fir Kad- 
mium) ermittelt. Es ist daher miiglich, diese Elemente, nach Zugabe der zur Adsorption 
als Thiocyanatkomplexe erforderlichen Reagenzien, direkt durch einfaches DurchflieDen- 
lassen der Wasserprobe durch eine kleine SBule des Anionenaustauscherharzes quantita- 
tiv anzureichern und gleichzeitig von den in Gewgssern in grijReren Konzentrationen 
anwesenden Kalcium-. Magnesium- und Sulfationen zu trennen. 

Hinsichtlich des Einflufies von varierenden Thiocyanat- und Salztiurekonzentrationen 
auf die Absorption von Uran und Kadmium wurde festgestellt, darj sich diese Elemente 
tihnlich wie das KobaltL4 verhalten. d.h. bei Zunahme der Thiocyanatkonzentration tritt 
eine Adsorptionserhiihung auf. wlhrend eine Adsorptionserniedrigung bei Salzdurekon- 
zentrationen die wesentlich iiber 0,l M liegen zu beobachten ist. Die Einfli.isse dieser beiden 
Konzentrationsparameter sind jedoch bei Uran und Kobalt wesentlich geringer als beim 
Kadmium. da Uran und Kobalt urn Zehnerpotenzen hdhere Verteilungskoeffizienten auf- 
weisen als Kadmium. 

Der Zusatz von Ascorbinsgure zu den angesguerten Wasserproben (siehe Arbeits- 
vorschrift) dient zur Reduktion von Eisen(II1) zu zweiwertigem Eisen und das nach der 
Sorption van Uran. Kobalt und Kadmium als Waschlbsung beniitzte THF--MG-HCl- 
Gemisch bird dazu kerwendet. urn die Thiocyanatkomplexe der adsorbierten Elemente 
in anionische Chlorokomplexe iiberzufiihren (siehe such Beitrag I dieser Reihe24). Mit die- 
srm aus 50 \,ol.“,, Tetrah!drofuran. 40 vol.“,, Methvlolvkol und 10 vol.“,, 6hf Salzsgure be- , i-. 
stehenden. gemischt wsDrig-organischen System wird nicht nur jene Eisenmenge. die als 
anionischer Thiocyanatkomplex festgehalten wurde. entfernt.‘4 sondern es werden damit 
such die Thioc!anatliomplexe aller anderen koadsorbierten Elemente. wie z.B. Vana- 
din.““.“’ Molybd2n.3’.33 Kupfer.30 Zink.30.34 Quecksilber30*34 und Silber30.34 wirksam 
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zerstiirt. Dies hat zur Folge, da13 Vanadin und Molybdln. die aus dem THF-MG-HCl- 
System nur schwach am Anionenaustauscher adsorbierbar sind.6 weitgehend vom Harz 
entfernt und somit von Uran. Kobalt und Kadmium (in dieser Mischung sind die Vrrtci- 
lungskoefiienten dieser Elemente grijDer als 103)6 getrennt werden. 

Tabelle 1. Elutionsverhalten des als Thiocyanatkomplex auf 
Dowex 1 (4 g Siule) adsorbierten Urans (100 i(g)* 

Urangehalt 
des Eluats, 

Elutionsmittel PY 

1. 200 ml THF-MG-HCl-Mischung + 100 
100 ml 6M HCI + 50 ml IA4 HCl 

2. 50 ml konzentrierte HCI + 97 
50 ml 1M HCl 

3. 50ml 1M HC104 50.5 

4. 50 ml 6M HCl + 50 ml 1M HCl 0.08 

5. 50ml 1M HN03 0.00 

6. 50 ml 2M H,SOI 0.00 

* Diese Uranmenge wurde jeweils einem Liter destilliertem 
Wasser zugesetzt und das Uran wie fiir Analysenproben be- 
schrieben (siehe Arbeitsvorschrift) am Harz adsorbiert. 

Der entscheidenste Vorteil der sich aus der Anwendung der THF-MG-HCl-Mischung 
ergibt, ist darauf begriindet, da13 dabei der BuBerst stabile Uranylthiocyanatkomplex35-3’ 
vollstS;ndig in den Chlorokomplex umgewandelt wird. wodurch es miiglich ist das Uran 
quantitativ mittels IM Salzstiure zu eluieren. Das Elutionsverhalten des Urans bei Anwen- 
dung dieses gemischt wHDrig-organischen Systems sowie einer Anzahl anderer Elutions- 
mittel wird in Tabelle 1 gezeigt. Aus die& Tabelle geht hervor, da13 such das Elutionsmit- 
tel 2 sowie konzentrierte Salz&ure gefolgt von Wasser3’ zur quantitativen Elution des 
Urans geeignet ist. Allerdings wird mittels dieser Medien nicht nur das Uran sondern such 
das adsorbierte Eisen30*34 gleichzeitig eluiert und kann dann eine Stijrung der fluorime- 
trischen Uranbestimmung durch Fluoreszenzlijschung hervorrufen.‘* Bei Anwendung des 
Elutionsmittels 338 werden nur 50% des Urans eluiert. 

Bei der, der Anwendung der THF-MG-HCl-Mischung, nachfolgenden Elution des 
Kobalts mittels rein w%riger 6M Salzsgure (siehe Arbeitsvorschrift) werden von den 
urspriinglich als Thiocyanatkomplexe adsorbierten Metallen nur Kupfer, Silber und 
Vanadin (Restmenge) ebenfalls eluiert. Diese Elemente rufen jedoch keine Stiirungen bei 
der spektrophotometrischen Bestimmung des Kobalts hervor.‘4 Weiter am Harz adsor- 
biert verbleiben Uran(VI)(K, = 283), Zink(lI)(K,, = > LOO). Kadmium(l1) (K,, = > 100) 
undQuecksilber(II)(K,, = > 100). Von diesen lonen wird bei der darauflolgenden Behand- 
lung des Harzes mittels I M Salzs&re (siehe Arbeitsvorschrift) nur das Uran eluiert. 

Durch die vor der Elution des Cadmiums angewendete 0,15M Bromwasserstoffslure 
(siehe Arbeitsvorschrift) wird das koadsorbierte Zink qantitativ aluiert. so darj Kadmium 
im 2M salpetersauren Eluat stijrungsfrei spektrophotometrisch bestimmt werden kann.25 

Urn den EinfluD des Volumens der zur Analyse verwendeten Wasserprobe auf die 
Ionenaustauschtrennung und die Genauigkeit der Uran-. Kobalt- und Cadmiumbestim- 
mungen zu untersuchen, wurden variierende Volumina Wiener Trinkwassers sowohl auf 
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Tahelle 2. Resultale van Uran-. Kobalt- und Kadmmmbesttmmungen rm Wiener Trinkwasser (Lettungswasser 
des Analyttschen lnstituts der Universidt Wren) 

Volumen der zur 
Analyse verwendeten Urangehalt, Kobaltgehalt, Kadmiumgehalt, 

Datum der Proben~lhme Wesserprobe. i. ,.lq:I. I&f. /rrt f 

17 Dezember I973 0.1 0.1 0.1* 0.0 0,o 00 
14 November 1973 0.5 0.30 0.31t 0.42 (rjf2 I- 

14 November 1973 1 0.31 0.26 0,39 0.29s 0127 0,26$ 
18 Mai 1973 I 0.11 0.20$ - - - - 
9 Februar 1973’4 1 - 0.20 - - - 
23Februar 1973”’ I - - - - 0,lO 
14 November 1973 2 0.37 0.375 0.28 0.32k 0.28 056 
14 November 1973 5 0.31 0.31% 0.18 0.285 0.10 0,2@ 
2 August 1956 5 0.41-0.4x:: - - - - 
23 Fcbruar 1973” 5 - - - - OJO - 

* Urangehalt nach Abzug von 0.025 pg Uran-Spike dte 0.1 Liter Wasserprobe vor der lonenaustauschtrennung 
zugesetzt wurde. 

* Ura~gehal~ nach Abzug von 0,125 pg Uran-Spike die 0,5 Liter Wasserprobe vor der lonenaus~u~~~ennung 
zugesetzt wurde. 

+ Uran-. Kobalt- und Kadmmmgehalte nach Abzug von 0.25 Jtg U, 0.20 jtg Co und 0.1 pg Kd-Spikes die pro 
1 Later Wasserprobe vor der Ionenaustauschtrennung zugesetzt wurden. 

: Polarographtsch besttmmter Urangehalt nach Eindampfen der Wasserprobe, Atherextraktion und 
Amonenaustausch.” 

ihren natiirlichen Gehalt an diesen Eiementen analysiert, als such in Gegenwart bekannter 
Spurenkonzentrationen an Uran. Kobalt und Kadmium. Die Resultate dieser Versuche 
werden in Tabelle 2 gezeigt und aus ihnen ist ersichtlich, dal3 im Fall des Urans das 
Volumen keinerlei Einflul3 auf die Ionenaustauschtrennung ausiibt, da der hohe Vertei- 
1Llngskoeff~zient von 8.5 x IO’ eine quantitative Isolierung des Urans selbst aus 5 Litern 
Wasser ermoglicht. Dagegen hat aber das Volumen einen entscheidenden EinfIuD auf die 
Genauigkeit der fluorimetrischen Uranbestimmung falls das Volumen der zur Analyse ver- 
wendeten Wasserprobe geringer ist als 0.5 Liter. Dies gilt such fi.ir die Kobalt- und Kad- 
miumbestimmungen, da diese Elemente in vergleichbar geringen Konzentrationen anwe- 
send sind (siehe such Tabellen 3 bis 5). Da aul3erdem der Verteilungskoeffizient des Kad- 
miums nur einen Wert von 7.6 x IO’ aufweist, ist die quantitative Abtrennung dieses Ele- 
mentes mittels Anionenaustausches nur aus Wasserproben mijglich, deren Volumen 2 
Liter nicht iiberschreitet. Infolge dieser Einschrankung ist es daher unmoglich die Kad- 
miumgehalte nattirlicher Wasser mit derselben hohen Genauigkeic mit der ihre Urange- 
halte ermittelt werden konnen. zu bestimmen. 

in den Tahellen 3 his 5 werdrn die Ergebnisse von Uran-, Kobalt- und Kadmiumbestim- 
mungen in Wasserproben gezeigt, die zahlrei~hen Gewassern Ssterreichischer Bun- 
deslznder entnommen wurden. Diese Analysen wurden unter Anwendung der in der 
Arbeitsvorschrift beschriebenen Methode durchgeftihrt und zeigen, daI3 mit diesem Ver- 
fahren ebenso gute Ergebnisse bei Urananalysen erzielt werden, als mittels einer friiher 
beschriebenen6 Anionenaustauschmethode welche nur nach vorangehendem Eindampfen 
der Proben zur Uranabtrennung herangezogen werden kann (siehe Tabelle 3). 

Mit der fallweise zur Bestimmung htjherer Urangehalte bentitzten s~ktrophotome- 
trischen Methode’ 5.39-41 (siehe Arbeitsvorschrift) wurden allerdings, wie aus Tabelle 5 
ersichtlich ist. durchwegs hohere Urangehalte gefunden. 
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Da die vorliegende Methode auf der Anwendung der weitgehend automatisierbaren 
Anreicherung und Abtrcnnung von Uran, Kobalt und Kadmium auf Anionenaustauscher- 
sklen beruht. ist es m8glich. viele Wasserproben gleichzeitig nach deren Ansluern und 
Filtration zu analysiercn dh. das Verfahren eignet sich vorziiglich zur serienmZf3igen Be- 
stimmung dieser Elemente in Gewlssern. 

Donhsayuf,g-Dem Fonds zur Fbrderung der wlssenschafthchen Forschung wird an dieser Stelle fiir die Bereit- 
stellung der zur Durchfiihrung der beschrlebenen wissenschafthchen Arbelt erforderhchen Mittel bestens 
gedankt. 
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Summary-A method is described for separating and determining. by spectrotluortmetric or spec- 
trophotometric measurement. traces of uranium cobalt and cadmmm at ppM levels m natural 
waters. The sample is acidified with HCI. filtered. and after addition of ascorbic acid and potassium 
thiocyanate,.passed through a column of Dowex I, x S amon-exchange resin in the thtocyanate 
form. The three ions are concentrated on the resin as thiocyanate complexes. being at the same 
time separated from most of the other ions present in the sample. Elution with a tetrahydrofuran- 
methylglvcol-HCl mixture removes other interfering ions. then 6M HCl strips the cobalt. 1M HCI 
the uranium, and ZM HNOs the cadmium. Data are presented for concentrations of uranmm 
(0.01-5 ppM) cobalt (OGI-1.9 ppM) and cadmium (044-0~6 ppM) in a large number of water 
sources in Austria. 

R&&n&-On dtcrit une methode pour la separation et le dosage, par mesure spectrofluorimetrique 
ou spectrophotometrique, de traces d’uranium, cobalt et cadmium aux teneurs de I’ordre de la ppM 
dans les eaux naturelles. L’echantillon est acidifie par HCl, filtrt, et apres addition d’acide 
ascorbique et de thiocyanate de potassium passe sur une colonne de rtsme echangeuse d’anions 
l-X8 sous la forme thiocyanate. Les trois ions sont concentrts sur la risine sous forme de complexes 
thiocyaniques, et sont en meme temps departs de la majeure partie des autres ions presents dans 
I’tchantilIon. L’tlution avec un melange tetrahydrofuran-methylglycol-HCI tlimine les autres ions 
genants, puis HCI 6M arrache le cobalt, HC1 1M l’uranium et HNOs 2M le cadmium. On prisente 
les don&es pour les concentrations d’uranium (0.01-5 ppM), cobalt (0.04-1.9 ppM) et cadmium 
(0,04-0.6 ppM) dans un grand nombre de sources d’eau en Autriche. 



SYSTEMES AUTOMATIQUES D’ANALYSE PAR 
ACTIVATION NEUTRONIQUE POUR LA MESURE EN 
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(Recu le 20 dhcemhre 1973. Accepti le 27 mars 1974) 

Rtkumk-Apres avoir tnoncir les principales conditions auxquelles un systeme d’analyse don satis- 
faire pour itre utilise dans l’industrie, on ttudie comment chacune des parties dune installation 
d’activation doit etre concue pour repondre a ces imperatifs: choix de la source de neutrons et du 
dttecteur, adaptation du systeme de transfert en fonction de Whantillonnage et de l’ttalonnage, 
mise en ligne du traitement des informations. On mdique quelques applications ayant donnt lieu 
a des installations deja en service dans l’industrie: dosages de l’oxygene, de l’azote. du fluor, du 
silicium. On mentionne enfin quelques essais de dosages en continu. 

La radioactivation induite par les neutrons est un phenomene connu depuis quarante ans 
et ses premieres applications a l’analyse chimique datent presque de la m&me ipoque. On 
connait bien les nombreux avantages de cette mtthode: 

-analyse independante des liaisons chimiques, 
-grande sensibilite pour la plupart des elements (et en particulier pour plusieurs 

elements legers, a condition d’utiliser des neutrons rapides), 
-assez bonne precision, 
-utilisation d’etalons primaires, 
-bonne representativite (gros tchantillons, grande penetration des neutrons et des 

rayons gamma), 
-conservation souvent possible de l’echantillon. 
Et pourtant. l’analyse par activation n’est encore pratiquement utilisee par les industriels 

qu’a l’interieur des laboratoires d’accueil trees a leur intention dans les centres de 1’Energie 
Atomique. Elle est done limitee a la recherche plus ou moins appliquee et ne prend place 
que tres rarement a l’interieur des usines pour controler directement les procedes indus- 
triels. 

IMPERATIFS D’UNE METHODE D’ANALYSE POUR PROCEDE INDUSTRIEL 

Pour qu’une methode d’analyse puisse s’appliquer au controle dun procedt industriel, 
elle doit posseder les qualites suivantes:‘.’ 

1-une sensibilite moyenne (les elements recherches constituent souvent au moins 
0,19; du produit), 

2-une bonne exactitude soit: 
2a-pas d’interference due a la matrice. 
2b-pas d’erreur systtmatique de mesure, 

3--une bonne precision (de l’ordre du Y0 relatif), 
4-une bonne fidelitt (done un reetalonnage commode), 
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5-une insensibilite aux liaisons chimiques, 
bune bonne representativite soit: 

6u-une analyse dans la masse, 
6&un volume d’tkhantillon analyse en un temps don& (ou un debit de mat&e 

analyste) aussi grand que possible, 
7Ane preparation facile de l’echantillon, 
8-un temps de reponse assez bref (reaction rapide sur la fabrication). 
9-une possibilite d’automatisation (Cconomie de personnel): 

9a-au niveau de l’analyse, 
g&au niveau de l’utilisation du resultat (controle en boucle fermee). 

lO-une souplesse d’installation pour s’adapter a des implantations diverses. 
11-une skcurite d’emploi (aucun danger pour le personnel), 
12-une grande robustesse (Cconomie d’entretien, fonctionnement en environnement 

hostile). 
Cependant, ce qui decide en dernier ressort de l’adoption dune telle methode, 

c’est de savoir si: 
E-elle entraine pour le produit fabriqd: 

-soit une diminution de son prix de revient, -soit une amelioration de sa qualid. 

ADAPTATION DE L’ANALYSE PAR ACTIVATION A L’INDUSTRIE 

Parmi les impkratifs que nous venons d’enumerer, nous pouvons distinguer : 

-ceux qui sont inherents au principe meme de la methode choisie (imperatifs 4, 5, 60): 
l’activation neutronique semble tres bien placee a cet Cgard, 

-ceux qui dependent a la fois de la methode et du produit a analyser (imperatifs 1, 
2u, 7, 8): il faut Ctudier chaque cas particulier afin de determiner, suivant l’element 
a doser et la matrice, les meilleures conditions d’irradiation (Cnergie des neutrons, 
temps) et de comptage (refroidissement, temps);3-5 cependant, la lecture des tables 
de sensibilit&?* montre que de nombreux elements interessant l’industrie produi- 
sent, aprts une breve irradiation aux neutrons thermiques ou rapides, des radioiso- 
topes dont l’emission gamma est a la fois caracteristique et suffisante (tableau 1). 

-enfin ceux qui dependent a la fois de la mtthode et de l’appareillage utilise (imperatifs 
1, 2b, 3, 6b, 8, 9, 10, 11, 12, 13): c’est uniquement sur ces points que des progres peu- 
vent itre faits afin d’adapter l’activation a l’industrie. 

Nous allons done etudier comment chacun des elements constitutifs dune installation 
d’activation (source de neutrons, transfert, comptage gamma, traitement des informations) 
doit etre adaptt afin d’obtenir un ensemble d’analyse: 

-assez sensible (imperatif l), 
-exact et precis (imperatifs 2b et 3) 
-reprCsentatif (imperatif 6b), 
-rapide et automatique (imperatifs 8 et 9) 
-souple, robuste et non dangereux (imperatifs 10, 11 et 12), 
-rentable (imperatif 13). 
L’activation prtsentant I’avantage de permettre la conservation de l’echantillon, nous 

n’envisagerons pas la possibilite d’effectuer des separations chimiques. souvent longues et 
delicates (imperatifs 7, 8, et 9) avant ou aprb irradiation. 



Systbmes automatlques d’analyse par activation neutronique 

Tableau 1. Prmclpaux kliments dosables par activation avec un gkntrateur de neutrons’ 
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Energle Nombre de 
Energie Seuil Radio- principal coups par 

neutrons. r&action. isotope y tmis, mg sous Princlpales 
Element MrC’ RCactlon Mel’ formi? P&ode Mel’ le photopic interfkences 

Al 

Si 
P 
Cl 
K 
Ca 
V 
Fe 
cu 
Br 
Ag 
Ba 
Hf 
Au 
Pb 

14 n. 2n 
14 n. P 
14 n. P 
14 Il.8 
14 n. P 
th n. Y 
14 n. P 
14, n.a 
14 n, 2n 
14 n, 2n 
14 n, P 
th n, Y 
14 
14 

n, P 
n. 2n 

14 n. 2n 
14 n, 2n 
14 n, 2n 
th n, 11 
14 n, n’ 
14 n, 2n 

10,6 
9.6 
4,O 
1,s 
138 

- 

3,9 
199 

12,s 
13.1 
4-9 
- 

239 
10,9 
10,7 
9.6 
993 
- 

44 
9,O 

“N 
16N 
I90 
16N 
2’Mg 
28A1 
‘sA1 
28A1 
34mCl 
38K 
44K 
=V 
“Mn 
wu 
“Br 
“‘Ag 

10,O mn 
7,4 s 

29,4 s 
7.4 s 
9,5 mn 
2.3 mn 
2,3 mn 
2.3 mn 

32 mn 
7.8 mn 

22 mn 
3.8 mn 
26h 
9,s mn 
6,4 mn 

24 mn 
2,6 mn 

19 s 
I,4 s 
0.84 s 

0.51 
6.13 
0.20 
6;13 
0,84 
1.78 
1,78 

2.4OOt 
420* 

1.100* 
220’ 

3.OOOt 
l.lOO$ 

500’ 
1,78 1 SO* 
0.51 650t 
0;51 
1.16 
l,@ 
485 
OS1 
451 
0.51 
Ol66 
422 
0,28 
OS7 

550t 
12t 

16.000: 

27.q 
21.OOOt 

120’ 
600’ 

9.000~ 
550* 

20* 

Cu,Br,K... 
F 
Pd. Ag 
0 

Si. P 
P 
Si 
Zn,Sn... 
Br, Cu. N 
Cl 
Cr. Mn 
cd 
Br,N, K... 
Cu,N.K... 
Sb,Cl.Sn... 
Ag 
Pd. F 

* lW’n.cm-‘.s-‘. Irrad. = 30 s. refr. = 3 s, compt. = 30 s. 
t IO” n.cn-’ _ I. Irrad. = 5 mn. refr = 10 mn, compt. = 5 mn. 
+ 5 

_I 7 
+ . 10 n.cm13.s -‘, Irrad. = 10 mn, refr. = 3 s, compt. = 10 mn. 

ADAPTATION DE LA SOURCE DE NEUTRONS 

Les re’acteurs 

Les seules sources suffisamment intenses de neutrons ont longtemps Ct& constituees par 
les rttacteurs nucltaires. Or ceux-ci sont encore t&s coGteux; il en rtsulte qu’ils sont habi- 
tuellement situ& dans des centres d’itudes (d’oti localisation de leur utilisation) et sont 
employ& par de nombreux chercheurs (d’oti partage du temps d’utilisation). 11s ne sont 
done pas utilisables dans l’industrie puisqu’on a vu que le contrGle en ligne d’un protidt 
imposait que l’on disposkt entiirement d’une source de neutrons et que l’on pGt l’implanter 
B I’endroit m&me oti avait lieu ce pro&d&. Des assemblages sous-critiques ont par ailleurs 
CtCI utilisCs, soit en tant que multiplicateurs des neutrons produits par une autre source,’ 
soit en les rendant momentanCment surcritiques. lo &pendant, les flux obtenus sont faibles 
pour des installations assez lourdes. 

Les g&rateurs de neutrons 

11 a fallu attendre le dCveloppement des gCnCrateurs de neutrons, au dtbut des annCes 
1960.’ ’ pour possCder les premikres sources assez souples et intenses pour &tre utilisables 
dans I’industrie. Ces gbntrateurs sont des petits acc&rateurs de particule qui permettent 
de bombarder une cible deuttrie ou tritite avec un faisceau de quelques mA de deuttrons 
sous une tension de 150 ou 400 kV. Le vide A l’intbrieur du tube acdl&rateur est soit entre- 
tenu par pompage, soit conservf2 par scellement.” On peut ainsi obtenir des flux de neu- 
trons rapides assez importants13 pour doser, directement ou aprbs thermalisation, plu- 
sieurs dizaines d’tltments avec une sensibilitt meilleure que 91% (tableau 1).7*8*‘4 
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Las sources isotapiques 

Pendant le meme temps, les sources isotopiques ont progress& Ces sources sont consti- 
t&es d’un radioisotope emetteur y (par exemple 124Sb)1 5 ou a (par exemple 238Pu, 24’Am, 
“‘PO, ‘~‘Ac, 244Cm ou 23qPu), qui. par reaction sur du beryllium, produit des neutrons. 
Cependant, les sensibilites sont encore plus faibles qu’avec un generateur de neutrons.6 
Mais, depuis quelques an&es, une nouvelle source trts attrayante est disponible, seule- 
ment en tres faible quantitk: le californium 252 qui Cmet des neutrons par fission spon- 
tanee.16 

Conzparaison des sowces de wutrons 

Le tableau 2 resume les qualites comparees des sources qui semblent les mieux adaptees 
k l’industrie. On voit que: 

-1orsqu’un flux moyen est sufhsant, les sources (a, n) k Iongue vie sont les moins COG- 
teuses et les plus souples (les sources isotopiques s’adaptent facilement a la forme et 
au volume des echantillons, ce qui augmente le flux utile), 

-1orsqu’un flux eleve est necessaire (et en particulier lorsque la reaction utile a un seuil 
Cnergitique tres haut, comme pour le dosage de l’oxygene ou de l’azote), il faut utiliser 
un generateur de neutrons D-T d tube pompe mais on doit tenir compte des varia- 
tions de flux et les protections sont evidemment plus lourdes; par contre, on peut 
commander l’tmission de neutrons (par exemple au moyen d’un &ran escamotable 
place dans le faisceau de deuterons). 

ADAPTATION DU TRANSFERT EN FONCTION DE L’ECHANTILLONNAGE 

Pour la plupart des contrcjles industriels, on se contente dune analyse discrete, c’estd- 
dire portant sur un Cchantillon prtlevk dans la production. On a vu cependant que la 
methode ne peut s’adapter a l’industrie que si le pr&vement conduit 8 un Bchantillon: 

-reprCsentatif (c’est-a-dire de mime composition moyenne que le produit a analyser), 
-homogkne. 
-de preparation simple, 
-de forme appropriee au systeme d’analyse. 
En activation. la sequence d’analyse est alors la suivante: 

I-pesee de l’tchantillon. 2-introduction en face de la source de neutrons, 34rradiation 
pendant un temps dkfini. 4-refoulement vers un ditecteur et refroidissement pendant un 
temps d&f% 5--comptage pendant un temps defini, Ejection. Il peut y avoir plusieurs 

Fig. I Principe de I’analyse discrtte. 
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comptages apres des temps de refroidissement croissants afin deliminer les interfkrences 

dues a des ptriodes courtes. Cette sequence peut etre rep&e dans le cas des p&odes trts 
courtes, le comptage pouvant m&me etre effect& en position d’irradiation (activation cycli- 

que). ” Lkhantillon est habituellement vehicule au moyen d’un sysdme de transfert pneu- 
matique, ce qui donne une grande souplesse d’installation. l8 Des dispositifs de rotation 
de l’echantillon autour de son axe a l’irradiation et au comptage peuvent compenser son 
heterogeneite.ig 

Analyse en continuZo (Fig. 2) 

L’analyse par activation posdde certaines qualites (en particulier la penetration des 
rayonnements utilisks et la non-destruction de l’echantillon), qui permettent d’envisager 
de faire les dosages en continu. Ainsi, il n’y a plus de probleme d’tchantillonnage. l’ensem- 
ble de la production est analyse et on se rapproche autant que possible dune veritable 
mesure en ligne. Le systeme de transfert est constitue par la bande transporteuse (solides) 
ou par la tuyauterie (liquides) qui fait defiler continuellement le produit en face de la source 
de neutrons puis en face du detecteur. Le debit du produit, ainsi que les volumes de la 
cellule dir-radiation, de celle de comptage et de la liaison entre les deux, doivent etre opti- 
mids en fonction des periodes des radioisotopes form&:“’ une diminution du debit tree 
une perte de comptage par augmentation du temps de refroidissement mais une aug- 
mentation du debit diminue le temps d’irradiation. La mesure des gamma prompts de cap- 
ture ou de diffusion inelastique permet de s’affranchir du debit et fournit une reponse in- 
stantake. 

Dans le cas des solides, le debit de mat&e est facilement obtenu (si l’humidite est con- 
stante) par une bascule like a la bande dont la vitesse est par ailleurs mesuree. 11 est par 
contre difficile de maintenir des geometries constantes a l’irradiation et au comptage; de 
plus, ces geometries sont peu favorables et les sources de neutrons doivent etre intenses. 

Dans le cas des liquides, le debit de matiere est fourni par un debitmetre et par une jauge 
de densite mais sa mesure est souvent delicate. Un debit minimum est necessaire pour 
maintenir les suspensions. Par contre, les geometries sont bien stables et assez favorables 
pour envisager l’emploi de sources isotopiques. 

Fig. 2. Principe de I’analyse en continu. 

Analyse par recirculation (Fig. 3) 

Cette methode est intermediaire entre les deux precedentes. En effet, il y a prelevement 
dun echantillon mais l’analyse est ensuite continue et de plus cyclique. Une partie du pro- 
duit a analyser est admise dans une boucle puis est recyclee plusieurs fois entre la source 
de neutrons et le dttecteur avant d’etre eject&e. Ainsi l’activite induite augmente a chaque 
cycle et on peut se contenter dune source isotopique. De plus, on peut calculer le circuit 
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Fig. 3. Prmcrpe de I’analyse par recirculation. 

de facon que l’activite atteigne un Cquilibre independant du debit, ce qui est inttressant 
pour les suspensions.” 

Co~ll~a~~iso~~ des ~~~la~lti~~on~lages 

Le tableau 3 indique quelles sont les methodes d’echantillonnages les mieux adaptees. 
On voit que, si I’analyse en continu constitue probablement l’avenir: 

-4analyse discrete se contente de sysdmes de transfert simples, polyvalents et disponi- 
bles sur Ie marche. 

-l’analyse par recirculation semble surtout interessante pour les suspensions. 

Tableau 3. Comparaison des echantihonnages 

discret continu recirculation 

Sensibthte 

Pricisron 
Volume d’echantillon 

Automattsatron de la 
contrereaction 

Souptesse d’mstallatron 
Frays d’mvestrssement 

* Pour les solides. 
+ Pour les hquides. 

bonne faible* bonne 
moyenne~ 

bonne moyenne bonne 
quelques cm3 pas d’t- 1 dm3 

chantillon 

possible simple facile 
bonne moyenne moyenne 
a partir ileves” moyens 
de 35.000 FF moyenst 

ADAPTATION DU TRANSFERT EN FONCTION DE L’ETALONNAGE 

On a vu qu’une methode industrielle d’analyse devait permettre un reetalonnage com- 
mode. On va done comparer I’activite induite dans 1’Cchantillon avec celle induite dans un 
ou plusieurs Ctalons (droite d’etalonnage). Cependants ces etalons doivent repondre a cer- 
taines conditions:“3 

-avoir meme forme et mimes dimensions que ~~chantillo~ 
-presenter des effets de matrice (autoprotection, autoabsorption), des temps morts et 

des blancs identiques a ceux de l’echantillon 
--itre homogenes et contenir une quantite bien determike de 1’ClCment A doser. 
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Les Ctalons doivent etre ensuite irradies et comptes dans des conditions si possible iden- 
tiques (ou tout au moins bien definies par rapport) a celles des Cchantillons (geometries 
d’irradiation et de comptage, temps d’irradiation. de refroidissement et de comptage, flux 
de neutrons, efficacite du detecteur, Ctalonnage du selecteur). Ceci est facile avec les sources 
isotopiques qui fournissent un flux stable. Nous allons decrire les dispositifs utilisables 
avec les generateurs de neutrons pour corriger les variations de flux. 

Utilisation dun moniteur 

Echantillon et &talon sont irradies successivement, chacun avec un moniteur (pastille de 
cuivre, compteur BF3, activation de l’eau de refroidissement des cibles, . . .).24 On peut 
Cgalement utiliser un Clement se retrouvant en teneur constante d’un Cchantillon a un autre 
(moniteur interne). 25 Cependant, excep tion faite de quelques montages particuliers,z6-“8 
ces corrections ne tiennent pas compte de la periode du radioisotope utilise pour le dosage. 

Stabilisation dufiux 

Echantillon et Ctalon sont encore irradies successivement mais on supprime la correc- 
tion de flux en le stabilisant. Le principe consiste a asservir l’intensite du faisceau de deu- 
terons frappant la cible en fonction du debit de neutrons mesure par un detecteur. On peut 
agir sur l’extraction du courant d’ions, sur la dtflexion dune partie du faisceau ou bien 
par pulsation. Ce dernier pro&de permet de conserver un impact constant sur la cible. 
La source d’ions est pulde a friquence fixe mais le taux de travail peut varier entre 10 
et 557&2g On peut ainsi obtenir un debit de 2.10” n/s + 0,5% pendant 9 h avec une cible 
tritiee. 

Echantillon 
- 

.Etolon 
‘- 

Air 
comprimd 

t 
Air comprlmi 

Fig. 4. Station pour irradiation slmultade de I’Cchantillon et d’un &talon avec rotations autour 
de leur axe et de l’axe de la cible.” 
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Irradiation simultanke 

Echantillon et ttalon sont irradies simultanement. Cela exige un double systeme de 
transfert et en particulier une double station d’irradiation. De plus, on ne peut doser qu’un 
seul element dans l’tchantillon (sauf si on utilise un Ctalon multi61tment30) et, si la periode 
utilisee pour le dosage est longue, il faut de nombreux ttalons. 

Echantillon et Ctalon peuvent etre irradies l’un derriere l’autre par rapport a la ciblej’ 
mais la determination du rapport de flux entre les deux positions est parfois delicate. Si 
echantillon et Ctalon sont irradits l’un a c8te de l’autre, leur volume est plus faible et il 
est necessaire de les faire tourner autour de l’axe de la cible;32 il en resulte des stations 
d’irradiation assez delicates33*34 mais fournissant une grande precision (Fig. 4). 

Comparaison des contrbles dejux pour ghe’rateur de neutrons 

Le tableau 4 montre que: 
-pour les installations industrielles destinees a doser plusieurs elements, la stabilisa- 

tion est le systeme le plus simple, 
-en laboratoire industriel. l’irradiation simultanee donne la meilleure precision. 

Tableau 4. Comparaison des contrBles de flux pour gtnkrateur de neutrons 

Moniteur Stabilisation 
Irradiation 
simultanie 

SensibilitC 
Prtcision 
Automatisation de 

I’analyse 
Frais d’investissement 

bonne 
faible 

facile 
25.000 FF 

moyenne 
moyenne 

simple 
40.000 FF 

bonne 
bonne 

facile 
50.000 FF 

ADAPTATION DU DETECTEUR 

Deux types de detecteurs sont disponibles en spectrometrie gamma: les scintillateurs 
NaI(T1) et les semi-conducteurs Ge(Li). Le tableau 5 permet de comparer leurs qualitts 
respectives. En fait, on se rend compte que, si les semi-conducteurs sont utiles en labora- 
toire afin de determiner la possibilite dun dosage (etude des interferences),35 les scintilla- 
teurs sont actuellement les seuls a etre employ& dans l’industrie du fait de: 

-1eur plus grande efficacite (possibilite de se contenter de flux plus faibles, de temps 
d’irradiation et de comptage plus brefs), 

-1eur plus grande robustesse (pas de refroidissement a l’azote liquide). 

Tableau 5. Comparaison des dktecteurs 

Efficack 
RCsolution 
Robustesse 
Frais d’investlssement 

scintillateur 

quelques y0 
quelques 7,; 
bonne 
10.000 FF 

semi-conducteur 

quelques ‘ioO 
quelques ‘ioO 
moyenne 
60.000 FF 

L’utilisation de deux detecteurs mantes en coincidence est interessante lorsque le radio- 
isotope utilise pour le dosage est emetteur de positrons (exemple: dosage du cuivre en 
presence de silicium). 
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ADAPTATION DU TRAITEMENT DES ~NFORLMATIONS 

Utilisation Sun ou de plusieurs sdecteurs monocanaux 

Lorsque le radioisotope utilisk pour le dosage est le seul emetteur gamma (dans la zone 
d’energie choisie et apres le temps de refroidissement choisi), on peut se contenter dun 
s&ecteur monocanal dont la fenktre est cent&e sur le photopic. Les impuisions recueillies 
pendant le temps de comptage sont envoyies dans une Cchelle et on a (Fig. 5): 

m n- B --;- 
M N-B 

avec : 
m et M: masses de l’element a doser dans l’echantillon et dans I’italon. 
n et N: nombres d’impulsions comptees pour l’echantillon et pour l’etalon. 
B: bruit de fond pour le m8me temps de comptage (ou blanc). 

- n =a (N-5)+6 

Fig. 5. Utilisation d’un monocanal sans refroidissement. 

Lorsque le comptage du radioisotope utilid pour le dosage est perturbe par un seul 
autre radioisotope a pkriode plus longue, on peut encore se contenter dun selecteur mono- 
canal et faire deux comptages successifs. On a (Fig. 6): 

m k nl - B1 - k’(nz - BJ -=- 
M (k -k’) NI - BI 

avec : 

k Nt - Bi 
= N2 - B2 

et 

k’= N; -B1 
N; - B, 

m et M: masses de l’eltment B doser dans l’echantillon et dans l’etalon, 
n, N et N’: nombres d’impulsions comptees pour l’echantillon. pour l’ttaion de i’eltment 
a doser et pour l’italon de l’element interferant. 
B: bruit de fond pour le meme temps de comptage (ou blanc), 
1 et 2: indices correspondant aux deux comptages successifs. 
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- n= a (N-B)+P(N’-B)+B 

B ( N’-B )+ B 

FQ. 6. Utiltsatton d’un monocanal avec refroidissement. 

Lorsque le comptage du radioisotope utilise pour le dosage est perturb6 par un seul 
autre radioisotope produisant un photopic plus Cnergttique, on peut utiliser un seul comp- 
tage avec deux monocanaux cent& sur chacun des photopics. On a (Fig. 7): 

avec : 

m nl - B, - k(n2 - B,) -= 
M N, - Bl 

k=N; -BI 
N; - B, 

m et M: masses de l’element a doser dans l’echantillon et dans l’etalon, 
II. N et N’: nombres d’impulsions comptees pour l’echantillon, pour l’etalon de l’bltment 
a doser et pour l’etalon de l’element interferant, 
B: bruit de fond pour le meme temps de comptage (ou blanc), 
1 et 2: indices correspondant aux deux canaux d’energies croissantes. 

On peut encore combiner plusieurs selecteurs monocanaux avec declenchement de plu- 
sieurs comptages apt-es des temps de refroidissement croissants, de facon a obtenir autant 
de mesures de l’activite de l’tchantillon qu’il y a d’elements interferants. 11 en rtsulte des 

- n=a(N-B)+B(N’-B)+B 

--- B (N’-B)+B 

I 2 

Fig. 7 Utihsation de deux monocanaux sans refroldissement. 
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pro~ammateurs de transfert assez .complexes mais le traitement des informations reste 
toujours assez simple pour etre effectue en ligne par un tres petit calculateur. L’utilisation 
de plusieurs temps de refroidissement allonge le temps de reponse mais ii est souvent pos- 
sible d’imbriquer les sequences de faGon a ne pas trop diminuer le debit d’analyses. 

Utilisation dun sPlecte8.u multicanal 

D&s que Ies spectres obtenus sont un peu complexes, il est indispensable de les analyser 
plus finement au moyen dun Aecteur multicanal. Chaque pit peut etre mesure separe- 
ment36 mais il est preferable de traiter globalement l’ensemble des informations con- 
tenues dans tous les canaux par la methode des moindres carris. Celle-ci reconstitue le 
spectre de l’tchantillon a partir des spectres des Ctalons de chacun des elements consti- 
tuants et les quantitts de ces derniers dans l’ichantillon se dtduisent des coefficients de 
pond6ration.37 

Cependant, la resolution dun tel systeme &equations lineaires necessite un calculateur 
posddant une memoire deja assez importante, de l’ordre de 8 A 12 k mots de 20 bits. La 
mise en ligne de ce dernier exige une interface assurant le couplage entre multicanal et 
calculateur et un teleimprimeur pour commander et controler le calcutateur puis sortir les 
risultats..Par contre, le meme calculateur peut aussi etre utilise en guise de selecteur multi- 
cana13* et de programmateur de transfert. 

Cette methode n’impose qu’un seul comptage et est done tres rapide. Bien que cela ne 
semble pas avoir Cte exploite il pourrait &tre inttressant d’ajouter la discrimination par 
la periode a celle par l’tnergie et d’appliquer les moindres carres a la surface spectrale don- 
nant ~amplitude en fonction de l’energie et du temps, c’est-A-dire a un ensemble de spectres 
obtenus a intervalles reguliers sur un nombre plus faible de canaux. 

Corrections de derive et de temps mort 

Le rtsultat du traitement des informations n’est exact qu’en l’absence de derives du gain 
et du zero et que si on tient compte des pertes dues au temps mort (qu’un comptage en 
temps actif ne peut entierement compenser lorsque les periodes sont courtes). 

Lorsqu’on utilise un petit calculateur, les derives et le temps mort sont g~n~ralement 
corriges par des circuits Clectroniques.39-41 Par contre, un calculateur moyen permet 
d’optrer ces corrections par le calcu1.4’*33 

Les calculateurs peuvent effectuer d’autres corrections: difference de conditions opera- 
toires entre echantillon et Ctalon. calcul de la teneur in partir de la masse. . . 

Tableau 6. Comparalson des mbthodes de traitement des mformatlons 

RCsoiution 
IXbit de mat&e analyske 
Temps de r&pow 
Automatisation de l’analyse 
Robustesse 
Frais d’investissement 

* Un seuf comptage. 
t Plusieurs comptages successifs. 

Monocanal Multicanal* 

faible bonne 
bon*-moyent bon 
court*-moyent court 
simple*-facile? facile 
bonne moyenne 
50.000 FF* 300.000 FF 
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Co~22~a~a~so~2 des il2~t~2odes de t~aitel?2e~f des i~2~ori2zatio~s 

Le tableau 6 montre que: 
-1e monocanal n’est utilisable que dans les cas tr&s simples et impose plusieurs comp- 

tages successifs avec imbrication des stquences d6s que plusieurs radioisotopes sont 
simultankment en prCsence, 

-1e mult~canal est la solution polyvalente mais aussi la pius cotiteuse. 
Le rCsultat est habituel~ement imprimt sous forme num~rique. Afin d’automatiser la 

ContrerCaction et de permettre un contr6le en boucle, il peut &re transmis sous cette forme 
6 un calculateur ou bien transform6 en signal analogique sow forme d’une tension ou d’un 
courant. 

PRINCIPALES APPLICATIONS (Tableaux 1 et 7) 

Dosage de I’osygPw 

Cette application est certainement la plus importante. Elle intCresse surtout la mttallur- 
gie. La rttaction utiliske donne une remarquable sensibilitt: mais nCcessite I’emploi d’un 
gknttrateur de neutrons. La pCriode de 16N permet une rCponse rapide et I’tnergie des 
gamma Cmis autorise l’emploi d’un monocanal. 

Nous allons d&ire brigvement une installation mise en place dans une acikrie L.D. 
belge. au pied meme des convertisseurs.44.4s Un convertisseur a une charge de 200 tonnes 
et une Claboration dure 20 mn. On effectue deux prCl&ements par Claboration au moyen 
d’une lingotikre’ plongeante. Le pr&vement est envoyk d6s refroidissement dans une salle 
de prtparation oti un tour spCcia1 permet de dkcouper en 1,5 mn un disque de hauteur 
9 mm et de diam&re 26 mm (poids = 36 g). Puis ~~~hantillon est plad dans un systkme 
de transfert B section rectangulaire en mime temps qu’un Ctalon et leurs dtplacements sont 
pris en charge par un programmateur: irradiation simultanCe (l’un derrikre l’autre par 
rapport i la cible) pendant 5 s, refoulement (chacun vers un scintillateur) en 2 s, comptage 
simultank pendant 20 s. Le rCsultat est imprim en pg d’oxygt?ne moins de 3 mn aprQ I’ar- 
rivCe du pr&Gvement. 

Plusieurs autres installations fonctionnent selon des principes tr&s voisins.33*46 Par ail- 
leurs. des essais ont montrC la possibilite de doser I’eau et le se1 dans le pttrole brut.47 

DOMJP dr I’arorr 

Ce dosage est important pour les industries alimentaires. La r&action utilisCe nkcessite 
encore I’emploi d’un g~n~rateur de neutrons. Les teneurs &e&es permettent une rtponse 
rapide mais l’knergie des gamma Cmis par 13N oblige & faire un traitement assez complexe 
des mformations pour tliminer les interfkrences. 

Une installation pour le dosage simultanC de N. P. K et Ca est en d&but d’exploitation 
en U.R S S ‘* Elle doit fournir 500 dosages par journte de 8 h. On dispose done de 50 . . . 
s par Cchantillon et le systkme de transfert doit permettre de compter un echantillon pen- 
dant qu’un autre se fait irradier. ~~chantillon est plad dans une capsule de 60 cm3, elle- 
mOme placke dans un furet. Les d&placements sont command& par un calculateur: enregis- 
trement du num&ro d’ordre et de la masse d’echantillon lors de l’introduction du furet, 
envol du furet face contre cible (transfert de 3 s). commande de l’irradiation pour une durCe 
de 37 s (avec stabilisation du flux et rotation du furet autour de l’axe de la cible). envoi 
en station de dkcapsulage. envoi de la capsule en station de stockage (disparition des acti- 
~ittts parasites dues it I’oxyg&~e et au sodium). envoi en face d’un premier ~intillateur 6 
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mn apt& le debut de I’irradiation pour un comptage de 47 s sur 200 canaux entre 91 et 
3,5 MeV (activites dues a 13N, 3oP, “Al et 38K principalement), envoi dans une deuxibme 
station de stockage. envoi en face d’un second scintillateur 20 mn apres le debut de l’irra- 
diation pour un comptage de 47 s avec un monocanal (activites dues a 38K et 44K), ejection 
de la capsule. Le calculateur determine les teneurs en N, P et K a partir du premier comp- 
tage par la mtthode des moindres cartes puis calcule la teneur en CJa a partir du second 
comptage. apt-es soustraction de l’influence de K. 

I1 existe Cgalement d’autres installations ne dosant que l’azote.49 

Dosage du fluor 

Des essais ont Cte effect&s pour doser en continu le fluor dans l’eau potable en utilisant 
la formation de ’ 90.“o L’eau circule avec un debit de 224 cm3/mn, pedtre dans une cellule 
d’irradiation de volume 72 cm3 en face d’un generateur (cellule a double courant, ce qui 
permet un ttalonnage continu), puis dans une canalisation de liaison de volume 580 cm3, 
puis dans une cellule de comptage de volume 72 cm3 en face dun scintillateur. 

Dans les mines. le dosage rapide du fluor dans la fluorite a et& rialid en utilisant la 
formation de “N au moyen dune source isotopique.51*52 Ainsi, l’oxygene n’interfere pas 
et le comptage peut etre effect& dans les mimes conditions que pour le dosage de l’oxy- 
gene. 

Dosage du silicium 

Ce dosage est surtout interessant dans les mines. La reaction produisant 28A1 a une sen- 
sibilite qui permet de se contenter d’une source isotopique. La station d’irradiation doit 
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1 c . . . . . . . . . . . . . . . . . . * . . .._....................... __.__ . . . . __ . . . . . . . .._........ _* 
, I I 
P 

165 mn 
II 

Ope’ratlon * Nature Dure’e. mn 

I Irradiation 0.5 
2 Refroldissement oxygdne 195 

3 Comptage Sit Fe (I.78 MeV) I 
4 Refroldissement silicium 21 

5 Comptage Al + Fe ( I ,02 MeV) 2 

6 Refroidtssement aluminium 70 

7 Comptage fer (0.85 MeV) I 

Fig. 8 lmbrlcatlon des skquences pour le dosage de Fe. Si et Al dans des minerais de fer avec trois 
monocanaux.“’ (Reprinted by permission of the copyrght holders.) 
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$tre entourie de cadmium pour kiter une interference due a l’activation de l’aluminium 
par les neutrons thermiques. 

Quelques installations sont a present exploitees en laverie de minerais de fer.“3 L’echan- 
tillon Ctant sous forme de suspension, on a adopte la mtthode par recirculation. Entre 
deux Cchantillons, la boucle est parcourue par de l’eau. L’echantillon (1 dm3) est injecte 
jusqu’a remplir completement la boucle (500 cm3). Puis il circule avec un debit de l’ordre 
de 4 dm3/mn autour dune source “*Pu-Be et autour dun scintillateur couple a un mono- 
canal. La densite est mesurk au moyen dune jauge gamma. Six minutes apris l’injection. 
l’echantillon est eject& le resultat est imprime en % de Si O2 et le circuit est rind. 

Des essais de dosage au moyen d’un gentrateur de neutrons et de trois comptages sucz 
cessifs avec dlecteur monocanal ont montre par ailleurs qu’il etait possible de doser Fe. 
Si et Al dans 85 Cchantillons de minerais de fer par 24 h (Fig. 8).54 Une autre installation 
permet de doser Si et Al dans la bauxite.55 

11 faut enfin signaler la commercialisation en Finlande dun systeme permettant de doser 
Si, Cr et Al dans des concentres de chrome. 56 L’echantillon (420 cm3) est irradie par une 
source “‘Am-Fk. Puis. apt-es transfert. les activites dues I ‘8Al. “V et “Mg sent enrr- 
gist&es par trois monocanaux. 

CONCLUSIONS 

Les quelques exemples d’application cites plus haut montrent que les progres des 
sources de neutrons et des systemes de transfert ont d’ores et deja permis a l’analyse par 
activation neutronique de s’adapter aux conditions industrielles dans la mesure ou l’ana- 
lyse Porte sur un prtltvement.44*53 On a mime vu que le dosage simultane de plusieurs 
elements est possible depuis peu grace a la mise en ligne de calculateurs appliquant les 
moindres carres.48 

Cependant, comme pour les autres methodes industrielles. l’avenir est probablement 
constitut par l’analyse en continu et, malgre quelques essais,50,‘7 de nombreux progres 
restent a faire. 

11 importe, en effet, de ne pas oublier que l’activation neutronique vient en concurrence 
avec beaucoup d’autres techniques;58 son adoption depend done non seulement du pro- 
bleme analytique particulier a resoudre, mais aussi de l’etat de developpement des autres 
techniques au moment ou il faut resoudre ce probleme. 
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Summar!-After a statement of the main requirements for an analytical system to be suitable for 
use m industry. a detailed examination is made of the response of each part of an activation instal- 
latlon(choice of neutron source and detector, transfer system for standards and samples, data hand- 
Img) to these requirements. Several applications already established m industry are mentioned 
(determmatlon of oxygen. mtrogen. fluorine. silicon). Some continuous analyses are also men- 
tioned. 
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Zusnmmeofassmg-Nach Darstellung der Hauptanforderungen. dte an em analytisches System zu 
stellen sind, damit es in der Industrie ntitzlich eingesetzt werden kann. werden alle Teile emer Akti- 
vierungsapparatur (Neutronenqoelle. Detektor, Standard- und Proben-Manipulation. Datenverar- 
beitung) eingehend daraufhin untersucht. wie welt sie diese Anforderungen erftllen. Einige in der 
Industrie bereits eingerichtete Anwendungen werden erwlhnt (Bestimmung von Sauerstoff. Stick- 
staff, Fluor, Silicium). Einige kontinuierliche Analysen werden ebenfalls erwlhnt. 



SPECTROPHOTOMETRIC DETERMINATION OF 
DISSOLVED OXYGEN WITH 

TRIS(4,7-DIHYDROXY-l.lO-PHENANTHROLINE)IRON(II) 

DONALD P. POE and HARVEY DIEHL 

Department of Chemtstry. Iowa State University, Ames. Iowa 50010, U.S.A. 

(Received 26 November 1973. Accepted 29 March 1974) 

Summary-Tris(4.7-dihydroxy-l.lO-phenanthroline)~ron(II) reacts rapidly and quantitatively with 
dissolved oxygen in alkaline aqueous solution. In ammomacal solution, the reaction is accom- 
panied by the disappearance of the intense red colour of the iron(H) compound, which gives way 
to the pale gray, slightly-dissociated ion tris(4,7-dihydroxy-l,lO-phenanthroline)iron(III). By 
measurement of the absorbance of a solution containing the ferrous compound before and after 
the injection of an oxygen-containing solution, the concentration of dissolved oxygen in the sample 
can be accurately determined in the range l-20 ppm. 

4.7-Dihydroxy-l,lO-phenanthroline was first prepared by Snyder and Freier,’ and was 
used by Schilt. Smith and Heimbuch’ as a reagent for the spectrophotometric determina- 
tion of iron in strongly alkaline media. Improvements in the synthesis of 4,7-dihydroxy- 
1. IO-phenanthroline were made by Poe,3 who also found that the iron(I1) compound of 4,7- 
dihydroxy-l.lO-phenanthroline is a remarkably strong reducing agent, the formal reduc- 
tion potential in 1M sodium hydroxide being -011 V. In the present paper we report 
on the reaction of the iron(I1) compound and oxygen. 

EXPERIMENTAL 

Reagents 

A stock solution of 4.7-dihydroxy-l.lO-phenanthroline (Hach Chemical Company, Ames, Iowa 50010, U.S.A.), 
6 x IO-‘M. was prepared by dissolving 015 g of the hydrochloride in 1 litre of a buffer 2.OM in ammonia and 
0 1M in ammonium chloride, stored in a Machlett burette under nitrogen. 

A solution of iron(H) was prepared by dissolving 3.35 g of ferrous ammonium sulphate, 1.5 g of tartaric acid, 
and 1 ml of concentrated ammonia solution in 15 ml of water. The solution was stored in a serum bottle covered 
w nh a rubber septum. The commercial nitrogen used contained a significant amount of oxygen; this oxygen was 
removed by bubblmg the nitrogen through vanadmm(I1) sulphate solution stored over zinc analgam4 then 
through alkaline permanganate [to remove hydrogen sulphide formed in the vanadium(I1) tower], and finally 
through water 

An all-glass flow-through cell system was constructed for use with a Beckman DU spectrophotometer. Fig. 
1 A cell holder was altered to accept a 100 cm cell with side-arm. the cell being inserted into the bottom of 
the holder (Fig. 1. Inset). The two glass tubes rtsmg from the sample compartment were painted black and were 
Inserted through two holes m a strip of black latex rubber which covered the compartment and blocked out 
hght from the room. Four ball-and-socket jomts were included in the apparatus to permit movement of the cell 
In and out of the hght-path. Flexible rubber or synthetic tubing could not be used because they are permeable 
to oxygen. A rubber septum was used as a sample-injection port and a Teflon-coated magnetic stirring bar was 
used to circulate the hquid through the system. The Teflon coatmg slowly released oxygen into the solution. 

1065 
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Cutaway vlew of abrorptlon 
cell in cell holder 

Nitrogen inlet Sectlon of burette 

Waste solution exhaust yp 1 

-I-- Absorption cell 

Fig. 1. Flow-through cell system. 

causing a steady decrease in absorbance during use; this effect was eliminated by soaking the stlrrmg bar in alka- 
line sodium hydrosulphite solution for a week or two before placing it in the apparatus. A glass-covered stirrmg 
bar introduced so much suspended silica from wear on the glass vessel that it had to be rejected. The calibrated 
portion of the apparatus was a section of a 50 ml burette. inverted. The volume of the apparatus when filled 
to the zero mark on the burette was determined. The total volume of solution circulatmg m the system. original 
solution plus sample, could thus be determined. The reagent solution inlet was fitted with a short section of 
Tygon tubing, which formed an air-tight seal when the tip of the Machlett burette was inserted for filling the 
apparatus. 

Absorption spectra were obtained on a Cary 14 recording spectrophotometer. 

Procedurr 

The flow-through cell system was purged by passage of mtrogen for 30 mm and was then filled with the 
phenanthroline solution. Enough iron(H) solution ( -4 ~1) was injected into the system through the rubber sep- 
tum to bring the absorbance at 520 nm to 0.7-O% A measured volume of the sample was injected through the 
septum from a I ml tuberculin syringe. After the system had come to equilibrium (about 15 mini the absorbance 
nas measured. After several samples had been injected, enough ammoniacal sodium hydrosulphlte solution (5 
s I(K) ml) was injected from a 50 ~1 syringe to brmg the absorbance back to 0.7-0.8. Within a few mmutes the 
system was ready to use for more determinations. 

RESULTS AND DISCUSSION 

Ferrous iron reacts with 4,7-dihydroxy-l,lO-phenanthroline in alkaline solution to form 
an intensely red compound in which the ratio of iron to phenanthroline is 1: 3.’ The fer- 
rous compound is easily oxidized to a gray-black iron(II1) compound which is stable in- 
definitely in O-2-4M ammonia solution, and in general in the pH range 8.5-12. At higher 
pH this gray-black compound is converted into an amber compound. By application of 
the method of continuous variations5 it was established that in the gray-black iron(II1) 
compound three molecules of phenanthroline are combined with one iron(II1) ion and that 
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Fg. 2. Absorption spectra of the Iron and non(M) derivatives of 
4.7-dihydroxy-I.l~phenanthroline. 

_I__ Trls(4.7-dihydroxy-l.lO-phenanthroline)iron(II~. 4.89 x lo- “M. . .,.. B~~4.7-dihydroxy-l,l~ 
phenanthrolinehron(II1). 4.89 x lo- ‘M. -.-‘- Tris(4.7-dihydroxy-l,lO-phenanthroline)iron(III), 

5.0 x 10M5M. ----- 4.7-Dihydroxy-l,lO-phenanthroline, 4.0 x 10m4M. 

in the amber iron(II1) compound two molecules of phenanthroline are combined with one 
iron(IIf) ion. 

The absorption spectra of the iron(I1) and iron(II1) compounds between 350 and 650 
nm are shown in Fig. 2. The wavelength of maximum absorbance of the iron(I1) compound, 
5’0 nm. and molar absorptivity. E = 1.48 x lo4 l.mole- ‘.cm- ‘, were the same as __ 
reported earlier by Schilt and co-workers.’ These workers showed that the molar absorp- 
tivity of the iron(I1) compound is independent of the concentration of alkali; in the present 
study this was shown to be true also for ammonia buffers as dilute as 0.2M ammonia-O=lM 
ammonium chloride (pH = 9*7). The molar absorptivity in all solutions agreed with the 
reported value. At 520 nm the absorbance of the iron(II1) compound in ammonia solution 
IS constant over the pH range 85-l 2 (Fig. 3). E = 3.30 x lo3 I.mole- ’ .cm- ‘. At higher 
pH values the absorbance of the iron(II1) compound decreases owing to the formation of 
the amber iron(II1) compound. 

A solution 2M in ammonia and O.lM in ammonium chloride was chosen as the medium 
for the reagent because both the oxidized and reduced forms of the iron-phenanthroiine 
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Fig. 3. Absorbance of Tris(4,7-dihydroxy-I.lO-phenanthroline)iron(III) as a function of pH. 
0 Absorbance measured on the same day as solutions were prepared. 
A Absorbance measured two weeks after solutions were prepared. 

compound are stable in it and the molar absorptivities reproducible. Injection of a 
concentratedsolutionofferrousammoniumsulphateintothesolutioncontainingtheorganic 
ligand resulted in the formation of a dense, gelatinous precipitate which could not be redis- 
solved. Addition of tartrate to the solution prevented such precipitation. It was inferred 
from reference (2) that the amount of tartrate added would not interfere with the formation 
of Tris(4,7-dihydroxy-l.lO-phenanthroline)iron(II) and this proved true. 

Absorbance values measured after injection of successive portions of water in equilib- 
rium with air into the flow-through cell system charged as described above. are reported 
in Fig. 4. The measured absorbances were corrected for dilution by means of the relation 

AC = A,(VJI/,), where A, is the corrected absorbance, A, the absorbance measured V,, 
the volume at the time of measurement, and V, the initial volume. 

The corrected absorbance decreased linearly with the amount of oxygen added, until 
the absorbance became very low, slightly high readings then being obtained for A, because 
the reaction is considerably slower in this region. No further change in A, occurred on 
addition of excess of oxygen. The intersection of the two straight-line portions of the curve 
marked the equivalence point in the titration of the reagent with oxygen. This point, as 
calculated from the absorbance data and the molar absorptivities of the iron(I1) and (gray) 
iron(II1) compounds, occurred when one molecule of oxygen had been added per four 
iron( II) compound oxidized: 

4Fe(diOHphen),2+ + O2 + 2Hz0 = 4Fe(diOHphen),3+ + 40H-. 

It was assumed that the absorbances of the iron(I1) and iron(II1) species were additive. 
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Fig. 4. Absorbance as a function of oxygen added as a solution in water in equilibrium with air. 
Absorbance corrected for volume change resulting from addition of liquid sample. 

Temperature. 26.5. Initial volume, 40.6 ml. Absorbance measured at 520 nm. 

This ratio of reactants was confirmed as follows. The change in concentration of 
the iron(I1) compound is given by: 

NWWI = kLI - ‘&)kFe(ll) - EFe(III)) 

Very little iron(II1) was present initially. and the results in Fig. 4 give A[Fe(II)] = 455 x 
lo- “M : the initial volume was 40.6 ml, so 1.85 x 10m6 mole of iron(I1) was oxidized. The 
concentration of oxygen in the water used (air-saturated at 265”, 744 mmHg) was deter- 
mined by using the azide modification of the standard Winkler method6 and found to be 
7.60 ppm. The break-point occurred at 1.96 ml of water added and corresponded to 
0.456 x lOA mole of oxygen. Thus, 3.98 (a good approximation to 4) moles of iron(I1) 
compound reacted per mole of oxygen added. 

In using the system for the determination of oxygen, the oxygen concentration in ppm 
is given by 

o2 = Mn.1 ~In.1 - A,.z I',,,,) x 32.0 x lo3 

4 x 11.5 x lo3 x v, 

= 0.696 (&L, VnL, - &,z VI%,) 

VS 
ppm 

where .4,,,, and A,._ , are the absorbances measured before and after addition of a volume 
of sample 1: ml. 

The effects of iron (ferrous and ferric) in the sample were determined. Ferric iron (20 
ppm) caused no significant interference. Ferrous iron did interfere significantly. On a 
sample containing 20 ppm of iron(I1) the spectrophotometric method gave 3.72 ppm 0,; 
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the standard Winkler method, azide modification. gave 4.94 ppm 0:; the distilled water 
used to prepare the solution contained 7.99 ppm O2 before the addition of the iron as fer- 
rous sulphate. 

Table 1. Comparison of s~trophotometrlc method with stan- 
dard Winkier method. aside modification’ 

Oxygen. />pft~ 
Spectrophotometric Winkler 

method method 

Distilled water. 
a~-~turated at 
263”, 736 mmHg 

Lake LaVerne water, 5” 

Ames Water Works 
Non-aerated water 

Aerated water 

Fintshed water 

7.54 
7.43 
7.55 

12.21 
11.86 
11.75 

-054 
-0.57 

661 
644 

7.23 
7.53 

7.53 
7.54 
7.57 

12,10 
12.52 
12.02 
11.96 

OQO 
OQO 

6.94 
7.02 
7.01 
6.93 

7.97 

The method was compared with the standard Winkler method, azide modification, for 
the determination of dissolved oxygen in distilled water, water from Lake LaVerne (on 
the ISU campus), and water from the Ames Municipal Water Works (Table I). Excellent 
agreement was ob~ined on distilled water and water from Lake LaVerne. The negative 
values obtained for the non-aerated water from Ames Water Works is a result of ferrous 
iron in the water as it comes from the wells. The discrepancy of about 0.5 ppm between 
the results by the proposed and the standard method for the aerated (but otherwise un- 
treated) water is undoubtedly caused by ferrous iron still present. The discrepancy found 
for the finished water is left unexplained; curiously it is just about equal to the residual 
chlorine present. 

No attempt was made to determine the effects of possible interferences other than iron. 
However, mild oxidizing agents, which interfere in the Winkler method6-’ and in a more 
sensitive method using indigo carmine,‘*‘* may be assumed to interfere. The accuracy of 
the method in the absence of interferences is good, being limited only by the accuracy with 
which the sample is measured and by the accuracy of the spectrophotometric measure- 
ment, the latter yielding the greater errors. Very small volumes of sample are required (less 
than i ml for water in equilibrium with air), and in this respect the method is superior 
to the Winkler method, which requires samples of the order of 200-300 ml. 
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Zusammenfassung-Tris-(4.7-dihydroxy-l,lO-phenanthrolin)eisen(II) reagiert mrt gelastern Sauer- 
stoff in alkalischer wlbriger Liisung rasch und quantitativ. In ammoniakalischer Liisung ist die 
Reaktion vom Verschwinden der intensrv roten Farbe der Eisen(II)Verbmdung begleitet; diese 
macht dem blabgrauen, schwach dissoziierten Ion Tris(4.7-dihydroxy-l,lO-phenanthrolin)eisen(III) 
Platz. Mil3t man die Extinktion einer Losung die die Eisen(II)-Verbindung enthalt, vor und nach 
Zugabe einer sauerstolfhaltigen Losung. dann kann die Konzentration von gelijstem Sauerstoff in 
der Probe zwrschen 1 und 20 ppm genau bestimmt werden. 

R&urn&---Le tris(4.7-dihydroxy l.lO-phinanthroline)fer (II) reagit rapidement et quantitativement 
avec l’oxygene dtssous en solution aqueuse alcaline. En solution ammoniacale. la reaction est 
accompagnte par la disparition de la coloration rouge Intense du compose du fer(II). qui fait place 
d I’ion legerement dissocie tris (4.7-dihydroxy l,lO-phenanthroline)fer(III) gris pale. En mesurant 
l’absorption dune solution contenant le compose ferreux avant et apris I’injection dune 
solution contenant de l’oxygene. la concentration de I’oxygene dissous dans l’echantillon peut &tre 
determinee avec precision dans le domaine l-20 ppm. 
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Summary-The application of d.c. and square-wave polarographic measurements for the indicatron 
of the end-point in titrattons with triethylenetetrammehexa-acetrc acid (TTHA) has been studted. 
TTHA has ten co-ordmating groups and forms complexes with metal to ligand ratios of either 
1: 1 or 2: 1. depending on the metal and experrmental conditions. The shape of the titration curves, 
determined by the dependence of the limiting current (peak current of the square-wave polar- 
ographic curve) or of the half-wave potential (peak potential) on the amount of TTHA added indi- 
cates the composttion of the complex formed in the titration. The composition of this complex as 
determined from the studted titration curves agrees with that predicted by theory. Titrations with 
polarographic indicatron of the end-pomt were also apphed for direct titrations of binary mixtures 
of metal ions. The resulting tttration curves indicated the existence of mixed dinuclear complexes 
and also the kinetic factors mvolved in the reactions between two different metal ions and TTHA. 

In the study of chelometric titrations great interest has been taken recently in the use of 
titrants forming dinuclear complexes. A typical reagent is triethylenetetraminehexa-acetic 
acid (TTHA or H,X) introduced as a titrant by Pi-ibil.‘-4 Because this reagent forms 
mono- and dinuclear complexes of different stabilities, the composition of the resulting 
complex, formed at the end-point of the titration, depends on the nature of the metal ion 
to be titrated and on the experimental conditions of the titration e.g. concentration of hy- 
drogen ions, nature of the buffer solution erc. 

The theoretical problems connected with chelometric titrations with reagents forming 
mono- and dinuclear complexes were solved by Harju and Ringborn.’ These authors used 
the concept of conditional stability constants,6 where the extent of side-reactions is given 
by the side-reaction coefficients (x-coefficients),6V7 and plotted the values of the conditional 
stability constants and of the pM values corresponding to the equivalence points, as func- 
tions of the hydrogen-ion concentration. These curves allow prediction of the course of 
the titrations under varying experimental conditions and thus distinguish whether a 1: 1 
or 2 : 1 metal to ligand complex is formed. 

For experimental verification of their theoretical conclusions these authors used photo- 
metric titrations. 

In the present paper. we show that the application of polarography for the same pur- 
poses has wider versatility and offers a simple way of distinguishing which type of complex 
is formed. 

EXPERIMENTAL 

All solutions were prepared from p.n. chemicals TTHA solution (O.OlM) was standardized by visual’ and 
amperometrtc tttratron wnh standard zinc solution. The solutions of metal salts (OOlM) were standardized by 
EDTA titrattons. 

1073 
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Apparatus 

For the polarographic measurements Radelkis d.c. and square-wave polarographs were used. All values of half- 
wave potentials or peak potentials are referred to the SCE. 

Procedure 

Suitable buffer solution (O.lM, 7.0 ml), sodium perchlorate (7.0 ml) and (0.0134) solution metal salt (I.0 ml) 
were placed in the polarographic cell, and deaerated with nitrogen. Titrant (O.OLM) was added stepwise from 
a micrometer syringe. (For square-wave polarography the concentrations of metal salt and titrant were both 
OGXM.) After each addition of titrant the polarographic curve was recorded. 

RESULTS AND DISCUSSION 

Modes of polarographic indication of the end-point 

When chelometric titrations are used to obtain information on the composition of the 
complex formed, either the reagent (L) or the metal (M) salt solution can be used as titrant. 
If-the titrant is the reagent the titration curve can be derived by measuring one of the fol- 
lowing parameters as a function of the amount of reagent added: (u) the limiting current 
of the metal ion i,,,; (b) the limiting current of the complex i,,,,; (c) the anodic limiting 
current of the reagent i,, ;(d) the shift of the half-wave potential, EL ,2 for the metal ion: when 
square-wave polarography is used the corresponding parameters are the peak-currents i,, 
or the shift of the peak potential, E,. If metal salt solution is used as titrant. parameters 
(a), (h) and (c) are measured as functions of the amount of metal ion added. 

Also, the hydrogen ions set free by the complex-formation can be titrated with sodium 
hydroxide solution, the height of the hydrogen wave being measured.’ but this can only 
be used with neutral, unbuffered media. 

ml TTHA, IO” M 

Fig. 1. Titration of cadmium (II) with TTHA and square-wave polarographic indication: depen- 
dence of the peak current, i,, on the amount of TTHA added. 

/-Electrolyte @05M NaClO and D05M NH !NHbCI buffer solution. _‘-Electrolyte DOW 
NaCIO, and 0.05M acetate buffer solution, pH 4.2. J-Electrolyte O.OSM NH3. Concentration of 

cadmium (II) in all cases 66 x 10m5M. 
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Not all these types of titration can be applied generally-a suitable type should be 
chosen for any particular titration. In the following sections typical examples are pre- 
sented. 

Titration of cadmiw 

The reduction of cadmium (II) at the DME is reversible and therefore the application 
of square-wave polarography is advantageous. Because the cadmium-TTHA complex 
yields no peak in square-wave polarography, titration type (a) is recommended. Figure 1 
shows ipCd as a function of the amount of added TTHA for ammonia-ammonium chloride 
and acetate buffers and ammoniacal medium. These titration curves show the formation 
of a 1: 1 cadmium-TTHA complex at pH 4 and 11 and a 2: 1 complex at pH 8.4. These 
results agree with the theoretical considerations published by Harju and Ringborn.’ The 
non-linear titration curve for ammoniacal medium (curve 3) is due to the tendency to form 
a 2: 1 complex when the metal is present in excess relative to TTHA (beginning of the 
titration). 

200 .= 

100 

ml TTHA, lO-3 M 

Fg. 2. Tttratton of lead (II) wtth TTHA and square-wave polarographic indication. 
l-Dependence of the peak potential, E,. on the amount of TTHA added: electrolyte 0.05M 
NaCIO, and 0.05M acetate buffer solution. pH 4.4.2--Dependence of the peak current, i,, on the 
amount ofTTHA added: electrolyte 0.05M NaCIO, and 0.094 NaOH. Concentration of lead (II) 

m all cases 6.6 x 10-5M. 

Titration of lead 

This is an example of titration type (d). The polarographic wave or the square-wave peak 
corresponding to the reduction of lead (II) is strongly shifted to more negative potentials 
when TTHA is added stepwise to lead (II) in slightly acidic media. When all the lead is 
complexed. the half-wave potential (or the peak potential) remains constant and thus a 
titration curve with a sharp end-point is obtained. Curve 1 in Fig. 2 shows the titration 
of lead (II) with TTHA in acetate buffer, pH 4.4, with square-wave polarographic indica- 
tion of the end-point. The end-point indicates formation of 2 : 1 complex in agreement with 
Harju and Ringbom.5 

If lead is titrated with TTHA in alkaline medium (0.05M sodium hydroxide with square- 
wave polarographic indication. the change of peak current, should be recorded [type (a), 
curve 2 in Fig. 21. This curve, though not recommended for analytical application, allows 
the end-point to be read with sufficient accuracy to distinguish which type of complex is 
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formed. The formation of the 1: 1 complex in alkaline medium. again agrees with the 
theoretical data.’ 

‘Titration of copper 

Because of the irreversibility of reduction of copper at the DME. d.c. poI~lrograpll! 
is advantageous for the copper(H) titration with TTI-IA. Either i, c,, or i, ,,, can be followed. 
The titration curves presented in Fig. 3 correspond to the titration of copper (II) in acetate 
buffer at pH 4.7. Under these conditions E, 1 for copper(I1) is - 0.03 V and that for the 
complex -0.26 V. Titration curves of this type are obtained from pH 1.5 to 8.0: these 
results verify the existence of the 2: 1 copper-TTHA complex under the given conditions. 
as follows from the conditional stability constants5 

Similar titration curves are obtained for ammonia-ammonium chloride, but a 1 : 1 com- 
plex is formed as predicted.” 

ml TTHA, 10-2M 

Fig. 3. Titration of copper (II) with TTHA and dc. pofarographic indication: dependence of the 
limiting current, i. on the amount of TTHA added. 

Electrolyte O.OSM NaClO& and 0.05M acetate buffer solution. pH 4.7. concentration of copper (II) 
6.6 x IOW4M. f-Decrease of the height of the wave of free Cu2* ions. 2-Increase of the height 

of the wave of the 2: 1 Cu-TTHA complex. 

litration of calcium, ianthamcm and thorium 

Here the titration is of type (c); ‘ITHA (as do other reagents related to EDTA) yields 
a well-developed d.c. polarographic anodic wave or square-wave polarographic peak at 
potentials close to O-0 V. The E 1,2 and E, values depend on the pH of the electrolyte and 
are +0*06 V in acetate buffer solution at pH 5.1. 

Calcium can be titrated directly at pH 6-10, the end-point being indicated by the 
appearance of the anodic wave or the square-wave polarographic peak corresponding to 
the oxidation of free TTHA. In all cases only a 1 : 1 complex is observed, as expected.5 

Lanthanum (II) can also be titrated directly with TTHA, at pH up to 6. In alkaline 
media, the titrand is TI’HA in a proper buffer and the titrant is lanthanum (II). In this case 
the end-point is indicated by decrease in the limiting current of the d.c. polarographic wave 
or the peak current of the square-wave polarographic peak corresponding to the oxidation 
of free TTHA. Again only a 1: 1 complex is formed, as follows from the theoretical data.’ 



Polarographic indication of the end-point 1077 

Thorium (IV) can also be titrated but direct titration is possible only in acidic solu- 
tions. the 1: 1 complex being formal 

Titration of indium(III) is also an example of the titration type (a) but only at pH 2-7, 
when i,, for the indium (III) wave (E,,z = -055 V at pH 2.5) is a linear function of the 
amount of TTHA added, the end-point being when ii, = 0. This curve indicates the forma- 
tion of only the 1 : 1 complex. At higher pH values (pH 2.7-55) the titration curve is more 
complex. Under these conditions the decrease of i,, is not linear during the titration and 
a new wave with more negative half-wave potential (E,,z = -074 V at pH 36) appears. 
The limiting current of this new wave increases with amount of TTHA added, reaches a 
maximum when half of the indium has been titrated and then decreases. At the end-point 
both limiting currents are zero (Fig. 4). 

05 I.0 

ml TTHA, 10-5 M 

FIN. 1. Tttratmn of mdium (III) with TTHA and d.c. polarographic indication: dependence of the 
limitmg current. i. on the amount of added TTHA. 

Electrolyte 0.05M NaClO, and 00% monochloroacetate buffer solutton, pH 36, concentratton 
of mdium(III) 6.6 x 10m4M. I-Decrease of the height of the indium(II1) wave. ?-Changes of 
the height of the wave of the 2 : I mdium-TTHA complex. j---Sum of the heights of both waves. 

In a study published elsewhere’ it has been proved that the second wave corresponds 
to the reduction of indium(II1) from the 2: 1 indium-TTHA complex. The titration curves 
thus indicate the simultaneous existence of both 1 : 1 and 2: 1 indium-TTHA complexes 
during the titration in the pH interval from 2.7 to 55. 

The results presented above lead to the proposal that polarography may be an impor- 
tant tool for the examination of the titration mechanism when a mixture of two metals 
is titrated. The advantage arises mainly when both metal ions yield well-separated polar- 
ographic waves. In the following sections it is shown that under the conditions where the 
titrant is able to form mono- and dinuclear complexes, the resulting titration curves are 
in many cases affected by the formation of mixed dinuclear complexes. 
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Titration ofa ntistta’r ofcopprr*(ll) and nicke/(lZ) 

The changes in the concentrations of copper(H) and nickel(I1) ions in mixtures when 
titrated with lTHA can easily be measured polaro~aph~~ally. In acetate buffer solution. 
pH 4.7, the E1,2 value of copper(I1) is -@03 V, that of nickel(II) is - 1.10 V. the E, 1 value 
of the 2: 1 Cu-TTHA complex is -0.26 V and the nickel complex yields no polarographic 
wave. When. under the given conditions, nickel(I1) and copper(U) are titrated separately 
by technique (a) the position of the end-points indicates in both. cases the formation of 
the 2: 1 complex in accordance with the conditional stability constants? (see Fig. 3). On 
the other hand the titration curves of the mixture of these ions have the shape shown in 
Fig. 5. Curve 1 in Fig. 5 shows the simultaneous decrease of the concentration of free cop- 
per(I1) and nickel(I1) ions from the start of the titration. During the titration a new wave 
is recorded, the height of which increases from the start of the titration and reaches its 
maximum height at the end-point (curve 2). The E l,l value of this new wave has the value 
-0.24 V. The end-point of the titration corresponds to the consumption of one mole of 
TTHA per mole of nickel and mole of copper. The shape of the titration curve does not 
depend on time-when a series of solutions corresponding to different points of the 
titration curve is prepared and these solutions are polarographed after 2 hr, curves practi- 
cally identical to those in Fig. 5 are observed. Since the conditional stability constants of 
the 2 : 1 copper and nickel-TTHA complexes are 1O’o’5 and 10’ ‘.’ respectively at pH 5.0. 
it can be presumed that both metal ions are titrated simultaneously. 

Titration of a mixture of cad~~izlr~(~I) and nicker 

The half-wave potentials of the waves of cadmium(I1) and nickel(I1) in ammoniacal 
medium are sufficiently separated for the titration with TTHA to be performed by method 
(a). The titration of cadmiiIm(II) itself in ammoniacal medium indicates the formation of 
the I : 1 complex (see Fig. I), while the titration of nickel(U) under the same conditions 
indicates the formation of the 2: 1 complex. Titration of a equimolar mixture of nickel(I1) 
and cadmium(H) gives curves such as those in Fig. 6 (curves l-3). These curves show that 

mt TTHA, to-* M 

Fig.& Titration of a mixture of cop~r(II) and nickel(I1) with TTHA. d.c. polarographic indica- 
tion, dependence of the limiting current on the amount of TTHA added. 

Electrolyte 0+05M NaCIO, and 0.05M acetate buffer solution, pH 4-7. concentration of copper 
and nickel(H) 6.6 x IO-%4 each. I-Decrease of the heights of the copper(l1) and nickel(I1) 

waves. I-Increase of the height of the 2: I copper complex wave. 
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the concentrations of both metal ions decrease from the beginning of the titration. During 
the course of this titration a new wave is observed with half-wave potential more negative 
than that of nickel(lI). The half-wave potential of this wave changes with time, a constant 
value of - l*lOV being observed after 200 min. Also the concentrations of free nickel(II) 
and cadmium(II) ions change with time during the titration. Therefore a series of solutions 
corresponding to different points of the titration curve was prepared and these solutions 
were polarographed after 200 min. Under these conditions the titration curves have the 
shapes shown in Fig. 6, curves 4, 5 and 6. In the work of Neubauer and Kopanica” it was 
proposed that the wave with E, z value - I.10 V (curves 3 and 6, Fig. 6) corresponds to 
the reduction of the mixed dinuclear complex Cd-TTHA-Ni. 

60 

a 

b 
- 40 

._ 

20 

ml TTHA, 10-2 M 

Fig 6 Titration of a mixture of cadmium and nickei(Il) wtth TTHA. d.c. poiaro~raphtc 
indication. 

Elcctrolqte 0.05M NaClO, and O.OSM NH3. concentration of cadmium(ll) and nickel(l1) 66 x 
IO-*M each I-S-Normal titration; I-decrease of the wave of NI’” ions; 2-decrease of the 
wave of Cd’- eons: 2-varration of the wave of the mIxed dmuclear complex. 4-ft-“Slow” 
titration. experimental data recorded 200 mm after mixing: G-decrease of the wave of Ni’+ ions. 

S-decrease of the wave of Cd” 1011s: @-height of the wave of the mixed dinuclear complex. 

The mechanism of the titration can be interpreted as follows. In the titration carried 
out with stepwise addition of the titrant both complexes are formed simultaneously, the 
mixed dinuclear complex being formed in maximum amount when the system reaches a 
1 : 1 : 1 molar ratio of Ni : Cd : TTHA, and end-point detection for the sum of nickel + cad- 
mium is not accurate. In a “slow” titration. first the 2: 1 nickel complex is formed (sharp 
end-point) and when in the next step the 1 : 1 cadmium complex starts to form the interac- 
tion between both complexes (which have practically identical conditional stability con- 
stants. - lOi at pH 11) leads to a partial formation of the mixed dinuclear complex (the 
end-point corresponding to the titration of cadmium can be read with sufficient accuracy). 

The half-wave potentials of indium(II1~ and nickel(I1) waves are well separated even 
in acidic media and this mixture can be titrated by technique (a). The nickel(TI)-TTHA 
complexes yield no polarographic waves and. as mentioned above, none of the In-TTHA 
complexes is polarographicaily active below pH 2.7. The titration of the mixture of indium 
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0.5 I.0 I.5 

ml TTHA, IO< M 

Fig. 7. Titration of a mixture of indium(II1) and nickel(U) with TTHA. d.c. polarographlc 
indication. 

Electrolyte 005M NaCIO, and 0.05M formic acid. sodium formate buffer solution. pH 24. con- 
centration of indium(ll1) 6.6 x 10e4M. concentration of nickel(II) 13.2 x 10-l.U. eupercmental 
data recorded 50 hr after mixing. I-Decrease of the height of the wave of mckel(lI). _‘-Decrease 
of the height of the wave of indium(II1). &Change m the wave-height of the mixed dmuclear 

complex. 

(III) and nickel(I1) at pH less than 2.7 should therefore be expressed by two curves indicat- 
ing the decrease of the concentration of non-complexed metal ions during the titration. 
Experiment, however, results in the titration curves shown in Fig. 7. To obtain these 
curves solutions corresponding to different points of the titration curve were prepared and 
measured 50 hr after mixing (formic acid/sodium formate buffer solution, pH 2.4) because 
non-reproducible results are obtained when the titrant is added stepwise. The third wave 
which appears during the titration (Fig. 7, curve 3) has, under the given conditions. an E 1 2 
value of -0.76 V and corresponds to the reduction of indium(II1) from the mixed dinuc- 
lear complex indium-TTHA-nickel as verified by Huyen and Kopanica. ’ l The end-point 
corresponds to the titration of the sum of indium and nickel by formation of the 1 : 1 in- 
dium and the 2 : 1 nickel complexes, and the course of the titration curves indicates the 
existence of the mixed dinuclear complex during the titration. 

CONCLUSION 

The results presented in this work show that polarographic techniques can be used for 
the detection of the end-point in chelometric titrations with TTHA. Because polarographic 
measurements can be performed in acidic, neutral or alkaline media, the titrations can be 
realized at any concentration of hydrogen ions in the supporting electrolyte. This fact is 
very advantageous for the study of the composition of the complex formed in the titration. 
where the titrant is able to form mono- and polynuclear complexes. Titrations with polar- 
ographic indication of the end-point are therefore superior to spectrophotometric 
titrations carried out in the presence of metallochromic indicators. When the polar- 
ographic techniques are used, the dependence of various polarographic parameters on the 
amount of added titrant can be measured and thus any metal (even if not polarographi- 
tally active) can be titrated. The compositions of the resulting complexes (as obtained in 
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the experiments described) agree very well with the theoretical data based on the concept 
of conditional stability constants.‘-’ 

Polarographic methods for detection of the end-point can also be applied to direct 
titrations of two-component mixtures of metal ions. Under these conditions the polar- 
ographic data lead to verification of the existence of mixed dinuclear complexes during 
the titrations and further to the establishment of the kinetic effects which play an impor- 
tant role in systems containing two metal ions and the reagent TTHA.” 

These polarographic techniques may in some cases be applied to practical analysis. For 
the determination of small concentration of metal ions (10e5M), titrations with square- 
wave polarographic detection of the end-point are very useful. Under these conditions all 
titrations of type (a) yield titration curves with sharp end-points (see Fig. 1). The titration 
of lead(II) in acetate buffer solution is particularly interesting, since the shift of the peak 
potential of lead(I1) ions during the titration with TTHA is so pronounced that a titration 
curve suitable for analytical use is obtained. The titrations of mixtures of metals cannot 
be utilized for practical analysis, but are of great value for establishment of the reaction 
mechanism. 
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Zusammenfassung-Gleichstrom- und square wave-Polarographie wurden dazu verwendet. den 
Endpunkt bei Titrationen mit Trlthylentatraminhexaessigtiure (TTHA) anzuzeigen. TTHA hat 
zehn koordinationsfihlge Gruppen und bildet mit Metallen Komplexe mlt Metall:Llgand- 
VerhPltmssen von 1: 1 oder 2: 1 je nach Metall und Versuchsbedingungen. Die Form der Titra- 
tionskurven. die bestimmt wird durch die Abhlngigkelt des Grenzstroms (Spitzenstroms der 
square wave-Polarographie) oder Halbstufenpotentials (spitzenpotentials) von der zugegebenen 
Menge TTHA glbt emen Hmwels auf die Zusammensetzung des bei der Titration gebildeten Kom- 
plrxes. Die Zusammensetzung dieses Komplexes, wie man sie aus den untersuchten Titrations- 
kurven erhhlt. stimmt mit der theoretisch vorhergesagten iiberein. Titrationen mit polarographisch 
angezeigtem Endpunkt wurden such zur direkten Titration bintirer Gemische von Metallionen 
benutzt. Die erhaltenen Tltratlonskurven zelgten die Existenz gemischter zweikermger Komplexe 
an und gaben Hinwelse auf die kmetischen Faktoren, die bei Reaktionen zwischen zwei verschie- 
denen Metallionen und TTHA eine Rolle spielen. 

R&urn&On a itudle i’apphcation des mesures polarographiques en courant continu et onde 
carree d I’mdlcation du point de fin de dosage dans les titrages avec l’acide tritthylbnetttrammohex- 
acetique (TTHA). Le TTHA a dlx groupes coordinants et forme des complexes avec des rapports 
m&al-coordinat de 1: 1 ou 2: 1. d&pendant du m&al etdes conditions exptrimentales. L’allure des 
courbes de tltrage. deterrnmke par la dtpendance du courant Limitant (courant de pit de la courbe 
polarographique g onde carrke) ou du potentiel de demo-vague (pit de potentiel) par rapport g la 
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quantitt de TTHA ajoutke indique la composition du complexe form6 dans le tltra!e. La cornpow 
tion de ce complexe. telle qu’elle a ttk dtterminke ti partir des courbes de titrage etudikes. est en 
accord avec celle prevue par la thtorie. On a aussi applique les tltrages avec indication polarogra- 
phique du point final aux titrages directs de melanges binaires &ions mktalliques. Les courbes de 
titrage r&&antes indiquent I’existence de complexes dinuckaires mixtes et aussi les facteurs cmkti- 
ques rnls en jeu dans les rkactions entre deux ions mktalliques diffkrents et le TTHA. 
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Summary-A method is described for the determination of selenium together with mercury in bio- 
logical samples by neutron-activatron analysis based on quantitatrve volatilization of both ele- 
ments. The technique originally developed for mercury, based on pyrolysis with filtration of unde- 
sirable impurities and selective trappmg from the gas phase, is now extended to selenium. The 
radionuclides ’ 97Hg and ‘%e. from one sample, are trapped separately and counted in a well-type 
Nal(TI) detector and ;‘-spectrometer for maximum sensitivity. The method has been tested by com- 
paratrve analyses and analyses of standard biologrcal materials, and gives good results. It is simple 
and is especrally effective in studies of the interaction of mercury and selenium in biological sys- 
tems: a positive correIatron for these elements was found for human trssues. 

In studies of the role of mercury in the environment, particularly the toxicological aspects, 
it is becoming increasingly important to determine also the selenium content of the sample. 
This is a consequence of the findings of Parizek and co-workers’.’ on the protective, or 
in certain circumstances, the potentiating effect of selenium compounds on the toxicity of 
mercury, and of recent analytical observations of a significant positive correlation between 
mercury and selenium contents in tuna tissue by Ganther et ~1.~ and in seals and whales 
by Koeman rt a1.4 

Neutron-activation analysis is one of the most reliable analytical methods for both mer- 
cury and selenium. Although a number of recent papers have described non-destructive 
activation techniques for selenium’-’ and mercury, ’ by high-resolution Ge(Li)-detector 
gamma spectrometry, sensitivities are in general inadequate for most environmental sam- 
ples. Thus ’ 9”Hg (65 hr) and 75Se (120 d) radioisotopes produced by neutron irradiation 
in a reactor. must be separated after wet destruction, for measurement with an NaI(T1) 
detector and y-spectrometer. 

Taking advantage of its volatility. we have quickly and quantitatively separated mercury 
from irradiated biological samples by pyrolysis. 9 The gaseous products are burnt in 
oxygen on a hot platinum gauze, passed through a hot silver-coated filter to absorb other 
volatile radionuclides (notably *‘Br). and mercury is trapped on a selenium-impregnated 
paper from the gas phase, to give a very pure 1g7Hg spectrum. In the original reportlO 
we noted high yields of ‘%Se in the intermediate trap, which offered a promising technique 
for determining selenium. The same general approach for both elements has since been . 
developed by Rook rf al.’ I.*’ However. there the high-temperature ignition in oxygen 
(80~1000’). was followed not by a physical separation by filtration, but by counting on 
a high-resolution Ge(Li)-detector to resolve the mercury and selenium y-ray peaks from 
those of other radionuclides. with consequent loss of sensitivity or tediously long counting 
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periods (particularly for ‘?$e). When bromine is abundant in the sampie. a separate chemi- 
cal separation of *‘Br must be introduced’ ’ to permit determination of the mercury. which 
itself ( 1g7mHg) interferes with the measurement of the most intense “Se peak at 136 keV. 

The purpose of the present paper is to show that both pyrolysis and heating at interme- 
diate temperatures (600-700”) cause biolpgical samples to lose quantitatively not only mer- 
cury but also selenium, which can be trapped separately in sufficiently high purity to allow 
measurement on the high~y~fficient well-type NaI(T1) crystal and :-spectrometer. ’ 97Hg 
caught on ~len~um-~pregnated paper is su~ciently pure to be counted immediately. 
while 120~day “Se, trapped on granular soda-lime, is cooled for up to 20 days before 
counting, to allow 82Br to decay. The general advantage of this approach is that a rapid 
quantitative separation is achieved by physicochemical processes not requiring any chemi- 
cal manipulation, while the filtration and trapping provide selectivity to allow the use of 
the most efficient y-counting apparatus. 

Apparatus 
EXPERIMENTAL 

The apparatus has already been described.9 The packing of the first filter. contained in a silica tube fitted with 
B14 cone and socket, has, however, now been modified (Fig. I). Half of the silvered quartz wool is replaced by 
a loose packing of about 1.5 g of granular soda-lime at the upstream end. held in place by a thin layer of quartz 
wool. In practice, no significant activity has been found on the silvered wool after ignition. 

The three furnaces, surrounding the ignition tube, the soda-lime-silvered-wool filter. and the selenium-impreg- 
nated paper, were uninsulated ceramic annuli. bored longitudinally with holes containing a spiral Kanthal wmd- 
ing and controlled by “Variacs”. As before. the temperatures of the furnaces around the soda-lime filter and 
~lenium-impregnated paper were maintained at 350” and loo” respectively. 

About 20 sets of apparatus are currency in use; after use they are cleaned by soaking m nitric acid (I + I) 
followed by washing and igniting at 800” (with the exceptton of the Pyrex section). 

Fig. 1. Apparatus for volatilization and trapping of selenium and mercury from biological samples 
(furnaces not shown). 
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Reagerm and startdards 

Mercuric chloride and selenmm dioxide. analytical grade. 
Soda-lime. granular. 
Silver-coated quartz wool and selenmm-impregnated paper prepared as before.’ 
A stock solution of mercury (1.0 mgiml in 0.2M hydrochloric acid) was diluted as required, to provide a work- 

mg solution for 5 pg:g standards. of which 5&lOO mg were weighed into 2 mm bore polythene tubing and sealed 
m. After irradiation the outside of the tube was cleaned in an organic solvent bath, then in aqua regw, and folded 
into the bottom of a counting vial. with identical geometry to the selenium paper from the sample. One day 
after the end of the irradiation the contribution of impurtties m the polythene to the “‘Hg y-spectrum was neglig- 
ible 

About 50 mg of a 1.0 mg:ml solution of selemum in 0.2M mtric acid were weighed into narrow quartz tubes 
and sealed in. After irradiation the tubes were opened and the contents transferred with several washings of acidi- 
fied selemum carrier solution to a 10 ml volumetric flask. A I ml ahquot was transferred to the counting vial 
for measurement: about 0.5 ml of water was added to make the volume equal to that of the soda-lime. 

lgwtiorl procedure 

The sample is pyrolysed in a stream of au with oxygen-assisted catalytic combustion of the gaseous products 
on a hot platmum gauze. The selenium and other volatile elements are absorbed on the first filter, while mercury 
passes through to be absorbed on the selenium-impregnated paper. The alternative direct combustion in oxygen 
can lead to uncontrolled rises in temperature with volatilization of undesirable elements. (Gorsuch’” showed 
that for wet oxtdattons. heavy charring. i.e.. reducing conditions, favours the volatilization of selenium.) After 
gases have ceased to be evolved (at about 400”). the temperature of the sample, measured by a thermocouple 
between the furnace and Ignition tube. is raised to 65&700” and held there for 10min. After the furnaces have 
been switched off. the three sections are dtsmantled and the selenium paper roll, with trapped “‘Hg, is pushed 
out into a 5 ml counting vial. The soda-lime and first quartz wool packing are also transferred to a countmg 
vial. 

Before ignition two small pads of quartz wool are inserted, one on each side of the sample boat; the upstream 
one prevents any back-diffusion. while the downstream one traps any particles of sample or ash which might 
be carried by the gas stream and contaminate the first filter. As before. 3 or 4 drops of a carrier solution ([Hg’+] 
1 rng; ml) are spotted on the sample before ignition, i.e., 30-40 pg of mercury, but no selenium carrier was found 
necessary (mercury also acts as a carrier for selenium).i2 

lrradiatrorl 

Samples were irradiated in sealed precleaned silica ampoules, with mercury and selenium standards taped 
alongside. in the rotating rack of the Institute’s TRIGA Mark II reactor at a flux of 2 x 10” n/mm2/sec. A 20 hr 
irradiation provided ample sensitivity for all mercury determinations. and also for selenium in most samples of 
moderate wetght ( a@5 g). After irradiation the ampoules were frozen in liquid nitrogen then opened at the neck, 
and the contents transferred to the combustton boat. For some samples it was convenient to clean the outside 
of the ampoules thoroughly. to open or crush them frozen, and to heat sample and ampoule together in the com- 
bustton tube. 

Both “‘Hg and “Se activities were measured in a 3 x 3 in. NaI(T1) well-type crystal detector connected to 
a ;‘-spectrometer (TMC 256- or 400~channel analyser). Apart from the general advantages of higher efficiency 
and lower senstttvity to geometrical effects. this type of crystal has a special advantage for “Se measurements, 
as pointed out by Stemnes ” The 0.40 MeV sum peak obtained has a much higher countmg efficiency, and the 
background m this region IS rather low. This situation is demonstrated in Table 1 for a 1 ml “Se source counted 
in a 3 x 3 m. well crystal. a 3 x 3 in. flat-top crystal and a 3.3% efficient Ge(Li) detector. The integral peak count- 
rates are normahzed to a value of 100 for the 0.40-MeV sum peak. 

Since the 265 keV peak must normally be used for measurement of “Se with a Ge(Li) detector unless a com- 
plete radiochemical separation has been performed it can be seen that even for a large, say loO/, efficient_ Ge(Li) 
crystal. the sensitivity IS at least an order of magnitude lower than for the NaI(Tl) well-type crystal. 

RESULTS AND DISCUSSION 

The method has been thoroughly tested for mercury already, therfore we concern our- 
selves mainly with the modification of the method for selenium. 



1086 A. R. BYRYE and L. KOSTA 

Table I. Relative count rates for various peaks of “‘Se (1 ml source) a~th dIKerent detectors 

Relative peak count-rate 
Detector 121 krV I 36 ke C 265 kr 1 30 62 i 401 At,1 

Ge(Li) 3.3:” efficient 2.3 7.1 2.8 1.2 0.6 
3 x 3 in. NaI(Tl) well- 
type 20 ‘3 100 
3 x 3 in. NaI(T1) flat- 
top* 17 17 52 

* Actually 3 x 3 in. well-type with source at surface. 

It is well known that dry-ashing of biological samples results in large or total loss of 
selenium and that combustion train techniques can be used for organo-selenium com- 
pounds. Thus we would expect selenium to be totally volatilized from biological samples 
on pyrolysis and heating, since it is believed to occur mainly in the form of selenium-con- 
taining amino-acids and their derivatives, or in proteins. 

Some authors have reported losses of selenium during growth,” dryingi6.” and stor- 
agel of certain plant materials; since this problem is even more acute for mercury, only 
fresh samples should be irradiated, if possible, with the minimum of pretreatment, hand- 
ling and storage. 

Preliminary tracer experiments 

Tracer ex~r~ents must be interpreted cautiously, owing to differences in the chemical 
bonding of the tracer and the element in the sample; additionally, even if the tracer can 
be incorporated equivalently in rho or in vitro, the measurement does not take into 
account structural alterations produced by neutron and gamma bombardment. For 
example, it has been stated that moderate reactor irradiation converts organo-mercury 
compounds into inorganic mercury species. i9 Some preliminary experiments with ‘?Se 
tracer were therefore made to investigate its volatility. 

While Se(IV) was not appreciably volatile from acid or alkali alone at 500”. the yield 
increased to about 50% when the tracer was spotted onto dried grass and then pyrolysed. 

Next, a goldfish kept in a tank of water to which a few ,Ki of “Se had been added was 
sacrificed and a homogenate of the organs prepared. On pyrolysis for only 5 min. the frac- 
tion of ‘%e left in the ash varied from 1.5 to 10% at tem~ratures of 500-600”. with reco- 
veries of @J--SO04 on the silver-coated quartz wool filter. This was encouraging, but also 
indicated that silver wool was not completely effective in absorbing volatile selenium com- 
pounds. Since we had successfully used2* a combined soda-lime-silvered-wool filter for 
the determination of mercury in samples which had high sulphur content or evolved 
halogen acids. and since volatile selenium is probably present as SeOZ after passage 
through the hot platinum gauze in the presence of oxygen, we decided to try this as a trap- 
ping agent. A 5-min ignition of the goldfish sample at 650” then gave recoveries of over 
90% on the soda-lime, the balance being found in the ash. 

Comparative analyses 

A procedure consisting of pyroiysis, followed by ignition at 650” for 10 min was then 
tested more rigorously. 

A homogenized freeze-dried tuna sample was prepared and irradiated along with a 
selenium standard, and allowed to “cool” for over a month (mainly to facilitate non- 
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Tahlc 2. E&cc~ or lgmtlon tcmpcralure m sclemum rccovcq 

Fmal temperature. C 4w 500 600 700 x00 

Se found. ,‘,w, ?YO 4 03 4.73 4.92 4 XY 

Se found h! non-destructive Ge(Li) spectromctry = 4.7X ppm. 
Se found b! destructive radlochemlcal separation = 4.82 ppm 

destructive analysis). Aliquots of the sample (250 mg) were analysed by the procedure de- 
scribed. but with use of different final temperatures to see the effect on the recovery of 
selenium. In addition. the sample was analysed by two other methods: by non-destructive 
;‘-ray spectrometry with a Ge(Li) detector. and by a radiochemical method14 involving wet 
ashing. distillation of the bromide and precipitation of elemental selenium. The results are 
shown in Table 2. 

It is clear that the method gives results in excellent agreement with those from the other 
analyses. and that above 600- a plateau is observed which indicates that all the selenium 
is volatilized at this temperature. 

.4 series of samples consisting of IAEA fish solubles. fresh trout muscle. and trout liver. 
n ere analysed by both the proposed volatilization technique and the radiochemical method. 
The results were m good agreement. and for the 11 samples can be expressed as 

Se found by volatilization method 

Se found by radiochemical separation 

= o.99 

with a standard deviation of 0.06. The selenium contents ranged from 0.4 to 7 ppm. 

The NBS standard material, Bovine Liver SRM 1577. was analysed 6 times by the pro- 
posed method. and found to contain I.1 1 & 0.05 ppm of selnium. This is in excellent agree- 
ment with the certified value of 1.1 _t 0.1 ppm. The mercury content of this material was 
found to be 16.0 -+_ 1.0 ng’g. as compared with the certified value of 16 rig/g.. 

Bowen’s kale standard was also analysed for selenium and a value of 0.11 + 0.008 ppm 
(/I = 6) obtained. in good agreement with the reported average of 0.12 ppm.” 

The method is now in use in our laboratory in connection with projects on the uptake 
and fate of mercury in the environment. 

We have found the enormous uptake and retention of mercury in the thyroid of persons 
highly exposed to inorganic mercury. which we have previously reported,” to be paral- 
leled b> increased selenium contents. This example of the simultaneous determination of 
mercur! and selenium is shown in Table 3. A similar trend was observed for other organs. 
These results v ill be reported in detail elsewhere. 

Table 3 HE ,Ind Se contsnts 11n /‘lw on fresh-nrlght of sample) of thyroid from persons exposed in varying 
degree to moreamc mercur! 

Subpt 0.R 4.2 M.B. K.F. F.M B.P. T.A 

Hg 0 3 @OX 0.1 I 0.98 7.8 26 i 101 
Se 0 li O-1.: 0.1-I 1.0 3 2 12; 41 
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Fig. 2. ‘%e y-spectra of material in soda-lime trap from 05g of Bowen’s kale. 3 x 3 III. NaI(TI) 
well crystal, 4.0 mm count. and “Se standard. 

Accuracy and sensitivity 

The accuracy and precision of the technique for selenium (and mercury) has been 
demonstrated by the comparative analyses and the analyses of standard materials. 

With many samples, the soda-lime trap also contains some 32P activity. An example 
of a high 32P/75Se ratio is shown in the g-spectrum of “Se from a sample of Bowen’s kale 
in Fig. 2. The bremsstrahlung rise at the low-energy end of the spectrum does not affect 
the estimation ofthe 040 MeV sum peak, even for such low selenium levels. The well crystal. 
2 in. deep and 1 in. in diameter, was fitted with a plastic liner. and found to give better 
results than an unlined crystal of smaller well dimensions. 

The well crystal was shown to be relatively insensitive to small changes in the volume 
and density of the standard or sample. The reliability of comparing q ‘Se from the samples 
absorbed on soda-lime with an aqueous standard of the same volume was also checked 
directly by dissolving the soda-lime in nitric acid and measuring against an equal volume 
of standard. The results were unchanged. 

The 82Br activity (36-hr half-life) co-absorbed with ‘%e on the soda-lime makes imme- 
diate measurement with the NaI(T1) detector difficult or impossible for many samples (36.4- 
hr 7hAs has also been observed in a few cases). Since ‘?Se has a long half-life ( 120 days). 
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the soda-hme can be kept for up to 20 days, depending on the bromine content, to allow 
8’Br to decay. without loss of sensitivity. Most samples can be measured after 7-10 days. 
If a result is-urgently required. a Ge(Li) detector may be used with the limitations men- 
tioned. or a simple chemical separation step such as precipitation of silver bromide may 
be performed. 

As regards sensitivity. “Se obtained by irradiation as described contributes about 
1000 counts~min per 1118 to the 0.4 MeV sum peak. Thus selenium contents of the order of 
0.05 ppm are easily measured without excessively long counting periods. The sensitivity 
is naturally increased by higher neutron doses. 

For the range of biological samples studied. the volatihzation of selenium was complete 
under the conditions used. but the possibility still exists of exceptions to this. 

In conclusion. apart from the inherent simplicity of the volatilization principle, its exten- 
sion to selenium is of particular importance since it allows. under identical sampling and 
analytical conditions. determination of two elements which appear to have important bio- 
logical interactions. 

-8~ hitott ic,tftfl~i~it~irr.\-Wr thank the Slovene Borts KidrtE Follndation for support through Granl No. 106/77-77. 
and the Nattonal Bureau of Standards. Washmgton. under Grant No. NBS-G-(1071. We arc rndebted to MISS 
h. Prosenc for skilled techmcal ass!stance. 
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Zusammenfassung-Es wird ein Verfahren beschrieben. Selen zusammen mit Queckstlber in biolo- 
gischen Proben durch Neutronenaktivierungsanalyse zu bestimmen. wobei beidc Elemente quantt- 
tativ verfltichtigt werden. Das urspriinglich fiir Quecksilber entwickelte Verfahren der Pyrolyse mu 
Filtration unerwiinschter Verunreinigungen und selekttvem Auffangen aus der Gasphase wtrd Jetzt 
auf Selen ausgedehnt. Die Radionuklide “‘Hg und “Se von einer Probe aerden getrennt aufge- 
fangen und. urn die hiichste Empfindlichkeit zu erzielen m einem NaJ(Tl)-Detektor born Bohrloch- 
typ und einem y-Spektrometer gezlhlt. Das Verfahren wurde durch Vergleichsanalysen und Ana- 
lysen von biologischem Standardmaterial getestet; es gibt gute Ergebntsse. Es 1st emfach und 
besonders ntitzlich bei Untersuchungen der Wechselwirkung von Quecksilber und Men m biolo- 
gischen Systemen; m menschlichem Gewebe wurde eine positive Korreiation zwischen diesen Ele- 
menten gefunden. 

R&sum&-On dtcrit une mtthode pour le dosage du selenium comomtement au mercure dans Ies 
echantillons biologiques par analyse par activation de neutrons basee sur la volatilisatton quantita- 
tive des deux elements. La techniqu inittalement developpee pour le mercure. basee sur la pyrolyse 
avec filtration des impuretis indtsirables et captage selectif de la phase gazeuse. est maintenant 
etendue au selenium. Les radionuclides 19’Hg et ‘?Se. dun echantiilon. sont cap& separement 
dans un detecteur NaI(Tl) du type puits et un spectrombtre ; pour la sensibtltti maximale. La 
methode a ete essayte par des analyses comparatives et des analyses de products btologtques 
ttalons. et donne de bons resultats. Elle est simple et particulierement efficace dans les etudes de 
l’interaction du mercure et du selenmm dans des systemes btologiques; on a trouve une correlatton 
positive pour ces elements pour des tissus humains. 



SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION OF 
NIOBIUM AND ITS APPLICATION TO 

NIOBIUM-STABILIZED STAINLESS STEEL 

~Rrw~~etl II .Augqusr 1972. Rrcwd 4 Frhruarr’ 1974. Accepted 2 April 1974) 

Slohlum 1s added to certam types of stamless steel as a stabilizer against the phenomenon known as “weld decay” 
or “mtercr!stallme corrosion”. hut the amount added must be carefully controlled. Elwell and Wood’ and Cock- 
hill’ have revleued the methods used for the spectrophotometric determination of niobium m steels. The most 
\\ Idelk used methods involve the use of hydrogen peroxide. thiocyanate and pyrogallol. Niobium has also been 
determmed as ;I reduced molkhdonloblc heteropoly acid blue A Durmg recent years several chromogemc reagents 
ha\e received much attention Thus 3-(2-pyrldylazo)resorcmol, 4 I-(2-pyridylazo)resorcmol.’ sulphochloro- 
phenol-S.” Xylenol Orange.- Bromopyrogdllol Red.’ Arsenazo-I.” etc. have been suggested as reagents for nio- 
hlum 

Tannm Ireacts with a number of cations and anions and IS generally used to flocculate certain hydrous oxides. 
the precipitate so ohtamed usuall! being lgmted to the oxide. It has been observed that a mixture of tannm and 
thlogl!colllcacld produces ‘3 yellow-orange colour with a niobmm solution and that the reaction could be utihzed 
as a sensltl\e spectrophotometric method for the determination of niobium in niobium-stablhzed stainless steels 
.tnd other r! per or htcels contalmng relatIveI> IOR amounts of niobium. 

EXPERIMENT41 

.SI~IIIL/M ti rl~~hr~rn sol~,r~ort ( I my, nd). Fuse 0.1431 g of pure NbZ05 with 2 g of potassmm pyrosulphate in a silica 
crucible and after coolm~ take up the cake with 10 ml of 40”, tartarlc acid solution by warmmg. Transfer the 
solution unto a IO0 ml standard flask and make up to volume with distilled water. 

Srclr~ltrrti UI~>/?IU~U iolrrtr~ (0.05 rng,rnll. Pipette out 25 ml of the 1 mp/ml solution into a 250 ml beaker and 
add dilute ammonia solution f 1 + 1) drop by drop to adJust the pH of the solutton to 7-7.5. Transfer the solution 
quuntltatlvel! mto a 500 ml standard flask and dilute to volume with distilled water. 

Trr~lrl/c, LIP r~/~r/~ro~/l~~o//r~~ LZ~I~ IIIIYTII~~ MIX equal volumes of 5”, w~v tannic acid and IO”, v:v thloglycollic acid 
\oiullon\ Ftltcr the \olutlon and store It III an amber glass bottle. Prepare fresh ever! week 

4~~~r~~w hcfjc~. pH -I Dissolve 25 g of sodmm acetate trlhydrate and 57.5 ml of glacial acetic acid m 1 htre 
of dIstIlled water. 

C~U~~~~VVYI~I ~~~~\h-\~d~~tto~t Dlssol\e I g of cupferron m 1 htre of dIstIlled water and add 1 ml of thloglycolhc 
Llcld Prep,uc d:ul! and tilter before use 

Table 1 Weight of sample for analysis. 

Nlohtum content. 
0 

<I 

Weight of sample, 

9 

0.1 5 
05 ? 

I.0 ; 
I.5 0.5 

DIW~I\C .I WIIJI~IC nught of ~:~rnple (accordmg to Table 1 I III 60-70 ml of dilute sulphurlc acid (I + 31 b> 
\\ armIns O\ldlze u lth a fe\\ drops of mtrlc acid and heat to fumes. Cool and take up the mass with dilute hydro- 
chlol K acid Filter off the s11m. n ash and Igmte It. treat it w lth hydrofluoric and sulphuric acids. fuse the residue 
\\ Ith potassium p!rosulphate. dissolve the product and add It to the mam solution. Adjust the hydrochloric acid 
conccntratinn to I& IT”,, I I -2dd 20 ml of thlogl!colhc acid. cool the solution to below 15’ and add freshly 

,\I \<,I :I \I, 1,’ H 1091 
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Fig. 1. Absorption spectrum of niobium-tannin-thioglyco~lic acid complex. 

prepared 2% cupferron solution drop by drop with constant sturmg until the preclprtittton of mobrum IS com- 
plete and a precipitate of iron begins to appear. Add 1 ml of cupferron solution in excess and some filter-paper 
pulp and stir for 2-3 min to coagulate the preciprtate. Filter off on Whatman No. 41 paper and wash the prccipt- 
tate several times with cupferron wash-solution. Carefully ignite the precrpitate III a large s~hca crucible and fuse 
the ignited residue with potassium pyrosulphate. Cool and take up the cake by warming with 10 ml of 5”,, tartaric 
acid solution and transfer the solution into a 250 ml beaker. neutrahze it with dilute ammonrn soltmon I I + I I 
as described above. transfer the solution to a 250 ml standard flask and dilute to ~oltune v nh d~st~kd I\ atcr 

Pipette IO ml of the solution into a SO-ml volumetric flask, add IO ml of tanmc acid-thlogltcollic acid mi\turc. 
20-25 ml ofacetate buffer. mix well and dilute to volume with distilled water. After IO- I5 mm mcastuc the absor- 
bance at 420 nm. 

0.8 

I 

I I I I 4 

2 3 4 5 

PH 

Fig. 1. Effect of pH on the absorbance of the complex. 

RESULTS AND DISCLiSSlON 

Sprctrmcopic datff 

The absorption spectrum of a 5 ppm niobium solution at pH 4 was recorded between 350 and 550 nm (Fig. 
I). The complex has its absorbance maximum at 410-420 nm and 420 nm was chosen for all measurements. The 
dependance of the absorbance on pH is shown in Fig. 2. The maximum appears ;)t pH C4.5. A calibration curve 
showed that Beer’s law IS obeyed over the range 02-10 ppm mobium. The upper limu can be cxtcnded bl workmg 
with lower pH, c.0.. to 40 ppm at pH 2.5. 

The stability of the colour depends on the mobium concentration and the pH at whrch the colour IS developed. 
The colour developed with a 5 ppm niobium solution at pH 4-4-S is stable for more than I hr whereas with 
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10 ppm solutton at pH 4-5 the colour decreases rapidly because of coagulatton. but at pH 4 IS also stable for 
more than 1 hr Thus all n~easurements were made at pH 4 

Tantalum up to 10 ppm may be tolerated Tungsten does not mterfere but titanium even at the 02 ppm level 
interferes The mterference due to Cu. Ni. Cr. MO. V. Co etc. can be eliminated by prior separation of niobium 
wtth cupferron m presence of thioglycolhc actd. Iron does not interfere. 

Efjkt of ~~‘~~~{~~~~~‘~I~I~~ cigent.\ 

C omplc\mg amon\ such as fluoride and EDTA seriously mterferc Excess of chlorrde, sulphate or mtratc has 
no effect but nitrtte Interferes. Large excess of hydrogen peroxide or phosphate cannot be tolerated. Oxalate and 
citrate above 1 mg ml suppress the colour Tartaric acid up to 2-3mg/ml does not interfere, but higher con- 
centrations shghtly decrease the absorbance. so the tartaric acid concentration should be kept fixed. 

PRACTICAL APPLICATIONS 

Nloblum-sta~~lljzed stainless-steels~enerally contam 0.2-1.2’1, niobmm. For such samples the prebminary sep- 
rtr;~t~on of mol-~m H rth c~~~ltrollcd addttton of cupferron m presence of thioglycolltc acid IS faster. Other 
methods, e.g.. tartrate hydrolyses. tannin separation or sulphurous actd hydrolysis may also be adopted, but the 
present method IS lsss time-consuming. 

Typical results for mobturn in standard niobmm-stabilized stainless-steel samples are shown in Table 2. Deter- 
minatton of mobturn m synthettc samples contaming 0.5-5.0 mg of Nb gave recoveries of 99-1OfJ4%. 

Tabie 2. Determmation of niobium 

Sample 
General Nb. 7,; 

composition, :, Reported Found 

BCS ‘61 

BCS261 1 

Jap-655-2 

C-0.083. Si-Q39. 
Mn--066. Ni-13.08, 
Cr- 17.20. MO-0.03. 
cu-0% V-0.03. 
w-o.04 

c-0.09. St-0.05, 
Cr-17.4. Ni-13.1. 
Ta-0.006. Mo-0.11. 
cu-0.12. co-0.05 

Mn-0.15. S+0~.50. 
Cr-185. Nr-11.5. 
Cu-0.05. Ta--003. 
M o-O.05 

0.71 0.70 
0.70 

0.91 088 
0.90 

060 060 
0.62 

4~kJlol~lrrl!lrr~lerlrs--Our thanks are due to Dr. A. N. Choudhury. Chtef Chemist and Dr. N. R. Sen Gupta, Semor 
Chemist. Geological Survey of India, Calcutta for their co-operation and help. Our thanks are also due to the 
General Supermtendent. Durgapur Steel Plant, for according permission to publish the paper. 
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Summary-A spectrophotometrlc method IS described for the determination of mobium b! means 
of Its reaction with tannin and thioglycollic acid. The yellow-orange colour developed \~~th the 
reagent tmxture at pH 3 is measured at -11~-120 nm and obeys Beer’s Ia\\ bet\\een 0.5 and IO ppm 
niobium. The method IS suitable for the determination of mobium m moblum-stabilized stamless 
steel and other types of steels containing niobium. but a prior separation of niobium IS necessar!. 
Titamum Interferes even in traces. 

Zusammenfassung-Ein spektrophotometrisches Verfahren zur Bestimmung \on Niob mit Hilfe 
seiner Reakton mit Tannin und Thioglycoltiure wird beschrieben. Die bei pH 4 mit dem Reagen- 
tiengemisch entwickelte orangegelbe Farbe wird bei 410-420 nm gemessen: sle befolgt zwschen 
0,5 und 1Oppm Niob das Beersche Gesetz. Das Verfahren ist zur Bestimmung von Niob m mit 
Niob passiviertem rostfreiem Stahl und anderen Niob enthaltenden Stahlsorten geelgnet: das Niob 
mu13 jedoch vorher abgetrennt werden. Titan stiirt selbst in Spuren. 

Rksum&--On dkrit une methode spectrophotom6trique pour le dosage du niobium au mo>en de 
sa rCaction avec le tannin et l’acide thioglycolique. On mesure la coloration Jaune-orangi deve- 
IoppCe avec le melange reactif a pH 4 h 410-420 nm et la loi de Beer est suivie entre 0.5 et 10 ppm 
de niobium. La mbthode convient au dosage du niobmm dans l’acier inoxydable stabilise XI nio- 
bium et g d’autres types d’acier contenant du niobium. mais une stparation prealable du niobium 
est Gcessaire. Le titane interfkre m2me h Mat de traces. 

EFFECT OF CHLORIDE IONS ON THE BEHAVIOUR OF THE 
ORION COPPER(I1) ION-SELECTIVE ELECTRODE 

(Racervrd 21 Jutu4ur.v 1974. Accrptrd 25 Fehruur~ 1974) 

A common type of interference experienced with solid-state ion-selective electrodes occurs when the interferent 
mtcracts with the solid surbce to form a film of another insoluble material.’ Thus even a slow leakage of chloride 
Ions from a saturated calomel reference electrode rums the performance of an Orlon 94-29A copper(I1) ion-selec- 
tive electrode and makes its usual shiny surface dull. Chloride Ions also complex with copper(H) ions. and for 
this reason Johansson and EdstrGm’ used a Xl potassium nitrate bridge solution to investigate the surface parn- 
meters of this Orion electrode. However. chloride ions frequently occur m the solutions bemg measured and 
the present study relates to their Influence on the copper(l1) Ion-selective electrode. 

EXPERIMFNTAL 

An Orion 94-29A copper(I1) Ion-selective electrode was used in conjunctlon with rather a Cornmg (No. 476109) 
ceramic-plug typecalomel reference electrode containing 4,&f potassium chlorldr. or an Orlon (No. Y1-02) double- 
Junction rcfcrcnce electrode with an outer IO”,, potassium nitrate filler. The potent& of such cells here recorded 
with tither an Orion XOl.‘or a Corning 101. digital pH-meter. to +O.l mV. All solutions (2Oml) were stirred 
and equilibrated to 25 f. 0.1 before the potential measurement and the electrodes were thoroughly washed in 
demmeralizcd water between changes of test solutions. 

Additional studies on mixed copper sulphideisilver sulphide membranes were made with pressed discs of well- 
washed. intimately mixed prcclpitates of copper sulphide and silver sulphide. These precipitates were obtained 
by adding freshly prepared 0.1 M sodium sulphide (250 ml) to a stirred solution composed of 0.l.M copper nitrate 
( 100 ml) and O.IM sliver nitrate (200 ml). The precipitates were filtered off, washed well and dried m the dark 
at I IO . I g \amplcswcre prczbcd into chxcs at about IO’ PSI. 

Photomtcrogruphsofprcsscd chscs were taken with a Vickers microscope with a Polarold camera attachment. 
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Before each culibratton. the Orion 94-29A copper electrode. wtth shmy surface. was soaked for 24 hr m I M 
copper nitrate. Despite IOR chloride-ton leakage from the Corning refcrcncc clectrodc (0.01 ml/hrl. attempts to 
obtain a stable caltbratton of the condttioned copper electrode fililcd when II was coupled with the Cornmg calo- 
mel reference electrode. owmg to slow potenttal drift m a ncgattve direction. The leakage rate rcportcd above 
\\ould gi\c an tncrca~c of about 2 x 10. ’ molt I ’ III ’ 111 the chlortdc 1011 concentration III the calthrntton 
solutton The scnstng surface of the electrode. which became black. was restored by lightly poltshmg with “Cro- 
cu\” emery cloth (Behr Manning. Nea York). for a few I~IIILII~~ This trcatmcnt regularly rc\torcd the \IIIII> 
appearance as v.cll as the normal e.m.f. response m standard copper nitrate soluttons when the electrode was 
coupled with an Orion (No. 92-03) double-Junction reference electrode (curve A. Fg. I J. 

Calibratton response times when the Orton (No. 92-02) double-Junction reference electrode was used were of 
the order of minutes and the surface remained shiny even after repeated transfers between vartous standard cop- 
per soluttons In some runs several au bubbles accumulated on the sensor surface but these had no serious effect 
on the potenttal responses. 

The steady potential recorded for the copper electrode against the Orton double-Junction reference electrode 
m a sttrred 0 I M copper mtrate solutton fell dramatically from + 224.7 mV to + I20 mV m 10 mm after addition 
of saturated potasstum chloride solution (0.1 ml) to the calibratton solutton (20 ml). This fall was considerably 
greater than that v+ htch could arise from any lowermg of copper(H) ton concentratron by the 0.02M concentration 
of chloride tons m the solution and can only be attributed to changes m the sensing surface of the electrode. 
However. after aashmg and placing in fresh O.IM copper nitrate, the copper electrode. the sensor surface of which 
had become a dull black. gave a steady response of + 262 mV for over 15 mm when coupled with the double- 
Junction electrode. thus suggesting an unexpectedly high copper(H) 1011 concentratton (curve A. Ftg. I) or possrbly 
a IOU chlortde concentratton (curve B. Ftg. 1). Polishing about half of the dull electrode surface area m the man- 
ner described above led to a potenttal (m a fresh @lM copper nitrate solutton) which changed steadily from an 
nnttal + 255 mV to + 232.4 mV in 35 mm The remainmg dull surface area was then polished and the potenttal 
recorded for O.lM copper nitrate was + 224.1 mV within 2 min. and altered to only + 224.7 mV even after stand- 
mg (coupled to the double-junction electrode) for 16 hr in the O.lM copper nitrate. The cycle of chloride-Induced 
fatlure and surface-restoration by pohshmg was repeated many times with differences of only a few milhvolts 
being recorded at each recalibration stage 

Activity chloride or copper. M 

Flp. 1 CCrllhrarions of an Orion 93-29A copper electrode against an Orion double-Junction 
reference electrode 

1 (‘~~1~1~ I-LX~OIIS~ of copper(IIl electi-ode L’S standard copper soluttons B. “Chloride” response 
of t.11 nished copper1 II 1 electrode I s standard chloride soluttons [Numbers m parentheses on the 

plots refer to static time-responses (mm)] 
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7 
P 10e3 M Coooer solution /\\ I 

I 1 I I I I / , 

10-e 10-5 10-4 10-3 10-z 10-1 

Chloride concentrotlon, M 

Fig. 2. Potential responses of an Orion 94-29A copper(H) electrode to copper(H) 1011s in the pres- 
ence. of various concentrations of chloride tons. [Numbers in parentheses on the plots refer to 

static time-responses (mm).] 

Potential responses of the copper electrode cs. the double-lunctton reference electrode were measured for a 
set of solutions containing copper(H) ions and chloride ions (Fig. 2). The electrode was polished between being 
immersed in each of the different solutions. The copper(I1) ion response was not affected unttl the chloride ton 
concentration approximated to that of the copper(I1) ion and so presumably when copper(H) chloro-complexes 
became significant in concentration. 

Nature of the surface interferent 

Anion interference at the sensing surface of heavy metal sulphidejsilver sulphide electrodes has been clatmed’ 
to arise in a manner which m the present instance amounts to 

A&S(s) + Cu&+ + 2Cl, $ CuS(s) + ‘AgCl(s) 

In order to maintain the stability of the sensor. this reaction demands’,’ that 

K,,.(fG,“J log[Cu’+] + Zlog[CI-] < log _ = -5.80 

(1) 

(2) 

otherwise a thin film of copper sulphide/silver chloride can be expected to be deposited on the sensing surface 
of the electrode. In these circumstances, the impatred copper(I1) ton electrode ought to functton as a chloride- 
sensitive electrode as indeed is the case here (curve B. Fig. I). The chloride-ion calibratton slope departs from 
the expected value of 59.2 mV per decade. posstbly owmg to thr imperfect quality of the silver chloride layer. 

Although curve B in Fig. 1 shows that the electrode responds to chloride ions. the picture is not the sample 
one depicted by equations (I) and (2). for these demand that log[Cu”] + 2 log[CI-] should be a constant eov- 
erned by the relevant solubility products. Instead, the line connecting the points of equal contrtbution of [Cl’+] 
and [Cl-] [Fig. 2 (line A)] corresponds to the more complicated relation 

log[Cu’+] - 2.8 log[CI-] = 2.7 (3) 

suggesting that other factors such as the formatton of copper(U) chloro-complexes may be mvolved. 
It was not physically possible to obtain infrared reflectances. or photomicrographs. of the ton-selecttve elec- 

trode surface. However, the sensor disc of the Orion 94-29 copper(U) ion-selective electrode. and presumably 
also of the later 94-29A model, comprtses copper and silver sulphides although in unknown proportions.‘.3 
Hence, as a compromtse measure. simulated sensor discs were pressed at about IO’ PSI from I I molar mixtures 
of copper sulphide and stlver sulphide. 

Photomicrographs of the disc surfaces before and after soakmg in O.lM copper nitrate (20 ml) with added IO“,, 
potasstum chloride solution (0.1 ml) are quite dttIerent (Figs. 3a and 3h). Their “restoration” following polishing 
IS also evtdent (Fig. 3~). 
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Bands in the Iot) cm ’ ~sgm~ arc IO bc expected for copper chloro-complcxcs. but rct3cctance mcasure- 
ments of the shm>. dull. or repolished disc surfaces gave no mfrarcd patterns. Resort was therefore made to an 
c.\ammatron of the frcshl\ cast dtscsaftcr grmdmg and pressmg into f- 5 mg”,, potassium bromide drscs hut agarn 
wnhout success E\cn this finely ground matcrtal (about 500 mg). after sttrrrng m saturated potassium chlorrde 
solutrona. and thcrch! producmg more of the rnterfercnt material. showed no stfntficant infrared character in 
porass~um hromrde matrrccs. The prescncc of a substanttal level of copper(l)) chloro-complexes could not there- 
fore be est~thlr4~cd ;I\ the cause of the mtcrfercncc. 

Frp 3 Pl~~~tonlicro~r~~phs t x 200) showmg the surfaces of a snver suiphide~copper sulphrde pressed 
drsc 

:r tre41.1 pre\\ed dt\c h. Drsc after tarmshmg by soaking tn O.liLI copper mtrate (20 ml) wrth 
.IddNi I(1 ,, pot;~~um chiorrde solution (0 I ml) c Surface of tarmshed dtsc (b) after polishing wrth 

“Crocus” emery cloth. 

C‘nns~derahle d~l~ct~it~ was. hone~~r. elpertenced m achtevmg finely ground disc material Thts IS quote stgnifi- 
c’,int One of the many sumgent reyutrements’,” of sohd-state electrode sensor membranes is good abrastve 
\trcngth Except for then electrrca) propertres. quantttative information on physical properties of these soled-state 
\ensors I\ zparac ’ ” Although these dtscs of I: 1 molar constttutton possessed excellent anti-scratch character. 
the! 4~artcrcd under test m an Aver! hardness penetratton rtg. 

-I~~~H~N i~+~rrt~~rr\- The authors thank the Sctence Research Council for financiai support towards materrals and 
the Es\a Petroleum Compan!. Ltd.. for a research award ito D.J.C.). 
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Summmy---The normal shiny surface of a copper(H) ion-selector electrode tarnishes \\hcn 
exposed to chloride ions. Polishmg with fine emery cloth easdl removes tills dull surtace la\cr :md 
fully restores the proper potential response characteristics of the electrode. No such loss of charac- 
ter is evident with a non-chloride based reference electrode except in the presence of added chloride 
ions. The electrode also seems Iess affected in premIxed solurlons of copper(H) and chloride. the 
chloride ions then bemg large& bound as copper(H) chloro-complexes. 

Zusammenfassung-Die normalerweise gllnzende Oberfllche emer lonenselektnen Kupfer(lI)- 
Elektrode wird in Gegenwart von Chloridionen triibe. Polieren mit femem Schmirgrlleinen cnt- 
fernt diese stumpfe Oberfllichenschicht leicht und stellt das richtige Potentialansprechverhalten der 
Elektrode in vollem Umfang wieder her. Mit einer chloridfreien Beaugselektrode tritt das beschrle- 
bene Verbalten nicht auf, auDer man gibt Chloridionen zu. Auch in vorher gemischten LGsungen 
von Kupfer(fIf und Chlorid scheint die Ekktrode weniger beeintrlchtrgt zu werden. da cite Chlori- 
dionen dann weitgehend als Kupfer(II)-Chlorokomplexe gebunden sind. 

R&u&La surface brillante normale de l’blectrode specifique de l’ion cuivre(II) se ternit quand 
elle est exposbe aux ions chlorure. Le polissage avec une toile dmeri fine &mine aiskment cette 
couche de surface teme et restaure pleinement les caracdristiques de rbponse de potentie1 conven- 
ables de IWectrode. Aucune teffe perte de qua&& n’est bvidente avec une electrode de r&f&ence 
non ba&e sur le chlorure sauf en la pr&sence d’ions chlorure ajoutes. L’iiectrode sembie aussl 
mains althree dans des solutions pr&m6langCes de cuivre(I1) et de chlorure. les ions chlorure &ant 
alors essentiellement 12s & &tat de chloro-complexes du cuivre(I1). 
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Summary-Polystyrene can be fractionated by zone-melting chromatography on a solid column 
of durene. The polymer solute moves in the same direction as the heated zone. The higher the mole- 
cular weight of the polymer the slower it moves. Experiments with model mixtures of monodisperse 
polystyrenes of average molecular weight 6 x IOr-2 x IO’ indicate that a polymer fraction can 
be separated in 90% purity from fractions with molecular weights higher or lower by one order 
of magnitude. Polystyrenesamples of various molecular weight distributions..after processing on 
durene columns, gave several fractions having significantly narrower dispersions than that of the 
starting polymer, in terms of gel-permeation chromatography. 

Several experiments have been reported on molecular-weight fractionation of synthetic 
polymers by means of fractional solidification. ‘-’ Although the separations were not parti- 
cularly effective or reproducible. the technique seemed to be promising. 

As we have been successful in the separation of metal chelates by zone-melting chromat- 
ography (ZMC), using a new apparatus which was constructed in our laboratory,4 we 
decided to try it for molecular-weight fractionation of synthetic high polymers. Features 
of our apparatus are that a column as long as 120cm can be treated and that the molten 
zone length is held constant at 5.0 f 0.2 mm during a prolonged operation time. 

This paper presents the results for application of our apparatus to the fractionation of 
polystyrene. 

EXPERIMENTAL 

Materials 

Monodisperse standard samples of polystyrene were obtained from the Pressure Chemical Co.. U.S.A., the 
alerage molecular weights being 60 x IO’, 2.1 x 103, 4.0 x 103. I.0 x 104, 204 x JO4 and 2.0 x 10’. and 
M,,‘M,, ratio (weight-average m.w. to number-average m.w.) of each sample was less than I.10 according to the 
manufacturer’s specification sheets. 

“Coloured” polystyrene was prepared by introducing a chromophoric group into the monodisperse standard 
samples according to the following procedure. Polystyrene was nitrated with nitric acid in acetic anhydride, 
the degree of nitration being about 20”; (average of one nitro-substitution per five structure units). The nitro- 
derivative was reduced with sodium dithionite in dimethylformamide to give an amino-derivative.’ which 
was diazotized and subsequently coupled with N.N-dimethyl-2.4-dimethoxyaniline, to afford a red polymer. 
The visible absorption spectrum of this polymer had i.,,,, at 430 nm 1. mole- ’ . cm- ‘. E being about 1.6 x 103, 
I.mole-‘.cm-’ (where the mole is of the repeating unit of the polymer). Coloured polymers of three different 
molecular weights. 6.0 x 10’. 2.04 x lo4 and 2.0 x 105. were thus prepared. 

Polydisperse samples were those obtained by bulk polymerization according to a standard procedure, and puri- 
fied by precipitation from methanol four times. Two kinds of sample, M-, 2.36 x IO4 and I.60 x 104. were used. 

* Contribution No. 327 from the Department of Organic Synthesis, Kyushu University. 
t Present address: Department of Applied Chemistry. Faculty of Engineering. Kagoshima University, 

Kagoshima 890. Japan. 
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ZM C procedure 

Preparation of the column and manipulation of the apparatus were done as described in the previous papers.‘.- 
The column was a Pyrex glass tube Imm in bore and up to 5Ocmlong. Durin, k’ Z51C‘. Illc‘ mna-lct1pth \\ :1x 

maintained at 5.0 + 02 mm and the glass tube trdvelled at the rate of 27 mm hr while rotating on its asis at 
6 rpm. 

After a specified number of zone passes (II). the column was cut into pieces 5 or 10 mm long. and a sample 
from each piece was weighed and then dissolved in an appropriate solvent. A sample containing the “coloured” 
polystyrene was dissolved directly in dimethylformamide and the polymer concentration determined spectropho- 
tometrically at 430 nm. A sample from polystyrene (solute)_durene (solvent) systems. was dissolvrd in tetrahydro- 
furan after most of the durene had been sublimed off at 65’ under reduced pressure. and was analysed for the 
polymer by dual-wavelength spectrophotometry at the key bands of 261.8 and 280.7 nm on a Hitachi 356 
Two-Wavelength Double Beam Spectrophotometer.’ 

Measuretnenr of molecular-wrighr distrihurion (M WD). 

The MWD of polystyrene in each ZMC fraction was determined by gel-permeation chromatography (GPC) 
on a Toyo Soda HLC-801 High Speed Liquid Chromatograph, using three serial combinations of two 60-cm 
columns packed with styrene-divinylbenzene co-polymer beads with various controlled pore-sizes. Tetrahydro- 
furan was used as eluent. The number of theoretical plates on each combination of these columns was found 
to be about 12ooO when acetone was used as a sample. The calibration function between the elution count 
number and the molecular weight of polystyrene was computed for each combination of GPC columns. to give 
a polynomial of the eleventh order which gives a good fit to the elution data for the six kinds of monodisperse 
standards. 

The molecular-weight averages were tentatively calculated from the elution curves by the strip method: the 
elution curve was divided into small strips and. using the calibration polynomial. the number-average molecular 
weight. M,,, and the weight-average molecular weight. M,. were calculated according to the equations 

and 

ri3, = x (/ni . M,) 

where mi and Mi were the weight-fraction and the molecular weight of the ith. fraction. respectively. 
Numerical computation was carried out by use of FACOM 230-60 in the Computer Centre of Kyushu Univer- 

sity. 
Corrections for peak broadening or instrument spread’.” were ignored because the absolute MWD was not 

the object of the investigation and because such peak-broadening effects would probably cancel in comparison 
of relative MWDs measured on the same instrument under the same conditions. 

Dererrninution of t/w disrrihurion corjicienr 

The distribution coefficient in the ZMC process was determined according to Sorensen.’ ’ For this purpose, 
an apparatus for single-stage zone-melting was constructed; the molten zone length was controlled at 
5.0 + 02 mm by employing a heating compartment interposed between two cooling compartments and separ- 
ated from them by double partitions. The compartments are heated or cooled with hot or cold air blasts as in 
the multi-zone apparatus.* 

RESULTS AND DISCUSSION 

Selection of solid solwnts 

GPC measurements on the coloured polystyrene showed no indication of the presence 
of lower molecular-weight fractions, suggesting that the sequence of reactions by which 
the chromophore was introduced caused very little cleavage of the polymer chain. ZMC 
experiments with a single solute on durene or naphthalene columns showed that the col- 
oured polymers gave distribution curves indistinguishable from those of the parent poly- 
styrenes. 

Thus the three kinds of coloured polymers were useful as visible indicators for selecting 
suitable solid solvents.*The following organic compounds were tested. the m.p. being given 
in parentheses: 2,6-dimethylnaphthalene (IOV), durene (80:) 1,3-dimethylnaphthalene 
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cm 
Fig. I. Concentration profiles of fi 60 x I O2 polystyrene on some column materials. 

0: biphenyl. II = 2O.C, = I.4 x 10m4 mole/g. 0; durene, II = IO, C, = 2.3 x low4 mole/g. 0; 2- 
methoxynaphthalene, II = 30. C’, = I.2 x 10e4 mole/g. 

(102”), naphthalene (SO’), biphenyl(70”) naphthodioxan (83”) phenanthrene (lOlo), benzyl- 
acetophenone (72”) acenaphthene (95’) fluorene ( 116”) 9, IO-dihydroanthracene (lO!T’), 
hexaethylbenzene (127”) 2-methoxynaphthalene (72”), 1,4-dimethoxynaphthalene (87”), 
2,3_dimethoxynaphthalene (115’), phenyl benzoate (70”) p-diethoxybenzene (71”) and 2,5- 
diphenyloxazole (7 1”). 

The ZMC distribution band of the “coloured” solute moved to various extents on solid 
solvent columns, depending upon the kind of solvent used; the solvents are listed above 
in decreasing order of band-shift. For example, on a durene column, the coloured polymer 
of M 600 was completely swept to the bottom end of the column after 10 zone passes. 
With a biphenyl column, however, it gave a chromatographic peak at 4cm from the top, 
and with a 2-methoxynaphthalene column the solute remained at the starting position 
even after 30 zone passes (Fig. 1). 

The coloured sample of M 2.04 x IO4 gave a peak at 3 cm from the top of a durene 
column after 20 zone passes, whereas on a naphthalene column, the solute remained at 
the top end after the same number of zone passes, and an additional 10 zone passes caused 
only a slight movement towards the bottom. With a 2-methoxynaphthalene column, the 
solute was spread over the top 8 cm even after 30 zone passes (Fig. 2). 
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Fig. 2. Concentration profiles bf fi 204 x IO’ polystyrene on some column materials. 
0: durene. 17 = 20. C, = 0.8 x 10e4 mole/g. 0; 2-methoxynaphthalene. 11 = 30. C, = 3.0 x 10e4 

mole/g. 
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Although the chemical structures of the column materials were found to affect strongly 
the ZMC behaviour of polystyrene, no clear correlation was found which would permit 
prediction of an optimal solvent material. Of the solvents studied. durene seemed the best 
because it gave a proper rate of movement of the ZMC band and its m.p. was convenient. 

Distribution coeficient of monodisperse polystyrene 

In order to correlate peak movement with molecular weight of the polymer. distribution 
coefficients were determined for six kinds of monodisperse standard polystyrenes on dur- 
ene columns. 

The relationship between log a and distribution coefficient. k, can be expressed by k = 
0.24 log a - 0.33. and the correlation coefficient. I’, is 0.966. The result shows that the 
distribution coefficient apparently increases with increased molecular weight of poly- 
styrene, as observed in the benzene-polystyrene system.’ 

The distribution coefficient wa_s_ also dependent upon the polymer concentration. 
Measurements on the polymers of M 2.04 x IO4 and 6.0 x lo2 at a certain range of initial 
concentrations, Ci, showed that the distribution coefficient increased slightly with C,. the 
relationships being: 

g = 6-O x IO2 polymer, k = 0.013 x lo4 C, + 0.21; (I’ = 0.80) 
A4 = 2.04 x IO4 polymer, k = O-018 x IO4 C + 0.58; (I’ = 0.94) 

The results can be interpreted as meaning that the higher the polymer concentration. 
the more likely the entanglement of polymer chains at the crystal-growth front at the 
liquid-solid interface. 

ZMC experiments with a single solute of standard polystyrene 

In order to furnish reference data for ZMC separation of the polydisperse polymers on 
durene columns, single-solute operations were carried out, on the six kinds of monodis- 
perse polysterene of &? 6.0 x 102-2-O x 105. 

After 10 zone passes, the sample of a 6.0 x IO2 was completely swept into the last 6 cm 
of a 33-cm column, and that of fi 2.1 x lo3 into the last 5.5 cm of a 29.5-cm column. The 
polymer of M 4.0 x lo3 was also mainly shifted to the bottom. although it tailed over 
22 cm of a 34-cm column. The peak for the $? 1.0 x lo4 sample appeared at about 6 cm 
from the column top after 10 zone passes, and in the case of a 204 x 104. the peak moved 
only 2.3 cm from the top even after 20 zone passes. The sample of g 2-O x IO’, the highest 
molecular weight investigated, showed the peak at 8 mm, only two zone-lengths. below 
the column top after 20 zone passes, and the peak moved 2 cm more after 30 zone passes. 
Typical concentration profiles from these experiments are shown in Fig. 3. 

The effective distribut-ion coefficients estimated from the observed peak position in the 
ZMC experimentsI were k = 0.43, O-81 and 0.94 for the samples of M I.0 x 104, 2.04 x 
IO4 and 2.0 x 105, respectively. These values are in fair agreement with those obtained 
by the Sorensen method, if the dependence of k on Ci is taken into consideration. The 
result shows that the peak position on the solute concentration profile in ZMC can be 
predicted if the distribution coefficient of the solute is known, as in the case of other chro- 
matographic techniques. 

ZMC experiments with binary and ternary mixtures of standard polystyrenes 

The above-mentioned relationship between the distribution coefficient and molecular 
weight of polystyrene, suggested that a polydisperse polystyrene might be fractionated by 
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cm 

Fig. 3. Concentration profiles of the various monodisperse poly_styrenes on durene columns. 
0; ‘0 2.1 x IO”, II = 10. 0; M204 X 104, II = 20. 0; A4 2.0 X 10s. II = 50. 

ZMC. and this was tested on model mixtures of the monodisperse standard polymers: (a) 
M 6.0 x 10’ and 2.04 x 1 04, (h) fl 2.1 x lo3 and 204 x 1 04. (c) fl 6.0 x lo2 and 2.1 x 
10”. (tl) &? 6.0 x 10’ and 2.0 x IO” and (e) fi 4.0 x 1 03, 2.04 x 1 O4 and 2.0 x 10”. 

The typical behaviour of the solute during ZMC is shown in Fig. 4, which illustrates 
the GPC profile of the fractions from the top, middle and bottom portions of the column 
after 3 zone passes for mixture (c). Peaks A and B correspond to the M 2.1 x lo3 and 
6.0 x 10’ polymers. respectively. If it is assumed that the peak areas are proportional to 
the weight fractions of the two components, the top portion consists of 71% G 2-l x lo3 
and 29?, a 6.0 x 10’. while the bottom portion consists of 9% M 2.1 x IO3 and 91% M 
6.0 + 10’. Thus, it is seen that considerable separation can be attained after only 3 zone 
passes. 

t 

> 

Elution count 

Fig. 4. Gel-permeation chromatograms ol’ the fractions obtained after ZMC on a 1: 1 mixture of 
11 2.1 x IO” and 6.0 x IO’ polymers. II = 3. C = 1 I.8 x 10e4 mole/g. L = 32.0 cm. Curves (1). (2) 
and (3) indicate the fractions from the column top. mid-point and bottom. respectively. Zones A 

and B correspond to the M 2.1 x IO3 and 60 x IO’ polymers. respectively. 
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cm 

Fig. 5. Concentration profile and weight fractions of the component polymers after 20 zone passes 
on a 1: 1 mixture of monodisperse p@ymers. o---o; relative potymer concentration. C,(s)/C, (Y,;). 
a, n : weight fractions, w PA), of M 2.04 x IO4 and 2.1 x IO3 polymers, respectively. ZMC on a 

durene column 300cm long and Ci = 7.4 x lo-“ mole/g. 

After ZMC of each mixture for a given number of zone passes, the concentration distri- 
bution of the polymers along the column was determined by dual wavelength spectropho- 
tometry, and the molecular weight distributions of some representative fractions were 
determined by GPC. 

From the results of both measurements, it was found that the mixtures were satisfactor- 
ily separated into their components if the molecular weights differed by more than a 
factor of ten. 

~epre~ntative results are shown in Figs. 5, 6 and 7. Each circle in the figures shows 
the ratio of the total concentration at that position to that of the initial charge and the 
lines connecting the circles show the general trend of the concentration profiles. The histo- 
grams indicate the percentage of each component of the solute in the given fraction. 

Figure 5 shows the distribution of sample (b) after 20 zone passes. Chromatographic sep- 
aration in this system seems quite satisfactory. The two peak positions in the concentration 
profile are found to be identical to the corresponding peak positions observed in the single- 
solute ZMC experiments, indicating that there is no co-operative interaction 
two solutes. 

between the 

IS 2c 

cm 

2 
3 

Fig. 6. Concentration profile and weight fractions of the component polymers after 30 zone passes 
on a I : I : I ternary mixture of monodisperse polymers. Q-O; relative polymer concentration, 
C’,(x)/C, (‘x,). Cl, a, m; weight fractions, w (%), of M 2.0 x 105, 2.0 x IO4 and 4.0 x IO3 polymers. 

respectively. ZMC on a durene column 32.5 cm long and C, = 16.2 x 10W4 mote/g. 
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cm 

Fig. 7. Concentration profile and weight fractions of the component polymers after 50 zone passes 
on a I : I : 1 ternary mixture of monodisperse polymers. Symbols as for Fig. 6. ZMC on a durene 

column 33.0cm long and C, = 13.5 x IO-“ mole/g. 

The distributions of sample (t’) after 30 and 50 passes are shown in Figs. 6 and 7, respect- 
ively. Comparison of the two figures indicates that in ZMC fractionation of polymers on 
a column of limited length. it is important to select a proper number of zone passes, 
depending upon the molecular weight range of the polymer solutes. 

On the basis of these results, ZMC fractionation was applied to two kinds of polydis- 
perse polystyrene. one with M = 1.6 x lo4 and M,/&f = 1.79, and the other with fi = 
7.36 x IO3 and A?,,/M = 2.09. The top, middle and bottom fractions from the columns 
were analysed by GPC for molecular weight distribution, which was conveniently 
expressed by the M,, i M ,, value. The results are summarized in Table 1. 

It was found that the average molecular weight of the top fraction was higher than that 
of the bottom fraction by a factor of 2.0-2.3. The polydispersity of each fraction was also 
found to decrease in comparison with that of the starting material. The MJM,, ratio of 
the top fraction was in the range 1 .2-1.4. and that of the bottom fraction was 14-1.7:These 
values are more satisfactory than those obtained by the preparative GPC process,13 in 
which M,,jfi. values were reported as 1.2-1.4 for the best fractionated samples, and up 
to 3.0 or more for lower molecular-weight fractions: however, a different method of deter- 
mination was used. 

As it was found that ZMC was very effective in molecular-weight fractionation of 
polydisperse polystyrene. the technique was applied to further fractionation of commer- 
cially available monodisperse polystyrene. Three samples of monodisperse polystyrene 
were fractionated by ZMC. The results of the GPC measurements are summarized in 
Table 1. which indicates that the average molecular weight of the top and bottom fractions 
after ZMC became higher and lower than that of the starting materials. The a,/M,, values 
of the top and bottom fractions after 10 zone passes on the polymer of 2 = 2.04 x lo4 
were found to be 1.047 and 1.044. respectively. which are lower than that of the starting 
material. M,, !I? = I.053 (estimated by the same GPC procedure). Similar results were 
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obtained for the other two polymers. Thus the ZMC technique is found to increase the 
monodispersity of monodisperse polystyrene. Although the present process was applied 
to about 10 mg of the sample on a column of 4.0 mm in diameter, a limitation imposed 
by the dimensions of our apparatus. the process could perhaps be extended to the prepara- 
tive scale if columns of larger diameter could be treated. 

A~lirio~~letl~~~,~lc,~1ts--The authors arc grateful to Mr. H. Sakomura. Director of Research Laboratory of Toyo 
Soda Co.. for his generosity in the use or a GPC apparatus. The authors also wish to thank Dr. Y. Hatate. Depart- 
ment of Applied Chemistr!. Kyushu University. for his helpful advice in FORTRAN programming to compute 
MWD from GPC curves. Financial support for this work was given by the Ministry of Education. Japanese 
Government. to whom the authors are thankful. 
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Zusammenfassung-Polystyrol kann durch Zonenschmelzchromatographie an einer 9ule von fes- 
tern Durol fraktioniert werden. Das geltiste Polymere wandert in dieselbe Richtung wie die geheizte 
Zone. Je hiiher das Molekulargewicht des Polymeren ist. desto langsamer wandert es. Versuche 
mit Modellgemischen aus monodispersen Polystyrolen vom mittleren Molekulargewicht 6. IO’- 
: III‘ ICI~LW. daf? man zinc Pal! merenfraktion mit 90”,, Rcinhcit von Fraktionen trennen kann. 
dcren Molcklllargc\~iclitc tine GrbiBenordnung hdher oder niedriger liegen. Nach der Behandlung 
an DurolsHulrn gaben Polystyrolproben verschiedener Molekulargewichtsverteilungen mehrere 
Fraktionen. die im Sinne der Gelpermeationschromatographie wesentlich engere Verteilungen 
hatten als die des Ausgangs-Polymeren. 

Rbsumi-Le polystyrene peut etre fractionne par chromatographie de fusion de zone sur une col- 
onne solide de durene. Le solute de polymtre se dtplace dans la meme direction que la zone 
chauffbe. Le polymtre se meut d’autant plus lentement que son poids mol&ulaire est plus tleve. 
Des espPriences avec des mClanges modeles de polystyrtnes monodispersts de poids moleculaire 
moyen 6 x IO’ - 2 x IO’ indiquent qu’une fraction de polymire peut itre stparte & 907; de 
puretC de fractions avec des poids mol&ulaires d’un ordre de grandeur plus ilevi ou plus bas. Des 
&hantillons de polystyrene de diverses repartitions de poids molkculaires. apres traitement sur col- 
onncs de durene. ant donne plusieurs fractions ayant des dispersions notablement plus ktroites que 
celles du polymkre de dbpart. par rapport i la chromatographie de permeation de gel. 
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Summary-Sources of systematic errors in analytical results are discussed, and suggestions are 
made for the investigation and reporting of such errors when characterizing the performances of 
analytical methods. The four types of error considered arise from: (I) blank determinations, (2) 
calibration. (3) differences in the efficiencies with which different forms of the determinand are mea- 
sured. and (4) interferences. The comparison of results with accepted values of standard samples 
or with the results obtained by standard methods is also discussed. 

Analytical results are subject to random and systematic errors, the general natures of 
which have been discussed in Part II, where the estimation of random errors was consi- 
dered. and suggestions for defining relevant performance-characteristics were made. In the 
present Part. systematic errors are similarly discussed, and it is useful briefly to restate the 
definition of systematic error (bias) given in Part II. The mean of 11 repeated analytical 
results on the same sample approaches a definite value, p, as II is increased indefinitely 
(an important proviso is given in Part II). When the value of p differs from the true value, 
7, the results are said to be subject to a systematic error of magnitude B where B = p - 7. 

SOURCES OF SYSTEMATIC ERROR (BIAS) 

Four sources of bias in analytical results may generally be distinguished though not all 
are necessarily present for a particular method. 

(1) The results of blank determinations may be biased. 
(2) The calibration (used to convert from analytical response to concentration?) may be 

biased. 
(3) The analytical method may be such that different responses are obtained for equal 

concentrations of different forms of the determinand. 
(4) Substances other than the determinand in the sample may cause bias, i.e., interference 

may occur. 
These sources of bias are considered in turn in the following sections. In addition, a final 

section discusses the overall bias of analytical results. 

For any method of analysis. the direct analytical result, Ck for the concentration of 
determinand in a sample may be regarded as made up of three components (assuming that 
no interfering substances are present in the original sample). 

* Part IJI-Tc//~r~nrr. 1977. 20. 715. 
f For simplicity. throughout this paper. analytical results are spoken of as in units of concentration: the argu- 

ments apply equally if other units (t,.;).. mass. volume) are used. 
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(1) The concentration of determinand in the original sample. Cs. 
(2) The determinand (and possibly interfering substances) may be introduced into the 

sample during analysis (e.g., from reagents, contamination). This will result in the apparent 
determinand concentration in the sample being increased by an amount CR. 

(3) Constituents of the sample matrix present in essentially constant amounts in each 
sample may also give an analytical response equivalent to a determinand concentration. 
C\,. For example, when certain methods are used to analyse water samples. the analytical 
response may be affected by water itself. It is rather arbitrary to distinguish this effect from 
interference, but it is useful in the present context and should not cause problems. Thus 
cs = cs + CR + c\,. 

The analyst wishes to determine Cs, and thus it is generally necessary to make a special 
determination to estimate CR + CM. This determination is commonly termed “rhe hlrrrik 
d&errnination”, and this term is used throughout this series. Subtraction* of the blank. C,, 
from the result for the sample, Cs, then gives the value for Cs, i.e.. 

Cr+= CR + c\, 
cs = Cs - Cfl 

Of course, not all methods require a blank, but it is normally essential for the wide range 
of methods used in trace analysis. It is also important to note that. as defined here, a blank 
determination is not intended merely to measure the determinand present in any reagents. 
Two sources of bias can affect the result for the blank. 

Difirences between blank and sample procedures. Clearly, if the result for the blank is 
to be unbiased, the determination should be subject to all the effects (e.g., contamination) 
that apply to samples. Thus, the blank should generally be analysed by exactly the same 
procedure as that used for samples. This simple and obvious conclusion is worth stating 
because it appears often to be ignored. Of course, situations arise where it is impracticable 
or not essential to analyse blanks and samples identically, but such situations generally 
require experimental confirmation. It is also important to bear in mind that the magni- 
tudes of effects such as contamination are likely to vary markedly from time to time, and 
from one laboratory to another. Thus, even though one worker finds that a “short-cut” 
analytical procedure for the blank is satisfactory, this is by no means necessarily true. 

These simple ideas cannot be quantified to allow definition of a numerical performance- 
characteristic. Nevertheless, they are important in assessing the suitability of an analytical 
method. It is generally desirable to regard as suspect the accuracy of a method using differ- 
ent procedures for the blank and samples-at least until any effect of such differences has 
been experimentally assessed. 

Detenninund cmtrenr @‘the hlurtk santple. The considerations above imply that, in princi- 
ple. the blank determination best consists of the analysis of a special sample of the material 
of which normal samples are composed, and which contains a negligible concentration of 
the determinand. Sometimes this principle is easily applied, e.g.. demineralized water is 
often used for the blank when samples of water are to be analysed. In other applications. 
e.g.. analysis of complex alloys, it may be impracticable to apply the principle. For the 
latter applications, the consequent differences between sample and blank procedures 
should be regarded as suggested in the preceding section. For the methods that use a spe- 

* The most accurate and/or convenient method of making the blank correction may. in practice. differ from 
one method to another. This is not considered here as it is unimportant for the purposes of this paper. 
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cial sample for the blank, an additional source of bias arises, i.e., the determinand content 
of the blank sample. 

Thus with the same notation as before. and letting CD = determinand concentration in 
the blank sample: 

cs = ‘Cs + CR + CM 

CH = Cb + CR + CM 

cs = c; - c,* + cn 

so that CD must be known if results for Cs are to be known to be unbiased. Again, this 
simple and well-known conclusion is worth restating because it seems often not to be 
applied. 

As before, these ideas do not lead to a definition of a numerical performance-character- 
istic, but they emphasize that methods should clearly state how the determinand con- 
centration in the blank sample is to be measured with sufficient accuracy. 

Culihrutiorl 

Various terms are used to denote the relationship between the analytical response, R, 
and the concentration of determinand in the sample, Cs, that is used to determine Cs from 
the measured response. Calibration curve is used by ISO’ in its recommendations for the 
format of analytical methods. while IUPAC3 uses analytical curve. Standard curve and 
working curve are also commonly employed. In a penetrating analysis of the basic con- 
siderations involved in the relationship between response and concentration, Kaiser4 pro- 
poses that both the terms-calibration curve and analytical curve-are required. He sug- 
gests that the former be used to denote the curve produced when determining the response 
equivalent to known concentrations of the determinand, and that the latter denote the 
curve used to obtain the concentrations in samples from their measured responses. With 
the existing range of usage, and the lack of agreement of international bodies, there seems 
little point in arguing here for one or other of the terms. Calibration curve is preferred 
by the author (purely on the grounds that the term suggests the use). and is used through- 
out this series. 

Many analytical methods do not explicitly use a calibration curve. but employ a multi- 
plicative factor to convert responses into concentrations e.g., in gravimetric analysis. The 
use of such factors is, however, essentially the same as the use of a calibration curve of 
the form Cs = kR. Other methods use instruments that give direct read-out of con- 
centrations. but calibration of the instrument scales is then a first requisite. so a calibration 
curve. is, in effect. involved. With these differences in practical details of calibration, it is 
more useful to speak of calibration functions rather than curves, the term function denot- 
ing the mathematical form of the relationship between concentration and response. Fac- 
tors affecting the accuracy of the calibration functions are considered in the next two sec- 
tions. 

N~rtzir~ qf’rlre ccrlih~ation.functiort. The nature of the calibration function can have impor- 
tant effects on factors of practical importance. e.g.. the ease and accuracy with which the 
function can be completely defined experimentally. For example. functions of the form 
Cs = LI + hR are easier to define accurately than those of the form Cs = a + hR + CR’. 
Kaiser4 has recently emphasized the importance of using linear calibration functions in 
trace analysis. and. when necessary. of transforming one or both of the variables, Cs and 
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R, so that linearity is achieved. Thus. when using ion-selective electrodes. calibration func- 
tions of the Nernst form are commonly used so that log Cs rather than Cs is directly related 
to the analytical response (in mV): 

log Cs = LZ + bR. 

The importance of the calibration function requires that it be regarded as a perfor- 
mance-characteristic of an analytical method, as suggested by Kaiser and Specker” and 
Gottschalk.6 Further, by quoting the numerical values of the constants in the function. 
the sensitivity of the method is also completely defined. but this aspect will be dealt with 
in Part V. Thus, using a spectrophotometric method as an example, one would quote: 

Calibration function: C (mg/l.) = 0.62A (A = absorbance). 

Experimental detemination of the calibration function. The points made under “LXfir- 
ences between blank and sample procedures” apply equally to differences between the pro- 
cedures used in analysing samples and in determining the calibration function. Two other 
aspects should also be considered. 

(1) Experimental determination of the constants of a calibration function leads only to 
estimates which will, in general, differ from the true values because of the random errors 
of the measurements. The magnitudes of the resultant errors in analytical results for sam- 
ples will depend on the precision of measurements. the number and concentrations of the 
standards used in defining the calibration, and the concentrations of the samples. In princi- 
ple, these errors arising from the calibration can be made as small as desired by sufficient 
replication of the calibration measurements. For this reason. the random error of the 
calibration is best not regarded as a performance-characteristic, particularly since an esti- 
mate of the error can be readily derived from the quoted values for the precision of analyti- 
cal results (see Part II’). 

(2) The standards used to determine the calibration function should be such that the 
latter is not appreciably biased. In other words, the concentrations of determinand in the 
standards must be known with inappreciable bias und a given concentration of deter- 
minand in a standard should give the same analytical response as the same concentration 
in a sample. It is usually possible to observe both these conditions when fluids are ana- 
lysed, but great care may be needed for solids. When solids are used the concentrations 
assigned to standards may need to be determined by an independent method, and, in addi- 
tion, physical factors, e.y., particle-size of the material, may affect the analytical response 
for a given concentration of the determinand. Again, there appears to be no convenient 
means of summarizing these ideas as a performance-characteristic, but they must be borne 
in mind when considering the suitabilities of analytical methods for particular purposes. 

Analytical response to differewtfbrms of the detrrminarld 

The determinand in samples may often be present in a number of different chemical and/ 
or physical forms. If the method is to give unbiased results, each of these forms must be 
determined with equal efficiency, i.e., the analytical response for a given concentration of 
determinand must be independent of its form. For example, if the determinand in samples 
of river water were total iron, a suitable analytical method would have to determine dis- 
solved and undissolved materials. ferrous and ferric forms, complexes and chelates of iron 
with a variety of ligands, etc. Similar situations occur for many other determinands and 
types of sample. 
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A related aspect is the frequent need to determine only certain specified forms of a sub- 
stance when other forms of the same substance are present. For example, it is often necess- 
ary to determine only dissolved orthophosphate in samples of natural waters when other 
phosphates (r.<j., undissolved orthophosphates, condensed inorganic phosphates) are also 
present. 

It is clearly essential that evidence bearing on the ability of a method selectively to deter- 
mine all forms of the determinand be obtained and presented when characterizing analyti- 
cal methods. However, it is difficult to see how such information can be usefully summar- 
ized so as to provide a numerical performance-characteristic of value. Further. there is the 
additional problem that. in many types of sample, not all the forms of the determinand 
may be known. and even if this knowledge exists it may be impossible to obtain known 
amounts of certain forms so that direct tests of the method’s ability to determine them 
are impossible. Notwithstanding such problems, these points should be borne in mind 
when considering the suitability of analytical methods for particular applications. Indirect 
but relevant information can often be obtained by comparing results obtained for the same 
sample(s) by different methods (see below-“Ot~erall hius qfrrsults”). 

The terms selectivity and specificity have been used by many authors, though often in 
different senses and with no precise quantitative definition. The general concepts embodied 
in such terms are usually that a selective/specific method responds primarily/only to the 
determinand, and is little/not affected by other substances. Kaiser4 has recently discussed 
these concepts in detail. and has suggested precise, mathematically-formulated definitions 
for both selectivity and specificity. Kaiser’s approach* basically quantifies the overall re- 
sponse of methods to all substances other than the determinand so that one arrives at two 
numbers characterizing the selectivity and specificity of an analytical method. In principle, 
therefore. the selectivities and specificities of different methods can be quantitatively com- 
pared. At first sight. it might appear that such numerical definitions would form ideal 
performance-characteristics, but the writer believes that this is not so for the purposes with 
which this series is concerned. 

As defined in Part I.’ the performance-characteristics of interest in this series are those 
of importance in assessing the suitability of a method for any given purpose. It is of little 
direct help to the practising analyst to know quantitatively that one method is more selec- 
tive/specific (in the sense of the preceding paragraph) than another. He needs to know the 
effects of particular concentrations of other substances on particular concentrations of the 
determinand. It is difficult to obtain, and space-consuming to communicate, such informa- 
tion. but an approach describing the integrated effects of particular concentrations of a 
large number of substances is impracticable. On this basis, it is concluded that the informa- 
tion of primary interest for this series must be based on the numerical description of the 
effects (interference) of individual substances. Some remarks and suggestions on this 
approach are given below, the treatment being given in some detail not because of any 
originality but because this vital analytical topic often seems to be accorded scant and/or 
itmbiguous attention. 

* The approach is completeI> general. but certain assumptions are required for its application to be practicable. 
These assumptions are. in practice. not always valid: this aspect is not considered here because, as will be seen. 
the approach is considered unsuitable for the purposes of this series. 
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Meaning of the tern7 "interference". Surprisingly. there appears to be no universally- 
accepted definition of the commonly-used term “irtrrr~fkwwr”. Some authors use an impli- 
cit or explicit definition that an interfering species is one that causes a systematic error 
greater than some arbitrarily-chosen magnitude (e.g., I”, or Y’,, of the determinand con- 
centration). Betteridge’ has even suggested different values for the allowable error for dif- 
ferent analytical techniques. Kirkbright has suggested that an interfering species be 
regarded as one that causes a systematic error greater than twice the standard deviation 
of measurements. Other authors e.g.. “.li have proposed that interference be defined 
simply as systematic error (of any magnitude). Finally, there have been suggestions”.‘3 
that the term interference should also include increased random errors caused by sub- 
stances other than the determinand. Some short discussion of these different ideas is desir- 
able as a basis for the definition of interference proposed in this Part. 

The author has aiready argued” against the type of definition proposed by Betteridge,* 
the main disadvantages of which can be summarized as follows. First. the choice of the 
size of error deemed to constitute interference is quite arbitrary. and likely to lead to confu- 
sion. Second, asubstance having an effect which depends on its concentration and/or that 
of the determinand might well have to be considered Simu~taneousIy as an interfering ~rrrct 
a non-interfering substance! Third, no account is taken of the random experimental errors 
of the tests. 

Kirkbright’s approach, though introducing consideration of random errors. also has 
several weaknesses. First, the choice of twice the standard deviation is arbitrary, and takes 
no account of errors of the second kind. l3 Second. as with the preceding approach pro- 
blems arise when a given substance does not cause a constant effect. Third, the decision 
on whether a substance is said to interfere is governed by the magnitude of the random 
experimental error. Thus, different laboratories testing the same method could well reach 
opposite conclusions; indeed the same worker could reach different conclusions depend- 
ing only on the degree of replication of his measurements. 

The suggestion 12.13 that interference should comprise both systematic error and also 
increased random error has much to recommend it, but on balance the author prefers not 
to use one term to include two different types of error. the interpretation and practical 
import of which differ markediy. Further, it seems to be rare for a substance to cause in- 
creased random error without causing any systematic error. Thus. there does not appear 
to be an important need to extend the usual concept of interference to include random 
error, particularly since any analyst should check the precision he achieves with his own 
samples. Of course, information on the effects of other substances on the precision of ana- 
lytical results is of value in characterizing the performance of analytical methods. In the 
author’s opinion, it would be better to include such information BS supplementary data 
relevant to precision (see Part II’). On this basis. the following definition of an interfering 
substance is proposed. 

Dejnition: An interfering substance for an analytical method is one that causes syste- 
matic error (of any magnitude) in the analytical results for at least one concentration 
of the determinand within the range* of the method. 

As has been pointed out,’ ’ this de~nition implies that no substance can be considered as 
not interfering; this is so, because the random errors of experimental results prevent proof 

* A proposed definition of the concentration range of a method is given in Part III.” 
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that a substance causes no interference. However, this rather rigid approach need cause 
no problems provided the results of interference tests are properly described and inter- 
preted. The proposed definition has the additional advantage that it tends to focus atten- 
tion on the magnitude of interference effects. 

Esperir~rrral estirnatiorl qf iluerferertce effcts. It is unnecessary to discuss the many 
physical and chemical mechanisms responsible for interference: textbooks dealing with 
particular analytical techniques should be consulted for such information. For present 
purposes, it suffices to emphasize that the magnitude of interference caused by a substance 
often depends in a non-linear manner on the concentrations of that substance and the 
determinand. An additional complication is that the effect of one substance may also 
depend on the concentrations of other substances. Of course, in developing methods of 
analysis steps are usually taken to minimize interference, but it is seldom the case that such 
measures eliminate the need to estimate residual interference effects. Thus, the experimen- 
tal design of tests to estimate interference should be generally based on the idea that the 
nature of interference effects is not simple. This idea itself makes it difficult to describe 
completely general designs, but a few guide-lines seem useful, and are outlined below. 
Other authors have also discussed this aspect for spectrophotometric,’ gravimetric,’ 5 and 
potentiometric16 methods, and Maurice and Buijs13 have proposed a general experimental 
design for any analytical technique. A complete, quantitative check of interference would 
usually involve an extremely large amount of time and effort, and this is seldom available. 
Emphasis is, therefore, placed in the following on what can reasonably be regarded as the 
minimum number of interference tests. 

Interference effects may depend on the concentration of the determinand, and it is, there- 
fore, suggested that the effect of any substance should be estimated for at least two con- 
centrations of the determinand.* The upper and lower concentrations of interest are gener- 
ally most suitable if only two concentrations are tested (see also Part III14). If the results 
from these tests show that the effects of a substance differ markedly at the two con-, 
centrations, further tests at intermediate concentrations of the determinand are indicated. 

It is much more difficult to decide questions such as the concentrations and combina- 
tions of other substances to be tested. As a rnb~irtnmt, it is suggested that each substance 
of interest should be tested alone at a concentration rather greater than maximum 
expected in samples, but three disadvantages of this approach should be noted. 

(1) The effects of greater concentrations of the substances are not determined, so the vali- 
dity of extending the use of the method to other types of sample may not be known. This 
is not a crucial disadvantage, and if desired can easily be remedied by additional tests. 

(3) The effects of some substances may be greater when they are present in smaller con- 
centrations. Knowledge of the physical and chemical mechanisms of interference operative 
in the particular method will often help to decide for which substances tests should be 
made at smaller concentrations. Again, when in doubt, there is no difficulty, in principle, 
in testing the effects of at least two concentrations of any substance. 

(3) The effects of other substances on the interference caused by a particular substance 
are not defined. Again, detailed knowledge of the method will often help to decide when 

* It is assumed that the concentrations of the determinand and other substances can be varied at will. When 
this is not practicable. useful tests of interference may not be possible. and even greater importance then attaches 
to comparative analyses of samples by different analytical methods (see below--“Orural/ hius ofresulrs”). Further, 
when making the tests. it is obviously important that the substances to be tested contain negligible amounts of 
the determinand or that a correction for their determinand content is made. 
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such interactions are likely to exist, and thus suggest combinations of substances to be 
tested, In addition, it will often be of value to test the effects of combinations of many sub- 
stances such that the compositions of typical samples are simulated. 

Given these considerations. there remains the question of how the tests should be 
organized. The interference effect is estimated by the difference between the results ob- 
tained in the presence and absence of a particular substance. In any experiment. the power 
for detecting statistically significant effects improves as the random error of the measure- 
ments decreases. Thus, as results are generally subject to within- and between-batch 
errors,;’ the most powerful design is to estimate interference effects from tests within one 
batch so that a typical design would be as indicated in Table 1. The results from the tests 
should be recorded with the finest discrimination achievable with the measuring system: 
premature rounding-off of results should be avoided. 

Table 1. Ex~rimental design for one batch of interference tests 

Other Concentration of 
substance other substance 

Concentration of determinand 

Co C, 

-fi = 0) - S “ii s 10 

x(i= 1) cx S 01 f 1, 

wj = 2) c-f 
z(i = 3) CZ 2 

s (1 

S 13 

W(j=4) Cw S 0* S Ia 

Sij denotes a sample with determinand at concentration Ci and the jth other substance present at 
a defined concentration. 
j = 0 corresponding to no other added substance. 

Other batches of similar design would be analysed until all the other substances at all 
concentrations and combinations of interest had been tested. Clearly, more than one deter- 
mination for each Sij can be made if it is required to reduce the random error of the mean 
result for each S, or if it is required to check the effects of the other substances on preci- 
sion. l3 Duplicate analyses seem generally suitable for interference tests: in addition to giv- 
ing some reduction in the random errors of the mean results, duplicates also provide an 
internal estimate of those errors. 

Znterpretation and reporting of results on inter$wnce. The estimate of the effect of the 
jth substance at the ith con~ntration of the determi~nd is clearly given by the difference 
Dij where 6, = (R, - 8io) and Eii represents the mean analytical result (in concentration 
units) for the sample Sij (see Table I). These differences are the primary experimental esti- 
mates of the interference effects. and it is therefore strongly urged” that the individual 
differen~s be reported together with their confidence limits (at a defined confidence level) 
for each value of i*. Table 2 gives an example of a suitable format for presenting the results. 

This method of presenting the results allows rapid examination to identify those sub- 
stances causing statistically significant effects? i.e., those for which ( 1 fiO,i / - L, 1 ) > 0 and! 
or f 1 rS,jI - 1 L, 1) > 0. The effects of such substances are directly recorded. may easily be 
converted into relative effects if desired, and may also be easily assessed at other confidence 
levels. Further, the table also clearly records the results for any substances having effects 
which may just not have achieved statistical significance, There are certainly other ways 
in which the results of interference tests can be quoted, but the one above seems to meet 

* The precision of analytical results is assumed here to depend on the concentration of detcrminand but to 
be unaffected by the presence of the other substances. 
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Table 2. Example of reporting results on interference 

1117 

Substance 
Concentration of 

substance 

Estimated effect* of substance for 
determinand concentrations of 

CO C, 

X CX g, I 

Y 
&I 

CY Do2 D -12 
Z CZ go, D 
W 

-13 
CW D 04 D 14 

* The results in the table have $7; confidence limits of L,, and L, for determinand concentrations of CO and 
C,. respectively. 

generally-important requirements, and is recommended. Of course, some transformations 
of these primary results may also be of particular interest, e.g., calculation of selectivity 
coefficients for ion-selective electrodes. l6 Such results can also easily be given when 
desired, but it is suggested that they should not replace the primary experimental results. 

Many publications use summarizing statements in quoting the results of interference 
tests,’ e.g., “the substances tested had no significant effect”, “the substances tested caused 
effects less than 5%,,, etc. Such statements not only conceal the primary experimental esti- 
mates but also are often incapable of unambiguous and quantitative interpretation; such 
summaries should, therefore, be avoided. 

For any analysts not familiar with the statistical aspects involved in calculating the con- 
fidence limits required for Table 2, they may be obtained as follows. assuming that preci- 
sion is not affected by the other substances, that m replicate analyses are made for each 
sample, that 11 other substances are tested: and that the normal distribution adequately 
describes the random errors of results. 

(i) Estimate the variance, vij, for each sample from its 111 results. 

where the subscript k refers to the kth replicate result of a sample. 
(ii) Combine all estimates of variance for a given determinand concentration, C,, to obtain 
a pooled estimate of variance, C:, for each value of i. 

r/i = C Vi,j 
( )/ 

()l + 1) 
i 

N.B.. when m = 2, 

2(n+ 1) 

where Aij is the difference between the two results for the sample Sij. 
(iii) The confidence limits, Li, for the differences bij for each value of i are given by: 

Li = t,‘2~/~)1, 

where t = Student’+? for the desired confidence level and (n + 1) (IPI - 1) degrees of free- 
dom, e.g.. r = 2.45 for the 95?,, confidence level and II = 5 and 111 = 2. 
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DEFINITION OF PERFORMANCE-CHARACTERISTICS FOR INTERFERENCE 

In the preceding considerations, it was concluded that concepts of overall performance 
such as selectivity and specificity are of little value for the purposes of this series. In the 
author’s opinion, the result of each interference test and its associated confidence limit (for 
a specified confidence level) are best regarded jointly as a performance-characteristic of 
an analytical method. There seems to be no useful way of summarizing all the individual 
performance-characteristics relating to interference except by tabulation. r.y.. as in Table 
2. However, this question of summary is taken up again in Part V where suggestions are 
made for methods of summarizing all performance-characteristics of analytical methods. 

Overall bias of results 

The emphasis of the preceding discussion is on the assessment and estimation of particu- 
lar sources of bias, but it is clear that not all possible sources can be individually and con- 
clusively investigated. This does not decrease the need for such investigations when they 
can be made, but it does raise the need for another type of bias investigation that is com- 
monly used, i.e., the comparison of results obtained on certain samples by the method un- 
der evaluation with the results for the same samples by other methods of analysis. 

Ideally, one would, of course, compare results obtained by the method of interest with 
the true values for the samples, but these values are generally unknown.* Nevertheless. 
one can sometimes resort either to standard samples with accepted concentrations of the 
determinand or to standard methods that are accepted as capable of giving results free 
of bias. The use of such standards should, in general, be subject to the proviso that they 
have no obvious sources of bias, and this is not always so. Comparative analyses of this 
type can be of great value, and the results of such tests should be regarded as performance- 
characteristics provided they are interpreted and quoted on a quantitative and unambi- 
guous basis. These aspects are considered below. 

Experimental design. The samples (standard or otherwise) used for the tests should 
satisfy certain conditions whenever possible, r.g.. they should have satisfactorily small 
degrees of heterogeneity, they should cover the range of interest of determinand con- 
centration, etc. Such conditions are well understood and need no discussion here. 

Several factors should be considered when choosing the experimental design itself. First, 
better estimates of bias and/or of their statistical significances can sometimes be obtained 
for a given number of analyses by pooling results from more than one sample. Such pool- 
ing is, however, valid only under certain conditions that may often not be satisfied in tests 
of bias. It will often be worthwhile to obtain statistical advice on this question, but unless 
there are compelling u priori reasons or experimental evidence otherwise, it seems to the 
author safer not to pool results from different samples. On this basis, it is suggested that 
the estimate of bias for a particular sample should be obtained solely from the results for 
that sample. 

The number of replicate analyses made for each sample should. ideally. be chosen so 
that the tests have sufficient power to detect bias of the magnitude of interest. This aspect 
is discussed in textbooks on statistics (c.{].. ref. 19), but the available time and effort will 

* Indeed, Eisenhart’” in discussing the concept “true value” concludes that it can be defined only as the mean 
result of many replicate analyses using ‘m trqreetl /nefhotl for determining its value. When such methods are not 
available, comparative analyses by different methods may still be of great interest. but the results cannot be used 
to conclude that the results of a particular method are biased with respect to the true value. Thus. attention 
is restricted in this Part to comparisons where standard samples or analytical methods are available. 
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often govern the achievable degree of replication. From the dependence of the numerical 
value of r (see below) on the number of replicates. it is generally desirable to make at least 
three (and preferably more) analyses of each sample by each method. When results are 
subject to appreciable between-batch as well as within-batch variability (see Part II’), it 
is generally better to achieve the chosen number of analyses of each sample by analysing 
one portion in each of that number of batches. As before, results should be recorded with 
the finest discrimination achievable, and premature rounding-off should be avoided. 

INTERPRETATION AND REPORTING OF RESULTS 

Let II samples. Sj (i = I--H). of accepted concentrations, C;, be analysed, lrti results being 
obtained for the ith sample, and the,jth (j = I-/H;) result for the ith sample being denoted 
by rii. Then the experimental estimate of bias, Bi. for the ith sample is given by: 

B; = 2 7.;jjr7?, - c;. 
i ) i 

The confidence limits. Li, for B, are given by: 

L; = t .Si/\ nl, 

where 

and r = Student’s_t for (ni, - 1) degrees of freedom and the chosen confidence level, e.g., 
t = 4.30 for the 95”,, confidence level and Illi = 3. 

These calculations summarize the experimental evidence for bias; their results can be 
summarized in several ways. and a suggested method is shown in Table 3, the appropriate 
description and numerical values. respectively. being entered in the first and last four 
columns. 

Table 3. Example of summarizing results of tests of overall bias 

Standard 
sample 

Accepted 
concentration 

Mean result 
by method under 

evaluation 
Number of 

analyses 
Observed 

bias* 

* The IT”,, confidence limits for the bias are also quoted 

III this case. the samples must be analysed by the standard method as well as the method 
being evaluated. The same notation as before can be used with Mi denoting the number 
of analyses of the ith sample by the standard method and Rij denoting results from that 
method. If it is known that the precision achieved with both methods is approximately 
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the same, it is desirable that llli = Mi. Otherwise, it is useful to make ,niiMi 5 Si’iS;‘, where 
Si = estimated standard deviation for the ith sample when the standard method is used. 

The experimental estimate of bias, Bi, for the ith sample is given by: 

and the confidence limits, Li, for Bi are given by: 

Li = 
‘S? 

r J *+g 
I I 

where 

and r = Student%-r for vi degrees of freedom and the chosen confidence level, vi being given 

by 

[Vi(r) + vi(R)l* 
vi ‘5 [Vi(r)]* : CI/,(R)l’ 

fni - 1 Mi - 1 

Vi(r) = Sf/f?ti 

Vi(R) = Sf/Mi. 

This derivation of Li is based on the idea that the precisions obtained with the two 
methods are not equal. *O Some simplification is possible if the assumption of equal preci- 
sion is justified; details are given in statistical texts, but the approach given above is gener- 
ally recommended.*’ 

The results from such tests can be summarized as in Table 3 with the replacement of 
the first two columns by entries giving the mean result and number of analyses for each 
sample by the standard method. 

DEFINITION OF A PERFORMANCE-CHARACTERISTIC 

As in the case of interference tests it is considered best to regard the result for bias (i.e., 
Bi + Li) for each sample as an individual performance-characteristic. Again, the only valid 
method of summarizing such information is by tabulation, e.g., as in Table 3, but this ques- 
tion of summary is further considered in Part V. 

CONCLUSIONS 

Numerous sources of bias may affect the accuracy of analytical results, and all need care- 
ful assessment when considering the suitability of an analytical method for a particular 
purpose. Many of these sources cannot be usefully quantified, but it is suggested that the 
following should be regarded as performance-characteristics for which numerical values 
should be quoted when describing the capabilities of methods: calibration function, bias 
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caused by substances (individually or in combination) other than the determinand, and 
bias of results with respect to the accepted concentrations of standard samples or to the 
results from other methods accepted as giving unbiased results. 

Part V of this series will deal with the remaining characteristics of interest (e.g., sensi- 
tivity. time. cost. robustness), and consider how overall summaries of performance-charac- 
teristics can usefully be provided. 

~~~~~lolr./cr/~/t~~~~,l~r.\~This paper is published by permission of the Director, Dr. R. G. Allen. of the Water 
Research Centrc. I should like to acknowledge valuable discussions with many of my colleagues and. in 
particular. with Mr. R. E. Fry. Mr. W. J. Allum. and Mr. 1. R. Morrison, 
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Zusammenfassung--Systematische Fehlerquellen in analytischen Ergebnissen werden diskutiert. 
Es werden Vorschlage gemacht. wie man bei der Kennzeichnung der Leistungsfahigkeit analy- 
tischcr Mcthoden vorgehen sollte. urn solche Fehler zu finden und mitzuteilen. Die vier in Betracht 
gerogenen Fehlertypen riihren von: (I) Blindbestimmungen; (2) der Eichung; (3) unterschiedlicher 
Erfassung verschiedener Formen des zu bestimmenden Stoffes bei der Messung; (4) Stiirungen. 
Auch dcr Vergleich der Ergebnisse mit allgemein anerkannten Werten von Standards oder mit 
Ergebnissen. dte mit Standardmethoden erhalten wurden. wird diskutiert. 

R&m&-On discute de sources d’erreurs systimatiques dans les rtsultats analytiques et fait des 
suggestions pour la recherche et le mode d’exposition de telles erreurs lors de la caracttrisation 
des possibilites de methodes analytiques. Les quatre types d’erreur consider& proviennent de: (1) 
determinations de temoin. (2) etalonnage. (3) differences dans les eficacitis avec lesquelles les dif- 
ferentes rormes du produit a determiner sont mesurees. et (4) interferences. On discute aussi de la 
comparaison des resultats avec des valeurs admises d’ichantillons de reference ou avec les r&hats 
obtcnus par des methodes normalisees. 



RAPID COULOMETRIC METHOD FOR THE 
KJELDAHL DETERMINATION OF NITROGEN 

C. .k J~OSTROM. A. CEDERGREN@. G. JOHANSON 
Department of Analytical Chemistry. University or Umea. 901 X7 Umea, Sweden 

and 

I. PETTERSSON 

LKB-Produkter AB. 161 25 Bromma. Sweden 

Summary-A rapid coulometric method l’or the Kjeldahl determination of nitrogen is described. 
The samples arc digested by means of the Tecdtor AB digestion system which permits forty samples 
to be digested at the same time. The digestion products are diluted to 75 ml and 1 ml is coulometri- 
tally titrated in l-2 min: 20-30 determinations can be performed per hour. For substances contain- 
ing nitrogen in the per cent range the relative standard deviations for eight different substances 
were 0.1-l” 0 

Many efforts have been made to modify the classical Kjeldahl method. Bradstreet’ has 
published an excellent book on this subject. Most of the improvements suggested deal with 
the digestion procedure. In fact a proper choice of the temperature and digestion medium 
has resulted in shorter digestion times and higher recoveries. Furthermore, elimination of 
the time-consuming distillation of ammonia reduces the time for a complete nitrogen 
analysis. 

Christian and Jung’ showed that coulometric titration could be applied directly to the 
Kjeldahl digestion mixture. Using Christian and Jung’s principles, Cedergren and Johans- 
son3 developed ace11 for the rapid coulometric titration of ammonia with electrogenerated 
hypobromite. They showed that hypobromite could be generated quantitatively at a plati- 
num gauze working-electrode even for currents as large as 200 mA. This method involves 
an automatic potentiometric titration in which the end-point of the titration corresponds 
to a known excess of hypobromite. 

Another means of eliminating the distillation step has been offered by the development 
of the ammonia-selective electrode. Bremner and Tabataboi4 compared the conventional 
Kjeldahl procedure using the distillation-titration technique with a modified procedure 
using the ammonia electrode and stated that the electrode method showed good agree- 
ment with the earlier method and that the recovery of ammonia was good. The main draw- 
back with this method is that mercury cannot be used as a catalyst during the digestion 
procedure because it forms complexes with ammonia. Mercury is generally considered to 
be the best of the catalysts used in the Kjeldahl method. The Oriorr Research Newsletter” 
compared the time required when using the ammonia-selective electrode with the time 
required in the conventional method. It was stated that the electrode method is capable 
of completing about ten analyses per hour provided there are six electrodes available. 

The Technicon AutoAnalyzer is a rapid continuous-flow device for automatically 
digesting nitrogen-containing samples and mixing the digest with phenol and hypochlorite 
in alkaline solution to transform the ammonia into indophenol blue in amounts propor- 
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tional to the nitrogen present. Various modifications of the Technicon apparatus leave 
been reported6.’ and comparisons of precision with the ~onventio~d~ Kjeldahl method 
and micro-Kjeldahl method have also been reported. *.9 The accuracy of the Technicon 
method is not as good as that of the standard Kjeldahl procedure. 

The present work was undertaken in order to shorten the time for an analysis by the 
coulometric method described above.” Experience with this method in our laboratory over 
several years has shown that the critical step is the digestion procedure. as incompletely 
digested organic substance can adhere to the walls of the container and consume titrant 
in the subsequent titration. A suitable design of digestion system (Tecator AB) has eli- 
minated this problem. 

EXPERIMENTAL 

Apparatus 

A temperature-regulated aluminium block provided with 40 holes for digestion tubes (Tecator AB. Hels- 
ingborg, Sweden, model 40) was used. The tubes could be lowered into the block (2) simultaneously by means 
of a stand (3) as shown in Fig. I. The temperature controller and timer (I) could be set between 50 and 40%. 
After an equilibration time of 15 hr the temperature was constant to within 3.. The digestion tubes. see Fig. 
2. had a volume mark for 75 ml. 

The titration system consisted of an LKB 16300 Coulometric Analyzer [(6) in Fig. I]. and a cell (5) with a 
rotating platinum electrode (LKB 16369). The indicating electrode system consisted of a combined platinum elec- 
trode and an Ag/AgCl electrode (Metrohm EA 217-A). The working electrode of the generating electrode system 
was a platinum gauze. IOcm’ in area. which was fastened to the axle of a small d.c. motor with a silver~graphite 
sliding contact. The auxiliary electrode was a platinum wire (05 cm’ surface area) inside a glass tube with a sin- 
tered-glass disc to separate it from the sample compartment. This tube was filled with buffer solution A combined 
glass electrode, Metrohm EA I25 U. also dipped into the sample compartment. It was connected to a pH-meter 
C(4) in Fig. I]. A microburette with a fine capillary was inserted into one of the female joints of the titration 
cell. It was filled with 50”,, potassium hydroxide solution. 

The cell was tilled with 30 ml of a buffer, I.5 M in potassium bromide and 0.075 .u in sodium tet~~borate. 
adjusted to pH 8.60 + 0.05 with 2 M sulphuric acid. Hypobromite can be generated quantitatively at a platinum 
anode in this medium with a high current density, up to 20 mA!cm’ for the electrode used. The hypobromite 
oxidizes ammonia to nitrogen: 

3BrO-+2NH,dNZ+3Br-+3Hz0 II) 
The indicating electrode senses the excess of hypobromite according to 

The potential of the indicating electrode system is compared with a voltage from a potentiometer in the coulo- 
metric analyser. The difference obtained is amplified and used to produce a current through the generating elec- 
trode pair. The electrolysis current is thus proportional to the deviation from the preset potential, resulting in 
a rapid titration at the start. An electronic integrator in the analyser records the quantity of electricity. It can 
be read to 2 itC, corresponding to 6 x IO- ” mole of ammonia. 

Fig. I. Experimental arrangement. (I) Temperature controller and timer. (2) Temperature regu- 
lated aluminium block. (3) Stand for digestion tubes. (4) pH-meter. (5) Titration ceil. (6) Coulo- 

metric analyser. 
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Fig. 2. Digestion tube. (h) Volume mark for 75 ml. Dimensions in mm. 

Procedure 

Samples were weighed or pipetted into the digestion tubes followed by 1.30 g of purified potassium sulphate, 
40 mg of mercuric oxide and I QO ml of cont. sulphuric acid. The potassium sulphate was freed from ammonium 
salts by making an aqueous slurry alkaline and evaporating it to dryness. The tubes were lowered into the alu- 
minium block which, for solid samples. was set to 370’ and were digested for 45-90 min depending on the type 
of sample. When ready. the digestion tubes were removed from the heater, and when they had cooled down some- 
what, distilled water was added to the mark, 75 ml. Rubber stoppers were inserted and the contents were mixed. 
An aliquot. usually I00 ml. ofthe contents of a tube was transferred to the titration cell with an Oxford pipetter. 
The cell had previously been filled with buffer and pretitrated to the end-point. When the sample was added, 
the pH of the bufier decreased and it was restored to 8.60 k O-05 with a small amount of potassium hydroxide 
solution from the burette. The analyser was then switched into the titration mode and the sample was titrated, 
which required 1-2 min. The integrator was read and a new sample was taken from the next digestion tube, Up 
to I5 samples could be analysed in succession before the buffer solution in the titration cell needed to be replaced. 
The pretitration is made with the same instrumental setting and it therefore results in an overtitration. This is 
advantageous because the reaction rate between the impurities in the medium and the hypobromite is increased 
for higher concentrations of the reagent. After a few seconds, I ml of a standard solution containing I pmole 
of ammonium chloride is added and titrated, thus restoring the hypobromite to a value corresponding to the 
preset potential. This pretitration procedure takes about 2 min. 

RESULTS AND DISCUSSION 

After the end-point has been reached the indicating electrode system follows equation 
(2). Before the end-point, hypobromite will react with ammonia and the potential decreases 
as the reaction proceeds. When most of the hypobromite has reacted, equation (2) is not 
necessarily valid as other redox species in the solution can contribute to the redox poten- 
tial. The rate of the reaction with ammonia increases as the hypobromite concentration 
is increased. resulting in a more rapid attainment of a steady electrode potential. It was 
found that the attainment of equilibrium was slow even at the inflexion point of the asym- 
metrical titration curve. At about lo- ‘M excess of hypobromite, a stable electrode poten- 
tial was obtained almost immediately. Concentrated solutions of hypobromite are 
known” to be unstable. Separate experiments were made to estimate the stability of 
lo- “M hypobromite. and showed that the concentration decreased by about lo- ‘M per 
min. If an ammonia sample is titrated within 2 min, then assuming that the hypobromite 
concentration is constant, this source of error corresponds to a positive error of 
0402 pmole. As the titration times in practice are shorter and the hypobromite con- 
centration is much lower before the end-point, this error can be neglected provided no 
waiting periods are allowed. About lo-“M excess of hypobromite thus represents an opti- 
mum. giving rapid reactions and sufficiently stable reagents. 

The single most important source of error is contamination by gaseous substances such 
as ammonia. amines. etc. from the atmosphere. A rapid titration will reduce this error. The 
cell used was not completely gas-tight and a drift of 0903-0~008 pmole/min resulted. This 
figure can be increased by a factor of 100 or more if a cigarette is smoked in the room. 
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By strictly avoiding smoke and other sources of contamination a low and reproducible 
drift could be obtained. 

Ammonium chloride standard solutions were titrated and for 1-Itmole samples delivered 
with a precision &syringe a relative standard deviation of less than O-2?,,, was obtained. 
The titration time was l-2 min. This shows that the titration procedure is very reproduc- 
ible and that the contamination from the atmosphere can be controlled. The higher stan- 
dard deviations reported below are mainly due to the volumetric device. 

Determinations 

Table 1 shows the results obtained with the procedure described. Each sample was 
digested, diluted to 75 ml, and mixed. A 10%ml aliquot was taken and titrated and then 
between 3 and 7 more aliquots from the same digestion tube were dealt with. The reported 
results are thus means of several titrations and the standard deviations refer to the titration 
only. The large standard deviation depends mainly on the volumetric device, which had 
been selected so that the speed of analysis had high priority. The multiple titrations were 
made in order to determine the standard deviation. In normal use only a single titration 
is necessary as long as the present precision is acceptable. If higher precision is necessary 
another volumetric vessel should be selected at the cost of taking a longer time for the 
determination. 

The reported values have been corrected for a blank of 1.5 pmole of nitrogen (N). A blank 
was digested in the same way as the samples, diluted, and titrated. As only a very small 
amount of ammonia, 0.02 pmole, was to be titrated, the gain of the amplifier was increased. 
The blank was also determined potentiometrically by noting the potential change of the 
indicating electrode system. By generating a very small amount of reagent and noting the 
corresponding potential change a blank value can be evaluated. This latter procedure is 
simpler and more precise. 

The values found, which are obtained from a purely electrical calibration of the instru- 
ment, are slightly higher than those calculated on the assumption that pure chemicals were 

Table I. Results for the determination of nitrogen in organic compounds 

Substance 

Taken Digestion Rel. std. 
time, Temp., Found, deviation, No. of 

“VI pmole N min >C pmole N 0, ‘0 detns. 

Phenacetin 

Nicotinic acid 

lmidazole 

Methionine 
L-Asparagine 
Cystine 
Glycine 
Stirboxy- 

methyl-L- 
cystcine 

13.215 73-7 
I 3.047 72.8 
12.954 1052 

8.738 71.0 
13.932 113.2 

3.480 102.2 
4.364 128.2 

14.854 99.2 
0379 85.0 
9.83 I 81.8 
6020 802 

IO.890 608 

80 

90 
90 
60 
45 
50 
50 
50 
90 
30 
90 

370 73.8 I.2 4 
72.4 0.1 3 

390 106.0 02 7 
71.6 0.4 4 

114.2 04 4 
370 102.6 I.2 4 
350 128.6 0.3 3 
350 100.3 I.2 3 
350 85.6 0.3 4 
380 82.5 0.4 4 
380 807 0. I 4 
370 60.8 0.6 6 
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used. As has been mentioned. contamination from the air can cause consumption of re- 
agent. For the titration times used, l-2 min, a separate determination of the absorption 
of contaminants showed that this source of error contributes the equivalent of about 
0.01 pmole of nitrogen. As only l/75 of the sample is titrated, this will be responsible for 
05-l pmole of nitrogen (N). Since this contribution is fairly reproducible and easy to mea- 
sure, a correction of the values reported in Table 1 is justified. Such a correction can be 
made by subtracting 0.5-l from “pmole found” in the Table. 
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Zusammenfassung-Es wird eine schnelle coulometrische Methode fur die Kjeldahl-Bestimmung 
von Stickstoff beschrieben. Die Proben werden mittels des Tecator AB Auflosungssystem, welches 
gleichzeitig 40 Proben erfassen kann. in Liisung gebracht. Die Auflosungsprodukte werden auf 
75 ml verdtinnt, und I ml davon wird coulometrisch in 1-2 min titriert: Es kiinnen 20-30 Bestim- 
mungen pro Stunde durchgefuhrt werden. Die relative Standardabseichungen fir acht verschiedene 
Verbindungen die je mehrere Prozente Stickstoff enthielten lagen zwischen 0,l und 1%. 
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Summary-Phosphorescence excitation and emission spectra. phosphorescence lifetimes, phospho- 
rimetric analytical curves and limits of detection were determined at 77 K in IO/90 v/v methanol/ 
water solution for seven pyrimidine derivatives. The effect ofpH on the phosphorescence intensity 
indicated an improvement of the sensitivity of the method in basic medium (pH 2 1 I). Low limits 
of detection. between IO- ’ and IO- “M. were obtained. The effect of sodium iodide on the phos- 
phorescence efficiency led to heavy-atom enhancement factors ranging from I.1 to 9.6. depending 
on the molecular structure and the pH conditions. 

Pyrimidine derivatives have an important role because of their presence in natural macro- 
molecules and of their significant application in biochemistry and clinical chemistry. A 
number of spectroscopic fluorescence and phosphorescence studies have already been 
devoted to them.‘-’ 3 However. surprisingly, few analytical techniques have been described 
for their determination at low concentration. Most of these techniques are based on gas 
chromatography.’ 4.1 ’ thin-layer chromatography”.” and cation-exchange chromato- 
graphy.‘*.19 and they are mainly oriented towards the separation of pyrimidine deriva- 
tives from purines and other biological molecules. 

Some of the pyrimidine derivatives have been considered as relatively weak phosphores- 
cent compounds.‘.3.‘0.” However, recent instrumental progress in phosphorimetry has 
permitted the improvement of limits of detection, and the use of predominantly aqueous 
snowed matrices. suitable for the study of pyrimidine derivatives, has now become pos- 
sible.“-‘s Purines,’ 5 cytosine, cytidine and its nucleotides” have already been successfully 
determined by phosphorimetry. In the present paper. we wish to apply a pH-controlled 
phosphorimetry technique to the quantitative analysis of pyrimidine derivatives and to 
show the influence of the heavy-atom effect on the study of the interactions of these 
compounds in frozen solution. 

EXPERIMENTAL 

.-lp/‘rllYrrlls 

Phosphorescence excitation and emission spectra were obtained on an Aminco-Bowman spectrophoto- 
Auorometer (SPF) equipped with an Aminco-Keirs phosphoroscope attachment. The 150-W xenon arc-lamp was 
powered b\ an Aminco xenon-lamp power supply (Model 422-818). The RCA-lP28 multiplier phototube was 
potiered b! a Keithle! Model 244 high voltage supply. Phosphorescence intensities were measured with a low- 
noise nanoammeter.‘- 

A rotating capillar! tube. approximately 0.9 mm i.d. and 5 mm o.d. made from TZl Suprasil quartz capillarv 
tubing (Amersil Inc.. Hillside. N.J.) was used as the sample cell. under the conditions previously described.“,‘3.2’ 
All phosphorescence measurements were performed at 77 K. 

* Research carried out under NIH Grant No. 5 ROI GM 11373-10. 
+ Present address: c’o Consulate General de France. Houston. Texas. 77002. 
4\ Present address: NC ASI. Phelps Lab.. Umversitb of Florida. Gainesville. Florida 3261 I. 
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Phosphorescence lifetimes were measured by recording the nanoammeter output as a function of time. after 
complete termination of the exciting radiation by a guillotine-type shutter. 

Pyrirnidine derittatives. 2-Aminopyrimidine, 4,6-dihydroxypyrimidine. J-amino- 2.6.dihydrbxvpyrimidine. 2.6- 
dichloropyrimidine, 2,4_dithiopyrimidine. 2-thio-4.6-dioxypyrimidine and 2-thio-baminoura& were obtained 
commercially and used without further purification. 

Sotcrrrrs. Methanol “spectroquality grade” and demineralized water. 

Procedure 

Stock solutions of pyrimidine derivatives (concentrations 1O-J-1O- 3~) were prepared in neutral. acidic 
( _ @OS&f hydrochloric acid. pH _ 2). and basic ( _ O.&f sodium hydroxide. pH _ I I ) IO:90 v v mixtures of meth- 
anol and water. Analytical curves were obtained from measurements on basic ( _ O.OlS4 sodium hydroxide) solu- 
tions prepared by successive dilutions. Phosphorescence signal cs. pH measurements were performed by adding 
microquantities of @lM sodium hydroxide to acidic stock solutions of the compounds. measuring the pH at 
room temperature and immediately taking the phosphore~n~ signal intensity from the nanoammeter output. 
For ail pH values phosphorescence measurements were taken in duplicate or triplicate. Reproducibility of the 
phosphorescence signals was found to be within 5% for all the solutions used. Heavy-atom etrect studies were 
p&formed by preparing acidic (pH 2) or basic (pH II) solutions of pyrimidine derivatives (concentrations about 
IOe4 M) in lo/90 v/v methanol-water mixture with or without addition of sodium iodide. 

RESULTS AND DISCUSSION 

Phosphorescence properties 

Phosphorescence excitation and emission wavelengths of seven pyrimidine derivatives 
are given in Table 1. All phosphorescence spectra were obtained at 77 K in neutral, acidic 
and basic lo/90 v/v methanol-water solutions. Upon acidification, small or medium shifts 
in the excitation spectra peak wavelength were observed, although no noticeable change 
was apparent in the shape of the excitation spectra. No significant shift of the emission 
maximum took place, except in the case of 2-aminopyrimidine for which there was a rela- 
tively large blue-shift (about 2400 cm- ‘1. 

In basic solution, several changes in the shape and peak wavelength of the excitation 
and emission phosphorescence spectra occurred, depending on the compound. For the 
dihydroxypyr~midine derivatives, blue-shifts of about 1300 cm- ’ in the excitation maxi- 
mum were observed. In the case of 2.4-dithiopyrimidine, a dramatic pH-dependent change 
in the phosphorescence spectra was observed: in moderately basic solution (0*01&I 
sodium hydroxide), an additional phosphorescence emission band appeared on short- 
wavelength excitation, while in strongly basic medium (0~2M sodium hydroxide), only one 
emission band was apparent, whatever the excitation wavelength (Table 1). Moreover, very 
large blue-shifts (in the range 2900-3700 cm- ‘) in both the excitation and emission peak 
wavelengths were noted for this alkaline solution. We attributed these various changes to 
the formation in moderately basic solution of singly and doubly charged anions of 2,4- 
dithiopyrimidine, which would emit from energetically-different triplet states [see equilib- 
rium (I)]. In strongly basic solution, the equilibrium (1) would be shifted towards the 
formation of the doubly charged anion, resulting in the marked blue-shift of the excitation 
and emission wavelengths, and the appearance of only one emission band. 

Phosphorescence lifetime values greater than 05 set (Table 1) indicate that the excited 
triplet state of pyrimidine derivatives is of IE,IF * type. in agreement with other literature 
data.2’ However, shorter lifetimes are exhibited by 2,6-dichloropyrimidine and sulphur- 
containing pyrimidine derivatives. This strongly suggests that the introduction of a chlor- 
ine or sulphur atom in pyrimidine derivatives enhances or perturbs the probability of the 
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singlet-triplet intersystem crossing transition, as had been previously observed in the case 
of purine derivatives. 12.’ 5 

Quantitative analytical studies 

In order to evaluate optimal pH conditions for the quantitative analysis of pyrimidine 
derivatives, the pH effect on the phosphorescence intensity was studied in two typical 
cases. Phosphorescence intensity cs. pH curves in LO/90 v,/v methanol-water mixture at 
77 K are shown for 2-aminopyrimidine and 2-thio-6-aminouracil in Fig. 1. 

In the case of 2-aminopyrimidine, a 2Sfold increase of phosphorescence intensity is 
observed in the pH 35-5 region, followed by a plateau region at pH 55-- 11. The estimated 
pK value of 4.05 is slightly larger than the literature value of 3.54 determined by a con- 
ventional method.” The sigmoidal shape of the phosphorescence titration curve of 2- 
aminopyrimidine indicates the absence of molecular aggregationZh 

On the contrary, the phosphorescence titration curve of 2-thio-6-aminouracil is charac- 
terized by a larger increase of phosphorescence intensity (about 25-fold increase) in the 
pH region 7-10.5, followed by a smaller decrease as the solution becomes more basic. The 
anomalous peak which results at a pH value of about 11.0 might be due to molecular 
aggregates of 2-thio-6-aminouracil similar to those observed in the case of cytosine and 
cytidine.26 

Because of the higher phosphorescence intensity observed in basic medium, the quanti- 
tative determination of pyrimidine derivatives was undertaken at a constant pH of 11, 
except for 2,6-dichloropyrimidine, for which a large heavy-atom effect-described in the 
next section-made use of an acidic sodium iodide solution more suitable. All pyrimidine 

PH 

Fig. I. Phosphorescence signal as function of pH in IO/90 v/v methanol-water solution at 77 K. 
Curve I : ‘aminopyrimidinc (2.5 x lOYaM). Curve 2: 2-thio-6-nminouracil (I4 x IO-‘&f). Phos- 

phorescence intensity measured at excitation and emission wavelength maxima. 
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Table 2. Phosphorimetric properties of pyrimidine derivatives” 
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Compound 
Concentration range, 
for near linearity,h M 

Slope of linear Limit of 
portion detection”. M 

2-aminopyrimidine 
4.6-dihydroxypyrimidine 
4-amino-2,6 dihydroxypyrimidine 
2,6-dichloropyrimidine 
2,Cdithiopyrimidine 
2-thio&aminouracil 

IO4 1.03 2 x 10-s 
103 l&l I.5 X 10-h 
IO3 0.97 1 X 10-S 
_d _d -1 X lo-Sd 
IO4 0.88 I.5 X lo-“’ 
IO4 0.96 I.4 x lo-’ 

* In basic IO:90 v/v methanol-water solution (O.OlM NaOH), unless otherwise noted. 
’ Near linearity means region over which slope of analytical curve is within 1 ‘x of the values designated in 

column 3. 
’ Limit of detection is defined as the concentration giving a phosphorescence signal (located on the linear part 

of the analytical curve) two times greater than the background noise. The background signal was subtracted 
from the observed signal value. 

“Value of the detection limit was estimated in 0.05M HCI in IO:90 v/v methanol-water solution that was 
0. IM in NaI. 

’ Analytical curve obtained for 02M NaOH solution. 

derivatives were found to have analytically useful phosphorescence signals. Characteristics 
of the phosphorescence analytical curves are given in Table 2. Slopes of the analytical 
curves are close to unity as expected, and the ranges of linearity are large (103-lo4 con- 
centration units). Limits of detection, which range between 1 O- 8 and lo- 5M, are satisfac- 
tory. 

Heacy-atom effect 

Phosphorescence excitation and emission maxima of pyrimidine derivatives are practi- 
cally unchanged in a medium of O.lM in sodium bromide. Heavy-atom enhancement 
factors determined at the wavelength maximum are given in Table 3. 

It is of interest to note that values of heavy-atom enhancement factors are close to unity 
for basic solutions, while larger values, ranging from 1.5 to 9.6, depending on the com- 
pound, are observed for acidic media. That the heavy-atom effects are larger for acidic 
media might be attributed to stronger interactions between pyrimidine-derivative 
cations-the predominant species at pH 2-and iodide ions, resulting in an increase in 

Table 3. Heavy-atom effect of sodium iodide on phosphorescence intensity of pyrimidine derivatives in frozen 
matrix” at 77 K 

Compound 

Heavy-atom enhancement factorb, 
I;‘lI,* 

PH 2 pH 11 

2-aminopyrimidine 
4.6-dihydroxypyrimidine 
4-amino-2.6-dihydroxypyrimidine 
2.6-dichloropyrimidine 
2-thio-4.6-dioxypyrimidine 
2-thio-6-aminouracil 

1.8, 1.1 
1.5s I.1 
1.9 I.4 
9.6 I.1 
1.1 I.1 

_c 1.0 

.I Methanol/water (IO:90 v/v) as solvent; O.lM in Nal. 
b Enhancement factor calculated from the ratio of the phosphorescence intensity (at maximum wavelength) 

in methanol-water-sodium iodide solution (I, 
midine derivative (about 1.j x 10-4M). 

Ns’) and in methanol-water (I,,) with equal concentrations of pyri- 

’ Thio-6-aminouracil is photodecomposed under these conditions. 
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the rate of intersystem-crossing between the excited singlet and triplet state in acidic 
medium. That the 2,6_dichloropyrimidine exhibits a dramatically larger increase of the 
heavy-atom enhancement factor (9.6 in acidic medium US. 1.1 in alkaline medium) may 
be explained by the existence of a strongly localized charge on its cation (due to the elec- 
tron-withdrawing effect of chlorine substituents), which would interact more powerfully 
with iodide ions in acidic medium. We had already demonstrated the occurrence of simi- 
lar interactions leading to an anomalous heavy-atom effect in the case of cytidine.26 
Although it is not yet possible to predict such large heavy-atom enhancement factors, it 
is necessary to take into consideration their analytical usefulness for the phosphorescence 
study of pyrimidine derivatives. 
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Zusammenfassmrg--Phosphoreszenzanregungs- und emissionsspektren. Phosphoresenzlebens- 
dauern, phosphorimetrische Eichkurven und Nachweisgrenzen wurden fur sieben Pyrimidinderi- 
vate bei 77°K in Methanol-Wasser IO:90 v/v bestimmt. Der pH-EinfluR auf die Phosphoreszen- 
zintensitlt weist auf eine hohere Empfindlichkeit der Methode in basischem Medium (pH = II) 
hin. Nachweisgrenzen zwischen 10e5 und IO-“M wurden erhalten. Der EinRuD von Natriumjodid 
auf die Phosphoreszenzausbeute ergab Schweratom-VerstBrkungsfaktoren zwischen I.1 and 9.6 
je nach Molekiilstruktur und pH-Wert. 
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R&urn&On a determine les spectres d’excitation et &emission de phosphorescence. les durees 
d-existence de la phosphorescence. les courbes analytiques phosphorimetriques et les limites de de- 
tection a 77 K en solution IO/90 v/v mtthanol/eau pour sept derives de la pyrimidine. L’influence 
du pH sur I’intensite de phosphorescence indique une amelioration de la sensibilite de la methode 
en milieu basique (pH = I I). On a obtenu de basses limites de detection, entre 10-s et IO-sM. 
L’influence de I’iodure de sodium sur l’etlicacite de phosphorescence mene h des hcteurs d’ex- 
altation d’atome lourd allant de I.1 a 9.6. suivant la structure moleculaire et les conditions de pH. 
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Summary-Batch measurements have shown that the collection yields of chitosan for chromium- 
(III). iron(IlI). nickel. copper(H). zinc and mercury(I1) from sulphuric acid solutions are higher 
when the solutions contain ammonium sulphatc. or when chitosan conditioned in ammonium sul- 
phate is used. particularly at pH 3.0 and 5.0. The contrary is verified for the oxy-anions vanadate. 
chromate and molybdate. Manganese is never collected. At pH I .O no collection occurs. A procedure 
for recycling chromatographic columns includes fixation of Cu or Ni from a sulphate solution at 
pH 3-S on sulphate-conditioned chitosan. and elution with @IM sulphuric acid/O.lM ammonium 
sulphate at pH 1.0: the presence of sulphate in the eluent obviates the detrimental effect of sul- 
phuric acid on the next cycle. Sulphate is the favoured counter-ion of the chelated cations and its 
action produces shorter chromatographic bands, The interaction of sulphate with chitosan is dis- 
cussed in terms of crystallinity and steric distribution of the protonated amino-groups in the 
polymer. Data on the new diethylammohydroxypropylceilulose are included. 

Chitosan powder treated with copper sulphate shows more numerous and sharper X-ray 
diffraction bands than untreated chitosan.‘.2 A comparison of the X-ray patterns for chito- 
san treated with chlorides and sulphates gives the impression that the sulphate anion is 
partially responsible for the increased degree of crystallinity of the treated polymer. On 
the other hand, it is known that chitosan forms an insoluble sulphate.1,3 

Chitosan has seldom been used in sulphuric acid or sulphate media. Chitosan bonded 
with silver and zinc ions was used to collect traces of cyanide from 044M ammonium sul- 
phate solutions.4 

An investigation of the treatment of chitosan with concentrated sulphuric acid (90% 
w/w) has shown that it is depolymerized to give a sticky mass.” However, at lower acidity 
(<O.lM sulphuric acid) chitosan is not dissolved or degraded by sulphuric acid. Because 
even small amounts of sulphate induce structure modifications in chitosan. we expect that 
chitosan previously conditioned in sulphate media might show enhanced capacity for tran- 
sition metal ions. 

EXPERIMENTAL 

A Perkin-Elmer 305 atomic-absorption spectrometer equipped with a three-slot air-acetylene burner, with the 
hot graphite atomizer HGA-70 and with the Hitachi Perkin-Elmer 56 Recorder was used. Normally the deter- 
minations were carried out by flame AAS. but vanadium and molybdenum required the use of the HGA-70. The 
experimental conditions uere those suggested by the pertinent literature and previous work. 

For the batch measurements 5 ml of each reference solution were added to 5 ml of 1M ammonium sulphate, 
it” desired. and after addition of about 75 ml of water. the pH was adjusted to the desired value with sulphuric 
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acid or ammonia and the solutions’were diluted accurately to 50 ml so that they were 0.5 mM with respect to 
the metal and about O.IM with respect to ammonium sulphate. The solutions were shaken with 2OOmg of 
polymer powder in a Dubnoff bath at 25” and aliquots were taken for analysis after I and 12 hr. The reference 
5mM solutions were prepared from Cr2(S0,)s, K2Cr20,, MnSO,, H20. FeCI, .4H,O, NiSO,. 6H,O. 
CuSO,.SH?O, ZnS0,.7HI0, HgCI,. Na,V0,.12H10, Na,Mo0,.2Ht0 and standardized appropriately. 

Chitosun condirioning 

Chitosan (5 g) was introduced into about 400 ml of a solution O.lM in both sulphuric acid and ammonium 
sulphate. After 4 hr stirring, the polymer was washed with water till neutral. For some measurements the polymer 
was similarly conditioned with ammonium sulphate alone. 

Colurlzlls 

Chitosan was supplied by the Kypro Co., P.O. Box 239. Haverford, Pennsylvania 19041. U.S.A. The large 
columns used were I x 24 cm and contained 6 g of I-mm grains of chitosan. The small columns were 0.6 x IS cm 
and contained 3 g of 100-200 mesh chitosan powder. 

DEAHP-cellulose 

Samples of DEAHP-cellulose with various nitrogen contents were kindly supplied by R. Noreika. Polytechnic 
Institute of Kaunas, Kaunas, SSSR. The preparation of this cellulose has recently been reported.‘.b 

RESULTS AND DISCUSSION 

Cutiotts 

Table 1 shows that at pH 3.0 in the absence of ammonium sulphate, sulphuric acid con- 
ditioned chitosan is less efficient than chitosan as a collecting agent; 0-M ammonium sul- 
phate at pH 3-O enhances collection of manganese on free chitosan, but sulphate-condi- 
tioned chitosan does not collect manganese. The chitqsan functions more efficiently if con- 
ditioned with ammonium sulphate alone. For instance, while chitosan collected 71% of 
the Ni added, the sulphuric acid conditioned chitosan collected only 30”/, but the chito- 
sanconditioned with both sulphuric acid and ammonium sulphate collected 78%. Collection 

Table I. Collection of metal ions on 200 mg of chitosan. Expressed as fraction (%) extracted from 50 ml of @5mM 
solution 

PH Conditioning (NH&SO4 
Time, 

hr Cr3’ Mn*+ Fe3+ Ni*+ Cu*+ Zn2+ Hg*+ 

3.0 none 

DIM H,SO, 

ti I M H,SO, 
+O.IM (NH&SO4 
DIM (NH&SO, 

5.0 none 

O.IM H?SO, 

@IM H2S0, 
+O.lM (NH,),SO, 
@IA4 (NH&SO* 

absent 

absent 

O.lM 

DIM 

0.1 M 

absent 

absent 

DIM 

@IM 

@IM 

I 53 0 72 70 95 7 100 
I2 93 15 74 71 loo 22 loo 

I 28 I5 18 28 68 9 89 
I2 36 IO I3 30 79 15 89 

I 58 22 94 83 100 57 100 
I2 95 23 100 88 100 63 100 

I 36 0 25 25 35 23 91 
12 84 0 20 78 76 58 86 

1 70 7 96 90 96 63 90 
12 95 0 95 90 loo 73 90 

I 85 0 - 76 100 30 100 
12 86 I3 x5 100 58 loo 
I 32 IO - 37 81 12 95 

I2 76 0 55 80 30 93 
I 74 I2 - 80 100 70 100 

I2 93 I2 80 100 88 100 
I 78 10 - 78 100 61 90 

I2 90 IO X6 loo 71 90 
I 95 5 - 95 100 90 90 

I2 90 3 95 100 96 90 
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is slightly more efficient at pH 5.0. Sulphuric acid at pH I.0 prevents collection of the tran- 
sition metal ions on chitosan and conditioned chitosan. 

The sulphate ions form electrostatic bonds with the protonated amino-groups of the 
polymer: the general reaction mechanisms are those of the protonation of weak bases.’ 
The structure parameters of chitosan are not known, but on the basis of those for the par- 
ent pol!,mcr chitin’. ‘” (which is not perfectly crystalline) the minimum distance between 
two nitrogen atoms is at least s A in the hc plane of the orthorombic cell described by 
Carlstrom.’ I Therefore. assuming that the N-H-O-S-O-H-N group has a 109” angle with 
interatomic distances N-H I.034 A O-H I.029 and S-O I .432, the two nitrogen atoms 
would lie . 5.5 A apart. Thus. it seems that an H?SO, molecule cannot bridge two amino- 
groups without altering the form of the macromolecule. 

Chitosan conditioned in sulphuric acid would probably carry -NH_; -SOAH groups, 
while chitosan conditioned in a mixture of sulphuric acid and ammonium sulphate, or in 
ammonium sulphate alone, would probably carry -NH.: -SO,NH, groups. 

The metal cations can be regarded as polybasic Lewis acids capable of reaction with 
several basic entities (including nitrogen and oxygen). the number of which is related to 
the co-ordination number of the metal cation. The hydrated copper ion is a Lewis acid 
which competes with sulphate and bisulphate acids for the electron pairs of nitrogen atoms 
in chitosan: 

-NH.;-SO,NH1 + Cu’+ = -NHz-+Cu2+ + NH;-HSO,. 

The complexation of the cation is also due to a contribution of the -OH groups. 
The enhancement of the chitosan capacity in sulphate solutions should therefore be 

regarded as a phenomenon originated by a novel crystallinity induced in the polymer by 
sulphate. and favoured by the availability of sulphate. 

Table 2 reports the collection of three oxy-anions on chitosan, conditioned chitosan and 
DEAHP cellulose at various pH values. The trend with pH is the same as for the cations, 
except that the presence of sulphate depresses the degree of collection to a certain extent. 
especially at pH 5.0. The method worked out for the determination of vanadium in sea- 
water l2 is based on these results and takes advantage of the maximum yield at pH 3-O for 
collection. and minimum yield at pH I.0 for elution with sulphuric acid. 

The better values for chitosan conditioned with sulphuric acid indicate that the polymer 
in this case behaves as an anion-exchanger: 

-NH, + H’ + HSO; = -NH.: -SOdH (conditioning) 

- NH.: - SO,H + oxy-anion”- = - NH.; oxy-anion”- + SO,H- (anion-exchange) 

As Table 2 shows. whenever the sulphate concentration is high, the amount of the oxy- 
anion collected is lowered. in accordance with the second equilibrium. 

In order to take advantage of the batch measurements reported above, for inorganic 
chromatograph>. the following points have been experimentally verified: 

(N) a metal ion can be retained in a narrower band if the polymer has been conditioned 
with sulphate: 
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Table 2. Metal oxy-anion collection on 200 mg of chitosan. Expressed as fraction (“,) extracted from 50 ml of 
@5mM solutions at various pH values 

PH 
Time. Ammonium sulphate absent 

hr vo:- CrO:- MOO:- 
Ammonium sulphate O.IM 

vo:- CrOi- MOO:- 

Chitosan. free base 
I.0 I 5 

I2 I2 
3.0 I 89 

I2 93 
5.0 I 50 

I2 70 
Chitosan conditioned in 

0.1 M H?SO, 
I.0 I 0 

I2 0 
3.0 I 95 

I2 100 
5.0 I 100 

I2 100 
DEAHPcellulose, 4.9”~ nitrogen 

I.0 I IO 
I2 I5 

3.0 I 92 
12 88 

5.0 I 93 
I2 83 

DEAHP-cellulose, 0.4U,, nitrogen 
I.0 I 0 

I2 0 
3.0 I 94 

I2 100 
5.0 I 94 

I2 87 

0 
0 

88 
90 
36 
38 

I2 
I’ 
91 
95 
92 
93 

I5 
IO 

100 
100 
90 
90 

5 0 
4 0 

92 48 
90 38 
29 65 
32 66 

0 
0 

67 
67 
I8 
27 

IO 
I2 

100 
lo0 
100 
100 

I2 I8 0 
23 I8 0 
78 34 6 
84 46 I7 
78 I8 0 
82 25 IO 

Chitosan. conditioned in 
O.IM H?SO_, + O.lM (NH&SO, 

0 I7 I5 
0 I7 0 

75 I7 85 
60 ‘0 85 
30 28 30 
20 35 0 

0 
0 

100 
100 
87 
91 

(h) the sulphate anion is necessarily involved in the collection; 
(c) a metal ion can be eluted from chitosan with sulphate-sulphuric acid at pH 1.0 and 

the column can be recycled by taking advantage of the fact that the presence of sulphate 
compensates for the depression of the collection yield by the sulphuric acid. 

For the first point. I x 24 cm columns were prepared with 6 g of chitosan. or sulphate- 
conditioned chitosan, then 20 ml of 0*05M copper chloride or sulphate were passed 
through and I50 ml of water added for washing. The band-heights before and after wash- 
ing were measured on the basis of the blue colour: the amounts of sulphate or chloride 
were determined as BaSO, or AgCl by standard methods. It was found that the shortest 
bands (6 cm) appeared in the sulphate-treated chitosan columns, while the washing with 
water produced a broadening of the band down to the bottom of the column in the case 
of absence of sulphate. As Table 3 shows, the best retention (no band-broadening) is when 
sulphate accompanies copper, while the sulphate present in the conditioned column 
ensures minimum band length. Moreover. it can be seen that 90’!,, of the sulphate added 
with the copper is retained in the column, against 76% of the chloride. When sulphate and 
chloride are together, the chloride is completely washed out. This is the reverse of the com- 
mon rules for anion-exchangers and stresses the particular physico-chemical requirements 
of chitosan. 
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Table 3. Anion release from a 6-g. I x 24 cm chitosan column (I-mm grain-size) treated with 20 ml of 0.0% 
copper solution, and washing with 150 ml of water 

CUCI, 
CUCI, (NH,), SO, CUC& CUSO, 

Column conditioning 

Copper band height, ens 
before washing 
after washing 

Eluate pH 

none 

II! 
24 

8 

none 

12 
12 
x 

ammonium 
sulphate 

6 
1x 
8 

none 

I2 
I2 
8 

Ratio anion in column 
anion in eluate 

3.297 0099 

chloride 

@OX? 9.000 

suiphate 

The smaller columns were used to define the optimum conditions for recycling. Copper 
and nickel can be eluted with 0.1M sulphuric acid, but the polymer would no longer be 
suitable for the next collection because the elution would correspond to a sulphuric acid 
conditioning. However, the results in Table I indicate that a mixture of sulphuric acid and 
ammonium sulphate is suitable for elution and is not detrimental for the next cycle. 

Through the columns of sillphate-conditioned chitosan were passed IOOml of O*lM 
ammonium sulphate at pH 5.5 containing 5 gmole of copper or nickel. After washing with 
I5 ml of water, elution was performed with 10 ml of O-1 M ammonium sulphate and sul- 
phuric acid, at pH I-0, in Z-ml fractions: after a further washing with 15 ml of water, the 
column was reconditioned with O.fM ammonium sulphate adjusted to pH 10-O with 
ammonia. until the pH of the effluent was 5-S. From the yields reported in Table 4 and 
the shapes of the elution curves, it can be said that the columns work quite satisfactorily 
under the said conditions for at least 20 cycles. 

The general trend for the DEAHP-cellulose samples is that the higher the nitrogen con- 
tent, the higher the degree of collection. The good collection efficiency of DEAHP cellulose 
was expected’ on the basis of its nitrogen content, which is higher than in all the other 
modified cefluloses so far produced; however other factors must be taken into account to 
explain why nickel is not collected. The DEAHP-cellulose samples, except the one with 
0.4”. N, become violet upon collection of copper; however the presence of large amounts 

Table 4. Recovery of metal ions during recycling of a chitosan column with ammonium suiphate, ammonium 
sulphate-suiphuric acid. ammonium sulphate-ammonia. Fraction of the total amount of 5 pmole 

Cycle Copper, “” Nickel. ‘JO Cycle Copper, ‘;‘, Nickel, 7; 

I 93 104 iI 90 104 
t 

.t 98 97 94 97 I2 13 
105 93 
89 98 

4 IO2 94 I4 99 91 
5 96 96 I5 95 102 
6 99 103 16 102 96 
7 89 100 17 SO 97 
8 109 91 18 92 93 
9 97 92 19 100 101 

IO 102 95 20 I03 99 
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Table 5. Metal ion collection on 200 mg of DEAHP-cellulose. Expressed as fraction (‘I,) extracted from 50 ml 
of Oh& solutions at various pH values. 

PH Time, hr Cr3+ MnZf Fe3 + Nj” CU * Zn” Hg’ + 

DEAHPtellulose, 49% nitrogen 

1.0 I 12 :: 

3.0 1 12 ix 
5.0 1 75 

12 8.5 
DEAHP-cellulose, 3.3% nitrogen 

I.0 I 3 
12 0 

3.0 1 68 
I:! 87 

5.0 I 70 
I2 91 

DEAHPcellulose, 2.6% nitrogen 
1.0 1 7 

12 0 
3.0 1 63 

12 60 
5.0 1 93 

12 75 
DEAHP-ceIlulose, 0.4% nitrogen 

I.0 1 0 
12 0 

3.0 1 12 
12 10 

5.0 I 72 
12 68 

Natural celkdose 
1.0 i 4 

12 0 

3-o 1 12 : 
5.0 I 16 

12 16 

10 
10 
15 
IO 
20 
65 

4 
0 
10 
18 
4 
IO 

0 
0 
7 
0 

15 
0 

12 
14 
12 
9 

26 
47 

0 
0 

70 
50 

5 
3 

100 
95 

0 
0 

97 
100 

0 
0 

24 
53 

2 
0 

75 
65 

0 
0 

95 
100 
100 
100 

5 
0 

30 
30 
70 
50 

3 
5 
0 
8 
4 

I’ 

10 

5: 

8’: 
92 

0 
0 

12 
8 

20 
15 

0 
0 

20 
0 

IO 
0 

i: :: 
68 30 
56 30 
97 23 

100 18 

!O 0 IO 
5 0 0 
5 5 16 
5 7 0 

27 75 45 
IO 80 45 

2 6 0 
8 4 0 
0 9 0 
6 12 0 
5 13 0 
6 14 2 

0 
0 

68 
86 
79 
98 

0 
0 

51 
75 
55 
35 

0 
0 

50 
75 
49 
68 

0 
0 

20 
IO 
39 
57 

0 
0 
0 
0 
0 
0 

of other salts, and O+lM ammonium sulphate, prevents the collection of copper. Results 
are in Table 5. 

CONCLUSIONS 

For the first time. chitosan columns have been operated and recycled with suiphuric acid 
solutions; this offers a new procedure for elution of copper, which has so far been performed 
with organic complexing agents, such as I,lO-phenanthroiine and EDTA.13 

Ammonium sulphate seems to induce a new crystailinity in chitosan and makes it better 
abie to interact with most transition metal ions in acidic media. Sulphate is preferred to 
chloride as the counter-ion for the sorbed cations. 

The new DEAHP-celluiose is superior to DE-cellulose mainly because of its higher 
nitrogen content, but the collection ability of chitosan is unsurpassed, because it can col- 
lect transition metal ions in the presence of large amounts of salts, whereas substituted 
celluloses can not. 

The non-collection of manganese by chitosan in sulphate media makes feasible a rapid 
and sharp separation of copper and nickel from manganese.’ 4 
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Zusammenfassung-Diskontinuierliche Messungen haben gezeigt, daR die Sammelausbeute von 
Chitosan fiir Chrom(ll1). Eisen(lllk Nickel. Kupfer(ll), Zink und Quecksiiber(l1) aus schwefel- 
saurer L&sung grliBer wird. wenn die Losungen Ammoniumsulfat enthalten. oder wenn mit 
Ammoniumsulfat vorbehandeltes Chitosan verwendet wird. besonders bei pH 3.0 und 5.0. Das 
Gegenteil ist der Fall bei den Oxyanionen Vanadat. Chromat und Molybdat. Mangan wird nie 
gesammelt. Bei pH I.0 findet keine Sammlung statt. In einer Vorschrift zur cydischen Verwendung 
chromatog~dphischer Suien wird Cu oder Ni aus SuIfathaItiger Liisung bei pH 35 an su~fat~han- 
deltem Chitosan fixiert und dann mit O.lM SchwefelsIure/O.IM Ammoniumsuifat bei pH LO 
eluiert ; die Gegenwart von Sulfat im Elutionsmittel vermeidet den schadlichen Effekt von Schwe- 
felslure ftir den nichsten Cyclus. Sulfat wird von den als Chelat gebundenen Kationen als 
Gegenion bevorzugt: daher bewirkt es kiirzere chromatographi~he Banden. Die Wechseiwirkung 
von Sulfat mit Chitosan wird im Hinblick auf den Kristallinitatsgrad und die raumliche Verteilung 
der protonierten Aminogruppen in dem Polymeren diskutiert. Daten fur die neue Dilthylamino- 
hydrosypropylcellulose werden ebenfalls angegeben. 

Risumk-Des mesures discontinues ont montri que les rendements de fixation du chitosane pour 
les chrome(lll). Ser(ll1). nickel. cuivre(ll), zinc et mercure(ll), a partn de solutions d’acide sul- 
furique sont plus elevts quand les solutions contiennent du sulfate &ammonium. ou quand on uti- 
Iise du chitosane conditionn~ en sulfate ~ammonium. parti~u~i~rement a pH 3.0 et 50. Le contraire 
est verifie par ies oxy-anions vanadate. chromate et molybdate. Le manganese n’est jamais con- 
cent& A pH 1.0 la fixation n’a pas lieu. Une technique pour le recyclage des colonnes chro- 
matographiques comprend la fixation de Cu ou Ni h partir dune solution de sulfate a pH 3-5 sur 
du chitosane conditionni au sulfate. et I’elution par t’acide sulfurique 0. I M/sulfate d’ammonium 
O.lM a pH 1.0: la presence de sulfate dans t’iluant ivite l’effet nuisible de I‘acide sulfurique sur 
le cycle suivant. Le sulfate est I’ion oppose privilegie des cations chelates et son action produit des 
bandes chromatographiques plus courtes. On discute de I’interaction du sulfate avec le chitosane 
en fonction de la cristallinite et de la repartition sterique des groupes amines proton&s dans le 
polymire. Des donnies sur la nouvetle di~thyiaminohydroxypropyl~llulose sont incluses. 
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Summary-The performance for trace analysis in solution by atomic-emission spectrometry from 
a 36-MHz induction-coupled radiofrequency plasma atom-cell is predicted from a simple model 
and compared with the corresponding characteristics of an inert-gas shielded nitrous oxide-acety- 
lene flame. A longer linear calibration range is predicted for the plasma source owing to the greater 
freedom from self-absorption under optimum operating conditions. and the long residence time 
ofanalyte species confers freedom from solute vaporization interferences. The predictions are veri- 
fied experimentally and the advantages of the use of the plasma source are demonstrated in the 
analysis of alumimum alloys for copper. iron. magnesium. manganese. titanium and zinc. 

A number of recent publications have been concerned with the use of induction-coupled 
radiofrequency plasma sources for atomic spectrometry.‘-” Some of these papers have 
outlined the possible advantages of these sources compared to the flame cell’*4*638*9 and 
also as atom cells for simultaneous multj-element analysis. ‘J*‘.~ Recent work in this labor- 
atory has been concerned with the use of an inductively-coupled radiofrequency plasma 
source for detection by emission spectrometry of elements having principal resonance lines 
which lie at short wavelengths and are difficult to excite in flame cells.‘O*‘l During the 
course of this work. however. we have had occasion to examine several other aspects of 
the radiofrequency plasma and to compare its suitability with the premixed nitrous oxide- 
acetylene flame as a source for trace analysis by emission spectrometry. particularly with 
regard to its application in simultaneous multi-element analysis. 

This paper outlines some factors which would be expected to lead to different perfor- 
mances for the plasma and flame with aqueous samples with respect to sensitivity. selecti- 
vity and linear calibration range and illustrates that many of these effects are observed 
in practice. 

EXPERIMENTAL 
.4/tpctrrrtlt,s 

The Radhnr model H3O.P plasma generator and torch design employed have been described in an earlier 
paper. “’ The argon plasma was supplied with aqueous sample solution from a conventional adjustable indirect 
nehulizer (Perkin Elmer Corp.. Norwalk. Connecticut. L’.S.A.) and the expansion chamber of a Techtron AA4 
spectrometer. No desolvarion of the aerosol was employed. 

Flame-emission studies \vere undertaken with a nitrogen-shielded premixed nitrous oxide-acetylene flame sup- 
ported at a SO-mm slot burner (Beckman-RlIC Ltd.. Glenrothes. Scotland) viewed end-on and supplied with 
aqueous sample solution from the same nebulizer and expansion chamber. 

1145 
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A Techtron AA4 flame spectrometer was used for both plasma and flame studies. In both cases. the radiation 
from the centre of the tail-flame of the plasma or flame was focused onto the entrance slit of the monochromator 
by a 62.S-mm f~l-length fused silica lens and the radiation was modulated at 285 Hz by a rotating sector in 
synchronization with the a.c. amplification of the spectrometer. 

Reagerits 

A stock solution containing 20000 ppm of calcium was prepared by dissolving analytical reagent grade calcium 
carbonate (5@0 g) in 6M hydrochloric acid (co 200 ml) and diluting to 1 litre with distilled water. Stock solutions 
containing 20000 ppm of copper and zinc were prepared by dissolving analytical reagent grade copper(H) chlor- 
ide dihydrate (53.7 g) and zinc sulphate heptahydrate (88.0 g) in distilled water and diluting to 1 iitre. 

Stock solutions containing 1OOOppm of zinc (zinc sulphate), titanium [titanium(IV) chloride], manganese 
[manganese(H) chloride], magnesium (magnesium chloride), iron [iron(H) ammonium sulphate] and copper 
[copper(H) chloride] were prepared from the anaiytical-grade reagents specified in brackets. ’ 

Pkasma operating conditions 

The plasma was operated with an injector-gas flow-rate of 3.0 l./min with a sample-uptake rate variable over 
the range @I-@6ml/min. The coolant-gas flow-rate was 15 l./min. The emission from the section of plasma 
between 20 and 30 mm above the top of the work coil was viewed. 

Flume op~~ti~g conditions 

The nitrous oxide flow-rate to the burner was maintained at 6.6l./min; the sample-uptake rate was variable 
between 2 and 6 ml/mitt. The acetylene flow-rate was adjustable over the range 39-4.0 I./min. The burner height 
was adjusted so that the emission observed was from a section of flame, 10 mm high. in the interconal zone just 
above the top of the primary reaction zone. The nitrogen shield:gas Row-rate was 15 l.,‘min. 

Dissolution of aluminium alloy samples 

Aluminium alloy samples (25 g) were dissolved in 6M hydrochloric acid (75 ml): hydrogen peroxide (10 vol.. 
40 ml) was added and the solutions were boiled until dissolution was complete. The solutions were then evapor- 
ated till crystallization began and then were cooled. The residue was redissolved in hot distilled water to which 
5 ml of concentrated nitric acid had been ad&d; these solutions were cooled, transferred to 2%ml volumetric 
flasks and diluted to volume with water. 

Standards for the preparation of calibration surves for copper, iron, magnesium, manganese, titanium and zinc 
were prepared by appropriate dilution of the stock solutions of the salts of these metals. To each of these solutions 
sufficient aluminium chloride solution, prepared from spectroscopically pure aluminium metal in a manner simi- 
lar to that used to prepare the samples, was added so that each solution contained cu 1 J’! w/v aluminium upon 
dilution. 

RESULTS AND DISCUSSION 

In order to facilitate the prediction of comparative performance of flame and plasma 
atom-ceils as emission sources it is helpful to construct a simple ideal model of both cells 
(Fig. 1). A semi-quantitative comparison may be obtained for plasma and flame atom-cells 
in which the following assumptions are made. 

1. The injector gas in which the sampfe is introducted into the plasma may be equated 
in function with the combined fuel and oxidant gases supplied to support the flame. 

2. The coolant gas employed for the plasma has a similar function to the shield gas used 
with the flame and does not play a significant part in sustaining the discharge or carry- 
ing the sample. 

3. All gases enter the atom-cell at constant velocity and with laminar flow. 
4. The velocity of the gas stream and analyte species is the same. 
5. All energy is supplied initially in the plasma core and the flame primary reaction zone. 
6. Sample desoivation and vaporization occur in or slightly above the core of the plasma 

or the primary reaction zone of the flame before the sample passes into the gas volume 
viewed by the detector. 

7. In the plasma, argon accelerates instantaneously upon entering the core and then tra- 
vels through the tail-flame with uniform velocity. 
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(b) 

Fig. 1. Diagrammatic representation of ideal plasma and flame models: (a) plasma : (h) flame. 

/ 

8. In the flame. gas molecules accelerate uniformly through the primary reaction zone and 
then move with uniform velocity through the viewing (interconal) zone. 

9. The temperature and the flame expansion on combustion are the principal factors 
which affect changes in flame gas velocity once the flame gases have entered the com- 
bustion zone. 

Most of these assumptions are necessary in order that the systems can be subjected to 
a simple physical interpretation and may only be valid for a first approximation. The last 
assumption is valid if the effects of intermolecular and interatomic reactions within the 
flame or plasma. and the small corrections to allow for the buoyancy of the hot gases in 
air and frictional effects at the outer layers, are all neglected. 

Figure 2 shows the observed and assumed temperature profiles of the plasma system. 
The temperature shown is that measured by Johnson” for the axial channel of a 2-kW 
36-MHz induction-coupled radiofrequency plasma. The assumed temperature of the 
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I I I 

1 Plasma 
loptlcoll 

core p-!l~ 
,zona 1 

Fig. 2. Observed and assumed temperature profiles for central axis of-radiofrequency plasma. 
Observed profile shown as solid line and assumed profile as broken line. 

plasma was taken to be 8250 K in the zone of observation. This temperature was estimated 
from the observed degrees of ionization of calcium and zinc in the tail-flame, by using the 
gaha equation. The observed and assumed shapes of the plasma core are shown in the 
lower half of Fig. 2. 

Figure 3 shows the temperature profile in the shielded nitrous oxide-acetylene flame. 
The temperature profile of the interconal zone is based upon measurements made in this 

Fig. 3. Observed and assumed temperature profiles in the nitrogen-shielded nitrous oxide-acety- 
lene flame. Observed profile shown as solid line and assumed profile as broken line. 
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Table 1. Typical operating conditions for the radiolrequency induction-coupled plasma and premixed nitrogen- 
shielded nitrous oxide-acetylene flame 

Parameter 

Fuel-gas flow-rate, I./rnirl 

Injector-gas flow-rate, I./mh 
Oxidant-gas flow-rate. I.jrnirl 

Coolant-gas flow-rate. /./atirt 
Shield-gas flow-rate, /./rnia 
Sample-uptake rate, QG. rrd/mirl 

Nebulizer efficiency. $ 
Path-length of cell, L. utnt 
Width of burner. h. nznt 
Height of reaction zone. It,. auu 
Height of viewing zone. auu 
Surface area of core 
Volume of core 
Mean gas density, p, g/I. 
Mean specific heat of gas, C,. J. g- ’ deg- ’ 
Flame expansion factor 
Ambient temperature, T,. K 
Flame temperature. 7, K 
Maximum temperature. 7;,,;,,. K 

Plasma 

3.0 

15 

I.5 
0.01 
20 

25 
10 

22 cm’ 
8 cm3 
I.78 

@524 
1.0 
300 

8250 
9000 

Flame 

3.3 

6% 

15 
4.2 
0.1 
50 
0.4 
0. I 
10 

50 mm’ 
2 mm3 

0.96 
I.35 
1.667 
300 

2800 
3000 

laboratory l3 and on consideration of the temperature profile through the primary reaction 
zone made by Jenkins and Sugden.14 

Typical operating conditions for the plasma and flame are shown in Table 1; these con- 
ditions were used throughout the following comparison. 

Selflahsorptiorl ad its q&t 011 calibration cur’t’es in atonlic-emission spectrometry with the 
n4.0 cells 

The particle density. N,, of an analyte element introduced into the atom-cells can be 
calculated from 

N = Qs* To A c -- 

A QGY T MA A’ (1) 

In equation (1) Q(, is the volume of flame or plasma gas entering the-atom-cell per second 
at an ambient temperature To, + is the nebulizer efficiency, A is Avogadro’s number, Q, 
is the sample-uptake rate, MA is the atomic weight of the analyte element A, T is the mean 
flame temperature, 7 is the molar flame expansion factor and C4 is the concentration of 
A in aqueous solution. 

For the purpose of comparison of the two atom-cells, the line emission observed for the 
calcium atom and ion at 422.67 and 393.37 nm respectively, zinc at 213.86 nm and copper 
at 327.40 nm will be considered. 

The particle densities of elements calculated from equation (1) give the total particle den- 
sity of all species of that element so that to determine the particle densities of the individual 
species. the free-atom fraction and the degree of ionization must be measured or calcu- 
lated. Few data are available concerning the free-atom fraction of these species in the 
radiofrequency plasma, although consideration of the dissociation energies of their oxide 
and hydroxide species suggests that an assumption of unity for the free-atom fraction is 
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Table 2. Particle densities of analyte atoms in the plasma and flame atom-cells and the Doppler half-width and 
oscillator strength of the lines of the atoms considered 

Species i. nrn 

Particle density Doppler half-width 
1t1-J 1,111 

MA f Plasma Flame Plasma Flame 

WI) 42267 4&l 1.75 6.8 x lOi5 8.7 
5.; 

x lO’-c 0@043 OGES 
Ca@I 393.37 4O.l 0.69 2-I x iOL5 x 1OlS oG&tO 0*0024 
CUU) 32740 63.5 016 8.6 x lOI 8.6 x IO’j oGO27 OQOl6 
Zn(f) 213.86 65.4 1.2 1.6 x lOI I.3 x lOI 0*0017 OGOIO 

realistic. With values of 104, 95 and 65 kcal/mole for the dissociation energy of CaOH, 
CuO and ZnO respectively, we calculate a value of unity for the free-atom fraction of each 
element, assuming a partial pressure of lO-‘j atm for the oxide species and a temperature 
of 8000 K. We may not assume a value of unity for the free-atom fractions of these ele- 
ments in the nitrous oxide-acetylene flame, however, as lower values have been found by 
several workers.r5-” For the purposes of our calculations we will assume values of O-33, 
033 and 050 for the free-atom fractions of calcium copper and zinc respectively. 

In the radiofrequency plasma, the degrees of ionization of calcium and zinc were mea- 
sured to be O-75 and 0.1 respectively from the observed intensities of the atom and ion 
lines, assuming a temperature of 8250 K.* The degree of ionization of copper under these 
conditions, calculated from the Saha equation, is 05. In the plasma the higher free-electron 
&n&y (ca 1OZO/m3)9.12,14,18.19 is so much greater than the analyte particle density that 
the degree of ionization remains practically constant at all analyte concentrations studied. 
In the nitrous oxide-acetylene flame the degree of ionization of calcium has been calcu- 
lated” to be 0.43, by using the Saha equation and assuming a partial pressure of 10e6 atm 
for the analyte atoms. The measured degree of ionization of calcium in this flame has been 
reported to be O-43,2 ’ and O*38,22 and for this calculation we have assumed a figure of 04. 
The calculated degree of ionization for zinc in this flame is less than 0.01 and may be 
neglected, while that of copper is only ca O-03, and this has also been neglected. The de- 
gree of ionization for each element in the game refers to that for a I-ppm solution; no 
allowance has been made here for any variation in degree of ionization with analyte con- 
centration. 

Table 2 shows the calculated particle densities of these species when a solution containing 
1 ppm of analyte element is nebulized into both the plasma and flame operated under the 
conditions shown in Table 1, the waveIength of the line of the species considered, the oscil- 
lator strength and the Doppler half-widths of these lines calculated assuming a plasma 
temperature of 8250 K and a flame temperature of 2800 K. 

The absorption of effect coefficient at the line centre, K,, for the analyte element at the 
line considered can be calculated from equation (2): 

‘2 In2 1:2 ,z 
K,, = -&- 

l-i D A 

In this equation, e is the electronic charge, tpt is the mass of the electron, c is the velocity 
of light, Mn is the Doppler half-width, fis the oscillator strength, e0 is the permitivity of 
free space and N, is the particle density in the ground state. 

* Atomicand ionic partition functions were taken from C. W. Alien, Astrophysical Quunritirs, 2nd Ed., Athlone 
Press, London, 1966, 
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Table 3. Absorption coefficients of analyte atoms in the plasma and flame atom-cells 

1151 

Species 

WI) 
Ca(ll) 
WI) 
Zn(U 

i ,,,,I 

42?67 
393.37 
327.40 
213.X6 

Plasma Flame 
K,.. 111- ’ K,.L K,, Ill- ’ K,.L 

0.408 0+0408 x.41 0.210 
0.450 ow450 2.06 0.05 I 
0.046 0QOO46 0.79 0.020 
0,406 0w406 5.x0 0.145 

The values of K,. and K,.L computed for the plasma and flame at the particle densities 
obtained from equation (1) and assuming that the radiation is viewed from the centre of 
the atom-cell, are shown in Table 3. 

From the values of K,.L obtained for these lines it is possible to construct theoretical 
calibration curves by using the relationship: 

I oh. = I,,,(1 - exp[ - K,.L])/K, 

where I,,, is defined by the Einstein-Boltzmann equation: 

(3) 

1. = N, hJ’h sk,.f 
Lrn - -3 exp[ - E,/kTl 

u E,, 111 /. 

where II is the partition function of the atom or ion, /I is Planck’s constant, yI is the statisti- 
cal weighting factor of the upper state involved in the transition, E, is the energy of the 
upper state and k is the Boltzmann constant. Curves obtained for the four lines considered 
are shown in Fig. 4. The intensity represented for the plasma is the intensity emitted per 
unit volume relative to the intensity emitted per unit volume in a flame, ar the limit where 
the absorption coefficient, K,., becomes equal to that of a black body at the wavelength 
concerned. It is quite apparent from these curves that at high solution concentration, the 
radiofrequency plasma exhibits a more extended linear working range than that attainable 

IO6 

Concentration, r.w 

Fie. 3. Growth curves calculated for plasma [P] and flame [F] cells for elements considered: (n) 
calcium at -122.67 nm: (hl calcium at 393.37 nm: (c)zinc at 213.86 nm: (cl) copper at 327.40nm. 
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with the flame. In the plasma, the linearity of the Ca(I) line at 42267 nm, the Ca(IT) line 
at 393.37 nm and the Zn(I) line at 213.86 nm are predicted to be almost identical, as the 
value of K,L for each line is similar. As the absolute emitted intensity at any line is very 
much greater in the plasma than in a flame, the potential sensitivity of the technique is 
much higher and the linear range should also be extended to lower absorbances (i.e., con- 
centrations). 

A second advantage of the plasma system is that as the absolute emitted intensity is very 
much higher than that obtained with a flame, it is possible to reduce the sample-uptake 
rate of the nebulizer system and still maintain adequate signal intensity. This reduces the 
particle density in the plasma and hence reduces the value of K,. This, therefore, offers 
a very simple way of extending the linear range obtained at high concentrations in the 
plasma, with minimal sacrifice in sensitivity. 

Residence times of analyte species in the atom cells 

One of the advantages claimed for the radiofrequency plasma system is that the resi- 
dence time of an analyte particle in the discharge and tail-flame is long compared to that 
in a flame or arc excitation-cell.4 For the plasma system used in the present work, if it 
can be assumed that the linear velocity of analyte particles and carrier-gas atoms is the 
same, then the residence time of analyte particles will be the same as that for the gas atoms 
or molecules. 

The linear velocity of gas through the entrance port into the plasma is given by equation 

(5). 

4QG vg = - 
XL2 ’ 

where L is the path-length of the cell (i.e., the diameter of the tail-flame), Qo is the flow-rate 
of gas at ambient temperature and u. is the linear velocity of the gas up the plasma tube. 

The corresponding equation from the flame is: 

QG 
4) = -9 

bL 

where L is now the burner-slot length and b the burner-slot width. Solving these equations 
for the operating conditions in Table 1 gives the linear gas velocity as 016 m/set into the 
plasma and 8.25 m/set into the flame. After passing into the plasma core or primary reac- 
tion zone of the flame, the gases expand, and their linear velocity, VT, after leaving the reac- 
tion zone is given by 

T 
UT’ = VOY -p 

TO 

where y is the molar flame expansion factor. 
Solving this equation for the plasma and flame gives linear velocities of 4.4 and 130 m/ 

set respectively. 
The residence time, t,, of analyte particles in the reaction zone can be calculated from 

h, f, = -, 
VU’ 
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where h, is the thickness of the reaction zone and u,, is the average linear velocity through 
the reaction zone. For the plasma it is assumed that the average velocity through the 
plasma core is 4.4 m/set and for the flame it is assumed that the average velocity through 
the primary reaction zone is 70 m/set. The calculated residence times are 5.7 msec for the 
plasma and 1.5 psec for the flame. 

If it is assumed that the emission intensity viewed is that from a IO-mm high section 
above the top of the plasma core or primary reaction zone, the residence time of analyte 
in the viewing zone (r,) can be calculated from 

The residence time for an analyte particle in the plasma tail-flame is therefore 2.3 msec, 
compared to 77 ltsec in the flame. 

The plasma system can be readily seen to retain the analyte atom in the volume viewed 
for a much longer period than the flame. It can therefore undergo many more collisions 
to effect excitation during its residence, compared to the number experienced in the flame. 
As the lifetime of the excited atom is typically a few nanoseconds, it is apparent that the 
atom can go through the cycle of excitation and emission about thirty times in the plasma 
tail-flame compared to once in the flame. The additional advantage of the longer residence 
time is that for samples with a low rate of vaporization, complete vaporization may be 
possible during their residence in the plasma, whereas complete vaporization may not be 
attained in the nitrous oxide-acetylene flame. 

Energy of the arow-cells 

The rate of supply of energy to the plasma, assuming totally efficient coupling, is 4 kW. 
For the flame, the rate of supply of energy II$, can be calculated, assuming unit efficiency, 
from 

wi, = Qt, 
V 

where Qr is the flow-rate of the fuel gas, V is the molar volume, and AHr is the heat of 
reaction of the gas oxidation process in this equation. 

For the nitrous oxide-acetylene flame reaction 

2N,O + C2Hz - 2N, + 2C0 + H,, 

the heat of reaction is 179 kcal/mole; for the gas flow-rates used this corresponds to a 
power of 1.8 kW. 

The thermal energy, ET, available in the atom-cell can be calculated from 

ET = @,.(T,,ax - T,,), (11) 

where C,, is the specific heat of the gas at constant pressure, T,,,,, is the maximum tempera- 
ture experienced by the bulk of the gas and \iie is the mass of gas in the atom-cell. The 
mass of gas in the atom-cell at any instant is related to the product of the density of the 



1154 G. F. KIRKBRIGHT and A. F. WARD 

gas, p, and the flow rate, Q(,, so substitution into equation (1 I) gives for the thermal power 

( wTb 

W, = PQ,C,U,,,:,, - To). (12) 

When this equation is solved for the plasma, a thermal power of 400 W for the argon 
gas is obtained. For the flame an average density and specific heat must be assumed (as 
not all the flame molecules are identical). The average density of the flame gas shown in 
Table 1 was calculated for the average molecular weight of flame gases of 21.67 reported 
by Taylor.23 The specific heat of the flame gases was also calculated from this molecular 
weight, assuming a diatomic flame gas and ideality of the flame species. The thermal power 
for the flame is calculated in this way to be 580 W. 

The maximum thermal energy (JT) which can be transferred to analyte particles in the 
primary reaction zone or plasma core, assuming lOO:/ efficiency, can be calculated from 

JT = WTtr. 

For the plasma this energy is 2.3 J and for the flame O*OOl J. 

(13) 

Background ernissionfiorn atorn-cells 

In the plasma system, the principal contribution to the background continuum emission 
is most probably from the bremsstrahlung radiation. In bremsstrahlung radiation, the ac- 
celeration of charged particles takes place via the Coulomb field of other charged particles 
and the major part of the radiation is due to electron-ion collisions and since the initial 
and final stages are continuous, the bremsstrahlung radiation is also continuous. The 
bremsstrahlung radiation at any angular frequency, o, in the plasma can be calculated24 
from equation (14). 

Wade = ~(~,“‘(~)1N’NiZ’~(In~)exp(~)do. (14) 

In this equation, N, is the electron density, N, is the ion density, 2 is the atomic number, 
p is the refractive index of the plasma and b,,,,, and b,,,,,, represent the maximum and mini- 
mum impact parameters respectively. 

If this equation is integrated bver all frequencies then the total bremsstrahlung radiation 
is given by equation (15). 

(15) 

G,,(T) is the Gaunt factor at a temperature T, averaged over both electron velocity and 
frequency. For a plasma with a core temperature of 9000 K and an electron density of 2 x 
102’/m3, taking both the Gaunt factor and the refractive index to be unity, the total 
bremsstrahlung radiation for a plasma core volume of 8 cm3 will be ca 175 W. 

As the plasma is immersed in a steady magnetic field it radiates as a consequence of 
the acceleration of charges in their orbital motions around the magnetic lines of induction. 
This emission is primarily from the free electrons and is termed the cyclotron radiation. 
Although the particles are free, the spectrum is a type of line spectrum composed of fre- 
quencies which are harmonics of the cyclotron frequency. For relativistic particles, the 
radiation becomes truly continuous and is termed synchrotron radiation. 
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The ratio of the bremsstrahlung to cyclotron radiation is given by equation (16): 

(16) 

In this equation R , is the Rydberg constant. OJ,, is the 
defined by 

, 

and Q,? is the cyclotron frequency defined by 

angular frequency of the plasma 

(17) 

(18) 

where B is the magnetic flux density of the magnetic field maintained around the plasma.24 
The cyclotron radiation will only be significant if the cyclotron angular frequency is sig- 

nificant compared to the plasma angular frequency. For this plasma core, the plasma 
angular frequency is 2.6 x 1012 rad/sec while the cyclotron angular frequency is governed 
by the magnetic field strength. For a flux density of typically ca 3 mT (millitesla) in the 
centre of the induction coil, the cyclotron angular frequency will be 5.3 x lOa rad/sec. 
Thus the radiated cyclotron power from the plasma core is typically ca 1 pW. This means 
that the observed background continuum from free electrons in the plasma should closely 
represent principally the bremsstrahlung power spectrum, i.e., the cyclotron radiation is 
negligible. 

Ti7.c background radiation from the plasma can only approach the black-body fre- 
quency distribution if there is a complete thermal and radiative equilibrium throughout 
the plasma. This situation is approached only in very dense plasmas such as those found 
in stellar interiors. If the induction-coupled radiofrequency plasma behaved as an ideal 
black body, then it would have to radiate much more power than it could sustain. 

Figure 5 shows the variation with wavelength of the observed background continuum 
from the plasma after correction for the variation in photomultiplier response with wave- 
length (a). This is compared with the theoretical variation with wavelength of the brems- 
strahlung radiation (b) and that of the black-body radiation (c). The wavelength variation 
of the bremsstrahlung radiation has been calculated for a unit volume of plasma in local 
thermodynamic equilibrium at a temperature of 8250 K for a unit angular frequency distri- 
bution and is shown relative to the peak emission taken as 100. The black-body spectrum 
has been calculated for a unit volume of an ideal black body of unit emissivity in total 
thermodynamic equilibrium at a temperature of 8250 K for a unit wavelength interval and 
is shown relative to its peak emission taken as 100. In Fig. 5 the relative intensity scale 
for curves (a). (h) and (c) is different. Theory predicts that the black-body radiation should 
be some 3000-fold more intense than the bremsstrahlung radiation. The shape and inten- 
sity of the observed spectrum ((I) therefore suggests that the observed background is com- 
posed principally of the bremsstrahlung radiation. 

In the flame. background continuum radiation due to free electrons is almost negligible. 
The total bremsstrahlung radiation from a flame is typically less than a microwatt and 
the cyclotron radiation is absent as there is no local magnetic field. The major contributor 
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Wavelength, nm 

Fig. 5. Comparison of observed and predicted baikground emission spectra from plasma for 
bremsstrahlung andblack-body radiation: (a) observed background spectrum;(b) predicted brems- 

strahlung background spectrum; (c) predicted black-body spectrum at 8250 K. 

to the background in the flame is the black-body radiation, which is typically of the order 
of a few milliwatts. 

In both the plasma and flame, the emission spectra of species in the tail-flame are 
observed superimposed upon the continuum background. For the plasma system, the only 
species present are argon and water; the latter is decomposed principally to atomic hydro- 
gen and atomic oxygen in the plasma. A typical background scan of the plasma at minimal 
electronic gain over the wavelength range 200-700 nm is shown in Fig. 6. Only a few in- 
tense argon lines around 420 nm and the intense H, and H,j lines are observed, with no 

Wavelength, 

600 

nm 

Fig. 6. Background emission spectrum observed from plasma at minimal electronic gain over the 
wavelength range 185-700 nm. 
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appreciable OH band system. Carbon lines at 193 and 248 nm, due to impurities in the 
argon. are also observed. In the flame there are several intense band emission systems due 
to CH, OH. C2 and CO which greatly complicate the background spectrum.2” 

PRACTICAL OBSERVATIONS 

Figure 7 shows the effect of variation in the sample-uptake rate in the radiofrequency 
plasma upon the calibration curves obtained for calcium at 393.37 nm. The effects for cal- 
cium at 437.67 nm and zinc at 213.86 nm are similar. At low sample-uptake rates, the par- 
ticle density, and hence optical density. is low: the linear range is therefore extended to 
higher solution concentrations. compared with the range obtained with high sample- 
uptake rates. The observed emitted intensity at each line is, of course, reduced at low 
sample uptake rates. as the particle density is lower. The detection limit does not deterior- 
ate at low sample-uptake rates to the same extent as the signal attenuation predicted from 
the reduction of particle density. This is probably due to the fact that less solvent is trans- 
ferred to the discharge at low sample-uptake rates so that there is less impedance mismatch 
between the resonance circuit of the oscillator valve and the plasma discharge. Also, it is 
to be expected that the plasma temperature will increase at low sample-uptake rates as 
there is less solvent in the discharge to absorb the applied power. This effect can be 
observed (a plpt of temperature vs. uptake rate is linear, with negative slope) and it appears 
that the decrease in plasma tail-flame temperature is directly proportional to the rate of 
introduction of solvent. 

0.01 

20 

Concentration, 

2ooo 2ocm 

ppm 

Fig. 7. Effect of sample-uptake rate on calibration graphs in the radiofrequency plasma for calcium 
at 393.37 nm. Uptake rates (mJ/min): A4.5. B-3.2: C--l~5;D-~8. 

In the nitrous oxide-acetylene flame a similar increase in linear range at low sample- 
uptake rates is observed for the calibration curves of calcium and copper (Fig. 8). With 
the nebulizer used. in which no auxiliary oxidant support inlet was available, less variation 
in sample-uptake rate is possible. however. without greatly affecting the pressure of the 
nitrous oxide carrier-gas. which in turn alters the flame conditions. 

The advantage of the radiofrequencj, plasma is that the observed linear range of the 
calibration curves ma!. be made to extend over five or six orders of magnitude (e.g.. for 
zinc) while for the flame under the conditions employed the maximum observed was three 
orders of magnitude. 



1158 G. F. KIRKBRIGHT and A. F. WARD 

I I 
0 35 m 

Concbntratlon, mm 

?a m 
Concbntratlon. pm 

24 r 

Concbntratlon. mm 

Fig. 8. Effect of sample-uptake rate on calibration graphs in nitrous oxide-acetylene flame for (a) 
calcium at 422.67 nm; (b) calcium at 393.37 nm; (c) copper at 32740 nm. Uptake rates (ml/min): 

A-6.0: 8-4.5 ; c-3.0. 
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I I I 
2 200 20000 

Concentration, pm 

Fig. 9. Calibration curves obtained in the radiofrequency plasma by using different plasma-gas 
flow-rates for calcium at 422.67 nm. Flow-rates (I./min): A-O; B-4; C-6. 

.Efict of yas,flow-rates on calibration curses 

In the plasma system employed the carrier-gas flow (or injector-gas flow) is optimized 
to produce the maximum efficiency of sample transfer to the atom-cell. With most plasma 
systems it is possible to dilute the atomic concentration in the cell by introducing a second 
gas, the plasma gas. Figure 9 shows the observed calcium calibration curves obtained for 
various plasma-gas flow-rates. The curves for the 393.37-nm calcium line and 213.86nm 
zinc line are similar. The increase in linear range observed at high concentration may be 
attributed to the reduction in the particle density of analyte when the plasma-gas flow is 
used. Use of the plasma-gas flow, however, reduces the temperature of the tail-flame; the 
Doppler half-width is then reduced, so the absorption coefficient increases slightly and the 
full effect of decreased self-absorption due to the reduction in particle density may not be 
observed. Where the sample-uptake rate is reduced to lessen particle density, and therefore 
self-absorption, the converse is true and as the particle density is reduced the plasma tem- 
perature rises. 

In the nitrous oxide-acetylene flame, the oxidant-gas flow was optimized to give the 
maximum sample transport to the flame and the acetylene flow-rate adjusted to maximize 
the emission signal from the element concerned. With the burner system employed in this 
work it was not possible to reduce the particle density by introducing an inert gas or ad- 
ditional oxidant into the flame. No dilution of the atomic concentration was therefore poss- 
ible except by changing the flame-gas flow-rates and this may adversely affect the sample- 
transfer efficiency by increase in the mean droplet diameter at the nebulizer. 

In simultaneous or sequential multi-element analysis, the height at which the analytical 
signal is observed must be chosen as a compromise between the optimal heights for the 
different elements to be analysed. In general, in both atom-cells, the temperature decreases 
high in the tail-flame and entrainment of air beings to occur, so the sensitivity attainable 
is usually greatest low in the tail-flame. 

It is common practice to view near the primary reaction zone or core of the flame or 
plasma to obtain greatest sensitivity for an element in the sample which is difficult to excite 
or is present at a concentration near its detection limit, or both. For other elements which 
are present at high concentration or are more easily excited, however, this frequently 
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means that an intense emission signal is obtained on the non-linear portion of their 
calibration curves. If sample dilution and two or more time-consuming nebulization 
stages are to be avoided, therefore, it is useful to ensure that the greatest linear working 
range is available simultaneously for all elements to be determined. It is in this respect 
that the radiofrequency plasma can be best exploited. 

Analysis of aluminium alloys 

Plasma-emission spectrometry. The plasma was operated under the conditions shown in 
Table 1. Solutions of B.C.S. aluminium samples and standard solutions were introduced 
into the plasma at a sample-uptake rate of 1.5 ml/min and different elements were deter- 
mined sequentially in the same’solution without dilution. Titanium was determined at 
365.35 nm, iron at 371.99nm, manganese at 403.07 nm, zinc at 213.86 nn copper at 
32740 nm and magnesium at 285.21 nm. A slit width of 25 ,um (spectral bandpass of 
0.08 nm) was employed throughout. 

Flame-emission spectrometry. The nitrous oxide-acetylene flame was operated under the 
conditions of Table 1. The acetylene flow-rate was adjusted to maximize the signal 
obtained for titanium. The solutions were introduced directly into the flame and analysed 
for titanium, manganese and iron at the same lines as those employed for the plasma. 
Because of the non-linearity of the calibration curves for magnesium and copper at these 
lines, appropriate dilutions were made before these metals were determined. Insufficient 
sensitivity was obtained in the flame for zinc to be determined in three of the aluminium 
samples, and zinc was detectable but could not be determined with adequate precision in 
the fourth sample. 

The results of these analyses are shown in Table 4. Each value shown is the mean of 
six results obtained by each technique; the values are compared with the B.C.S. certificate 
values in each case. There appears to be no significant discrepancy between the results 
except where dilutions of the stock solution were necessary (for magnesium and copper) 
owing to the restricted linear range when the nitrous oxide-acetylene flame was employed. 
The results obtained for titanium by flame-emission spectrometry are somewhat high; this 
may be due to the fact that no ionization suppressant was added to the standard titanium 
solutions or to the aluminium samples. 

The precision of the results obtained by plasma-emission spectrometry was typically of 
the order of 5% over the whole concentration range. At low levels of analyte, therefore, 
the precision obtained in the plasma method is comparable with the independent analysis, 
but at high levels it is less precise. The precision obtained with the flame-emission technique 
was not as good as with the plasma-emission technique; typically about 10% relative stan- 
dard deviation was obtained in the results. This is probably due to the high concentration 
of aluminium (ca 1%) in the solution, which tended to cause clogging of the burner slot. 
At lower dilutions this is greatly reduced, but a dilution error is then introduced. 

Aluminium was added to the standard solutions principally to eliminate possible matrix 
effects in the flame caused by the high concentration of aluminium present. With the 
plasma, no significant effects of this type were observed and the results obtained for the 
determination of chromium without addition of aluminium to the standard solution in one 
sample (B.C.S. 263/l) was 0*257/, by the plasma emission method, compared with a certifi- 
cate value of 0.24%. 

The results shown in Table 4 for the analysis of aluminium alloy samples by both 
plasma- and flame-emission spectrometry demonstrate the utility of the wide con- 
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Table 4. Analysis ofaluminium alloys by plasma and flame emission 

Element Certiticate value 
Content. “(, 

Plasma Flame 

CU 
Fe 
M8 
Ml1 
Ti 
Zn 

CU 
Fe 
M8 
Mn 
Ti 

Zn 

CU 
Fe 
M8 
Mn 
Ti 
Zn 

CU 
Fe 
M8 
Mn 
Ti 
Zn 

3.99 * 0.02 
0.36 k 0.01 
1.42 f 0.03 
0.10 + 0.01 
0.14 * 0.01 
0.02 + 0.01 

4.56 & 0.01 
0.28 + 0.01 
0.75 f 0.01 
@71 + 0.01 

0.037 * 00ll 
0.20 + 0.01 

0.09 +_ 001 
0.35 + 0.01 
4.92 f 0.05 
@36 f 0.01 

0.038 + 0~001 
0.05 * 0.01 

1.28 & 0.02 
0.30 f 0.01 
2.76 * 0.03 
0.41 + 0.01 
0.15 + 0.01 
5.98 * 0.04 

B.C.S. I X)/l 
3.97 + 0.0‘8 
0.36 i 0.01 
1.41 + 0.04 
0.10 f WI 
0.14 * 00 I 
DO2 * 0.01 

B.C.S. 2 1612 
4.54 + 0.10 
0.28 + 0.01 
0.75 + 0.03 
0.70 + 001 

0037 + 0.003 
0.20 + 0.02 

B.C.S. 26311 
010 * 0.01 
0.33 + 0.02 
4.94 f 0.1 I 
0.36 f 0.01 

0.037 + 0.004 
0.05 + 0.01 

B.C.S. 300 
1.27 + 0.04 
0.30 * 0.01 
2.78 f DO9 
@41 + 0.01 
0.16 + 001 
5.94 + 0.15 

3.8 + 0.4 
0.34 f 0.04 

I.4 * 0.1 
0.09 _t 0.01 
0.18 + OGI 

[cl 

4.3 & 0.3 
0.27 * 0.03 
@90 * 004 
0.71 & 0.04 
0.04 * 0.02 

[cl 

0.10 + 0.02 
0.34 + 0.03 

4.6 jr 0.3 
0.35 f @05 
0.04 f 0.02 

Ccl 

I-4 f 0.1 
0.29 + 0.02 

2.9 + 0.1 
0.41 * @02 
0.18 * 0.06 

Cdl 

Cal 

lb1 

[aI 

PI 

PI 

Cal 

Cbl 

All analyses were performed on a solution containing 1 g of alloy in 100 ml of solution. by plasma-emission 
spectrometry. These solutions were also used for flame-emission spectrometry except as indicated by: 

[a] 0.1 8 of alloy per 100 ml of solution. 
[b] 0.01 g of alloy per 100 ml of solution. 
[c] Not detected. 
[d] Not determined. 

centration ranges for each element over which linear calibration is obtained with the high- 
frequency plasma source. Thus whereas all the analytical results shown in Table 4 for 
plasma-emission spectrometry were obtained at a single dilution (1 g of alloy/100 ml), in 
the corresponding analysis by flame-emission spectrometry several dilutions were required 
for each sample in order to effect the determination of five elements. 

CONCLUSIONS 

Although the induction-coupled radiofrequency plasmas used for spectrochemical 
analysis by other workersIP have employed widely differing conditions, they are to a cer- 
tain extent similar in their general properties. The temperatures in or just above the plasma 
core reported for some of these plasmas1.6.9 lie in the range 8~9000 K and these tem- 
peratures are in general agreement with those calculated18.26 or measured’2.18.19.2’ by 
plasma physicists. Thus. when our simple ideal model is applied to these other plasmas. 
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we can assume to a first approximation that the same temperature distribution as that 
which we observed also occurs in these plasmas. 

The residence time of analyte atoms in the plasma core and a IO-mm section of the tail- 
flame, and the particle densit! obtained be, the introduction of an aqueous solution con- 
taining 1 ppm of zinc into the plasma systems described by Greenfield rt u1.,1*2*28*?9 Fassel 
rt al 3--h Hoare and Mostvn- Veillon and Margoshes’ and Boumans and de Boer,’ calcu- . . 
lated by using the simple -model, are compared in Table 5 with those values obtained for 
the plasma source used in this work. In the plasma used by Wendt and Fasse1,3.4 the cool- 
ant flow was more than twenty times greater than the combined plasma and injector gas 
flows, so for this plasma our initial assumption is almost certainly invalidated and the 
values calculated for this plasma are likely to be higher than the actual values. In the 
plasma of Veillon and Margoshes, H the emission was viewed at a height of 100 mm above 
the top of the work coil and our simple ideal model is no longer strictly applicable at such 
a great distance from the core. 

Table 5 shows that there is a large difference in the particle densities obtained in each 
plasma system, but there is a general similarity in the atom residence times. The average 
time that an analyte atom spends in the plasma coke is calculated to be generally CLI 
4.5 msec. and cu 1.5 msec in a 1 O-mm viewing zone of the tail-flame. These residence times 
are very much greater than those attainable with flames, arcs or sparks and this represents 
a considerable advantage for plasma excitation cells, as explained ‘earlier, .when sensitivity 
and freedom from solute vaporization interferences are considered. 

The detection limits quoted for plasma-emission spectrometry reported by various 
wOrkerS~.3.h.‘.9 are generally lower than those reported for flame-emission spectrometryl.h 
and these detection limits have been progressively improved with improvements in instru- 
ment design. The detection limit is principally a function of particle density, residence time, 
source stability and detection optics and elecronics. In general, we can say that the detec- 
tion limit will be lower in plasmas which permit attainment of a high particle density or 
long residence time. Thus the detection limits quoted by Boumans and de Boer’ reflect 
the higher particle density and long residence time of their plasma. It is difficult to deter- 
mine the relative stability of different plasma systems, but it seems likely that where the 
sample is introduced ria ultrasonic nebulization followed by desolvation of the sample, 
the plasma discharge will be more stable than when an indirect nebulizer is used. In the 
latter case, a comparatively large volume of water is introduced into the discharge with 
the sample and this may cause instability. 

For many elements the plasma system is predicted to exhibit a much extended con- 
centration range for linear calibration curves. compared to the flame. With the plasma 
used in this work the upper limit of the linear calibration range was generally observed 
at a concentration about one order of magnitude greater than that predicted from our con- 
siderations based on the simple ideal model used. In the model, it is implied that the ana- 
lyte atoms are distributed homogeneously throughout the plasma core. This is not true 
for any real plasma system, as the plasma in continually expanding outwards presents an 
aerodynamic barriei- to the entrance of analyte particles into the core. At the frequencies 
used to generate most plasmas (Xl-60MHz) the plasma has a cooler axial channel (see 
Fig. 2) and the analyte atoms are forced to travel either through this central hole or around 
the edges of the plasma. In the plasma systems used bq Greenfield er al.. 1.2.28.29 Fassel 
PI L//.~-’ and Boumans and de Boer’ the sample is forced into the central axis by the geo- 
metr! of the torch tubes and a higher linear velocit! of the injector gas so that a large 
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proportion of the analyte is injected into the central channel of the discharge. In the 
plasma used in this work, however, no such effort was made to force the sample into the 
central axis, so it is likely that a much greater proportion of the sample passes around 
the edges of the discharge than in the plasmas used by other workers. This would have 
the effect of reducing the average path-length of the radiation before it leaves the cell and 
hence cause a reduction in the effects of self-absorption and give rise to a greater extension 
of the observed linear range at high solution concentration than predicted. 

In order to perform multi-element analysis for solution samples at ai single dilution it 
is important to ensure that the technique employed permits greatest linear working range 
for each element and that these ranges overlap so that samples containing the analyte ele- 
ments at widely differing concentration ratios may be accepted. The suggestion is some- 
times made that the use of a weaker emission (or absorption) line in atomic spectrometry 
permits the extension of the linear range to higher concentrations of the element con- 
cerned, so that overlap with the linear calibration ranges of other elements present in the 
sample solution is achieved to facilitate analysis of samples of considerably different com- 
position without the need to resort to the use of different dilutions. Thus when analysing 
the aluminium alloys for magnesium by flame-emission spectrometry we could have 
avoided the dilution step by choosing a non-resonance line (e.g., 383.83 nm) or an ion line 
(e.g., 27955 nm) which may give a linear calibration curve over the concentration range 
of magnesium in the sample solutions (i.e., 75-500 ppm). With copper in these samples, 
however, where the concentration range of analyte in solution is 5-500 ppm, this approach 
would not be applicable at a single dilution. Use of a weaker emission line (e.g., 330.80 
or 319.41 nm) would permit the determination of copper at high concentrations in the 
sample solution without dilution, but it is unlikely that there would be sufficient sensitivity 
to permit analysis of the low copper-content solutions. To avoid dilution of the sample 
solution, therefore, it would be necessary in this case to use at least two emission lines 
for the determination of copper. 
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Zusammenfassung-Die Leistungsflhigkeit der Spurenanalyse in Losung durch Atomemissions- 
spektrometrie mit einer 36 MHz-induktionsgekoppelten Radiofrequenz-Plasmaatomzelle wird 
anhand eines einfachen Modells vorhergesagt und mit den entsprechenden Eigenschaften einer mit 
Inertgas abgeschirmten Distickstoffoxid-Acetylen-Fiamme verglichen. Es wird fiir die Plasma- 
quelle ein langerer Iinearer Eichbereich voraugesagt. da die Quelle unter optimalen Arbeitsbed- 
ingungen eher von Selbstabsorption frei ist. Die lange Verweilzeit der zu analysierenden Spezies 
befreit von Storungen durch Verfltichtigung geloster StoRe. Die Voraussagen werden im Versuch 
besdtigt; die Vorteile der Plasmaquelle werden bei der Analyse von Aluminimulegierungen auf 
Kupfer. Eisen, Magnesium, Mangan. Titan und Zink sichtbar gemacht. 

R&sum&-On prtvoit les possibihtts pour l’analyse de traces en solution par spectrometrie 
d’imission atomique dune cellule a plasma d’atomes de radiofrequence 36 MHz couplee par induc- 
tion a partir dun modele simple et les compare avec les caracteristiques correspondantes dune 
flamme protoxyde d’azote-acetylene protegee par un gaz inerte. On prevoit un domaine d’etalon- 
nage iineaire plus long pour la source de plasma a cause de la plus grande independance uis-&vi.% 
de la self-absorption dam des conditions optratoires optimales, et le long temps de .&jour de 
I’espbce a analyser con&e I’independance cis-li-cis d’interferences dues a la vaporisation du solute. 
Les previsions sont vtrifiees experimentalement et l’on dtmontre les avantages de l’emploi de la 
source de plasma dans I’analyse d’alliages d’aiuminium pour les cuivre, fer, magnesium manganese, 
titane et zinc. 
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Summary-A titration method for analysis of binary mixtures of weak acids is given. The equiva- 
lence volumes of the individual acids can be determined graphically from only two titration points. 
However. use of more than two points gives a more accurate result. Mixtures of acetic acid with 
ascorbic acid. hydroxyacetic and monochloroacetic (A log KHA - H - 03-1.9) are titrated with an 
error of approximately 0.5S2.5”, in all three cases. 

A mixture of two acids can be analysed by titrating them potentiometrically with a strong 
base. Plotting the measured pH vs. the added volume of standard base, V, usually gives a 
curve with two potential jumps. The equivalence points of the stronger and the weaker acid 
respectively lie at the inflexion points of the first and second potential jumps. Such an 
analysis will succeed only if the potential jumps obtained are separate and large enough. 
The stability constants of the acids, K z,. should be less than 10’ and A log K!,, larger 
than 4. This method of analysis presupposes that the equivalence point of the stronger acid 
is the starting point for titration of the weaker acid. If the difference in the stability constants 
of the acids is not large enough some of the weaker acid will have been titrated during the 
final stage of titration of the stronger acid. This results in a decrease in the height and a 
small displacement of the position of the first potential jump, which no longer represents the 
equivalence volume of the stronger acid alone. In a case like this only the sum of the acids 
can be determined from the second potential jump. If the stability constants of the acids lie 
close to each other only one jump in the titration curve can be obtained. This is also the case 
when two strong acids are titrated. 

If A log K;* is larger than 4, the whole titration can be considered to consist of two 
separate titrations. Both equivalence points can be located by using the same wide selection 
of methods as when titrating just one acid. If the two acids cannot be titrated separately, 
special methods should be used. e.g.. Gran plots’ as developed by Ingman and Still2 and 
Johansson.” Ingman and Still have formulated a mathematical equation describing the 
titration of a weak acid with a strong base. By introduction of the a-coefficient concept,4 
the competing side-reaction, i.e., titration of the weaker acid, can be taken into account. A 
straight line can be obtained when plotting the equation as a function of the volume of 
added standard base V The intersection of this line and the V-axis gives the equivalence 
volume of the stronger acid. As an example Ingman and Still give the titration of mono- 
chloroacetic acid in the presence of acetic acid, A log K:* w 1.9. Johansson3 gives a 
method of analysing a mixture of hydrochloric and acetic acids by means of two equations 
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describing the titration in the acid and alkaline regions. When these equations are plotted 
as functions of V, two straight lines are obtained. The iterations of the lines with the 
V-axis in the acid and alkaline regions gives the equivalence volume of the hydrochloric 
acid and the sum of the acids respectively. These preliminary values can then be corrected 
by taking account of the dissociation of acetic acid. 

In this paper a ~t~tiomet~c titration method of an~ysing a mixture of two weak 
acids will be given. The equivalence volumes of the acids can be determined graphically by 
using only two titration points. 

TITRATION OF TWO MONOBASIC WEAK ACIDS WITH A STRONG BASE 

The acids to be titrated are denoted by HA, and HA,,. HA, is the stronger. The titration 
is performed with a strong base, e.g., potassium hydroxide, with a concentration of Co,. 
The initial concentrations of the acids are CHAt and CHArr and the initial volume is V,. 
The volume of added standard base is denoted by V, and V,,, and V_,,, are the equivalence 
volumes of the acids. In formulating the equation three assumptions are made. 

(a) The law of mass action: 

HA ,, +H + A,, Kk,, = 
[HA,,] 

wIP”I 
(2) 

For ~nvenience, charges are omitted. The constants K&:,, and K&,, are mixed stability 
constants, hydrogen-ion activities being used instead of concentrations. The relation- 
ship between activity and concentration is expressed by 

:Gf =_&A31 
where& is the activity coefficient of the ion G. 

(b) The following equations, defining the equivalence volume, are valid. 

I/oCHA, = KY&” 

I/OCHAI~ = &&OH 

(c) The solution must be electrically neutral. 

[HI + cKl= L-OH1 + CAIJ + tAa1 

(3) 

(4) 

(3 

(6) 

The concentration of potassium ion can be expressed by 

[K] = vc,, 
v, -I- v (7) 

Equation (6) should also include concentrations of ions originating from the neutral salt 
added to adjust the ionic strength. The salt used for this purpose, potassium chloride, is 
completely dissociated, so the concentrations of the anion and cation are the same and 
cancel each other out in equation (6). 

The total con~n~ation of the acids HA, and HAll (irrespective of form) during the 
titration can be expressed as follows. 
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+$ = [HA,,] + [Au] (9) 
0 

Combining equations (8) and (9) with (I), (2). (4) and (5) gives [A,] and [A,,]: 

cAI’ = (v, + V)(l + jH:K;,,) 

K$OH 
CAir’ = (vo + V)(l + IHIK:,,,) 

(101 

(11) 

Introduction of equations (7), (10) and f 11 f into (6) and rearranging, gives the equation: 

V 
i‘qr 

1 + (H)K;,, + 
v,,,, 

1 + IWK;,,, 
= y([H] - [OH]) + V 

OH 
(12) 

If the second term on the left-hand side of (12) is neglected and this equation solved for 

(K,, - V), the equation given by Ingman and Still’ for titration of one monobasic acid 
with a strong base, is obtained. If a mixture of three monobasic acids is titrated with a 
strong base, a term V,,,,,/(l + IH I Ki4,,,), symbols I’,.,,,, and K!_,,,, being analogous to the 
ones already used, should be added on the left-hand side of equation (12). A similar equation 
for the titration of more than three monobasic acids can be formulated. 

Equation (12) can be solved for V,r,l: 

Every titration point in a potentiometric acid-base titration gives a value of V and pH. 
Since I/o, Co)+, k$, and Kt-fA,, are known and constant, equation (I 3) can be rewritten as 

V.,, = PI - Q, K,,, (14) 

where 

PI = (1 + W}K:,I) ( ‘O c’ V)([HJ - [OH]) + V 
OH 1 (W 

The values of P, and Q1 can be calculated for every titration point. Equation (14) describes 
a straight line in the liyi, V_,, plane. With two titration points, and hence two values of V 
and pH and two values of Pt and Qt. two different lines can be plotted in co-ordinates 
t,:.,I and V,,,,. The point of intersection of these lines gives the desired values of VL,, and 

V 111,. If several titration points were used, all the lines plotted should, theoretically, intersect 
each other at the same point. An incorrect value of either or both of the constants, KIAr and 

GAn 3 will result in a certain dispersion of the point of intersection if several lines are 
plotted. 

This titration method can be used when a mixture of acetic acid with monochloroacetic 
acid, hydroxyacetic acid or ascorbic acid (as the monobasic acid) is titrated with potassium 
hydroxide. The stability constants of these acids are determined by titrating them with 
0.1004M potassium hydroxide at 25”, p = 0.1 (KCI) and processing the data with a desk 
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1. Titration of monochloroacetic, hydroxyacetic, ascorbic and acetic acid with 0.1004M KOH, T = 25”, 
p = 0.1 (KCI), log j;l= -0.10 and log joH = -0.10 

Monochloroacetic Hydroxyacetic Ascorbic acid Acetic acid 
acid acid 

Theoretical V,, = 6.29 ml 4.23 ml 524 ml 5.84 ml 
V, = 51.38 ml 50.43 ml 52.06 ml 50.25 ml 

V, PH V, PH V, PH V, PH 
ml ml ml ml 

1.00 260 103 3.35 1.00 3.53 1QO 4.00 
1.50 2.67 1.50 3.54 1.50 3.73 1.50 4.20 
200 2.75 2GO 3.72 3.91 2QO 4.37 
250 2.83 2.50 3.91 ::: 4.08 2.50 4.53 
3.00 2.92 3.00 4.13 3.00 4.24 3.00 467 
350 3.03 3.50 4.42 3.50 4.42 3.50 4.82 
4.00 3.14 400 4.96 400 4.63 400 4.98 
450 3.28 4.10 5.20 4.50 4.9 1 4.50 5.17 
5.00 346 4.20 5.70 500 5.43 5+Xl 5.41 
5.50 3.71 5.20 6.09 5.20 5.54 
5.75 3.91 540 5.71 
6X10 4.25 5.60 5.96 
6.10 4.49 
6.20 5.02 

Found = 6.23 ml 4.24 ml 5.24 ml 5.87 ml 
log 

5 
K, = 2.726 3.719 4.100 4649 

Fig. 1. Titration of a mixtureofmonochloroacetic acid and acc‘t ic acid [(a) in Table 21 with0.1004 M 
KOH, V,, = 50.52 ml, T= 25”. p = 0.1 (KCI). Ill:1 !,, IJ I(1 .IIld log jo” = -0.10. Theoretical 

values v L,, = O.h(l 1111 end 1 ,,,, = 364 ml. 
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calculator program described in the literature.” Titration data and results are given in 
Table 1. 

Data obtained when titrating mixtures of different acids with different concentration 
ratios are given in Table 2. The method proposed is used to arrive at a graphical evaluation 

Table 2. Titration of mixtures of acetic acid with monochloroacetic, hydroxyacetic and ascorbic acid. Co, = 
0.1004M KOH, T = 25”, p = 0.1 (KC]), log _fH = -0.10 and log jOH = -0.10 

Theoretical 

Morlochloroaceric acid (I) and acetic acid (II). A log K!, = 1.923 
(0) (b) (c) 

V, = 50.32 ml 5067 ml SO.99 ml 
V<,, = 0.86 ml 2.54 ml 4.13 ml 

V = =I” 3.64 ml 3.84 ml 2.85 ml 
v, PH V, PH V, PH 
ml ml ml 

I.00 3.70 300 3.99 4.00 3.79 
2.00 4.35 4.00 4.48 5.00 439 
2.50 4.59 4.50 469 5.50 4.67 
3.00 4.83 5.10 4.97 6.00 4.96 

Error Error Error 
0, /(I % % 

Found 

Theoretical 

t’,,, = 0.85 ml - 1.2 2.50 ml -1.6 4.09 ml -1.0 
V = eq,, 3.60 ml -1.1 3-87 ml +0.8 2.89 ml + 1.4 

Hydroxyacetic acid (I) and acetic acid (II). A log K!, = 0.930 
((0 (e) (f) 

1, = 5@65 ml 50.82 ml 50.79 ml 
Veq, = 2.74 ml 4.03 ml 5.32 ml 
C’<,, = 3.85 ml 4.79 ml 2.49 ml 

V. PH V, PH V, PH 
ml ml ml 

Found 

Theoretical 

2.00 3.85 4GO 4.14 4.00 4.03 
3.00 4.20 500 4.40 5.00 4.31 
4.00 4.54 600 4.66 600 4.65 
5.00 4.91 7.00 4.96 7.00 5.13 

Error Error Error 
0, 0 I /O /o % 

I = ‘4, 2.75 ml + 0.4 3.96 ml - 1.7 5.33 ml +0.2 
1 ‘e,,, = 3.74 ml -2.9 4.86 ml +1.5 2.48 ml -0.4 

Ascorbic acid (I) and acetic acid (II). A log KiA = 0,549 
(9) (h) 0) 

V, = 50.71 ml 51GO ml 51.52 ml 
I;,, = I.31 ml 2.03 ml 3.53 ml 
‘L;,,, = 4.39 ml 3.52 ml 2.88 ml 

I PH V, PH V, PH 
ml ml ml 

2.00 4.26 
3.00 4.59 
3.50 4.75 
4.00 4.93 

IQ0 3.80 2GO 4.00 
2.00 4.20 3.00 430 
3.00 4.54 4.00 4.60 
4.00 4.90 5.00 4.96 

Error Error Error 
0 0, 0, /O /0 /0 

Found I = vrl, 1.X ml -2.3 1.98 ml -2.5 3.50 ml -0.8 
' = vq,, 141 1111 +@5 3.60 ml +2.3 2.87 ml -0.3 
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of the given data and the results obtained are also included in Table 2. Evaluation of data 
from titration (a) in Table 2 is shown in Fig. 1. 

As can be seen in Fig. 1 the lines used to determine the equivalence volumes do not 
intersect at exactly the same point. The slight dispersion of the point of intersection is 
probably due to experimental errors in measuring V and pH, or to the values of stability 
constants given in Table 1 and used to calculate P, and Qi may be incorrect. It should be 
emphasized that a variation of even f0.01 log units in the value of the stability constants of 
the acids would give a dispersion of the point of intersection and a certain displacement of 
its position. The slope ofthe lines becomes more negative with increasing pH and approaches 
- 1, as can be realized when studying the expression for the slope, i.e., Q, [see equation (16)]. 
When acids with A log Ki,, greater than 1 are titrated, lines obtained from equation (14) 
can easily be plotted separately even if the difference in pH for the titration points used is as 
little as 0.2. If A log Ki,, is less than 0.5, lines based on titration points with ApH even 
larger than 0.2 would still lie quite near each other and it would be difficult to locate the 
point of intersection; small experimental errors or variations in the stability constants of 
the acids would then make the method less favourable. 

From Table 2 it can be seen that the individual acids in the mixtures have been titrated 
with an error varying approximately between 0.5 and 2.5%. The difference between the 
accuracy obtained when acids with different A log KiA values or concentration ratios are 
titrated is not significant. Even ascorbic acid and acetic acid A log K& % O-5, are titrated 
with a reasonable accuracy. 

It should be emphasized that the calibration of the pH-meter is of importance and should 
be done every time in the same way as when determining the stability constants of the in- 
dividual acids. 

Apparatus 

EXPERIMENTAL 

A digital pH-meter (Orion Research 701, accurate to kO.01 pH units) was used with a Beckman glass 
electrode @H O-14, factory-guaranteed) and a saturated calomej electrode. The pH-meter was standardized 
against OQSMpotassium phthalate (pH = 4al at 25”) and O+lM borax (pH = 9.18 at 25”) was used as a secondary 
buffer. The activity coefficients fu and fo,, were calculated from measured pH values in hydrochloric acid and 
potassium hydroxide solutions of known concentrations [ionic strength 0.1 (KCI) and temperature 25”] according 
to the equations& = IO-p”/[H] andfo, = l(r- *4’0”*pH) (I)/[OH]. Values for log fH = -0.10 and log fan = 
- @ 10 were obtained. 

Reagents 

The potassium hydroxide solution was prepared from reagent grade “Titrisol” (Merck). All other chemicals 
were of Merck reagent grade. A Metrohm piston-burette (5 ml) was used and the initial volume was measured 
by means of a pipette. The titration beaker temperature was thermostatically controlled at 25.0 & 0.1 O. Weight- 
burettes were used to determine the initial concentrations of the acids from which the theoretical consumptions 
were calculated. 

Procedure 

The titrations were performed in the normal way and the titration solutions were continuously stirred with a 
magnetic stirrer. 
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Zusammenfassq-Ein Titrationsverfahren zur Analyse binlrer Gemische schwacher Sauren wird 
angegeben. Die Aquivalentvolumina der einzehten 9uren k&men graphisch aus nur zwei Titra- 
tionspunkten bestimmt werden. Die Verwendung von mehr als zwei Punkten gibt jedoch ein 
genaueres Ergebnis. Gemische von Essigsiiure mit Monochloressigtiure. Hydroxyessigtiure und 
Ascorbindure (A log KE, = 0.5-1.9) lassen sich mit einem Fehler von etwa 0.5-2,5”/0 titrieren. 

R&urn&-On donne une methode de titrage pour I’analyse de melanges binaires d’acides faibles. 
Les volumes d’equivalence des acides d&finis peuvent &tre determines graphiquement a partir de 
seulement deux points de titrage. Toutefois, I’utilisation de plus de deux points donne un rtsultat 
plus precis. Des melanges d’acide acetique avec les acides monochloradtique, hydroxyacttique et 
ascorbique (A log Kz,, = 0.5-1.9) sent tit& avec une erreur d’approximativement 0.5-2,50& 
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Summary-The method given in Part I is used to determine the mixed stability constants of a 
” dibasic acid. Values of log K1142 = 2878 and log Ku, - - 4.01 1 for tartaric acid and 4.077 and 5.335 

for succinicacidat I( = 0.1 and T = 25” have been obtained. The method is also applied to titrations 
of these acids, the error obtained being about 0.5x, and to titrate a mixture of tartaric acid and 
potassium hydrogen tartrate with an error of 0.7-I .6% 

An equation can be formulated to describe the titration of a dibasic acid with a strong base, 
e.g., potassium hydroxide. The initial concentration of the acid is CHzA and the other 
symbols are the same as for equation (13) in Part I.’ Three basic sets of equations are re- 
quired. 

(a) The law of mass action: 

H,A=H+HA KEzA= P-VI 

HA+H+A 

(1) 

(2) 

(h) Definition of I/ (, (first dissociation stage): 

blCH~A= t$O" 

(c) The rule of electroneutrality: 

[K] + [H] = [OH] + [HA] + 2[A] 

The total concentration of the acid can be expressed by 

(3) 

(4) 

+$ = [H,A] + [HA] + [A] (5) 
n 

By combination of equations (fi, (2), (3) and (5), the following expressions for [HA] and [A] 
are obtained : 

[HA] = I/,~COH{HIGA 

(b+ Ql + (H>GA + {H)2Ki~G,~) 
(6) 

* Part 1. 7rrl~rtr 1974. 21. I 167. 
1175 
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I/,&Xl 
IA1 =(V, + I’)(1 + {H}KiA + (H}*K;,,K:,J (7) 

Equations (6) and (7) and the expression for [K], equation (7) from Part I,’ are inserted 
into equation (4), which after rearranging gives the equation 

I/ 
eq 

5 (l+ {H)J% + {H)*%%) 
{H%, C 

(v, + v) (LHl _ LOHl) + v 2~, 
c OH 1 -m (*I 

DETERMINATION OF THE STABILITY CONSTANTS OF A DIBASIC ACID 

Equation (8) can be used to determine the stability constants of a weak dibasic acid by 
solving it for Kk: 

xi 
K;,= 

-v ([H] - [OH]) - V 
OH 

‘v>+ ’ ([HI - [OH]) + l’ 
T (9) 

WI (1-t WP%J - v,, 
_ OH -I 

Equation (9) can be solved graphically in order to obtain Kh and Ki,,. Parameters Kq, 
V, and Co, are constant for a particular titration and every titration point gives values of 
Vand pH. By assuming different values for log KE,, and calculating the corresponding 
log Kk:, a line valid for one titration point can be plotted in co-ordinates log KiI,, and 
log Kk. Different titration points give different lines and their point of intersection gives 
the desired values of log Ki,, and log K&. Data obtained from titration of tartaric acid 
and succinic acid with potassium hydroxide are given in Table 1. In this work the pH 
values were measured with a Orion 801 digital pH-meter to &OWl. 

The graphic determination of stability constants of tartaric and succinic acid by the 
method is shown in Fig. 1. The data evaluated are those given in Table 1. 

The value of stability constants obtained from Fig. 1, log Ki,, = 2.878 and log Kk = 
4.011 for tartaric acid and 4.077 and 5.335 for succinic acid at p = 0 1 and temperature 25”, 
agree satisfactorily with the values given in the literature,* 2.88 and 3.94, and 4.07 and 5.28 
respectively at p = 02 and 25°C. 

When the values of the mixed stability constants obtained from Fig. 1 for succinic acid 
are calculated to be converted into thermodynamic constants at this temperature by the 

Table I. Titration of tartaric and succinic acids with 
0.1008M KOH at p=O.l (KCl), T= 25”, where 

logf, = -O*lO and log&, = -@IO’ 

Tartaric acid Succinic acid 
V, = 50.82 ml V,= 51.21 ml 
k& = 4.986 ml V,, = 4.331 ml 

V, ml PH 

3.00 3.083 
4.00 3.287 
500 3.503 
600 3.730 
7.00 3.974 
750 4.108 

V, ml PH 

3.00 4.299 
4.00 4.609 
4.50 4.764 
5.00 4.919 
5.50 5.075 
6.00 5.234 
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Tortoric acid Succinic acid 

3.974 5.075 
4.15- 4.919 5.234 

a 

x I” 
x 

B 

1 4.00 i 
3.95 4.10 5.25 5.40 

log Kk log K;, 

Fig. 1. Determination of stability constants of tartaric and succinic acid. Graphical evaluation of 
titration data from Table 1. p = 0.1 (KCI), T= 25”. log JH = -0.10 and log fOH = -0.10. 

method given by Albert and Serjeant3 the following values are obtained: log’K&, = 4.188 
and log’Z& = 5.667. These thermodynamic constants agree well with the values 4.200 
and 5634 obtained by Albert and Serjeant. 

In the titrations considered in Table 1 the solution has its maximum buffer capacity 
when the buffer regions corresponding to the two dissociation stages of the acid overlap 
each other. The pH of these solutions at their maximum buffer capacity is approximately 
glog K$* + log Kz,). As can be seen in Fig. 1 the lines representing titration points with 
pH within about + 0.3 units of this value intersect each other at almost the same point. 
Only when lines with pH values outside this region are considered is a certain dispersion 
of the point of intersection apparent. When determining the stability constants of the acids 
by this method too much weight should not be attached to the lines representing points 
taken from a pH region of low buffer capacity. 

TITRATION OF A DIBASIC ACID 

Graphical interpretation similar to equation (13) in Part I1 can also be made for equation 
(8). Each titration point gives the following equation: 

v,, = P, - Q&q w 
where 

and 

p = (I+ {H>Kk, + {HIZKkK;,,) (v, + V 
([HI - WI) + v 1 (11) 

2 
P-W& C OH 

Q2 = (H;K;, (12) 

When lines from equation (10) are plotted in co-ordinates I& and& they should theoreti- 
cally intersect each other at the same point, lying on the line passing through the origin 
and having a slope of 1. The equivalence volume could be determined by using only one 
titration point, but because of experimental errors more than one point should be used. 
The usefulness of the method is shown in Fig. 2 where data from the titration of tartaric and 
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Tartaric acid 

AN IVASKA 

Succinic acid 

6.5 

r 

6.5b' I 1 I 
6.5 6.0 

V *a 1 ml 

Fig. 2. Titration of tar&c and succinic acids. Graphical evaluation of titration data from Table 2. 

succinic acids given in Table 2 are graphically evaluated. In calculation of the constants 
Pz and Q2 according to equations (11) and (12) the stability constant values obtained from 
Fig. 1 are used. The line passing through the origin and having a slope of 1 is drawn as a 
dotted line in Fig. 2. The results obtained and the titration errors are given in Table 2. 

As can be seen in Fig. 2, lines plotted according to equation (10) intersect each other with 
moderate accuracy on the dotted line, and the equivalence volumes are determined with 
an error of 00-O-5%. 

The fact that the lines should intersect each other on the dotted line increases the accuracy 
of the method appreciably compared with the determination of equivalence volumes of 
two weak acids where the dispersion of the point of intersection makes its location some- 
times quite difficult. 

Table 2. Titration of tartaric and succinic acids with O~IOOSM KOH, log K!lA = 2.878 and log Ki, = 4.01 I 
for tartaric acid and 4.077 and 5.335 for succinic acid. p = 0.1 (KCl), T= 25”, log f, = -0.10 and log Jo, = 

-0.10 

v, ml 

4m 
6.00 
8.00 

Tartaric acid Succinic acid 
V, = 5100 ml 52.06 ml 

Theoretical k& = 6.56 ml 7.40 ml 

PH p,, ml Q2 v, ml PH P,, m( Q2 

3.069 8.057 0.229 4448 9.372 O-259 
3.394 9.719 0.483 

g:g 
4.809 11.883 @596 

3.741 13,615 1.074 9Qo 4.99 1 14.185 0.906 

Error Error 
% % 

Found V& = 6.56 ml 0.0 V& = 7.44 ml -05 



DETERMINATION OF THE TWO ACID SPECIES H,A AND HA- 
OF A DIBASIC ACID 

The titration of a mixture of H,A and HA- with a strong base, e.g., potassium hydroxide, 
can be regarded as a special case of the titration of a dibasic acid. An equation similar to 
(8) can be formulated. The initial concentrations of the acid species are denoted by CH2,, 
and CHA. The basic equations are as follows. 

(a) The law of mass action: equations (1) and (2) are valid. 
(b) Definition of equivalence volumes: 

I/oCn,* = I/,&on (13) 

I/oCn* = I/e&OH (14) 

(c) The rule of electroneutrality: 

[M] + [K] + [H] = [OH] + [HA] + 2[~] (15) 

where M denotes the cation corresponding to the species HA-. The concentration of the 
ion M can be expressed as 

[M]=V,C,, 
v,+ v (16) 

The following equation is valid during the titration : 

& (CH2A + C,,) = [H,Al + F-W + [Al 
0 

Combining equations (l), (2), (13), (14) and (17) gives: 

COHWF;, 
rHA1 = (V, + V)(l + {H)K& + (H}2K;,K&,) (I/eql + T/eqll) 

C 

[A1 = (V, + V)(l + JHjK;;+ {H}‘K;,K;,,) (I/es1 + ‘qll) 

(17) 

(18) 

(1% 

After insertion of equation (7) from Part I1 and equations (18), (19) and the combination of 
(16) and (14) in (15), and rearrangement, the following equation is obtained : 

v = (1-t IH3Kh + W2Kk&,,) 0% + V) 
eq1 2 + P-W% C 

([HI - [OH]) + V 
OH 1 

Equation (20) can be interpreted graphically in the same way as equation (13) in Part I’ 
and equation (8). Values of K$*, KEA, V. and Co, are known and every titration point 
gives V and pH. Equation (20) can be shortened to 

where 

(21) 

p = (1 + U-V% + CH)2Kk&,,) Pi, + VI 
3 2 + {H}K;, C ([HI - [OH]) + V 1 (22) 

OH 
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Table 3. Titration of a mixture of tartaric acid and 
potassium hydrogen tartrate. C, = @lOOSM KOH, 
V, = 5082 ml, log K& = 2-878, log K& 3: 4.011, 
p = @1 (KC& T = ZS",logf, = -0.10 and log f& = 
-O-IO. Theoretical V&, = 5.37 ml and VUqz = I.29 ml 

V, ml 

3.00 
S-00 
7.00 
9.00 

PH P,, ml 

3-5 4.918 
3,419 5375 
3.763 5.670 
4151 5.858 

Q:, 

-0.391 
-0‘021 
+ 0.204 
+0*353 

Error 
% 

Found i&, = 5-41 ml $@7 
V,,, = 1.27 ml -1.6 

and 

Q3 = 1 - P-U2~~K&, 
2 + {H}KL 

(23) 

In Table 3 are given data obtained when a mixture of tartaric acid and potassium hydro- 
gen tartrate is titrated with podium hydroxide. These data are graphically evaluated in 
Fig. 3 by using equation (21). The results obtained in Fig. 3 and the corresponding errors 
are given in Table 3. The values of the constants PJ and Q3 used when drawing the lines in 
Fig. 3 are also given in Table 3. When calculating these constants according to equations 
(22) and (23) the values for the acid stability constants obtained from Fig 1 are used. 

As can be seen from Fig. 3 the point of intersection of the lines has a certain dispersion, 
making its location a little difficult and several lines should be used in order to obtain the 
equivalence volumes with reasonable accuracy. The lines to be used should represent titra- 

4.5 I , t L I 
0.5 2.0 

v 
*qll’ 

ml 

Fig. 3. Titration of a mixture of tartaric acid and potassium hydrogen tartrate. Graphical evalua- 
tion of titration data from Tabk 3. 
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tion points from the pH range recommended when determining the stability constants of 
the acid. 

Considering the small value of Alog K N 1 of tartaric acid, the titration error obtained, 
0.7-1.6x, can be regarded as satisfactory. The method described can be used only if re- 
liable values for the stability constants of the acid are available. This is a drawback but can 
be avoided by determining the constants in advance according to the method given earlier 
in this paper. 
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Zusammenfassung-Das in Teil I angegebene Verfahren wird zur Bestimmung der gemischten Sta- 
bilitatskonstanten zweibasiger Sauren verwendet. Fur Weinslure wurde log K[,, = 2,878 und log 
K” - 4.011 erhalten. fiir Bernsteinslure 4.077 und 5.335. ieweils bei r~ = 0.1 und T = 25°C. Das Y1 - 
Verfahren wird such zur Titration die& Sauren verwendet. wobei der Fehler etwa 0.5% betrlgt, 
sowie dazu, ein Gem&h von Weins;iure und Kaliumhydrogentartrat mit einem Fehler von 0.7- 
1.6:/, zu titrieren. 

R&m&-La methode donnie dans la premiere partie est utilisee pour determiner les constantes 
de stabilite mixtes dun acide dibasique. On a obtenu les valeurs de log K[>* = 2,878 et log KHHA = 
4.01 I pour I’acide tartrique, et 4.077 et 5,335 pour l’acide succinique a p = 0.1 et T = 25°C. La 
methode est aussi appliquee aux titrages de ces acides. I’erreur obtenue &ant d’environ 0.5%. et 
pour titrer un melange d’acide tartrique et de tartrate acide de potassium avec une erreur de 0,7- 
1 6” . 0 



SELEC’TIVE SEPARATION OF INDIUM FROM 
ZINC, LEAD. GALLIUM AND MANY OTHER 

ELEMENTS BY CATION-EXCHANGE CHROMATOGRAPHY 
IN HYDROHALIC ACID-ACETONE MEDIUM 

F. E. W. STKI.LOW. C. H. S. W. WHNIXT and T. N. VAN IXK WALT 

National Chemicd Research Laborator). P.O. Box 395. Pretoria. 0001. South Africa 

Summary~~~lndium can he separated from Zn. Pb(ll). Ga. Ca. Be. Mg. Ti(lV). Mn(ll). Fe(lll). Al. 
U(VI). Na. Cu(II). Ni(ll) and Co(ll) h> selective elution with @SUM hydrochloric acid in 30’:,, 
aqueous acetone from a column ofAG50W-XX cation-exchange resin. all the other elements being 
retained b> the column. Lithium IS included in the elements retained by the column when @35M 
hydrochloric acid in 45”,. aqueous acetone is used for eluting indium, but the elution of indium 
is slightl! retarded. Ba. Sr. Zr. Hf. Th. SC. Y. La and the lanthanides. Rb and Cs should also be 
retained according to their distribution coefficients. Cd, Bi(lI1). Au(lIl), Pt(lV). Pd(II). Rh(lII). 
Mo(VI) and W(VI) can be eluted with @?OM hydrobromic acid in 50:‘;, aqueous acetone before 
the elution of indium. and Ir(lll). Ir(lV). As(llI), As(V). Se(N). Tl(lll). H&II). Ge(IV), Sb(lII) and 
Sb(V). though not investigated in detail. should accompany these elements. Relevant distribution 
coefficients and elution curves and results for analyses of synthetic mixtures of indium with other 
elements are presented. 

Several methods have been described for the ion-exchange separation of indium from zinc, 
lead. gallium and other elements. A cation-exchange separation of indium from lead and 
cadmium has been developed from the fact that lead and cadmium complexes with EDTA 
are not stable at a pH of 08 and are adsorbed on a cation-exchange resin while the more 
stable indium complex passes through.’ Kocheva cut ul.’ have retained the indium-EDTA 
complex on Wofatit L150 anion-exchanger from EDTA in O.lM hydrochloric acid, zinc 
and other elements being not adsorbed. Though the separation of indium from only a 
limited number of other elements has been investigated in EDTA solutions at low pH- 
\ allies. man! others can probably be separated. according to their known complex stabili- 
ties. Only elements such as Fe(II1). SC, Zr and Th. which also form very stable EDTA 
complexes. would tend to accompany indium. The major disadvantages of the methods 
:tbo\e arc thst the presence of EDTA often complicates further work and that ion- 
exchange of EDTA complexes tends to give slog exchange rates and tailing, especially in 
the case of anion-exchange procedures. 

Most other published methods describe the separation of indium from one or from a 
few other elements and the! seem to be less selective than the method based on EDTA- 
complexes. Zagorchev it trl.” have used 01 M ammonium acetate at pH 3.65 to elute in- 
dim11 from Dowex 5OW-X8 cation-exchange. zinc and cadmium being retained. The distri- 
bution coefficient of indium seems to be rather high under these conditions and elution 
is \er> prolonged. About 0.2A4 ammonium acetate improves the elution of indium without 
leading to premature appearance of zinc or cadmium according to our own work.4 

Alimnrin ~‘r ~1.~ ha\.e adsorbed indium from ammonium carbonate solution at pH 10 
on an anion-exchange resin. but zinc passes through, A cation-exchange method in which 
indium is eluted prcferentiall! has also been described.” The methods are of limited appli- 
cabilit! because man! common elements are insoluble in the eluting agent. 

I I83 
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An anion-exchange method using ammonia for the elution of Cd Zn, Al and Ga, fol- 
lowed by the elution of indium with ammonium carbonate, lead with sodium hydroxide 
and iron with hydrochloric acid has been described by Eristavi et a1.6 Only about 1 mg 
of each element was used and the recoveries did not seem to be very accurate and tended 
to be low. 

Bausova’ has eluted indium from the Russian weakly basic EDE-IOP anion-exchanger 
with DlM hydrobromic acid, lead and cadmium being retained. Distribution data by 
Andersen et al.* and quantitative work by Strelow et al.’ suggest that a similar separation 
should be possible on Dowex l-X8 or AG l-X8. 

Stancheva et al.” have adsorbed indium from 05&f ammonium sulphate on weakly 
basic EDE-1OP anion-exchanger, zinc passing through. From 0*3M ammonium sulphate 
that is O*OlM in sulphuric acid, zinc is retained by the strongly acidic KU-2 cation- 
exchanger, but indium is not. Mosheva et al. ” have shown that indium can be eluted with 
ethylenediamine dihydrochloride from a Dowex 50 cation-exchanger, zinc being retained. 

The systematic work of Kraus et ~1.‘~ on distribution coefficients shows that indium 
is only relatively weakly retained by strongly basic anion-exchange resins such as Dowex 
l-X10, Dowex l-X8 and AG l-X8, from hydrochloric acid solutions,.even at the most 
favourable concentrations. Kraus et al. I3 have described a separation of indium from Al, 
Ga and Tl(III), eluting aluminium and indium successively with 7M hydrochloric acid 
from a Dowex 1 anion-exchanger. The separation between aluminium and indium is mar- 
ginal and only small amounts of indium can be tolerated. Furthermore, the indium peak 
shows strong tailing. Some other elements accompany indium. Good separations are poss- 
ible mainly from those elements which are more strongly adsorbed. Torkoi4 has used 
0 15M hydrochloric acid for the elution of indium from Dowex l-X8 resin, while cadmium 
in retained, and Raby et al. l5 have eluted indium from the same resin with 0.5M hydro-* 
chloric acid containing 0.1% of hydroxylamine hydrochloride, while tin(H) is retained. A 
separation of indium from Fe(III), Al and Mn(I1) on the strongly basic Wofatit Ll50 
anion-exchanger has been described by Jentzsch et al. I6 The other elements are eluted with 
4M hydrochloric acid, indium being retained. Tin accompanies indium when this element 
is eluted with O*lM hydrochloric acid. Korkisch et al. ” have separated indium from gal- 
lium and aluminium by anion-exchange in hydrochloric acid-organic solvent mixtures. 
The applicable distribution coefficients seem to be rather low, long columns (75 cm) have 
to be used, and recovery tests do not seem to give very accurate results. 

The most useful among the procedures described for the separation of indium from 
other elements are probably those based on cation-exchange chromatography in aqueous 
hydrochloric acid. Klement et al.’ 8 suggested a concentration of O-4M hydrochloric acid 
foi the separation of iridium from Pb, Cu, Zn, Fe and Ga. Unfortunately this was rather 
low and led to uncomfortably large elution volumes for indium (about 2000 ml). If 0*50M 
hydrochloric acid is used, the elution volumes are considerably reduced, while the other 
elements are still sufficiently retained. Cadmium, lithium and tin accompany indium, and 
the separation from sodium is not satisfactory. 

In all the methods discussed above the separation of only a limited number of other 
elements from indium has been investigated in detail. A method capable of separating in- 
dium from most other elements of the periodic table in a relatively simple procedure does 
not seem to be available. Recent systematic surveys of distribution coefficients of elements 
in hydrochloric acid-acetone lg and hydrobromic acid-acetone mixtures2’ used with 
AGSOW-X8 cation-exchanger suggest that a very selective method for the separation of 
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indium from other elements can be obtained by a combination of these two elution sys- 
tems. It has been shown” that Cd, Bi(II1). Au(III), Pt(IV), Pd(II), Rh(III), MO(U) and 
W(VI) can be separated from indium quantitatively by eluting these elements from a 
column of AG50W-X8 or AG50W-X4 cation-exchanger with 020M hydrobromic acid 
containing 50”/“, of acetone. Indium and most other elements are retained by the column. 
The coefficients in hydrochloric acid-acetone” suggest that by use of 050M hydrochloric 
acid containing 30% of acetone, indium can be eluted and separated more effectively from 
Zn, Pb, Ga and the other cations still retained by the column than by use of aqueous hy- 
drochloric acid alone. This separation therefore was investigated in detail by preparing 
relevant elution curves and analysing synthetic mixtures of known composition. 

EXPERIMENTAL 

Reagents and apparatus 

Chemicals of analytical-reagent grade purity were used throughout. The resin was AG50W-X8 sulphonated 
polystyrene cation-exchanger (BIO RAD Laboratories, Richmond, California). Resin of 200-400 mesh particle 
size was used for column work. Borosilicate glass tubes of 20 mm bore with fused-in glass sinters of No. 2 poro- 
sity, a burette tap at the bottom, and a B19 ground-glass joint at the top, were used as columns. 

Atomic-absorption measurements were carried out with a Perkin-Elmer 303 atomic-absorption spectrometer 
and a Zeiss spectrophotometer was used for spectrophotometric measurements. 

Distribution coejkierlts 

An inspection of known distribution coefficients” reveals that the method of Klement rt al.‘* can probably 
be extended to include the separation of many other elements from indium. The distribution coefficient for in- 
dium is 7.6 in 05M aqueous hydrochloric acid and I10 in 0.2M aqueous hydrochloric acid, By interpolation 
it should be about Ii-20 in the 04M aqueous acid. the eluent concentration chosen by Klement for most of 
his separations of indium. This and the fact that he used resin of 20-50 mesh particle size, which in 
combination with the higher distribution coefficient will tend to give considerable peak broadening and 
tailing. probably explains the very large elution volume of 2OOOml he obtained for indium from a column 
containing 50ml of Dowex 50 resin. Elution with 05M hydrochloric acid-used by Klement et al. only 
for the In-Cu pair-and use of a finer resin should give a considerably improved elution of indium without 
causing premature appearance of the other elements. The situation is even more favourable when hydrochloric 
acid-acetone mixtures are used for elution. The distribution coefficient for indium decreases from 7.6 to 3.6 when 

Table 1. Relevant distribution coefficients in aqueous HCI and HCl-acetone mixtures 

Element 03M HCl 0.5M HCl-30”/, acetone 0.35M H&45% acetone 

Sn(IV) 
In 
Li 
Na 

&II, 
Zn 
Ga 
Cu(I1) 
Co(H) 
Mn(II) 
Ni(IIl 
U(V1, 
Mg 
Ca 
Fe(II1) 
Al 
Ti(IV) 

6.3 
7.6 
7.6 

13.9 
42 1 
62 
64 

245 
64 
72 
84 
70 
58 
67 

131 
205 
278 

39.1 

2.7 3.8 
3.6 7.6 

13.3 27.1 
26.4 56 
70 >200 
53 >60 
55 48 

1560 z-2000 
90 >200 

113 >200 
118 >200 
114 >200 
92 >200 
90 >200 

220 1500 
“8 > 1000 
610 >lOOO 
147 > 200 
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Fig. I. Elution 

Eluote, mt 

curve for In-Zn with 0*50M HCI-30”.,, acetone. Column 60 ml (19 x 2.1 cm) of 
AG50W-X8 resin, 200-400 mesh. Flow-rate 2.5 f @5 ml/mitt. 

aqueous 05M hydrochloric acid is replaced by 05M hydrochloric acid containing 30”;; of acetone. while those 
ofzinc and lead are only slight@ decreased and those ofall other elements increase substantialIy. Of those species 
which are retained on the column after elution of Cd Bi(IH) and others with @ZOM hydrobromic acid containing 
50% of acetone,’ ’ tin(N) appears to be the only one co-eluted with indium under all conditions. Some of the 
relevant distribution coefficients are presented in Table I. The coefficients in @51M hydrochloric acid containing 
30% of acetone and in O-35M hydrochloric acid containing 45”,, of acetone were obtained by graphic interpola- 
tion from known values.‘!’ The coefficients for 05M aqueous hydrochloric acid are included for comparison. 

Etution curves 

From Table I it appears that a fast elution of indium combined with a good separation from ail other species, 
except tin(N) and lithium, can be obtained by eluting indium with O*SOM hydrochloric acid containing 30% of 
acetone. Elution curves for indium and the most critical and interesting other elements were therefore prepared. 

A solution containing about 1 mmole of both indium and zinc in . @2M nitric acid containing 30:~ of acetone 
was passed through a column of 60 ml (20 g) ofAG5OW-X8 ~t~on~xchan~ resin of ZOO-400 mesh particle size. 
The resin was in the hydrogen form and in water the resin cohtmn was about 19 cm in length and 2.1 cm in 
diameter. The column was equilibrated by passage of about 50 ml of @2M nitric acid containing 30% of acetone. 
The ions were washed onto the resin with 0.2M nitric acid containing 30”/, of acetone. and indium and zinc were 
eluted with @5OM hydrochloric acid containing 300/, of acetone. A flow-rate. of 25 f 05 ml/min was maintained 
throughout, and 2%mt fractions were taken with an automatic fraction-collector. After removal of the excess 
of acid and acetone by evaporation, and the suitable dilution of the salts with 0-IM hydrochloric acid, the 
amounts of the elements in the fractions were determined by atomic-absorption spectrometry (Perkin-Elmer 303 
instrument, acetylene-air flame. and the 304.6 and 2 13.8 nm lines for indium and zinc. respectively). The exper- 
nnental elution curve is presented in Fig. I. 

Pb(LU 

Eluatc. rnt 

Fig. 2. Elution curve for In-Pb(lI) with 050M HCI-30’7, acetone. Column, etc.. as for Fig. I. 
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I I 

(00 200 300 400 600 600 100 600 900 1000 

Eluate. ml 

Fig. 3. Elution curve for In Na with OSOM HCI-W,, acetone. Column. etc.. as for Fig. I 

Figures 2 and 3 show similar elution curves for the In-Pb(ll) and In-Na pairs. No Ga, Al. Fe(IlI). Cu(lI). 
Co(II). Mn(lI). Ni(I1). U(VI). Mg or Ca could be detected in the first 1000 ml ofeluate when elution experiments 
using the same conditions were carried out with I-mmole amounts of these species present together with I mmole 
of indium. In the case of the In-Be pair the first traces of beryllium appeared when about 950 ml of eluate had 
been collected. Lithium appears later than indium. but there is some overlap of their elution peaks. 

Figure 4 shows an elution curve for a mixture containing I mmole each of indium, lithium and zinc, with the 
same column dimensions as above. but elution with 0.35M hydrochloric acid containing 45”;, of acetone. The 
indium peak appears somewhat later when this eluent concentration is used but lithium is even more retarded 
and clearly separated. Figure 5 shows an example of an elution curve for Cd-In-Zn. using 350 ml of O,ZOM hydro- 
bromic acid containing 50”,, ofacetone for the elution of cadmium. 300 ml of 0.50M hydrochloric acid containing 
Jo”,, of acetone for the elution of indium and 250 ml of 0.50M hydrochloric acid containing 60’;” of acetone for 
the elution of zinc. In this case the elution was not continued until the next element had appeared, but was inter- 
rupted after complete elution of the first element had been achieved; a few more fractions were collected and 
then the next eluent was used. thus imitating an actual analytical situation. The column and flow-rate were the 
same as for Fig. I. A similar elution curve for a mixture containmg 1 mmole each of bismuth. indium and lead 
is shown in Fig. 6. except that Icad was eluted with 300 ml of 3.0M nitric acid. 

Standard solutions containing known amounts of indium and one other element were measured out in sextupli- 
cate and three pairs of these solutions were mixed and passed through a column containing 60 ml of AG50W-X8 
cation-exchange resin of 20&400 mesh particle size. The three unmixed solutions of indium and of the other 
elements were retained as standards for comparison. The resin was in the hydrogen form and the columns were 

I 

Ad 
i Ik-+_&A kc&# d, 

I I 

100 200 300 400 300 600 fOO 600 900 looo 

Eluate, ml 

Fig. 4. Elution curve for In-Li-Zn with 0.35M HCI-45”” acetone. Column. as for Fig. I. Flow-rate 
3.0 + 0.5 ml’min. 



1188 F. E. W. STRELOW, C. H. S. W. WEINERT and T. N. VAN DER WALT 

Eluate, ml 

Fig. 5. Elution curve Cd-In-Zn. Column, etc., as for Fig. 4. 

19 cm long and 2.1 cm in diameter. The columns had been equilibrated by passage of about 50 ml of 02M nitric 
acid containing 30% of acetone. The titanium standard solution was kept in IM nitric acid containing @2% of 
hydrogen peroxide. All other standard solutions were made up in @2M nitric acid. The mixtures were about 
O-2M in nitric acid and contained 30% of acetone when put onto the column. Titanium-containing mixtures were 
diluted accordingly. The ions were washed onto the resin with @lM nitric acid containing 30% of acetone. In- 
dium was then eluted with 300 ml of OSOM hydrochloric acid containing 300/, of acetone. In the case of the In-Li 
pair 350 ml of 035M hydrochloric acid containing 45% of acetone were used for the elution of indium. The ace- 
tone was then washed from the column by passage of about 50 ml of 0 I M nitric acid. This effluent was discarded. 
The second element was then eluted, by use of 3OOml of l.OM hydrochloric acid for Li and Na, 300 ml of 3.0M 
hydrochloric acid for Zn, Fe(IIIX Ca, Al, U(VI), Cu(II), Ni(II), Be, Mg and Ti(IV) and 300 ml of 3.OM nitric acid 
for Pb(I1) and Ga. A flow-rate of 2.5 f 05 ml/min was maintained throughout. The eluates were evaporated 
to dryness on the water-bath, organic material was destroyed when necessary by heating with perchloric and 
nitric acids, and the elements were determined by appropriate analytical methods. Determinations on the un- 
mixed standards were carried out at the same time. The analytical results are presented in Table 2, and the 
methods used for determination are summed up in Table 3. 

ta 

D.ZOY Hlr in 30% O*SOY Hcl In 301 I. 3.ON nNo3 
ao*ton* I ao*$on* 

Eluate, d 

Fig. 6. Elution curve Bi(IIItIn-Pb(I1). Column, etc.. as for Fig. I. 
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Table 2. Results of analyses of synthetic mixtures* 

In, riiq 
Taken 

Other element. rng In, mg 
Found 

Other element, mg 

102.9 Zn 6X.50 102.9 + 01 6X.5, * 0.02 
1032.5 Zn 0.0647 1032.7 k 0.6 0064, * 0@004 

0.1701 Zn 342.5 0.1703 + 00006 342.5 + 0.1 
102.9t Zn 68.50 102.9 * 0 1 68.5, f O-03 
1060 Pb(I1) 102.3 1060 f 0.1 102.2 f 01 
106.0 Ca 42.69 106.1 + 0.1 42.7, k O-06 
106.0 Mn(I1) 55.08 106.0 f 0.1 55.1 I + 0.05 
108.4 Al 28.17 108.4 f 0.1 28.1, + 0.01 
108.4 Fe(II1) 60.57 108.4 & 0.1 60.5, f 0.03 
108.4 U(V1) 238.6 108.4 + 0.1 238.5 + 0.1 
107.7t Li 14.15 107.7 * 0.1 14.1, + 0.02 
107.7 Na 46.22 107.7 f 0.1 46.2s & 0.06 
107.7 Ga 70.25 107.7 * 0.1 70.2, f 004 
107.7 Cu(I1) 64.17 107.6 + 0.1 641, f o-05 
107.7 Ni(I1) 58.55 107.7 + 0.1 58.5, + @04 
107.7 Co(I1) 59.24 107.7 + @I 59.2, + 0.04 
107.7 Be 18.21 107.7 * 0.1 18.19 + 0.03 
107.7 Mg 25.01 107.7 f 01 25.0, k 002 
107.7 Ti(IV) 36.46 107.7 f 0.1 36.4, + 0.05 

* Results are means of triplicate determinations with calculated standard deviations. 
t In was eluted with 350 ml of 0.35M HCl containing 45% of acetone. 

Table 3. Analytical methods used 

Species Method 

In. Ga, Fe(II1) Comolexometrically with EDTA; back-titration with 
ZnSb, at pH 5.5 with Xylenol Orange as indicator. 
Small amounts of indium by atomic-absorption 
spectroscopy. 

Zn. Pb(I1) 

Al 

Ca. Mn(I1) 

Cu(I1). Co(I1) 

Ni(I1) 

M_e 

Li. Na 
U(VI) 

Be 

Ti(IV) 

Complexometrically with EDTA at pH 5.5 with Xylenoh 
Orange as indicator. Small amounts of zinc by 
atomic-absorption spectroscopy. 
Complexometrically with DCTA; back-titration with 
ZnSO, at pH 5.5 with Xylenol Orange as indicator. 
Complexometrically in excess of ammonia with EDTA; 
Methylthymol Blue as indicator; hydroxylamine 
hydrochloride present for Mn(I1). 
Complexometrically with EDTA, Naphthyl Azoxine S as 
indicator at pH 6 (pyridine buffer). 
Complexometrically in slight excess of ammonia with EDTA; 
murexide as indicator. 
Complexometricallv with EDTA’at pH IO; Eriochrome 
Blue-Black B as indicator. 
Gravimetrically as the’sulphates. 
Gravimetrlcallq as U,O, after precipitation with 
CO?-free ammonia. 
Gravimetrically as ammonium nitrosophenylhydroxylamine 
(cupferron) precipitate. 
By differential spectrophotometry as H,O, complex at 
high absorbance. 
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DISCUSSION 

The method described provides an excellent means for the selective separation of indium 
from other elements. Indium can be eluted with 300 of O*SOhii hydrochloric acid containing 
30”/, of acetone from a column of 60 ml of AG50W-X8 cation-exchange resin as described. 
Species such as Zn, Pb(I1). Ga, Ca, Mg, Be, Ti(IV), Mn(I1). Fe(III), U(V1). Na. Co(I1). Cu(I1) 
and Ni(I1) are retained by the column quantitatively. When 0.35M hydrochloric acid con- 
taining 45% of acetone is used for the elution of indium. lithium is also retained, but the 
elution of indium is not quite as fast. With 0*50M hydrochloric acid containing 30”, of 
acetone more than 99‘?$ of the indium is in fact eluted with first 200 ml of eluting agent. 
Since occasionally a slight tailing of indium was observed an eluent volume of 300 ml was 
used to ensure quantitative (> 99*9’!,$ recovery. Separations are sharp and quantitative un- 
der these conditions and as little as 64.7 jig of zinc can be separated from more than 1 
g of indium. and 170.1 pg of indium from about 340 mg of zinc. Since the separations of 
zinc and lead from indium are the most critical (except for those from lithium and sodium) 
it can be assumed that other bi- and multivalent elements can be separated from indium 
at the same ratios with at least equal ease and accuracy. There also seems to be no reason 
why even larger amounts of indium could not be separated from submicrogram amounts 
of other elements, though this was not investigated experimentally. For the separation of 
trace amounts of indium from large amounts of other elements, 0.35M hydrochloric acid 
containing 45% of acetone is the more favourable eluting agent for indium because with 
the sole exception of zinc, all other elements are considerably more strongly retained 
(Table I). 

Elements such as Ba, Sr. Zr, Hf, Th, SC, Y. La and the lanthanides, and also Rb and 
Cs have not been investigated in detail, but their known distribution coefficients” indicate 
that they should be retained together with zinc etc. quantitatively. Cd, Bi(IIT), Au(II1). 
Pt(IV), Pd, Rh(III), Mo(VI) and W(V1) can be eluted with 0*20M hydrobromic acid con- 
taining 5Oo;O of acetone before the elution of indium, as has been shown previously.” 
Ir(III), Ir(IV), As(III), As(V), Se(IV), Tl(III), Hg(I1). Ge(IV), Sb(II1) and Sb(V) should show 
the same behaviour, though they have not been investigated quantitatively. Besides ele- 
ments such as Ta(V) and Ag, which tend to interfere because of hydrolysis or precipitate 
formation when present in large amounts, tin seems to be the only element which accom- 
panies indium when the procedure described is used. Separation of indium from tin is poss- 
ible by anion-exchange in 0*5M hydrochloric acid. l4 

I. J. Doleial, P. Povondra. K. Stulik and Z. sulzec. Collrcriorl Czech. Chm. CO~WIWI.. 1964. 29, 1538. 

2. L. L. Kocheva and T. Tomova. Godishrlik Sofiiskiva UGc.- “KI. Olehridski.” Khirn. fbk.. 1962-63. 57.97; Chem 
Ahstr.. 1965. 63, 14020h. 

3. 

4. 
5. 

6. 
7. 
8. 
9. 

IO. 
I I. 

B. Zagorchev, P. Moshcva and E. Topalova. Gocl. Vissh. Khirrlikotrkhrlol. Imr.. Sojiu. 1967. 14. 13: Chew. 
Ahsw.. 1972.77, I 2 I730m. 
F. W. E. Strelow and M. D. Boshoif Unpublished results. 
1. P. Alimarin. E. P. Tsintsevich and V. P. Burlaka. Ztmodsk. krh.. 1959, 25, 1287; Cheru. rlhsn.. 1960. 54, 
a4 I5a. 
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Zusammenfassung-lndium kann von Zn. Pb(ll). Ga. Ca. Be. Mg, Ti(lV). Mn(ll), Fe(!II), Al. 
U(V1). Na. Cu(lI). Ni(Il) und Co(I1) durch selektive Elution mit @50M SalzPure in 30’,8;, wLBrigem 
Aceton von einer SBule mit dem Anionenaustauschharz AGSOW-X8 getrennt werden. da alle 
genannten Elemente von der Ssule festgehalten werden. Verwendet man zur Elution von lndium 
0351!1 SalzsPure in 45”,, wlfirigem Aceton. dann wird such Lithium von der Siule festgehalten. 
aher die Elution von lndium wird ctwas ver7iipert. Ihren VerteilungskoeHizienten zufolge sollten 
such Ba. Sr. Zr. Hf. Th. SC. Y. La und die Lanthaniden. Rb und Cs festgehalten werden: Cd. Bi(III), 
Au(lI1). Pt(lV). Pdlllr. Rh(Ill~. Mo(VI) und WlVll kdnnen vor der Elution von Indium mit 0.20 
k! Bromwasserstoffsaurc cluiert werden: Ir(lll). Ir(lV). As(lll). As(V). Se(lV). Tl(1lI). Hg(II). Ge(lV). 
Sh(lll) LIII~ Sb(Vl aolltcn dicse Elemcnte begleiten. obwohl das ml emzelnen niche untcrsucht 
wurde. Wesentliche Verteilungskoeffizienten. Elutionskurven und Analysenergebnisse synthe- 
tischer Gemische von Indium mit anderen Elementen werden mitgeteilt. 

RZsumti& On peut cCpnrer I‘indium de Zn. Phlll). Ga. Ca. Be. Mg. Ti(lV). Mn(lI), Fe(III). Al. U(VI). 
la. C‘u(IIt. Ni(ll I ct C‘o(ll/ par clurron sClectlve avec I’acidr chlorhydrique 0.5OM en a&one 
aqueuse II 30”,, d’une colonnc de rcsme &hngruse de cations AGjOW-XX. tous les autres ilements 
&ant retenus par la colonne. Le lithium est inclus dans les ClCments retenus par la colonne quand 
on utilise l’acide chlorhydrique 0.35M en acetone aqueuse h 45”,,, pour bluer I’indium. mais I’tlution 
de I‘indium est lCg&ement retardte. Ba. Sr. Zr. Hf. Th. SC. Y, La et les lanthanides, Rb et Cs dev- 
raient aussi etre retenus d’apres leurs coefficients de partape. Cd. Bi(lll). Au(II1). Pt(IV). Pd(I1). 
Rh(Il11. Mo(VI) et W(VI) peuvent etre clues avec I’acide bromhydrique 0,ZOM en acetone aqueuse 
in 50”,, avant l’klution de I’ indium. et Ir(lIl). ir(lV). As(III), As(V). Se(IV), Ti(III), Hg(II), Ge(IV). 
Sb(IIl) et Sh(V). quoique non ttudil:s en d&ail. devraient accompagner ces itltments. On prisente 
les cociticient de parrage et les courbes d’elution et les rCsultats correspondants pour des analyses 
de mtlanges s)nth&iques d’indium avec d’autres elements. 
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Summary-4-Metbylumbeliiferone-8-methylenesarcosine (Methyl Calcein Blue) and four related 
metaliofluorochromi~ ~ndj~torsderjved from umbeliiferone. ~methy~umbeili~erone, and Cmethyl- 
esculetin by condensation with formaldehyde and iminodiacetic acid or glycine have been synthe- 
sized, the structures established. the absorbance and fluorescence measured as functions of pH, and 
the reactions with copper(H) and calcium studied with attention to the effects on fluorescence. All 
of the compounds display a maximum fluorescence at pH about 9. The fluorescence of each is 
quenched by copper(H). The calcium derivatives of the compounds derived from the umbeliiferones 
and iminodia~tic acid fluoresce at high pH but those from the umbel~irerones and glycine or sarco- 
sine do not. At high pH. 4-methylesculetin and the amino-acids derived from it do not fluoresce 
either alone or in the prescence of calcium. 

In an earlier paper’ we described the properties of ~methylumbelliferone-8-methylene- 
iminodiacetic acid, a compound earlier given the common name Calcein Blue by Wilkins.2 
Wilkins3 was also the first to prepare Methyl Calcein Blue, a metallofluorochromic indi- 
cator synthesized by the condensation of 4_methylumbelliferone, formaldehyde and sarco- 
sine (N-methylglycine). As with Calcein Blue, the work reported by Wilkins on Methyl 
Calcein Blue was limited to explaining some advantages of the compound as an indicator, 
and to reporting its use as an indicator in the determination of aluminium, nickel and 
manganese by titration with hydroxyethylethylenediaminetriacetic acid (HEDTA). We 
have now examined Methyl Calcein Blue in some detail; it proves to be 4-methylumbelli- 
ferone-8-meth~lene~rcosine ’ 1*5H,O (structure IX below}. We have also examined four 
closely related compounds: umbelliferone-8-methyleneim~nodia~tic acid (V), umbellifer- 
one-8-methyleneglycine . Q5H20 (VII), 4-methylumbelliferone-8-methyleneglycine (VIII), 
and 4-methylesculetin-8-methyleneiminodiacetic acid.Q5H,O (X). 

I RI = H. R, = H (Umbeliiferone) 
II R, = CH,. R2 = H (4-Methylumbelliferone) 

III R, = H. R, = H (Esculetin) 
IV R, = CH3. R* = H (4-Methylesculetin) 
V R, = H. R2 = -CH,N(CH,CO,H)> 

VI R, = CH,. R2 = -CH,N(CH2COZH)2 (Cakein Blue) 
WI R, = H, R2 = -CHZNHCH,CO,H 

VIII R, = CH,. R2 = -CH2NHCH2C0,H 
IX RI = CH,. R2 = - CH,N(CH,)CH,C02H (Methyl Calcein Blue) 
X R3 = CH3. R, = -CH2NICH2C02H)I 

1193 
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The investigation of these compounds followed essentially the same course as that of 
Calcein Blue and the calculations and reasoning follow the pattern presented in the earlier 
paper.’ Results are given in the following section, and the summary and discussion are 
confined to the differences found between these compounds and Calcein Blue. These differ- 
ences are significant inasmuch as the nature of the chelating group in some of the com- 
pounds has been considerably altered. A more detailed treatment of this work and a com- 
pilation of the graphs presenting the potentiometric. absorbance. and fluorescence data 
will be found in the thesis of G. M. Huitink.4 

EXPERIMENTAL 

Synthesis and intermediate compounds 

The Mannich condensation was used in the synthesis of compounds V-X, the molar proportions of reactants 
found best being hydroxycoumarin 1.0. amino-acid 15. and formaldehyde 15. The solvents and procedures 
given below for the individual compounds are the optimum found in the course of numerous preparations. 

The chemicals used were commercial materials without further purification: disodium iminodiacetate mono- 
hydrate, Geigy Chemical Company; glycine. Eastman Organic Chemicals; sarcosine. Mann Research Labora- 
tories, Inc. The formaldehyde used was a 37% aqueous solution. All water used was distilled and then deminera- 
lized by passage through Amberlite MB-l. 

Apparatus and procedures 

Electrophoresis studies were done with a Model R. Series D. Beckman Paper Electrophoresis Cell (Durrum 
Type). 

NMR spectra were obtained with a Varian Associates A-60 Nuclear Magnetic Resonance Spectrometer. The 
spectra of III, V, VII, VIII, and IX were obtained in a deuterium oxide-potassium carbonate solvent. those of 
IV and X in D,-dimethylsulphoxide. Tetramethylsilane and Tier’s salt were used as standards. in D,-dimethyl- 
sulphoxide and Da0 respectively. 

Measurements of pH were made with a Corning Model IO pH-meter equipped with a Beckman No. 40495 
high alkalinity glass electrode and a Beckman asbestos fibre S.C.E. Potentiometric titrations were carried out 
in @IM potassium chloride medium with O*IM sodium hydroxide made up in DIM potassium chloride. 

Solubility measurements (of compounds V and X)as a function of pH were made by shaking buffers with excess 
of compound for 12 hr. An appropriate volume of the filtrate was then adjusted to a specific pH (I@0 for V. 
4.0 for X) diluted to specific volume with @IM potassium chloride. and the absorbance measured (at 367 nm 
for V. 342 nm for X), and the concentration calculated from calibration curves. The intrinsic solubility. Si, was 
obtained by linear extrapolation to I/[H+] = 0 of plots of S vs. l/[H+] and the acid dissociation constant was 
obtained5 from a plot of pK = pH - log[(g/s ) - I]. For both V and X the plots were linear and both parallel 
and close to that for Calcein Blue.’ 

Absorption spectra 

The absorption spectra of I, II, V, VII. VIII and IX were obtained at intervals of 05 pH over the pH range 
1.5-13.0. Solutions were prepared by mixing 375 ~1 of a 3.1 I x 10e3M stock solution of the compounds. 0.25 ml 
of O*OlM EDTA and 10 ml of buffer. The solutions were then diluted to 25 ml with O.IM potassium chloride. 
Absorption spectra were obtained with a Cary Model I5 Recording Spectrophotometer. The pH was checked 
after the absorbance measurement. 

Additional absorbance measurements were made on solutions containing the acidic form and the basic form 
of the compounds and on solutions of pH numerically equal to the estimated pK, + 0.0. 0.2. 0.4 and 0.6. the 
measurements being made on a Beckman DU spectrophotometer. Values for the acid dissociation constants were 
obtained from the results by using the equation pK, = pH -lo&A - AHA)/(Ar( - A), which is simply derived 
from the mathematical equation defining K,, the terms A. A HA. and AA being the absorbances of the solutions 
of pH = pK, + x, and of solutions in which the substances were entirely in the acid or salt forms. 

The absorption spectra of IV and X at pH 4 and 9 were obtained for buffered solutions. Solutions containing 
I ml of 3.1 I x IOe3M stock solution of the compounds and 0.75 ml of @lM EDTA in 75 ml of O.IM potassium 
chloride were titrated spectrophotometrically with @2M potassium hydroxide. Values for the acid dissociation 
constants were obtained from graphs of absorbance vs. pH; absorbances obtained from buffered solutions of 
IV and X could not be used because. of serious chemical reaction of the compounds with the buffer components. 
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Fluorescence excitation and emission spectra of I. II, V, VII, VIII and IX were obtained with an Aminco- 
Bowman Spectrofluorometer and Mosely XY Recorder. A fiuoromctcr, G. K. Turner Associates. Model 10. 
equipped with a flow-through cell. was used to monitor Ruorometric titrations. 

Stock solutions. 3.1 I x IOe3M. of the various compounds were prepared, a little potassium hydroxide being 
added to facilitate dissolution. Volumes of 15 111 of I, II, V, VII, VIII and IX were mixed with 0.25 ml of 0.01 M 
EDTA and 10 ml of huffcr solution and diluted to 25 ml with @lM potassium chloride. The fluorescence exa- 
tation and emission spectra were then obtained and the pH again measured. The pH range 1.5- 130 was covered 
at intervals of 05 pH. Plots of relative fluorescence I‘S. pH were made and acid dissociation constants taken as 
the pH at the point of inflection of these curves. 

The effect of copper on the fluorescence of V, VII. VIII and IX over the pH range 35-10~5 was studied by 
essentially the same procedure hut with omission ofthe EDTA and addition of 15 ~1 of 3.1 I x 10s3M copper(H). 
Similarly the effect of calcium was determined over the pH range 7G 13.0. 

The relative fluorescence of IV and X was obtained at pH 2+ I I.0 by fluorometric titration of solutions con- 
taining 7 111 ofstock soiution and 0.75 ml of 0.01 M EDTA in 75 ml ofO.lM potassium chloride with @2M potas- 
sium hydroxide. Acid dissociation constants were ohtaincd from the titration results. The effects of copper(H) 
were investigated in the same way. omittin the EDTA and adding 7 ~1 of 3.1 I x 10e3M copper(H). 

~I??~~~~~~~(~~~IZ~, (I) was prepared by the procedure of Or~uf~j~ ~~uc~~oI~s:~ m.p. 234 235’. literature value 227- 
128 The preparation of 4-r~1zrh~~irrrr~hrl/~~~~~o~7~~ (II) was reported earlier. ’ Esculetin (III) was prepared by the 
method of Amiard and Allias:.‘mp. 26;. 271 . literature value 270 4-Af~,rll~~ls~~~letir, (IV) was prepared by 
the method of Orc/trllic S.WI/WWS:” m.p. 279-28 I . literature value 272 274”. Urlrh~ll~~ronP-8-rtlc~thylenri,ninoditr- 
crric acid (\‘) was prepared with the same procedure and ratios of reactants as for VI (Culcrin Blue).’ Yellow 
crystals were obtained. which were unchanged on heating to 300;. The neutralization equivalent found was 308.3. 
and analysis gave C 54%““. I-l 4.4”,. N 4.4:“: C,,H,,NO, (m.w. 307.2) requires C 54,730;. H 4.27%. N 4.56%. 

t.‘,rhrllik~,loric-S-~1t~,r~f~~~,~7~~~~~~~~11~ (VII) was prepared with the same procedure and ratios of reactants as for 
IX. hut no spongy material formed and the product precipitated immediately. Yellow crystals were obtained. 
which were unchanged on heating to 300”‘. The equivalent weight round by neutralization was 256.5. The water 
content found by the Karl Fischer method was 0.41 mole per mole of VII. Analysis gave C 55.5”/, H 46%, N 
5.7”,: C, :H 1, NO,. jH,O (m.w. 258.2) requires C 55571,. H 4.69:; N 5.43%. 4-Methylurnhe[Iiferone-8-methp 
~~,~j~~~~~.~,j~f~~ (VIII) was prepared in the same way as VII. Yellow crystals. unchanged on heating to 3w’ were 
obtained. The equivalent weight round was 264.9. Analysis gave C 59.1:;, H S%;;, N 547.6: CtsH,3NOs (m.w. 
263.2) requires C 59.30”,. H 4984,. N 5.329,. 

MPI/IJ/ Co/cc+ B/W (4-methylumbelliferone-8-methylenesarcosine. IX) was prepared as follows. A mixture of 
0.12 mole (2144 go of 4-methylumbelliferose. 0.18 mole (16.03 g) of sarcosine and 0.18 mole (17.76 ml) of 370,< for- 
maldehyde in 200 ml of water was maintained at 9g-95” until the solution became clear and a spongy material 
formed. and then for another 30 min. The spongy material was removed. The clear yellow filtrate on standing 
for 12 hr yielded a light yellow precipitate which was filtered off. The solid was dissolved in water by the addition 
of suflicient potassium hydroxide. some insoluble matter was removed by filtration. and the pH was adjusted 
to 4.5 h> the dropuise addition of dilute hydrochloric acid (1 + 5). A precipitate formed which was filtered off 
and washed with demineralized water and acetone. The product was slurried three times with acetone and then 
air-dried. Yello\h- crystals. unchanged at temperatures up to 300’ were obtained. The neutralization equivalent 
found ~3s 303.6. Analysis gate C SW’,,, H 60”,,. N 4.4”,,: C,,H, $N05. llHzO (m.w. 304.3) requires 
(‘ 5526”,.. H 596“,,. N 4W’,,. 

4-111‘~rh~~l~~.stt,l~,rirl~lI~,rR~~/rrlrirltirrodiacrri~ ucid (X) was prepared in the same way as for VI. Fine grey crystals 
UL’~L’ obtained. unchanged on heating to 300.. The neutralization equivalent found was 348.8. Analysis gave 
C S 1.7”,,. H 3,7”.. N +O”,: C, 5H, ,NOs fH,O (m.w. 346.3) requires C 52.027;. H 4*66x, N 4.06%. 

RESULTS 

The results for the investigation of the absorption and fluorescence spectra are summar- 
ized in Table 1. and the NMR data and their interpretation are given in Table 2. The 
absorption spectra of IV at various pH values resembled those of I and II but a second 
maximum was present (Fig. 1). The fluorescence spectra of IX are shown in Fig. 2. Unlike 
that of II. but resembling that of Calcein Blue (Ref. 1, Fig. 5). the fluorescence decreased 
at high pH. the maximum occurring at pH 8.85 (see Fig. 3). 
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Wavelength, nm 

Fig. 1. Absorption spectra of 4-methylesculetin (compound IV) at (1) pH 4; (2) pH 9. 

Table 1. Spectrophotometric data 

Compound 

IJmbelliferone*t 

CMethylesculetin 

Umbelliferone-l- 
methyleneimino- 
diacetic acid’t 

Umbelliferone-8- 
methyleneglycine 

CMethylumbellif- 
erone-8-methylene- 
glycine*t 

Methyl Calcein*t 
Blue 

CMethylesculetin- 
mcthyicncimino- 
diacetic acid 

Absorption* Fluorescence 
*in,,, E. Excitation L,,,. Emission A,, 

pH nm ~l.~no/e-‘.cm-’ pH nm nm 

4 325 1.49 x IO4 4 330 460 
10 365 1.93 x lo4 10 370 460 

4 340 1.16 x lo4 9 370 shoulder 460 
9 360 1.46 x lo4 at 300 nm) 
4 325 1.49 X IO4 4 328 455 

10 367 1.61 x IO4 9 370 455 
(fluorescence maximal at pH 9.1) 

4 322 1.53 x lo4 4 330 455 
10 369 1.90 x IO4 9 370 455 

(fluorescence maximal at pH 8.5) 

4 322 I.52 x IO4 4 328 450 
IO 365 1.85 x IO4 9 366 450 

(fluorescence maximal at pH 8.5) 

4 321 1.58 x IO4 4 328 448 
10 360 1.85 x IO* 9 365 448 

(fluorescence maximal at pH 8.85) 

4 342 1.26 x lo4 9 369 459 
9 360 1.50 x IO4 

* Absorption spectra and variation ofabsorbance with pH similar to those 4-methylumbelliferone and Calcein 
Blue (Ref. 1, Figs. 2 and 3). 

t Fluorescence spectra and variation of fluorescence with pH similar to those of Calcein Blue and 4-methylum- 
belliferone (Ref. I. Figs 4 and 5). 



Table 2. NMR data 

Com- Proton 
pound 6. ppln Pattern Peaks integration J Coupling Position Notes 

III 

IV 6.08 
6.74 
7.02 

V 3.19 
4.42 
5.94 
768 
6.63 
7.29 

VII 3.54 
4.05 
5.82 
7.53 
6.52 
7.f1 

AB 

AB 

i 

AB 

t AB 

VIII 2.14 
3.52 
4.07 
5.72 I 

IX 207 
2.72 
3.67 
4.15 
5.67 

X 253 Singlet 
3.05 Singlet 
4.56 Singlet 
6.10 Singlet 

Doublet 
Doublet 
Singlet 
Singlet 

Singlet 
Singlet 
Singlet 

Singlet 
Singlet 
Doublet 
Doublet 
Doublet 

Singlet 
Singlet 
Doublet 
Doublet 
Doublet 
Doublet 

Singlet 
Singlet 
Singlet 
Shlglet 
Doublet 
Doublet 

Singlet 
Singlet 
Singlet 
Singlet 
Singlet 
Doublet 
Doublet 

Singlet 

1 
1 
I 
I 

1 
I 
f 

4 
2 
I 
1 
1 
1 

2 
2 
1 
1 
1 
1 

3 
2 
2 
1 
1 
1 

3 

: 
2 
1 
1 
1 

3 
4 
2 
1 

1 

) 9 

1 9 

9 

3 
4 
5 absent in IV by 
x analogy with II 

3 
8 
5 

(--N-CH,-CO, )z 
(-N-CHZ---Ar) 

3 
4 
6 

> 

confirms location of 
5 mcthylcncimino- 

didcetic acid at 8 

(--N-CH2---CO; ) 
(-N--CHz--Ar) 

ortho 
3 
4 

orthu 
6 
5 

1 9 

1 9 

confirms location of 
methyleneglycine at 8 

CH, at 4 
(-N-CH,-CO;) 
(-N-CH2--Ar) 

3 
6 absence of peak at 
5 6.16ppm in II 

and or-rho protons 
confirm location of 
methyleneglycine 
at 8 

CH,at 4 
(-N-CH,) 
(-N-CH,-CO;) 
(-N-CHZ--Ar) 

3 
6 absence of peak at 
5 6.16 ppm in II 

and orrho protons 
confirm location of 
methyie~~r~osine at X 

CHs at 4 
(-N-CH,-CO;)t 
(--N-CH,-Ar) 

3 olefinic proton* 

5 aromatic proton* 

* Only one aromatic proton is present and there is no direct evidence enabling a particular assignment to the 
5 - or to the 8 - position. The position of the two peaks coincided with those of IV (6.08 ppm for position 3 -. 
7-02 ppm for position 5 - f and lie close to those of II, 111 and VI, so that the probable assignment is 601 to 
position 3 - and 7.00 to position 5-. The methyleneiminodiacetic acid group thus occupies position 8. 
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1198 GERALDINE M. HUITINK and HARVEY DIEHL 

Table 3. Acid dissociation constants of Methyl Calcein Blue and related compounds 

Compound Constant 
Value 
found Method 

Umbelliferone (I) 

4-Methylumbelliferone (II) 

4-Mcthylesculetin (IV) 

Umbelliferone-8-methylene- 
iminodiacetic acid (V) 

Umbeiliferone-8-methylene- 
glycine (VII) 

4-Methylumbelliferone-8- 
methyleneglycine (VIII) 

4-Methylumbelliferone-8- 
methylene sarcosine (IX) 
(Methyl Cal&n Blue) 

CMethylesculetin-8- 
methyleneiminodiacetic 
acid (X) 

PK, 

PK, 

PK, 

PK, 

PK, 
PKZ 

PK, 

PKI 

PK, 

PK, 

PKZ 

PK, 

PK, 
PKZ 

PK, 

7.83 Absorbance 
768 Fluorescence 

7.82 Absorbance 
7.78 Fluorescence 

769 Potentiometric 
7.40 Absorbance 
7.35 Fluorescence 

11.72 Fluorescence 

2.94 Solubility 
6.90 Potentiometric 
6.95 Absorbance 
6.90 Fluorescence 

11.18 Fluorescence 

6.65 Potentiometric 
6.79 Absorbance 
6.70 Fluorescence 

11.70 Fluorescence 

6.85 Potentiometric 
6.88 Absorbance 
6.85 Fluorescence 

12.12 Fluorescence 

6.78 Potentiometric 
6.71 Absorbance 
6.60 Fluorescence 

12.98 Fluorescence 

3.03 Solubility 
6.22 Potentiometric 
6.35 Absorbance 
668 Fluorescence 

11.38 Fluorescence 

Group 
involved 

Phenol 

Phenol 

First Phenol 

Second Phenol 

Carboxyl 
Phenol 

Ammonium 

Phenol 

Ammonium 

Phenol 

Ammonium 

Phenol 

Ammonium 

Carboxyl 
Phenol 

Ammonium 

350 400 450 500 

Wavelength, nm 

Fig. 2. Fluorescence excitation and emission spectra of Methyl Calcein Blue (compound IX). 
(I) Excitation, pH 4, emission monochromator set at 448 nm. (2) Emission, pH 4. excitation 

monochromator set at 328 nm. (3) Excitation, pH 9, emission monochromator set at 448 nm. (4) 
Emission, pH 9, excitation monochromator set at 365 nm. 
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PH 
Fig. 3. Vaktion of fluorescence of Methyl Cal&n Blue (compound IX) with pH. 

Emission monochromator set at 448 nm for all curves. (I) Excitation monochromator set at 
328 nm. (2) Excitation monochromator set at 365 nm. (3) In the presence of excess of calcium. exci- 
tation monochromator set at 365 nm. (4) In the presence of copper(H), excitation monochromator 

set at 328 nm for pH < 6 and at 365 nm for pH > 6. 

Dissociutiorz cotrstnrm 
Spectrophotometric titration (Fig. 4), fluorescence data (Fig. 51, potentiometric titration 

and solubility data were used as appropriate for obtaining the acid dissociation constants, 
which are summarized in Table 3. The solubility data are given in Table 4. 

In the potentiometric titrations. V gave two breaks in the curve, one at a = 1.0 and 
pH 5.12. the second at u = 2-O and pH 9.34 (a = number of equivalents of base added per 
equivalent of acid). The pH at N = 05 was 4.30. but this was not a good value for pK,, 
the solubility of V being so low that the sample dissolved completely only as the first break 
was being approached. The pH at a = l-5 gave a good value (690) for pKz. VII gave a 
single break at 0 = 1.0. pH = 8.45. The pH at a = 0.5 (6.65) indicated that the proton of 
the phenol group was neutralized and that the acetic acid group formed a zwitter-ion that 
was not titrated. \*I[11 and IX behaved similarly to VII and X behaved similarly to V. 

Copper(I1) quenched the fluorescence of VII, VIII and IX over the pH’ range 7-10.5, 
and that of IV (Fig. 5). V (pH 4-10.5), VI (Ref. 1, Fig. 1) and X (similar to IV) over a wider 
range of pH. Two breaks occurred in the curve for the ~uorimetric titration of X with cop- 
per(H) at pH 9.1. indicating the addition of first one and then a second ion of copper. 

Table 4. Solubility data. 

3.26 3.84 3.96 4.06 
22.66 65.66 84.80 94.33 

7.20 

3.34 3.76 406 4.41 
I.58 3.55 5.63 12.94 

0.52 

* S. = Intrinsic solubiiit!. 
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3 5 7 9 II 13 

Fig. 4. Absorbance of 4-methylesculetin as a function of pH at (1) 340 nm; (2) 360 nm. 

In the prescence of calcium at high pH, V fluoresces intensely, in this respect resembling 
VI (Ref. 1, Fig. 5). Titration of V with alkali in the presence of a tenfold amount of calcium 
yielded a curve closely resembling that for the same titration of VI (Ref. 1, Fig. I). The 
formation constant calculated’ from the curves was KC.,,- = l-5 x 10’. In the presence 
of calcium at high pH, VII and VIII do not guoresce, behaving similarly to IX (Fig. 3). 
Unlike V and VI, X does not fluoresce in the presence of calcium at high pH. The parent 
material IV (4-methylesculetin) differs from the umbelliferones I and II in not fluorescing 
at high pH, and this behaviour is carried over to the methyleneiminodiacetic acid deriva- 
tive (X). 

PH 

Fig. 5. Fluorescence of Cmethylesculetin as a function of pH, (1) alone; (2) in the presence of cop- 
per(H). Excitation monochromator set at 370 run, emission monochromator set at 460 nm. 
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DISCUSSION 

The acid dissociation constants of the various compounds studied are summarized in 
Table 3. Among the methyleneimino acid compounds, only the three derived from imino- 
diacetic acid, V, VI and X, have a titratable carboxyl group, and each of these only one. 
All six compounds V-X are therefore zwitter-ions, a carboxyl group proton having been 
transferred to a nitrogen atom. The remaining free carboxyl group in each of the com- 
pounds V, VI and X is unusually strong for a carboxyl group, pK I = 2,94, 2.97 and 3.03, 
respectively. owing to the presence of the positive charge on the neighbouring ammonium 
ion. This effect is exerted also on the neighbouring phenolic groups, the phenolic groups 
of V-X each being an order of magnitude more acidic than those of the parent phenols 
I, II and IV. 

As is almost always the case, the ultraviolet absorption and the fluorescence excitation 
spectra of each of these compounds practically superimpose. Although UmbelIiferone and 
4-methylumbelliferone fluoresce at high pH, the methyleneimino acid derivatives of them 
do not. For this the explanation offered earlier’ is offered again, that neutralization of the 
ammonium ion reduces the rigid, hydrogen-bonded structure attached to the aromatic 
nucleus and by allowing unrestricted rotation about the bonds in the methyleneimino acid 
group provides a non-radiative mechanism for the dispersion of the energy of the excited 
state. 

The fluorescence of the two compounds derived from iminodiacetic acid and the umbel- 
liferones, that is V and VI, is restored at high pH by calcium and this is attributed, as 
before,’ to the formation of the tight, non-rotating, multidentate chelate structure about 
the calcium atom, involving the phenoI and both acetic acid groups. The fluorescence of 
those compounds lacking a second acetic acid group (VII, VIII and IX) is not restored 
at high pH by calcium. 

Unlike the umbelliferones, Cmethylesculetin does not fluoresce at high pH; this is attri- 
buted to opening of the pyrone ring, the one phenohc group having been neutralized 
below pH 9, the pH at which maximum fluorescence occurs. The fluorescence of the imino- 
diacetic acid derivative. X. is not restored by calcium at high pH as happens with V and 
VI; presumably again this is because of ring opening. 

The properties of the iminodiacetic acid derivatives of umbelliferone and of 4-methy- 
lumbelliferone are so alike that only the latter, Calcein Blue, need be considered for practi- 
cal use as a metallofluorochromic indicator because not only is umbelliferone dificult to 
prepare (4-methy~umbel~iferone being relatively easy) but umbel~iferone and its derivatives 
decompose in alkaline solutions far more rapidly than do 4-methylumbelliferone and Cal- 
cein Blue. 
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Zwtmmenfasstmg4Methylumbelliferon-8-methylensarcosin (Methylcalceinblau) und vier damit 
verwandte, von Umbelliferon, 4-Methylumbelliferon und CMethylaesculetin durch Kondensation 
mit Formaldehyd und Iminodiessigsahre oder Glycin abgeleitete Metallguoreszenzfarbindikatoren 
wurden dargestellt und ihre Struktur festgelegt. Ihre Absorption und Fluoreszenz wurde in Abhln- 
gigkeit vom pH gemessen und die Reakton mit Kupfer(I1) und Calcium im Hinblick auf Fluores- 
zenzeffekte studiert. Alle Verbindungen zeigen die starkste Fluoreszetu ungefahr bei pH 9. Bei alien 
wird die Fluoreszenz durch Kupfer(I1) geliischt. Die Calciumderivate der von den Umbelliferonen 
und Iminodiessigssiure abgeieiteten Verbindungen fluoreszieren bei hohem pH, die aus den Umbel- 
liferonen und Glycin oder Sarcosin nicht. 4-Methylaesculetin und die davon abgeleiteten Amino- 
s;iuren fluoreszieren bei hohem pH weder allein noch in Gegenwart von Calcium. 

R&urn&On a synthetid la 4-m&hylombeRiRrone-8-methyltnesarcosine (Bleu de Methylcalceine) 
ct quatre indicateurs metallofluorochromesderivees de l’ombelliferone. de la 4-methylombelliferone 
et de la Qmethylesculetine par condensation avec le formaldehyde et l’acide iminodiacetique ou 
la glycine, les structures ont et.6 etablies, I’absorption et la fluorescence mesuries en fonction du 
pH, et les reactions avec le cuivre(I1) et le calcium ont Cti Ctudites en portant I’attention sur les 
influences sur la fluorescence. TOW les compos6.s presentent une fluorescence maximale a un pH 
d’environ 9. La fluorescence de chacun d’eux est tteinte par le cuivre(I1). Les derives du calcium 
des composes derives des ombelliferones et de I’acide iminodiacetique sont fluorescents a pH Clevt, 
mais ceux provenant des ombelliferones et de la glycine ou de la sarcosine ne le sont pas. A pH 
eleve, la Cm&hylescuI&ine et les amino-acides qui en sont derives ne sont pas fluorescents. ni seuls 
ni en presence de calcium. 



SHORT COMMUNICATIONS 

DETERMINATION OF SMALL AMOUNTS OF LEAD IN URANIUM 

(Rccei~:ed 1 I Fchru~r~~ 1974. accepted 30 April 1974) 

The extraction and determination of small amounts of uranium in the presence of large amounts of interfering 
elements has been discussed in a number ol” recent pubhcdtions’~‘. Here the analytical problem has been 
approached from a different aspect. considering uranium as an interfering element during the determination of 
very small amounts of lead. The determination is based on the complexation of lead by nitrilotriacetic acid in 
alkaline hexamine solution. under which conditions uranium is not significantly complexed (owing to formation 
of hydroxides): the latter is then extracted as a ternary diphenylacetic acid-hexamine-uranium complex into a 
chloroform solution of diphenylacetic acid. Several extractions are needed. the number increasing with the 
amount of uranium to be removed. The aqueous phase is then acidified to release the lead from the nitrilotriace- 
tate complex. and the polarogram is recorded over the region from 0 to - I.0 V cs. the SCE. 

EXPTHIMFLTAL 

Lran!I sulphatc solution (0~05.21 I was prepared as dcscrihed in a previous paper.’ Diphenylacetic acid solu- 
tions (025M) were prepared b> dissolving 53.1 g 01‘ the reagent in one .litrc of chloroform. The nitrilotriacetic 
acid (0.5M in I M sodium hydroxide) and hexamine (saturated) solutions employed were as described previously.’ 
The hydrochloric acid was p.o. grade. 

Polarographic measurements were made with a Radelkis OH-102 polarograph and a two-electrode system 
in which the potential values were referred to a saturated calomel electrode immersed directly in the test solution. 

The lead-nitrilotriacetate complex exhibits a poorly developed wave at about - 1.4 V cs. the SCE. which at 
more negative potentials converges with the current increase due to hydrogen evolution (Fig. I h). However, when 
a solution of this complex is acidified. the wave shifts to around -045 V. is well defined and easily measured. 

1 I 

-0.5 -1-O -1.5 

E IV YS S.C.E.) 

Fig. I. The polarographic waves of lead in nitrilotriacetic acid solution. (a) pH l-2. (h) pH 69: 5 x IOm4M 
lead(H). scan-rate 0.25 Vzmin. 

1’03 
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This is the usual reduction wave for the lead aquo-ion. as the NTA complex is dissociated in acid solution. In 
the presence of large amounts of uranium, which exhibits a wave at -02 V in acid medium,’ the polarographic 
determination of lead is not possible, and the extraction procedure described here must be used to remove the 
uranium. 

Extraction and deterrnination oflead 

The determination was carried out by adding 5 ml of nitrilotriacetic acid (NTA) solution to an appropriate 
volume of the test solution (5-40 ml), followed by sufficient hexamine solution (2-5 ml) to bring the pH to 
between 5 and 65. Extraction was then carried out with IO-ml portions of the diphenylacetic acid-chloroform 
solution until both phases were colourless, followed by one more extraction to ensure completeness. The phenyl- 
acetatchexamine-uranium complex is extracted, lead-NTA is not. To the aqueous phase was added I ml of 
concentrated hydrochloric acid and the resulting solution was filtered into a 5O-ml volumetric flask and diluted 
to the mark with distilled water. The resulting solution was deaerated with purified nitrogen and polarographed 
in the region from 0 to - 1.0 V (us. SCE) at a scan-rate of 025 V/min. The lcad wave appeared at -W45 V and 
was preceded by a very small wave at -@2 V. which was attributed to the reduction of residual uranium remaining 
after the extraction.‘,’ The height of this latter wave did not increase with increasing amounts of uranium in the 
original solution, nor could it be eliminated by performing additional extractions. However. owing to its small 
size. it in no way interfered with the lead wave and its measurement. 

It was found that the calibration curve was linear over the range IO- “-5 x IO-‘M lead(H) in the final solution 
and that the accuracy and precision of measurement were practically unaffected by changing the lead and 
uranium concentrations. For example, various large amounts of uranium were separated by extraction from 
amounts of lead chosen so as to give a final concentration for the polarographic determinations of 5 x IO- ‘M. 
It was found that a 500-fold amount of uranium was without effect on the lead determination and that the in- 
creased number of extractions (seven in this case) did not have a particularly marked effect on the accuracy of 
measurement (It 5%). The limiting amount of uranium tolerable was too high to be determined and is given by 
the number of extractions which the experimenter is willing to carry out and the required accuracy (which will 
necessarily decrease, if only slightly, with an increasing number of extractions). 

Anal_~ticul Laboratory 
Institute of Geoloqicul Sciences 
Charles Uuiversity, I28 43 Prague 2, C:echoslovakia 

M. hJLfK0V.i 

J. AVAM 
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Summary-Small amounts of lead in the presence of large amounts of uranium can be determined 
by complexing the lead with nitrilotriacetic acid in aqueous solution at about pH 6 (adjusted with 
hexamine) and extracting the uranium into a chloroform solution of diphenylacetic acid. The 
aqueous phase is then acidified and the lead determined polarographicdlly. 

Znaammenfassung-Kleine Mengen Blei in Gegenwart grof3er Mengen Uran konnen bestimmt 
werden. indem das Blci in wlBriger Losung bei etwa pH 6 (mit Hcxamcthylentetramin einges- 
tellt) mit Nitrilotriessigsaure komplex gebunden und das Urun in eine Losung von Diphenylessig- 
siiure in Chloroform extrahiert wird. Die wiiBrige Phase wird dann angesluert und das Blei polaro- 
graphisch bestimmt. 

RWOn peut doser de petites quantites de plomb en la presence de grandcs quantites d’ur- 
anium en complexant le plomb par l’acide nitrilotriacttique en solution aqueuse a pH 6 environ 
(ajuste par I’hexdmine) et en extrayant l’uranium dans une solution chloroformique d’acide diph- 
enylacetique. La phase aqueuse est alors acidifite et le plomb determine polarographiquement. 
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EXTRACTION WITH LONG-CHAIN AMINES-VIII 

EXTRACTION OF THE CHROMIUM-DCTA COMPLEX AND 
ITS COLORJMETRIC DETERMINATION 

(Rcceiwd 8 Jorwar!~ 1974. Accepted 3 March 1974) 

It is well-known that on prolonged boiling with EDTA the strongly hydrated chromium (III) ion forms an inten- 
sely purple CrY(H20)- complex in weakly acid solution, which has been recommended for the calorimetric 
determination of chromium.’ The composition and colour of this I : I complex are strongly dependent on the 
acidity of the solution. The existence of altogether four complexes has been demonstrated.’ In addition to the 
complex already mentioned the neutral CrHY(H,O) is formed. then with increasing pH of the solution the blue 
hydroxo-complex. CrY(OH)‘-. gradually appears, and in strongly alkaline media (pH 13) the green CrY(OH):- 
complex is formed. The complexing agents NTA. DTPA. DCTA and HEDTA behave similarly.3 Their suitability 
for calorimetry has recently been evaluated by den Boer and Poeder.“ 

The calorimetric determination of chromium as Cr-EDTA or Cr-DCTA is, however, disturbed by higher con- 
centrations of those metals which form coloured complexes under the same conditions. such as iron, cobalt. 
nickel and copper. During the determination of chromium the prior separation of these elements is necessary, 
e.y.. for analysis of bronzes prior separation of copper is carried out by electrolysis,’ for the analysis of steels 
iron is separated as the hydroxide.” 

Since the EDTA and DCTA complexes of chromium are very stable, a method for eliminating basic interfer- 
ences in this determination was sought. In connection with a systematic study of extractions with high molecular- 
weight amines, attention was also paid to extraction of various EDTA and DCTA complexes. It was, for example, 
found that the Cr-DCTA complex is easily extracted from weakly acidic solutions by a chloroform solution of 
trioctylmethylammonium chloride (Aliquat 336-S). If coloured bivalent cations form complexes under the given 
conditions. they are extracted either not at all or to a negligible extent. Because they are not completely extracted, 
the EDTA complexes are not suitable. The extraction of the Cr-EDTA complex with n-hexylammonium chloride 
was recently studied by Irving and AI-Jarrah’ from a purely physical chemical point of view. The behaviour of 
various DCTA complexes with tervalent metals is interesting. The Fe complex is extracted and the Co(IIIk 
DCTA complex is only partially extracted. The red Mn(III)-DCTA complex which is formed by the rapid oxi- 
dation of the manganese(H) in the presence of DCTA’ is quantitatively extracted by Aliquat 336-S and is quite 
stable. 

The easy extraction of the Cr-DCTA complex provides the possibility of’ a quite selective determination of 
chromium and was studied in detail in this work. 

EXPERIMENTAL 

Reayrnts and solutiorts 

A 5 x IO-‘&f solution of Cr”’ was prepared by dissolving 24.97 g of KCr(SO&. 12H,O in 100 ml of water. 
A IOW3M solution of Cr3’ was prepared by appropriate dilution of this solution. 

Solutions of cobalt, nickel. copper and tervalent iron sulphates (5 x lo-*MM) were prepared in the usual man- 
ner. and determined chelatometrically, as was a 0.05 M solution of l,2-diaminocyclohexanetetra-acetic acid. 

A 5”,, chloroform solution of trioctylmethylammonium choride (TOMA-General Mills Aliquat S 336) was 
employed. 

Phenylacetic acid and hexamine were used in the solid form. 

Esprirwttal cortdiriotts 

Effkt q/ t/w dtrtwtiort of’hroriry. According to the literature.3 the Cr-DCTA complex is formed quantitatively 
at pH 3 after boiling a solution of chromium(II1) and DCTA for 10 min. This agrees with our own observations. 
which indicate that a period of IO-15 min is quite satisfactory. This period was used in all further experiments.. 

Efict c$ pH. A series of experiments was carried out in which 2 ml of 0.05M chromium(II1) sulphate and 4 ml 
of 0.05M DCTA were diluted to 30 ml and the pH was adjusted to 1.02-5.83 with sulphuric acid or sodium 
hydroxide. After boiling for I5 min and cooling. the solution was diluted to 50 ml in a volumetric flask. then 
IO ml of the resulting solution were pipetted into a separating funnel and extracted for 3 min with 5 ml of a 57, 
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solution of TOMA in chloroform. After separation. the organic phase solution was filtered through a dry filter 
into a l-cm cuvette and its spectrum from 360 to 700 nm recorded. The absorption spectrum has two maxima 
at 385 and 540 nm. The height of the lirst maximum is 55% that of the second. It was found that the maximum 
absorbance is obtained by boiling the solutions at pH 3.7c4.50. 

efict ofDCTA concentration. In the same manner a series of solutions with varying amounts of @05M DCTA 
was prepared. From the results it is clear that increasing the amount of DCTA up to a 4: 1 DCTA:Cr ratio is 
without effect on the formation and extraction of the complex. 

E$ect of neutral salts. The effect of neutral salts was studied similarly. A solution containing 2 ml of 0.05M 
Cr(III) and 5 ml of @05M DCTA was prepared and various amounts of KN03, NaCI. K,SO,, NH4H2P04 were 
added. After adjustment of the pH and boiling for 15 min, the solution was diluted in a volumetric fidsk to 
50 ml and a IO-ml aliquot tested for extraction of chromium. From Table I it can be seen that chlorides, nitrates 
and phosphates have a very unfavourable effect on the extraction of the Cr-DCTA complex. Sulphates are with- 
out effect even at higher concentrations. The effect of organic anions was not studied in detail. In practical deter- 
minations of chromium only solutions containing sulphates are important. Such solutions are obtained by dis- 
solving alloys in sulphuric acid or by final fuming with sulphuric acid. At higher metal concentrations it is. of 
course, necessary to expect high sulphate concentrations. Thus the effect of dilution on the extraction of the Cr- 
DCTA complex was also studied. It was, for example, found that the molar absorbance of the complex is not 
affected by 2-4 g of sodium sulphate contained in 100 ml of solution. 

Table 1. The influence of neutral salts on the Cr-DCTA 
extraction with TOMA. (A = mg of salt in 50ml; B = 

the per cent decrease in absorbance) 

NaCI KNO, NHdHPOI Na2S04 
A B A B A B A B 

36 11 IO 3.8 II 0 0 0 
90 24 25 7.6 25 5 612 2.1 

I80 39 50 I9 58 19 1225 3.1 
360 58 100 49 115 36 2450 5.6 
900 77 

1800 87 

Extractability of the Cr-DCTA complex. In the previous experiments, the Cr-DCTA complex was extracted 
with a single 5-ml aliquot of 5’:; TOMA solution. The quantitativeness of the extraction was determined as fol- 
lows: 2 and 4 ml of OGO5M chromium were mixed with 3 ml of @05M DCTA in a small beaker and diluted 
to 30 ml; the pH was adjusted to about 3.7 and the solution was boiled for I5 min. After cooling the solution 
was transferred to a IOO-ml separatory funnel and extracted for I min with 5 ml of 5”/0 TOMA solution. After 
separation of the phases, the organic phase was filtered into a l-cm cuvette and measured. The aqueous phase 
was washed with chloroform and the extraction repeated with 5 ml of TOMA and the absorbance measured. 
A third extraction was carried out in the same manner. again after washing the aqueous phase with chloroform 
and the aqueous phase left was shown to be free or chromium. From the measured values it was determined 
that the extraction ofchromium is 84-W,, rfficient under the given conditions. Since three extractions are necess- 
ary, the chloroform extracts are combined and stripped with 5 ml of liw potassium nitrate. which is measured 
after filtration. The sensitivity of the determination is thus considerably increased. Beer’s law is obeyed up to 
650 pg of Cr in the 5 ml of potassium nitrate solution. 

Determination ofchromium in the presence of high concentrations of irorl and copper 

In a study of various complexing agents. den Boef and Poeder4 found that a tenfold amount of copper and 
iron relative to chromium does not interfere. Thus we decided to study the determination of chromium in the 
presence of much higher concentrations of these cations. For the separation of iron and copper from chromium 
their extraction as phenylacetates was chosen. 

The weakly acidic solution of iron(II1) and chromium(II1) is diluted with water to about 50 ml in a IOO-ml 
separating funnel, and 500 mg of phenylacetic acid, 250 mg of hexamine and 20 ml of chloroform are added. The 
organic phase is separated after a I-min extraction. The extraction is repeated twice in the same manner. The 
aqueous phase is then washed with IO ml of pure chloroform. and transferred to a beaker, and the pH is adjusted 
to 3.5-3.8 with IM sulphuric acid or potassium hydroxide. Then 2 ml of @05M DCTA are added and the solu- 
tion is boiled for I5 min. After cooling, the pH is again adjusted to 3.53% and the solution is transferred into 
a separating-funnel and extracted three times with 5-ml portions of 5 I:;, chloroform solution of TOMA. The com- 
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bined extracts are stripped with 5 ml of 1 M potassium nitrate. The aqueous phase is filtered through a dry filter 
into a l-cm cuvette and the absorbance measured at 540 nm against water. 

For the determination of IO4 peg of chromium in the presence of 120 mg of iron (O.Og’::, Cr) or in the presence 
of 240 mg or copper (O.w’,, Cr) the error was about Ifr S’,,. 

Dercrr~~ir~rrrior~ qj’chro~nitr~~~ ur rhc prc~scrw q/ nickel and cobalt 

In agreement with the work of den Boef and Poeder. 4 it was found that considerably higher concentrations of 
n7ckel and cobalt (as the DCTA complexes) do not interfere in the determination and the chromium can be deter- 
mined in the aqueous phase after the appropriate boiling with DCTA. It is, of course. necessary that all the ele- 
ments be bound as DCTA complexes. 

The determination of chromium in the presence of high concentrations of nickel or cobalt (100-200 mg of the 
metal) was unsuccessful. since it was necessary to employ high concentrations of DCTA. resulting in a high ionic 
strength which considerably decreased the extractability of the Cr-DCTA complex. Even four extractions were 
not sufficient to give reliable results for chromium. 
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Summary-Chromium(lI1) is extracted as the DCTA complex by ion-association with trioctyl- 
methylammonium chloride (Aliquat 336-S), into chloroform. and stripped into 1M potassium 
nitrate for spectrophotometric measurement at 540 nm. Iron(II1) and copper(I1) are removed be- 
forehand by extraction whith phenylacetic acid. High concentrations of nickel or cobalt prevent 
complete extraction. 

Zusammenfassung-Chrom(II1) wird als DCTA-Komplex durch lonenassoziation mit Trioctyl- 
methylammoniumchlorid (Aliquat 336-S) in Chloroform extrahiert und zur spektrophotome- 
trischen Messung bei 540nm in 1M Kaliumnitrat zuriickextrahiert. Eisen(III) und Kupfer(I1) 
werden vorher durch Extraktion mit Phenylessigslure entfernt. Hohe Konzentrationen von Nickel 
oder Kobalt verhindern die vollstlndige Extraktion. 

Resume-Le chrome(II1) est extrait en chloroforme a I’itat de complexe avec le DCTA par associ- 
ation d’ions avec le chlorure de trioctylmithylammonium (Aliquat 336-S), et reextrait en nitrate 
de potassium IM pour mesure spectrophotometrique a 540 nm. Le fer(II1) et le cuivre(I1) sont 
elimines auparavant par extraction avec I’acide phCnyla&tique. Des concentrations tIev&es de 
nickel ou de cobalt empechent l’extraction complete. 
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EXTRACTION OF CHROMIUM-DCTA COMPLEX WITH 
TRIOCTYLMONOMETHYLAMMONIUM CHLORIDE (ALIQUAT-336)* 

(Received 14 November 1973. Accepted 22 March 1974) 

Chromium(II1) forms a stable, water-soluble, violet complex with DCTA when the two solutions at pH 45 are 
boiled for 10 min. The I : 1 complex formed has absorption maxima at 395 and 540 nrn.le3 Pfibil and Veseljl’ 
have given a method for the determination of chromium(II1) and aluminium in the presence of chromate based 
on use of DCTA. The violet Cr-DCTA complex can be extracted quantitatively by trioctylmethylammonium chlor- 
ide (Aliquat-336) in chloroform. This method can thus be employed for the determination of chromium in the 
presence of other coloured cations. The results are reported in this paper. 

EXPERIMENTAL 

Reagents 

Aliquat-336. Trioctylmethylammonium chloride (Aliquat-336), 2.5% solution in chloroform. The solution was 
purified by shaking successively with 20% sodium hydroxide, 6M hydrochloric acid and 20% sodium chloride 
solution (10 min shaking, 5 : 1 phase-volume ratio, chloroform:water).5 

DCTA, 0.05 M. All other reagents used were of analytical grade. The diluents used were purified by conven- 
tional methods. 

Procedure 

Adjust the solutions of chromium(II1) and DCTA separately to pH 4.5. Then mix them together in suitable 
proportion and boil for 10 min. Make the volume up to 25 ml in a standard flask with redistilled water, and 
extract 5 ml of this solution successively with two 2.5-ml portions of the Aliquat-336 solution. Adjust the volume 
of the combined organic phase to 5 ml, filter it into a 5-mm cell and measure the absorbance at 545 nm. 

RESULTS AND DISCUSSION 

Optimum conditions for extraction 

The calibration curve based on the absorbance of the organic extract is linear over the range 40-1000 ppm. 
The comparable curve for the aqueous layer is linear in the range 40-600 ppm. The organic:aqueous phase- 
volume ratio can be varied from I : I to I : 5 without affecting the absorbance of the extract. Maximum extraction 
takes place between pH 4 and 5. Below pH 3 the ligand is precipitated and above pH 6 some of the metal is. 
The best extractions are obtained with Cr:ligand ratio between I : 1 and I :2, and a concentration of Aliquat-336 
of at least 2.5%. 

A number of common organic solvents were examined. The order of effectiveness is: chloroform c nitrobenxene 
> cyclohexane > hexane > kerosene _ benzene _ petroleum ether (60-80”) z trichloroethylene 9 carbon 
tetrachioride. 

Interferences 

The effect of anions on the extraction was established with 5 ml of the complex solution containing 1.28 mg 
of chromium(II1). The results are tabulated in Table 1. It is seen that sulphate ions give the best results and do 
not interfere even if present in large excess. Citrate, tartrate and oxalate in up to 5 times the concentration of 
chromium used can be tolerated. Nearly equal quantity of chloride does not interfere. while nitrate interferes 
seriously even when its concentration is only a fifth of that of the chromium. 

The effect of cations was similarly studied and the results are shown in Table 2. Aluminium causes serious 
interference. 

* Paper presented at the Diamond Jubilee Session of the Indian Science Congress held at Chandigarh January, 
1973. 
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Table 1. Influence of anions on the extraction of Cr-CDTA complex 

1209 

Anion 

Sulphate 

Chloride 

Nitrate 

Oxalate 

Amount 
added, rnq 

2500 
1540 
1040 
5.00 

2.90 
1.463 
1.00 
0.75 

0.600 
0.425 
0.215 
@200 

8.50 
6.50 
5.00 
4.00 

Absorbance 

@480 
0.480 
0.480 
0.480 

0.390 
0.450 
0.478 
0.480 

0445 
0460 
@476 
0.480 

0.465 
0.478 
0.480 
0.480 

Anion 

Citrate 

Acetate 

Tartrate 

Amount 
added. w 

1090 
8QO 
6.50 
4.00 

6.00 
4.20 
2.10 
I.00 

1200 
I@50 
7.50 
5.00 

Absorbance 

0.450 
0.475 
0.480 
0.480 

0.460 
0.470 
0.480 
0.480 

0,458 
0468 
0480 
0.480 

Absorbance in the absence of added salts = 0.480. 
All the anions were used in the form of their sodium salts. 

Table 2. Influence of cations on the extraction 

Metal ion 
Amount 

added. my Absorbance Metal ion 
Amount 

added, mg Absorbance 

Cobalt 5.00 0.468 Iron 1.75 0.472 
3.69 @475 0.875 0.470 
1.471 0.480 0.438 0.480 
1.103 0.480 0.219 0.480 

Nickel 3.50 0.435 
1.84 0.448 
1.01 0.479 
0.918 0.480 

Manganese 5.50 0.47 1 
344 0.478 
3-20 0.480 
3.00 0.480 

Copper 3.00 0.466 Zinc 1Gl 0.475 
2.00 0.475 0.75 0.478 
1.50 0.480 0.50 0.480 
l+M3 0.480 0.40 0.480 

Aluminium 0.400 0.450 
0.21 0.460 
0.105 0.479 
0.09 1 0.480 

Absorbance in the absence of added salts = 0.480. 
Only suiphates of the metals were used. 

The nature of the extracted species as determined by the slope of plots of the log of the distribution ratio vs. 
log of the concentration or Aliquat and also by Jobs method is Cr: DCTA:Aliquat-336 = 1: 1: 1. 
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Sum-y-The violet complex formed between chromium(II1) and DCTA can be quantitatively 
extracted by Aliquat-336 in chloroform as [Cr(DCTA)] [Aliquat-3361. The conditions for quanti- 
tative extraction have been established. The method facilitates the determination of chromium in 
the presence of other coloured cations. 

Zusnmmenfassurt-Der violette Komplex aus Chrom(II1) und DCTA kann durch Aliquat-336 in 
Chloroform quantitativ als [Cr(DCTA] [Aliquat-3361 extrahiert werden. Die Bedingungen ftir die 
quantitative Extraktion wurden ermittelt. Das Verfahren erleichtert die Bestimmung von Chrom 
in Gegenwart anderer geftirbter Kationen. 

R&mm&Le complexe violet form6 entre le chrome(II1) et le DCTA peut itre extrait quantitative- 
ment par l’Aliquat-336 en chloroforme & l’Ctat [Cr(DCTA)] [Aliquat-3361. On a ttabli les condi- 
tions d’extraction quantitative. La mCthode facilite le dosage du chrome en la prisence d’autres 
cations color&. 

Talanta. Vol. 21, pp. 1210-1212. Pergamon Press 1974. Printed in Great Britain 

TWO POSSIBLE COLORIMETRIC INDICATORS FOR USE IN 
STUDYING MAGNESIUM COMPLEXATION KINETICS 

(Rrcrived 1 March 1974. Accepted 6 March 1974) 

It is-not normally possible to determine binding or kinetic constants between magnesium and biologically impor- 
tant materials such as nucleic acids or nucleotides by using ultraviolet-visible spectrophotometry, since the 
absorbance changes accompanying complex formation are much too small.’ Calorimetric indicators such as 
Eriochrome Black T or Calmagite (which show significant colour changes in the visible spectral range) have been 
used’ for the determination of equilibrium constants for magnesium binding to various polynucleotides.‘.“ 
Unfortunately these indicators cannot be used to monitor changes in magnesium concentration in kinetic studies 
on binding to such materials, since the presence of a phenolic group in the indicator (with a pK, of ca. 12) causes- 
the complexation rate with magnesium to be much too slow for the rapid changes in magnesium concentration 
to be monitored. The normal range’ of relaxation times for magnesium complexation reactions is c 200-loo0 
WC while the reaction of Eriochrome Black T with magnesium at pH 8.8 and [Mg”] = 1 x IO-‘M has a relax- 
ation time of 450 msec6 
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In order to surmount this problem. an &Tort has been made to find calorimetric indicators which do not suffer 
from this kinetic disadvantage but which still bind sufficiently strongly to magnesium ions. Kinetic and equilib- 
rium data for magnesium binding to two such species. kqlic acid (5-hydroxy-2-hydroxymethyl4pyrone) and 3,5- 
dinitrosalicylic acid anions. are presented here. 

I YPII(IMINT\L 

Kinetic stud& wcrc pcrformcd with a iemperaturc-jump apparatus which has been described elsewhere.’ 
Lquilibrium constants for proton binding (KHL) and magnesium-ion binding (KhlpL) were determined by using 
a Beckman DK2a spectrophotometer; pH measurements were carried out on a Polymetron 42D pH meter. All 
data refer to 25.0 and 0.5M potassium chloride medium. 

3.5-Dinitrosdlicylic acid was recrystallized twice from water, and all other reagents were of the highest purity 
commercially available. 

RI SI LTS 

Equilibrium constants were determined by the Benesi-Hildebrand method’ and are shown in Table 1, along 
with kmetic data for the reactions. Changes in the spectrum for both ligands were observed in the visible-near 
ultraviolet range (30&500 nm). 

Table I. Equilibrium and kinetic data for the binding of magnesium 
ions to 3.5-dinitrosalicylic acid and kojic acid at 25’ in 0.5M KCI 

medium 

&?,.+ IO” x I$,& I$,.: 

pK,* I.!‘rllolr~ 1. lllole- ’ xv- ’ set - ’ 

3.5-dinitrosalicyclic 
acid 6.66 145 0.31 2200 

Kqiic acid 763 390 0.28 720 

* K, = acid dissociation constant (pK, = log KHL) 
tK Mg,, = metal binding constant (pK, = log K,,~) 
P L,- = cumplexation rate constant with magnesium 
$ h, = complex dissociation rate constant 

DISC-1 SSION 

The equilibrium constants for both systems are fairly high for magnesium and the formation rate constants 
are consistent with the Eigen mechanism.’ the somewhat lower rate for 3,5-dinitrosalicylic acid being due to the 
electron-withdrawing nature of the nitro groups.‘” The relaxation times are in the usual range for magnesium 
complexation reactlons and should be useful for monitoring magnesium complexation kinetics especially where 
a conformational change gives rise to a slow relaxation time. 

The amplitudes of the temperature-jump effects with kojic acid were small and this probably reflects a low 
enthalpy change. Such an effect is not disadvantageous in a kinetic sense. 

The observed changes are in a suitable spectral region since they do not overlap with the ultraviolet absorption 
bands associated with z-n* transition in biological molecules. 
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Summary-Complexation-rate andequilibrium data for 250” and 05M KC1 medium are presented 
for two calorimetric indicators for magnesium: 3.5-dinitrosalicylic acid and kojic acid. The forward 
rate constants are both consistent with an SNl mechanism and the complex formation constants 
are 145 and 390 I./mole respectively. 

Zusammenfassung-Fur zwei Magnesium-Farbindikatoren. 3,5-Dinitrosalicylsaure und Koji- 
s;iure, werden Geschwindigkeiten und Gleichgewichtsdaten der Komplexbildung bei 25.0“ in 0.5M 
KC1 mitgeteilt. Die Geschwindigkeitskonstanten der Hinreaktion sind beide mit einem SN1- 
Mechanismus vertriiglich; die Komplexbildungskonstanten betragen 145 bzw. 390 l/Mel. 

R&u&-On pn%ente les don&s de vitesse de complexation et d’bquilibre P 7,Oe et en milieu 
KC1 0,5&f pour deux indicateurs colorimttriques du magnesium: l’acide 3.5dinitrosalicylique et 
l’acide kojique. Les con&antes de vitesse directes sont toutes deux en accord avec un mecanisme 
SNl et les con&antes de formation de complexe sont 145 et 390 l/mole respectivement. 

Tulunrs. Vol. ?I. pp. 1?12-1215. Pergamon Press, 1974. Printed in Great Briram 

SELECTIVE EXTRACTION AND SEPARATION OF IRON(II1) 

WITH 4-METHYLPENTAN-2-OL 

(Received 25 February 1974. Accepted 10 March 1974) 

CMethylpentan-2-01 has been used in this laboratory for the solvent extraction of molybdenum,’ tungsten,’ 
rhenium3 and gold.4 In this communication, we propose a simple and rapid method for the selective extraction 
and separation of iron(II1) with this reagent from 5.5-6M hydrochloric acid. The iron (III) is then stripped with 
water and determined titrimetrically. 

Reayents 

EXPERIMENTAL 

Stock solution ofiron(lll). Analytical-grade ferric chloride (12.10 g) dissolved in 500 ml of distilled water and 
standardized titrimetrically.s 

Procedure 

Mix an aliquot of solution containing 5 mg of iron(II1) with enough hydrochloric acid to give a final acid 
concentration of 6M in a total volume of 10 ml. Shake the solution for 1 min with 10 ml of pure 4-methylpentan- 
2-01. Let the layers settle and separate them. Strip the iron from the organic phase with two IO-ml portions of 
water and determine it in the aqueous phase titrimetrically.5 

RESULTS AND DISCUSSION 

Effect of uaryirlq the conditions 

The concentration of 4-methylpentan-2-01 was varied from 10 to 100% with benzene as diluent and the hydro- 
chloric acid concentration was varied from 1 to 6.5M. The results (Fig. 1) show that iron(III) is quantitatively 
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Mix an aliquot of solution containing 5 mg of iron(II1) with enough hydrochloric acid to give a final acid 
concentration of 6M in a total volume of 10 ml. Shake the solution for 1 min with 10 ml of pure 4-methylpentan- 
2-01. Let the layers settle and separate them. Strip the iron from the organic phase with two IO-ml portions of 
water and determine it in the aqueous phase titrimetrically.5 

RESULTS AND DISCUSSION 

Effect of uaryirlq the conditions 

The concentration of 4-methylpentan-2-01 was varied from 10 to 100% with benzene as diluent and the hydro- 
chloric acid concentration was varied from 1 to 6.5M. The results (Fig. 1) show that iron(III) is quantitatively 
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extracted from 5.5-6 M hydrochloric solution with undiluted 4-methylpentnn-2-01. At higher acid concentrations 
(>6M). the extraction coefficient decreases. which may be attrihuted to competition by the acid ilself For the 
solvent 

J 
Molarity of HCL 

Fig. I. Degree of extraction of iron(II1) as a function of HCI concentration. 
4-Methylpentan-2-01 concentration in solvent (benzene as diluent):I-100%; I-75”/,; 5-50%; 

4--4OY:,; 5--25”;,: b I O’er;;, 

Variation of the metal ion concentration showed that the extraction of iron(llI) is possible even at tracer levels. 
However. milligram amounts of iron are preferable for accurate determination of the iron in steel samples. 

Various salting-out agents such as lithium. magnesium and aluminium chloride were tested (Fig. 2). Lithium 
chloride exerts a pronounced salting-out effect. giving complete extraction of iron at lower acidity. Magnesium 
and aluminium chlorides enhance the extraction of iron(II1) but do not make it quantitative at lower acidities. 
In terms of cost. use of lithium chloride offers no advantage. 

The period of equilibration was varied from 15 to I80 sec. To ensure complete extraction of the metal, solutions 
should be shaken for at least l-2 min. 

Varying amounts of foreign ions were taken with a fixed amount of iron (5 mg) and the recommended pro- 
cedure was applied. There was no interference (i.e.. i I’?; deviation) from Ti (2 mg), Zr (I5 mg), V(V) (5 mg), 
Cr(II1) (5 mg). Cr(VI) (3.5 mg). Mo(V1) (5 mg). W(V1) (5.25 mg). Mn(II) (I5 mg). Co(H) (3.5 mg), Ni (3.5 mg), 
Ru(II1) (7 mg). Rh(II1) (IO mg). Pd(I1) (20 mg). Os(VIII) (8 mg). Ir(II1) (10 mg), Pt(IV) (10 mg). Cu(I1) (3.5 mg), 

b) c) 

Molarity; HCI 

Fig. 2. Effect of salting-out agents: A-LiCl: B-MgCI,: C-AICI,. 
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Au(II1) (8.7 mg), Zn (17.5 mgk Cd (17.5 mg), Ga (10 mg), In (5 mg), Tl(II1) (10 mg). Pb (17.5 mg). Sb(III) (15 mg). 
Bi (17.5 mgb Th (5 mg), U(VI) (5 mg), CejIV) (5 mg), phosphate (IO mg), EDTA (20 mg). citrate and tartrate 
(25 mg). Molybdenum(VI), tungsten (VI) and gold(II1) are also extracted but do not interfere in the determination 
of iron. Tungsten(V1) can be masked with oxalic acid. However, ions such as selenium(IV). tellurium(IV), ascor- 
bate, fluoride and thiocyanate interfere and must be absent. 

Separation ofiron(lll)fiom synthetic mixtures 

Under the optimum conditions for extraction of iron(III), none of the metals commonly associated with iron 
in Al-, Co-, Ni-, Ti- and Zn-based samples, is extracted. The recovery of iron is better than 99%;. Analysis of 
binary mixtures has shown that the recovery of the metal ions left in the aqueous phase is also almost quantitative 
(985-99.5%). The results of analysis of various synthetic mixtures by the proposed method are shown in Table I. 

Four samples of alloy steel were analysed separately by the proposed method and the results from duplicate 
analyses are reported in Table 2. The method permits extraction and determination of iron in about 15 min. 

Table I. Analysis of synthetic mixtures 

Recovery of Fe 
Composition of the synthetic mixture (duplicate analysis). ‘$ 

Fe, 5 mg; Mn. 5 mg; W, @5 mg 

Fe. 5 mg; Mn, 1 mg; Ni I mg; Cr, 3 mg; MO, 0.5 mg 

Fe, 5 mg; Mn. O-5 mg; Ni, I mg; Cr, I mg; CU. 2 mg; 
MO, 1 mg 

Fe, 5 mg; Al, 4.8 mg; V, 0.5 mg 

Fe, 5 mg; Al, 1 mg; Cu, 1 mg; Mn, 05 mg 

Fe, 5 mg; Cu. I mg; Mn, @5 mg; Ti, I mg; Zn. 3 mg; 
Ni, 1 mg; Cr. 1 mg 

Fe. 5 mg; Ni. 1 mg; Cu, 1 mg; Mn, @5 mg; CO, 2 mg; 
Cr, 1 mg; V, 05 mg; 

Fe,5mg;U,lOmg 

99.8 

99.9 

99.8 

99.9 

99.9 

99.9 

99.8 

99.8 

Table 2. Analysis of standard samples 

Alloy Composition of alloy, % Fe present, % Fe found “i;; 

21b 

33b 

C 6.84, Si @ 12, S @04, 
P 003, Mn 0.43, W 0.46 

C 2.24, Si 2.00, P 0, I 1, 
S @03, Mn 064, Ni 2.24, 
Cr @6l, MO 040 

92. I 91.9.91.9 

91.7 91.7. 91.6 

33c 

33d 

C 3.3 I, Si I +38, S 0.06, 
P @I I, Mn @86, Ni I.98 

C 2.30, Si 1.63. S O-02, 
P 002 Mn O-63, Ni 2.38, 
Cr 0.52, Cu 1.54, MO 0.48 

91.0 90.8, 90.9 

90.3 90.2. 90.2 
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Summary--CMethylpentan-2-01 is used for quantitative extraction of iron(lI1) from 5.5-6M hydro- 
chloric acid. The iron(II1) is then stripped with water and determined titrimetrically. Te(IV), Se(N), 
ascorbate. fluoride and thiocyanate interfere and must be absent. Mo(V1). W(V1) and Au(II1) are 
co-extracted but do not interfere in the determination. 

Zusammenfassung-CMethylpentan-2-01 wird zur quantitativen Extraktion von Eisen(II1) aus 
5.5-6M Salzslure verwendet. Eisen(II1) wird dann mit Wasser ruckextrahiert und titrimetrisch bes- 
timmt. Te(IV). Se(IV). Ascorbat. Fluorid und Thiocyanat stiiren und milssen abwesend sein. 
Mo(V1). W(V1) und Au(II1) werden mitextrahiert. stijren jedoch bei der Bestimmung nicht. 

R&urn&-Le 4-methylpentane-2-01 est utilise pour l’extraction quantitative du fer(II1) de I’acide 
chlorhydrique 5.56M. Le fer(I1) est alors rtextrait a I’eau et dose titrimetriquement. Les Te(IV). 
Se(N). ascorbate. fluorure et thiocyanate ginent et doivent itre absents. Les Mo(VI), W(V1) et 
Au(II1) sont coextraits mais neginent pas dans le dosage. 

FORMATION CONSTANTS OF Cd(I1) COMPLEXES 
DITHIZONE AND RELATED COMPOUNDS 

(Received 26 March 1974. Accepted 30 March 1974) 

WITH 

In an earlier report comparing the equilibrium formation constants of zinc(I1) and nickel(I1) chelates of dithizone 
(diphenylthiocarbazone) and related reagents. the then surprisingly larger sensitivity of zinc to the steric hin- 
drance exerted by orrho substituents was noted.’ It was speculated that this could be explained by the coplanarity 
of the vicinal phenyl ring and the chelate ring in the zinc dithizonate. which would be strained upon the presence 
of an orrho substituent. By contrast, the absence of any similar adverse effect in the nickel dithizonate was taken 
to result from a significant deviation from coplanarity of the phenyl and chelate rings since in such a spatial 
relationship the ortho substituent could not exert any steric hindrance. Subsequent X-ray crystallographic deter- 
mination?’ confirmed these speculations (with the usual caveat about possible differences between crystal and 
solution structures) with the phenyl and chelate rings being coplanar in the case of zinc and perpendicular in 
the case of nickel. 

With the thought that the presence or absence of steric influence on formation constants upon ortho substitu- 
tion might provide indirect information on the relationship of the vicinal phenyl and chelate rings in other metal 
dithizonates. we decided to study a series of cadmium(I1) dithizonates. Inasmuch as cadmium has a larger radius 
than zinc( II) one might expect that steric influences on cadmium would play a decreasing role in determining 
structural relationships and solution equilibrium properties in its dithizonate complexes. 
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Reagents 

EXPERIMENTAL 

Ligands. Diphenylthiocarbazone, di(o-tolylfthiocarbazone, di(p-tolyl)thiocarbazone. di(2.4-dimethylphenyI)- 
thiocarbazone, and di(l-naphthyl)thiocarbazone were prepared and purified as described previously.’ 

Dioxan. Purified’ and freshly distilled before use. 

Cd solution. An approximately @IM Cd(CIOJI solution was standardized by EDTA titration. 
Buffer solutions were freed from trace metal contamination by extraction with a carbon tetrachloride solution 

of dithizone. 

Apparatus 

Spectrophotometer. A Cary Model 14 was used for absorbance measurements. 
pH Meter. A Beckman Model G equipped with glass and saturated calomel electrodes and calibrated with 

Beckman buffers at pH 4 and 7 was used for pH measurements. 

Spectrophotometric determination offormation cowants of 1: 1 cadmium chelates 

The procedure, similar to that previously employed,’ involves a measurement of the absorbances (at various 
pH values) of a series of solutions containing both cadmium and chelating agent in a ratio of at least 100: I to 
avoid formation of the 1: 2 metal complex. The following expression, valid when the total metal concentration 
is much greater than the ligand concentration and the pH range of the experiment is one in which the-neutral 
ligand is the predominant species, was used for the calculation of the I : 1 complex formation constants.@, 

B 

I 
= CH'IU - EHL TL) 

%&(TL+L - 4 

where TH is the concentration of cadmium(II), rL the ligand concentrations, l HL and l ML the molar absorptivities 
of the reagent and complex, respectively, at the wavelength employed for the measurement. 

RESULTS AND DISCUSSION 
As can be seen from Table 1, the cadmium complexes of the dithizones are significantly more stable than those 

ofzinc. This is in keeping with the order observed with anionic monodentate ligands such as the halides, hydrox- 
ide, acetate, etc. as well as for sulphur-containing chelating agents.5 With ligands containing either two nitrogen 

Table 1. Formation constants of Cd, Zn, and Ni complexes at 25°C in 50% 
v/v aqueous dioxan medium at ionic strength 0.30M. 

Reagent PK Cd Zn* Ni* 

Diphenylthiocarbazone 
Di(o)tolylthiocarbazone 
Di(o)tolylthiocarbazone 
Di(2,Cdimethylphenyl)thiocarbazone 
Dinaphthylthiocarbazone 

* Taken from reference I. 

5.80 7.11 6.18 5.83 
6.23 5.95 4.50 5.90 
6.40 740 6.45 660 
6.87 6 19 4.80 6.40 
523 5.76 4.24 5.38 

atoms or one nitrogen and one oxygen as bonding atoms. however, cadmium complexes are invariably less stable 
than those ofzinc. This may represent a “like favours like” situation in which the large, more polarizable (“softer”) 
cadmium ion forms more stable complexes with highly polarizable (“soft”) sulphurcontaining ligands. 

,A further comparison of the data in Table I reveals that cadmium is also significantly subject to the adverse 
stkricaily hindering influences but to a somewhat lesser extent than zinc, in keeping with expectations arising 
from its greater ionic radius. These results signify that the vicinal phenyl and chelate rings are coplanar in cad- 
mium dithizonate but are forced out of plane in the presence of an ortho substituent on the phenyl rings. An 
X-ray crystallographic study would be useful in unequivocally solving this question. 
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Summary-The stability constants of cadmium complexes of compounds related to dithizone are 
reported. Substitution in the orrho position lowers the stability constant. It is prohahlc that this 
is a consequence of deviation from coplanarity of the phenyl and chelate rings. 

Zusammenfassung-Die Stabilitltskonstanten von Cadmiumkomplexen mit Dithizon-lhnlichen 
Verbindungen werden behandelt. Bei o-substitution werden die Konstanten kleiner. vermutlich als 
Folge einer Abweichung in der Coplanaritiit von den Phenyl- und Chelatringen. 

R&urn&--On rapporte les constantes de stabilitit de complexes du cadmium de compo&s se ratta- 
chant B la dithiozone. La substitution en position ortho abraisse la constante de stabilitt. 11 est 
probable que ceci est une constquence de la diviation de la coplaneitt des cycles phenyle et chtlate. 

Trrloarrr. Vol. ?I. pp. 1217-1219. Pcrgamon Press 1974. Prmted in Great Brttam 

GAS-CHROMATOGRAPHIC DETERMINATION OF SELENIUM AS AN 
ORGANO-SELENIUM COMPOUND WITH ACETOPHENONE 

(Receitied 20 February 1974. Accepted 30 March 1974) 

Recent developments in gas-liquid chromatography (GLC) have made it possible to work out methods of high 
sensitivity for the determination of selenium in natural and industrial products. They are based on the reaction 
between selenium(W) and substituted diamines and detection of the product by electron-capture GLC-’ 

This paper describes a relatively rapid and universally applicable method based on a preliminary selective sep- 
aration of the element in the form of an organo-selenium compound. followed by GLC determination. The 
extraction separation is performed according to our earlier work on the interaction between selenium(W) and 
saturated aliphatic and aromatic ketones.h-g Acetophenone is used in the present work. In a strongly acidic solu- 
tion selenium(W) reacts with acetophenone stepwise by forming various compounds differing in their composi- 
tion and properties. The optimum conditions for this reaction viere found. under which a compound of suitable 
volatility and thermal stability for GLC determination was obtained. 

EXPERIMENTAL 

Standard selenium solution (1000 pg:ml) was prepared by dissolving I g of pure selenium in minimum volume 
of nitric acid. evaporating the solution to dryness on a water-bath, taking up the residue with hydrochloric acid 
and diluting to I litre. Other solutions were prepared by appropriate dilution. 

Concentrated hydrochloric. nitric. phosphoric. sulphuric and perchloric acids were all analytical grade 
(Merck). 

Benzene and hexane were purified by rectification. Acetophenone was redistilled in vacuum. 
Aluminium oxide (neutral) was heated for 4 hr at 450 and deactivated by addition or 3”,, of water. 
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Sample preparation 

The samples of metals, alloys, minerals, ore concentrates, soils and biological materials are dissolved by heating 
up to 1 g of sample (depending on the Se content) in 7 ml of perchloric acid and 3 ml of sulphuric. phosphoric 
or nitric acid depending on the nature of the sampie. Perchloric acid converts selenium into selenium(V1). thus 
preventing possible losses due to volatilization. Smith’s work on perchloric acid should be consulted before 
organic samples are treated (see, e.g., reference IO). 

Apparatus 

A Varian Aerograph Model 2100-40 gas chromatograph connected to a Model 20-2 recorder with a disc inte- 
grator was used. The chromatograph was equipped with a 63Ni electron-capture detector. The column (U-type. 
1.8 m length and 3 mm bore, was packed with 3% SE on Varaport 30,10&120 mesh. Temperatures used were: 
detector 290”, injection port 240” and column 215”. The carrier-gas (nitrogen) flow-rate was 100 mlimin. The 
sensitivity setting (attenuation) was 4. 

Extractiue separation ofselenium 

The formation of the organo-selenium compound takes place in strongly acidic medium. In our previous 
work” we have found that perchloric, phosphoric and sulphuric acids facilitate the reaction, probably by their 
dehydrating action. Nitric acid interferes even when present in traces. After complete dissolution of the sample. 
10 ml of 8-9&f hydrochloric acid are added to reduce selenium(VI) to selenium(IV) and then 0.025 ml of aceto- 
phenone are added. The mixture is heated for 40-60 min on a water-bath at 70-80’. It is then cooled, and then 
shaken with two 3-ml portions of benzene. The combined benzene extracts are then evaporated to O+l.O ml. 

For selenium concentrations close to the detection limit of the method, separation of the organo-selenium com- 
pound from acetophenone and its by-products is recommended. For this purpose the benzene extract is evapor- 
ated to 1 ml and run through a column of I g of alumina in a glass tube (5-7 mm bore). Acetophenone and 
its by-products are eluted with 20 ml of hexane, and the organo-selenium compound is eluted with 20 ml of ben- 
zene. The benzene eluate is evaporated to dryness by heating at 40“ under reduced pressure. The residue is dis- 
solved in 05-1.0 of benzene and 3-7 pl of the solution are injected into the gas chromatograph. 

Gas chromatograph determination 

Figure I shows gaschromatograms ofa 3-pa/ml selenium solution with and without purification. In each case 
5 ~1 were injected. As the sensitivity of the electron-capture detector may change with time, a comparison method 
was chosen, a DZ-&ml benzene solution of p,p’-dichlorodiphenylchloroethylene (pp’DDE) being used as a refer- 
ence substance. 

The calibration curve plotted in terms of the ratio of the area of the Se peak (5) to the height of the pp’DDE 
peak(h) us. selenium concentration is almost linear for the range 05-10 pg of Se. The relative standard deviation 
for the average value (5 pg) is f 6% (8 variates, 95% probability). 

Applications 

The intluence of many interfering elements which might be present together with selenium in different samples 
has been studied. The concentration levels of these elements were selected in accordance with the expected values 

lime, min Time, min 

Fig. I. Chromatograms of .5 ~1 of organo-selenium compound (Se concentration in benzene. 3 pg/ 
ml). (A)--Without purification; (&-after purification on alumina column; (C)--reference sub- 

stance pp’DDE, 5 ~1, O-02 pg/ml. 
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in the corresponding samples. No interference was found Urom 1 g of Fe, Cu. Pb: 0.5 g of Te: 5 mg of Ag. Au. 
As. Al. Bi. Cd. Co. In. Mn. Ni. Sn. Sb. Tl, W. Zr. 

The method has been applied to the determination of selenium in metals. ore concentrates and biological sam- 
ples. 
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Summary-A gas-chromatographic method with electron-capture detection is presented for the 
determination of selenium after reaction with acetophenone to obtain an organo-selenium com- 
pound. This compound is extracted into benzene and chromatopraphed on an alumina column. 
The relative standard deviation for the average value (5 jig) is &6?,, (II = 8. P = 95’;/). The method 
has been applied to the determination of selenium in metals. alloys. ores and biological samples. 

Zusammenfassung-Ein gaschromatographisches Verfahren mit Elektroneneinfang-Nachweis zur 
Bestimmung von Selen nach Reaktion mit Acetophenon zu einer Organoselenverbindung wird 
angegeben. Die Organoselenverbindung wtrd in Benzol extrahiert und auf einer Aluminiumoxid- 
s%u)e chromatographiert. Die relative Standardabweichung des Mittelwerts (5 pg) betrlgt +6:< 
(II = 8. ,I = 95”“). Das Verfahren wurde auf die Bestimmung von Selen in Metallen, Legierungen, 
Erzen und biologischen Proben angewandt. 

R&urn&On presente une methode chromatographique en phase vapeur avec detection par cap- 
ture d’electrons pour le dosage du selenium apres reaction avec I’acetophinone pour obtenir un 
compose organo-selenie. Ce compose est extrait en benzene et chromatographit sur une colonne 
d’alumine. L’ecart type relatif pour la valeur moyenne (5 pg) est k65; (11 = 8. P = 95>,). On a 
applique la methode au dosage du selenium dans des metaux. alliages. minerais et tchantillons bio- 
logiques. 
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Summar)-A satisfactory method for the preparation of Calcein Blue has been devised. Elemental 
analysis. equivalent weight by neutralization, and the NMR spectrum show the compound to be 
4-methylumbelliferone-X-methyleneiminodiacetic acid.0.25H,O. The ultraviolet absorbance and 
Auorescence have been studied as a function of pH and. combined with potentiometrlc titration and 
solubillt! date. have ylelded for the acid dissociation constants the values pK, = 3.0, pK2 = 6.9, 
and pKA = 11.3. These acid functions are Identified respectively as carboxyl. phenol. and 
ammomum Ion. the free Calcem Blue bemg a zwltter-ion. Calcein Blue fluoresces in both acidic 
and basic solution when excited at a suitable wavelength. The fluorescence of the doubly-charged 
anion formed on the neutrahzation of the phenol group. when excited at 360 run. reaches a maxi- 
mum at pH 9. and decreases to zero with the neutralization of the ammonium ion; the wavelength 
of maximum emission IS 455 nm. In the presence of calcium, the fluorescence increases with alka- 
linity up to pH 9 and then remains constant. The calcium derivative is a 1: 1 compound, formation 
constant IO- ‘. The fluorescence of Calcein Blue at all pH values is quenched by copper( The 
calcium derivative IS changed on standing in highly alkaline solution, presumably by ring opening, 
to another fluorescent material: thus Calcein Blue. although satisfactory as an indicator. is not use- 
ful for the direct fluorometric determmation of calcium. 

A metallofluorescent indicator produced by the condensation of 4-methylumbelliferone, 
formaldehyde and iminodiacetic acid was prepared independently and concurrently by 
Wilkins’ and Eggers.’ who assigned to it. respectively. the names Cal&n Blue and Umbel- 
likomplexon (“UK”). Wilkins’ reported that the material was useful as an indicator in the 
EDTA titration of calcium and certain transition elements. and Eggers examined the 
absorption and fluorescence spectra in the presence of some fifteen metal ions. Papers 
appeared later describing uses of the compound in the determination of various metals.3-5 
To supplement these papers we now supply certain basic information: purity, composition, 
structure. properties as an acid. fluorescence as a function of pH, nature of the reaction 
with calcium. possible use for the direct fluorometric determination of calcium. 

EXPERIMENTAL 

Attempts to Introduce methylenelmmodlacetic acid groups mto 4-methylumbelliferone by the Mannich con- 
densatlon m alhaline aqueous solution as used m the synthesis of Calcein6 met with varying success: acetic acid. 
adopted m later work on Calcem- proved a more satisfactory medium. The optimu? ratio of 4-methylumbelli- 
ferone to dlsodmm lmmodlacetate to formaldehyde was found to be 2:3:3. 

4-Afcrh,~/~rr~rhr//i~ror~~~. 3-Meth!lumbelliferone was synthesIzeda and recrystallized twice by dissolving It in 
warm 9Y<, ethanol and preclpltatmg b! the addition of demmeralized water. The product was dried under a 
heat lamp. M.p. 189-192 . literature value 186188 

Calccru B/w. To 140 ml of glacial acetlc acid at 70 was added with constant stirring 0.12 mole (21.25 g) of 
dlsodium iminodiacetate. To this mixture was added 0.3 mole (5.29 g) of 4-methylumbelliferone. Tlus was fol- 
lowed b! the drop\\ IST addmon of 0, I3 mole (11.8 ml) of 37”” formaldehyde. The reaction was allowed to proceed 
at 6.5-75 for X hr \\ ith constant stlrring. The white crystalline product was filtered off, washed with demineralized 
water. and recrystallized b! dlssolvmg It m deminerahzed water and enough 309, potassium hydroxide solution 
to ralsr the pH to 6.7. filtermg. addmg to I75 ml of hydrochloric acid (I + 5) and adjusting the pH to 4 by drop- 

19’1 __ 
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wise addition of potassium hydroxide solution. The precipitate was filtered off. washed with demmerahzed water, 
and recrystallized again in the same manner. The material did not melt below 300 °. Equivalent weight by neutra- 
lization: 323"3 (to the first equivalence-point); 324"8 (from the first to the second equivalence-point). Found: C 
55.4~/~ H 5'1%, N 4"5%; calculated for C15H,sNO~ (m.w. 321"3): C 56"07%, H 4"71,°/0, N 4"36%; calculated for 
CIsH~sNO:. 1/4H20 (m.w. 325"8): C 55"29%, H 4"79~ N 4.29%. 

4-Methylumbelliferone. Singlet at 2-00 ppm (3), --CH.~ at position 4; singlet at 5.46 ppm (1), position 3: doublet 
centred at 6-16 ppm (1) with proton spin coupling constant (J) of 2 c.p.s. (meta coupling), position 8; AMX pattern 
of two doublets centred at 6.41 and 6.97 ppm, respectively, (one proton for each doublet), J = 9 c.p.s. (ortho coup- 
ling), both peaks of the doublet centred at 6.41 ppm being further split into doublets centred at 6.34 and 6.47 
ppm, respectively, J = 2.5 c.p.s. (meta coupling with proton at position 8), assignments: 6-41 ppm to position 6, 
6"97 ppm to position 5. 

Calcein Blue. Singlet at 2"27 ppm (3),--CH3 at position 4; singlet at 3'79 ppm (4), - -N(CH2CO ~)2; singlet 
at 4.41 ppm (2), - -N- -CH2- -a ry l ;  singlet at 5"92 ppm (1), position 3; AB pattern of two doublets centred at 
6.75 and 7.41 ppm, respectively, teach doublet l proton), J = 9 c.p.s. (ortho couphng); assignment: peak at 6.75 
ppm to position 6, peak at 7'41 ppm to position 5 (based on similarity to NMR spectra of 4-methylumbelliferone, 
esculetin and 4-methylescutin). The peak at 6"16 ppm in the NMR spectrum of 4-methylumbelliferone is missing 
in Calcein Blue; the two protons attached to the aromatic ring are ortho to each other; the methylene~minod~- 
acetic acid group in Calcein Blue thus occupies position 8. 

Behaviour on neutralization 

As shown in Fig. 1, two breaks were found in the neutralization curve of Calcem Blue. The Calcein Blue did 
not dissolve completely until close to the first end-point, so the mid-point of the first step, pH = 4.64, cannot 
be taken as the value of the first acid dissociation constant. The pH at the mid-point of the second step is prob- 
ably a good value for the second dissociation constant pK2 = pH,= 1.5o = 7.00 (a being the number of moles 
of alkali added per mole of Calcein Blue). 

I I  

I I l I 

L L L I 
I 2 3 4 

Sodium Hydroxlde-moles per mole of Colceln Blue ( -o)  

Fig. I. Titration of Calcein Blue alone and in the presence of calcium and of copper. 
1. Calcein Blue; 2. Calcein Blue plus 10 moles of calcium per mole of Calcein Blue; 3. Calcein 
Blue plus an equimolar amount ofcopper(II); solvent: 200 ml of O.IM potassium chloride; initial 

concentration of Calcein Blue: 1.07 x 10- 3M. 

First acid dissociation constant from solubility data. Buffers of appropriate pH and excess of Calcein Blue were 
shaken for 12 hr. The mixtures were then filtered and appropriate volumes of the filtrates were adjusted to pH 
10 and diluted to 25"0 ml in volumetric flasks with 0.1M potassium chloride. Absorbances were measured at 
360 nm (Beckman DU spectrophotometer). The results, Table l, were treated by the method of Krebs and Speak- 
man. 9 The value found for the intrinsic solubility, Si, from the linear plot of S vs. l / [H + ] by extrapolation to 
l /rH + ] = 0, was 1.00 rag/100 ml. The value for the first acid dissociation constant, found from the linear plot 
of log [(S/S)) - l] vs. pH, was pKi = 2.97. 
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Table 1. Solubility of Cal&n Blue as a function of pH 

PH 
Solubility, S, 

mg/lOO ml 

2.36 2.80 3.39 445 465 4.14 

1.20 1.71 3.77 32.31 48.19 5944 

Second acid dissociation consrant,fron~ absorbance data. The absorption spectra of 4-methylumbelliferone and 
of Calcein Blue, Fig. 2, each show a single band in the ultraviolet, the maxima being at almost the same wave- 
length. shifting to longer wavelength with rising pH: i.,,, 320 and 322 nm at pH 4 and 360 and 370 nm at pH 
IO for 4-methylumbelliferone and Calcein Blue respectively. Only one mflection point was found in the plot of 
absorbance as a function of pH, Fig. 3. The inflection points he at pH 7.8 and 7.1. respecttvely. fair approxima- 
tions to pK for 4-methylumbelliferone and pK2 for Calcem Blue respecttvely. 

More precise absorbance measurements were made on solutions at pH values equal to the estimated pK f 02 
0.4 and @6 pH units. The results were used to plot pK = pH - log (A - &,)/(A, - A), where A. AHA and AA 
are the absorbances of a mixture, and of the pure acid form and salt form respectively. The values obtamed were 
7g2 for 4-methylumbelliferone and 692 for Calcein Blue. 

Third acid dissociation constanr,fLompuorescence data. The excitation and emission spectra of Cmethylumbel- 
liferone and of Cal&n Blue were obtained at intervals of 0.5 pH over the range 1.513.0 by using an Aminco- 
Bowman Spectrophotofluorimeter. The solutions were prepared by mixing 15 ~1 of 3.11 x 10e3M Cal&n Blue, 
0.25 ml of O.OlM EDTA. 10 ml of buffer solution (prepared according to Bates” and of constant ionic strength), 
and diluting to 25.0 ml with DlM potassium chloride. The pH of each solution was checked after the spectra 
had been obtained. The spectra at pH 4 and 10 are shown in Fig. 4 and relative fluorescence as a function of 
pH is shown in Fig. 5. 

The maxima in the excitation spectra of 4-methylumbelliferone and of Calcein Blue, Fig. 4, coincide with those 
In the absorption spectra and like them shift to longer wavelengths with increasing pH. The wavelength of maxi- 
mum emission ts independent of the wavelength of the exciting light, although the change in relative intensity 
with change in pH parallels the change in absorbance at any excitation wavelengths. 

4Methylumbelliferone 
Cal&n Blue 

Wavelength of Wavelength of 
maximum excitation, nm maximum emission. iun 

pH 4.0 pH IO.0 
328 365 455 
330 360 455 

Wavelength nm 
Fig. 2. Absorption spectra of Cal&n Blue. 

1. At pH 4; 2. at pH 9; the absorption spectra of 4-methylumbelliferone are very similar. 
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Fig. 3. Absorbance of Calcein Blue as a functton of pH. 
I. At 325 nm; 2. at 367 nm; the absorbance of 4-methylumbelliferone as a function of pH IS very 

similar; Cal&n Blue (4.67 x IO-‘&f) in 10e4M EDTA/O.O6M potassium chloride. 

The main difference between the two compounds is the maximum at pH 9.1 for the effect of pH on the fluores- 
cence of Calcein Blue. 

The points of inflection of the curves (shown in Fig. 5 for Calcem Blue only) were taken as values for the 
acid dissociation constants: for 4-methylumbelliferone pK = 7.78; for Calcein Blue pK, = 6.95, pK, = 11.26. 
The values of pK and pK2 are close to those obtained by measurements of absorbance as a function of pH. 
but the latter are probably better. 

Calcein Blue is undoubtedly a zwitter-ion and the first step in titrating it with alkali is the neutralization of 
the free carboxyl group. No change in absorbance in the ultraviolet occurs during thts step. up to pH 5.5. as 
expected of aliphatic carboxyl groups. 

Changes in the absorption in the ultravtolet, in the region of absorption by benzenoid compounds, occurs over 
the second step, pH 55-8.5 and this results from neutralizatton of the phenol group. The ultravtolet absorption 
and the changes in absorption with pH of 4-methylumbelliferone and of Calcein Blue are almost identical. the 
phenol group of Calcein Blue being slightly stronger as an acid. 

I I I I I 

Wavelength. nm 

Fig. 4. Fluorescence spectra of Calcein Blue. 
I. Excttatron, pH 4. emission monochromator set at 455 nm. 2. Emission, pH 4, excitatton mono- 
chromator set at 330 nm. 3. Excitation, pH 10, emission monochromator set at 455 nm. 4. Emrs- 
sion, pH 10, excitation monochromator set at 360 nm. The fluorescence spectra of Cmethylumbel- 

liferone are very similar. 
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Fig. 5. Variation in fluorescence of Calcein Blue and of the calcium and copper derivatives of Cal- 
cein Blue with pH. 

I. Calcein Blue, excitation monochromator set at 330 nm. 2. Calcein Blue, excitation mono- 
chromator set at 360 nm. 3. Calcium derivative, excitation monochromator set at 360 nm. 4. Cop- 
per derivative, excitation monochromator set at 330 nm below pH 6.5. at 360 nm above pH 6.5. 

Variation in fluorescence of 4-methylumbelliferone with pH is similar to curves I and 3. 

Both 4-methylumbelliferone and Cal&n Blue fluoresce in acidic and basic media if excited with light of the 
proper wavelength. For the unneutralized acid form of 4-methylumbelliferone and for the dicarboxylate anion 
of Calcein Blue (a = l.OO), the maximum excitation occurs at 328 and 330 nm, respectively, close to the absorp- 
tion maxima, 320 and 325 nm. For the basic forms, following neutralization of the phenol group, maximum exci- 
tation occurs at 365 and 360 nm respectively, close to the absorption maxima, 360 and 367 nm of the anions. 

The fluorescence of 4-methylumbelliferone remains constant at pH z 9 but that of Cal&n Blue decreases, 
becoming essentially zero at pH 13 (Fig. 5), the change in Calcein Blue corresponding to the neutralization of 
the betaine. As expected. no change in absorbance in the ultraviolet occurs over this region, because the 
ammomum group absorbs only at wavelengths shorter than 200 nm and m Calcem Blue the ammonium nitrogen 
atom is not connected directly to the aromatic ring. The fluorescence results thus gave a value for the third disso- 
elation constant. 

Reaction wuh caluurn 

Whereas the fluorescence of Calcein Blue decreases from the maximum at pH 9 to almost zero at pH 13, in 
the presence of an excess of calcium the fluorescence is maintained from pH 9 to 13 (Fig. 5, curve 3). At pH 
12.8, the fluorescence intensity increases linearly with calcium concentration, the break in this function indicating 
a combining ratio of 1: 1. In the potentiometric titration of Calcein Blue with alkali in the presence of calcium 
(Fig. 1. curve 2X the curve coincides with that of Cal&n Blue to the first end-point (a = 1; pH 5.3). At pH > 5.3 
the reaction with calcium makes the acid appear to be much stronger and a new end-point appears after two 
additional equivalents of base have been added. It is evident that a proton is displaced from the phenol group 
and another from the ammonium group by calcium and the molecule retains the structure that gives rise to the 
fluorescence. 

The formatIon constant of the calcium derivative was calculated in two ways, by an approximation method 
and by an exact method. The symbol H,Cb IS adopted for Calcein Blue, the acid dissociation constants, K,, 
K2. K,. are defined in the usual way. and two formation constants are defined by 

HCb’- + Ca’+ = CaHCb 
Cb3- + Ca” = CaCb- 

KCaHCb = [CaHCb]/[HCb*-][Ca*+]. 
K < d h = [CaCb-]/[Cb3-][Ca*+]. 

‘(I) 
(2) 

Approrrmarlorl merhod. Combmanon of the equations defining the acid dissociation constants and equation 
(2) gives 

K cJcb- = [CaCb-][H’]2/K2K3[Ca2+][H2Cb-]. (3) 
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Calcain Blue. 4-Methylumbelliferone-B-methyleneiminodiacetic acid. H3B 

-0 HO@0 7 -O%@O 

‘c ’ 
O4 3:N\CH2 o/, +< 

‘c 
2 

H2 
7H2 

-c/b, -o/c\o 

III H.&b- Ip H&- 

Non - f luoresccnt Fluorescent 
Excltatlon at 36Onm 

O// H,‘---C 
\O 

m CaCb- 
Fluorescent 

O+;N\CH2 

o/C%o 

v Cb3- 

Non -fluorescent 

DISCUSSION 

Structure of the calcium derivative 

As with ethylenediaminetetra-acetic acid and related compounds, the positive charge on 
the ammonium group in Calcein Blue explains the strongly acid character (pK, = 2.97) 
of the remaining free carboxyl group. Similarly, the unusual strength of the phenol group 

(PK2 = 6.9) is also attributed to the proximity of this group to the positive charge, which 
is absent in 4-methylumbelliferone (pK = 7.8). 

For both 4-methylumbelliferone and Cal&n Blue, neutralization of the phenol group 
is accompanied by the appearance-of+Gorescence on excitation by light of the wavelength 
of the absorption maximum of the phenolate form (structures II and IV), 365 and 360 nm, 
respectively. Although the absorbance and fluorescence and the variations of these with 
pH up to pH 8.5 are very close, some difference may exist in the structure of the fluorescent 
forms, in particular the existence in Calcein Blue of a hydrogen bond between the pheno- 
late oxygen atom and the ammonium nitrogen atom. Formation of this bond would re- 
strict the free rotation about the methylene group and reduce the chance for non-radiative 
transfer of energy from the excited state; conversely, above pH 9, as the hydrogen bond 
is broken by the neutralization of the ammonium group, the fluorescence decreases 
because of the increased rotation and frequency of inter- and intramolecular collision 
(structure V). 

The two protons displaced in the formation of the calcium compound must come from 
the phenolic and ammonium groups. Because the calcium compound is highly fluorescent 
and the fluorescence is of about the same intensity as that of Calcein Blue at pH 9, the 
calcium in effect gives the Calcein Blue. the structure corresponding to the conditions of 



1 z3 G. M. HCITINK. D. P. POE and H DIEHI 

I I I I I I I I I I I I I I 
0 20 4.0 60 80 100 120 140 

Time. min 

Fig. 6. Stability of the calcium derwatwe of Calcem Blue 
1. At pH 12.8; 2. at pH 12.9; 3. at pH 13.0. 

maximum fluorescence at pH 9. The phenolate oxygen atom, ammonium nitrogen atom, 
and probably both carboxylate oxygen atoms are bound to the calcium ion (structure VI). 
Everything is tight-packed, rotation is restricted and the possibility of collisional deactiva- 
tion reduced. 

Because of the low solubility of Calcein Blue some of it remains undissolved almost to 
the first end-point in the titration with alkali. On the addition of an equimolar amount 
of copper( Calcein Blue is completely dissolved and the pH at the mid-point of the neu- 
tralization of the first proton, pH,= o 5o = 2.82, is slightly lower than pK, (2.97). 

The relation of the fluorescence to the structure of Calcein Blue and its metal derivatives 
was the subject of a debate between WilkinsI and Kijrbl and Svoboda.” Our interpre- 
tation of the fluorescence of Calcein Blue is at odds with the concepts both of Wilkins 
and of K&b1 and Svoboda. 

Stability and use in the EDTA titration of calcium 

The fluorescence of 4-methylumbelliferone decreases when a highly alkaline solution of 
the compound stands for some time, presumably because the pyrone ring opens. The 
resulting hydroxycoumarinic acid is fluorescent. A similar phenomenon occurs with Cal- 
cein Blue, Fig. 6. Neutral solutions of Calcein Blue are stable and satisfactory for the stor- 
age of reagent. In highly alkaline solution the calcium derivative is stable for only 1 hr 
but this is sufficient for use as indicator in the EDTA titration of calcium. 
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R&urn&On a elabort une methode satisfalsante pour la prbparation du Bleu Calcbine. L’analyse 
tlementaire, le poids iquivalent par neutralisation et le spectre RMN montrent que le compost 
est I’acide 4-mCthylomhellif&one 8-m&hyBneiminodia&tique, l/4 H20. On a Ctudie l’absorption 
ultraviolette et la fluorescence en fonction du pH et, combinks avec le titrage potentiom&ique et 
les donnbes de solubilitt, elles ont donnC pour les constantes de dissociation acide les valeur p& = 
3,0; pK2 = 6,9 et pK3 = 11.3. Ces fonctions acides sont identifites respectivement comme Ctant un 
carboxyle, un phtnol, et un ion ammonium, le Bleu Calceine libre &ant un zwitterion. Le Bleu 
Calckine est fluorescent en solution tant acide que basique. La fluorescence de l’anion doublement 
char& form6 par neutralisation du groupe phenolique, lorsqu’elle est excitCe B 360 nm, atteint un 
maximum g pH 9, et decroit g z&o avec la neutralisation de I’ion ammonium; la longueur d’onde 
du maximum d’bmission est 455 nm. En la prbsence de calcium, la fluorescence croit avec l’alcalinitk 
Jusqu’g pH 9 puis reste constante. Le dCrivt du calcium est un compost I : I, constante de formation 
IO’*‘. La fluorescence du Bleu Calceine a toutes les valeurs du pH est eteinte par le cuirvre (II). 
Le dCrlve du calcium est converti par repos en solution fortement alcaline, probablement par ouver- 
ture de cycle, en une autre substance fluorescente; ainsi le Bleu Calctine, quoique satisfaisant comme 
mdicateur, n’est pas utile pour le dosage fluorimitrique direct du calcium. 

Zusammenfassung-Ein zufrledenstellendes Verfahren zur Herstellung von Calceinblau wurde 
entworfen. Elementaranalyse. durch Neutralisation bestimmtes Aquivalentgewicht und NMR- 
Spektrum weisen die Verbindung als 4-Methylumbelliferon-&methyleniminodiessigsaure . l/4 
Hz0 aus. Ultravlolettabsorption und Fluoreszenz wurden m Abhlngigkeit vom pH untersucht 
und ergaben zusammen mit potentiometrischen Titrationen und Liislichkeitsdaten die Siiuredisso- 
ziationskonstanten pK, = 3.0, pK2 = 6.9 und pK, = 11.3. Die sauren Funktionen sind eine Car- 
boxylgruppe. eine phenollsche Hydroxylgruppe und em Ammoniumion; freies Calceinblau ist ein 
Zwitterion. Calceinblau fluoresziert sowohl m saurer als such in alkalischer LGsung. Die Fluores- 
zenz des durch Neutrahsation der Phenolgruppe gebildeten zweifach geladenen Anions errelcht un- 
ter Anregung bei 360 nm ihr Maximum be1 pH 9 und ftillt bei Neutralisation des Ammoniumions 
auf Null ab; die Wellenllnge des Emlssionsmaximums 1st 455 nm. In Gegenwart von Calcium 
steigt die Fluoreszenz bis pH 9 mit steigendem Alkalinitltsgrad an und bleibt dann konstant. Das 
Calciumderivat ist eme 1: I-Verbindung mit der Bildungskonstante lo’.‘. Die Fluoreszenz von Cal- 
cemblau wlrd bei allen pH-Werten durch Kupfer(I1) geliischt. Das Calciumderivat wandeltesich- 
beim stehen in stark alkalischer Llisung. vermutlich durch Ringoffnung. in einen anderen fluores- 
zlerenden Staff urn: demnach 1st Calceinblau. obgleich es als Indikator zufriedenstellf zur direkten 
fluorometrlschen Calcmmbestimmung nicht brauchbar. 
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(Received 2 April 1974. Accepted 27 JUIW 1974) 

Summsrv-A method for the determination of uranium and plutonium by a combined high-resolu- 
tion hquid scintillation-solvent extraction method is presented. Assuming a sample count equal 
to background count to be the detection limit, the lower detection limit for these and other alpha- 

. emitting nuclides is 1.0 dpm with a Pyrex sample tube, 03 dpm with a quartz sample tube using 
present detector shielding or O-02 d.p.m. with pulse-shape discrimination. Alphacounting efficiency 
IS IOO”,. With the counting data presented as an alphaenergy spectrum an energy resolution of 
0.2-0.3 MeV peak half-width and an energy identification to *@I MeV are possible. Thus. within 
these limits. identification and quantitative determination of a specific alpha-emitter. independent 
of chemical separation, are possible. The separation procedure allows greater than 987/, recovery 
of uranium and plutonium from solution samples containing large amounts of iron and other inter- 
fering substances. In most cases uranium. even when present in lOs-fold molar ratio. may be quan- 
titatively separated from plutonium without loss of the plutonium. Potential applications of this 
general analytical concept to other alpha-counting problems are noted. Special problems asso- 
ciated with the determination of plutonium in soil and water samples are discussed. Results of tests 
to determine the pulse-height and energy-resolution characteristics of several scintillators are pre- 
sented. Construction of the high-resolution liquid scintillation detector is described. 

The problem of analysing for plutonium or other alpha-emitting nuclides at low levels in 
samples containing many interfering substances is severe. The methods most commonly 
used usually involve a sample dissolution step followed by ion-exchange separation of the 
plutonium, electroplating of the plutonium on a metal planchette and counting. The time 
required for ion-exchange and plating usually amounts to about 10 hr and sometimes 
approaches 16 hr. Counting may be accomplished by the use of a zinc sulphide scintillation 
foil.’ a surface barrier detector or a Frisch grid detector.’ Frisch grid detectors and the 
zinc sulphide foil may have a counting efficiency as high as 4.5% while surface barrier detec- 
tors are usually limited to a 30% efficiency. Zinc sulphide screens have no energy-resolution 
ability. necessitating complete reliance on the chemical separation for assurance of the 
identity of the nuclide being counted. The energy resolution of surface barrier and Frisch 
grid detectors varies from about 15 to about 200 keV FWHMt,‘depending on how they 
are constructed and used. In the case of surface barrier detectors. energy resolution must 
be sacrificed to obtain counting efficiency so that, with the highest efficiency ( - 307;) the 
resolution is typically lOCL200 keV FWHM. With proper construction a Frisch grid detec- 
tor will give both a high resolution (20-50 keV) and a counting efficiency of 30-40x; how- 
ever. construction. operation. and maintenance are difficult. 

* Present address: Department of Chemistry, Tennessee Technological Umversity, Cookeville. Tennessee. 
t FWHM = full peak width at half maximum peak height. 
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In the determination of low-level alpha-emitting nuclides. particularly plutonium. 
energy discrimination is desirable since the multitude of oxidation states and complex 
forms in which plutonium and uranium can exist makes effective chemical separation of 
these elements from each other and from other alpha-emitting nuclides less than lOO?,, reli- 
able from sample to sample. For example. it is known that the behaviour of plutonium 
is affected by previous sample history.3*4 

The ideal low-level plutonium-determination method would be simple. rapid, and more 
reliable than existing methods and would allow for some alpha-energy discrimination. Our 
present work indicates that a method that combines solvent extraction and high-resolution 
liquid scintillation would meet these requirements. Beginning with a sample in solution. 
only two extractions, one stripping step, and one volume reduction are required to obtain 
the sample in a form ready to count. The time required for this is about 40-60 min as com- 
pared to 10-16 hr for ion-exchange and electroplating. Counting requires simple equip- 
ment, is lOO”/, efficient for alpha particles. has low background and can give an energy 
resolution of 200-300 keV FWHM. 

Liquid scintillation has previously been used for alpha-counting5-14 and also for count- 
ing plutonium in environmental samples. ’ O-l4 However, no methods reported to date 
(except one”) have combined a high-resolution liquid scintillation method that allows 
identification of alpha-energies. with a solvent extraction procedure that separates interfer- 
ing and quenching ions and places the nuclides of interest in a scintillator. 

EXPERIMENTAL 

Apparatus 

A diagram of the phototube and reflector arrangement may be seen in Fig. I. The reflector surface was of 
diffuse white, highly reflective material. Of the reflective coatings tried, Eastman white reflectance pamt and mag- 
nesium oxide bonded with dilute sodium silicate appeared best. In order to reduce light loss by internal reflection 
at interfaces between materials with different refractive indices. the cavity between the face of the phototube and 
the reflective surface was filled with Dow-Corning “200” silicone oil. A 10 mm O.D. Pyrex or quartz tube con- 
taining 0*5-1.5 ml of sample-containing scintillator was immersed m this oil between reflector and phototube 
for counting. Tests made with various reflectors. sample containers. and sample volumes are discussed later. 

PHOTOTUBE 

WHITE REFLE 

RN SILICONE SEAL’ 
\ CAVITY FILLED 

WITH SILICONE OIL 

(0) (b) 

Fig. I. Sample in holder-reflector on phototube. 
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The detector assembly was enclosed within a light-tight enclosure wtth interlock switches that turned 08 the 
phototube high-voltage supply before the enclosure could be opened. A 3 in. lead shield helped reduce back- 
ground from external radiation. 

A low-noise preamplifier (ORTEC Model 113) and a linear amplifier (Tennelec TC-202) were used to feed the 
signal to a 400 channel analyser (Packard Mode1 116). 

The pulse-shape discrtmmation equipment consisted of an ORTEC Mode1 437A time-to-pulse-height con- 
verter. an ORTEC Model 260 time pick-off with a Model 403A control. an ORTEC Model 455 timing SCA. 
an ORTEC Model 416A logic shaper and delay and a Tennelec TC 215 delay amplifier. The use of this equipment 
IS described elsewhere.” 

Two orgamc extractants were used: a tertiary amine mtrate (TAN03). and di(2-ethylhexy1)phosphoric acid 
(HDEHP) Any of Wenl aliphatic tertiary amines in which the smallest radical is octyl is probably suitable. 
Several tertiary ammes have been shown to be good extractants for Pu(IV).‘~ 

Purified tri-n-octyl amme (Eastman) and a similar proprietary product Adogen 364 were used with equal suc- 
cess for extractton of Pu(IV) from the nitrate solution. A 0.3M solution of the amine in toluene was converted 
mto the mtrate by contacting it wtth an equtvalent amount of aqueous nitrtc acid. However. tertiary ammes con- 
taining more than about O.l‘& of primary or secondary amines should not be used. Both primary and secondary 
amines are known to react with the mtrous acid used in the procedure. Secondary ammes react to produce dark. 
oily mtrosamines. A sample of tri-n-octylamine (Eastman practical) was found not suitable as received because 
of loss of up to 90”, of the plutonium in a given sample and failure to separate uranium. The production of 
dark oily material was observed. Analysis showed the amine to contain 5% of secondary and 17; of primary 
amme. It is believed that the presence of these primary and secondary amine impurities is responsible for the 
poor results obtained with this material. 

The HDEHP was obtained from Union Carbide Chemicals Division. As received. it contamed about I?, of 
impurities of an unknown nature, probably Zethylhexanol and other alcohols. For use m the extractive scmtil- 
lator. the material was purified by converting a 05M solution in toluene into the sodium salt by contacting it 
with sodium hydroxide in saturated sodium sulphate solution. The NaDEHP solution was then washed with 
saturated sodium sulphate solution. followed by reconversion into the acid form (HDEHP) with dilute sulphuric 
acid. This reconverted HDEHP solution was subsequently washed several times with water and stored over 
granular. anhydrous sodium sulphate. It is important that no mtrates be contacted with the HDEHP solution 
m this procedure since= traces of nitrate are extracted and cause discolouration of the scintillation solution and 
serious quenching. 

The scmtillator chosen for this work was 2-(4’-biphenylyl-6-phenylbenzoxazole) (PBBO). Some others. notably 
I-(4-btphenylyl)-5-phenyl-1,3.4-oxadiazole (butyl PBD). and 2-(I-naphthyl)-5-phenyloxazole (aNP0) gave results 
that were nearly as satisfactory. Data from comparative tests on a number of scintillators are presented later. 
The extractive scintillator solution was composed of PBBO 4 g/l.. naphthalene 200 g/l. and HDEHP 64 g/l., in 
toluene. 

The naphthalene used in this study was either Eastman “scintillator grade” or reagent-grade material that had 
been resublimed in our laboratory. Sublimation improved the effectiveness(in increasing pulse-height and resolu- 
tion) of all the naphthalene we trted. even scintillation grade. 

It IS important that all the reagents used to make the scintillator solution be as free as possible from colour 
and impurities in order to obtam the maximum pulse-height and resolution. 

The organic diluent. toluene. and the other chemicals used in this work were of reagent grade quality. 

Pwpu7wrior7 ofsm~pl~ solution. The sample is brought into solution. by a suitable method, in l-4M mtric acid 
or in IM mtric acid that is 3-4M m nitrate salts. It is necessary that the plutonium be in solution in a nitrate 
medium of this concentration in order to obtain maximum extraction of Pu(IV) by the tertiary amine mtrate 
extractant.‘- Any procedure that will bring the sample into solution in this medium is acceptable. However. plu- 
tomum forms many complexes and in most natural environments also tends to form Pu(IV) polymers. These 
complexed and polymerized forms are difficult to dissolve. Satisfactory dissolution of the sample can be the most 
difficult part of this or any other scheme of analysis for plutonium. Recovery of uranium from similar samples 
will usually be less difficult. 

Fluoride ion’ts often used to dissolve silicate and to catalyse the dissolution of plutonium oxides or hydroxides. 
Although lovv concentrations of fluoride (up to 0005M) in the solutions from which plutonium is to be extracted 
hy TANO, (see Table 2) do not appear to interfere with the extraction. larger ones do. and’samples m which 
hydrofluoric acid was used to remove silicates typically gave plutonium recoveries of only 5&80”,. Alummmm 
or zircoruum nitrate added to such solutions complexes the fluoride and aids in plutonium recovery. Neither 
alumuuum nor zirconium interferes or is extracted. Boric acid. which is sometimes added to complex fluoride 
in such systems.’ did not seem to be as effective in our tests.. 
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Small amounts of sulphate and phosphate did not Interfere with plutonium recovery. The synthrtlc so11 sam- 
ples used were OGO3M m PO:- and 0@07M in SO:-. However. phosphate above 0.02M does Interfere m the 
amine nitrate extractlon(Table 2). and mixtures of fluoride with phosphate interfere even at the phosphate Ic\els 
expected from a 10 g soil sample. The presence of fluoride and phosphate, possibly as fluorophosphate. would 
be expected in soil samples leached with hydrofluoric acid or fused with potassium fluoride. 

Large amounts of dissolved silicates sometimes lead to the formation of emulsions and the accumulation of 
solids at the organic-aqueous interface.” The severity of these prdblems appears to be related to some unknown 
factors in sample dissolution. For example, some real soil samples gave emulsion problems while other\ d~i not. 
but svnthetlc soil samples which’contained as much dissolved silica or more never gave any emulsion problems 

Ex&ction with TAfi03. A 2&30 ml volume of sample in a nitrate solution to which 0.05-0.1 g of ferrous sul- 
ohate has been added. is warmed. A oeriod of 5 min is allowed for reduction of Pu(V and VI) to Pu( III and IV). 
?hen 1 g of sodium nitrite is added and the solution is stirred for 2-3 min to oxidize Pu(IIi) to Pu(IV). Finally 
the solution is cooled to room temperature or below. 

The cooled sample solution 1s contacted with an equal volume of 0.3M TANO, in toluene for I mm (but I 5 
of this volume is adequate). Moderate shaking by hand m a small separatory funnel for I min IS sufficient to 
ensure complete equilibration. A longer period is not desirable since it increases the posslblhty of undesirable 
reactions between nitrous acrd and amines. The volume ratio is not crItica within the limits stated. 

If uranium recovery is also desired the aqueous phase should be contacted with three additional portions 
of TANO, (each equal in volume to the aqueous phase) and the organic extracts combined. 

Separat& ofurakm and iron. The oiganic phase is contacted with three small volumes (1/4-l/3 of the organic 
phase volume) of 0.7M nitric acid. If uranium rejection is desired, the washes should be discarded. If uranium 
separation and recovery are desired, the washes should be combined and saved. Any msoluble material that accu- 
mulates at the interface, as with soil samples. should be retained with the orgamc phase: it may contam some 
plutonium. 

It 1s possible to count both plutomum and uranium simultaneously and sum the counts separately for the 
separate peaks. If combined uranium and plutonium counting is desired. the combined orgamc extracts obtained 
as described above should be stripped with perchloric acid without being washed with 0.7M nitric acid. 

In all these equilibrations. phase separation will he facilitated by the use of small pear-shaped scparatory fun- 
nels with the standard stop-cock replaced with a 1%2.0-mm capillary stop-cock. Shaking by hand is to be pre- 
ferred to mechanical shaking for rapid phase disengagement. 

Strzpping fhr organic phase. The organic phase containing the plutonium and uranium is contacted with three 
small volumes (l/3-1/2 of the organic phase volume) of 2M perchloric acid. 

In this step the amine nitrate is converted into the ammc pcrchlorate. which is not an rxtractant for plutonium 
or uranium. The phases should be separated carefully to exclude any organic phase. If msoluble interfacial mater- 
la1 is present. as in the case with some soil samples. the use of hot 2M perchloric acid will aid phase separation 
and improve plutonium recovery. 

Futnmg with perchlorlc actd. The perchloric acid solution 1s collected in a small beaker. 0.1-0.3 g of lithnlm 
chloride or lithium nitrate is added. and the solution is heated until all perchloric acid IS removed and fused 
lithium perchlorate (m.p. 236”) remains. 

The presence of lithium perchlorate allows all the perchloric acid to be removed wlthout danger of baking 
the plutonium onto the beaker Irreversibly. A small air-jet aids in removing the last perchloric acid fumes. It 
IS desirable to add nitric acid before fuming, to aid in the smooth decomposition of traces of organic material. 
If the lithium perchlorate melt is not clean and colourless. the decomposition of orgamc matcrlal ha\ not been 
completed, and additional nitric acid and perchloric acid should be added and the fuming step repeated. 

Extraction with HDEHP in scintillator. After cooling. the fused lithium perchlorate IS dlssol\cd 11, 10 ml of 
a solution containing sodium peroxydisulphate (NazS208, 50 g/l.) and silver mtrate (10 mg/l.). The solution IS 
warmed then cooled to room temperature and extracted with a known volume ot extractive scmtlllator. .md 
an aliquot is taken for counting. 

If the perchloric acid has been effectively removed by fuming, the pH of the aqueous solution will be about 
2: If the pH is < I, extraction may not be quantitative m a single contact. Adjustment of the pH with base is 
not recommended. Local precipitation of plutonium. without redissolutlon. IS almost certain to OCCLII’ The 
extraction should be made in a small capillary-tipped separatory funnel. A 25 ml Friedman and LaMere wright- 
burette makes an excellent separatory funnel for this purpose. Moderate shaking by hand for no more than 
I min is recommended. Scintillator solutions shaken longer by hand or more vigorously by machine silow some 
loss of ability to resolve alpha-energy. This may be due to oxidation of the scmtillator. 

If ne’arly complete recovery is important, three extractions are made, using @5 ml of extractlve scintlllator each 
time, and the extracts are combined. The total volume of scintillator recovered will be less than I 5 ml ( 5 I4 ml) 
because of entrainment on the glassware. but the plutonium (or uranium) recovery will be > 99”,. 

A second approach. which is somewhat simpler. faster. and more quantitative in instances where sufficient actl- 
vlty 1s present, IS to add an accurately known volume of extractlve scmtillator (1.2-1.5 ml) and then pipette I ml 
for counting after equilibration. The total activity m the sample is then found by multlplymg the volume of scmtil- 
lator added (in ml) by the recorded count. 
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Counting. The scintillator solution containing the sample in a 10 mm O.D. Pyrex or quartz tube, is placed 
in the detector and counted for a period of time sufficient to obtain the desired statistical accuracy. 

The use of high-resolution detector and multichannel analyser is recommended. The capability of this detector 
to distinguish energies often allows more than one nuclide to be counted simultaneously; and even if this is not 
the intent of the procedure. It renders it possible to determine whether the nuclide of interest. and only the nuclide 
of interest, is being counted. 

Energy resolution may be improved by freezing. evacuation and refilling with argon or helium as described 
by Horrocks’ or by the addition ofan organic reducing agent. sodium bis(2-methoxyethoxy) aluminium hydride. 

Background count in the region under the plutonium peak IS normally about 1 c.p.m. when 3 in. of lead shielding 
is used with no special attention to the radioactive content of the Jctector components or sample tube. The use 
of a quartz rather than borosilicate glass sample tube reduces the background to 0.3 c.p.m.. and the use of pulse- 
shape discrimmation equipment gives backgrounds of 0~05401 c.p.m. ” If pulse-shape discrimination is to be 
used. the sample must be deoxygenated by 2 or 3 cycles of freezing. evacuation and refilling with hehum or argon. 

Analysis qfsprctrurn. The counts under the desired peak are summed. and the background is subtracted to 
obtain the total count. Typical spectra from high and low count-rate samples may be seen in Figs. 2 and 3. If 
the sample contains a single nuclide with a disintegration rate of 100 d.p.m. or more, the background will be less 
than I”, of the total under the peak. With these conditions. a countmg error of 17; or less may be obtained 
without subtraction of background if at least 10.000 counts are accumulated under the peak. With higher disin- 
tegration rates. the counting error will depend on the total number of counts accumulated. 

A complex spectrum with overlapping peaks. or a spectrum from a sample of low count-rate where background 
becomes an appreciable fraction of the count under the peak. requires some method of curve resolution or back- 
ground subtraction. 

In some cases it is desirable to add to the sample a known quantity of another plutonium isotope such as 
“‘Pu to monitor the recovery of 138 239 Pu. This liquid scintillation method allows the isotopes 239Pu and “‘Pu 
to be counted simultaneously. However. added Z3hP~ may not accurately reflect the recovery of other plutonium 
already in a natural (environmental) sample. 

Materials and equipmenr 

Choice #scintillator. In developmg the high-resolution scintillator solution. a number of commercially avail- 
able fluors were tested (see Table 1). These fluors were compared from the standpoint of their pulse-height 
response to alphaexcitation and their ability to resolve alpha-energies, by using 238-234U and 232Th plus 
daughters. Typical spectra are shown in Figs. 4(a) and 4(h). There are large differences between the best and worst 
situations, as may be seen in Figs. 4(h) and 4(c). All the fluors were compared for both sets of nuclides. two media 
being used: one was a 0G4’:0 w/v solution of the fluor in toluene. and the other the same solution with the addi- 
tion of20.0?, w/v of resublimed naphthalene. In each case 1 ml of the scintillator solution to be tested was mixed 
with the radioactive tracer in 0.1 ml of a 0.2M solution of HDEHP in toluene. The spectrum was collected on 

ALPHA ENERGY It&V) 
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Fig. 2. Spectrum of 239Pu (5.15 MeV) and 244Cm (5.80 MeV) in deoxygenated PBBO scintillator. 
Each nuclide was present at about 2004 d.p.m. level. Spectrum was collected for 20 min. 
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Fig. 3. Typical spectrum of a low count-rate sample of ‘39Pu. I5 hr count. manual background 
subtraction gave 2.39 d.p.m. Computer gave 2.27 d.p.m. 
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Fig. 4. Examples of pulse-height rcsponsc and energy-resolution of commercially awlable fluors: 
u. Natural uranium, - 100 d.p.m.: PBBO scintillator, 4 g/l. + 200 g/l. naphthalene in toluene; b. 
Thorium + daughters. 5 200 d.p.m.; PBBO scintillator, 4 g/l. + 200 g/l. naphthalene in toluene; C. 
Thorium + daughters, _ 200 d.p.m.: DPA (9.1Odiphenylanthracene) scintillator, 4 g/l. in toluene. 
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Table 1. Pulse-height and energy-resolution measurements on commercially available fluors 
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Fluor 
Relative distance 

to last peak Order 
Peak/valley 
height ratio Order 

Combined 
order 

PBBO 
Butyl PBD 
PBD 
PPO 
rNP0 
BBOT 
POPOP 
BisM SB 
DPA 

PBBO 
Butyl PBD 
PBD 
PPO 
xNPO 
BBOT 
POPOP 
BisMSB 
DPA 

PBBO 
Buty) PBD 
PBD 
PPO 
aNP0 
BBOT 
POPOP 
BisMSB 
DPA 

BBO 
Butyl PBD 
PBD 
PPO 
rNP0 
BBOT 
POPOP 
BisMSB 
DPA 

Fluor (4g/l.) in toluene. 23a234U 
48 1 270 
47 2 2.61 
41 2 260 
48 1 2.11 
34 3 2.27 
29 4 1.12 
17 7 1.30 
21 5 1.62 
21 6 1.35 

1 
2 

Fluor (4 g/l.) + naphthalene (200 g/l.) in toluene, 23s--234U 
54 1 3.78 1 
43 2 2.83 2 
36 6 1.91 7 
42 4 2.50 6 
41 4 2.51 5 
39 5 2.61 4 
41 4 2.76 3 
29 7 1.73 8 
29 7 1.73 8 

Fluor (4 g/l.) in toluene, 232Th + daughters 
63 2 1@8 
63 2 8.33 : 
64 1 13.5 I 
56 3 8.57 4 
48 4 9.86 3 
39 5 7.62 6 
20 7 6.30 8 
39 5 678 7 
30 6 6.27 9 

Fluor (4 g/l.) + naphthalene (200 g/l.) in toluene, 232Th + daughters 
78 1 I@8 2 
63 4 11.5 
66 2 9.83 
65 3 10.67 
60 5 . 9.85 
66 2 9.43 
59 6 IO.67 
45 I 9.86 
39 8 7.67 

the multichannel analyser and photographed. Measurements of the peak positions and peak-height/valley-height 
ratios were taken from the photographs. The results are presented in Table 1. 

Extensive tests of mixed fluors were not made. but resolution with mixed PPO and Me,POPOP [2,2’-ppheny- 
lene-bis(4-methyl-5-phenyl)oxazole] was poorer than with either alone. 

The fluors tested, listed in order of their apparent ability to resolve alpha-peaks, were PBBO, butyl PBD, PBD, 
PPO. xNP0. BBOT. POPOP. BisMSB and DPA. Trues-stilbene was also tested but gave pulse-height response 
and resolution so poor as not to be comparable with the other fluors. Each of the fluors was also tested at a 
concentration of 4 g/l. in 2-ethylnaphthalene; however, for the most part the results were very similar to those 
m toluene with naphthalene (200 g/l.) added. For this reason. and for reasons of cost and availability. the 2ethyl- 
naphthalene is probably not a practical solvent, and the results are not presented here. 

Purity of the reagents has been found to be important in all the tests made. The fluors were used as obtained 
from the supplier. but the naphthalene was resublimed. 

Qurnchrrtg ia rhe e.unacriue scintillator. The effect of quenching in alpha liquid-scintillation counting is usually 
dIRerent from that in beta liquid-scintillation counting. Whereas counting efficiency is always reduced in the lat- 
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ter. it IS rarely affected in the former. Only pulse-height response and energy resoluttpn are reduced by quenchmg 
m alpha-counting. 

Quenching effects in the extractive scintillator are quite small as compared with those observed in the usual 
scintillation solution containing dioxan and alcohol. Also. since the nuclide is introduced in the same way each 
time, quenching effects are constant. so that a given alpha-energy produces a pulse of a given height. The small 
variations that are observed arise from various coloured impurities that may be extracted into the scinttllator 
in varying amounts, from metal impurities. and from varying amounts of extractant. Most of these variables are 
easily controlled. The extractant. HDEHP. used here in the scmtillator gives a reduction in pulse height of only 
10% when at the @2M level (64 g/l.). and the reduction decreases nearly linearly to zero (extrapolated) at zero 
HDEHP concentration. The quenching effect of HDEHP and several other scintillators has been reported else- 
where. ’ 9 

Large amounts of uranium and plutonium, i.e.. approaching O.OlM. reduce the pulse hetght. but these quantr- 
ties are much greater than any that would normally be encountered in environmental work. 

Pulse height and resolution can be improved by treating the nuclide-containing scintillator with two or three 
cycles of freezing in liquid nitrogen. evacuation, back-filling with argon or helium, and thawmg as described by 
Horrocks.’ This procedure is time-consuming. however. and we find that nearly as much improvement can be 
obtained by the addition of 15 mg of sodium bis(2-methoxyethoxy) aluminium hydride “Vitride” (Eastman 
Organic Chemicals). to each I ml of extractive scintillator just before the counting. When pulse-shape discrtmi- 
nation” is to be used however, it IS necessary to remove oxygen by freezing and evacuation in order to obtain 
sufficient time-of-decay differences between the alpha-produced and the beta- or gamma-produced pulses. 

Light collection and reflector construction 

We have not made a definitive investigation of the problem of obtaining the most efficient light-collection sys- 
tem and at the same time obtaining the maximum alpha-energy resolution from the detector system. We have. 
however, made a large number ofexperiments. and the observations from these experiments should be a valuable 
guide to the construction of a detector or to further work toward definmg the parameters that are tmportant 
in obtaining the desired characteristics in the detector system. 

In general. the best results have been obtained with a small concave reflector such as those shown in Figs. 
I(a) and l(b). The results from these two designs were indistinguishable. These and other tests on variously shaped 
reflectors suggest that the exact inside shape of the reflector is not very important. although small volumes 
between the reflectmg surface and the phototube face have grven better results. 

The nature of the reflectmg surface does, however. appear to be very important. In all our tests a diffuse whne 
material of high reflectivity was found to be superior to a specular reflector. Of the large number of white surfaces 
tested, two appear supertor m pulse-height response and energy resolution. These were (1) magnesmm oxide 
bonded with dilute sodium silicate and (2) Eastman “white reflectance paint”. Nearly as good was fine-grained 
whtte “Styrofoam”. such as that used in packing material (but not the expanded bead type). Reflectors made 
from “Styrofoam”. however. lacked the physical sturdiness and leak-tightness (to the immersion oil) of coated 
metal fixtures. 

The magnesium oxide reflector surface is prepared as follows: I volume of 40” Be sodium silicate IS mixed 
with 253.0 volumes of water, and I g of powdered reagent-grade, or reflectance-standard magnesium oxide is 
mixed into this solution to form a smooth thin paint. This can be brushed or sprayed on the surface to be coated. 
Several coats (68) are required to build up a dense white surface about I mm thick. At least 2 hr at room tem- 
perature or very gentle heat IS required for drying between coats. Attempts at more rapid drying result m cracking 
the surface. While the last coat IS stall damp. dry magnesium oxide may be pressed into the surface and the excess 
brushed off later. The final surface should be bright white with no trace of the underlymg metal surface showmg 
through. 

A considerable amount of time was spent in testing various sampleephototube- reflector arrangements that 
seemed to promise improved resolution and pulse height but instead gave very poor results. In order to prevent 
other experimenters from experiencing the same disappointments and wasted ttme. tt seems pertinent to list some 
of these seemmgly attractive Ideas that did not work. All arrangements in which a specular reflective surface 
was used were very poor; pulse height and. particularly. resolution were infertor in every case. It should be noted 
that because of the size and shape of the practical sample chosen (I ml in a 1 cm culture tube), tt was not possible 
to obtain an optical Image of the enttre tube on the photocathode: thus this arrangement was not tested. Several 
smaller volumes of sample were tested m the standard flat-white reflector. however. and these gave no tmprove- 
ment m resolution. Also. thin samples placed flat against the phototube face with a white reflecting surface behind 
them gave poor resolution. Samples of various sizes wtth no reflector. posttioned at various distances m a black 
non-reflecttve box, gave very poor resolution and pulse height. A small opening or a slit between sample and 
phototube diminished pulse height and resolutton. 

We do not feel that the optimum arrangement has been obtained. Addittonal work should be done to improve 
the reflector-phototube combination. 
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Specrrun~ arlal\xs. wsolurlorl and alpha-mery_v identijicatiorl 

Samples with a smgle known nuclide present and a count-rate at least 100 times that of the background require 
no spectrum analysis smce the background is less than IS/, of the total count. However. even with a count-rate 
this high. there are advantages to collecting a spectrum. If the identity of the nuclide is not certain. the alpha- 
energy can usually be estabhshed to within kO.1 MeV by the liquid scintillation spectrum since alpha-energy 
is linear with peak position or channel number. If the extractivc scintillator system is maintained at a standard 
composition. the position of the peak will be sufficiently reliable for energies to be read from a previous 
calibratton of the system. Such a system calibration has already been described. ’ ’ ’ ’ Internal calibratton of the 
system 1s easily done by the addition of suitable extracted nuclides to the scintillator-sample. If the alpha-energy 
producing a gtven peak 1s in question. tiny amounts of one or more known nuclides extracted into a suitable 
organic extractant may be added to give peaks of known energy from which the scale may be calibrated and 
the unknown energy obtained.” 

The subtraction of background IS usually the primary problem in the analysis of samples with very low count- 
rates. Figure 3 shows a typtcal spectrum of a low count-rate plutonium sample contained m a Pyrex tube. The 
total countmg time was 15 hr: pulse-shape discrimination was not used. For most samples of this type. the back- 
ground has been estimated by taking the sum of the counts in 20 channels on each side of the peak. at a positton 
far enough away from the peak so that none ofthe peak is included. and calculating the average number of counts 
per channel of background. The product of this number and the number of channels m the peak gives the back- 
ground under the peak. This value. subtracted from the total counts in the peak, gives the net counts due to 
plutonium in the peak. The same result can be obtained by a computer curve-fitting routine. When spectra con- 
tain several overlappmg peaks, the use of computer curve-fitting procedures becomes a necessity. An example 
of curve resolutton by this method may be seen in Fig. 5. in which both uranium and plutonium are counted. 
The area under each peak, corresponding to the net alpha-counts of that energy. was calculated by a modification 
ofa program originally designed to resolve optical spectra.‘O Comparisons of peak areas calculated by computer 
littmg and by manual estimation agreed to wtthin f57; when subtracting background from a low count-rate 
sample 

It is possible to make reasonably good manual estimates of areas under such overlapping peaks simply by 
plottmg and sketching m the individual peaks with some point-by-point summation in the overlap region. We 
have used this procedure in combinatron with cutting out and weighing the desired peak, and have obtamed 
areas wtthin about k IO’:, of the known value. 

In cases where Impurities in the scintillator have caused the 234U and 239Pu peaks to merge so that resolution 
IS difficult. a reasonable estimate of the ‘39Pu activity may be made by subtracting the product of the number 
of counts found in the “‘U peak (which is usually better resolved in such cases) and the ~a*U/238U activity 
ratio in the sample (the value of thts ratio will be I if the decay chain is at equilibrium) from the count for the 
combined 234U-‘39Pu peak. 

RESULTS AND DISCUSSION 

Table 2 illustrates the ability of the extraction procedure to recover plutonium quantita- 
tively. as well as the effect of fluoride. phosphate. and uranium on the extraction. The 
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Fig. 5 Example of curve resolution by computer curve-fitting methods. Left to right. 238U. 23*U. 
and 239Pu. 
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Table 2. Plutonium extraction from 5M NaNO,-IM HN03 

Pu added, Contaminant 
d.p.m. added 

Pu recovered 

d.p.m. “I 
0 

Relative 
Total std. devn. of countmg. 
count 0 

” 

6.07 
6.07 
6.07 
6.07 
6.07 

607 
607 
607 
607 
607 
607 
607 

6066 
6066 

6066 

1214 
1214 
1214 
1214 
1214 
1214 
1214 
1214 
1214 

1214 

1214 

None 
None 
None 
5800 dpm U 
I I.600 dpm U 

None 
None 
None 
5820 dpm U 
60,000 dpm U 
OGOO5M F- 
OGO5M F- 

0.025M F- 
0.05OM F- 
0.050M F-t 
O.lOM F-3 

OGO2M PO:- 
OQO8 
0.008 
0.015 
0.016 
0.02 1 
0.027 
0.032 
OGO8M PO:- + 

0.005M F- 
0404M PO:- + 

OG02M F- 
0904M PO:- + 

OGIlM F- 

5.93 97.6 
5.98 98.5 
5.99 98.6 
6.12 101.0 
5.82 95.8 

602.2 
605.8 
618.0 
614.0 
485.0 
604.0 
609.1 

5459 
4380 
4744 
4416 

1185 
II97 
1193 
II10 
1100 
1044 
982 
472 

99.2 
99.8 

101.8 
101.1 
X0.08 
99.5 

100.3 

90.0 
72.2 
78.2 
72.8 

97.6 
98.6 
98.3 
91.4 
90.6 
86.0 
8@9 
38.9 

923 76.0 

1032 85.0 

1050 86.5 

3555 I.7 
3582 17 
3591 I.7 
3432 17 
1864 3.3 

4015 I .6 
4039 16 
4120 1.6 
4090 I.6 
3240 I.7 
4027 I .6 
4060 1.6 

36,396 0.5 
29.198 0.6 
31,624 06 
29.440 0.6 

11.846 0.9 
Il.970 0.9 
I 1.934 0.9 
11,096 0.9 
10.999 0.9 
10,440 0.9 

9821 I .o 
4722 I.5 

9226 I ,o 

10.319 0.9 

10.501 0.9 

* Oxidation state of plutonium not adjusted properly because of excess of uramum. 
t Aged 24 hr in glass after F- was added. 
8 Aged three days in glass after F- was added. 

aqueous medium for the first extraction with TANOj was IM nitric acid-W sodium 
nitrate in each case. Uranium appears to interfere at a level of about 60,000 d.p.m. per 50 ml 
sample (0.03M in the final sample), probably by interference with control of the plutonium 
oxidation state. Fluoride appears to interfere at about the 0*025M level in this system and 
when phosphate and fluoride are present together at about OQO4M PO:- and O*OOlM F-. 
If samples are omitted in which interferences are known to occur. the average recovery 
was 100.5% for samples containing plutonium at the 607 d.p.m. level and 98.3% at the 
6.07 d.p.m. level. 

The ability to recover and count plutonium and obtain a reproducible answer ffom a 
typical environmental-type sample was examined by using a waste-water sample of low 
but unknown plutonium content. The water also contained unknown amounts of other 
ions and a visible amount of suspended mud. (A sample of such material should be very 
representative of that which would be encountered in analysing environmental water sam- 
ples for plutonium contamination.) The water samples were made O.lM in nitric acid. 
bpiled down to a volume of about 20 ml. filtered, adjusted in acidity. and extracted. The 
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Table 3. Analysis of typical waste-water sample 

1241 

Volume taken, 
limes 

Spike Total 
added count*. 
d.p.m. d.p.m. 

Background. 
d.p.m. 

Count. 
d.p.m. p/linet 

Std. devn.. 
d.p.m. p/he 

I I824 3760 1003 I .56 
1 1800 3540 1065 I.13 
1 1824 3527 1083 1.03 009 
I 0 829$ 470 I.12 0.07 
1 0 1515 835 I.14 0.05 
2 0 2866 1193 I.39 0G.l 
3 0 4364 1311 1.50 0.03 

* Counting period was 15 hr except where noted. 
t One ml of extracttve scintillator was counted from 1.5 ml added. Thus 

X count - (spike + background) 

min counted 
x I.5 = d.p.m. per litre. 

The background for the barren scintillator in the area of the plutonium peak was s I.0 c.p.m. 
3 Counting period was 480 min. 

results of these tests are shown in Table 3. As shown, the average of these values is 
1.27 d.p.m. per litre, with an average deviation of 0.18, or 14% of the average value. The 
standard deviation of counting, considering both total sample count and background 
count, varied from + 0.03 to + 0.09 d.p.m. per litre. It should be noted (Table 3) that l-, 2-, 
and 3 litre volumes were used in the analysis and, in addition, three samples were spiked 
with a known amount of plutonium. 

Analysis of this sample by another group in this laboratory by an ion-exchange separ- 
ation followed by electroplating and counting with a ZnS foil scintillator gave 0.3 and 
0.7 d.p.m. per litre in separate determinations. Our results suggest that these values are too 
low. 

The determination of plutonium (and uranium) in soil samples is probably the most dif- 
ficult of the environmental plutonium analyses presently done on a routine basis. The most 
difficult and the most controversial aspect of this analysis is leaching (or dissolving) the 
soil sample. The question of whether a particular leaching, dissolution, or fusion procedure 
places all of the plutonium in a sample into solution has been discussed repeatedly.21 It 
is beyond the scope of this work to investigate in detail the problem of dissolving soil sam- 
ples. This work is directed primarily toward an improved method of separation and count- 
ing after the plutonium (or other nuclide of interest) has been brought into solution by 
some satisfactory procedure. Further, it should be noted that the availability of plutonium 
in the environment to milder leaching agents such as carbonic or acetic acids is a pertinent 
question relevant to the hazard that environmental plutonium presents to man and biota, 
and that the techniques presented here are easily adapted to the assay of plutonium (or 
other alpha-emitters) in such solutions. 

In procedures involving soil leaching or fusion, a technique often used to monitor the 
recovery is to spike the original soil sample with a known amount of 236Pu and to assume 
that the ‘36Pu recovery obtained can be applied also to the 238-239Pu. The authors feel 
that such a procedure is unreliable and can monitor only losses subsequent to the dissolu- 
tion step. Consideration should be given to the following: some time may be required for 
plutonium to come into equilibrium with the soil, and the behaviour of plutonium is 
known to be affected by its previous history.3.4 Specifically. it would seem reasonable to 
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Fig. 6. Plutonium sample with 13(‘Pu spike for recovery momtormg. 

be able to leach 1000/b of the recently added ‘3hPu spike from a soil sample while only 
a much smaller fraction of the 738-239 Pu is released. However. aside from any question 
about the validity of 23h Pu spiking. the procedure may be used with high-resolution liquid 
scintillation spectrometry. Figure 6 shows an example of ‘39Pu and ‘3hPu counted simul- 
taneously with no special effort made to improve the energy resolution. Even here. peak 
separation is sufficient to allow reasonably quantitative counting of each isotope simply 
by summation of the counts under the curve. Computer curve-fitting could improve the 
counting results. as could improved resolution by further treatment of the sample as out- 
lined above under “Qwnching in the rxtractiur scintillam”. 

We have not attempted any investigation of the problem of recovering plutonium from 
soil samples; however, we have done some preliminary work and the results of this. along 
with results from other work on the present method lead to some worthwhile observa- 
tions. A solution made to approximate the composition of a leached soil” (Table 4) was 
spiked with plutonium. Table 5 shows typical results of analysing such a solution. The 
average recovery was 98*6”/,. .However. when such a solution was boiled with hydro- 
chloric-nitric-hydrofluoric acid mixture, precipitated and redissolved in nitric acid as an 
actual soil sample would be, with boric acid used as a fluoride complexer. the recovery 
of plutonium varied between 40 and 80%. This is the usual range of recovery to be expected 
from soil samples when an ion-exchange resin procedure is used. About half of the unreco- 
vered plutonium was usually found in the 07M nitric acid wash. while the remainder was 

Table 4. Composltion of synthetic soil sample* 

Compound addedt Quantity, g/l. Compound addedt Quantity. y/l 

Na,SiO, 9Hz0 20 
AI(NO,), .9H,O 60 
Fe(NO,), .9H,O 30 
Mn(NO,), .4H20 @5 
Mg(NO& 6H20 4 

Ca(NO,), 4Hz0 0.8 
KCI 0.6 
NaH,PO,. H,O 0.4 
Na,SO, @I 

* Concentrated NHO,, 64 ml, was added to make the solution I.OM in HNO,. 
t Hydration assumed to be that indicated on label of reagent bottle. 
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Table 5. Plutonium recovery from leach solution from synthetic soil 

Pu recovered 

Pu added. d.p.m. 

12.136 
12.136 
12.136 
6.220 

Contaminant added 

None 
None 
None 

5 g FeNO, 

d.p.m. 

12.243 
11.932 
I I.843 

6058 

0 
I” 

100.9 
98.3 
97.6 
97.4 

Std. devn.. :‘,, 

0.4 
0.4 
@5 
0.5 

distributed between the stripped organic phase and the original aqueous solution. The 
addition of saturated aluminium nitrate solution to saturate the aqueous phase in the 
TANO, extraction improved recovery to the 91-93”,; range. Three samples that were 
boiled as described above but to which no hydrofluoric acid was added gave greater than 
98:; recovery. If we note from Table 2 that fluoride interferes with plutonium extraction. 
these facts strongly suggest that many of the problems associated with the recovery of plu- 
tonium from soils result from the addition of fluoride or ‘the failure to remove it com- 
pletely. If solids are separated while excess of fluoride is present, insoluble PuF4 may be lost 
with the solids.13 If fluoride is carried through to the final solution (as CaF, for example). 
difficulties in extraction or in ion-exchange recovery may be experienced. Our work indi- 
cates that aluminium nitrate is a more effective complexing agent than boric acid for pre- 
venting fluoride interference in the TAN03 extraction. This is consistent with published 
complex-formation constants.‘4*‘5 However. even aluminium forms weaker fluoride com- 
plexes than does plutonium. Zirconium is a stronger fluoride complexer than plutonium 
but may not be practical for this use because of cost considerations and possible non-equi- 
librium between Zr4+ and hydrous zirconium polymer. Neither aluminium nor zirconium 
is extracted in the TANO, system. 

The recovery of plutonium added to an actual leached soil appeared to depend on the 
preparation of the leach. If solutions were free from precipitate and either fluoride was 
not added or care was taken to remove and complex fluoride, recovery of plutonium added 
to the leach was high. usually greater than 9593. With leaches known to contain uncom- 
plexed fluoride or containing visible solids. recovery was usually low, typically 4CrSOS<. 

The recovery of plutonium added to actual soil samples was likewise variable. Three 
procedures were tried: leaching with concentrated nitric and hydrofluoric acid; fusion with 
potassium fluoride followed by pyrosulphate fusion and dissolution in dilute acid; fusion 
with sodium carbonate containing lo?; sodium peroxide. In all caSes the plutonium was 
added as a solution in 1 *OM hydrochloric acid, and the soil was dried before leaching or 
fusion. The soil was from the top 4 in. of an alluvial bottom land along the Clinch 
River near Oak Ridge. Tennessee. The soil had been dried and then screened to remove 
sticks and stones. Between 15 and 20 samples were run by each of the procedures above. 

In the leaching tests, a 10 g soil sample was boiled in a mixture of concentrated nitric 
and hydrofluoric acids for 3-4 hr and then hydrochloric acid was added and the boiling 
continued for another hour. The acid leach was treated with hydroxide in the presence 
of borate ion. and the precipitate was dissolved in 1 M nitric acid-2M aluminium nitrate 
for extraction. Recovery varied between 40 and 709;. This is the range of recovery usually 
reported for this type of treatment. 

The fluortde fuston followed by pyrosulphate was carried out according to a procedure developed by Sill and 
assoctates.“’ Whereas constderablr skate maternal remained undtssolved when the leaching procedure was used. 
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this fusion method completely dissolved the entire 10 g sample. The fluoride and slhca are volatilized when the 
product from the potassium duorlde fusion IS converted into pyrosulphate hy the addition of sulphurlc acid and 
sodium sulphate. The pyrosulphate product IS dissolved m dilute hvdrochloric or nitric acid and treated with 
sodium hydroxide. The precipitate is redissolved m nitric acid or nitric acid plus alumimum nitrate and then 
extracted. Recovery varied between 30 and 98”” with most results around 5@80”,,. Carr!mg the plutomum on 
a preclpltatc of barium sulphate as suggested by Sill might have given better results. but this procedure was not 
trlcd. Considerable variation m the appearance of the pyrosulphate fua~on product and in the manner In which 
It dissolved was noted and is believed to be related to the vartability of the results. Differences In the results 
could not be related to any known variation in the experlmental technique. 

Carhonate fusion was the simplest and most rapid of the three procedures tried and gave as good. or better. 
average results. The 10 g sample was fused with 50 g of sodium carbonate containing 5 g of sodium peroxlde. 
The cooled fusion wascrushed. then dissolved m dilute nitric acid. and the solution treated with sodium hydrou- 
Ide. Dissolved sodium silicate was removed by decantation and by washmg the precipitate wnh O,lhf sodium 
hydroxide. The hydroxide precipitate was dissolved in nitric acid or nitric acid plus alummium nitrate. for extrac- 
tion. Plutonium recovery by this method varied from 83 to 90”” 

It is clear that additional work needs to be done on a simple, reliable and reproducible 
method for bringing soil samples into solution in such a way that the plutonium in thjzrn 
can be completely recovered. 

In summary, the results indicate clearly that use of the counting method and extraction 
procedure will result in quantitative recovery of plutonium from a solution I-3M in nitric 
acid and I 5M in total nitrate. The separation of plutonium from large quantities of inter- 
fering ions of the type usually found in soil or other environmental samples is complete. 
The method can be easily modified to recover uranium also, and it is possible to count both 
uranium and plutonium in the same sample and rcsolvc the 13xU. 134U. and 134 ‘3xPu 
peaks. It is possible to introduce 33” Pu asa plutonium recovery monitor. resolve the 13”Pu 
and ‘3“Pu peaks and. on this basis. correct for ““ Pu losses in the chemical steps following 
the initial leaching. However. as stated earlier. it is doubtful if such a procedure could accu- 
rately rctlcct initial lcaching losses. 

The general concept of combining high-resolution alpha liquid scintillation spectro- 
metry with solvent extraction has potential application to a wide variety of counting pro- 
blems. Although the resolution of 0.2-0.3 MeV is sufficient for many applications, the 
authors feel that it could be improved by appropriate improvements in the detector assem- 
bly. Lower detection limits depend on background, and limits of 0.01 d.p.m. or lower by 
use of using pulse-shape discrimination and effective shielding appear feasible. 

~ck,low/~,t/ycrllc,rl~~-Thc authors wish to acknowlodgc the excellent tcchmcal asslstancc of G. N. Case In this 
work. 

I. 
2. 

3. 
4. 
5. 

6. 
7 
8. 

9. 
10. 
I I. 
12. 
13. 

REFERENCES 

N. A. Halldcn and J. H. Harley, A&. Chw.. 1960. 32. I X6 I. 
G. H. Coleman, The Radiochemistry ofPlutonrum. p. 97. National Academic and Scientific Qblication. NS- 
3058. 1965. 

D. A. Constanzo, R. E. Biggers and J. T. Bell, J. Inorg. Nucl. Chem., 1973.35, 609, 623. 629. 
K. A. Kraus, Proc. Intern. Conf: Peaceful Uses At. Energy Geneva. 1955.7. 245. 

H. R. Ihlc. M. Karayanms and A. P Murrcnholl: Proc. Spp. Rudio/.x>rope Str~~p/c h’cn,~r~~~t~~~t T&III~~~,\. 
p. 4X5. IAEA. Vienna. 1965 
D. L. Horrocks. Rw. So. 1~r.. 1964. 35, 334 

Idem, Intern. J. Appl. Rudiutm!l I~topc~~. 1966. 17. 441. 
W. J. McDowell, in Oryu~~ic Scrrrtillurors u~ul Luprd Scrntdlation Counting, ed. by D L. Horrocks and L. T. 
Peng. p. 937 Academic Press, New York. 1971. 
T. K. Kim and M. B. MacInms. hid.. p. 925. 
J. P. Ghysels. Ind. At. Spurrules. 1972. 26, 33. 
W. J. McDowell and L. C. Henley. U.S. .At. Energy Cornm. Rep.. ORNL-TM-3676. March 1972. 
R. F. Keough and G. J. Powers. Anul. Che~u.. 1970. 42. 419. 
L. V. Gorbushrna. L. Ya. Zhll’tsova, E. N. Matveeva. N. A. Suranova. V. G. Tcnyaev and V. G. Tyminskii. 
J Radioanal. Chem.. 1972. IO, 165. 



Plutomum and uranmm determination 1245 

14. D. C. Bogcn and G. A. Welford. Ap/~/icarmrr,\ o/ LIPIDIC/ Scirrrill~rrrori Srrcc’rrorrr~rrr~ /or TOIU/ Bcro ord A/p/w 

A,v.u!~. lntcrnational Symposium on Rapid Methods for Measurmg Radtodctivrty in the Envtronment. Nur- 
emberg. Germany. S-9 July. 197 I. 

IS. J. H. Thorngate. W. J. McDowell and D. Christian. Health Physics. 1974. 27, 123. 
16. A. S. Wtlson. m Pro~~‘e.~s rrr N~dcur Ewy~~ Scrw~ 111. id. 3. Procc,\.\ Chcrrn~rrr. p. 21 I. Pergamon. New 

York. 1961. 
17. F. G. Seeley and D. J. Crouse. J. Chcrn. Crr(1. Data. 1971. 16. 393. 
IX. K. A. Allen and W. J. McDowell. L’.S. At. Ener(lr Corrrrn. Rapt.. ORNL-2771. August. 1959. 
19. W. J. McDowell and C. F. Coleman. Altul. Lerrers. 1973. 6. 795. 
20. R E. Baggers. J. T. Bell. E. C. Long and D. W. Russ. 1‘S, AI. /31cw~~~ Corrm. Rcpl.. ORNL-3834. October 

1971 
.I . . 

21. E. B Fowler. R. W. Henderson and M. F. Mulligan. Proc. Ellr.iro,l,llc,rrfcrl Plrrtorrirrrrr Srrrrpo.~~u/n. pp. 63. XI. 
22. F. A’. Clarke. ed.. i% Daru ol Gcochwstr~: 5th Ed.. USGS Pubn. 770. 1’S. Govt. Printing Office. 1924. 
23. Ahurm~s in Fluorrrw Chrmistry. Vol. 2. pp. 168. I7 I. Butterworths. London. .1961. 
24. L. S. Sillen and A. E. Martell. Smhillty Consrur~r~ of M~~crl-lm COIII~/C~W\. 2nd Ed.. The Chemical Society 

Spec. Pubn. No. 17. London. I964 
25 R. L. Hammer. I&ho Chcrrncul Progrurm Awed T~T/IIII~U/ Rcparf. 1972: L’S AI. E:rwrq_r Cmm. Repr.. ICP- 

1022. April 1973; and personal commumcation 
26. C. W. Sill. persona1 communicatron. 

R&urn&On presente une mtthode pour le dosage de I’uranmm et du plutonmm par une methode 
combinee de scintillation liquide a haute resolution-extraction par solvant. En admettant qu’un 
compte d’echantillon igal au compte de bruit de fond est la limite de detection, la limite de detec- 
tion inferieure pour ces elements et d’autres nucltides Cmetteurs alpha est 1.0 dis/mm avec un tube 
echantillon en Pyrex. 0.3 dis/min avec un tube echantillon en quartz utilisant une protection de 
detecteur presente ou 0.02 dts/min avec une discrimination de forme d’impulsion. L’efficacite du 
comptage zest loo”.. Avec les donnees de comptage presentees comme un spectre d’energie a. une 
resolution d’tnernie de demi-lareeur de pit de 0.2-0.3 MeV et une identification d’energie a k0.l 
MeV sont possibies. Amst. dansces limnes. l’identification et la determination quantitative dun 
emetteur alpha specifique, mdependants dune separation chimique. sont possibles. ta methode de 
separation permet une rtcup&atton plus grande que 98:; d’uranium et de plutomum de solutions 
Cchantillons contenant de grandes quantrtts de fer et d’autres substances interferentes. Dans la plu- 
part des cas l’uramum. mime quand il est present dans un rapport molaire de IO* fogs peut etre 
sipare quantttativement du plutonium sans perte du plutonium. On menttonne des applications 
potentrelles de ce concept analyttque general a d’autres problimes de comptage alpha. On discute 
de problimes speciaux associts au dosage du plutonium dans le sol et des echantillons d’eau. On 
prisente les risultats d’essais pour determiner les caractertstiques de hauteur d’impulston et de 
resolution d’energre de plusteurs scmtillateurs. On dtcrtt la construction du detecteur de scintilla- 
tion liquide a haute resolution. 

Zusammenfassung-Ein Verfahren zur Bestimmung von Uran und Plutonium mit einer kom- 
bmierten Methode aus hochauflosender Flllssigkeits-Szintillationszahlung und flilssig-flllssig- 
Extraktton wtrd mitgeteilt. Nimmt man als Nachweisgrenze gletche Proben- und Untergrund- 
Zahlraten an. so betrlgt die untere Nachweisgrenze fir diese und andere alpha-emittierende Nuk- 
hde 1.0 disimin mit Pyrex-Probenrohr. 0.3 dis/min Quarzprobenrohr und herkiimmlicher Detek- 
torabschirmung oder 0.02 dis/min mit Impulsform-Diskriminierung. Die Alpha-ZPhlausbeute 
betrlgt IOO”,. Gibt man dte Zahldaten als Alpha-Energiespektrum wieder. dann sind eine Ener- 
gieauflbsung von 0.2-0.3 MeV PeakHalbwertsbrette und eme Energie-Identifizierung auf +O.l 
MeV moglich. Daher sind innerhalb dteser Grenzen die ldentifizterung und die quantitative Bes- 
ttmmung eines bestimmten AlphaEmitters unabhangig von einer chemischen Abtrennung miiglich. 
Das Abtrennverfahren hefert eine Uran- und Plutomumausbeute iiber 989; aus gel&ten Proben. 
dte grol3e Mengen Eisen und andere storende Stoffe enthalten. In den meisten Fallen kann Uran, 
selbst wenn es im IO*-fachen Molverhlltnis vorliegt, quantitativ von Plutonium getrennt werden, 
ohne da8 Plutonium verlorengeht. Miigliche Anwendungen dieses allgemeinen anlytischen Kon- 
zepts auf andere Alpha-Zihlprobleme werden angegeben. Die mit der Bestimmung von Plutonium 
in Boden- und Wasserproben verknirpften besonderen Probleme werden diskutiert. Die Ergebnisse 
von Versuchen. die lmpulshohe- und Energteaufliisungseigenschaften mehrerer Szintillatoren zu 
ermitteln. werden mttgeteilt. Die Konstruktton des hochauflosenden Fliissigkens-Szintillationsde- 
tektors wird beschrteben. 
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IODOMETRIC SUBMICRO DETERMINATION OF 
x-AMINO-ALCOHOLS BY AN ‘AMPLIFICATION 

REACTION 

AMIR BE~ADA and Y. A. GAWARGIOUS 

Microanalytical Research Laboratory. National Research Centre. Dokki. Cairo. Egypt (A.R.E.) 

(Rrcrrved 7 May 1974. Accepted 21 Jww 1974) 

Summary-New methods are described for the iodometric submicro determination of z-amino- 
alcohols possessing primary, secondary or tertiary amino-groups which involve 6-, 12-, and I S-fold 
amplification reactions, respectively. The methods are based on reaction of the a-amino-alcohols 
with an excess ofpotassmm periodate in a slightly alkaline medium masking of the unreacted per- 
iodate with molybdate at pH 3.2 and, after addition of iodide. iodometric determination of the 
equivalent amounts of iodate released. In addition to being simple and rapid the methods are 
sufficiently selective and specific and also highly accurate, being particularly suitable for the analy- 
sis of submicro amounts (SO-150 pg); the average recovery is 99.9%. 

Amplification reactions are receiving much attention, being of special attraction in organic 
microanalysis. which always calls for higher sensitivity. Oxidation of a-dihydroxy com- 
pounds with periodic acid by the well-known Malaprade’ reaction offers the only possible 
amplification methods for this important class’ of organic substances. The powerful oxi- 
dizing properties of periodates in addition to their selectivity under controlled pH condi- 
tions led to pursuit of their utilization in the development of new amplification methods3.4 
especially after the problem of determining iodate in presence of excessive amounts of per- 
iodate had been solved.” 

Periodate oxidation of r-amino-alcohols was first observed by Nicolet and Shinn” and 
investigated later more carefully by Fleury er al.,’ who gave a full account of the optimum 
conditions. e.g., pH, reaction period. and temperature necessary for quantitative reaction. 
Procedures for the determination of mono-, di-, and triethanolamines**9 have been 
reported on the basis of estimating the resulting formaldehyde and ammonia. Serine and 
threonine were oxidized with a known excess of standard periodate solution and the 
method was completed either by the iodometric titration of the unreacted periodate or 
by determining the aldehyde and ammonia” produced. In one case, the aldehyde formed 
after periodate oxidation was determined by reaction with 3-methyl-2-benzothiazolinone 
hydrazone.’ ’ 

In the present investigation, new amplification methods are described for the submicro 
determination of x-amino-alcohols containing primary, secondary or tertiary amino- 
groups. The methods depend upon reaction with excess of periodate at pH 8-8.5. masking 
of the unreacted periodate with molybdate at pH 3.2. and iodometric determination of the 
equivalent amount of iodate liberated. As far as we know, no such methods have so far 
been mentioned in the literature. 

1247 
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EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade and doubly distilled water was always used. 
r-Amino-alcohols. Aqueous solutions of concentration ca. 100 mg/l. were used. 
Ammonium molybdate. A 25% solution of the tetrahydrate. 
Buffer solution pH 2.2. Made from 40 ml of 0.2M sodium acetate and ca. 100 ml of glacial acetic acid. 
Potassium bicarbonate, 0.02N solution. 
Potassuh periodate. A solution of 1 g of potassium periodate (recrystallized from hot water) m 300 ml of water. 

heated if necessary. 
Sodium thiosulphate, OGO2M. Standardized against 3 x IO-‘M potassium iodate. 

Procedures 

For serme. theonine, and monoethanolamine. Place 05-15 ml of the 0.019; ammo-alcohol solution or 50-l 50 
fig of sample in a 50-ml conical flask, add 5 ml of bicarbonate solution, 1 ml of periodate solution, and leave 
for I min. Add 3.5 ml of acetate buffer, 3.5 ml of molybdate solution, ca. 25 mg of potassium iodide, stopper 
the flask and shake it for I min. Titrate the reaction mixture with thiosulphate. using starch as indicator near 
the end-point. Carry out a blank determination. 

For diethanolamine. Place the sample (SO-150 pug or a 05-1.5 ml portion of the 0.01:~ solution), into a 50-ml 
conical flask containing 7 ml of bicarbonate solution, add 2 ml of periodate solution, and immerse the flask in 
a water-bath for 6 min at 50-60°C. Cool under tap water, add 5 ml of acetate buffer. 7 ml of molybdate solution. 
ca. 25 mg of potassium iodide and titrate as above. Run a blank determination. 

For triethanolamine. Add the same size of sample as before to 10 ml of bicarbonate solution in a 50-ml corncal 
flask, add 3 ml of periodate solution, and immerse the flask m a water-bath for 35 min at 70-80°C. Cool, add 
7 ml ofacetate buffer, 10 ml of molybdate solution, ca. 25 mg of potassium iodide. and perform the usual thiosul- 
phate titration. Run a blank. 

Since the overall reactions may be represented as 

C & --- 

b k 

s IO; = 61- = 6&O;- 

H Ha 

1 -+--#NH = 210; =121- = 12sao:- 

N E 3 IO; = 18 I- I 18 &O:- 

then I ml of 0.002M thiosulphate = 35.03 peg of serine, 39.70 pg of threonine. 20.36 pg of monoethanolamme. 
3504 pg of diethanolamine or 49.73 pg of triethanolamme. 

RESULTS AND DISCUSSION 

Several physicochemical methods have been described in the literature for the deter- 
mination of u-amino-alcohols and related compounds. These are mainly spectrophoto- 
metric12*13 or gas-chromatographic’4 methods, which require special equipment. The per- 
iodate oxidation of a-amino-alcohols may be considered as the simplest and most common 
approach to achieve a sensitive and selective analytical procedure for this estimation. All 
the periodate oxidation methods previously reported for the determination of r-amino- 
alcohols depend upon the estimation of the unreacted periodate.” spectrophotometric 
measurement of the formaldehyde”*’ ’ or the titration of the ammonia7*‘o produced. In 
order to develop a suitable and accurate submicro method for this class of organic com- 
pounds, consideration was given to determining the equivalent amount of iodate released, 
the unreacted periodate being masked with molybdate.’ 
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Preliminary studies on x-amino-alcohols containing a primary amino group, showed 
that under the experimental conditions used, the reaction proceeds according to the equa- 
tion : 

-2--c--o + NHs + IO; 

This reaction is remarkably fast at room temperature, as it proceeds quantitatively in 1 min. 
giving rise to one mole of iodate per mole of compound in agreement with previous 
work.“*” The negligible blank values found show that the periodate is decomposed only 
in the determination reaction. Analyses covering the range 5(r 150 pg of serine, threonine, 
and monoethanolamine gave average recoveries of 100.3, 100.3, and 99.7% (Table I), re- 
spectively. Fleury et al.,’ also reported that these compounds react completely in I min 
but they used a reaction temperature of 4°C. In the present work, however, quantitative 
recoveries could only be achieved on allowing the reaction to proceed at room tempera- 
ture. Schulek and MaroslO found that if serine or threonine are reacted with excess of per- 
iodate in bicarbonate medium for 10 min. then in an acetic acid medium for a further 

Table 1. The iodometric submicro determination of a-amino-alcohols by amplification reactions 

Compound 
Weight_ w 

Taken Found Recovery. “/, 
Average 

recovery. 3; 

Serme 

5000 

1 OO+lcl 

15oGl 

Threonme 

50.00 

100~00 

15oGO 

Monoethanolamine 

47.26 

94.52 

141.78 

51.38 

Diethanolamine 102.76 

154.14 

Triethanolammc 

46.30 

92.60 

138.90 

50.1 
50.2 

100.5 
100.3 
150.2 
150.4 

49.9 
50.3 

100.5 
loo.4 
150.5 
150.6 

46.9 
47.0 
94.1 
94.1 

141.8 
141.9 

51.0 
51.0 

102.2 
102.7 
154.6 
153.8 

45.9 
45.9 
92.4 
92.3 

138.5 
138.4 

100.2 
100.4 
100.5 1003 
100.3 
100.1 
100.3 

99.8 
100.6 
100.5 
100.4 
100.3 
100.4 

loo.3 

99.3 
99.5 
99.5 
99.6 

100.0 
100.1 

99.7 

99.2 
99.3 
99.4 
99.9 

100.3 
99.8 

99.6 

99.2 
99.1 
99.8 995 
99.7 
99.7 
99.6 
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period of 60 min, the reactions proceed as follows: 

CH,OH-CHNH2-COOH + 2 IO, + HCHO + HCOOH + NH, + CO1 + 2 IO; 

CH,-CHOH-CHNH,-COOH + 2I&+CH&HO + HCOOH + NH3 + CO, + 2 IO; 

On investigating the two reactions under the experimental conditions reported by 
Schulek and Mares,” it was found that only l-9 moles of iodate are obtained instead of 
the expected 2 moles per mole of compound, indicating incomplete stoichiometry under 
such conditions. The low recovery obtained may be attributed to the incomplete oxidation 
of the formaldehyde, originally produced, to formic acid. However. this did not prevail 
in the present work owing to the I-min reaction period and the slightly alkaline medium 
used. In this way, the reaction proceeded to give only one mole of iodate. two moles of 
the aldehyde. and one mole of ammonia without any chance for possible side-reactions, 
e.g., further oxidation of the formaldehyde and/or the ammonia formed. Furthermore. in 
addition to achieving quantitative results based on the 6-fold amplification the whole 
analysis is completed within 3-4 min as compared with the 70 min in the procedure of 
Schulek and Mares.” 

According to Fleury et al.,’ diethanolamine (containing a secondary amino-group) 
reacted completely with periodate at pH 8 in 1 min at 4°C. However, in this work a reac- 
tion time of 6 min at a temperature of 5060°C was found essential to obtain quantitative 
results based on liberation of 2 moles of iodate per mole of compound. Since these condi- 
tions gave rise to an average recovery of 99.6% (Table I), the reaction may then be repre- 
sented as 

(CH,OH-CH,),NH + 2 IO, + 4 HCHO + NH, + 2 IO; 

As clear from the equation, an amplification is obtained on addition of iodide. Under these 
conditions, the blank value amounted to O*l-0.15 ml of OGO2M thiosulphate. The amplifi- 
cation factor is difficult to define, and is best described as being 6-fold per alcohol group. 

Periodate oxidation of triethanolamine, which has a tertiary amino-group, has been 
reported to be of special interest. ‘*lo This reaction was stated to be quantitative only at 
pH 7.6 and a temperature of 37°C. when allowed to proceed for at least 1 hr.’ Unfortuna- 
tely, recoveries consistently 50% low were obtained under such conditions. The reaction 
of triethanolamine with periodate is proposed as proceeding in accordance with the equa- 
tion 

(CH,0H-CH2)3N + 3 IO; + 6HCH0 + NH3 + 3 IO; 

The low results necessitated a study of the various factors influencing the reaction, 
namely the effect of pH, reaction period temperature, and the molar ratio of iodate to 
triethanolamine (TEA). Briefly, Fig. 1 illustrates the combined relationship between all 
these variables. Neither the increase in the pH alone from 8 to 9.8 nor the individual in- 
crease in the molar ratio of IO; :TEA from LOO to 200 caused any substantial variation 
in the recovery ofTEA. However, a significant change in the rate of reaction was observed 
on increasing the temperature to 80°C. Only at this temperature did the reaction start to 
go relatively rapidly, being complete within 30-35 min. Under these conditions an average 
recovery of 99.5% (Table 1) was achieved for TEA and the blank value did not exceed 0.2 
0.25 ml of @002M thiosulphate. 
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30 60 

Time, min 

Fig. 1. Effect of reaction time, pH, temperature, and IO;/TEA ratio on the recovery of TEA. 
A pH = 8. T= 37°C. IO;/TEA = 100; 0 pH = 9.7, T= 37°C. IO;/TEA = 100; 0 pH = 8, T= 

37”C, IO;/TEA = 200; x pH = 8. T= 8o”C, IO;/TEA = 100. 

In conclusion, the amplification methods presented in this work for a-amino-alcohols 
are very valuable both analytically and structurally. As to the former aspect, the methods 
are simple, rapid and accurate owing to the highly sensitive iodometric finish which 
enables submicro amounts to be determined. Concerning the latter aspect, though a- 

amino-alcohols resemble x-diol compounds in that both are selectively attacked by perio- 
date oxidation. yet the production of ammonia is characteristic only for a-amino alco- 
hols.15*‘6 Moreover, the amplification factor relative to iodate produced is constant, and 
hence relative to the type of compound analysed is 6 fold (1 mole of IO;), 12 fold (2 moles 
of IO; ), or 18 fold (3 moles of IO;) for a-amino-alcohols containing primary, secondary 
or tertiary amino groups, respectively. 

a-Amino-acids and a-diamines were found not to interfere in the determination of X- 
amino-alcohols possessing a primary amino-group, e.g., serine, threonine, and monoeth- 
anolamine, even if they are present in 30 fold amounts. This is explainable since a-amino- 
acids and a-diamines react with periodate only after heating at elevated temperatures for 
prolonged periods’ of at least I hr. Hence, the procedure developed is considered to be 
highly selective. especially for the determination of serine and threonine in presence of a- 

amino-acids. Compounds with an a-diol structure were found to interfere seriously, as 
expected. in the determination of a-amino-alcohols of any kind. 
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R&sum&-On dkcrit de nouvelles mkthodes pour le submicro-dosage lodomitrique d’r-ammoal- 
cools posddant des groupes amines prnnaires. secondaires ou tertiaires. qui mettent en jeu des 
rkactions d’amplification de facteurs 6, 12 et 18 (par rapport au composC g doser). respectlvement. 
Ces mbthodes sont bakes sur la reaction des r-aminoalcools avec un excts de periodate de potas- 
sium dans un milieu lighrement alcalin. la dissimulation du periodate qui n’a pas r&agl avec le 
molybdate & pH 3.2 et, aprbs addition d’iodure. le dosage iodom~trjque des quantitks kqulvalentes 
d’iodate lib&t?. Outre qu’elles sont simples et rapides. ies methodes sont suffi~mment selectives 
et sp&cifiques et aussi hautement precises. convenant particulihrement B l’analyse de submlcro- 
quantitbs (SO-150 pg); la r&up&ration moyenne est 99.9”;. 

~~~nfa~~~eue Methoden zur jodometrischen Subrnlkro~stlmmung von r-Ammoal- 
koholen mit prim&en, sekundlren oder terti&en Aminogruppen werden beschrieben. Sie 
umfassen, Irn Verhiiltnis zur Stammverbindung. 6-, 12- und 18-fache .~erst~rkungsreaktionen. Die 
Analysen beruhen aufder Reaktion der r-Aminoalkohole mit einem UberschuD von KaliumperJo- 
dat in schwach alkalischem Medium, Maskieren des nicht verbrauchten Perjodats mit Molybdat 
be1 pH 3.2 und, nach Zugabe von Jodid, jodometrischer Bestimmung der freigesetzten lqulvalenten 
Jodatmengen. Die Analysen sind nicht nur einfach und rasch auszufiihren, sondern such ausrel- 
chend selektiv und spezifisch sowle sehr genau; Pesonders sind sle zur Bestimmung von Submikro- 
mengen (SO-1 50 big) geeignet. Die mittlere Ausbeute betrlgt 99.9”“. 
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DETERMINATION OF GOLD IN COPPER-BEARING 
SULPHIDE ORES AND METALLURGICAL FLOTATION 

PRODUCTS BY ATOMIC-ABSORPTION SPECTROMETRY 

B. STRONG and R. MURRAY-SMITH 

Charter Consolidated Metallurgical Laboratory, Ashford, Kent, England 

(Received 15 April 1974. Accepted 14 June 1974) 

Summary-A method is described which is spectfic for the determination ofgold in sulphide copper 
ores and concentrates. Direct decomposition with aqua regiu was found to be incomplete. A care- 
fully controlled roasting stage followed by treatment with hydrochloric acid and then aqua regia 
was effective for dissolving all the gold. The gold is extracted into 4-methylpentan-2-one (methyli- 
sobutylketone) then aspirated into a very lean air-acetylene game and the gold determined by 
atomic-absorption spectrometry. No interferences were observed from large concentrations of 
copper. iron or nickel. 

Since the introduction of atomic-absorption spectrometry as an established analytical 
method many papers have been published on the determination of gold in ores and geologi- 
cal materials. For many years the classical fire-assay method has been used for gold analy- 
sis but, owing to the rather lengthy procedure involved, many laboratories now prefer to 
use atomic-absorption techniques. As the gold is usually present in very small con- 
centrations in a complex matrix a concentration and separation step is often used before 
the atomic-absorption analysis. Various methods of concentration have been reported; 
these have included co-precipitation with tellurium,’ selenium’ or extraction into organic 
solventssuchasmethyl isobutyl ketone (MIBK). 3,4 Metallurgical testwork in this laboratory 
on copper-bearing sulphide ores necessitated the development of a rapid, accurate method 
for the determination of gold in this type of ore, as well as in the various flotation products 
obtained from pilot plant testwork. A literature search showed several conflicting reports 
on sample treatment, sample weights, and interference phenomena. The great majority of 
papers published rely on an aqua regia attack to dissolve the gold, but for sulphide ores 
direct aqua regia attack was found to be unsatisfactory. Because gold occurs as discrete 
particles in the matrix minerals the statistical chance of obtaining representative analytical 
samples decreases with decreasing sample size,’ and thus the precision of the analysis im- 
proves with increase in the sample weight taken. Law and Green4 used sample weights 
of 500 g but other workers report accurate results from only 25 g per analysis.6 During 
development work in this laboratory satisfactory results were obtained with 20-g samples 
for ores containing up to 5 ppm of gold. For concentrates and other samples containing 
5-30 ppm of gold a sample weight of 5-10 g was used. Very low gold assays were obtained 
on sulphide samples unless a roasting step was included before the acid attack. Unless the 
roasting conditions were carefully controlled gold could be lost from the sample by partial 
volatilisation of gold compounds. 

This paper describes the method used to extract gold from the sulphide samples, 
together with the subsequent atomic-absorption procedure. Samples analysed have ranged 
in gold concentration from 0.1 to 40 ppm. 
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Reagents 

EXPERIMENTAL 

All the chemicals used were of analytical-reagent grade unless otherwise stated. All water used was mtxed-bed 
demineralized water. 

Equilibrated O.lM hydrochlortc acid. The acid was shaken with MIBK in a separating funnel for 2 min and 
allowed to settle, and the acid fraction was collected. 

Equilibrated MIBK. Hydrochloric acid (1 + 4) was shaken with MIBK for 2 min and allowed to settle and 
the solvent layer was collected. 

Standard gold solution (1 ml I 1000 # ofgold). Concentrated hydrochloric acid (16 ml) and concentrated nitric 
acid (4 ml) were added to 0.2500 g of gold wire (Johnson-Matthey “Specpure”), then the mixture was warmed 
gently. When the gold had dissolved the solution was cooled and transferred to a 250 ml volumetric flask and 
diluted to volume with hydrochloric acid (1 + 4) and mixed well. 

Preparation ofcalibration solutions. A 5 ml portion of the 1000 &ml gold solution was pipetted into a 100 ml 
volumetric flask and diluted to the mark with hydrochloric acid (1 + 4) to give a 50 pg/ml gold solution. Gold 
standards covering the range O-20 &ml were prepared by addition of O-4.0 ml portions of the 50 &ml standard 
to 80 ml of hydrochloricacid (1 + 4) in 250 ml separating funnels, addition of IO.0 ml of equihbrated MIBK from 
a pipette and shaking the mixture vigorously for 1 min. On settling, the aqueous phase was removed and the 
MIBK layer shaken for 15 set with 15 ml of equilibrated DIM hydrochloric acid. The MIBK standard was 
retained in a stoppered glass tube. Calibration standards were prepared for each series of samples analysed. 
Higher calibration standards were prepared from samples containing more than 20 ppm of gold. 

Apparatus and operating conditions 

A Techtron A.A.5 atomic-absorption spectrophotometer was used, fitted with an AB.51 burner, digital read- 
out and a Perkin-Elmer Kel-F noncorrodible adjustable nebulizer. 

For gold determinations the optimum operating conditions were as follows. Wavelength 242.8 nm; lamp 
current 4 mA; spectral band-pass 0.3 nm; Burner height 8 mm below light path; acetylene flow 1.6 rotameter 
units; air flow 6.5 rotameter units; solvent uptake rate 43 ml/min. There must be no trace of yellow luminosity 
in the flame while aspirating MIBK. 

Under these conditions the sensitivity found for gold was 0.07 &III. The detection limit was 0.05 &ml. which 
for a 20 g sample corresponds to 0.025 ppm of gold. With the fixed Techtron nebulizer the sensitivity obtained 
was only 0.15 &ml. The sensitivity is defined as the concentration of an element in &ml which gives 1% absorp- 
tion (0.0044 absorbance). The limit of detection is that quantity of the analyte element which gives a reading 
equal to twice the standard deviation of a series of at least ten determinations, at or near the blank level. 

Procedure 

For gold levels of O-5 ppm use 20.0 g samples, and for 5-20 ppm uselO. g samples. Weigh the finely ground 
sample (ICO-mesh) into a silica dish. If arsenopyrite is present, roast for 2 hr at 480”. then raise the temperature 
to 600°C and roast for a further 2 hr. In the absence of arsenopyrite, roast for 2 hr at 600” only. Cool the sample, 
transfer it to a 600 ml beaker, add 80ml of 50% v/v hydrochloric acid and heat on a water-bath at 90°C for 
2 hr. The beaker should be covered with a “Speedivap” or similar cover-glass. Add 20 ml of concentrated nitric 
acid and evaporate the solution to incipient dryness on a hot-plate. Cool the beaker, then add 80ml of 20% 
v/v hydrochloric acid and boil. Cool, transfer the contents of the beaker to a 250-ml separating funnel and add 
I@0 ml ofequilibrated MIBK. Stopper, and shake vigorously for 1 min. Allow the phases to separate then discard 
the aqueous phase. Add 15 ml of equilibrated O.lM hydrochloric acid and shake for 15 sec. Allow to settle, then 
discard the aqueous phase and filter the MIBK layer through a phase-separating paper directly mto a glass 
sample-tube. 

Aspirate the samples and standards using equilibrated MIBK to wash out the nebulizer between samples. For 
some of the samples high in gold the burner head is angled slightly to reduce sensitivity. 

RESULTS AND DISCUSSION 

Initial development work was carried out on a sulphide ore and a copper concentrate 
prepared from the ore. Both samples were analysed for gold by the fire-assay method. Gold 
contents of 2.77 and 16.4 ppm were reported for the ore and concentrate respectively. The 
concentrations of other elements present in the two samples are given in Table 1. 

Roasting of samples 

Low gold assays have been reported for sulphide minerals when the analysis has been 
carried out without a preliminary sample roasting.’ An explanation given is that aqua regia 
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Table 1. Analyses of sulphide ore and concentrate 

Sulphide ore 

22 
38.3 
0.2 
4.2 

Sulphide concentrate 

20.0 
33.5 
O-03 

20-O 

Table 2. Gold analyses for ore and concentrate after 
roasting trials 

Roasting Gold assay 
temperature, on ore, 

c PP”’ 

500 1.14 
550 2.12 
600 2.54 
650 2.50 
700 1.82 
750 1.68 
800 1.62 

Gold assay 
on concentrate, 

PPM 

9.0 
14.6 
160 
17.0 
17.0 
17.1 
17.1 

will not oxidize sulphides to sulphate, and free sulphur then separates out, collects the gold 
and limits acid attack on the metal. Roasting the samples before the acid treatment des- 
troys the sulphides present and prevents the formation of sulphur. 

The optimum temperature stated’ for roasting sulphide minerals was 600°C as above 
this temperature low gold assays were reported, possibly owing to partial volatilization 
of gold or its compounds. To verify this report, two series of roasting trials were carried 
out, one series using the ore and the second using the concentrate. Identical roasting pro- 
cedure was adopted for both samples and consisted of roasting four portions of each 
material for 2 hr at temperatures ranging from 500” to 800°C in 50°C increments. Each 
batch of 28 samples was then analysed for gold by the method described in the experimen- 
tal procedure. Results are shown in Table 2. 

The low results for the two lower temperatures are due to incomplete breakdown of the 
sulphides present in the samples before acid treatment. As no gold losses occurred on 
roasting the concentrate samples, even at high temperature, it was thought that the arsenic 
present in the ore might have aided the volatilization of gold. Arsenic is present in the 
ore as arsenopyrite, FeAsS. As the arsenic imparts undesirable properties to copper metal 
the arsenopyrite is eliminated in the copper concentration process. Thus, the arsenic:gold 
ratio in the concentrate is approximately 15: 1, whereas in the ore it is approximately 
800: 1. If a low boiling point Au/As alloy were formed, this would possibly explain the loss 
of gold from the ore at roasting temperatures above 600°C. As early as 1936 Spence” 
reported that, if during the roasting of arsenopyrite, the temperature was allowed to rise 
too quickly, then appreciable gold losses occurred. In an attempt to remove the arsenic, 
four sulphide ore samples were slowly heated to 480°C then maintained at this tempera- 
ture for 2 hr. The arsenopyrite breaks down at this temperature and the arsenic volatilizes. 
The temperature was then raised to 700°C and the samples maintained at this temperature 
for a further 2 hr. Analysis of the four samples gave an average figure of 2-47 ppm gold, 
demonstrating that no gold had been lost. 
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Table 3. Recovery of gold in presence of 276 copper and 
38% iron 

Sample 

1. Blank solution with 50 pg of Au 0.49 1 
2. Sample with no Au added OGO4 
3. Sample with 50 fig of Au 0.484 
4. Sample with 50 pg of Au 0.486 
5. Sample with 50 fig of Au 0.487 
6. Sample with 50 pg of Au 0.485 
7. Sample with 50 peg of Au OYKNI 

Absorbance 

Decomposition with Aqua regia 

It was not found possible to extract all of the gold present in the ore by treatment of 
the roasted sample with aqua regiu. Gold assays after aqua regiu decomposition gave 
values of only 0.3-0.5 ppm on the ore sample. Mineralogists, studying gold ores which 
were resistant to either cyanide or mercury attack, have reported that gold particles were 
sometimes coated with a layer consisting mainly of hydrated oxides of iron.’ These coat- 
ings are found chiefly on gold particles present in iron/sulphide ores. When the coating 
is removed with dilute hydrochloric acid, both mercury and cyanide readily attack the 
gold. On application of this technique to the sulphide ore, i.e., heating the ore sample, after 
roasting, with 50% v/v hydrochloric acid and then adding aqua regiu, gold values of 
2.66 ppm were achieved. 

Interferences in the determination of gold 

Gold is extracted into MIBK from 20% v/v hydrochloric acid as gold(II1) chloride. The 
distribution coefficient for the extraction” is greater than 1000. Several other elements, 
including iron, are also extracted” . mto MIBK from 20% v/v hydrochloric acid. Large 
concentrations of iron in the MIBK were shown to cause interferences in the gold deter- 
minations, by molecular absorption. A hydrogen lamp was used to overcome this type of 
interference, but it was considered preferable to remove the iron from the solvent by a 
single 15 set scrubbing with equilibrated O*lM hydrochloric acid. The equilibrated acid 
is used to prevent the dissolution of MIBK in the acid during the scrubbing. 

Hildon and Sully’ have reported that both copper and iron cause low extraction of gold 
into MIBK when present in the sample solution. Six 20 g sulphide ore samples were pro- 
cessed as described in the analytical method. The gold was extracted from all six by shak- 
ing with MIBK, then the six gold-free aqueous phases were transferred to clean 250 ml 
separating funnels; 50 pg of gold were then added to each of five of the solutions and also 
to a blank solution of 100 ml of 20% v/v hydrochloric acid. The gold was then extracted 
into 10.0 ml of MIBK as described in the experimental procedure and the gold measured 
by atomic absorption. Results are given in Table 3. 

These results show that the 2% copper and 38% iron have a negligible effect on the gold 
extraction. 

A synthe.fic solution containing 4% w/v copper and 8% w/v iron in 20% v/v hydrochloric 
acid was prepared. This represents a solution resulting from the decomposition of a 20 g 
sample containing 20% copper and 40”/, iron, by the analytical procedure described. Five 
100 ml aliquots were measured into 250 ml separating funnels, then 50 ,ug of gold were 
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Table 4. Recovery of gold in presence of 20% copper 
and 40% iron 

Sample Absorbance 

1. Blank solution with 50 pg of Au 0491 
2. Sample with no Au OQo1 
3. Sample with 50 pg of Au 0500 
4. Sample wtth 50 pg of Au 0.49 1 
5. Sample with 50 pg of Au 0.492 
6. Sample with 50 pg of Au 0.494 

added to each of four of the solutions and also to a blank solution of 100 ml of 20% v/v 
hydrochloric acid. The gold was extracted into 10.0 ml of MIBK and the gold measured 
by atomic absorption. Results are given in Table 4. 

It was concluded that the presence of up to 20% copper and 40% iron in the samples 
does not effect the solvent extraction of gold into MIBK under the experimental condi- 
tions specified. 

Accuracy and precision 

As well as the sulphide ore and concentrate samples, two standard reference materials 
were analysed for gold. These materials were both obtained from the Canadian Department 
of Energy, Mines and Resources, Ottawa. The first sample (PTM.l) was a nickel/copper 
matte and contained 44.8% nickel, 30.2% copper, 158% iron and 21.6% sulphur. The 
second Canadian sample (PTC. 1) was a copper sulphide concentrate and contained 5.0% 
copper, 0.6% nickel, 0.3% cobalt, 24.2% iron and 24.1% sulphur. Accuracy and precision 
data are presented in Table 5. 

Table 5. Accuracy and preciston data on sample types analysed 

Sample 

Sulphide ore 
Sulphide 

concentration 
PTM.1 
PTC. 1 

Au by 
fire-assay. 

ppnl 

2.77 

16.4 
- 

Certified 
Au, 
ppm 

- 

- 
1.82 
0.65 

Number 
of 

determinations 

30 

21 
20 
22 

Average 
Au, I 
ppm 

2.66 

17.1 
1.72 
052 

Relative 
standard 
deviation, 

% 

7.3 

3.8 
3.0 

16.0 

The precision of the gold analysis is largely governed by the distribution of gold particles 
in the sample. 
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R&sum&-On d&it une methode qui est specifique pour le dosage de l’or dans les minerais de sul- 
fure de cuivre et les concentrats. On a trouve que la decomposition directe avec I’eau regale est 
incomplete. Un stade de grillage soigneusement contr& suivt dun traitement a I’acide chlorhydrt- 
que pms a l’eau regale a et6 efficace pour dissoudre tout for. L’or est extrait en 4-mtthylpentan 
2-one (methylisobutylcetone), puis aspire dans une flame air-a&yltne tres appauvrie et for est 
dose par spectrometrie d’absorption atomique. On n’a pas observe d’interferences de grandes con- 
centrations de cuivre. fer ou nickel. 

Zusammenfassu~Ein Verfahren wtrd beschrieben. das besonders fiir die Bestimmung von Gold 
in sulfidischen Kupfererzen und -konzentraten gedacht ist. Eszeigte sich. dag der direkte Aufschlug 
mit Konigswasser unvollsbindig verliiuft. Alles Gold konnte gel&t werden durch sorgfaltiges 
R&ten und anschlieCende Behandlung mit Salzsiiure und dann Konigswasser. Das Gold wird in 
CMethylpentan-2-on (Methylisobutylketon) extrahiert dann in eine sehr magere Luft-Acetylen- 
Flamme gesaugt und das Gold durch Atomabsorptions-Spektrometrie bestimmt. Be1 hohen Kon- 
zentrationen von Kupfer. Eisen oder Nickel wurde keine Storung beobachtet. 
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Summary-The reduction of oxygen in aqueous solution by electrolytically precipitated cadmium, 
used in a reductor column, has been studied in two ways. First, by analysis of the effluent for the hy- 
drogen peroxide formed as a reaction intermediate, the conditions for quantitative reduction have 
been found. Attention is called to the fact that an effluent free from hydrogen peroxide also implies 
quantitative reduction of all dissolved oxygen. The practical consequences are pointed out. A com- 
partson is also made with some other reductors. Secondly, the oxidation of electrolytically precipi- 
tated cadmmm by hydrogen ion is strongly inhibited, so at pH 7 it is possible to determine oxygen 
as the equivalent amount of cadmium ion produced in the reductor column. The conditions of 
quantitative reduction of oxygen are determined and found to be in agreement with those obtained 
by the first method. From the results the solubility of oxygen in water in equilibrium with air is 
estimated and found to agree with a published result considered as reliable. An outline is given 
of a method for determination of oxygen in aqueous solution by measurement of the amount of 
cadmium ions produced. 

Earlier observations’-3 on the use of a reductor containing cadmium precipitated electro- 
lytically according to Treadwell showed its superiority to the Jones reductor with regard 
to requisite bed volume. The hydrogen evolution was also much smaller; the overvoltage 
of hydrogen on this form of cadmium is, in fact, so large that no evolution of hydrogen 
from 0.5M sulphuric acid is visually observed within a reasonable time. It follows that its 
efficiency as a reducing agent must be close to looO/, and it should therefore be possible 
to determine, instead of the reduced substance, the equivalent amount of cadmium. This 
procedure should be of value when it is difficult or impossible to determine the reduced 
substance, e.g.. the reduction of certain organic substances, or the reduction of oxygen in 
aqueous solution to water. The last-mentioned example has been studied here partly with 
a view to determining the conditions for quantitative reduction of intermediately formed 
hydrogen peroxide, partly to ascertain the possibility of developing an entirely new 
method for the determination of oxygen in aqueous solution. 

EXPERIMENTAL 
Preparariorl ofelectrolyrically precipitated cadmium 

Smaller amounts (IO-20 g) of cadmium may be prepared according to Treadwell,* by electrolysis of a nearly 
saturated solutton of cadmium sulphate between platinum electrodes at a current density of about 30 A/dm’. 
Larger amounts are conveniently prepared in the following manner. Starting materials are cadmium rods and 
cadmium sulphate of reagent quality. The cathode is a 10 mm diameter cadmium rod reaching to the bottom 
of a 2 litre squat-form beaker and introduced into closely fitting PVC tubing so that only a 5 mm length of its 
lower end is in contact with the electrolyte. The anode, placed just below the surface of the electrolyte, is made 
by melting cadmium in a 100 ml porcelain crucible and introducing a cadmium rod into the melt before it solidi- 
fies. Thus arrangement of the electrodes allows natural convection. On the bottom of the beaker and under the 
anode is placed a 5 x 7 cm crystallizmg dish to collect the slime which is transported down from the anode. 

1259 
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The electrolyte, about 15 I., is a 4O”a (w/w) CdSO& solution acidified to pH _ 3 with sulphuric acid. A voltage 
of IO-20 V wtll give a current of 3-6 A. The cadmium precipitates as fine dendritic needles; the higher the current 
density, the finer the precipitate. A well-defined current density cannot. however. be mamtained as the surface 
of the cathode continually grows as cadmium is precipitated. Electrolysis with high current density for longer 
times requires cooling of the electrolyte with an outer bath. The precipitated crystals are removed every quarter 
of an hour with a glass hook, and collected under water, which is later added to the electrolyte to compensate 
for evaporatron. The cadmmm crystals are matted together; to break the structure they are shaken with _ O.I,U 
nitric acid. washed free from reaction products and kept under water. They may also be kept dry in a desiccator 
over silica gel if washed with methanol and immediately dried in oacuo. A fraction more free from matted lumps 
and suitable for filling of narrow tubes is obtained by sieving under water. 

The reductors 

The reductor tubes were straight glass tubes narrowed at both ends to 4 mm o.d. To facilitate filling they were 
constructed in two parts, a longer and a shorter, which could be Joined glass to glass with a PVC ligature. The 
cadmium crystals were introduced under water to avoid entrapped air, and enclosed between Pyrex-wool plugs: 
for bed dimensions, see the table headings. The solution to be reduced was pumped or sucked through the reduc- 
tor at different constant flow-rates by a peristaltic pump with Tygon tubing (Gilson “Minipuls II”). The cadmium 
hydroxide layer formed on the crystals by dissolved oxygen was removed before each series of experiments by 
washing with a few bed volumes of 025M sulphuric acid followed by the same volume of the solution to be 
reduced or, when convenient, by 001M imioYazole-O9025M sulphuric acid buffer solution. After prolonged use 
the cadmium bed was discoloured at the entrance end by traces of copper from the reagents and the distilled 
water. So far this has not caused any trouble. 

Removal of oxygenfiom solutzons 

A solution free from oxygen for experiments on the reaction of cadmium with hydrogen ion was prepared 
by purging with nitrogen while vigorously stirring with a magnetic stirrer, the nitrogen being washed with 0.2M 
chromium(H) chloride-0.2M hydrochloric acid and with water. The requisite time was experimentally deter- 
mined. The Tygon tubing used in the peristaltic pump was found to allow diffusion of small quantities of oxygen 
into the solution. which must therefore not be passed from the pump to the reductor but must be sucked through 
the reductor connected glass to glass to a tube dipping in the oxygen-free solution. 

Equilibration of solutions with air 

The solution, 0.51 I., was Introduced into a 2.5 1. bottle of c 150 cm2 cross-section which was placed in a ther- 
mostat. The stopper of the bottle was provided with holes for stirrer, tube to the reductor, and tube for introduc- 
tion of a stream of air. Stirring was performed at 100 r.p.m. with an L-shaped glass rod dimensioned to give 
a steady rotation of the solution without vortices or bubbles. The an, introduced 5 cm above the surface and 
passing out through the play in the stirrer hole, was washed with 1M sodium hydroxide, and then saturated 
with water in a gas-washing bottle placed in the thermostat; the flow-rate was z I Limin. Samples were taken 
at various times by suction through the reductor with the peristaltic pump and 50ml portions pipetted and 
titrated with EDTA (see below). The barometer was read a few times during the experiment; if the pressure varied 
by more than 1 mmHg the experiment was rqected. The results were corrected to correspond to air saturated 
with water vapour at the temperature of the experiment and a barometric pressure of 760 mmHg, by multiplica- 
tion by the factor (760 - p)/(B - p) where B is the observed barometric pressure. corrected for scale temperature, 
and p the saturation vapour pressure of water at the temperature of the experiment. 

Determination of hydrogen peroxide 

Hydrogen peroxide was determined by titration with O.OlM ceric sulphate with ferroin as indicator. A sample 
of 25 ml was pipetted into a 4 cm optical cell arranged in parallel with an identical cell containing water for 
comparison. The sample was made 05M in sulphuric acid 50 /II of OGOIM ferrom were added and the titrant 
was added from a micro piston burette permitting additions of 1 k 0.1 ~1. The method was tested on hydrogen 
peroxide solutions of known concentrations, and gave results which were satisfactory for the purpose. The end- 
pomt could be observed with an uncertainty of If: I 4. 

Determmation of cadmium 

At PM concentrations cadmium was determmed by atomic absorption, at higher concentrattons by potentio- 
metric titration according to Reilly et a1.5.6 with O.OlM EDTA, standardized in the same way agamst cadmium 
(“Specpure” cadmtum rod, ‘Johnson-Matthey & Co.). Amalgamated silver was used as indicatmg electrode. a 
mercurous sulphate electrode as reference. The buffer system used was imidazole-sulphuric acid at pH _ 7, the 
imidazole in concentrations of O.Ol-OGtM. The potential was measured to 0.1 mV with a digital voltmeter. The 
tttrant was added from a calibrated piston burette permitting additions of 10 f 1 pl. In O.OlM imidazole buffer 
the rate of change of the potential with titrant at the equivalence point was -35 mV/lO ~1. The equivalence 
point was calculated from the second derivative. 
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THE HYDROGEN PEROXIDE INTERFERENCE 

Metals such as Ag, Cd, Pb, Zn or their amalgams have for a long time been used for 
reductions before redox titrations. The usual procedure is to pass the solution through a 
tube containing a bed of the finely divided metal or, for a liquid amalgam, to shake it with 
the solution. It has been found that dissolved oxygen is also at least partly reduced and 
this reduction seems to take place in two steps 

O2 + 2H+ + 2e- = HzOz 

H202 + 2H+ + 2e- = 2Hz0 

E0 = 068V 

EO = 1.77 v. 

The second step, the reduction of hydrogen peroxide, proceeds considerably more slowly 
than the first, in spite of its much higher standard potential, a fact for which a simple 
mechanistic reason was suggested by Chalmers et al.’ Therefore, if the metal or the amal- 
gam is shaken with an aqueous solution in presence of air, a steady state is obtained, stud- 
ied by Liebhafsky,’ and a certain concentration of hydrogen peroxide is found in the solu- 
tion. If the solution contains a substance which is reduced by the metal, but the reduced 
form of which is oxidized by hydrogen peroxide, the reduction will not be quantitative; 
an atmosphere free from oxygen is required. In careful work, reductions with liquid amal- 
gams are performed under carbon dioxide. 

When the reduction is performed in a reductor column the conditions will be different. 
Dilute aqueous solutions in equilibrium with air contain about 1 m-equiv of oxygen per 
litre. If such a solution, containing a substance such as the above-mentioned, is passed 
through the reductor, the reduction will be quantitative as long as this substance is present 
in the reductor in adequate concentration; the reduced substance reacts with any hydrogen 
peroxide formed and is again reduced. On subsequent washing of the reductor, however, 
a limit is soon reached when this destruction of the peroxide no longer occurs; it can now 
only be reduced by the metal. The rate of reduction of oxygen as well as of hydrogen per- 
oxide by the metal must. however, be a function of the reducing power of the metal, its 
surface area, and the flow-rate of the solution. The effluent will be free from peroxide only 
if all dissolved oxygen is reduced and the remaining peroxide is given sufficient time for 
its reduction to water. For a given reductor the flow-rate must be the determining variable. 
Probably, failure to realise these facts is the explanation of the contradictory statements 
on the peroxide interference found in the literature. This conclusion was confirmed by the 
following experiments. 

Solutions of different acidities and in equilibrium with air at room temperature ( - 20°C) 
and ambient pressure were passed through a cadmium reductor at different flow-rates and 
the hydrogen peroxide in the effluent was immediately determined. The results are given 
in Table 1. The flow-rate has been expressed in bed-volumes/min to facilitate comparison 
of different bed-volumes. 

A couple of experiments were also performed with reductors filled with commercial 
granular cadmium (Merck’s “Cadmium pulv. gross., Zur Ftillung von Reduktoren”) and 
with zinc (Baker’s A.R.. 30 mesh), amalgamated to contain 1% Hg. These results are given 
in Table 2. 

From the results in Table 1 it appears that at sufficiently low flow-rate the peroxide con- 
centration of the effluent in all the cases decreases below the detection limit. This must 
imply that all the dissolved oxygen has been used up, a conclusion confirmed later on in 
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Table I. Hydrogen peroxide in effluents from reductors containing electrolytrcally precipnated cadmrum. The 
experiments at a flow-rate of 40 bed-volumes/min were performed with bed dimenstons @I 1 cm2 x 2.7 cm = 0.30 

cm3. remaining experiments with bed dimensions 0.36 cm’ x 2.7 cm = I.0 cm’ 

Solution 

H,Or. mle/l., found at a flow-rate. 
bed-volumeshin. of 

40 12 5 2 I 

0.5M H?S.O? 5.2 0.2 <0.2 <0.2 
O.lM H2S04 46 0.2 <0.2 10.2 - 
@OlM HZSOL 0.6 <0.2 <0,2 
O@OlM H2S04 . ::“8 0.2 <0.2 CO.2 
O.OlM CH,COOH- 
O.OlM CHrCOONa 4.6 0.2 <0.2 <0.2 
O.OlM CH,COONH, 1.8 0.2 <@2 
HZ0 11.8 12.8 4.2 0.3 <0.2 

this paper, and the hydrogen peroxide interference has thus been eliminated. This fact di- 
rectly contradicts the statement made by Salam Khan and Stephen’ that for satisfactory 
results to be obtained with any metallic reductor, it is necessary to exclude oxygen com- 
pletely from the solution. 

No definite tendency to pH-dependence of the reduction rate can be inferred from these 
results. On the contrary, the low reduction rate in pure water is remarkable. By reduction 
of the oxygen dissolved in 1 litre of water at equilibrium with air about 500 pmoles of 
Cd(OH)2 are formed, the solubility of which is about 10 pmole/l. The cadmium hydroxide 
not dissolved will probably form a layer on the cadmium crystals, thereby considerably 
reducing their efficiency; in the sulphuric acid and acetate solutions used here, the solu- 
bility of the hydroxide is adequate. 

As to the practical use of the reductor before a redox titration the following conclusions 
can be drawn. At a flow-rate of 5-10 bed-volumes/min the hydrogen peroxide error will 
be ~04 ,nequiv/l. and will probably rapidly approach zero if the flow-rate is further 
reduced. However, this requires that the sample solution as well as the washing solution 
is able to dissolve cadmium hydroxide in adequate amounts. The reductor should not be 
washed with only water except before a period of non-use. As the effluent is completely 
free from oxygen it should show good keeping qualities against oxidation as long as air 
is excluded. 

The results in Table 2 also show a decrease in peroxide concentration with decreasing 
flow-rate. The reduction was, however, considerably slower than that with electrolytically 

Table 2. Hydrogen peroxide in O.lM HzS04 passed through reductors contaming 
commercial granular cadmium or amalgamated zinc. Bed dimensions: 0.36 cm’ x 

2.7 cm = I.0 cm’ 

Flow-rate, 
bed-volumes/min 

IO 
5 
2 
I 
@5 

HrOt, ~ole/l., found in effluent from 
reductor containing 

cadmium amalg. zinc 

3.2 23.5 
1.7 10.7 
0.6 2.1 
0.2 I.7 
- 0.4 
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Table 3. The rate of reaction between cadmium and hydrogen ion in some solutions. Bed dimensions: 0.11 
cm2 x 7.3 cm = @80 cm3 

Solutron 1.2 

Cd pnole//.. found at a flow-rate, 
bed-volumes/min, of 

2.6 5.2 104 15.2 

O.OlM imidazole--OX)O25M H,SO, 
001M H2S0, 
O.lM HrSO, 

054 
8.0 
- 

036 0.29 0.21 
4.6 2.8 1.7 

19.8 12.2 7.4 

Excess of Cd found wale/l. 

- 
1.2 
5.5 

OOlM H,SO,-5OOpM CdSO, 26 26 1.2 1.0 - 
O.lM H,SO,-SOOti CdS04 - 5.6 4.4 - I.6 

precipitated cadmium, clearly demonstrating the great advantage of this form of cadmium. 
The lower efficiency of the granular cadmium must be ascribed to its smaller specific sur- 
face, that of the amalgamated zinc to the same cause but also to the amalgamation which 
to some extent has decreased its reducing power. In both cases evolution of hydrogen was 
observed at the lower flow-rates and this may well have contributed to the lowered effi- 
ciency. The considerably greater risk of hydrogen peroxide interference when using a Jones 
reductor, is demonstrated. 

In this connection it is of interest to consider the observation made by Miller and 
Chalmers” when using a silver reductor. Though the silver, precipitated by copper from 
a silver nitrate solution, had a large specific surface, and a flow-rate, calculated from their 
data, of only l-2 bed-volumes/min was used, they nevertheless detected hydrogen peroxide 
in the effluent if air was not excluded from the solution. This may be considered as an 
example of low reducing power of the metal. 

THE REACTION BETWEEN CADMIUM AND HYDROGEN ION 

The reduction of oxygen in aqueous solution by cadmium produces an equivalent 
amount of cadmium hydroxide. If this is dissolved, a determination of the cadmium con- 
centration in the solution will give the original concentration of oxygen. This requires 

Table 4. The time required for equilibration between air and OOlM imida- 
zole-@OO25M HISO solution under the experimental conditions used. Bed 
dimensions: 0.36 cm2 x 5.5 cm = 2.0 cm3. Flow-rate: 5 bed-volumes/min. (i) 
Starting solution over-saturated, B = 754.1 mmHg. (ii) Starting solution un- 
der-saturated B = 7544 mmHg. The results given are corrected to corre- 

spond to air saturated with water at 2OVC and 760 mmHg 

Time sample 
was taken, 

min 

0 
15 
30 
60 
90 

120 
150 

Concentration of Cd (or 0) found 
(i), (ii), 
ti PM 

6108 532.4 
588.0 554.4 
5804 560.8 
5709 564.8 
568.5 566,7 
566.7 567.1 
566.7 566.9 



I264 FOLKE NYDAHL 

among other things that the reaction between cadmium and hydrogen ion is strongly inhi- 
bited. The rate of this reaction in some solutions of interest was investigated. Oxygen was 
removed from the solutions by purging with nitrogen. They were then sucked through the 
reductor at different flow-rates and the resulting cadmium concentrations determined by 
atomic absorption or by titration of 50 ml samples. The results are given in Table 3. 

From the first three experiments it appears that, for a certain solution, the amount of 
cadmium dissolved per unit of time decreases somewhat when the cadmium concentration 
increases. On this account the last two experiments were performed in which cadmium 
sulphate had been added to the solutions in an amount approximately corresponding to 
the dissolved oxygen under normal conditions. As expected. the amount of cadmium dis- 
solved was considerably reduced. No such experiment using the imidazole buffer solution 
was performed, as the response was expected to be smaller than the experimental error. 

The imidazole buffer solution, pH z 7.0, was used at its maximum buffer capacity. It 
was selected because it forms a complex with cadmium ion of sufficient stability to keep 
cadmium in solution but yet permits titration with EDTA. At flow-rates > 2 bed-volumes/ 
min the cadmium concentration found is ~0.1% of that which would be produced by a 
normal oxygen concentration in the solution. This error should, however, be further de- 
creased in an actual analysis on account of the previously mentioned influence of the cad- 
mium concentration. 

It may be questioned whether the nitrogen used for the experiments had been com- 
pletely freed from oxygen. Extrapolation of the results obtained at pH 7 to the reciprocal 
rate of 0 min/bed-volume gives a value of 0 l&.&f Cd which should be the maximum cad- 
mium concentration caused by a possible oxygen content in the nitrogen. If this correction 
is accepted, the cadmium dissolved at a flow-rate of 5 bed-volumes/min should be _ 0 1 
pmole/l. 

DETERMINATION OF OXYGEN AS CADMIUM 

A 0.OlM imidazole-0*0025M sulphuric acid solution was equilibrated at 2O*O”C with air 
saturated with water and at the ambient barometric pressure. The conditions for quantita- 
tive reduction of the dissolved oxygen were then determined with the resulting cadmium 
concentration as a measure. 

The time required for equilibration at 2O*O”C was determined starting both from over- 
and under-saturated solutions. They were produced by vigorous shaking with air at 15 
or 25°C for a minute followed by rapid warming or cooling to the experimental tempera- 
ture. The results are given in Table 4. It appears that equilibrium has been attained after 
I20 min. and to at least 99.7% even after 90 min. In the following experiments the equilib- 
rium was assumed to be attained after 90 min when the solution had been shaken with 
air at 20°C immediately before starting. 

The reduction as a function of the flow-rate was then determined. The results are given 
in Table 5. The experiments on the reduction of hydrogen peroxide, Table 1, indicated 
quantitative reduction of oxygen at flow-rates somewhat lower than I2 bed-volumes/min. 
This is confirmed by the results of Table 5. Quantitative reduction has been obtained at 
flow-rates of 10 bed-volumes/min and lower. The reduction is rapid; even at a flow-rate 
of 33 bed-volumes/min 98.5% is reduced. 

From the I6 results of Tables 4 and 5 obtained at equilibrium or for quantitative reduc- 
tion, a mean oxygen concentration of 566.9 ,uM, or 9.070 mg/l. in the imidazole buffer solu- 
tion, is calculated. The standard deviation of a single result is 0.42 w or DO07 mg/l. re- 
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Table 5. Reduction of dissolved oxygen as a function of flow-rate. Temperature 2O.O”C. The results are corrected 
to correspond to air saturated with water at 2@O”C and 760 mmHg 

Flow-rate, 
bed-volumes/min 

Concentration of Cd (or 0) found, 
FM 

33 
20 
10 
5 

Bed dimensions: 011 cm’ x 2.7 cm = @30 cm3 

B = 758.8 mmHg B = 751.1 mmHg 
559.7 558.5 
564.1 5638 
567.1 566.4 
567.1 567.2 

Bed dimensrons: 0.36 cm’ x 5.5 cm = 20 cm3 

B = 7&5 mmHg B = 756.7 mmHg 
567.1 567.5 
5663 566.5 
566.1 567.1 
5665 567.5 

spectively. The solubility of oxygen in pure water under the actual conditions can be esti- 
mated if the decrease in solubility caused by the buffer substances is, as a rough correction, 
set equal to that obtained in OOlM sodium chloride. The latter is calculated from the 
tables given by Truesdale et al.’ ’ to be 0.028 mg/l. Applying this correction, the solubility 
of oxygen in water in equilibrium with air saturated with water vapour at 2O*O”C and 760 
mmHg is estimated to be 9.098 mg/l. The uncertainty of the correction is estimated to 
be within 0.01 mg/l. 

The most reliable values for the solubility of oxygen in water at a pressure of 760 
mmHg are probably thosegiven by Klots and Benson,” ~fGrassh0ff.l~ From these, and 
accepting Carpenter’s14 value for the oxygen content of air, 20*94’% by volume, the actual 
solubility is calculated to be 9.094 mg/l This agrees with the estimated value within the 
uncertainty of the latter. 

DISCUSSION 

From the results obtained here it should be possible to develop a method for the deter- 
mination of oxygen in water or dilute water solutions. For every kind of sample, however. 
the preliminary treatment and the conceivable presence of interfering substances must be 
considered. 

The preliminary treatment of a sample implies that its pH must be adjusted to near 
7 with a buffer which is able to keep cadmium in solution, and this must be done without 
altering the oxygen content of the sample in an unknown way. In some cases neutralization 
by acid or base must precede or be combined with the final adjustment, but in many cases 
it should be adequate to make the sample 0.OlM with respect to the imidazole buffer used 
here. A 5M stock solution of this buffer can be made, and the volume needed of this is 
only 02J?0 of the sample volume; in this way the correction for the oxygen content of the 
buffer solution will be small and may in many cases be omitted. The addition may be done 
as for the addition of reagents in the well-known Winkler method or, in flow-systems like 
that of the Technicon Auto-Analyzer, before the reductor step so that the sample/buffer, 
volume ratio is kept constant. 
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Apart from metal ions such as Cd2’ or Zn2+ which will pass through the reductor un- 
changed and then be titrated, interfering substances are those which are reduced, produc- 
ing cadmium ions, and those which interfere with the cadmium determination proper; a 
combination of both may occur. An interfering substance of the former type is for instance 
nitrate, which at pH 7 is reduced to nitrite. Its occurrence in natural waters limits the 
use of the method for this kind of sample. In principle, however. if its concentration is low 
compared with that of the oxygen, a correction may be applied by determination of nitrite 
before and after reduction. A possible alternative is to remove nitrate ion by the acetate 
or sulphate form of an anion-exchanger, in a flow-system introduced before the addition 
of the buffer. 

The nature of the substances interfering with the cadmium determination depends, of 
course, on the method used. In the titration method used in this paper, larger amounts 
ofchloride, as in sea-water, destroy the potential jump by complexation with the mercuric 
ions participating in the electrode reaction. Removal of chloride by evaporation with some 
appropriate acid before titration is possible but will considerably lengthen the procedure. 
The difficulty may also be avoided by using a visual indicator but probably with a lower 
precision. The presence of calcium and magnesium in reasonable concentrations should 
not interfere, especially if the titration pH is kept as low as possible. 

Acknowledgement-The author wishes to express his thanks to Professor B. Nyglrd for the facilities put at his 
disposal. 
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R&sum&On a ktudk par deux voies la reduction de l’oxygene en solution aqueuse par le cadmmm 
precipite electrolytiquement, utilid dans une colonne a reduction. Premierement on a trouve les 
conditions pour la reduction quantitative par analyse de l’effluent pour le peroxyde d’hydrogtne 
forme en tant qu’intermtdiaire de reactton. On attire I’attention sur le fait qu’un effluent exempt 
de peroxyde d’hydrogene implique aussi la reduction quantitative de tout I’oxygene dissous. Les 
consequences pratiques sont degagees. On effectue aussi une comparatson avec quelques autres 
appareils a reduction. Deuxiemement, l’oxydation du cadmium precipite tlectrolytiquement par 
l’ion hydrogene est fortement inhibee, de sorte qu’a pH 7 il est possible de determmer l’oxygtne 
comme la quantite tquivalente d’ion cadmium produite dans la colonne a reductton. On a deter- 
mine les conditions de reduction quantitative de l’oxygene et l’on a trouve qu’elles sont en accord 
avec celles obtenues par la premiere mbthode. Des resultats on esttme la solubilite de l’oxygene 
dans l’eau en Cquilibre avec I’air, et la trouve en accord avec un resultat public consider6 comme 
stir. On donne un schema dune mithode pour le dosage de I’oxygene en solution aqueuse par 
mesure de la quanttte d’ions cadmium produite. 
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Zuaammenfasaung-Dte Reduktion von Sauerstoff in wa5riger Losung durch elektrolytisch 
gefalltes Cadmium in einer Reduktomaule wurde auf zwei Arten untersucht. Zuerst wurden durch 
Analyst dcr ahtlie5enden Losung auf das als Zwischenprodukt gebildete Wasscrstolfpcrorid d~c 
Bedmgungen fir eine quantitative Reduktion gefunden. Es wird darauf aufmerksam gemacht, da5 
eine von Wasserstoffperoxid freie abflie5ende Losung ebenfalls die quantitative Reduktion alles 
gelosten Sauerstoffs bedeutet. Die praktischen Konsequenzen werden dargelegt. Es wird such ein 
Vergleich mit einigen anderen Reduktoren angestellt. Zweitens ist die Oxidation von elektrolytisch 
ahgeschiedenem Cadmium durch Wasscrstoffionen stark gehemmt; deswegen kann man bei pH 
7 Sauerstoff bestimmen alsdie lquivalente Menge zu den in der Reduktorsiiule erzeugten Cadmium- 
ionen. Die Bedingungen Nr die quantitative Reduktion von Sauerstoff wurden ermtttelt; es 
waren dieselben wie die auf die erste Methode gefundenen. Aus den Ergebnissen wurde auf die 
Loslichkeit von Sauerstoff in Wasser geschlossen. das mit Luft im Gleichgewicht steht; der erhal- 
tene Wert stimmte einem in der Literatur angegebenen. als zuverktssig betrachteten Wert iiber- 
ein. Fiir die Restimmung von Sauerstoff in wH5riger Losung durch Messung der erzeugten 
Cadmiumionenmenge wird eine Arbeitsvorschrift skizziert. 
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Summary-A titration apparatus plotting either the concentration of sample ion or the concen- 
tration of titrant ion has been tested. An antilog apparatus, converting measured e.m.f. values 
into concentrations is connected to ordinary tnration equipment. The instrument has been tested 
by means of acid-base titrations (titrations of mixtures of weak acids and of a weak and a strong 
acid). precipitation titrations (determination of the chloride concentration in tap-water, titration 
of mixtures of halides). titrations with ron-selective electrodes (determination of the fluoride content 
of toothpaste) and complexometric titrations (determination of copper with EDTA, using mer- 
curlc ion as indicator ion and amalgamated silver rod as indicator electrode, or using a copper- 
selective indicator electrode). The method considerably simplifies the evaluation of the results as 
compared to conventional potentrometric titrations. 

Evaluation of titrations by using Gran functions has gained popularity during recent years, 
even outside Scandinavia. The method was first presented at the first IUPAC Congress 
in Analytical Chemistry, held in Oxford in 1952. At that meeting the present author’ 
pointed out that the use of antilogarithmic-linear paper would simplify the calculation of 
the Gran function. The idea was taken up in 1970 by Orion Research Incorporated.’ 

Evaluating a titration curve according to the Gran method is also a simple task if one 
has access to an electronic computer, and computer programs have been published by, 
among others, Dyrssen, Jagner and Wengelin. 3 However, as far as the present author has 
been able to find out, nobody has until now designed a titration apparatus for recording 
concentrations from measured pM, pH or e.m.f. values, i.e., for the direct recording of a 
Gran plot. 

This paper describes some attempts to utilize for this purpose the possibilities offered 
by modern electronics. The instrument that was used for analogue calculation of antilogar- 
ithms was made by Optilab AB Stockholm. It works in the following manner. 

To transform a logarithm pM to the corresponding number 10TpM the instrument utilizes 
an “exponential ramp” that results when a capacitor is discharged through a resistor hav- 
ing a constant resistance value. The principal advantages of the method which has been 
successfully tested in other instruments, are that it is very accurate and nearly independent 
of temperature variations. This is a necessity for obtaining results of the high quality 
required. A linear ramp is run simultaneously with the exponential ramp. When the volt- 
age of the linear ramp attains the value pM, the exponential ramp is interrupted and its 
voltage is transferred to a memory. The ramping is repeated about ten times a second and 
the output signal of the memory is consequently roughly continuous. 

The antilog apparatus is inserted between the pH-meter and the recorder in a recording 
titration apparatus and the recorder then plots the concentration of the indicator ion as 

1269 
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a function of the volume of added titrant. The titration apparatus was a Metrohm Poten- 
tiograph Model E336 A, equipped with a piston burette, the piston being driven syn- 
chronously with the recording paper. For measuring pH-values an Orion digital pH- 
motor Model 701 was used. 

Fig. 1. Schematic diagram of the apparatus. A-titration vessel with electrodes and stirrer. C- 
motor, driving the piston of burette B, the paper of the recorder D and a helipot R, in the volume- 

correcting unit E (refer to Fig. 2). F is the antilog apparatus and G a pH-meter. 

Naturally, it is not practical in an acid-base titration to convert the entire pH range O- 14 
into a single linear scale. If the recorder is adjusted to full deflection at pH 0, the reading 
will be l/100 of full deflection at pH 2, and at pH 3 only l/1000 of the full scale value; 
at still higher pH values the reading will rapidly approach zero. Therefore, one feature of 
the instrument is the possibility of selecting the most suitable measuring range. After the 
equivalence point in the titration it is more interesting to record l/[H] or K,/[H], i.e., 
[OH] instead of [H]. The instrument performs the necessary switching automatically. A 
flow-scheme is given in Fig. 1. 

The pH-meter is used as a millivoltmeter and no readings are taken during the course 
of the titration. The measured e.m.f. for a certain ionic species M is given by 

E, = Et + (RT/nF) ln[M], (1) 

where E!_? = EL + Eref + (RT/nF) lny, + junction potentials. Ei denotes the normal 
potential, Errf the potential of the reference electrode, yw the activity coefficient and [M] 
the concentration of the ion M”’ . The notation E, indicates that the equation is valid for 
concentrations instead of activities. According to equation (l), 

CM] = 1O(K-EO)nlQ = 1oWQ x 1()-E""lQ, 
(2) 

where Q = (R7ln 10)/F. The last factor in equation (2) is a constant if E&, Erer, yM and 
the junction potentials remain constant. The e.m.f. value E, is divided by Q in the pH- 
meter, whereas the multiplication by n is made in the antilog apparatus. The Ez value may 
be adjusted with the calibration control and the value of Q with the temperature control 
of the pH-meter. Thus we finally have 

m] = constant x antilog(E,n/Q). (3) 

This quantity [M] is recorded by the instrument. Usually, it is not necessary to know 
the value of the constant. It is, however, possible to determine its value by calibration with 
known concentrations of M. In order to ensure linear Gran plots, it is necessary that the 
Q-value is not only constant, but also correct. 

The use of the apparatus is best made clear by some examples. In this paper some acid- 
base, precipitation and complexation titrations will be presented. 
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Fig. 2. Schemattc diagram of the volume corrector. A is an operational amplifier, R, and R, heli- 
pots having maximum resistance 50 WT and R3 a helipot having 10 kR maximum resistance. 

Example 1. 7ination of a strong acid 

In the titration of a strong acid with a strong base, the concentration of hydrogen ions 
decreases linearly with the volume of base added before the equivalence point. After the 
equivalence point, the hydroxide ion concentration increases linearly with the volume of 
added base. In both cases the recorded values should be corrected for dilution. 

Consequently, if 
(a) before the equivalence point (I& + V) x [H] x constant and 
(b) after the equivalence point (V, + V) x l/[H] x constant 
are plotted as functions of V(V, being the volume of the sample solution at the start of 
the titration and Vthe volume of added titrant), two linear branches intersecting each other 
at the equivalence point will result. The correction for dilution can be made with the aid 
of an operational amplifier as outlined in Fig. 2. 

ml 

Fig. 3. Titrations of hydrochloric acid with OlM sodium hydroxide. Before the equivalence point 
( V, + t’)[H] and after the equivalence point (V,, + V)/[H] were recorded in arbitrary units as func- 
tions of the volume of added titrant. Different sensitivities were used for the different titrations (a) 
and (h). The peak at (c) is due to the automatic switching from [H] to l/[H] causmg electric 

interference. 
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A is an operational amplifier and R1, RZ and R3 are variable resistors. The output of 
the antilog apparatus is connected to the points marked Ui, and the recorder to the points 
marked UoUt. The maximum resistance of R3 is 1Okn and it is connected to the piston 
burette so as to have zero resistance at V = 0 with an increase of 500 R for every ml of titrant. 
The resistance values of R 1 and Rz are V, x 500 R. According to the rules for operational 
amplifiers. 

lJ _R2+R3xU v, + v 
uut - 

RI 
I II 

= - x u,,,. 
vo 

(After the paper was completed, a somewhat simpler solution of the problem of correcting 
for dilution has been published,4 but the circuit cannot be used for multiplication by V 
as required by example 2.) 

Figure 3 shows the curves obtained for a titration of 80 ml of O~OlM hydrochloric acid 
with OlM sodium hydroxide. Sodium chloride was added to both solutions in order to 
achieve a constant ionic strength of approximately 0.5. For Fig. 3a. the sensitivity of the 
instrument was adjusted so as to give full deflection on the recorder at the start of the 
titration and at the point where sodium hydroxide had been added in lo-ml excess. As 
a result, two straight lines that intersect each other at the equivalence point were obtained. 
The antilog apparatus changes the sign of the signal at the equivalence point. The equiva- 
lence volume found was in agreement with the calculated value, 8.05 ml. 

Greater accuracy is achieved by choosing higher sensitivity and recording only the 
region close to the equivalence point, as shown in Fig. 3b. 

Example 2. Titration of a weak acid 

In a titration of a weak acid, for example acetic acid, HAc, the concentration of HAc 
decreases linearly with the volume of sodium hydroxide added before the equivalence 

II i 9 

ml 

Fig. 4. Titration of acetic acid with QlM sodium hydroxide. Branch (a) represents YH] and 
branch (h) (V, + V)[H], both m arbitrary units. After the equivalence point, (VO + k’)/[H] was 

recorded. 
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point. Before the equivalence point, V[H], and after it, (V, + V)/[H] should be plotted as 
functions of Vin order to obtain straight lines intersecting each other at the equivalence 
point (refer, e.g., to Johansson5). The first branch can be recorded by setting R, (Fig. 2) 
at 5OOR and R2 at zero and letting R, increase linearly with the volume of added titrant 
as in the previous example. The titration curve will then start at the origin and pass 
through a maximum value subsequently intersecting the V-axis at the equivalence volume. 
The titration curve is shown in Fig. 4~. The first part of the curve was irregular and is 
therefore not reproduced here. Figure 4h shows the result of plotting (V, + V)[I-Z] and 
(V. + V)/[H] as functions of 1/ This plot also permits a simple evaluation of the equiva- 
lence volume. 

Example 3. Titration of mixtures of weak acids 

Naturally, titration of hydrochloric acid or acetic acid presents no problem even when 
conventional recording titrators are used and the suggested antilog apparatus does not 
have any advantages. However, the picture will be somewhat different when mixtures of 
acids are to be titrated. 

Figure 5 shows the results of titration of different mixtures of formic acid and acetic 
acid. The differences between the curves are large enough to permit evaluation of the con- 
centration of both acids in an unknown mixture by titration. The following procedure is 
recommended. 

ml 

Fig. 5. Tttrations of mixtures of O.lM acetic acid and O.lM formic acid in the proportions 10 + 0, 
8 + 2. 6 + 4. 4 + 6. 2 + 8, 0 + 10 ml (a-J. Before the equivalence point. [H] was recorded. The 
full-scale deflectron corresponded to [H’] = 10e4M and the scale was calibrated by using IM ace- 
tic acid + 1M sodium acetate buffer, which corresponds to [H’] = 3.16 x 10e5M. After the equi- 

valence point. I/[H] was recorded in arbitrary units. 
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A solution having a known concentration of hydrogen ions is used to adjust the antilog 
apparatus. As an example, [H] may be O-316 x 10eSM. i.r, -log[H] = 4.50, the result 
of mixing equal amounts of 1M acetic acid and 1M sodium acetate solutions. (The 
notation -log[H] is used in place of pH to stress that concentrations are used instead 
of activities.) The titrations shown in Fig. 5 were made in this way, the ionic strength being 
kept constant at 05 by addition of sodium chloride to the solutions. 

The concentrations of formic acid and acetic acid can be calculated in the following way. 
Assume that V, ml of a solution having concentration C,,r of formic acid (HFo) and Co2 
of acetic acid are titrated with Vml of strong base having concentration Ca. The formic 
acid consumes V,, ml and the acetic acid V,? ml of the titrant at equivalence. The elec- 
troneutrality condition 

[Fo-] + [AC-] + [OH-] = [Na’] + [H’], 

and’the equilibrium conditions 

L-HAcl 
KHAN = cH1 CAcl ; KHF<~ = 

CHFol 
WI [Fol’ 

yield 

VOG, 
1 + CHIKHF, + 

vcl co2 
1 + L-W& 

= VC,s + (V, + WCHI - WCW), 

or 

V. 

1 + C&H,,, + 
Vd 

1 + CWLc 
= V + (V, + W-W’,,, (4) 

if [OH-] may be neglected when the solution is acidic, 
We may rewrite equation (4) as follows: 

++!+, 

where r = 1 + [H]K,,,, 
s = I + [H]K,,, 
t = V + (V, + V)[H]/C, 

If we write V, = V,, + Vcz we finally get 

v, _ r(V, - 4; 
LI 

vL, = s(v, - rt) ,- I 

I’ - s s-r 

A number of points on the titration curve may be used for the calculation of V,, and 
V,,. Since the calculation is made without a computer it is most convenient to choose some 
suitable [H] value, e.g., 10m4M. Further, V, is easily read from the titration curve. 

Esample. Curve c in Fig. 5. A mixture containing 6.00 ml of O.lM acetic acid, 4.00 ml of 
0 1 M formic acid and 70 ml of 0.5M sodium chloride solution was titrated with a solution 
0 1 M in sodium hydroxide and @4M in sodium chloride. V, = 1000 ml and V = 440 ml 
at [H] = 10e4M are read off the curve. With KHF,, = 0.31 x lo4 and KHAE = 3.16 x lo4 
(valid at the ionic strength in question) we get I’ = 1 + @31. s = 1 + 3.16 and f = 4.40 + 
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Fig. 6. Titrations of acetic acid and hydrochloric acid with 0-1M sodium hydroxide. Curve (a) pure 
acetic acid, curve (c) pure hydrochloric acid and curve (b) 5 + 5 ml mixture of acetic acid and hy- 

droeh|oric acid. Refer to the caption of Fig. 5. 

I I I I J I L J i  
I 2 3 4 5 6 0 I 2 0 I 2 3 

ml 

Fig. 7. Titrations of dilute solutions of chloride ion. (a) Titration of distilled water. (b) titration 
of 80ml of 6-25 × 10-4M sodium chloride, and (c) and (d] titrations of tap-water, Only (Vo + 

V)[Ag'l, i .e. ,  the branch resulting after the equivalence point, was recorded, in arbitrary umts. 
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Fig. S(a). 
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ml 

Fig. 8th). 
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Fig. 8(c). 
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Fig. 8, Titrations of halide mixtures. Branch a represents precipitation of the least soluble silver 
halide, d represents excess of  silver ion. [a) Bromide + chloride: (hi iodide + chloride: lc} iodide + 
bromide:  (d) iodide + bromide + chloride. When the titration of  one of the components  was com- 
plete, the deflection of the recorder pen was zero. The sensitivity was then increased by manual 

adjustment and the titration continued. 
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85 x 10e3. Consequently, we find V,, = 3.99 ml, VeZ = 6.01 ml, as compared with the true 
values 4.00 and 6.00 ml. 

Example 4. Titration of a mixture of a strong and a weak acid 

A solution containing 5.00 ml of O*lM hydrochloric acid and 5.00 ml of 0.1 M acetic acid 
was titrated in the same way as described in example 3. The calculations are analogous, 
the only difference being that K nc, is put equal to zero. Figure 6 shows the titration curves 
obtained by titrating the mixture and 10ml of each of the acid solutions composing the 
mixture. V = 6.12 ml at [H] = 10T4M, and V, = 10.03 ml, are read off the diagram, yield- 
ing V,, = 5.01 ml (for the hydrochloric acid) and Vez = 5.02 ml (for the acetic acid) as 
compared to the true values 5.03 and 5.00 ml, respectively. 

When titrating according to examples 3 and 4, no correction should be made for the 
dilution. 

Example 5. Titration of halide ions with silver ion 

The titration of a single halide in, e.g., O*OlM concentration in aqueous solution is 
simple and no titration curves will be given here. As may be predicted the curves consist 
of two straight branches; the halide ion concentration decreasing before and the silver ion 
concentration increasing after the equivalence point linearly with the volume of added 
titrant. When the concentration of halide ions is low, it is often advantageous to consider 
only the branch recorded after the equivalence point. Figure 7 shows the curve obtained 
by titration of 80 ml of 6.25 x 10d4M sodium chloride (approx. O*lM with respect to nitric 
acid) with O*OlM silver nitrate. The consumption is 5.06 ml, the true value 5.05 ml. In the 
same figure, the results of two titrations of 75 ml of tap-water + 5 ml of 2M nitric acid 
are shown. According to both titrations, the tap-water contains 12.3 mg of sodium chlor- 
ide, per litre, the accepted value being 12 mg/l. 

Fig. 9. Determination of fluoride in toothpaste. (a)Titration ofa blank with 0.0% sodium fluoride 
solution. (h) Titration of 2 g of toothpaste in the same way as m (a). 
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Fig. 10. Titration of 5 ml of 0.05M copper sulphate with @OSM EDTA. (a) Mercuric Ion as indi- 
cator ion and an amalgamated silver rod as indicator electrode. (b) Cu(II)-selective electrode as 

indicator electrode. 

Figure 8 shows results for some titrations of mixtures of halides. With only two com- 
ponents present, the results are correct. With chloride, bromide and iodide all present, the 
concentration of iodide and the sum of the halide concentrations are correct, but the bro- 
mide concentration is about 8”,b high. 

All these titrations were performed with a Beckman silver/silver chloride electrode and 
an Orion double-junction reference electrode Model 90-02-00 having 05M potassium 
nitrate in the outer sleeve. 

Example 6. Determination of.jluoride in toothpaste 

j, convenient way of determining fluoride (not monofluorophosphate) in toothpaste is 
by making standard additions of fluoride and measuring the e.m.f. of a fluoride-selective 
electrode after each addition. The results may be evaluated by using a Gran function and 
extrapolating. The results of one such titration are presented in Fig. 9. obtained by titrating 
2.0 g of toothpaste with 0.05M sodium fluoride. The sodium fluoride solution was added 
very slowly, the time consumed by the entire titration being 15 min. The result, 2.05 mg 
of sodium fluoride per gram of toothpaste should be compared with the published value. 
about 2 mg/g. 

The indicator electrode was an Orion fluoride-selective electrode Model 94-09-00 and 
the reference electrode was Orion Model 90-02-00 with double junction. 

Example 7. Cornplexatiorl titratiort 

In complexation titrations. it is sometimes advantageous to follow the titration with the 
aid of an indicator ion. Silver ions and mercuric ions are often used for this purpose, pri- 
marily because good electrodes can be made that respond to these ions. Gran curves have 
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proved useful in the evaluation of the titrations. The problem has been treated by Johans- 
son6 among others. The titration presented in that paper has been repeated. using the anti- 
log apparatus. The titration curve is shown in Fig. 10. 

A solution prepared by mixing 5 ml of 0*05M copper sulphate, 25 ml of O.lM sodium 
acetate, 25 ml of DlM acetic acid and 45 ml of water was titrated with 0*05M EDTA. Mer- 
curic ion, added in the form of its complex with EDTA, was used as indicator ion (0.25 ml 
of O*OlM HgEDTA was added). As indicator electrode an amalgamated silver rod was 
used and the reference electrode was an Orion Model 90-02-00 double-junction reference 
electrode. The equivalence volume of the titration was 5.10 ml (calculated value 5.10 ml). 
Figure 10 also shows the results of a titration made without addition of indicator ion, but 
with use of a copper(selective electrode (Hansen, Lamm and Ruzicka type’) as indicator 
electrode. The resulting equivalence volume was the same but the titration was slower. 
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R&sum&-On a essayi un appareil de titrage tracant, soit la concentration de l’ion de la prise d’es- 
sai, soit la concentration de l’ion agent de titrage. Un appareil antilog, convertissant les valdurs 
mesurees de la f.C.m. en concentrations, est connecte a un Cquipement de titrage ordinaire. On a 
essaye l’instrument au moyen de titrages acide-base (titrages de melanges d’acides faibles ou dun 
acide faible et d’un acide fort), de titrages par precipitation (dosage de la concentration en chlorure 
dans l’eau du robine: dosage de melanges d’halogenures), de titrages avec des electrodes specifiques 
(determination de la teneur en fluorure de pate dentifrice) et de titrages complexometriques 
(dosage du cuivre par I’EDTA, utilisant l’ion mercurique comme ion mdicateur et une tige d’argent 
amalgame comme electrode indicatrice, ou utilisant une electrode indicatrice spicifique du cuivre). 
La mtthode simplifie considerablement l’ivaluation des risultats par comparaison aux titrages 
potentiometriques classiques. 

Zusammenfassung-Ein Titrationsgerlt wurde ausprobiert. das entweder die Konzentration des 
Probenions oder die des Titrantenions aufzeichnet. An das gewohnliche Titrationsgerlt wird ein 
Antilog-Umsetzer angeschlossen, der die gemessenen EMK-Werte in Konzentrationen umwandelt. 
Das Instrument wurde mit Siiure-Basen-Titrationen (Titrationen von Gemischen schwacher 
Sauren und einer schwachen und einer starken Slure), Fallungstitrationen (Besttmmung der Chlor- 
idkonzentration in Leitungswasser. Titration von Halogenidgemischen). Titrationen mit ionense- 
lektiven Elcktrodcn (BesGmmung dcs Fluoridgehalts von Zahnpasta) und komplexometrische 
Titrationen (Bestimmuna von Kupfer mit EDTA mit Quecksilber als Indikatorion und einem 
amalgamierten Silberstalb als Indikatorelektrode oder mit einer kupferselektiven Indikatorelek- 
trode) getestet. Die Methode vereinfacht die Berechnung der Ergebnisse betrachthch verghchen 
mit ilblichen potentiometrischen Titrationen. 
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Summary-Studies were made of the solvent extraction of cadmium(H) from hydrochloric acid into 
a tri-n-octylamine-cyclohexene mixture. Distribution ratios. as a function of amine and acid con- 
centration. were determined and this information was used to establish optimum extraction condi- 
tions and the probable nature of the extracted species. This system was used as the basis for the 
development of a reversed-phase column chromatographic technique for preconcentrating Cd(H). 
The amine-cyclohexene phase was coated on an inert macroreticular resin (XAD-2) to provide a 
stable column. With this system Cd(H) in acidified water samples as large as 3 1. may be concen- 
trated to 10 ml and determined by conventional atomic absorption. Interferences were studied, and 
the method was applied to the analysis of fresh-water streams for Cd(I1). 

The majority of analytical methods for trace cadmium in natural-water systems involve 
direct flame atomic-absorption or solvent extraction followed by flame atomic-absorption 
or ultraviolet-visible spectrophotometry. ‘-’ The direct technique suffers from lack of sen- 
sitivity, the limit for most commercial instrumentation being 0.01 pg/ml, well above the 
actual cadmium concentration in most aqueous systems. Solvent extraction methods, 
although increasing sensitivity, generally require a large volume of organic phase. Recently 
flameless atomic-absorption has shown promise although the instrumentation is special- 
ized and, in most cases, quite expensive.’ 

The purpose of this present work was to develop a reliable, sensitive and inexpensive 
column chromatographic method for preconcentrating cadmium(I1) from natural-water 
samples. The aqueous solution to be analyzed is made 1M in hydrochloricacid and is the 
mobile phase. The liquid ion-exchanger is tri-n-octylamine (TOA) dissolved in cyclohexene 
and is the stationary phase. 

The system Cd(IJ)/H20/HC1~OA/cyclohexene was investigated from the standpoint of 
liquid-liquid solvent extraction and reversed-phase column chromatography. The solvent 
extraction studies were used to find optimum retention conditions for preconcentration 
on the column. Reference was made to reversed-phase paper chromatography data in 
order to ascertain the behaviour of potentially interfering ions.’ 

EXPERIMENTAL 

.Apparattrs 

4romc-ahsorptiou specrrophotorneter. A model AA5 Varian Techtron atomic-absorption spectrophotometer 
fitted with a 100 x 0.5 mm Techtron burner. a Varian cadmium hollow-cathode lamp, and a Leeds & Northrup 
Model 680 potenttometrtc recorder. 

* Present address: Chemistry Department. University of Maryland, College Park, Maryland 20740, U.S.A. 
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The optimum working conditions were: 
Wavelength 228.8 nm 
Lamp current 3mA 
Bandpass 0.200 nm 
Scale expansion variable to x IO 
Flame air-acetylene 

Pressure and flow-rate of fuel and oxidant were adJusted to give maximum signal for cadmium m the desired 
matrix. 

Potentiomerric measurements. A Leeds & Northrup expanded-scale pH-meter (Model 7410) was used. Cad- 
mtum and copper concentrations were determined with Orion model 94-48A and 9429A ion-selective electrodes 
and pH was determined with a Leeds & Northrup Model 117169 glass electrode. The reference electrode for 
both systems was an Orion 90-91 Ag-AgCl cell. 

Reagents 

Cadmium standard solution. ACS reagent-grade CdCl, .2+ HZ0 was dissolved in demineralized water and stan- 
dardized against EDTA by potentiometric titration. the cadmtum ion-selecttve electrode beme used. The EDTA 
was previously standardized against reagent-grade copper by means of the copper ion-selective electrode. 

All other chemicals were reagent grade, with the exception of tri-n-octylamine and cyclohexene, which were 
practical grade. 

Resuis. XAD-2 and XAD-7 (Rohm & Haas) were ground m a Waring blender, sieved. washed with solvents 
of various polarities and air-dried at 90°C. 

Procedures 

Liquid-liquid solvent extraction. Organic phases studied were 5.0. 10.0. 15.0 and 20.0”; v/v TOA m cyclohexene 
Equal volumes (30 ml) of the organic and aqueous phases [the aqueous phase containing varying concentrations 
of hydrochloric acid and Cd(H)] were shaken for 5 min (sufficient time for eqmlibration) m a 125 ml separatmg 
funnel. The phases were allowed to separate and a 25 ml aliquot of the aqueous phase was taken for determma- 
tion of cadmium by a standard-addition procedure. 

The aliquot was neutralized with aqueous ammonia, a standard amount of Cd(H) stock solution was then 
added, the solution was diluted to volume and the Cd(U) concentration determined by atomic-absorption spec- 
trophotometry (AAS). The concentration of Cd(I1) in the organic phase was determined by material balance. and 
distribution ratios(D) were calculated as a function of amine and acid concentration. 

Reversed-phase column chromatography. The inert macroreticular resin XAD-2 (or XAD-7. which was also m- 
vestigated) was slurried with ethanol. It was then packed to a height of 8 cm in a I.2 x 14 cm glass tube fitted 
with a Teflon stop-cock and a I mm diameter tip. A 25 ml aliquot of 5% v/v TOA solution m cyclohexene was 
used to displace the ethanol and was sorbed by the resin. Then the interstitial cyclohexene solution was displaced 
with demineralized water under slight air pressure. The interstitial volume (4.8 ml) and the volume of the station- 
ary liquid phase (4-3 ml) were determined.’ 

Before use, each column was washed with 100 ml of 025M hydrochloric acid which had been pre-equilibrated 
with the organic phase. Then 2+)Oml of I.314 x lO-‘,Vf Cd(H) in @25M hydrochloric acid were added to the 
column and the cadmium was eluted with 025M hydrochloric acid at a flow-rate of 3-5 mlimin. Fractions were 
collected, neutralized and analysed for Cd(H) by AAS. An elution curve was constructed and the “breakthrough” 
point and* (retention volume) were determined. These values were used to estimate stmilar quantities on columns 
with higher concentrations ofTOA/cyclohexene through the expression relating 6 to the experimentally obtamed 
solvent extraction distribution ratio. This allowed the choice of resin, column condittons and acid molarity so 
that the “breakthrough” volume was sufficiently large for retention ofall Cd(H) from acidified natural-water sam- 
ples as large as 3 I. in volume. 

EIution of the sorbed cadmium. It was necessary to find an efficient eluent which would remove most (or all) 
of the cadmium from the column in the smallest possible volume. Several systems were tested. among them being 
water, various organic solvents (to remove the cadmium through removal of the stationary organic phase) 
aqueous ammonia or ammonia-ammonium acetate buffer. sulphuric acid, EDTA and ethylenediamine. The 
effect ofconcentration and pH was studied for each system. The most efficient was found to be I,OM ammoruum 
sulphate/O.lM EDTA/water adjusted to a pH of 5.5. 

An elution curve for each eluent was prepared by sorbing a known amount of Cd(H) in l)M hydrochloric acid 
onto the column. eluting with the desired solution and then determmmg the concentration of cadmium m I.O-ml 
fractions of the eluent. 

Preconcentration and analysis ofnatural-water samples. Coarse XAD-2 resm was ground m an electric blender. 
sieved to 60-80 mesh. and washed wtih acetone; the fines were decanted. and the resin was dried at 90’C for 
2 hr. The prepared resin was slurried with 25.0 ml of 2094 v/v solution of TOA in cyclohexene. then packed into 
a column 8 cm in height and equilibrated with IM hydrochloric acid. The excess of organic phase was removed 
by using moderate air pressure during the equilibration, to minimize subsequent column bleed. Synthetic stan- 
dards were prepared from a stock Cd(I1) solution and made IM m hydrochloric acid. Natural-water samples 
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Table 1. Preconcentration as a function of mitial sample volume 

Aqueous Cont. HCI Total Eluate Cd(H) 
std., ml added. nrl vol.. ml collected. ml recovered ‘:;, 

917 83 loo0 10.0 92 f 2 
1834 166 2000 100 89 + 2 
2751 249 3000 10.0 90 + 3 

* Preconc. factor = Sample volume/eluate volume x fraction of Cd(H) recovered. 

Preconc. 
factor* 

84 
163 
248 

were collected in 1 gallon polyethylene containers. acidified immediately (to IM) with hydrochlorrc acid and 
refrigerated (2-3’C) for 24 hr before analysis. The reference solution was demineralized water made IM in hydro- 
chloric acid. 

A srphon arrangement was used to feed continuously 1, 2, or 3 1. of samples or reference solution through 
the column at a flow-rate of 5 k 1 ml/min. A loop was inserted in the siphon so that the system would shut 
otTautomatically. thus allowing unattended overnight operation. 

Excess of acid was removed by washing the column with 25.0 ml of demmeralized water at a rate of 3 ml/min 
and discarding the wash. The eluent (prevtously described) was added, the first 2.5 ml of eluate discarded. and 
a IO.0 ml fraction. which contained the cadmium was collected in a volumetric flask at a flow-rate of 1 ml/min. 
(It may be necessary to add 3 drops ofconc. ammonia solution to the flask to prevent precipitation of the EDTA. 
This also raises the pH to protect the nebulizer from corrosion.) 

The cadmium in the eluate was determined by AAS. The calibration curve was prepared by means of a series 
of standard solutions of Cd(I1) in eluent. and a correction was applied for a blank test on reference solutions 
treated in the same way as the samples. From the recovery data (Table 1) and the original sample volume before 
acrdification. the initial cadmium ion concentration was calculated. 

RESULTS AND DISCUSSION 

Diwihution ratios 

Distribution ratios for Cd(I1) were measured for various concentrations of hydrochloric 
acid in the aqueous phase and of TOA in the organic phase. A plot of log D us. log POA] 
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Fig. I. Distribution ratio as a function of HCl concentration. 0 Kraus and Nelson’s data” for 
Dowex-I amon-exchange resin. 0 Our data for 5.0:,; (v/v) TOA in cyclohexene. 
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yields a slope of 2.0. This implies a combining ratio of two protonated amine molecules 
for each tetrachlorocadmium anion. This is consistent with previous observations.” 

The effect of hydrochloric acid concentration on the distribution ratio for Cd(H) at 
constant TOA concentration is plotted in Fig. 1. For purposes of comparison. data for 
Cd(I1) and an ion-exchange resin (hydrochloric acid system)’ ’ are also shown. As expected. 
the behaviour of the two systems is similar. However. the liquid anion-exchanger, TOA, 
was chosen for this application because the efficiency may be enhanced by increasing the 
amount of TOA on the column. 

Column conditions 

The resin. XAD-2 and XAD-7 were investigated as possible inert solid supports for the 
organic phase. Elution curves for Cd(II), using 0*25M hydrochloric acid and 5y0 TOA. 
were obtained for each resin. XAD-2 produced a 0 of 1340 ml whereas that for XAD-7 
was only 360 ml. The expected value of 6 (assuming no synergistic resin effect) was calcu- 
lated from the equation 

V = DV, + V,, 

where V is the theoretical retention volume (column chromatography), D is the distribution 
ratio (solvent extraction), V, is the volume of the stationary liquid phase on the column 
(4.3 ml) and V,,, is the interstitial volume of the column (4.8 ml). The expected 0 was found 
to be 1380 ml, which was in excellent agreement with the experimental value obtained for 
the XAD-2 column. As a result XAD-2 was chosen as the solid support. 

The organic phase. TOA was chosen because of its ability to extract metal ions which 
can form anionic chloro-complexes. Cyclohexene was chosen because of its inertness and 
low solubility in water (Q 0.1%). 

Acidity. Hydrochloric acid (1M) was used for all preconcentration studies. This ensures 
a satisfactory concentration with the minimum dilution of sample. 

Elution of Cd(Zl). To achieve the greatest tireconcentration factor it is necessary to 
remove reproducibly a large (but not necessarily quantitative) fraction of the Cd(I1) in a 
small volume of eluent. Of the several combinations investigated, the most efficient com- 
bined a prewash with water followed by elution with a solution l*OM in ammonium sul- 
phate and 0-M in EDTA, adjusted to pH 5.5. 

The water wash removes excess of acid from the column, thus shifting the Cd(I1) equilib- 
rium towards elution. The sulphate is a competitive anion for the amine sites, and the 
EDTA aids in complexation of the Cd(I1); the resulting complex ion has a low affinity for 
the organic phase. 

The recovery and reproducibility for different sample sizes are given in Table 1. 

Sensitivity 

The AAS calibration curve for Cd(I1) in the eluent is linear up to a cadmium con- 
centration of at least 1 mg/l. The sensitivity, defined as the concentration corresponding 
to 99’;/, transmittance (or 0.004 absorbance), was found to be 0.03 mg/l. Use of a 3-litre 
sample, incorporating a preconcentration factor of 248, allows the determination of as 
little as 0.12 pg/l. This is below the present Federal government (U.S.A.) standard for cad- 
mium in potable water, which is 0.01 mg/l.” 
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Interf3ences 

The use of a selective quantitative technique minimizes the possibility of serious interfer- 
ence in the final analysis step, as long as all standard solutions are prepared in a matrix 
similar to the eluent. Previous studie?.“.’ ’ o f a mine/hydrochloric acid systems show that 
the metal ions most likely to be present in large amounts in natural-water systems are not 
strongly extracted by TOA. Therefore competition between cadmium and other metal ions 
should not be a serious difficulty. Loss of cadmium to the walls of the polyethylene con- 
tainer has been shown to be negligible,i3 if the solutions are acidic. Trace amounts of cad- 
mium. within reagent-grade tolerances, may be introduced by the acid used. We found the 
actual amount small but variable and dependent upon the “lot’‘-number of the acid. The 
use of the same “lot” of acid and a blank determination minimized this difficulty. 

Analysis of natural-water samples 

Samples were obtained from the Herring Run in Maryland and east branch of the Bran- 
dywine river in Pennsylvania. No previous report of cadmium in the former has been 
found; in the latter, Cd(I1) concentrations between 0.7 and 3Qpg/l. were found by using 
flameless AAS.14 The results obtained by using the present method are shown in Table 
2. 

Table 2. Summary of analyses of natural water samples for cadmium 

I II III 

Sample location 

Depth 
Water temp.. “C 
Air temp.. T 
Stream height 
Season 
Number of replicates 
Cadmium found, &I. 

Herrmg Run E. Brandywine R. 
(Maryland, U.S.A.) (Pennsylvania, U.S.A.) 
surface surface 
0 18 
-5 28 
normal normal 
winter summer 
4 4 
to.12 0.4 

E. Brandywine R. 
(Pennsylvania. U.S.A.) 
bottom 
18 
28 
normal 
summer 
4 
0.4 

In order to show that the water did not contain cadmium in non-ionic form, other sam- 
ples were spiked with known quantities of Cd(H). After a period of time (3 days11 week) 
the samples were analysed according to the procedure above. Recovery of added Cd(I1) 
was quantitative in each case, within the expected experimental error of the method 

Future studies 

Preliminary studies indicate that zinc(H) and mercury(I1) are also efficiently extracted 
by TOA from hydrochloric acid solution. It should be possible to preconcentrate and 
determine Cd, Zn and Hg simultaneously with this system. 

With a modification of the procedure outlined, a direct solvent extraction of Cd(II) is 
also possible and the organic phase may be directly aspirated into the flame, should this 
be more desirable. 

It should be emphasized that the final analysis step is not restricted to flame AAS alone. 
Use of the preconcentration technique with inherently more sensitive quantitative tech- 
niques such as voltammetry or flameless AAS should increase the sensitivity to an even 
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greater extent. Also elution of the Cd(H) with an organic solvent may increase the precon- 
centration factor and improve the AAS sensitivity through solvent enhancement in the 
flame. 

Acknowledyemenr-The authors wish to thank the Towson State College Faculty Research Committee which 
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Rhm&On a effect& des ttudes sur I’extraction par solvant du cadmmm(I1) g partn d’aclde 
chlorhydrique dans un mblange tri-n-octylamine-cyclohextne. On a dttermmi les rapports de par- 
tage, en fonction de la concentration en amine et acide, et cette information a et& utiIi&e pour itab- 
lir les conditions optimales d’extraction et la nature probable de l’espkce extraite. On a utili& ce 
systbme comme base pour le dbveloppement d’une techmque de chromatographie sur colonne a 
phases inverties pour la p&concentration du cadmium(I1). On a recouvert une rksine macrortticu- 
laire inert (XAD-2) par la phase aminecyclohextne pour obtenir une colonne stable. Avec ce 
systeme, on peut concentrer le Cd(H) dans des ichantillons aqueux acidifies aussl grands que 3 1. 
& 10 ml, et le doser par absorption atomique classique. On a etudit les interferences, et la mtthode 
a tt& appliqute g l’analyse de courants d’eau deuce pour le Cd(H). 

Zusammenfassung-Die Extraktion von Cadmium(U) aus Salzslure in ein Gemlsch aus Tri-n- 
octylamin und Cyclohexen wurde untersucht. Die Vertedungsverhlltnisse wurden in Abhlnglgkeit 
von Amin- und S;iurekonzentration bestlmmt; diese Ergebnisse wurden dazu verwendet, die 
Extraktionsbedingungen optimal einzustellen und die wahrscheinliche Natur der extrahterten Spe- 
zies zu ermitteln. Dieses System wurde als Grundlage zur Entwicklung eines s%ulenchromatogra- 
phischen Verfahrens mit umgekehrten Phasen zur Voranreicherung von Cadmium(I1) verwendet. 
Die Amin-Cyclohexen-Phase wurde auf ein inertes grob vernetztes Harz (XAD-2) aufgebracht: so 
wurde eine stabile S;iule hergestellt. Mit diesem System kann Cd(I1) in angetiuerten Wasserproben 
von bis zu 3 1. auf 10 ml aulkonzentriert und mlt liblichen Atomabsorptlonsverfahren bestimmt 
werden. StGrungen wurden untersucht; das Verfahren wurde auf die Bestimmung von Cd(I1) m 
SiiOwasserstrGmen angewendet. 

J.S. 



SHORT COMMUNICATIONS 

DISPOSTTTF DE PRELEVEMENT MICROANALYTIQUE DE 
PRODUITS ALTERABLES 

(Recu le 26 mai 1974. Accepti le 27,juin 1974) 

L’analyse de composes s’alterant rapidement a l’air ambiant qu’ils soient hygroscopiques oxydables, carbona- 
tables. etc.. impose d’effectuer les prilevements et les pesages en atmosphere de gaz inerte, azote ou argon par 
exemple. L‘analyse des memes composes a l’echelle microanalytique exige que soient remplies des conditions 
supplementaires mherentes a la petitesse des prelevements. 

Dans ce domame. l’emploi de pistolets desskhants,‘-4 est limit& aux prtltvements des substances hygroscopi- 
ques dont la tenston de vapeur n’est pas trop Clevbe et qui, plus gentralement, peuvent supporter une elevation 
de temperature: 11 implique. en outre. I’utilisation. non depourvue d’inconvenients de microcochonnets en verre 
ou en siltce comme vehicules de transport et de pesage des prtltvements analytiques (au sein de nacelles). du 
ptstolet a la balance. puis de cette dernitre a l’appareil d’analyse; en effet. le pesage en microcochonnet donne 
heu a reductton de la precision des pesees; en outre, si breve que soit la duke des manipulations du cochonnet 
dans l’atmosphere ambtante. elle est parfois suffisante pour permettre la penetration de fair par diffusion et, en 
consequence. l’alteratton du produit preleve. 

Par ailleurs. en rtgle g&kale. le mrcroanalyste devrait proscrire. avant analyse, tout traitement des produits 
qui lut sont confies (traitement thermique sous pression Cventuellement reduite, voire sous vide, dans le cas de 
I’emplot de ptstolets dessechants). II ne devrait soumettre ces produits a l’analyse que dans les conditions air le 
chimiste demandeur les a prepares et conditionnes. 

D’autres techniques de prelevements de produits alterables ou instables, d&rites darts la litterature, sont 
depourvues de tout caracttre d’unrversalite, qu’elles ne soient applicables qu’a des prtlbvements de liquides 
hygroscopiques.‘,” ou pyrophoriques’.’ ou qu’elles soient spicifiquement adapdes a des methodes ou appareils 
d’analysc particuliers.‘~“’ 

L’emploi de la boite a gants. pour prtlbvements en atmosphere contrblte, est plus universe1 mais comporte 
des mconvenients. surtout a I’echelle microanalytique. En elTet. malgre une consommation plus importante d’a- 
zote et l’emplor de reactifs de&chants. et en raison du volume relativement grand de la boite a gants, il est quasi- 
ment impossible d’obtemr une atmosphere parfaitement s&he et dbpourvue d’oxygene &ns un temps st&wmment 
cowr pour qu’il soit compatible avec des dosages ropides, en skrie. En outre, la necessite d’employer des microco- 
chonnets en verre. pour le transport et le pesage des preltvements analytiques, prtsente les incondnients deja 
remarquts cl-dessus (cf. “Pistolets desskhants”). 

Les dithcultes d’emplot de la boite a gants (auxquelles s’ajoute l’incommodite de son usage en travail contmu) 
et. par ailleurs. notre SOUCI de pouvoir effectuer avec un appareil unique row types de prtievements de substances 
solides ou liqmdes. en vue du dosage de tous elements par application de routes methodes ou de l’utilisation de 
tous appareils de microanalyse nous ont conduits a concevoir et mettre au point un dispositif aussi universe1 
que posstble. adapt6 au travail microanalytique. Sa description est I’objet du present expose. 

PARTIE EXPERIMENTALE 

Notre dtsposttif permet d’effectuer les preltvements sous atmosphere d’argon, dans une enceinte de faibles 
dtmenstons. 

L’encemte a preltvements. en verre Pyrex (Fig. I). est constttuee par un corps cylindrique de 40 mm de diametre 
exterteur. de 35 mm de diamttre inttrieur et de 60 mm de longueur. II est pourvu a son extemite supkrieure dun 
raccord comque male WITEG nc 7 (45’39). non rode, porteur dun jomt torrque en perbunan dans sa partie basse 
et dune bague en polytetrafluoroethylene (Teflon). dans sa partie haute* (5. Fig. I h permetant d’tviter tout grais- 
sage. Un raccord WITEG. non rode comportant un ajutage a robinet, s’adapte sur le precedent raccord male 
en assurant la fermeture etanche dc I’cnccm~c (6. Fig. 1). Celle-ci comporte. en outre. a sa partie inferieure, un 

* Drstributeur. en France.: SVT. Paris. 
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5 

tn 

4 

3 

2 

I 

Fig. I. Enceinte a preltvements. 

tube d’arrivee du gaz inerte (2, Fig. I), muni dun robinet ‘TORION” a pointeau en polytetrafluordthylene* (1. 
Fig. I ), et dun ajutage adducteur lateral. Des ergo& en verre soudes de part et d’autre des deux partles du couver- 
cle peuvent recevoir des ressorts maintenant la fermeture etanche sous leg&e pression du gaz inerte. 

Le corps cylindrique de I’enceinte comporte a sa base une platine en verre Pyrex soudee A la paroi. perforee 
sur sa ptripherie de 6 trous de 2 mm de diametre et dun 7 eme trou, de meme diametre. en son centre. Un troncon 
de tube coaxtal formant un logement cyhndrique de 15 mm de diamttre et de 10 g I2 mm de hauteur est soude 
a la platine (3, Fig. 1 et Fig. 2). 

Fig. 2. Coupe AA (Fig. I ), 

l Fournisseur: SOVIREL. Paris. 
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Fig. 3. Tube a tchantillon (totes en mm). 

A 40 mm au-dessus de la platme, sont soudes cdte a cbte. a la paroi de I’enceinte, deux awes logements cyhn- 
drtques. de verre Pyrex. de 7 mm de hauteur, dont fun a 8 mm dc diametre mterieur et le second 5 mm (4. Fig. 
I et Fig. 2). 

L’ajutage adducteur de I’encemte est raccorde au manodetendeur dun cylindre d’argon cornprime par un 
tuyau plastique. L’enceinte de prelivements est disposke verticalement dans une pince de laboratoire fixke a une 
tige support. 

Afin de facihter les operattons de priltvements il est recommandable de conditionner les produits alttrables 
a analyser. sous atmosphere de gaz inerte. dans un tube a tchantillon scelle. en verre de 0,5 mm d’epaisseur, 
ayant la forme et les dimensions reprisenttes sur la Ftg. 3. 

Mode operatoirr 

Remplir I’enceinte d’argon par balayage pendant 2 a 3 minutes. A cette fin, ouvrir successivement le robinet 
du couvercle rode, puis celui 8’adduction d’argon, a la base de I’appareil. Rtgler le debit d’argon au moyen du 
manodetendeur de fayon a sentir un leger souffle de ce gaz a la sortie du robinet supkrieur. 

Tracer un tract de lime sur l’ttranglement du tube a tchantillon (Fig. 3) et I’introduire dans I’enceinte balayee 
par le courant d’argon en le disposant darts le logement tubulaire, prtvu a cette fin. sur la platine en verre. 

Serrer la partie superieure du tube, au-dessus de son etranglement, dans une pince metailique dont les ex- 
tremites sont recouvertes dune matitre plastique (morceau de tuyau de polychlorure de vinyle, par exemple) et 
exercer un leger effort lateral afin d’ouvrir le tube par cassure en deux parties, au niveau de l’etranglement. 

La technique de prhlPuemenr ti laquelle il est alorsfatt appel, dipend de P&at physique du produit ir analyser et 
de la techrnque de dosage CIISUI~C mw cu o~wtw. 

Echarttillons solides 

Les solides sont prelevis dans des petits godets d’aluminium ou d’argent de 3.5 mm de diametre et de 9 mm 
de hauteur. manipules a l’atde de brucelles. 

Nous employons les godets d’argent. notamment pour le microdosage de I’oxygene, d’apres Fraisse,’ ’ et pour 
les microdosages du carbone. de I’hydrogtne et de l’azote sur I’analyseur CHN “Technicon”. 

Tarer le godet de prelevement et l’introduire dans le plus petit des logements de verre soudes a la paroi in- 
tirieure de I’encemte. Prelever le produit dans le tube a echantillon. a l’aide d’une microspatule (en tige de nickel 
ou d’acier inoxydable de 2 mm de diametre et de 150 mm de longueur. dont le mkplat a et& recourbk a angle 
droit a 2 mm de son extremtte). et le deposer dans le godet. Sceller le godet en pinc;ant son ouverture avec des 
pmces plates* dont les surfaces de contact sont plaqutes de platine (en feuille). Peser le godet apres I’avoir nettoyi 
exterteurement par soufflage d’air a I’aide dune petite poire en caoutchouc, et en deduire la masse du preleve- 
ment. 

II est recommandable d’effectuer en irie continue tous les prelbvements (en godets) nkessaires a l’analyse dun 
echantillon de produn et d’effectuer aussi rapidement que possible les determinations correspondantes, soit, pra- 
ttquement. dans I’heure qut sun ces preltvements. 

Lors de l’analyse de substances rtfractaires dont la mineralisation est difficile, il est possible d’introduire, dans 
le fond du godet. une pointe de spatule dun reactif approprit (oxydes tels que V,Os, WO,, CoaO, etc.. .) dans 
le cas dune combustton dans l’oxyghne, par exemple). avant le preltvement. 

Les liquides sont preleves en microampoules de verre Pyrex dun type classique. manipulkes a I’aide de bru- 
celles. Tarer l’ampoule. Prelever le liquide dans le tube a Cchantiilon en mettant en oeuvre la technique connue de 
chauffage prealable du corps de I’ampoule suivie de son refroidtssement nature1 apres immersion de son capillaire 
ouvert dans ledtt hquide. Extraire I’ampoule de I’enceinte et la aceher rapidement apres centrifugation. Peser I’am- 
poule et en dtduire la masse de ptelivement analytique. 

* Pinces FACOM. France, no 401. 
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11 est egalement recommandable d’effectuer en s&e tous les prelevements ntcessaires sur un mime &hantlllon 
de produit. mais les ampoules &ant scellCes. 11 est possible de les conserver longtemps avant leur unlisatlon en 
vue des determinations microanalytlques proprement dites. 

PrdlPcemrnrs rn sachers de rerphanr* 

La mise en oeuvre des mithodes de dosage de divers elements (chlore. brome. phosphore. slhcmm. mktaux) 
peut impliquer l’emploi de petIts sachets de terphane. h l’instar de Reverchon” pour le prelevement de compos& 
solides ou liquldes. Ces sachets sont mampul&s a l’alde de brucelles. 

C’omposds solides. Tarer le sachet de prCltvement et l’introduire dans le plus grand des logements de verre 
soudis g la paroi indrleure de l’enceinte. Prilever le product dans le tube 3 echantlllon ~1 I’aide de la tmcrospatule 
et le verser dans le fond du sachet. Pmcer le sachet B sa partie suptrieure g enwon I mm des ltvres de I’ouverture 
g l’alde d’une pince coupante, extraire le sachet de l’enceinte. le nettoyer exti‘rleurement par soufflage d’alr il I’alde 
d’une petite poire en caoutchouc et sceller les deux I+vres B l’air chaud.” Peser le sachet-et en deduire la masse 
du pr&vement analytique. 

Compost;.\ liquldrs. lntroduire dans le sachet de terphane une languette de papler filtre sans cendres de 10 x 
4 mm, plibe en quatre. Tarer le sachet et sa garniture et l’introduire dans le grand logement de verre (cJ compos& 
solides). Prelever le liquide dans le tube h Cchantlllon. par capdlarite. dans une ultramicroplpette d’enwron 
0.5 mm de diamhtre interieur et de 50mm de longueur. et introdulre sa pointe dans le sachet de terphane oh 
le hquide est absorti par le papier filtre. Extraire la pipette. pms sceller et pew le sachet comme dans le cas 
des compels solides. 

Misr en OPULW et rrsultats 

L’argon, gaz inerte de balayage et de remplissage de l’enceinte de pr&&ement. est emplov& de prlfkrence. d 
I’azote. du fait de sa densit& beaucoup plus elevee. ce qul offre les avantages de rendre n&gligeables et, en tous 
cas. non nuislbles. les echanges gazeux avec l’air amblant et. en permettant de travalller sous faible dbblt. de 
limiter la consommation du gaz. 

L’enceinte peut serwr egalement B la conservation d’echantillons de products alttrables. en tours d’analyse: 
g cette fin, il suffit de la clore. & l’aide de son couvercle. et d’y maintenir une Ikgtre presslon d’argon: la durte 
de cette conservation peut varier selon l’instabilitk des prodwts. 

Lorsqu’il est n&essarire d’effectuer une s&e de prbltvements sur dihrents products. il est recommandable de 
disposer, ti cette fin. d’une batterie d’enceintes qui peuvent itre montCes sur un support commun. 

G&e B l’emploi du dispositif dkcrit, il nous a it6 possible d’effectuer de nombreux dosages microanalytlques 
sur des produits altirables dans des conditions de rapidld et de sirett satisfaisantes conduisant B l’obtention 
de resultats &analyses aussi p&s que dans le cas de produits stables. 

Dans un laboratoire de microanalyse important, 11 est recommandable d’affecter un operateur a un poste de 
prtltvements de produits altirables; il effectue alors slmultaniment tous les pr&vements n&essitCs par I’analyse 
d’un mPme produit et les distribue ensuite aux diffkrents postes de dosages inttresis. 

II convient enfin de remarquer que nous avons appliquk notre technique de pr&vements de products alt&rables 
dans les domaines milligrammiques et d&irmlligrammlques avec le mime succes; dans ce dernier cas, il importe 
de disposer d’une balance g grande rapiditb de pesage telle que la balance tlectromagnitique Mettler Me 
22. ;i tarage automatique. 

Serwe Central de Microanalyse du Centre 

Natiollal de la Rechrrchr Scirnt$qur 

2. I'UP Henry Dunant 

94320 Thiais. France 

BERNARD COUSIN 

COLETTE+ MULLER 
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1 I. D. Fraisse. T/X& d’Etat. Paris VI, (n’ A. 0 8537). 1973 

12. R. Reverchon. Bull. Sot. Chim. Franc., 1972. 829. 

R&sum&Les auteurs decrlvent un disposltif comportant une enceinte en verre de faibles dimen- 
slons. permettant d’etTectuer des pr&vements milligrammiques et d~cimilligramnnques de pro- 
duits altCrahles. solides et hquides, sous atmosphere d’argon. en vue de tous dosages microanalyti- 
ques &l&mentalres. 

Summary-A small glass device is described for microanalytlcal or submicroanalytical sampling 
of unstable sohd or liquid substances. m an argon atmosphere. 

Zusammenfassung--Em kleines Glasgerlt wlrd beschrieben. das die Probenahme fir the Mikro- 
oder Submikroanalyse mstabiler fester oder fliissiger Substarizen in ArgonatmospMre erlaubt. 

NEW TYPE OF BLUE TERNARY COMPLEX OF ARSENAZO I WITH 
PLUTONIUM (IV) IN THE PRESENCE OF HYDROGEN PEROXIDE 

PRELIMINARY INVESTIGATIONS 

(Receiced 26 March 1974. Accepted 20 June 1974) 

Binary compounds formed by plutomum. in different oxidation states. with reagents of the “arsenazo” type 
[mono- and bis (azophenyl-o-arsono)chromotropic acid derlvatives] are widely used for the spectrophotometric 
determmatlon of pg amounts of plutonium owing to their favourable stability and colour characteristics.‘-5 

However. no single peroxy ternary complex compound has been reported previously. The existence of the first 
compound of this type was postulated by the author in 1967 m connection with the Pu(IV)-arsenazo I-H202- 
HNO, system.’ 

In the following we will deal brlefly with the preparation and the main spectrophotometric features exhibited 
by this Interesting new type of compound. 

EXPERIMENTAL 

Rrtrgerm 

Arscrzaro 1. 0, I I’<, solutior~. 

Pluron~um solutions. Different stock (0.1-5 mg/ml) plutonium solutions were prepared in sulphuric. nitric and 
perchloric acid media as described elsewhere.‘-3 starting from a PuO, sample supphed by the French Atomic 
Energy Commission (C.E.N.-F.A.R.). 

Bufi~r solurron. pH 2.8. Equimolar solutions of monochloroacetlc acid and sodium monochloroacetate were 
mtxed in appropriate proportions.‘,’ 

.4pparatus 
Spectrophotor,lcters A Beckman DK-2A double-beam spectrophotometer was used with 20. 10 and 5 mm light- 

path glass cells Beckman Model B and DU manual spcctrophotometers were used for routine work. A transpor- 
table “Plexiglas” cell-container of our own design was used to carry out the spectrophotometric work with the 
recording spectrophotometer when dealing with plutonium solutions. 

Gl01.e has. “Technochimie” glove boxes were used to carry out all the work involving plutonium. 
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Heat-lamp. Infrared “Quartz et Slice” lamps (250 W) set on special stainless-steel supports of our own design 
were used to carry out all the thermal treatments and oxidation-state conditioning of the plutonium samples. 

pH meter. Metrohm Model Kompensator E 388 high-precision pH-meter furnished wtth a calomel-glass EA 
120 U combined electrode system. 

Radiochemical apparatus. Scintillation alpha-counting detector-amplifier devices and plutonium standards 
prepared by electrolytical deposition were of J. E. N. design. Micropipettes and 5 and 10 ml volumetric flasks 
assembled into special plastic transport units of our own design were used. 

RESULTS AND DISCUSSION 

While comparing the applicability of arsenazo I and arsenazo III to the spectrophotometric determmation 
of the oxidation states of plutonium in different media of low acidity, we noted the possible existence of quote 
a new type of complex compound of arsenazo I with Pu(IV).‘.’ The plutonium samples are submitted irr sita 
to a “clean” valency-conditioning treatment based on the use of 30% hydrogen peroxide m 4-7M nitrrc actd. 
The whole conditioning treatment which converts the plutonium quantitatively into the quadrivalent oxidation 
state requires the additional use of 9M sodium nitrite after the conclusion of the peroxide treatment. The whole 
procedure IS carried out under standardized boiling conditions ‘.r in order to guarantee that no trace of any of 
the chemicals used remains in the conditioned solution since both peroxide and nitrite severely Interfere with. 
or even prevent, the reaction of arsenazo I with Pu(IV) in monochloroacetic actd-monochloroacetate buffer 
medium.lm3 When the nitrite step was omitted from the conditioning treatment two different effects were 

Table 1. Effect of the methods used to obtain plutonium IV quantitatively, on the application of the arsenazo 
I method. 

IN H,SO, 
IN HNO, 
IN HClO, 
D5 N HNO> 
IN HNO, 

7N HNO, 
004N HNO, 
DO4N HNO, 
0C4N HNO, 
004N HNO, 
DIN HNO, 

DIN HNO, 
DIN HNO, 
DIN HNO, 

DIN HNO, 
03N HNO, 
Q5N HNO, 
QSN HNO, 
@SN HNO, 
IN HClO, 
IN HCIO. 
IN HCIO, 
IN HCIO, 
DIN H,SO, 

PU(llI) 

Pu(lW 
Pu(llU 
PUWI 

Pu(lVI 
PUllV) 
Pu(lV) 

PU(IV) 
PU(IVl 
Pll~IVI 
PII 
PU(lVl 
PU(W 

PU(lV) 
PUlVll 
PU(VI) 
PU(VI) 

PUWU 
Pu(VI) 
PU(VI) 
PUWI) 
P”iVI) 
Pu(VI) 

PUW 

2 hr 
2 hr 
2 hr 
2 hr 

I hr 

50 days 
I hr 
I week 
3 weeks 

IO weeks 
I hr 

3 weeks 
54 days 

21 I days 
71 days 

330 days 
I hr 

3 weeks 
73 days 

3 days 
3 weeks 

79 days 
249 days 
undetermmedi: 

IO1 
I06 

III 
56 
58 
58 
47 
47 

c::, 

110 
108 
III 

222 

244 
II8 
II7 
117 
II6 
114 
II4 
_ 

100 

16 
47 

53 
56 

57 
54 
41 
22 

4 

0 

II0 

101 
86 
64 
93 

181 

0 
4 
4 
0 

25 
71 
99 

103 

83 
91 
90 
55 

62 
57 

1034 
~. 

165 
168 
IOIW 

325 
278 

45’ 
171 
I54 
161 
_. 

I64 
166 
146 

53 

62 
56 
50 
50 
34 

70? 
III 
I IO 

107 
_ 

226 
244 
III 

II6 
IMt 
105t,\ 
105tg 
103: z 
II3 
I04 

* The solution was discoloured to a very great extent because of decomposition of the Pu(IV)-arsenazo I- 
H,02 complex and the large excess of free ligand by the free hydrogen peroxide. 

t Low results were obtamed by the direct arsenazo I standard method because of the unnoticed influence of 
time on old buffer solutions, which have been shown’ to interfere seriously with the method if the aging process 
of the monochloroacetic-monochloroacetate buffer solutions is not properly controlled. 

$ Low results might have been obtained owing to the hydrolyses of Pu(IV)-even when bound to the’ arsenazo 
I reagent as a complex-through the addition of the neutralizing NaOH solution before the final dilution to 
volume. 

$High results have been obtained owing to peptizatton of the Pu(OH), precipitate retained on blue-band paper 
which was used to separate the liquid and solid phase present in very dilute Pu(IV) nitric solutions. This pheno- 
menon was only observed when the same filter was used for two succesive filtrations of this kind of solution. 
implymg the more or less extenstve drying of the first solid phase retained on the filter. 

/I Pu(IV) solutrons in H,SO, media of acidity >044N have been shown to be quite stable for pertods of 
years.’ 



SHORT COMMUNICATIONS 1293 

observed. Either extensive decolorization took place, occasionally leading to more or less clear orange or yellow- 
ish solutions. or there was a 509; increase in the expected absorbance at 600 nm. Whilst the normal arsenazo 
I-Pu(IV) binary complex’, 4 exhibits very good kinetic stability for many days, the corresponding arsenazo I- 
Pu(IV) complex originated in solutions submitted previously to the hydrogen peroxide conditioning treatment 
decomposed, with decreasing absorbance over a 48 hr period. 

In Table 1 we have summarized the evidence which suggests the existence of a new type of complex. 
The new arsenazo I-Pu(IV) complex has been shown to originate when 25-100 pg of plutonium are boiled 

ia situ in 10 ml volumetric flasks in 5-7M nitric acid media with @l-Q2 ml of 30% hydrogen peroxide for at 
least 30 set, the total volume being 05-2 ml, and this treatment is followed by addition of 1 ml of 2 x 10e3M 
aqueous arsenazo I and 1 ml of 5.3M monochloroacetic acid-monochloroacetate buffer (no older than one 
month) and enough water to dilute to about 8 ml. Then 2-8M sodium hydroxide sufficient to just neutralize 
the free nitric acid left after the thermal treatment is added (parallel blank samples are prepared simultaneously 
under exactly the same experimental conditions in order to assess the necessary average amount of alkali to be 
added, phenolphthalein being used as visual indicator). Then the flasks are filled to volume, the solutions are 
thoroughly mixed and after a development period of l-4 hr the absorbances are measured in 10 ml glass cells 
at 600 nm against a reagent blank. 

We decided to investigate the main spectrophotometric characteristics of this new complex species which we 
assume to be a ternary complex of the arsenazo I, peroxide and plutonium (IV). 

In Fig. 1 we reproduce the main spectral and kinetic characteristics exhibited by the new compound, when 
the cation is present in areat excess. The exnerimental results together with the analysis of Figs. 1 and 2. allow 
the followmgconclusio& to be made: . 

Fig. 1. Spectroscopic features and decomposition kinetics of the arsenazo I-HrO,-Pu(IV) blue ter- 
nary complex(monochloroacetic acid-sodium monochloroacetate buffer medium). 

(i) the peroxy arsenazo I-Pu(IV) complex exhibits a light blue colour. in contrast to the characteristic pink 
colour shown by the normal arsenazo I-Pu(IV) complex. 

(ii) the new complex exhibits a wide absorption band with i .,,,_at 610 nm, compared with 570 nm for the normal 
complex (Fig. 2). 

(iii) The peroxy complex exhibits poor kinetrc stability. decolorization occurring in 2 hr after preparation of 
the complex. This contrasts sharply with the normal complex. which reaches maximum absorbance practically 
mstantaneously after mixmg of the arsenazo I and Pu(IV) solutions and remains practically unchanged for many 
days. 
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0.44 

Fig. 2. Spectroscopic features of the pure arsenazo I reagent(I) and Its binary pink complex with 
Pu(IV) in monochloroacetic acid-monochloroacetate buffer medium(II). 

(io) The apparent maximum molar absorptivity of this new complex IS about (4 f. 0.1) x 10J Lmole- I. cm-’ 
that of the normal complex being (1.8 _+ 0.1) x IO“ at 610 nm. 

Preliminary experiments carried out to mvestlgate the new ternary complex in aqueous alcohohc buffered 
media with a large excess of plutonium relative to ligand proved unsatisfactory because of the Immediate preclpl- 
tation of a bluish-pink flocculent compound. 

CONCLUSIONS 

Although we have assumed that only the one type of peroxy arsenazo I-Pu(IV) ternary complex species IS 

formed when either ligand or plutonium is in excess, this is not definitely established. It IS reasonable because 
of the agreement between the ratio of the molar absorptlvlties at 600-610 nm of the peroxy and the normal com- 
plex when either the ligand (Table I) or plutonium (Fig. I) is in excess. 

The investigation of the Pu(IV)-HZ02-HNO, system has hitherto proved rather difficult because of Its intrm- 
sic complexity: the instability characteristics shown by the new intermediate bluish species In the Pu(IVkHZOI 
system; the strong tendency of Pu(IV) to undergo extensive hydrolysis and polymerization in nitric acid: the 
autocatalytic decomposition of HzOr and/or the peroxy complex compounds formed with Pu(lV). the formation 
and decomposition of the Pu(IVknitrate complexes: the posslbllity of precipitation of PuO,. etc. 

On the other hand. the available information published on the peroxy compounds of Pu(IV) IS very meagre: 
occasional reference IS made to two complex species brown and red. ‘.’ the existence of which has been confirmed 
by us. No reference has been made to the bluish-pink transient labile Pu(lVtHzOL species. Further details con- 
cerning the influence of different experimental conditions on the formation of the new blue ternary complex 
reported here will be published in due time, and will throw additional hght on the complexity and experimental 
difficulties encountered as regards the reproducibility of the Pu(IV)-H202-HNO,-arsenazo I system. However. 
the blue complex dealt with here is probably of more theoretlcal than practical Interest. smce the increase In 
sensitivity ( - 50%) over the common binary complex is offset by the difficulty of obtammg reproduclbllity. Never- 
theless studies of this type of complex will surely contribute towards a greater understanding of the chemical 
reactivity and reaction mechanisms of this valuable type of analytical reagent. 
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Summary-The preparation and spectrophotometric properties of a new type of complex com- 
pound of arsenazo I with Pu(IV) m the presence of H202 are described. The new compound has 
a blue colour. derived from a wide absorption band with a maximum at 610 nm. and a correspond- 
ing molar absorpttvity of 4 x IO4 1. mole-’ .cm-‘. From 2 hr after Its preparation this curious 
new compound undergoes for several days a steady decomposition accompanied by decolorization. 
The formation of similar peroxy Pu(IV) complexes has not so far been shown to take place with 
arsenazo III or with any other “arsenazo-type” reagent. 

R&urn&On dtcrlt la preparation et les propriites physico-chimiques d’un nouveau type de 
compoi complexe de I’arinazo I avec Pu(IV) en la prtsence de H,O,. Le nouveau composir a 
une coloration bleue. dtcoulant d’une large bande d’absorption avec un maximum a 610 nm et un 
coefficient &absorption molaire correspondant de 4 x IO4 1. mole- ’ cm- I. A partlr de deux heures 
aprl?s sa prkparation ce curleux composir nouveau subit pendant piusieursjours une d&omposition 
rkgulitre accompagnie de d&coloration. On n’a pas rqontrC jusqu’ici que la formation de complexes 
peroxy de Pu(IV) similalres se produit avec l’artinato III ou avec n’importe quel autre rCactif du 
type arinazo. 

Zusammenfassung-Die Herstellung und die spektrophotometrischen Eigenschaften eines neuen 
Typs Komplexverbindung von Arsenazo I mlt Pu(IV) in Gegenwart von H20, werden besch- 
rleben. Die neue Verbindung 1st blau. was auf eine breite Absorptionsbande mit Maximum bei 
610 nm und einem molaren Extinktlonskoeffizienten von 4 x 1041. mol-’ cm-’ zuriickgeht. Zwei 
Stunden nach lhrer Darstellung beginnt diese merkwiirdige neue Verbindung, sich in mehreren 
Tagen stetig zu zersetzen. wobei sie sich entftirbt. Die Bildung tihnlicher Peroxy-Pu(IV)iKomplexe 
ist bisher weder mit Arsenazo III noch irgend einem anderen Reagens vom “Arsenazo-Typ” gezeigt 
worden. 

* Present address: Departamento de Quimica Analitica, Facultad de Ciencias Universidad Complutense. Ciu- 
dad Umversltarla. Madrid-3. Spam. 
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ORTHO-EFFECTS OF CARBOXYL, SULPHO AND 
ARSON0 GROUPS ON THE PROTONATION AND DISSOCIATION 

CONSTANTS OF MONO-AZ0 AND BIS-AZ0 CHROMOTROPIC 
ACID DERIVATIVES 

(Received 16 April 1974. Accepted 24 May 1974) 

There is a relationship between the protonation and dissociation constants of err/to-substituted mono-azo and 
bis-azo chromotropic acid derivatives’-3 and the stability constants of their metal complexes’*4.5 which have 
been used for spectrophotometric analysis. More detailed studies” have shown that the relationship is depen- 
dent upon the position of the substituent group. This pointed to the desirability of investigating in more detail 
the o&o effect of arsono, sulpho and carboxyl substituents m reagents that are widely used in spectrophoto- 
metry.’ 

Values of the equilibrium constants of most of the reagents containing these acid substituents have been deter- 
mined.‘-3.6*‘*“1 However, there is some dispute over the order of the dissociating groups. We feel the same 
order of dissociation should be adopted for both the arsenazo III and palladiazo reagents,‘.” and that the disso- 
ciation of the last arson0 OH-group (-AsO,H- +-AsO:-) takes place after the first dissociation of a proton 
from an OH-group on the naphthalene nucleus but before dissociation of the second proton from a hydroxyl 
group on the naphthalene nucleus.6.7.9.‘0 

EXPERIMENTAL 

Reagents 

The following reagents were prepared by standard procedures? two 2-azophenylchromotropic acid derivatives 

the substituents at the Cposition being the arsenic acid and carboxylic acid groups. and three 2,7-bisazo- 
phenylchromotropic acid derivatives 

the substituents being arsonic acid groups at the 2- and 2’-positions (arsenazo 1111 and carboxylic acid groups 
at the 2- and 2’- or at the 4- and 4’-positions. 

Procedure 

Protonation was investigated in sulphuric acid media by standard spectrophotometric procedures.‘-3,6.7 Pro- 
tonation constants. K,, and proton dissociation constants of both hydroxyl groups of the naphthalene nucleus, 
K, and KL. for the five reagents along with the values obtained earlier are given in Tables I and 2. 

RESULTS AND DISCUSSION 

The effect of each substituent is expressed by the magnitude of log K/K, where K. IS the value of the equilib- 
rium constant of the reagent without substituents in the benzene rings (“zero” reagents). 
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Table 1. Protonation (log K,,) and dissociation (pK, and pK2) constants of 
the substituted 2-azophenylchromotropic acid derivatives 

Substituent log K, PKI PK, 

_* -452 (7)t 9.24 (7) 15.03 (7) 
2-As03H2 -6.36(l) 9.79 (7) 1555 (7) 
2-SOJH - 5.23 (7) 9.39 (7) 14-62 (7) 
2-COOH -4.87 (1) 1020(7) 15.99 (7) 
4-As03H, -6.18 9.57 14.71 
4-SO,H -5.55(7) 9.18(7) 14.57 (7) 
4-COOH - 5.57 9.51 14.81 

* “Zero” reagent. 
t Reference given in brackets. 

Table 2. Protonation (log KP) and dissociation (pK, and pK2) constants of 
the substituted 2,7-bis(azophenyl)chromotropic acid derivatives 

Substituents 

_* -061 (6)t 
2-.2’-di-As03H2 -5.04 (1) 
2-,2’-di-SO9H - 1.25 (6) 
2-,2’-di-COOH -030(l) 
4-.4’-di-AsO,H* -2.20(10) 
4-.4’-di-SO,H - 1.35 (6) 
4-.4’-dl-COOH - 1.03 (3) 

log K, PKI PK, 

8.64 (6) 
8.38 

IO-92 (6) 
1060(3) 
8.15(g) 
8.34 (6) 
9.25 

1440 (6) 
15.51 
14.97 (6) 
15.13(3) 
14.1 (9) 
14.12(6) 
14.16 

* “Zero” reagent. 
t Reference given in brackets. 

Table 3. The effect of the substituents in the benzene ring on protonation 
[log(K/K,),] and dissociation [log(K/K,), and log(K/K&] of hydroxyl 

groups of mono-azo chromotropic aCid derivatives, and the o&o-effect. 

Substituent hi!W&,), 

2-AsO,H, 
4-AsO,H, 
Ortho-effect 
2.SO,H 
4-SO,H 
&ho-effect 
2-COOH 
4-COOH 
Ortho-effect 

- 1.84 -055 -@52 
- 1.66 -0.33 0.32 
-0.18 - 0.22 -084 
-0.71 -0.12 0.41 
- 1.03 0.06 046 

0.32 -0.18 -@05 
-0.35 -0-96 -096 
- 1.05 -0.27 0.22 

0.70 -0.69 - 1.18 

Table 4. The effect of symmetrical substituent pairs on protonation @o&K/ 
K,),] and dissociation @og(K/K,), and log(K/K&] of bis-azo chromotropic 

acid derivatwes, and the ortho-effect 

Substituents log(KIK,), log(KIK,), log(KIK& 

2-,2’-di-As03H, 
4-.4’-di-AsOJHz 
Orrho-effect 
2-.2’-di-SO,H 
4-.4’-di-SO,H 
Orthoeffect 
2-,2’-di-COOH 
4-.4’-di-COOH 
Ortho-effect 

- 4.43 
- 1.59 
- 2.84 
-064 
-0.74 

010 
0.31 

- 0.42 
0.73 

0.26 -1.11 
0.51 O-30 

-0.25 - 1.41 
- 2.28 -0.57 

0.30 0.28 
- 2.58 -0.85 
- 1.96 -0.73 
-0.61 0.26 
- 1.35 -0.99 
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Values of substituent effects for mono-.azo and bis-azo derivatives are given in Tables 3 and 1. respectively. 
The orthoetTect is defined as the difference between the effects of substituents m the orrho (2-) and part, (J-) 

positions:“.‘3 

ortho-effect = log(K/K,),,, - log(K/K,,),,,, , 

= bKr,d~,,,,) 

provided the inductive effects of both ortho and para substttuents are approximately the same.” Tables 3 and 
4 show the ortho-effect values for arsono. sulpho and carboxyl groups for mono-azo and bis-azo derivatives. re- 
spectively. 

It should be pointed out that in the case of bls-azo derivatives the sum-effect of the pairs of symmetrlcal substl- 
tuents (4,4’- and 2,2’-) was expressed, so that the calculated ortho-effect (Table 4) represents the sum of the orrho- 
effect value of one substituent (2-position) and the inductive effect of the other substltuent (2’-positlon). This m- 
ductive effect value is zero when the effect of both orth and para substituents (2’- and 4’-) IS approximately the 
same. The substituent in the 2’-position is located in the benzene ring more distant from the reactlon centre (espe- 
cially in the case of protonation of the azo group) so that its effect is different from that of the first substituent 
with respect to both its nature and magnitude. 

It is evident from Tables 3 and 4 that the magnitudes of the effects of each substituent. especially the value 
of the &m-effect of substituents (- COOH, - S03H, -As03H3) on the three processes. namely protonation 
of the azo group and proton dissociations of two hydroxyl groups on the naphthalene nucleus. do not have a 
simple regularity. This is quite understandable from the different properties of the substltuents. particularly sterlc 
ones, and also the different substituent positions in relation to the reaction centre. as well as the different nature 
of the investigation equilibrium processes and the inadequate definition of the ortho-effect.“.‘3 The differences 
observed by comparing the same values for mono-azo and bis-azo derivatives can be ascribed to the magnitude 
and nature of the conjugated n-electron systein of these organic molecules. 

The effect of suhstituents on proronation 

The strong inductive and, especially, steric effects of the arson0 group on bis-azo derivdtlves.’ result m a de- 
crease of the basicity of the reagent. The orthoeffect also decreases the basicity ( - 2.84, see Table 4). The arson0 
group decreases the basicity of the mono-azo derivatives: the effect is considerable with both orrho and pura 
substituents (- I.84 and - I.66 respectively) but the value of the o&o-effect is insignificant. It IS difficult to 
explain the difference between the orrhoeffects of mono-azo and bis-azo derivatives: presumably they result from 
many effects exerted either separately or jointly. 

The effect of sulpho groups is manifested as a decrease in basicity by approximately the same order for both 
mono-azo and bis-azo derivatives as well as with ortho and para substituents. The orrho-effect itself IS inslgmficant 
(035 and 0.10) and reflects a small steric effect of the sulpho group. 

The effects of carboxyl groups differ somewhat according to the position of the substituents and the size of 
the organic molecule; but they are also considerably smaller than those of the arson0 and sulpho groups, m agree- 
ment with previousobservations.’ A more significant decrease of basicity occurs with ptrru di-substituted bls-azo 
denvatives. The o&o-effect increases the basicity of the reagent, thus indicating the absence of the steric effect 
of the carboxyl group.’ 

The effect of suhstituents on the pK, 

The effect of the arson0 group IS relatively small and its ortho-effect insignificant. The effect of the carboxyl 
group on bis-azo derivatives is greater. and that of the sulpho group even more so. while the effect of the same 
substituents on mono-azo derivatives is very small. The shift of pK, of bis-azo derivatives to a more alkaline 
region by sulpho and carboxyl groups can be explained by the formation of a hydrogen bond between the anions 
of the acid groups (-SO,, -COO-) and the hydroxyl group of the naphthalene nucleus.‘.* This etlect IS con- 
siderably greater with di-substituted bis-azo derivatives than with mono-azo derivatives, owing to the parallel 
activity of both substituents in the para position (- 228 and - 1.96 for sulpho and carboxyl groups. respectively). 

The small eflect of the arson0 group can be explarned if the order of dissociation of the hydroxyl groups in 
the reagentY.‘O is taken into account. The affect of the arson0 group as an -AsO,H- ion IS very mslgmficant 
because of the low probability of formatlon of a hydrogen bond with the hydroxyl group of the naphthalene 
nucleus. It is most probable that the hydrogen bond is formed in the arson0 group alone 

(-AsO+H). 

The ortho-effect on mono-azo dertvatives is small. being approximately the same for all the substltuents mvestl- 
gated. It is hard to explain the relatively small orthoeffect on mono-azo derivatives by the absence of hydrogen 
bonds, which in the case of bis-azo derivatives were taken as predominant in the characterization of the nature 
of the effect. The causes should be sought in other differences originating from the conjugated n-electron systems 
of mono-azo and his-azo derivatives or from the sum effect of pairs of substituents of bls-azo derlvattves. 
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There 1s no regularity m the effect of substttuents on pKL. This is because of the dominant effect of the already 
chssociated hydroxyl group. The prri positIon of these two groups is suitable for the formation of hydrogen 
bonds.6.7 
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Summary-The effect of carboxyl. sulpho and arson0 groups on the protonatlon and dissociation 
constants of mono-azo and bis-azo chromotropic acid derivatives has been investigated. From the 
value obtamed for the effect of the substituents. the equation 

o&o-effect = log L,,-log K,, 
has been derived. The causes of the effect are discussed. 

Risum&-On a ttudie l’influence des groupes carboxyle, sulfa et a&no sur les constantes de pro- 
tonation et de dissociation de ditrivbs monoazo et bisazo de l’acide chromotropique. De la valeur 
obtenue pour I’mfluence des substituants. on a diduit l’tquation: orthoeffet = log&,,,, - log 
K,,,. On discute des causes de l’influence. 

Zusammenfassung-Der EinfluD von Carboxyl-. Sulfo- und Arsonogruppen auf die Protoqierungs- 
und Dlssoziationskonstanten von Monoazo- und Bisazochromotroptiurederivaten wurde unter- 
sucht. Aus den fir den SubstituenteneinfluD erhaltenen Werten wurde die Gleichung ortho- 
Effekt = log K,,,,,, - log K,,, abgeleitet. Die Ursachen des EtTekts werden diskutiert. 
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PRECIPITATION OF LEAD AS LEAD SULPHATE BY DESTRUCTIVE 
OXIDATION OF EDTA 

(Received 27 March 1974. Accepted 9 June 1974) 

MacNevin and Dunton’ studied the homogeneous precipitation of ferric hydroxide through release of the cation 
from its EDTA complex by the slow oxidation of EDTA with hydrogen peroxide at constant pH. A dense and 
easily filterable ferric hydroxide is obtained by this procedure at pH 3.0. Cartwright studied the oxidation of 
EDTA with hydrogen peroxide in detail and found that certain oxtdes caused decomposition of the hydrogen 
peroxide, thus stopping the oxidation process. However, by taking advantage of the ability of phosphate to stabi- 
lize hydrogen peroxide, he was able to produce bismuth. iron. lead calcium and barium phosphates as dense 
and readily filterable precipitates from solutions containing the single ions. The method is not selective. as all 
the metals present in solution are released at the same time from their EDTA complexes. In previous communica- 
tions we have described procedures for the homogeneous precipitation of lead sulphate through cation replace- 
ment by iron, copper and nickel. ‘v4 In these methods many metals which generally accompany lead in its alloys 
or ores did not interfere. Because oxidation of EDTA also releases the metal ion. it was of interest to study this 
too for homogeneous precipitation of lead sulphate. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade. Aqueous lead nitrate solutions OGOS. 0.025 and 0,05M, 55; EDTA solu- 
tion and 0.2M ammonium sulphate were prepared. Hydrogen peroxide and alkali metal chlorate. bromate and 
persulphate were used as oxidizing agents for EDTA. 

For interference studies solutions of aluminium(III), copper(H), mckel(I1). zinc(I1). iron(II1) and manganese(U) 
were prepared from their sulphates to give metal ion concentrations of 10 mg/ml. Solutions of tin and antimony 
were prepared by dissolving the metal in a minimal amount of 1: 1 nitric acid-hydrofluoric acid and dilutmg 
to the required volume to give a concentration of 10 mg/ml. 

Procedures 

For pure lead solutions. To a solution contammg Z-100 mg of lead, add 5 ml of SS/, EDTA solution and 5 
ml of 0.2M ammomum sulphate, dilute to 45 ml, add 1 ml of nitric acid (1 + 3) and 2 ml of 307; hydrogen per- 
oxide or 0.5 g of sodium bromate. Heat the solution on a boiling water-bath for at least 2 hr. Precipitation starts 
in 10 min and is complete after 2 hr. Continue heating till the final volume of the solution is about 15 ml. Cool 
for 30 min, and filter off on a sintered-glass crucible (porosity 4) using 1% sulphuric acid and 500,; ethanol as 
the initial and the final wash solutions respectively. Continue washing with ethanol until the washings are free 
from sulphate. Dry the precipitate at 120°C for 1 hr. cool and weigh as lead sulphate. The conversion factor 
is Pb/PbSOL = 06833. 

Analysis of type metal. Dissolve a weighed (log) sample of type metal in 15 ml of nitric acid and 15 ml of 
hydrofluoric acid.’ Boil for a few min to remove nitrous fumes and dilute to 1 litre in a volumetric flask. Take 
a 10 ml aliquot m a 100 ml beaker and add 5 ml each of 596 EDTA solution and 0.2M ammonium sulphate. 
adjust the volume to 50 ml, and continue as described above. 

DISCUSSION 

The precipitates obtained are dense and easily filterable. They have no tendency to creep and do not absorb 
moisture on exposure to the atmosphere. 

Various oxidlxing agents such as chlorate, bromate, persulphate and hydrogen peroxide were studied. It was 
found that precipitates of superior characteristics were obtained only with bromate or hydrogen peroxide as the 
oxidant. 

Oxidation of EDTA by bromate or hydrogen peroxide was very slow at higher pH. the rate of reaction decreas- 
ine with increasing oH. At oH > 3.0. the oxidation was not complete even after boiling for more than 3 hr. How- _. 
ever, at pH 1.5-3.0. the oxidation was complete after boiling the solution for at least 2 hr. In this pH range, heat- 
ing on a water-bath even for more than 3 hr did not result in the complete oxidation of EDTA. At pH < 1.5. 
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Table 1. Determination of lead in pure solutions 

1301 

Lead taken. Lead found. 
rrtg mil 

Mean 
deviation. 

‘ng 
No. of 

experiments 

Hydrogen peroxide method 
52 

10.4 
25.9 
51.8 
777 

103.6 
Sodium bromate method 

5.2 
1@4 
25.9 
51.8 
77.7 

103.6 

5.2 
10.2 
25.9 
52.1 
77.7 

103.6 

5.0 
10.4 
25.8 
51.9 
77.8 

103.5 

a gradual release of lead from tts EDTA complex was achieved by heating even on a water-bath. At pH 1~0 the 
EDTA complex is unstable to acid and a precipitate of lead sulphate and EDTA is slowly formed on heating, 
but precipitation is incomplete even on prolonged heating, so cation-release by lowering the pH is not applicable. 
Judging from the rate of precipitation, the oxidative degradation of EDTA is the predominant factor in the libe- 
ration of the lead ions. At pH c 1. rapid precipitation of lead sulphate occurs and hence the oxidation should 
always be done at pH l*O-15. 

Varying concentrations of EDTA and sulphate ion did not affect the quantitative precipitation oflead sulphate. 
It was found that 1 or 2 ml of 307; hydrogen peroxide or 05g of sodium bromate could oxidize 5 ml of 5% 
EDTA solution. For other concentrations of EDTA the optimum quantities of oxidant have to be found by trial 
and error, but an excess of either bromate or hydrogen peroxide has no adverse effect. 

Interferences were studied on mixtures of 50 mg of foreign ion with 5 or 50 mg of lead. The results in Tables 
1-3 clearly mdicate the usefulness of the method for the determination of lead in the presence and absence of 
Interfering metals. Determination of lead in type metal gave an accurate value. It is noteworthy that tin and anti- 
mony do not interfere. Chloride does not interfere when present in up to tenfold amount relative to lead. 

The method can also be used to determine sulphate. 

Table 2. Interference studies for the hydrogen peroxide method 

Metal Lead taken. Lead found 
added “YJ W 

Mean 
deviation, 

W 
No. of 

experiments 

AI(III) 51.8 51.6 PO 4 
Al(II1) 5.2 5.2 03 4 
Cu(II) 51.8 51.7 0.2 4 
CU(I1) 5.2 5.1 0.2 4 

N1(11) 51.8 51.6 0.2 Ni(I1) 5.2 5.0 . @2 : 
Zn(II) 51.8 51.9 @O 3 
Zn(I1) 5.2 4.9 @I 3 
Fe(II1) 51.8 52.0 01 4 
Fe(II1) 5.2 5.0 0.1 4 
Mn(I1) 51.8 51.9 0.1 3 
Mn(I1) 5.2 5.1 0.1 3 
Sri(H) 51.8 51.8 0.1 4 
Sn(I1) 5.2 5.2 0.1 4 
Sb(III) 51.8 51.9 0.2 4 
Sb(II1) 5.2 5.1 0.1 4 
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Table 3. Interference studies for the bromate method 

Mean 
Metal Lead taken, Lead found deviation. No. of 
added lng ‘ng fag experiments 

AI(II1) 51.8 51.7 0.2 4 
AI 5.2 5.1 0.2 4 
Cu(I1) 51.8 51.9 0.2 4 
Cu(I1) 5.2 5.0 0.2 4 
Ni(I1) 51.8 51.7 0.4 4 
Ni(I1) 5.2 5.1 @3 4 
Zn(I1) 51.8 51.7 0.3 4 
Zn(I1) 5.2 5.1 0.3 3 
Fe(II1) 51.8 52.0 0.2 4 
Fe(II1) 5.2 5.1 @l 4 
Mn(I1) 51.8 52.0 0.1 4 
Mn(I1) 5.2 5.3 01 4 
Sn(I1) 51.8 51.7 0.1 3 
Sn(I1) 5.2 5.0 @I 3 
Sb(II1) 51.8 51.6 0.1 3 
Sb(II1) 52 5.1 0.1 3 
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Summary-Gravimetric determination of lead (%I00 mg) by homogeneous precipitation of lead 
sulphate from a solution containing lead(II), EDTA and sulphate by destructive oxidation of 
EDTA with hydrogen peroxide or sodium bromate is described. Aluminium(III), iron(II1). zinc(H). 
manganese(II), copper( nickel(II), tin(I1) and antimony(II1) do not interfere in the method. The 
method can successfully be applied to the analysis of type metal. 

R&m&-On decrit le dosage gravimetrique du plomb (5-100 mg) par precipitation homogtne du 
sulfate de plomb a nartir dune solution contenant du nlomb(II), de I’EDTA et du sulfate, par oxy- 
dation destructive de I’EDTA par le peroxyde d’hydrogene ou ie bromate de sodium. Les aluminmm- 
(III), fer(III), zinc(II), mangantse(I1). cuivre(I1). nickel(I1). etam(I1) et antimoine(II1) n’interferent 
pas dans cette methode. La mtthode peut etre appliquee avec succes h I’analyse d’alliage pour car- 
act&es d’imprimerie. 

Zusammenfaasung-Die gravimetrische Bestimmung von Blei (5-100 mg) durch homogene Fallung 
von Bleisulfat wird beschrieben. Es wird aus einer Losung gefallf die Blei(II), EDTA und Sulfat 
enthllt und in der EDTA mit WasserstoRperoxid oder Natriumbromat oxidativ zerstort wird. Alu- 
minium(II1). Eisen(III), Zink(I1). Mangan(I1). Kupfer(I1). Nickel(II), Zinn(I1) und Antimon(II1) 
storen nicht. Das Verfahren kann mit Erfolg fur die Analyse von Letternmetall verwendet werden. 
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ELEMENTS DE FLUORIMETRIE ORGANIQUE FONCI-IONNELLE-IX 
FLUORIMETRIE DE DERIVES NITRES AROMATIQUES 

(Rem IP 16 auril 1974. Accepti le 4 jum 1974) 

Les derives nitres aromatiques sont aisement rtduits par le sulfate ferreux en milieu alcalin, et cette reaction a 
ttt recemment mise i profit pour le dosage de ces composes par colorimktrie du fer (III) forme au moyen de 
thiocyanate de potassium.’ Le= derive nitre est parallclement converti en amine aromatique et I’on sait que, par 
reaction avec I’acide naphtoquinone-1.2 sulfonique-4. les arylamines primaires fournissent une N-aryl 
aminonaphtoqumone extractible en chlorure de methyl&e. La reduction par I’hydroborure de potassium du con- 
densat ainsi separe de I’excbs de reactif mene a un o-diphenol fluorescent.’ 

Fe 2+ 
Ar- NO2 - Ar - NH2 

+_ &J@ BH4K _ & 

11 ?"-Ar 
I 
NH-Ar 

ii-Ar 

Selon nos essais. on accede de la sorte a la fluorimetrie des derives nitrts aromatiques. La fluorescence bleu- 
vert. d’intensiti proportionnelle a la concentration en produit nitre, autorise les dosages a i’tchelle du micro- 
gramme. 

Dans le tableau suivant. les sensibilites sont exprimees selon les normes propokes antkrieurement.2*3 

Limites du 
dosage, 

Nitrobenztne 
o-Nitrotolutne 
p-Nitrotoluene 
o-Nitrophenol 
wNitrophino1 
in-Nitrobenzaldehyde 
rri-Dinitrobenztne 

O.&O 
0.6-3.0 
O&3,0 
0.7-3.5 
0.3-1.5 
OS-25 
0.5-25 

Lecture 50 
Essai, Etalon, 

5 
w/ml 

0,185 
1.2 424 
1.2 0.27 
1.3 0;23 
0.6 0,20 
0,95 0.25 
LO 0.21 

La sensibilite est faible avec I’o-nitrobenzaldehyde (8-40 pg). Les composks suivants ne reagissent pratiquement 
pas. p-mtrophenol. p-nitraniline. p-nitrophenylhydrazine, p-nitrobenzaldihyde. dinitro-3.5 toluamide et trinitro- 
1.3.5 benzene. 
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RPactifs 

PARTIE EXPERIMENTALE 

(a) Solution aqueuse a 1.5% (p/v) de se1 de Mohr (FeSO,, (NH2)2S0,, 6H,O). 
(b) Solution aqueuse a 05% (p/v) de naphtoquinone-I,2 sulfonate-4 de sodium. Cette solution doit etre fraiche- 

ment prtparee et maintenue a l’abri de la lumiere. 
(c) On dissout 0,050 g d’hydroborure de potassium dans 1 ml de soude 0,l N et dilue a 100 ml par l’eau. 

Mode opkatoire 

La prise d’essai du derive nitre est dissoute dans 1 ml d’eau ou. si necessaire. dans un mimmum d’tthanol. 
et Ton dilue a 1 ml par I’eau. A la solution obtenue, on ajoute 05 ml de reactif a. puis 0.5 ml de soude 0.2 N. 
On melange, laisse reposer pendant 30 secondes. et ajoute 0.5 ml d’acide sulfurique 0.2 N. 

La suite des manipulations doit itre effect&e a l’abri de la lumitre. On priltve I ml de la solution obtenue. 
y ajoute 0.2 ml de rbactif h,. melange, transvase le contenu du tube a essais dans une ampoule B decanter de 
10 ml contenant 2 ml de chlorure de methylene et ajoute 1 ml d’eau ayant servi a rincer le tube. On agite pendant 
5 secondes environ, laisse decanter et recueille la totalite de la phase organique a laquelle on ajoute ensuite 2 
ml d’ethanol puis 41 ml de reactif c. On laisse reposer pendant 1 mn a temperature ordinaire, ajoute 45 ml 
d’acide chlorhydrique 0,Ol N, melange et effectue la lecture a l’excitation 355 nm emission 460 nm. 

L’ttalon est une solution da-naphtol dans le melange ethanol-soude 0.2 N 4: 1. 

Je remercie Mme. G. Vallee pour sa collaboration a la mise au point technique de la reaction. 

Centre de Recherches Roussel-Uclaf 
93-Romainviile, France 

J. BARTOS 
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R&run&-Le fer (II) en milieu alcalin reduit les derives mtrbs aromatiques en arylamines. Le color- 
ant obtenu par reaction de l’amine avec l’acide naphtoquinone-1,2 sulfonique-4 est extractible en 
chlorure de methylene. La reduction par Phydroborure de potassium fournit un o-diphenol fluores- 
cent, permettant ainsi la fluorimetrie des derives nitrbs aromatiques a l’tchelle du microgramme. 

Summary-Aromatic nitro compounds are reduced to aromatic amines by iron(I1) in alkaline 
medium. The dye obtained by reacting the amine with 1,2-naphthoquinone-4sulphonic actd is ex- 
tractable into methylene chloride. Reduction by potassium borohydride ytelds a fluorescent o- 
diphenol, thus allowing the fluorimetric estimation of aromatic nitro compounds on the microgram 
scale. 

Zusammenfissung-Aromatische Nitroverbindungen werden durch Eisen(I1) in alkalischem 
Medium zu aromatischen Aminen reduziert. Setzt man das Amin mit 1,2-Naphthochinon-4-sulfon- 
s;iure um, so hi& sich der erhaltene Farbstoff in Methylenchlorid extrahieren. Reduktion mit 
Kaliumborhydrid liefert ein fluoreszierendes o-Diphenol; damit wird die fluorimetrische Restim- 
mung aromafischer Nitroverbindungen im Mikrogramm-MaSstab moglich. 

T&nr~ Vol. 21. pp. 13Wl305 Pergamon Press, 1974 Prmted m Great Brttam 

SUR UNE COLORIMETRIE D’ALDEHYDES AROMATIQUES PAR 
L’I&iTERMEDIAIRE DE LEURS THIOSEMICARBAZONES 

(Rew le 16 avril 1974. AcceptP le 4 jurn 1974) 

La reaction coloree que fourmssent iv2 les thiols avec la dichloro-2.3 naphtoquinone-1.4 a 6te recemment &endue 
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g la dttection des thiourtes, thiosemicarbazides et monothiosemicarbazones.” Selon nos es&s, on peut ac&der 
ainsi 1 une colorimttrie sensible des aldthydes aromatiques. 

La rtaction est igalement positive avec les aldkhydes aliphatiques et les &ones, mais les r&ultats sont tris 
irrbguliers et la loi de Beer n’est pas suivie. La mCthode n’est pas applicable aux compods insolubles darts I’eau. 

PARTIE EXPl?RIMENTALE 

RCactifs 

(a) Solution B 0,l 7; (p/v) de thiosemicarbazide dans I’acide chlorhydrique 0,lN. 
(h) Solution B l”,; de dichloro-2.3 naphtoquinonel.4 dans le chlorure de mbthyline. 

Mode opkratoire 

A I ml de solution aqueuse d’aldehyde, on ajoute 0.5 ml de rtactif a et laisse reposer pendant 10 min a 20°C. 
On transvase le contenu du tube B essais dans une ampoule B d&anter de 10 ml, ajoute 1 ml d’eau de lavage 
du tube, puis 2 ml de chlorure de mtthylbne, et agite pendant 20 secondes. On laisse d&.anter, recueille la totalit 
de la phase organique et y aJoute 0,5 ml de r&+actif b, 2 ml d’ithanol et 0.5 ml d’ammoniaque 22” g (- 12M). 
On lalsse reposer g l’obscurltt g 20°C pendant 1 h avant d’effectuer la lecture (coloration brun-orange g vert- 
orangt). 

Applications 

BenzaldChyde 
CHydroxy benzaldkhyde 

I. 
%:m 

575 

Prise d’essai en w pour 
obtenir une densiti optique 

de 43 (cuve de 1 cm) 
479 

48 
PipCronal 570 5.4 
SalicylaldChyde 660 7.2 
Vanilline 570 144 

Nous remercions Mlle. M. Pepin pour sa collaboration g la mise au point technique de la r6action. 

Centre de Recherches Roussel-Uclaj J. BARTOS 
93-Romainoille. France M. PESEZ 
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R&urn&-La thiosemicarbazone obtenue en faisant reagir un aldkhyde aromatique avec le thiose- 
micarbazide en milieu acide est extraite en chlorure de m&hyl&e. La coloration d&elopp&e en 
ajoutant de la dichlor&2,3 naphtoquinone-1.4 g I’extrait organique autorise la colorimttrie g 
I’tchelle de quelques microgrammes. 

Summary-The thiosemicarbazone obtained by reacting an aromatic aldehyde with thiosemicar- 
bazide in acidic medium is extracted into methylene chloride. The colour developed by adding I&3- 
dichloro-Wnaphthoquinone to the organic extract allows the calorimetric determination of a few 
micrograms. 

Zusnmmenfassung-Das aus einem aromatischen Aldehyd und Thiosemicarbazid in saurem 
Mechum erhaltene Thiosemicarbazon wird in Methylenchlorid extrahiert. Die durch Zugabe von 
2,3-Dichlor-1,4-naphthochinon zum organ&hen Extrakt enhvickelte Farbe erlaubt die colorime- 
trische Bestimmung einiger Mikrogramme. 
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SUR UNE COLORIMETRIE DES ACIDES CARBOXYLIQUES PAR 
HYDROXAMATION DIRECTE 

(Rqu Ir 16 uml 1974. Accepk Ir 4 jum 1974) 

La colorimetrie des acides carboxyliques est frequemment fondle sur une esterification prealable. La revelation 
des derives p-nitrophenacyliques obtenus par reaction du se1 de sodium de l’acide avec le bromure de p-nitroph- 
inacyle.’ et celle des composes dinitro-2A phenyliques form& par condensation de l’acide avec le dinitro-2.4 
phenol en presence de dicyclohexylcarbodiimide,’ mettent a profit la presence de groupements nitrts dans la 
molecule de fester. On accede a la colorimetrie des esters du glycol prepares par reaction de l’acide avec l’ethyl- 
eneglycol en presence d’acide sulfurique,3 et a celle desesters methyliques obtenus par action. sur l’acide carboxy- 
lique. du methanol en presence de dicyclohexylcarbodiimide.’ par passage a l’acide hydroxamique correspondant 
et dtveloppement de la coloration par l’ion ferrique. 

Rtcemment. Tanimura et a1.s ont decrit une reaction qualitative des acides carboxyliques fondle sur la forma- 
tion directe de l’acide hydroxamique, evitant le stade intermediaire d’esterification. IIs opbrent avec le chlorhyd- 
rate d’hydroxylamine, tandis que pour les esters on+utilise classiquement la base libre. L’agent de deshydratation 
utilise est le dicyclohexylcarbodiimide. Les esters ne rtagissent pas, et les auteurs attribuent cette selectivite au 
fait que les manipulations sont effect&es a temperature ordmarre et en l’absence de base forte. 

Won nos essais. la methode peut etre rendue quantitative. La loi de Beer ttant suivie, on accede amsi in la 
colorimetrie des acides carboxyliques. Dans nos conditions experimentales. les esters ne reagissent pas. et Ton 
peut doser de la sorte 0.17; (p/v) d’acide acetique dans l’acetate de butyle, par exemple. Notre technique imposant 
dans certains cas, un chauffage 6 70°C pour la reaction d’hydroxamation, la sklectivite ne peut Ptre attribuee 
au facteur temperature. Elle est lice a l’acidite du milieu: avec le chlorhydrate d’hydroxylamine. seuls les acides 
carboxyliques rtagissent; les esters ne fournissent une reaction postitive qu’en milieu alcalin. On utilise generale- 
ment a cet effet une solution d’hydroxylamine obtenue par melange a parties tgales de solutions methanoliques 
h meme concentration de chlorhydrate d’hydroxylamine et de soude.h Dans un tel milieu. I’hydroxamation dir- 
ecte de i’actde carboxyhque en presence de dicyclohexylcarbodiimide n’a pas lieu et l’estirificatton prialable 
devient necessaire, ainsi que l’ont etabli des essais anterieurs.4 

PARTIE EXPeRIMENTALE 

RL;actifs 

(a) Solution aqueuse a 2s; (p/v) de chlorhydrate d’hydroxylamine. 
(h) Solution a 2% (p/v) de dicyclohexylcarbodiimide dans l’ethanol. 
(c) Solution a 2% (p/v) de chlorure ferrique (6 HZO) dans l’ethanol. 

Mode opdrarowe 

A 0.5 ml de solution d’acide carboxylique dans l’tthanol. on ajoute 0.1 ml de reactif (I et 0.5 ml de reactif h. 
On maintient a T” pendant le temps f (vow Applications) g l’obscuritt, refroidit si necessaire. aloute 3 ml d’ethanol 
puis 0.1 ml de reactif c. Lecture immediate entre 510 et 550 nm. 

Acide formique 
Acide acitique 
Acide proptonique 
Acide butyrique 
Acide palmitique 
Acide lactique 
Acide succinique 
Actde malique 

Temperature. 
‘C 
20 
70 
70 
70 
70 
20 
20 
20 

Temps de 4n.,, 7 

repos ,,,n 

2 hr 510 
15min 520 
15 min 520 
20 min 520 
I5 min 520 
I hr 520 

45 mm 520 
45 min 520 

Prise d’essai en fig 
pour obtenir une 
densite optique 

de 0.3 (cuve de I cm) 
60 

I08 
140 
162 
510 
174 
135 
132 
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Temperature. 
“C 

Acide tartrique 
Acide mandelique 

20 
70 

Acide benzdique 20 
Glvcocolle* 20 
Al&ine* 20 
Leucme* 20 
Safcosine* 20 

* L’tchantillon est dissous dans l’alcool a 80%. 

Temps de 
repos 

45 min 
15min 
2 hr 
4 hr 
4 hr 
4 hr 
4 hr 

&i ’ 
nm 

520 
520 
550 
510 
510 
510 
510 

Prise d’essai en pg 
pour obtenir une 
densite optique 

de 0.3 (cuve de 1 cm) 

207 
200 
127 
147 
265 

: 770 
300 

Remaryurs 

(1) La reaction n’est pas applicable A l’acide oxalique. qui est decompose par le dicyclohexylcarbodiimide. 
(2) On peut remplacer l’ethanol par le methanol comme solvant de l’acide carboxylique. 
(3) Pour le dosage dun acide carboxylique dans son ester, on apphque le mode operatoire a une solution a 

IO”,, (v v) de fester dans I’tthanol. 

Nous remercions Mlle. M. Pepin pour sa collaboration a la mise au point technique de la reaction. 

Cents de Rcchcwhrs Rouswl-Uclaf M. PESU 
93-Romarrtcille. France J. BARTOS 
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RCsum&-Les acides carboxyliques rtagissent avec le chlorhydrate d’hydroxylamine en presence 
de dicyclohexylcarbodiimide en donnant l’acide hydroxamique correspondant que l’on redle par 
le fer (III). permettant ainsi la colorimetrie a I’tchelle du dixieme de milligramme. Les esters ne 
reagissent pas. et I’on peut ainsi doser l’acide a&tique dans l’acetate de butyle a une concentration 
d’environ 0 1” . 0 

Summary-Carboxyhc acids react with hydroxylamine hydrochloride in the presence of dicyclo- 
hexylcarbodi-imide to give the corresponding hydroxamic acid which is developed with iron(III), 
thus allowing calorimetric determinations on the tenths of a milligram scale. Esters do not react, 
and acetic acid can be determined in butyl acetate at a concentration ofabout O-l%. 

Zusammenfassung-Carbontiuren reagieren mit Hydroxylaminhydrochlorid in Gegenwart von 
Dicyclohexylcarbodiimid zur entsprechenden Hydroxamsaure. die mit Eisen(II1) entwickelt wird. 
Damn werden colorimetrische Bestimmungen m der Griigenordnung von Zehntel Milligrammen 
moglich. Ester reagieren nicht: etwa 0.1% Essigsiture in Butylacetat kiinnen bestimmt werden. 
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SPECTROPHOTOMETRIC DETERMINATION OF MOLYBDENUM 
EXTRACTION OF ITS THIOSULPHATE COMPLEX 

(Recewed 15 April 1974. Accepted 7 May 1974) 

BY 

The relative freedom from interference by other elements makes the reaction of molybdate with thiosulphate’.’ 
attractive for the determination of molybdenum. The earlier method3 of photometric determmation employed 
the reaction only for pure molybdenum solutions and did not recognize the influence of temperature, the decom- 
position of thiosulphate in the solvent phase, and the effect of other ions on the extraction of molybdenum. A 
mixture ofsolvents was used for extraction. and required drying before the photometric measurement. .Therefore. 
a reinvestigation of the method was considered of interest in view of the usefulness of the method for analysis 
of natural and industrial samples. 

Reagents and test solutlons 

EXPERIMENTAL 

Solutions of molybdenum thiosulphate and of interfering elements were prepared as described in a previous 
paper.“ The isoamyl alcohol fraction distilling at 128-131°C was used. 

Synthetic samples. Prepared by mixing molybdenum in pg amounts with other ions m the desired proportions. 
Steels. Steel sample (Ql g) was dissolved5 in 10 ml of perchloric acid (1 + 1) and 1 ml of concentrated nitric 

acid. The solution was made alkaline, 20 ml of glycerol were added to mask any tungsten, and the solution was 
made 1M in hydrochloric acid and 100 ml in volume: 10 ml aliquots were used for analysis. 

Procedure 

A 10 ml aliquot of just acidic sample solution containing not more than D8 mg of molybdenum is taken m 
a 100 ml separatory-funnel. Enough hydrochloric acid (1OM) is added to make its final concentration 1M in 20 
ml of solution. The volume is adjusted with water to about 18 ml (or correspondingly less when more than 2 
ml of thiosulphate solution are added, as mentioned below) and the solution is cooled to 10-15°C. Then 10 ml 
of isoamyl alcohol followed by 2 ml of thiosulphate solution (both at IO-15°C) are added the mixture is shaken 
immediately for 2-25 min and the solvent phase is separated. The molybdenum left in the aqueous phase is oxi- 
dized with bromine (added dropwise) and excess of bromine is removed by shaking for 1 min with 10 ml of carbon 
tetrachloride. The addition of isoamyl alcohol and thiosulphate solution is repeated and the solution shaken im- 
mediately for 2 min. The two isoamyl alcohol extracts are combined and shaken with 10 ml of water for 30 set 
to remove free acid and thiosulphate, then passed through a Whatman No. 41 paper into a 25 ml standard flask 
and made up to the mark with the solvent. The absorbance of the complex is measured at 475 nm against a 
similarly treated solvent blank, in I cm cells. 

For each 100 mg of iron(III) or vanadium(V) in the sample add 2 ml more of the thtosulphate solution, and 
3 ml for each 100 mg of chromium(V1). For each IO mg of tungsten(V1) add 1 ml of glycerol, after making the 
solution alkaline. 

RESULTS AND DISCUSSION 

The red spectes formed by molybdenum with thiosulphate in acidic solution IS extractable by many organic 
solvents (Table 1). The complex shows maximum absorbance but little stability in ethyl acetate. Slightly lower 
but equal absorbance is shown in isoamyl alcohol and an n-butanol-benzene mixture, with equal colour stability. 
However, the former is preferred being a single solvent not requiring drying before the spectrophotometry. 

Effect of oarymg experimental conditions 

The absorbance of the molybdenum thiosulphate complex Increases with the time of shaking (Fig. 1. curve 
A), reaching a maximum in 2 min, but falls with increasing time of contact with the acid aqueous phase. Increas- 
ing the thiosulphate concentration Increases the absorbance for up to 36 mg of Na2S203.5H20 per ml (Fig. 
1, curve B). but higher concentrations decrease it owing to formation of a colloidal brown precipitate. The absor- 
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Table 1. Dependence of absorbance of the complex on 
the solvent (MO in aqueous phase:2.4 &ml) 

Solvent Absorbance* 

Ethyl acetate 0035 
Isoamyl alcohol 0031 
n-Butanol-benzene (2: 3) 0.031 
Isoamyl acetate cf.029 
TBP-benzene (1: 1) 0.028 
TBA-chloroformt 0021 
Methyl isobutyl ketone G 

* Against solvent shaken with reagents. 
t Tribenzylamine solution (1 “/a w/v) in chloroform. 
9 Colour fades quickly and solvent becomes turbid. 

bance Increases with acid concentration up to 1M hydrochloric acid (Fig. 1. curve C), higher acidities decreasing 
it slightly. On the basis of these studies. the optimum conditions are 36-40 mg of Na,S,O,.SH,O per ml, l- 
1.5M hydrochloric acid, and 2-2.5 min equilibration time. These are incorporated into the given procedure. 

Ef/ct ofdiverse ions 

More than 1 mg/ml of Sn(II), Cu(II). or Bi(V). or > 10 fig/ml of Pd(II) and Pt(IV) in the aqueous phase will 
Interfere by causing colour in the organic phase; Ru(II1) and Os(VII1) cause stable emulsions (Table 2). Cu(II), 
Bi(V), Sb(III) and Pd(I1) form precipitates in the aqueous phase on shaking with the solvent. More than 2 ml 
ofglycerol per 20 ml of aqueous phase decreases the extraction of molybdenum by about 18% but this is recovered 
in the second extraction. The effect of other ions, complexing agents and other conditions on the absorbance 
of the molybdenum thiosulphate complex is the same as that on the extraction with methyl isobutyl ketone.“ 

The sulphur from the reaction of thiosulphate and acid extracted into the isoamyl alcohol, makes the solvent 
turbid in 2-3 min. causing serious errors in the absorbance. The organic phase should therefore be washed with 
water as proposed. Molybdenum is not lost thereby. 

Molybdenum can be quantitatrvely removed into the solvent by two extractions. However, in the presence 
of other ions. molybdenum left in the aqueous phase after the first extraction is reduced to MO(V) which is quanti- 
tatively extracted only after bromine oxidation and readjustment of the conditions as already discussed.4 Gly- 
cerol does not interfere. Most of the excess of bromine is removed by a smgle extraction with 10 ml of carbon 

Thlosulphate, mg /ml 

IO 20 30 40 50 60 

I 
I I I I I I 

1 I I I I I I 
0 05 IO I5 20 25 3.0 

Minutes-A, M,HCI-C 

Fig. 1. Dependence of absorbance on conditions of extraction. Conditions: 
Na,S203’5H,0 36 mg/ml. 1M HCI. 2 min shaking. 

MO 9.7 &nl, 
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Table 2. Absorbance of other ions 

Ion* (initial oxidation state) 

Pd(II)t 
Pt(IV)t 
Bi(V) 
Cu(II) 
Sn(I1) 
Cr(V1) 
Ti(IV), V(V), Mn(II), 
Fe(III), Co(H), Ni(I1). 
U(VI), Ce(IV), Zr(IV), 
W(VI), Sb(III), Zn(II), 
Al(III), Cd(H), Pb(II), 
Nb(V& Re(VIH§ 
Os(VII1). Ru(II1) 

Appearance of 
solvent layer 

orange yellow 
yellow 
faintly yellow 
faintly yellow 
faintly yellow 
faintly green 

Colourless 
dark brown 
stable emulsions 

Absorbance 

0.269 
0.144 
O+iX 
0.004 
oGl3 
0.000 

0000 
- 

Concentrations in the aqueous phase: * 5 mg/ml; t 2.5 mg/ml; $ lmgjml; 5 5 pg/ml. 

Table 3. Analysis of samples by the proposed method 

Matrix (mg of element) 

Sample composition 
MO added, Mu found. 

w &l 

V(100) Fe(50) Co(30) Ni(40) Mn(35) 
Ti(12) Cr(20) U(75) Nb(l0) Cd(5) 
V(40) W(60) Fe( 100) 
V(20) W(80) Mn(20) 
V(10) W(20) U(40) Fe(15) Cr(l0) Ti(5) Nb(2) 
Cr(l5) Zr(l0) Fe(l0) CO(~) Cd(l0) 
High-speed steel (B.C.S. No. 241/l) 
Stainless steel (B.C.S. No. 246) 

97 97.96 
291 290. 29 1 
121 121. 120 
48.5 48.49 
‘0 20. 20 

679 679. 680 
052u/b* 0.52”“, 0.52”, 
2,899;* 282”“. 283”” 

* Reported value. 

tetrachlortde. The thiosulphate concentration is readjusted as required. before shaking agam with the solvent. 
The two isoamyl alcohol extractions then remove the molybdenum quantitatively (> 99.7”,). The slight loss of 
molybdenum is compensated by constructing the standard curve under the same conditions. 

The red molybdenum thiosulphate complex in isoamyl alcohol has absorption maxima at 345 and 475 nm. 
the former bemg 20-25 times as sensitive as the latter. The absorbance at 475 nm is stable for 45 min. fades < 2”” 
in 15 hr, and obeys Beer’s law over the range O-32 pg of molybdenum per ml of solvent. 

Applicafions 

The usefulness and applicability of the method are shown (Table 3) by the satisfactory analysis of steels and 
some synthetic samples containing several interfering elements in concentrations higher than normally met with. 
The method is simple, taking only about 15 min. and is free from disturbance by several important and frequently 
interfering species, VIZ. Ti(IV), V(V), Cr(VI), Mn(II). Fe(II1) Co(II), Ni(II), Zr(IV). U(VI). W(VI). Ce(IV). Re(VII). 
Sb(III), AI(III), Nb(V), Zn(I1) Cd(I1) and PMII) in the amounts usually occurrmg (the oxidation states shown 
are those of the ions when added Initially in the tests done). 
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Summary-A simple and rapid spectrophotometric determination of molybdenum IS described. 
The molybdenum tluosulphate complex is extracted into isoamyl alcohol from IQ-l.%4 hydro- 
chloric acid containing 3&40 mg of Na,S,03.5H,0 per ml. The absorbance at i.,,, = 475 nm 
obeys Beer’s law over the range O-32 ug of MO per ml of solvent phase. UP to 5 ma/ml of Ti(IV). 
V(v). Cr(VII Fe(IIII Co(H), Ni(II). u&I). W(V;), Sb(lI1). 1 mg//ml of Cu(iI). Sn(IIrBi(V) and 10 
pg/ml of Pt(IV) and Pd(I1) do not interfere. Large amounts of complexmg agents interfere. The 
method has been applied to analysis of synthetic and industrial samples. 

Rhm&-On decrit un dosage spectrophotometrique simple et rapide du molybd6ne. On extralt 
le complexe de thiosulfate de molybdene en alcool isoamylique i partir d’acide chlorhydrique I- 
ISM contenant 3&40 mg de Na&O,. 5 Hz0 par ml. L’absorption B i,,, = 475 nm suit la 101 
de Beer dans le domame @32 pg de MO par ml de phase solvant. Jusqu’B 5 mg/ml de Ti(IV). V(V). 
Cr(V1). Fe(III). Co(I1). Ni(II). U(VI). W(VIl Sb(II1). I mg/ml de Cu(I1). Sn(II). Bi(V) et IO~g/ml de 
Pt(IV) et Pd(I1) n’interfkrent pas. De grandes quantitks d’agents complexants internrent. On a 
apphquk la mkthode S I’analyse d’itchantillons synthktiques et mdustriels. 

Zusammenfassung-Eine einfache und rasche spektrophotometrische Bestimmungsmethode von 
Molybdln wlrd beschrieben. Der Molybdln-Thiosulfat-Komplex wird aus l.O-1.5M SalzsBure. die 
3&-40 mg Na$,O,.S Hz0 pro ml enthalt. in Isoamylalkohol extrahiert. Die Extinktion beI 
‘%\ = 475 nm befolgt im Bereich O-32 pg MO pro ml organ&her Phase das Beersche Gesetz. Bis 
5 mg/ml Ti(IV). V(V). Cr(V1). Fe(III), Co(I1). Ni(II), U(V1). W(V1). Sb(II1). I mg/ml Cu(IIh Sn(I1). 
Bi(V) und 10 pgjml Pt(IV) und Pd(I1) stiiren nicht. Grol3e= Mengen von Komplexbildnern stiiren. 
Die Methode wurde auf die Analyse synthetischer und industrieller Proben angewandt. 
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ANALYTICAL DATA 

DISSOCIATION CONSTANTS OF CARBOXYMETHYLOXYSUCCINIC ACID 

(Received 28 March 1974. Accepted 5 July 1974) 

The trtsodmm salt of carboxymethyloxysuccinic acid (CMOS)’ is at present under consideration for use in syn- 
thesis of detergents.‘.3 We are now investigating the chelating properties of the CMOS anion with several metal 
cations.“ To be able to determine the formation constants of CMOS complexes by the method of competitive 
reactions. it is necessary to know the dissociation constants of the acid, defined as follows: 

H,A = H’ + H2A- K, = [H][H,A]/[H,A] (1) 
H2A- = H’ + HA’- K2 = [HJ[HA]/[H,A] (2) 
HA2- = H’ + A3- K3 = CWCAI/CHAl (3) 

These constants have been measured at 25” at an ionic strength of O.lOOM. The activity coefficients are pre- 
sumed to have remained constant; thus the dissociation constants measured are concentration constants and 
not thermodynamic constants.5 The experimental approach was a modified version of the method of Bates and 
Pinchmg.6 

EXPERIMENTAL 

Morerials 

The CMOS was supplied in the form of the trisodium salt pentahydrate by Lever Brothers Research and De- 
velopment Division. Edgewater. N.J The absence ofother carboxylic acids as impurities was confirmed by NMR 
and chromatographtc techniques. The material was found to be not less than 99.8% pure, by an acidimetric assay. 

The trisodium salt was converted into the acid by passing solutions of the salt through a column containing 
Bio-Rad AG-SOW X8 (50-100 mesh) cation-exchange resin in the hydrogen form. 

Three stock solutions of CMOS buffers were made up from @lOOO-mole portions of CMOS mixed with enough 
l.OOOM sodmm hydroxide to neutralize l/6. l/2, and 5/6 of the total acidity, respectively. and then diluted to 
twtce the origmal volume of acid. Thus one solution was nominally 0.05OOM in both H3A and NaH,A, the 
second 0.05OOM m both NaHzA and Na,HA, and the third 0.0500&f in both Na,HA and Na,A. The con- 
centrations of these stock solutions were checked by titration of the remaining unneutrahzed acid. 

From each CMOS buffer stock solution, 1.0. 3.0. 5.0, 10.0, and 2@0 ml portions (V,) were transferred to lOO@ml 
volumetric flasks. The calculated amount of lQOA4 sodium perchlorate was then added to each flask such that 
the ionic strength after dilution would be 01OOM. 

The pH measurements were made with a Beckman 1019 Research Model pH meter (which had been calibrated 
with an internal Weston cell) using a Beckman general purpose glass electrode and a Beckman frit-junction 
silver-silver chloride reference electrode. After internal calibration the meter and glass electrode were standar- 
dized to read hydrogen-ion concentration when used with hydrochloric acid solutions of known concentration 
and an tome strength of 01OOM in sodmm perchlorate medium. All solutions were measured in a constant-tem- 
perature bath kept at 25.0 f 0.1’. 

CALCULATIONS 

Because the three dissociation constants of CMOS are very close. an acidimetric titration curve shows only 
one inflection pomt. Such a curve was used to estimate an average dissociation constant (Ki) from the pH mea- 
sured at half complete neutralization. The three dissociation constants were then computed from pH measure- 
ments on three separate sets of CMOS buffer solutions, by using a method of successive approximations. 

The first set of buffer solutions contained nominally equimolar amounts of H3A and NaH,A. For these solu- 
tions it was assumed that the third dtssociation could be neglected. The average dissociation constant found from 
the titration curve was used to estimate K,, thereby allowing K, to be calculated from the hydrogen ion con- 
centration by the following equation: 

‘I = [H](C 
CHz4 [HI2 + [H]’ 

~14 - WI - h’z) + K~(CH,,+ 2C,,,)’ 
(4) 

T*L ZI I?+, 1313 
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where [H] is the hydrogen ion concentration, and C “,A and CHzA are the analytical concentrations of H,A and 
NaH*A. This equation was derived from equations (1) and (2) and from the relevant mass balance equations. 

The third set of buffer solutions contained nominally equimolar amounts of Na,HA and Na,A. For these solu- 
tions it was assumed that the first dissociation was complete. The average dissociation constant was again used 
to estimate K,, and K, was then calculated from the hydrogen ion concentrations by means of the following 
equation: 

K 
3 

= K,CdYl + CH12Wz + X4 + Cd + U-V 
KL tCHA - WI 1 

(5) 

where CHA and CA are the stoichiometric concentrations of Na,HA and Na,A respectively. 
The second set of buffer solutions contained nominally equimolar amounts of NaH?A and Na2HA. In these 

solutions all three dissociation equilibria must be considered. The first and third equilibria can be described by 
means of the K, and K, calculated from the two previous sets of solution& and a new K, was calculated from 
the hydrogen ion concentration of these solutions by the following equation: 

K _ (K, + CHI)CW(CHA + 4 
’ - 

where 

K,W, + CWNC,,, - 8) ’ 
(6) 

B = CH12 + W, + K,)CHI + K,K, WI - CHAK~ CHIC,>, 
2[H]’ + K,[H] + 3K,[H] + 2K,K, WI + K, + K, + [H] ’ ) 

(7) 

The value of K, calculated from equation (6) was used to recalculate K, and K, from equations (4) and (5). 
A new value of K, was then recalculated from the new K, and K,. The cycle of calculations was repeated until 
after four iterations the values of K,, KL and K, converged to within O*oOl. The computations were performed 
on a General Electric Time Sharing Service Mark IV computer. 

RESULTS AND DISCUSSION 

In each cycle of calculations individual dissociation constants were calculated for each buffer solution m each 
set. The average results were used to initiate the next cycle of calculations. The averages, f one standard devla- 
tion, obtained after convergence were as follows: K, = (3.01 + 0.05) x 10e3, K? = (I.70 + 0.01) x IO-&. and 
K3 = (100 + @05) x IO-‘. The pH data used in computing the constants, and the pK values obtamed after con- 
vergence are presented in Table 1. The initial estimate of the average dissociation constant obtained from the 
neutralization curve was K, 1.3 x 10m4. 

On the basis of inductive effects, it appears that K, refers to the dissociation of hydrogen atom 2. while K, 
and K, refer to the dissociations of hydrogen atoms 1 and 3 respectively. 

H 

H -rL -COOH (1) 

b 

L H- -COOH 

L 

(2) 

H- -COOH 

k 

(3) 

Table 1. pH data used in computing the dissociation constants of carboxymethyloxysuccinic acid, and pK values 
after convergence, at 25°C and p = O.IOOM in sodium perchlorate. 

Vbr ml 

1.0 
3.0 
5.0 
7.0 

10.0 
20.0 

set I set2 set 3 
PH PKI PH PKZ PH ‘PK, 

- - >915 3.770 5.050 4.972 
2.959 2.511 3.826 3.767 5.057, 4.990 
2.855 2.530 3.807 3.772 5.064, 5.000 
2.784 2.515 3.797 3.772 5.074 5.012 
2.725 2.523 3.788 3.771 5.09 I 5.032 
2.632 2.526 



ANALYTICAL DATA 1315 

Comparison of the pK I value of CMOS (2.52) with that reported for the lsomeric citric acid (pK, = 29-3.0)6.7 
and the parent succinic acid (pK, = 4.19)’ shows CMOS to be the strongest of these acids. The greater acid 
strength of CMOS can be attributed to the inductive effect of the ether oxygen atom. 

Lever Brothers Compan.~ C. E. RODRIGUEZ@ 

Research und Developmeni Dlvisiorl 
45 River Road. Edgewater 
New Jersey 07020 U.S.A. 

Department q/ Chemrsrry C. D. DEVINE 

FairleIgh Dickrnson Umversit) 
Teaneck. New Jersey, U.S.A. 
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Summary-The dissociation constants of carboxymethyloxysuccinic acid (CMOS) have been mea- 
sured at 25- and an ionic strength of O.lM in sodmm perchlorate. The values found were: pK, = 
2.52. pKZ = - 7.77 and pK3 = 5.00. CMOS is thus seen to be rather stronger than its isomer citric 
acid. 

R&urn&-On a mesurk les constantes de dissociation de I’aclde carboxymethyloxysuccinique 
(CMOS) B 25- et ti une force lonique de 0.1 M en perchlorate de sodium. Les valeurs trouvkes sont: 
pK, = 2.52: pK, = 3.77 et pK, = 5.00. On voit que le CMOS est plutbt plus fort que son isomkre 
l’aclde citrique 

Zusammenfassung-Die Dissoziationskonstanten von Carboxymethyloxybernsteins;iure (CMOS) 
wurden bei 25’ und einer Ionenstlrke von 0.1 M in Natriumperchlorat gemessen. Die gefundenen 
Werte sind: pK, = 2.52. pK1 = 3.77 und pK, = 5,OO. Man siehf dal3 CMOS eine eher stirkere 
sure ist als die isomere Citronenslure 
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ANNOTATION 

COMPARISON OF AN INSTRUMENTAL AND MODIFIED KJELDAHL 
TECHNIQUE FOR DETERMINATION OF NITROGEN IN NIOBIUM AND 

TANTALUM ALLOYS 

(Received 25 March 1974. Accepted 14 May 1974) 

The refractory alloys of niobium and tantalum are promtsing candidates for structural use in space. It is impor- 
tant to be able to monitor changes in nitrogen content in the ppm range for tantalum and niobium alloys. Low 
concentrations of mtrogen in many metals have been determined by vacuum fusion. inert-gas fusion or by vari- 
ations of the Kjeldahl procedure. There has been a limited amount of work done showing a compartson of 
nitrogen results for refractory metals in the same material by the Kjeldahl and instrumental methods.‘.2 This 
was due in large part to the difficulty in dissolving solid refractory metal samples rapidly. However, since the 
introduction of the improved chemical dissolution procedure developed by Kallmann et al. it is possible to dis- 
solve rapidly solid fragments of refractory metals such as tungsten molybdenum, niobium and tantalum for Kjel- 
dahl nitrogen determinations.3 

In an earlier report we compared vacuum-fusion gas analysis and a modified Kjeldahl technique for the deter- 
mination of nitrogen in tantalum alloys.’ The present report describes a continuation of this work, namely the 
determination of nitrogen in niobium alloys. 

Attempts in thus laboratory to use vacuum fusion and conventional inert-gas fusion analysers for the deter- 
mmation of mtrogen m niobium alloys were unsuccessful. Recovery of the nitrogen was low despite the use of 
various flux and bath conditions. An instrument based on the principles of pulse heating described by Vasserman 
and Turovtseva“ and later used by Goldbeck rr a[.5 is now commercially available as the Leco Corporation 
Model TC-30 mtrogen-oxygen determinator. 

The purpose of this paper is to demonstrate the applicability of this instrument as compared to a modified 
Kjeldahl method, for the determination of nitrogen in three tantalum and six niobium alloys. 

The modified Kjeldahl results for the tantalum alloys are from a previous report.2 The instrumental results 
are new. but are based on samples analysed previously by means of modified Kjeldahl and vacuum fusion tech- 
mques. 

Sample preparation 

EXPERIMENTAL 

The sample rods were sliced with a water-cooled abrasive wheel. Wafers were cut into individual samples with 
a flat shear. One portion of the wafer (0.25 g) was used for the TC-30 analyser and another portion (65 g) for 
the modified Kieldahl determination. Samnles were etched in a solution of 10 ml of hvdrofluoric acid (1 + 1) 
and a few drops of 30% hydrogen peroxide in a Teflon beaker. The solution was warmed for a few minutes to 
accelerate the etching. Etching was stopped when a matte finish appeared on the samples. After the etching the 
samples were rinsed with distilled water. acetone, and finally reagent grade diethyl ether. After drying at llO”C, 
the samples were weighed. The sample intended for the modified Kjeldahl determination was placed in a Teflon 
dissolution bottle. The sample for instrumental analysis was placed in a platinum wire spiral. This spiral was 
formed from a 1 g piece of 20-gauge low-oxygen platinum wire with the ends closed to contain the sample. 

The mstrument used to obtain the nitrogen values reported was a Leco Corporation Mode1 TC-30 simul- 
taneous mtrogen-oxygen determinator. The analyser is equipped with a large sample loading head. The sample 
is fused with 1 g of platinum in a helium atmosphere at a high temperature in a small, single-use graphite crucible. 
The graphite crucible 1s held between water-cooled electrodes and attains a temperature of 2700°C when a 600- 
800 A current is applied. The graphite crucible is outgassed beforehand at the operating temperature for 45 sec. 
The sample. contained m a l-g platinum wire spiral. is dropped into the crucible. Again the crucible and sample 
are heated for 20 sec. Helium carries the released gases over copper oxide where carbon monoxide is oxidized 
to carbon dioxide and hydrogen is oxidized to water. Water is absorbed in magnesium perchlorate and the 
remaining nnrogen and carbon dioxide are separated chromatographically on a silica gel column. Less than 1 
min after the end of the fusion. the mtrogen is eluted from the chromatographic column, enters the thermal con- 
ductivity cell and is measured. The output of the cell is displayed on an electronic digital voltmeter. The oxygen 
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peak is recorded m the measurmg ceil about a minute later and IS stmilarly measured and dtsplayed. One sample 
can be analysed for both nitrogen and oxygen in less than 4 min. 

Outgassing and analysts cycles are initiated by push-button operatton. Both cycles are automattcally controlled 
by electronic timers and solenoid valves. 

Modified Kleidahl procedure 

The apparatus, reagents. and procedure used were essentially the same as those described m an earlter publica- 
tion.2 All procedural steps remained the same except for the use of a smaller size sample. owing to the hrgher 
nitrogen content of the niobium alloys. and a different etching solutton. 

DISCUSSION AND RESULTS 

The classical vacuum fusion and inert-gas fusion techniques both mvolve high-temperature fuston of the 
sample in a graphite crucible so that carbon reduction and thermal decomposition reacttons may occur. Quantt- 
tative extraction of carbon monoxide for the determination of oxygen in the refractory metals can be achieved 
if optimal conditions are provided in the fusion crucible. Some molecular nitrogen is also evolved under the same 
conditions. Although our earlier comparison showed good correlation between vacuum fuston and the modified 
Kjeldahl procedures for nitrogen in tantalum alloys. we have not been able to extend this to niobium-base alloys. 
In our laboratory both vacuum and conventional inert-gas fusion have always yielded lower nitrogen values for 
niobium alloys than the modified Kjeldahl procedure. 

Turovtseva and Kunin reported the determination of nitrogen in samples of spectally prepared ntobium by use 
of vacuum fusion and an iron bath.b Dallman shows a comparison of the Kjeldahl and Inert-gas fuston pro- 
cedures for the determination of nitrogen in niobium metal.’ We are not aware of any reported compartsons 
of instrumental and Kjeldahl mtrogen values for niobium alloys. Close agreement was not easily achieved for 
several reasons. At one time, milled chips, not solid fragments, were used for Kjeldahl samples. Former chemical 
dissolution procedures were not rapid. The laboratory air is a possible major source of nitrogen contaminatron. 
Another reason reported by Somiya was that if the collection time used for oxygen is applied for the extraction 
of nitrogen. the nitrogen extraction is incomplete.’ Somiya was able to overcome thus problem in the vacuum 
fusion analysis of steel samples by extendmg the collectton time for nitrogen. Goward has suggested that the 
problem is due to the difficulty of extracting nitrogen down to its equilibrium value.’ Dallmann demonstrated 
the feasibility of simultaneous quantitative oxygen and nitrogen determinations in unalloyed niobium.’ by inert- 
gas fusion with a platinum-tin bath and a pyrolytic boron nitrtde thimble. 

Lemm demonstrated that quantitative recovery of nitrogen in steel was possible when a new. small graphite 
crucible was used for each sample extraction under an inert gas. 9 He also demonstrated that nitrogen recovery 
progressively decreased when several steel samples were extracted in the same Inert-gas fusion crucible.” 

In the TC-30 instrument, a high current is pulsed through a graphite crucible so that temperatures in excess 
of 2700°C are rapidly attained. A new graphite crucible is used for each determmation. The mtrogen IS separated 
from the oxygen by a chromatographic column. The nitrogen and oxygen are measured by thermal conducttvity 
and the results displayed on separate digital voltmeters. An analysis for both nitrogen and oxygen can be carried 
out in less than 4 min. Although intended for the determination ofgases m steel. the TC-30 can be used for refrac- 
tory metals by suitable adjustments in procedure and operatmg conditions. These include wrapping the sample 
in platinum. to provide a fluid medium for dissolving the refractory metal and complete release of nitrogen. and 
extending the heating cycle to 20 set to compensate for the larger mass of metal added to the crucible. 

Table I shows the nominal chemical analysis of the tantalum and niobium alloys tested. Table 2 indicates 
that equtvalent results for the determination of nitrogen m the niobium alloys are obtained by the TC-30 and 
the modified Kieldahl method. The precision of the TC-30 results is not stamficantlv different from that of the 
modified Kjeldahl method. In the range 30-80 ppm nitrogen, the relative standard deviation was 2-8”” by the 
modified Kjeldahl method and 5-7”;; by the instrumental method. 

Table I. Nominal composttion of alloys tested 

Commercial 
designation Balance 

Composition. “; 
W Hf Zr Ta V MO Y 

T-111 Ta 8 2 
T-222 Ta IO 2.5 - - - 

WC-3015 Nb I3 29 I.5 4 - 
Cb-752 Nb 9.8 2.7 - 
FS-85 Nb 9.5 0.8 28 - 

c- l29Y Nb 9 9 - 0.1 
B-66 Nb - - I.1 5 5 
Cb- 1 Zr Nb - - I - 
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1320 ANNOTATION 

The mean values for nitrogen by the two methods agree withm 5 ppm for five of the niobmm alloys tested. 
For the alloy Cb-I Zr, the difference in the mean mtrogen values is ib ppm. The higher value of SO bpm was 
found with the TC-30 analvser. The samoles were analvsed bv both methods durma. two davs. The blank values 
are the range for that period. The blank for the TC-30 IS lower and constant. This should be expected because 
m the instrumental analysis the sample is not subjected to as many handlmg operations such as dlssolutlon. distal- 
lation. spectrophotometric measurements and longer exposure to the laboratory atmosphere. 

Table 3 presents results from the analysis of three tantalum-base alloys. The KJeldahl results are from the ear- 
lier report. The TC-30 and the modified Kjeldahl results were obtamed for the same sample rods. The mean 
values for nitrogen in all three tantalum alloys agree very well by the two methods. The relative standard devla- 
tion for the instrumental method was 8-l l?/, and for the modified Kjeldahl method 3-9”,, 

CONCLUSIONS 

The results presented here show that the TC-30 analyser may be used satisfactorily for the determination of 
nitrogen in the tantalum and niobium alloys tested. The fact that nitrogen values were obtamed simultaneously 
with the determination of oxygen and have an accuracy and precision equivalent to modified Kjeldahl values 
is of great importance. The instrumental blank is very low and constant. The oxygen and nitrogen values are 
related to each other and both sample and time are saved. 

Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, U.S.A. 
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Summary-Results obtained for the determination of nitrogen m two tantalum alloys and six nio- 
bium alloys by modified Kjeldahl and Leco TC-30 nitrogen-oxygen determmator are compared. 
In the 5-25 ppm range. for tantalum alloys, the relative standard deviation was 3-9”” by the KJel- 
dahl procedure and 9-l 1% by the instrumental technique. In the range 3@80 ppm. for niobium 
alloys, the relative standard deviation was 2-87; by the Kjeldahl procedure and 5-7”” by the instru- 
mental technique. 

R&m&On compare les rksultats obtenus pour le dosage de l’azote dans deux alliages de tantale 
et six aliages de niobium par Kjeldahl modifik et par l’apparell de dosage azote-oxygkne Leco TC- 
30. Dans le domaine 5-25 ppm. pour les alliages de tantale, l&art type relatif a &t& de 3-9”,, par 
la technique de Kjeldahl et 9-l I% par la technique instrumentale. Dans le domaine 30-80 ppm, 
pour les alliages de niobium, l’bcart type relatif a Ctt 2-8x par la techmque de KJeldahl et 5-7:; 
par la technique instrumentale. 

Zusamtnenfassung-Die Ergebnisse der Stlckstofibestimmung in zwei Tantal- und sechs Niob- 
Legierungen nach emer modifizierten Kjeldahlmethode und mit dem Sticksto%Sauerstoff-Analy- 
sator TG-30 von Leco werden verglichen. Bei den Tantallegierungen betrug fiir S-25 ppm die rela- 
tive Standardabweichung bei der Kjeldahlmethode 3-9% und bei der instrumentellen Methode 9- 
11%. Bei den Nioblegierungen betrug im Bereich 30-80 ppm die relative Standardabwelchung der 
Kjeldahlmethode 2-S% und der instrumentellen Methode 5-7x. 



Talanta 
An International JournaI of Analytical Chemistry 

The illustration of a Greek balance from one of the Hope Vases is reproduced here by kind permission 
of Cambridge University Press 

Editor-in-Chief 

-.. 

DR.R.A.CHALMERS, Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland 

Assistant Editors 
DR.D.BETTERIM;E, University Cohege, Swansea, Wales 
DR.J.R.MAIER, University of Birmingham, England 
DR.I.L.MARK, University of Aberdeen, Scotland 

Regional Editors 
PROFESSOR I.P.ALIMARIN, Vernadsky Institute of Geochemistry and Analytical Chemistry, U.S.S.R. 
Academy of Sciences, Vorobievskoe Shosse 47a, Moscow V-334, U.S.S.R. 
PROFESSOR E.BLASIUS, Institut fiir Analytische Chemie und Radiochemie der UniversitPt des Saarlandes 
D-6600 Saarbriicken 15, Bundesrepubhk Deutschfand 
MR.H.J.FRANCIS, JR., Pennwalt Corporation, 900 First Avenue, King of Prussia, Pennsylvania 
19406, U.S.4. 
PROFESSOR J.S.FRITZ, Department of Chemistry, Iowa State University, Ames, Iowa 50010, U.S.A. 
PROFESSOKT.FUJINAGA, Department of Chemistry, Faculty ofScience, University of Kyoto, Sakyo-ku, 
Kyoto, Japan 
DR.M.PFSEZ, RousseCCJclaf, IO2 et 11 I route de Noisy, F-93, Romainville (Seine), France 
DR.R.PRIBIL: Laboratory of Analytical Chemistry, J. Heyrovsky Institute of Physical Chemistry and 
Electrochemistry, Czechosiovak Academy of Sciences, Prague I, Jiiskti 16, Czechoslovakia 

Consulting Editors 
DR.M.WILLIAMS, Oxford, England 
PROFESSOR C.L.WILSON, Belfast, N. Ireland 

Editorial Board 
Chairman: PROFESSOR R.BELCIXR, rclpresentin~q Advisory Bawd 
DR.R.A.CXALMERS, Editor-id7ziej DR.J.R.MAJER, .4ssistanr Editor 

DR.M.WILLIAMS, Consulting Editor MR.H.J.FRANCIS, JR., repmmting Regional Editors 

PROL;ESSOR C.L.WILSON, Consulrinr: Editor MR.G.F.RICHARUS, Dircc/or, Prv~umon Prrss Ltd. 

DR.D.BETTEKIVCIE, As&stunt Editor 

Annual Subscription Rates (including postage) 
Published monthly-l volume per annum 

380SC1w Mill Rwer Road. Elmsford, 
New York lOS23, U.S.A. 

Publishing and Advertising Offices 

C<i*per House. Olney. 
Bucks, En&md. 

Arrrrrirun Ctmiincnfr Peersamon F’rexs Inc., Mexwcll Howe, 380 Suw i%Iili River Rand. Elmsfwd, New York lOS23, U.S.A. 
Kerr 0, rbe Worlrf. Pergamon Press Ltd., Headington Hill Hall. Oxford OX3 UBW. England 

Capyrtght ,I‘, 1974 Pergamon Press Ltd. 



EDITORIAL 

In the Editorial published in the August number of Talanta, mention was made of further 
developments in the services offered to readers. One of the most important of these will 
be the delineation of areas in which analytical research is much needed, and a series of 
articies and “guest” Editoriais wiii be used ior this purpose. One of the reasons ior this 
innovation is the evident lack of communication between industrial chemists and academic 
research workers, which results in the latter being ignorant of the needs of the former, 
and the former being unaware of the untapped potential offered by the latter. For the 
convenience of our many readers who are not native readers of English, we propose to 
transfer the French and German summaries of papers from their present position in each 
article, to the position at present occupied by the English and Russian card-index 
summaries. They will thus be available for cutting out and pasting onto index cards. The 
English card-index summaries will be retained, but the Russian summaries will be dropped 
mainly because they are expensive to set in type, and it does not seem fair to expect the 
majority of subscribers to subsidize the interests of a very small minority; in this way 
we can avoid passing on some of the ever-increasing cost of printing. It is also intended 
to publish a series of short review articles, which will serve the purpose of updating 
earlier reviews while giving a critical appraisal of a particular field of analysis. 

I 
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Extractive photometric simultaneous determination of iron(D) and copper(D) with syn-phenyl-u-pyridyl ketoxime : 
analysis of ferrites: CHANUKAKANT K. BHASKAKE and SUNALINI G. KAWATKAR. (29 Mu!, 1974) 
Aquomolybdenum(l11) chloride as a reducing titrant: A potentiometric study: S. R. SAGI and P. R. MOHAN RAO. 
(31 Mnr 1974) 
Formation constants of mercury(N) with some buffer/masking agents and the formation of mixed-ligand complexes: 
W. E. VAN DER LINDEX and C. BEERS. (4 Jur~e 1974) 
Titrimetric determination of mercaptans with chloramine-T: RAM CHANI) PAUL. SATISH KUMAR SHARMA. NARESH 
KLXAR and RAM PAKKASH. (4 Juror 1974) 
GaFliquid chromatography of monosubstituted benzaldehyde isomers-l. Separation and thermodynamic treatment 
of monosubstituted benzaldehyde isomers: ALBERTINE E. HAHBOUSH and ISMAIL K. AL-HITTI. (4 Jurje 1974) 

Gas-liquid chromatography of monosubstituted benzaldehyde isomersI1. Substituent effects: ALBERTINE E. 
HARIIOI!SH and ISMAIL K. AL-HITTI. (4 Guru 1974) 
The spectrophotometric determination of manganese(ll) and zinc(ll) with 4-(2-pyridylazo)resorcinol: STI-I. AHH- 

LASD and RICHARD G. HI:RMA~. (5 Jur~e 1974) 
Precipitation of molybdenum(V) as hydroxide and its separation from rhenium: V. YATIRAJAM. USHA AH~JA and 
L. R. KAREAR. (18 Jurlc 1974) 
Analytical applications of hydrazones: MOHAN KATYAL and YAG DUTT. (19 June 1974) 
Spectrophotometric solvent-extraction studies of the uranyl 2-mercaptopyridine-laxide complex : M. EDRISSI and 
A. MASX)UMI. (19 Guru 1974) 
Mass spectra of metal chlorides by electron-impact mass-spectrometry : Kozo MATSUMOTO. NOBUTOSHI KIBA and 
TSUGIO TAKEUCHI. (19 Juror 1974) 
The complexometry of tin(N): J. KRAGTEN. (19 Butte 1974) 
Direct photometric determination of tellurium: L. S. A. DIKSHITUL~ and DINDI SATYANARAYANA. (19 June 1974) 
Spectrophotometric and fluorometric determination of traces of molybdenum in soils and plants: P. R. HADDAD. 
P. W. ALEXANDER and L. E. SMYTHE. (21 June 1974) 
The separation of molybdenum from technetium on di-2sthylhexylphospboric acid (D-2-EHPA) and kieselguhr : 
W. D’OLIESLAGER. J. INDESTEEGE and M. D’HoNT. (21 June 1974) 
Coulometric investigation of the drying methods for the standard reference materials potassium dichromate and 
sodium carbonate: TAICAYOSHI YOSHIMORI and NORIWRI SAKAGUCHI. (21 June 1974) 
Refractometric titrations: J. ALAMO and J. BELTRAN. (24 Jur~e 1974) 
A stable d.c. capillary arc plasma for solution analysis: H. DENTON. B. L. SHARP and T. S. WEST. (24 Jur~e 1974) 
Massenspektrometrische Untersuchungen zur Elementaranalyse organischer Verbindungen-III. Verbrennungs- 
vorgjinge im leeren Rohr : WALTER WALI~CH and OTTAIUR JAENICKE. (20 May 1974) 
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EDITORIAL 

PRELIMINARY COMMUNICATIONS 

In the interests of rapid publication and establishment of priority for new ideas and 
techniques in analytical chemistry, the Publisher and Editorial Board of ~u~u~~u have 
decided that from January 1975, Preliminary Communi~tions will be printed direct from 
typescript instead of being typeset and proof-read. In this way it should be possible for an 
article to appear within 5-8 weeks from the date of receipt. Off-set printing direct from 
typescript requires both the writing and the typing to be done accurately, with strict 
adherence to the publisher’s requirements, and any deviations will inevitably result in delay 
in appearance of the paper. Instructions to authors will be found at the end of this issue. 
Papers submitted for publication as Preliminary Communications should be sent direct 
to the Editor-in-Chief; they will be refereed as expeditiously as possible, but without 
relaxation of the standards that give Talanta its prestige, and to avoid disappointment 
authors are advised to consider their work critically before submitting it. Preliminary 
Communications are intended for the rapid publication of novel ideas likely to be useful in 
analytical chemistry or to initiate new lines of research. They are nof intended for trivial 
applications of well-known techniques and reagents, and they must contain sufficient 
results to show that enough research has been done to establish the validity of the work. 
Acceptance of a Preliminary Communication will not bind the author(s) to submission of 
any follow-up papers to Talanta, nor will it commit Talantu to automatic acceptance of 
such papers (which would be refereed in the usual way). 

This is the first of a number of developments the Publisher and Editorial Board have in 
mind for T&ma, and the others will be described in future Editorials. 
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Physics Reference Rooks: Vol. 1, Motion and Units: F. C. FLACK, K. E. GREW, T. W. PRIEST and W. G. V. 
ROSER, Pp. 332: E1.40; Vol. 4, Electricity and Electrons: J. T. DAVIES J. DUNN and C. GREY-MORGAN. 
Pp. 196; f 1.10; Vol. 6, Interfaces of Physics: E. F. SLADE. Pp. 218; f 1.10: Penguin Books, Harmondsworth, 1973. 

These three books constitute part of a six-volume series. This series is m the form of an extended dictionary of 
laws, phenomena and effects in physics. As such, it is suitable for students at second- and third-year sixth-form 
levels or first-year undergraduates. The items are Included in each volume in alphabetical order and there is an 
extensive cross-reference system within and between the volumes. Additional mformation provided includes 
suggestions for further reading and lists of units and constants. 

Transition Metal Complexes of Phosphorus, Arsenic and Antimony Ligands: C. A. MCAULIFFE (ed.). Halsted 
Press, New York, 1973. Pp. xix + 428. f 10.50. 

The style of this book is similar to that of the Chemical Society Specialist Periodical Reports, although the 
title is a little misleading as the contents are devoted almost exclusively to phosphme. arsine and stibine ligands; 
others, such as phosphites, achieve only a passing mention. An mtroductory chapter (Pidcock) deals with 
Group VB element-transition metal bonds, with particular reference to platinum compounds and emphasizing 
the interpretation of experimental data. Subsequent chapters discuss phosphine complexes (Chow, Levason 
and McAuliffe). mono-tertiary arsine and stibine complexes (Lloyd and McAuliffe), multidentate ligands 
(Chiswell) and di-tertiary arsme complexes (Alyea). The literature references extend to 1971 and occasionally 
into 1972; the coverage generally is comprehensive rather than critical and the main value of the book will be 
as an initial source in a field where one has been badly needed. 

The periodicTable: J. S. F. PODE. The Halsted Press Modern Chemistry Series, Halsted Press, New York, 1973. Pp. 
157. Paperback f3.75. 

This book is almed at sixth-form and possibly first-year University students. The first half of the book 
assembles experimental and factual information on the chemistry of the elements and representative compounds, 
and is reinforced by an extensive series of well-chosen simple experiments. The second half interprets this 
mformatlon in terms of theoretical ideas of atomic structure, orbitals and chemical bonding. The two halves 
of the book are efficiently cross-referenced so that fact and theory are continuously correlated. The style is 
terse to the point ofaggressiveness but in his anxiety to identify and deal with sacred cows the author sometimes 
succeeds only m substituting others of his own. In particular. his attachment to the concept of resonance 
leads to interpretations of the structures of LiF and BF, which many will find misleading. These reservations 
apart, the book provides a refreshmg survey of elementary inorganic chemistry. 
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TALANTA MEDAL 

The Editorial Board of Talanta has pleasure in announcing that, with the approval of 
the Advisory Board, the Seventh Award of the Talanta Medal has been made to 

PROFEWR B. V. L’vov 

of the State Institute of Applied Chemistry. Leningrad. 

Professor L’vov was the pioneer worker in the use of the graphite oven, instead of 
a flame, to provide the atom-reservoir in atomic-absorption spectroscopy. He was the 
first to apply it in chemical analysis, his first paper on the topic appearing in 1950 and 
being followed by several others. His work remained unnoticed in the West until about 
1965, but since then many variants of the original idea have been extensively applied. 
The technique is versatile and extremely useful, especially for small samples. It is also 
readily adaptable for larger samples when sampling problems arise or when trace 
analysis is required. 

T4L Vol ?I ho h--A I 
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TALANTA ADVISORY BOARD 

The Editorial Board and Publishers of Talanta take pleasure m welcoming the following new members to the 
Advisory Board of the journal. 

J.F. K. HUBER 
J: INCZBDY 

They also wish to record their sincere thanks for the help given by 

F.E. BEAMISH 

G.GOTTSCHALK 

YIJ. A.ZOLOTOV 
who retne from the Advisory Board. 

Professor J. Inczedy was born m 1923 in Budapest, Hungary. At school he was trained in classical languages 
and Latin and Greek literature. Afterwardshe received tuition at the Technical University, Budapest, where he 
gained hts diploma of Chemical Engineering in 1946. He then worked for 5 yr as an engineer in the leather 
Industry. He came back as lecturer to the Technical University where he worked first on reaction kinetics and 
trace analysis, and later on analytical separation methods. His main research interest is the use of complex- 
formation reactions m ion-exchange chromatographic and extraction methods. His first book, Analytical 
Applications oflo, Exchangers. was published in three languages. The book Analytical Applications of Compkx 
Equilibria was pubhshed in Hungarian in 1970. In the year 1959 he received the Dr. Techn. degree from the 
Technical University, and in the year 1967 the D.Sc. degree. He is member of the Advisory Board of Jon Exchange 
and Membranes, of IUPAC Commission V/l, and of the PresidiuF of the Hungarian Chemical Society. Since 
1970 he has been professor of Analytrcal Chemistry at the Universtty of Chemtcal Engineering, Veszprem. 
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bv reduction with sodium alumutium bis(2-methoxyethoxy) dibydride: MIECZY~LAW WRONSKI (22 November 1973) 

Formatton of ferrocvatudes-IV . Th(IV). Nd(Ill), UO&II) and Hg(Il): ATHOS BELLOMO, D~MENICO DE MARCO and 
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Methyl Calcem Blue and other analogues of Calcetn Blue: GERALDINE M HUITINK and HARVEY DIEHL 
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Acidttv scale tn sulpholane. spectrophotometrtc determination of pK, of picric act& J D CZABAN and L M 
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Formation of manganese(IV) ur aqueous cyanide solution. Spectrophotometric and electroanalytical evidence: 
G LOPEZ-CUETO. A ALONSO-MATEOS, J HERNANDEZ-MENDEZ and F LUCEYA-CONDE (19 December 1973) 
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EDITORIAL 

We wish to apologise to our Readers for the unusual and prolonged delay in publishing 
the last three issues of Talanta. 

All our material went to press on the scheduled dates, but unfortunately the Printers 
have been experiencing some difficulties, the result being the belated appearance of the 
Journal. We hope that our readers will bear with us, and we expect to resume our normal 
schedule with the next issue. We have not been helped by recent events in the economy, and 
the imposition of the J-day working week has caused delays over and above those due to 
the Printers problems. 

I 
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Analysis of petroleum streams by high-resolution mass sp&trometry: IAN P. FISHER and PETER FISCHER. 
(12 November 1973) 
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OBITUARY 

PROFESOR C. L. WILSON 

Cecil L. Wilson, Professor of Analytical Chemistry in the Queen’s University of Belfast, 
and the founder Editor of ~u~~~~~, died on Tuesday, 19th March, after a very brief 
illness. 

Cecil Wilson obtained his first degree at Queen’s University Belfast. He studied for his 
Ph.D., which he obtained in 1936, at the University of Glasgow and immediately 
returned to the Chemistry Department at Queen’s as an Assistant Lecturer. Whilst he was 
at Glasgow, he attended lectures on microchemistry given by Dr. D. T. Gibson, who 
was one of the first microchemists in Britain. These lectures had a profound effect on 
Cecil Wilson. and there is no doubt, that although he became interested in other branches 
of analytical chemistry he never deviated from his first love and it was unquestionably 
in this area that his most notable con~ibutions were made. 

Although microchemical methods had been known since the turn of the century, at that 
time they were still much of a novelty in Britain. Cecil Wilson as fascinated by their 
elegance and the miniature apparatus that was used. When he returned to Queen’s he 
organized a general course in microchemical methods; this was probably the first 
University course in general irtorgmic microchemistry in these Islands. Although organic 
microanalysis post-dated its inorganic counterpart, it was the first to become widely used; 
this subject was taught in British Universities more than a decade earlier. I had corres- 
ponded with Cecil Wilson and others during the early part of the war, but we did not 
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meet until 1943 when we came together in Sheffield to try to form a microchemical 
society. Besides Cecil Wilson and myself were Dr. G. Ingram, Mr. C. Whalley, Dr. G. H. 
Wyatt and others. 

Because of his great interest in microchemical apparatus, Cecil Wilson was always 
trying to devise.new and improved forms of microequipment. During the war, as part of 
the Manhattan project, submicro methods of inorganic analysis had been developed in 
the U.S.A. Even after the war information on these methods was very restricted. 
However, from a very poor photograph of the submicrobalance that had been used, 
Wilson and his co-worker H. El Badry managed to construct a torsion balance that 
would weigh accurately at the levels required. They later developed a number of 
submicro methods for the detection, separation and determination of several elements. 

Submicro methods of this kind proved to have a number of useful applications; they 
were not only of use for the analysis and the investigation of the chemistry of the 
trans-uranium elements but in many other areas where limited amount of sample was 
available, such as the composition of corrosion products, encrustations, the analysis of 
inclusions in minerals, meteorites and so on. Nowadays it is a simple matter to buy 
commercially specialized equipment of all kinds, but during the war period and even for 
some years afterwards, one had to make such equipment oneself, even sintered-glass 
microfilters. Cecil Wilson had that deft touch so rarely seen nowadays, which enabled 
him to make such equipment and to give it a professional appearance. 

In 1958 Cecil Wilson was appointed to a Personal Chair in Analytical Chemistry at 
Queen’s. Five years after, this was converted into an established Chair of Inorganic and 
Analytical Chemistry; in 1968 this was divided into two separate Chairs and Cecil Wilson 
retained the Chair of Analytical Chemistry until his death. 

Cecil Wilson had many interests outside analytical chemistry, but the one for which 
we perhaps remember him most is his interest in the examination of written and printed 
documents. He became an authority in this field, and, in 1953, was appointed as Document 
Examiner to the Ministry of Home Affairs of Northern Ireland. He is well remembered 
for his entertaining lectures about his experiences in this field. 

Cecil Wilson was a man who enjoyed life in all its aspects. He was a witty and 
entertaining companion and many of us are going to miss him at our meetings. He was a 
good friend, wise in counsel and of generous character. His passing is a great loss to 
British science. 

He is survived by his wife, Grace, a daughter and a son. 
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Aaalytieal Chemistry of Siioa: L. V. MYSHLAEVA and V. V. KRASNOSHCHE~OV. Israel Program for Scientific 
Translations, Jerusalem, and Wiley. New York 1974. Pp. VIII + 228. S30.00. 

This translation of a volume in the Verdandsky Institute series on the analytical chemistry of the elements 
provides a somewhat uncritical guide to the literature up to about 1966. with a few later references but none 
more recent than 1971. The most useful feature is that many practical procedures are outlined. but the index does 
not list the materials to which the methods are applied, so the reader has to do some searching to find a particular 
application. 

Aaeorbinumet~ie Titrations: L. ERDEY and G. SVEHLA, Akademiai Kiado, Budapest. 1973. Pp. 183.58.50. 

This may be regarded as a memorial to the work of the late Professor Erdey, who originated the technique 
in 1950 and followed this up with over, 60 papers on applications. The text maintains the high standards one 
has come to expect from the authors and publishers and provides an authoritative guide to this interesting ana- 
lytical technique. An interesting feature is that the publishers guarantee to replace faulty copies. without time 
limit, or to supply a book of equal value if the stocks have been exhausted at the time of claim. 

Almlytieal Chemistry: ROBERT V. Dt~n Van Nostrand Reinhold. London. 1974. Pp. ix + 592. f7.50. 

The subtitle of this book is Methods of Separation, and is a better guide to the contents, since nearly half 
the book is &voted to chromatography. Instrumental methods figure only insofar as they are ancillary to the 
techniques described. It is pleasant to see Ringbom’s side-reaction coet%cients used in an American text. The 
chapter on equilibria covers most aspects of the topic but omits redox equilibria. While this is understandable 
within the general framework of the book, it seems a curious oversight in view of the use of change of 
oxidation state as a means of avoiding interference by certain metal ions. The style is chatty, in the modern 
American manner, but not too obtrusively so. One wishes, however, that the author had not instructed the 
reader to filter precipitates through various types of receiver. The book will certainly prove a useful tool in 
undergraduate courses. though most teachers would want to use additional material not covered in this book. 
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LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publishers of Talanta have great pleasure in announcing that 
the Louis Gordon Memorial Award for the best-written paper appearing in Talantu during 
1973 has been made jointly to J. van Gemert, of Kodak Ltd., Melbourne, for his paper 
‘Automated wet chemical analysers and their applications” (November issue, p. 1045) and 
to A. Corsini and E. Nieboer, of McMaster University, Hamilton, Ontario, for their paper 
“22-Dimercaptodiethylsulphide: a potential analytical reagent” (March issue, p. 291). 
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PUBLICATIONS RECEIVED 

WC reag&a in metal analysis: K. BURGER. Pergamon, Oxford, 1973. Pp. 266. 85.80 
This is much more than just a catalogue of useful reagents. About a quarter of the book forms a very 

concise and readable account of &elate complexes and all the factors which affect their stability and selec- 
tivity. This is followed by the author’s selection of the three dozen most important reagents;with detailed 
discussions of their applications. Over 100 additional reagents are then listed with brief data in tabular form, 
along with selected stability constants for 27 common organic reagents and their complexes. This book will 
be found both rewarding reading by teachers and students, and a useful reference volume for frequent con- 
sultation, as long as one can accept the archaic usage of y for pg. which has been allowed to persist through- 
out the text. 

Thrmolnstric and enthalpimetric titrhne&y: G. A. VAUGHAN. Van Nostrand Reinhold, London, 1973. 
Pp. xii + 255. 

Here is a very readable introduction to an interesting branch of physical chemistry which has hitherto 
attracted rather little interest from analytical chemists. The author shows how success can be achieved with 
rather simple apparatus, and how incmasin g sophistication of technique and equipment can lead to remark- 
ably good precision in anaJytica1 and thermochemical work. A comprehensive and critical coverage of the 
literature (with several references from 1972) quickly presents the reader with the present state of the tech- 
nique as applied to a large range of samples and reactions. 

Computers in &a&try-Tqtiea in atrrmt chemistry, Vol. 39 : Ed. : F. BOSCHKE. Springer Verlag, Berlin, 1973. 
Pp. 195. D.M. 62. 

For a start one should make clear that this is not a library of programmer for the chemist, and does not 
even touch the topic of ionic equilibria in solutions. This collection of seven articles sets out instead to show 
some of the unexpected areas in chemistry which are now being looked at by groups of computer-oriented 
chemists. Some of the problems, such as “Retrieval of information from the literature,” and “Computer- 
assisted comparison of spectra;’ are certainly very real to many chemists, and “Computer-gas chroma- 
tography” is a fact of life to the analyst. Whether the computer really offers so much help in planning organic 
syntheses or in teaching chemistry, only time will tell. Perhaps the theme is not so much “ How to live with 
computers,” as “ How to make the most of computers in chemistry.” 

Analytical Chemii: J. G. DICK, McGraw Hill, New York, 1973. Pp. viii + 696. E7.00 
One of the author’s objectives in writing this basic analytical text is to instil a respect for exact data and to 

demonstrate how they can be properly evaluated. There are many worked examples of basic calculations 
and detailed discussion of the procedures for evaluation of equivalence points. The exposition is clear and 
should prove of bendit to the weak or slightly confused student. Titrimetric methods are given most attention 
but equilibria, gravimetry, electroanalysis and spectrochemical methods are also dealt with. The treatment 
in many areas fails to take account of recent work, however, and this offsets its value. 

IUPAC Analytic4 Chemiatry-rl: M. SENDA (Ed.); Buttemorths, London, 1973. Pp. 170. f5.00 
The pknary lectures presented at the IUPAC congress in Kyoto in 1972 cover diverse aspects of the subject 

and make interesting reading. A. J. P.‘Martin speculates on the possibilities for new methods of detection in 
chromatography. H. Kaiser theorixes on the proper definitions of trace, selectivity and sensitivity and the 
information value of an analysis. I. P. Alimarin points out ways in which the kinetics of complex formation 
might be exploited analytically. There are reviews of chelates in analytical chemistry (R. Belcher), develop- 
ments in organic ultramicro ahalysis (W. J. Kirsten), precipitate-based ion-selective electrodes (E. Pungor 
and K. T&h), non-dispersive systems in AAS (A. Walsh), analytical chemistry in Japan Cr. Somiya) and the 
environment (P. W. West). There is also a very valuable account of pure and applied trace analysis by 
W. Meinke. 

Tech&al Books and Menographs Spousered by the United States Atomk Energy Commission. 1973 Catalog. 
Available free as TID-4582-R9 from U.S.A.E.C., P.O. Box 62, Oak Ridge, Tennessee 37820, USA. 

hmual Reports on AnalytieaJ Atomic sQcebrcwcopy 1972, Vol. 2: D. P. HUBBARD (ed.), Society for Analytical 
Chemistry, London, 1973. Pp. x + 216. 85.00 

The high standard of Vol. 1 has clearly been maintained in the second volume of this valuable series. 
Volume 2 contains 1123 references, predominantly from 1972, but with a few from 1971 (omitted from Vol. I) 
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to maintain continuity. Its usefulness lies not only in the fact that it makes readily available the references to 
papers published in periodicals not normally scanned by analytical atomic spectroscopists and those presented 
at conferences and meetings throughout the world, but also in the presentation (often in tabular form) of the 
key facts contained within the references. Those responsible for these sections are to be congratulated for 
concentrating so much useful information into 135 pages of text. Although essentially comprehensive factual 
reports, rather than critical reviews, this series remains excellent value for money. 
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Problems in Chemistry: HENRY 0. DALEY. JR. and ROBERT F. O’MALLEY. Dekker. New York, 1974. Pp. xvii + 
490. 57.95. 

This volume. which is very reasonably priced. will be a boon to those who feel that present-day students do 
not get nearly enough practice m calculations and problem solving. It will also save them the sheer hard labour 
of concocting their own set of problems. One criticism is that dissociation constants are used for complexes, 
although modern practice is to use association (stability) constants almost exclusively. The problems cover inor- 
ganic. physical and analytlcal chemistry. 

Separation and Purification Methods, Vol. 2: edlted by EDMOND S. PERRY. CAROL J. VAN Oss and ELI GRUSHKA. 
Dekker. New York. 1974. Pp. xi + 466.82550. 

This volume continues the standard set by Vol. 1 in the series, and has chapters on applications of gas-solid 
chromatography. field flow fractionation, separation of latex particles according to size (by continuous electro- 
phoresis). affinity chromatography. gel chromatography of oligosaccharides. free fluid particle electrophoresis on 
Apollo 16. application of the molecular sieve properties of zeolites and high speed liquid chromatography. It 
1s therefore of interest mainly to workers in chromatography and electrophoresis. 

Tbe “Practising Chemists”: R. C. CHIRNSIDE and J. H. HAMENCE. Society for Analytical Chemistry, London, 1974. 
Pp. xvi + 225. f3.00. 

This handsome volume will give pleasure to all those with an interest in the history of analytical chemistry 
and to those who take a pride in their craft. A history of the Society of Analytical Chemistry, it also sheds light 
on many facets of scientific and public life in the last century, and it is good to see this material set down before 
It disappears from memory. It is a bargain at the price and should be required reading for all those who affect 
to regard analysis as an inferior branch of chemistry instead of according it its proper place as the cornerstone 
of chemical knowledge. 

ORicial, Standardised and Recommended Methods of Analysis compiled and edited by N. W. HANSON, 2nd Ed., 
Society for Analytical Chemistry. London. 1974. Pp. xxiv + 897. fl7.00; 542.50. 

This handsome volume. published at a remarkably low price for these days of rapidly increasing costs, will 
be welcomed by all analysts m the industrial and public sectors of the profession. Full details are given of the 
methods developed by the Society’s Analytical Methods Committee, and there is a comprehensive bibliography 
covering the methods accepted as standard by various bodies throughout the world. The extensive range of types 
of material dealt with ensures the book a place in every library used by analysts, and one can only marvel at 
the patience and Industry shown by the compiler and his colleagues. 

Osnovi na analitichnata khimiya (Principles of Analytical Chemistry: in Bulgarian): OMORTAG BUDEVSKY. Medit- 
sina I Flzkultura. Sofia. 1974. Pp. 338 Lev 1.69. 

Thts book gives a thoroughly modern treatment of the basic principles of analytical chemistry. A working 
knowledge of the Cyrilhc alphabet would enable most Western analysts to appreciate the scope of the book. 

Kachestvennii i kolichestvennii ultramikrokhimicbeskii analiz (Qualitative and Quantitative Ultramicrocbemical 
Analysis m RussIanI: 1. P. ALIMARIN and M. N. PETRIKOVA, Izdat. Khimiya. Moscow, 1974. Pp. 191. Kopeks 
60. 

The authors’ names are themselves a guarantee of the quality and usefulness of this text. The impact of instru- 
mental methods on trace analysis IS reflected m the chronological distribution of the references, there being only 
a handful to work done in the 1970’s. and none more recent than 1972, which implies that the purely chemical 
approach has had Its da?. 
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SUMMARIES FOR CARD INDEXES 

Two-phase titration of organic ammom ‘urn kms with lamyl snlphate and Methyl YeJlow aa iodiitor: 
SVEN OLOF JANSSON, ROLF MODIN and G6w SCHILL, Tulanm, 1974, 21, 905. (Department of 
Analytical Pharmaceutical Chemistry, University of Uppsala, Box 574, S-75 123 Uppsala, Sweden). 

Summary-Conditions for determination of quaternary ammonium compounds and amines by 
two-phase titration have been calculated on the basis of extraction constants for the ion-pairs 
between the titrant (lauryl sulphate). the indicator (Methyl Yellow) and the sample. Methods for 
determination of extraction constants are presented. The precision and selectivity of the method 
are demonstrated by titrations of ammonium ions with different structures and degrees of substitu- 
tion. The results are in agreement with the theoretical calculations. 

Chromatographic separation and determination of noble metals in matte-leach residues: C. POH- 
LANIIT~II~ T. W. SnzLE. Tola~~tu. 1974.21.919. (Analytical Division. National Institute for Metal- 
lurgy. Johannesburg. South Africa.) 

Summary-The practical application of various chromatographic methods to the analysis of resi- 
dues obtained from the leaching of copper-nickel mattes is described. The procedure involves the 
separation of gold on a TBP-treated Porasil column, the separation of base metals by cation- 
exchange. the separation of tellurium from platinum-group metals, and the separation of the non- 
volatile platinum-group metals on one cellulose column. 

Separation of monosubstituted phenols by gasliquid chromatography: ALBERTINE E. HABBOUSH and 
AWSI M. AMARIN. Talarrra. 1974, 21. 927 (College of Science. University of Baghdad, Iraq.) 

Summary-The factors influencing the separation of monosubstituted phenols on silicone oil. 
poly(ethyiene glycol) ( 1500). Apiezon I + Bentone 34. squalane. Versamide and dlethylhexyl seba- 
cate are discussed. Specific retention volumes. height equivalent to a theoretical plate and thermo- 
dynamic quantities are reported. Diethylhexyl sebacate and Versamide are selective for quantitative 
separation of all the isomers studied. 

Alkali- und Erdalkalispurenanalyse in Wolfram und Wolframverbingdungen nach Wolframmabix- 
abtrennung an DEAESephadex: H. KRAINER. H. M. ORTNER. K. M~JLLER and H. SPITZY, Talanra, 
1974.21.933. (Institut fir Allgemeine Chemie, Mikro- und Radiochemie. Technische Hochschule 
Graz. TechnikerstraRe 4. A-8010 Graz und Metallwerk Plansee AG. A-6600 Reutte, Osterreich.) 

Summar!-A new column-chromatographic method is described, for the separation of tungsten 
on DEAE-Sephadex. enabling trace amounts of alkali and alkaline earth metals in tungsten to 
be determined quantitatively by AAS without matrix interference. Mean relative S.D. for ~50 
ppm Na. K. Mg. are 5-10 ““, and for t5O ppm Ca lO-209,, and for z 50 ppm, 2-57, and 
5-IO”,, respectively. Limits of detection in tungsten are 10 ppm Na and K, 1 ppm Mg, and 
20 ppm Ca. Time for a determination is about 90 min. By appropriate changes in pH and other 
conditions. the method can be used for the separation of molybdenum from traces of alkali 
metal ions. 

Controlled-potential iodometric titration of nitrite. Application to the determination of nitrite in meat 
products: ROSALD KARLSSOS and LARS-GCNNAR TORSTENSSON. Talaura. 1974. 21, 945. (Depart- 
ment of Analytical Chemistry. Chemical Center. University of Lund. S-220 07 Lund 7. Sweden.) 

Summar!-A controlled-potential coulometric method using iodine as an intermediate has been 
devised for the determination of nitrite. Nitrite is reduced by iodide and the iodine formed is then 
reduced coulometrically. The reduction of nitrite in the pH range O-6 has been studied and the 
optimum conditions for an accurate determination are stated. The time of analysis for a determina- 
tion in the range 0.005-5 mg of nitrite is about 2-5min and the error & O.lq;,. The method is 
applied to the determination of nitrite in some meat products. 
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AHnoTaunW cTaTefi 

~B~~~~~~O~Hll~~~XHOHOf)aMMOHllPnBY~Cy~~aTOMCHC~O~30~eM 
wnuworo ~ToTo'BK~~~ nwyncaropa:S~~~ OLOF JANSSON,ROLFMODIN and G&AN 
SWILL, Tuhrtu, 1974, 21, 905. 

~e3rome--~a~HcneHbIyCnOBwaOnpeAeneHHaCOeA~eHHBreTBepTwYHOrOa~OHHIHaMHAOB 
MeTOAOM AByX&3HOrO THTpOBaHtur HaOCHOBeKOHCTaHTJKCTpaKUH~AJlff JIapHOHOB MeZ’UY 

T~pO~HHbIMpa~BOpOM(~~pHnC~A~aT),HHAHKaTOpOM(MeTKnOB~~~~T~~)H~p~O~. 
npHBeAelfb4 MCTOAM OUPeAeJleHHI KOHCTaHT XCTpaKUHH. kClTpOki3BOAHMOCTb W CWICE- 
TkiBHoCTb MeTOAa IlpOAeMOHCTpHpOBaHbI Ha IlpHMepe THTpOBaHHIl WOHOB aMMOHHg pcU- 
JIHYHTOti CTpYKTYpbI ti CTeI'leHH 3ahfeuleHHfl. Pe3)'nbTaTblCOrnaIlIa~TCX C TeOpeTHWCKHMw 

AaHHbIMH. 

~po~T~~~3Aene~lleronpeA~eme6naropoAublx~~nn0s~~~~xsbnqen- 
awmamm u~eiima: C. POHLANDT and T. W. STEELE, Talmta, 1974, 21, 919. 

PW~W-OIIHC~HO npmfexieme B npiurrmne pa3nwmbix xpoMaTorpa@wecKHx MeTOAOB 

aH~H3aoCTaTKOB,lIOnyYeHHbIx BMIU~aWBaKHeMIUTehfa MeAA-HHKeJlR.MeTOACOCTOHTCI( 
H3 OTAeJIeHHB30Aolaaa KonoHKeIIopacEJIa,O6pa6oTaHHOrOc T6n,OTAeneHARMaTpWSHbOJ 
MeTaJUIOB KBTlf0HOO6MeBBW.f MCTOAOM, OTAwIeHHff Tennypa OT MeTaJIJIOB WIaTHHOBOfi 
rpyrmsr a pa3xeneHHlr HcnetywX McTaAJIOB IuIaTxaoBofi I-pyIUIbI Ha OAHOfi KOnOHKe 
uenmon03br. 

PB3AenerOre OJlHO3BM~ @~HOJIOBM~TOAOMIX~O-XIIAKO~THO~ xpoMaTorpagm:A~~~~rr~~ 

E. H~e~ousn and AWNS M. AMARIN, Talanta, 1974, 21, 927. 

&!3IOMB-PaCCMOTpeHbI 4aKTopbI Bnwx0wie Ha pa3AeneHHe OAH03aMeLUeHHbIX @HOJIOB 
xa CWHKOHOBOM Macne, nonH3THneHrnHKone (1500), anEe3oHe L + 6efiToHe 34, CKBBJILsIBHe, 
BepcaMHne H aH31ifnreKcsince6auaTe. IIpHgenenbl ynenbxbre 06%~~ yneplwBaIufff, BMCOTM, 
3KBKBaneHTHbIe TeopeTif+zcKo%i nufcbl H TepbioAwiaMariecKHee ~e~Ui-1. &wrxnregcxn- 
Ce6aJIaT H BepCXMKil IIBJImTCil CeJleKTHBHbIMH AJIB KOJ-lE~eCTBeHHOrO pa3AeJIeHEJl BCeX 
H3)"IeHHbIX H30MepOB. 

Onpew eneiaos ue.momux ii weno~o3emnbablx 3neMewroB B aonb&mue H eoenuae- 
HBEX IWU&BMB nocne o~mm!a~~ marpup BOJB&BMP ua mnoaice AEm-C~anerc: 
H.KRAINER, H. M. ORTNER,K. MULLER and H. SPITZY, Tulantu, 1974.21, 933. 

P~IXIfCaHHOBbIlt XpOMaTOr~+i%CKIftl MeTOA pa3AeJIeHHJIBOJIb4paMa Ha KOJIOHKe 
AEAE-C&aAeKc; lIO3BOJUUOlU~ OKpeAeJIKTb KOJIiI'IeCTBeHHO c.neAoBbIe KOnWqeCTBa IUeJIO- 
YHbIX Ii lJ4eJ'IOYH03eMeJlbHbIX eJleMeHTOB B BOSl&paMe MeTOAOM aTOMHO-a6COp6UHOHHO8 
C~KOIIltX, 6e3 BJIH%Uia MaTpKiUbI. CpeAIibIe OTHOCEITeJTbHbIe CTaHAapTHbIe OUIH6KH 
COCT~MIWT 5-10°~~r <50n.Ha MAnnHost Na,K,Mg; lO-20°AAnn <50u.Ha mmmoH 
a; 2-5% H 5-10x LUISI >50 Y. Ha MHJIJIAOH, COOTBeTCTBeHHO. ~yBCTBWTeJIbHOCTb Onpe- 
AeAeHanBBOJIb~paMe--10'I.HaMwfnHoHNa'~K,lr.Ha MHJIJ-IIiOH M~H 20% HaMHnnHOH 
Ca. r@oAOJDKHTeA bHoCTb OAHO~O 0npencnemK oKon !I0 MHH. M3MeHnx pH H Apyrwe 
YCAOB~,MeTOAOMMOXCHO IIOJIb3OBaTbCIIAAR OTAeneHwI MOJlH6AeHa OT CneAoB UIeJIO'iHbIX 
MeTaJIJIOB. 

kfO.J4OMt?TpllyeCKOe TllTpOB8HIW HHTplrra IlpH KOKT~OJWIII~OEUU~HOM ~IlOTeHWJle: ~pHMt!HHeHe 
M~TOJJSJ B O~~~JWJWIIIII HKT~KT~ B MSMXWX np~~lylrrax: RONALD KARL~~~N and LARS-GUNNAR 
TORSIZNSWN, Talanta. 1974, 21, 945. 

Pe3fOMe--Pa3pa60TaH KyJIOHOMeTpH'leCKHk MeTOA Ofl~AeJleHUfl HWTptiTa I'IpH KOHTpOII- 
JlHpOBaHHOM IlOTeHUUaJIe, ITOJlb3ytoUlUik~ HOAOM B KaVeCTBe lTpOMe?UYTO'IHOrO IIpOAyKTa. 
HHTPHT BOCCTaHaBIIHBaeTCK WOAHAOM, a 06pa3OBaHHbIR HOA BOCCTaHaBJIFiBaeTCK KYJIO- 
HOMeTpH'fecKHM IIfleM.M3)'VeHO BOCCTaHOBJIeHHeHHTpHTaBO6JIaCTH pH0-6~ lIpHBeAeHb1 
OIITWMa,IbHbIe YCJIOBHK AJUI er0 aKKypaTHOr0 OIlpeAeJIenHn. i$JOAOi%KHTeJIbHOCTb OAHOrO 
onpeAeneHwa B p6nacTsi 0.005-5 hlr HUTpHTa cocraBnneT 2-5 MHH, a omw6Ka. 10, 1%. 
MeToA ITpHMeHeH B OnPeAeneHUH HHTpRTa B HeKOTOpBX MJICHblX ITpOAyICTaX. 



SUMMARIES FOR CARD INDEXES v 

Determination of the oxidizing capacity of manganese oree RAVINDRA PRASAIJ, Talanta. 1974, 21, 
95 1. (Thomas Hill-Jones Ltd.. 15 High Street. Stratford. London. E I5 2QB). 

Summary-An accurate method is described for determining the amount of active oxygen in 
manganese ores. based on the oxidation-reduction reaction between the ore and arsenic(II1) in 
prcscnce ofammonium molyhdatc. followed h! the hack-titr;ltion of CYCCSR of;~rscnicfIlll with cer- 

ium( IV I. u\ing 0~11~tu111 1cIn)\idc ax c;lt;ll!sl and Distllpllinc Hlu~ V ;I< Indkxtor. A survc! has hccn 
m;~dc ~rl‘lh~ ;ipplic;lhilll! 01‘Ihi\ iiwtl~c~d to tilrwu\ p! rolu\ilc orc4 ctrnl;lmlng Ics4 thn Ok?‘., pllos- 
phortu. AIum~n~tim(lII ). coppcr(I1). iron(lll). manguncsc(II~ and molyhdcnum(Vl) do not intcrferc. 
Up to 30”. phosphorus(V) causes no interference. 

Coulometric determination of dissolved oxygen in water: RONALD KARLS~ON and LARS-GUNNAR 
TORSTENSSO~. 7trlunru. 1974. 21, 9.57. (Department of Analytical Chemistry. Chemical Center, 
Universit! of Lund. S-270 07 Lund 7. Sweden.) 

Summary-The oxygen content of air-saturated distilled water has been determined at between 
IO and 40. by using a controlled-potential coulometric method based on an earlier published 
method for the iodometric determination of nitrite. The maximum error for the determinations 
was *0.3”, over the whole range. and the time of analysis about 3 min. An equation is given for 
the solubility in the measured range. and some thermodynamic functions are calculated. 

‘Simultaneous determination of dimetridazole and furazolidone in feed-premixes by d.c. polarography : 
MARJAN SLAMNIK. Tulanra. 1974,21,960. (Research-Development Institute. KRKA Pharmaoeuti- 
cal and Chemical Works, Nova Mesto, Yugoslavia.) 

Summary-A polarographic method has been proposed by which dimetridazole and furazolidone 
can be determined in feed-premixes in a single determination. The sample is treated with DMF 
to facilitarc the dissolution of dimetriddzole and furazolidone. Britton-Robinson buffer of pH = 
6.8 is added and the solution is polarographed ar the dropping mercury electrode cs. SCE. The 
waves are sufficiently separated to allow quantitative determination. The standard-addition method 
is used. The method is simple and very fast. 

Polystyrenes impregnated with ethers-A polymeric reagent selective for gold: A. WARSHAWSKY. 
T~lar~rrr. 1974. 21. 962. (National Institute for Metallurgy, Johannesburg_ South Africa.) 

Summary---A polymeric reagent selective for gold was ohtoincd h! impregnating XAD-4 polymeric 
ahsorhant $1 ith cthllenc diglycol dihut!l ether. a gold-sclcctivc liquid. The reagent showed a high 
selectivit> for gold over the platmum group metals. nickel(ll) and copper(I1). but the selectivity 
relative to iron(III) was pH-dependent. 

Analytical applications of thio-. seleno- and telluro-ethers-III. Spectrophotometric determination of 
palladium with dibenzyl selenide: LUIZ R. M. PITOMBO and ELISABETH Q. CARTAXO. Talantn, 1974. 
21. 965. (Departamento de Quimica Fundamental. Institute de Quimica. Universidade de SBO 
Paulo. SBo Paulo. Brasill. 

Summary-Palladium chloride is very efficiently extracted with a benzene solution of dibenzyl 
selenide. The extract can be used to determine palladium spectrophotometrically in the range 0.38- 
3.00 ppm. Determination of palladium in presence of platinum metals and many cations and 
anions. is reported. 



“I AHHOTauUHCTaTefi 

OnpeAenellwoiorrcnm‘enatrolcnocoB~ocTnpyA~apra~ua: 
RAVINDRA PRASAD, Tufurra 1974, 21, 951 

PeNOMe-ChiCaH TO'fHMti MeTOA OlIpeAenCHIUI KOnH'feCTBa aKTWBHOr0 KiiCnOpOAa B pyAaX 

MapraHUa, OCliOBbIBaiOIUH~C~ Ha OKHCnifTenbHO-BOCCTaHOB&iTenbHOfipeaK!.UiHpyAbIC MbIW- 

bflKOM(III)B IIpHCyTCTBHli MOnH6AaTa aMMOHHH C IIOCJIeAylOI.L@iM THTpOBaHHeM H36bITKa 

MbIIIlb5IlG4(III)paCTBOpOM uepa (Iv),C HCIIOnb3OBaHHeM 'ieTH@XOKHCEi OCMHII B Ka'IeCTBe 

KaTanIuaTopa H Asfcynb&iHoeoro cuero V B KaqecTBe HnnkucaTopa. CnenaH 0630~ npwe- 
HHM~CTK bleroAa B aHann3e pnAa ~pOA~3HTOBbIX pyA conep~amax MeHbIJE qeeM 0.2% 
&c@opa. A~H)MHHHI(III), Meiab(II), neneso(III), MapraHeu(II), Monw6AeH (VI) H BI'IJI- 
orb 30% f&c@opa He MeLuawT onpeneneeaio. 

KyAOHOmeTplAQaroaoRpeW pacn~Opem~oro ~CI~csIopoAa B BoAe: RONALD &U&SS~N and 
LAWGUNNAR TOIUTENSSON, Talanta, 1974, 21, 957. 

PeJEoMe--COAepnaHiie KHCnOpOAa BHaCbILUeHHO~BO3AyXOMAUCTHJIJISipOBaHHOZiBOAeonpe- 

AeJIeHO B o6nacTH TeMIEpaTyp 10-40" C IlOMOIUbH) KynOHOMeTp$iYeCKOrO MeTOAa np~ 

~IOCTOIIHHOM IIOTeHAHane, orIy6nnKoBaHIioro panbnre AJIll HOnOMeTpn~eCKOro onpenenekinrr 

HKTpHTa. MaKCiiMalIbH~ OLIIH~K~ MeTOAa COCTaBnneT f0,3% B UenOM AHarnxioHe KOH- 

uefqawiHB, a npoAonxrrreniwcTb onIior0 aHanw3a-3 MHH. npHBenefi0 ypaBHeHHe AIR 

PaCTBOpHMOCTH B 06naCTH IIpOBeAeHHbIX H3MepHHa U PaCYHTaHbI HeKOpObIe TepMOAHHa- 

Miirecmre(by~~u~~. 

07 OnPeAenvPe AHMWpWR3OJIB R &$iMUWAOlUl B npOAyKTaX IlHTBHllS MeTOA- 

0?+flEOJIBppR&ll- TOKB: MARJAN SLAMNIK, Tahnta, 1974,21,960. 

Pe3loMe--npeAAO?KeH IIOnJlpOrpa@ilreCK5ifi MeTOA OAHOBpeMeHHOrO OIipAeneH&i%3 AHMeT- 

p~Aa3ona~~ypa30n~AOHa~npony~~axMTa~~11.~p06y 06pa6aTbIBaIOT c AM+ c UenbiO 

06neruaTb pacTeopeHkie AsibfeTpnna30na H 4ypa3onnnoHa,Ao6aBnaioT 6y@epHbG4 paCTBOp 

EjparroHa-Po6sincoHa Iurl pH 6.8 m paCTBOp nonnporpa@apywT Ha KauenbHoM ~T~TH~M 

3neKTpOAe B CpaBIieHHH C HK3. BOnHbI AOBOnbHO pa3ABHHyTbl AnR KOnHqeCTBeHHOrO 

OIIpeAeJIetllur. klClIOnb30BaH MeTOA CTaHAapTHbIX AO6aBOK. M~ToA XBnIIeTCR HeCnOmHblM 

W O'feHb 6bICTpblM. 

n-M ~-mmu~ep~~1paxre~T~enesrn~11ti~~~13onora: A. WAR- 
SHAWSKY, Talanta, 1974, 21, 962. 

Pe3lOMe-~On&iMepIibIti peareHT CeJ-feKTHBHbI@ Ann 3OnOTa IIpHrOTOBneH I-ipOlIHTbIBaHHeM 

IIOJIAMepHOrO a6COp6eHTa XL~D-2 3THJIeHAHrn&iKOJIAH6yTHnOBbIM 3&ipOh+XUiAKOCTbIO 

CeneICTHBOfi AJTlr 3OnOTa. PeareHT IlOKa3bIBaeT BbICOKyIO CeIIeKTIiBHOCTb AnR 30nOTa B IIpH- 

cyTCTa5iH rutamnowx MeTannoB,wwenn (II)H MenH III) ~0 CeneKTsfBHocTb B ~~HC~TCTBHH 
XCene3a nI)3aBHCHT OT pH. 

npllW-Bt TUO-, cureso- II TUIJIYPO~ II WMll3e-~~~. fhKT~TOM~~Oe 
~pe~aaJlJlaAlme~ WIIAOM: 
CARTAXO, Taianta, 1974, 21. 965. 

Lurz R. M. PITOMBO and ELISABETH Q. 

PCZMOW-?CJIO~HA rfannaAHx 3KCTparHpyeTCR BecbMa ~+@KTHBHO pacTBopoM Aw6ea3lmce- 

neHHAa B 6eH30JIe. 3KCTpaYT MOXHO HClIOnb3OBaTb AJIX CIIeKTpO@oTOMeTpWieCKO~O OIIpe- 
AeneHwI rIa.nnaAiin B 06nacrii 0,38-3.00 q. ~a MkrnnHoH. OnrrcaHo onpeaeneiwe nannam 
B~T~HC~TCTBHH~UI~THHOBMXM~T~JIJIOBK~~I~K~THOHOB~~HUOHOB. 
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Titrimetric estimation of cysteine alone and in the presence of other amino-acids: PADAM SEN and 
KRISHNA BAHADUK. T&r~tu. 1974. 21, 96X. (Chemical Laboratories, Universit of Allahabad. 
Allahabad-211002. India.) 

Summary-Cysteine has been determined alone and in the presence of other amino-acids by 
titration with mercury(H) at pH 6.2 or 9.2, and with lead at pH 9.2. In all three procedures, a 1: 1 
complex is formed. 

Reaction between copper(I)-thiourea and bismuth(lII)-thiourea complexes in presence of iodide. 
New spot-tests for copper and bismuth(W): G. S. JOHAR. Talanta. 1974. 21, 970. (Department 
of Chemistry. Vikramajit Singh Sanatan Dharma College. Kanpur (U.P.) 208002, India.) 

Summary-New and very simple spot tests are described for the detection of Bi(IIl), Cu(I1) 
and I- Ions with limits of detection of 3. 8, and 75 ltg/005 ml respectively. Tests are also 
described for such combinations as Bi(lll) + I-: Bi(lll) + Cu(Il): and Bi(lI1) + Cu(l1) + I-. 
All the tests are based on the formation of an orange or red-orange precipitate of bismuth(IIIb 
copper(I)-iodide-thiourea complex, for which the formula [Bi(tu)sI,.Cu(tu),I] (where tu = 
thiourea) is proposed. This complex is produced in various ways by the interaction of Bi(III), 
Cu(II), and I- ions with thiourea. Most cations and anions do not interfere, but T](I), Cs(I), 
SO:-, S,Oj-, EDTA, and oxidizing ions such as NO;, IO;, IO;, BrO;, and MnO, do. The 
complex hexakis(thioureato)sulphatomonoaquodicopper(I) [Cu2(tu),$O~.H20] is proposed as a 
new spot-test reagent for Bi(II1) and I- ions, although the sensitivity for the latter is poor. 

New spot-test for silver(l) based on double iodide formation with bismutb(lI1): G. S. JOHAR, Talunra, 
1974. 21, 973. (Department of Chemistry. Vikramajit Singh Sanatan Dharma College, Kanpur 
(U.P.) 208002. India.) 

Summary-The formation of an intense brownish-maroon or maroon-red product by the inter- 
action of silver(I) and bismuth(II1) solution in the presence of iodide forms the basis of a new 
and specific spot-test procedure for silver. The test is conducted on a spot plate with 2 or 3 
drops of 2% potassium iodide solution. 1 drop of 1% bismuth(II1) nitrate solution and I drop of 
test solution. Limit of detection is 0.01 fig; limit of dilution is I:5 x lo*. Most cations and 
anions do not interfere. Only T](I). Cs, S,O:-, EDTA, pyridine, excess of thiourea, oxidizing ions 
[NO;. 10;. 10;. MnO;: BrO;, and S?O:-l and ions such as Cl-. Br-. I-, SCN-, and 
N; which cause precipitation of silver. interfere. The product formed is most probably AgzBiIS 

On the theory ofthermometric titration: G. 0. PIL~YAN and Yu. V. D~LININA. Tahta. 1974.21,975. 
(The Institute for Geology of Ore Deposits. Petrography. Mineralogy and Geochemistry, U.S.S.R. 
Acadcm! of Scicnccs. Staromonetny 35. Moscow 109017. USSR.) 

Summary-The general equation defining the change in solution temperature AT during a 
thermometric titration is 

AT=T-T,,=-_.!%._ 
1+ BV 

where A and Bare constants, V is the volume of t&rant used to produce temperature T, and T,, is the 
initial temperature. There is a linear relation between the inverse values of AT and V : 

1 a. _= m-_-b 
AT V 

where a = l/A and b = B/A. both a and b being constants. A linear relation between AT and V 
is usually a special case of this general relation. and is valid only over a narrow range of V. Graphs 
of l/AT us. l/V are more suitable for practical calculations than the usual graphs of AT us. V. 
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w OAWBCB ItUCIWlm CStMMO H B QHlCyTCTBUU Ap~llK5MixHOlWUlOT: PADAM 
SEN and KRLWNA B~wocm, Talanta, 1974,21, 968. 

PWOb%-0IIpefleJleH CaMblfi UHCTeHH H B lTpxCyTCTB&fxApyrxX aMHHOKxCJIOT TxTpOBaHIIeM 
c pTyTbm (1I)np~ pH 6,2 HJIH 9,2 H CwiHueM np~ pH 9,2. Kohmnexc 1:l o6pa3ye-m 80 
BcexTpeXnpoueAypaX. 

BBBmmrnBrn C=J.tWI)U -c BueMyTOM(IIIj B 
ApeymBmuomm.Ii~~ npa6u m IWIU(~) Y BIRWIU(III): G. S. JOHAR, 
Takvua, 1974,21, 970. 

m HOBblt BecbMa npocme Kanenbx~e rIpo6bI AmI o6xapyKcexHs HOHOB 
Bi(iiI), a(n) B 1, c rlyscnm~e~bxocTblo 3, 8 EI 75 him (0,05 MJI, coomxcmemo. Tame 
np=w~nposarmIto~, KU xa upxmp Bi(III) + I-; Bi(III) + Cu(II); H Bi(II1) 
+ Co(U) + l-. Bee npo6fd ocxomxbr &a o6pa3onaxxx opruDneror0 MH xpawokwo- 
opawXewr0 ocamra robnumca BHcMyT (III)-w&I)-aonan-raoMolre8HHa, mui xoTopor0 
npw~~xem @pnqm (3i(TM)oI~ .Cu(TM)& me TM = mor+to~eBxxa. ~TOT KomeKc 
obpruycrcrrape B38BMOAe&ZW5I &%$I), cU(n) El 1- C TxOMO'iCBHHOk ~OIlbUIxxCTBO 
KW'EOIWB P WIiZOEOB 80 MelLWOT IIpO6bl; BJIxlUOT TOAbKO m(I), cS(I), %l'-, szGs2-, 
3&TA A owe AOHM, A TOM Ypcne NOa-, 101-, lo,-, Br0~- x MnO,-. KOMWEXC 
reXcaIEc (TEOypeaTO) cyJIb@m#om mibmw (I) (Cud TM (.sSOb.H20) npenno~e~ B 
Ka¶eclne XoBoro -Or0 pealWiTa AJrK B. (Hr) B I-, XOTX 'IyBCTBxTeJIbHOCTb AAJl 
nocnemroxoxamoxa. 

Hovrr-AeJhmmapdnIvacePe4oocllowaru ml 06pu3oBBlmu nmo HOM c 
IIQQTono: G. S. Jom~, Tahta, 1974,21, 973. 

Pemom-Hoeosxcne~&mclraa KanenbxaXnpo6aAnncepe6paocHoeaHaHao6pa30BaHxx 
-or0 KOPE’IEW gammxonoro wn Kamaxoso-xpacxoro npoaylcra np~ maxbfo- 
&CTBm pecTeOpOBCepe6paI (I) H axCMyTa(~I)B ~i#mCyTcT~xx HOAHAB. I’lpo6y WOBOAKT 
xaK8rieJIbxoftrIAxTKe c 2-3 mmswe 2%~~oro paneopa xoAxAa KWIHR, 1 ranneil 1 %-xoro 
pansOpa xEfTmm BHCM)Ta (III) H 1 K&WI& HClIbITyeMOrO paCTBOpa. ~yBCTB~bHOCTb 
m~oAa 0,Ol MLT, a npeAemme pa&aMeHxe-1:5 x lob. Eonbmx~m~o KaTxOHOB w 
UixOHoB xe MeUIUOT OnpCAUWIxIO. &mIiOT TOJIbKO m(I), ti, S20s2-,3flTA, WPxAxH, 
E36bIToXlXOMoSCB3JlW, OKHCWTeJTbHbI8xOxB(N02-, 103-,104-,MnG*-, BrGs-HS20-a2-) 
a AOS&I roroph~e ocaz#ggamT cepe6po. B TOM 'IHcne Cl-, Br- I-, SCN- xN3-. CocTaBApOAyKTa 
Bepomo Ag2BiIs. 

m-VI leopg vo-w-= ti ~mpaule: G.O.PILOYAN~~~ Yu.V. DOLININA, Talanta, 
1974, 21, 975. 

Pesmm+k93MeiieHxn TebmepaTypbr pacmopa AT B TeqeHxe TepMoMelpHvecKoP TxTpauxx 
Aamo64x~ypanHeHxehf 

AT=T-To=-+& 

rAe A H B-KOHCTaHTM, v--oGI&M THTpOBaHHOrO paCTBOpa. paCXOAOBaH.abtiAAK noAy- 
YeHxn TebmepaTypM T, a T,--HarenbHaR rabmeparypa. Cyqecreyer nxxeixoe 0Txomeme 
MeXAY 06paTHblMHBeJIx4HHabDi ATX ?? 

1 -I_- 
AT 

c-b 

rAe a = l/A H b = B/A, a a H b Kotwrambt. JIxxiePxioe oTHomeHxe MeXAy AT H V 06bmto 
mnnews cnewanbxMM c.nyuaeM 3Toro 06uero 0Txomexxq a Aepmr TOJT~KO B rJKoi 
odnacrx V. rpa&mf l/AT - l/v JIyWJIe IIpHMeHHMbI AJIlI npaKTxqecKxX paccqeToB 'IeM 
06btKHOBeHHMerpa~HKa AT - v. 
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ERRATA 

In the paper by J. ‘M. Cano Pavon and F. Pino, Talonru, 1972, 19, 1659, curves B and C in Fig. 1 were 
incorrectly labelkd: curve B should be labelled curve C, and vice versa. The medium used for the pK measure- 
ments was 2 % v/v ethanol in water. 
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Analytical chemistry of the sulphur acids: L6sz~6 SZEKERES, Tulunru, 1974, 21, 1, (Kapco, 
Inc., Kalamazoo, Michigan 49001, U.S.A.). 

Summary-A comprehensive review is made of the analytical methods available for the inor- 
ganic acids derived from sulphur. 

Application of the Davidon-Fletcher-Powell method to the calculation of stability constants: 
P. GANS and A. VACCA, Tulun~a, 1974, 21, 45, (Laboratorio C.N.R., Istituto di Chimica 
Generale dell ‘UniversitB, Via J. Nardi 39, 50132 Firenze, Italy). 

Summary-The Davidon-Fletcher-Powell method of function minimization has been modified 
and successfully applied to the calculation of stability constants of species of the type H,M,L, 
in solution. It is shown that the refinement with respect to the logarithms of the stability con- 
stants is intrinsically ill-conditioned, leading to convergence difficulties when poor initial param- 
eters estimates are used, and to failures when one or more parameters are experimentally 
indeterminate. 

Miniquad-a general computer programm e for the computation of formation constants from 
potentiometric data: A. SABATINI, A. VACCA and P. GANS, Tuhtu, 1974, 21, 53, (Laboratorio 
C.N.R., Istituto di Chimica Generale dell ‘Universita, Via J. Nardi 39, 50132 Firenze, Italy). 

Summary-A new computer programme for the computation of formation constants of complex 
species in solution is presented. The programme can be applied to all kinds of potentiometric 
titration data, including multi-reactant and multi-electrode systems. A statistical analysis is 
made of the results in order to assess their validity, and to assist in hypothesis testing. 

Formation constants of zinc(n) complexes with Semi-Xylenol Orange; TAKASHI Yowmo, SADMKI 
MURAKAMI, MEGUMI KAGAWA and TAKASFII ARARAGI, Tukmra, 1974, 21, 79, (Department 
of Chemical Technology, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube, 
Japan). 

Summary-A potentiometric and spectrophotometric investigation of the formation of zinc(II) 
complexes with Semi-Xylenol Orange (SXO or H,L) is reported. In an aqueous solution (CL = 
0.1). three 1 :l comalex soecies, MH,L, MHL-, ML2-, and a 1: 2 complex, MLZ6-, seem to 
exisi. In a strongly alkaline medium (above pH 12.5) the complexes may-dissociate to-give zinc 
hydroxide and L4-. The formation of a hydroxy complex is not observed. The absorption maxima 
are at 445 nm (MHIL), 466 nm (MHL-) and 561 nm (MLZ-), the molar absorptivities being 
2.34 x 104, 2-42 x 10” and 3.14 x IO4 l.mole-l.cm-’ respectively. The formation constants are 
(at 25 + 0.1’) log KEL = 11.84, log K&L = 7.13, log Kr,& = 2.70, log K& = 1660. 

ix 



A~Ho~aumi cTaTefi 

m ~mms cwparrror ICUCJIOT: Lkti SZEKERES, Talanta, 1974,21, 1. 

P-e- AaeTcn Ircwpm,mamm~8 0630~ wexouvixcn aaamiTwtecKHx M~TOAOB JW 

aeO_X IUNJIOT lIOnyserrwrX II3 CepbI. 

rl~mAa~4~-rIayennnBpacwreKoenatrryCT~ 

P. GANS and A. VACCA, Tathnta 1974,21,45. 

Peswwe - M~TOA AamzowwSmmepa-IIayennn A.U MJI nmui3auHH &mmiB mhfeHen ki 
yUTeUtEOlIpllMe!SEB~~OECTaHT ycroIhimOcm I(omexcoB THNi H,M,L, B pac~~ope. 

~OXXWIO ‘IT0 yCOBepJileHCT3OB8EXe JIO~jNU&iOS KOHCTWIT yCTO&WiBOCTli B CyIUIiocTH 

aeyrroannaop sfrenbao; owe eoiw~ K npo611e~a~ ~oimepmiumi em-m Kcnonb3ylorc51 nnoxzie 

OUemrE3a~ ~BHK~~~BC1Iy98CHeo~~A~e~~EIo~oAoKTIH ABYX 

-B. 

Miniqped-- ~AJlnpacleTaKoHcTaur 06pa3oBaMnHaoaloBe 
~nrarrCneMoblo~wcJnlTenbHoiiMamBHbl: A. SABATINI, 
A. VACCA and P. GANS, Talanta 1974,21,53. 

Punwe- lIpemoxreHa HOWI nporparaaa 3BM pm pacwra KoHcraHT 06pa30~amn 
KOMILII~KCOB B pfUGT6Ope. npOrpaMMa UpWreHRMa Hi3 Bee .l@HHble iYIOTeHlDiOMe?pH’IecKO~O 
TETpoBaHxn. IuKJlH)IIpII cEcTeMbl c 6oJxbLmiM ‘IEcJIOb4 -RTOB H 3JICKTpOAOB. npOBeACH 

CTaTsiCTHreCKHitaRaJIm pQyJXbTaTOBCWlbEOOLWiHBaTbHX BepHOcTbHBIIpOBe@Ce~lIOTe30B. 

-P----qerurruuc~- opanxe~~~: TAKASHI YOSHINO, SADAAKI 

MUUKAMI, Meomu KAGAWA and TAKASHI ARARAGI, Taianta, 1974,21,79. 

hlW#e- ~HCblB&UOTCll IIOTeHUHOhf~pH'lCCKOC H ClEKTpO@TOMeTpH'K!CKOe HCCJIeAOBaHHR 

O6pa30EWHK ROMUACKC#B UHHIca (II) C IlOJlyKCHJIeHOJI OpaHXeBbIM (sxo HJIH H,L). B EKIAHOM 
PaCTBope (/.~=o,l) KaxETCK CyUWTByiOT TPH 1:1 KOhflIAt?KGi rpyl7lIbl MHIL, MHL-, 
ML’- A 1: 2 Komemx rpymw ML16-. B OqeHb menOWioP cpene (pH Bbmre 12,5), KOM- 

IIJIeKCbl MOW UOABCpWy-TbC2l AHCCOUH8UHH A 06pa3OBaTb l3iApOOKHCb WinKa H L4-. He 
3BMcwwrcti 06pa3oeamr KOMIIIEK~ZJ nuqxwc~. M~KCHM~MOM O~CO~~UHH mmoTcn: np~ 
445 gn (MH,L), ups 466 nm (MHL-) H rxp~ 561 nm (ML2-) ups qeM MonapHHe a6cop6- 
IlHOHHoCrH CJICAyKWHC: 2.34 X 104; 2.42 X lo4 A 3,14 X 104 hOJIb-' CM-' COOTBCTCTBCHHO. 

Kowxamam 06paxmawrn nmmoTcn (ups 25f0,l”): log KLM= 11.84; log K& =7,13; 
log KaHtr = 2,70; log KtL1 = 16,60. 
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Solvent extraction-spectrophotometric det ermination of rare earths with cbbropI1osph6oau, III: 
TOMITSUGU TAKETATSU, MASAMI KANEKO and NOR~KO KONO, Talanta, 1974,21,87. (College of 
General Education, Kyushu University, Fukuoka, Japan). 

Summary-The rare-earth chlorophosphonazo III chelates are easily extracted from an aqueous 
solution (pH 1.1-15) into n-butanol. The absorbance at the absorption maximum (at 668 nm) 
is about 3 times that in aqueous solution. The spectrophotometric determination of rare earths 
has been investigated. 

Adsorption of chlorinated pesticides from river water with XAD-2 resin; JOHN J. RICHARD and 
JAMES S. FRITZ, Talanta, 1974,21,91. (Ames Laboratory-USAEC, Department of Chemistry, 
Iowa State University, Ames, Iowa 50010, U.S.A.). 

Summary-Pesticides in river water at levels as low as parts per billion (1012), can be recovered 
by sorption on a column of XAD-2 resin, followed by elution with acetonitrile. Water is added 
to the acetonitrile and the pesticides are extracted by petroleum ether and determined by gas 
chromatography. The new procedure is more conventient to use than the solvent extraction 
procedure and gives comparable results for dieldrin. 

Extraction-spectrophotometric determination of thallium in high-parity iadium: Z. MARCZENKO, 
H. KA~~WSKA and M. MOJSKI, Talanta, 1974, 21, 93. (Department of Analytical Chemistry, 
Warsaw Technical University, Warsaw, Poland). 

Summary-Trace amounts of thallium in high-purity indium are separated from the matrix 
by extraction from 6M hydrochloric acid by di-isopropyl ether.’ On shaking the extract with 
Brilliant Green in O.lSM hydrochloric acid, an ion-association complex is formed in the 
organic phase. Interference of other elements is removed by their reduction with metallic 
copper and scrubbing. The proposed method permits determination of lO-s-lO-6% thallium 
in high-purity indium with good precision and accuracy. 

Evaluation of I-(2-thiazolylazo)-2-hydroxy&naphtboic acid as a metalb&romic iadicator: 
HIROKO WADA, OSAMU NAKAZAWA and GENKICHI NAKAGAWA, Talanta, 1974,21.97. (Nagoya 
Institute of Technology, Laboratory of Analytical Chemistry, Showa-ku, Nagoya, Japan). 

Summary-The acid dissociation constants of I-(2-thiazolylazo)-2-hydroxy-3-naphthoic acid 
(TAHN) and the formation constants of Cu(II), Ni(I1) and Zn(I1) chelates of this dye have been 
determined spectrophotometrically at 25” in a 5% v/v mixture of dioxan and water. The for- 
mation constants of the 1:2 chelates are smaller than those of other o-hydroxythiazolyla 
compound chelates. TAHN is a satisfactory indicator for the t&ration of Cu(I1) and Ni(I1) 
with EDTA. 



xii AHnoTauHH craTei 

Cn Onpanurepve &WiKKX 3tBWld WI’fM 3Kw XnOpD#OC~ 

~~~MI~I:ToMIT~uGu TAKETAISU, MASAMI KANEKO and NORIKO KONO, Talanta, 1974,21, 
87. 

PuloMc - Pe~ow4enbme xnopo+oct$otia30 III memienme coeLLHHeHHn nerxo 
3mxpar~pymcn m Bomoro pacraopa (pH l,l-1,s) B n-6yrarron. IIornamwman cmm6- 
HoCrbIlpB~~~O~86COpblIHH(668~)nOrrHBTpHpa3aUpeBMruaera6cOp64HH, 

BOWbIMpBCTSOpOM. ~~e~O~~b~e~~~OTOM~~K~O~~~e~MO3eMexb 
HbIX3JIeMeEToB. 

An-l-=-- necnmmm M pemwii BOW c~anoil XAD-2: JOHN J. RICHARD 

and JAMFB S. Fmz, Tuhtu, 1974.21.91. 

PeXObW-~p6USfe~ B KOIIOHHe m-2 CMOJIbI MOXHO SKCTparHpOBaTb UeCTHUli~bI H3 
pewfog BOW HB TBKOM HH~KOM ypoewe, K~K rcr/bmr. (1012) c nocnepyrowel waometi we- 
TOHHTpHJIOM. K aueToHSiTprUry AO6aMxcm4 Bona, ~cTH~H~~I ~KCT~WH~YIOTCX rmponellr- 

HUM 3@ipOM H OIlpeW'lKIoTCK ra3OBOfi XpOMOTOrpi@HC@. 3Ta HOBaR IIpoUCliy~ 601~ 
y&h IIpH IIpHMeIieHHHH jSWTpe3yJTbTaTW 3aCQWHBaIO UIHe CpaBHeHHe C jUieiTJIpHHOM. 

3K~~~oe~~~Tanmn BiBWlOIBbICOKOit'IWT@TbI: 
Z. MARCZENKO, H. K.UOWSKA and M. MOJSKI. Talanta, 1974,21,93. 

Pesmse-Marme KOJ-IHWCTBB TaJIJIHR B HHllHfi BbICOKOfi YHCTOTbI OTJlefIReTCJl OT MaTpHUbI 
3KCTpZWHpOBWHeM H3 6M XJIOpHCTOBOJIOpOJ.lHO& KHCJIOTbI I&WCTbIM AHH30npHJIOBbIM 
~H~OM. np~ BCT~XXHB~HHH 3KcrpaKTa 6pwmiamo~ro mesioro c 0.15 M XJIO~HCTO- 
BOAOpOJUiOti YHCJ-IOTY, O6pa3)‘eTCJl KOMUJIeKC aCCOUHaUHH HOHOB B OpR3HH’ItXKOti &UC 

&‘iHTe&Ie~HUHK nPvHX 3JleMcHTOB OTCTpatrSieTCSl UyTeM PeAj’KUHH MeTWJIH’IeCKOfi MeAbrO II 
O’IHCTKOfi. nPeA.IUWiUMbIii MCTOll ,llOtTyCKaeT Ol&W.WeHHe 1o-s-1o-6% TBJUIHIl B BbICOKO- 
'IHCTOMHHPHHCY~HBHTeJIbHOltTOSHOCTbH). 

OueBKa l-(2-ml 3oJmla3)_2~cn-3-Ha~T0~0~ KHcJlolw MeraruroxpoMoc4bw HWHHllTOPoM: 

HIROKO WADA, OSAMU NAKAZAWA and GENKICHI NAKAGAWA,, Talanta, 1974,21,97. 

Pexowe - ~PHTCMllCpa~ 25'B 5%HO8 CMeCH 06WM HaO6l&M JlHOKGlHaH BOnbI Onpe- 
NJIHNI KOHCTBHTy AHCCOUHBUHH KHCJIOTM 1-(2-THa30nHna3)-2-OKCH-3-Ha~TO~H~ XHCJlOTa 
(TAHN) H KOHCTBHT~I O6pa3OBaHHfI KJIemHeBHnHoti +O~MM Cu(II), Ni(II) H zn(II) 3Toro 
Kp&ZHTeJIK. KOHCTaHTbI O6pa3OBaHHJI 1: 2 KJIeLUHeEWlHbIX @PM MeHee, ‘ieM ApyTHX KJIeUlHe- 

BHAHbIX COeXHHeKHii 0-OKCHTHB30JIHJIB30B. TAHN IIBJIXeTCR yAOBlIeTBOpHTeJ7bHbIM HHJIHKa- 
TOpOMXJISTHTpHpOBaHHR CU@)H Ni(I1)noqxA~~~oM EDTA. 
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Compnrison of the ionexchange behavior of zirconium, thoriutq vanadium, uranimn, stannic and 
titanium tungstata: MOHSIN QURESHI, JAI PRAKASH GIJPTA and VEENA SHARMA, l’ulanz~, 1974, 
21, 102. (Chemistry Department, Aiigarh Muslim University, Aligarh (U.P.), India). 

Summary-Zirconium, thorium, uranium, vanadium, stannic and titanium tungstates have 
been prepared and their properties such as ion-exchange capacity, k;l values of metal ions, 
chemical composition and stability have been compared. Titanium tungstate was found to be 
the most stable, and to have negligibie capacity for tervaient cations. 

Rapid Ei?TA determination of lead in binary alloys of lead and tin: MELVIN J. T~CHF~~ZR and 
ROBERT 2. BACHMAN, Ttdanto, 19’74,21,106. (Ames Laboratory-USAEC and Department of 
Chemistry, Iowa State University, Ames, Iowa 50010, U.S.A.) 

Summary-Binary alloys of lead and tin were dissolved in nitric acid (1 + 1) containing 10 % 
sodium fluoride. The tin(W) was effectively masked by the fluoride. The lead was quickly and 
accurately titrated with EDTA in a hexamine-buffered solution, with Xylend Orange as 
indicator. 

A note on the determination of thorium in the preses~ce of some bivaleat metals ions: RUDOLF 
PAIBIL and VLADIhifa VESEL+, jrahnru, 1974, 21, 109. (Analytical Laboratory, J. Heyrovskj 
Institute of Physical Chemistry and Electrochemistry, Prague 1, Jilska 16, Czechoslovakia.) 

Smnmary-A new method for complexometric dete~~a~on of thorium in the presence of 
bivaient metals without their masking is presented. Twoaliquots of metal solution are necessary. 
In one the sum of thorium and other metals is determined by DTPA titration. The second 
aliquot is treated with Zn21THA complex. Only thorium, forming a 1 : 1 complex with TTHA, 
displaces twice its molar amount of zinc from the corn&x, while other elements displace only 
an equimolar amount of zinc. The amount of thorium corresponds to the difference of consump 
tion in the two titrations. 

Extraction of metals into chloroform with some derivatives of phenyiacetic acid: J. ADAM and 
R. PRIBIL, Tulunru, 1974, 21, 113. (J. HeyrovskS, Institute of Physical Chemistry and Electro- 
chemistry, Prague 1, Jilska 16, Czechoslovakia). 

Summary-A comparison has been made of phenylaoetic, diphenylacetic, naphthylacetic and 
2-naphthoxyacetic acids as extracting agents for metal ions. Phenylacetic acid is much superior 
to the others. 



Xiv &iHOTaUiiH CTaTe8 

Q--e- -T--Topa,B==Ja=,m, 
oJloBs(Iv) II mu: Ibfom~iit! FRAKA~H GUPTA and Vma Sxuuu, Tulanta 1974, 
21,102. 

h3lOMO - ~PXrOTOBJICHbI BOJIbt$peMarar UHPKOHHII, TOPHK, YpaHa, E&H-, OJTOBa(Iv) H 

TKTaHa H CpaBXemd W CBOtkTBa, B TOM SHCIIC HOiioo6MeH1EBll MOUJHocTb, BW5I%Xw K JUUI 
EOHOB hlelWUIOB, - CocTaB R ycrotkwmomb. BoJ@paMaT TETaHa oKa3aJxcn 

l?amoJlec ycmiwfBMb¶, c Ee3Ha ¶ETeJlbEOtt MO&HOCTbtO MK TpeXBWlCHTHWX KIL’TIIOHOB. 

ttlzt?J.? - B nBoialKfxumBax~nnoBBc oommuo 3ATA: 
SCHETER and ROBERT 2. BACHMAN, Talanta, 1974,2&W. 

Po3ume-~ume CnnaBbI CBHEW A OJlOB8 pacnlopMH B a3OTEOii KHcJIOTe (I+ 1) CO- 

XUWik 10% &OpEJRl HaTpER oJIOBo(Iv) mKTHBIi0 MfiCKlipOBWIH &'TOpHAOM. CBHHeU 
nrrpOBME 61.mpoa ToIIlOC 3,qTA BpaCTBOpC ~@C~OBW~OMCI'~X~~M~HOM,CHC~~OJI~~OIIK- 
HFfCIbfKCHJEJSOJIO~WM BKa’leCTBC SiHJlHKaTOpii. 

-K-TODYllJJW=YT---ABW IIOBOB MelWlJIOB: 
RUDOLF PREBIL and VLADIMIR VEWLY, Tahru, 1974,21,109. 

Pepome - npWJW%ieH HOBb& MCTO,il KOMlJJlCKCOHOMCqXf¶UXO~O OIIPC~CJZHHK TOPEUI B 

npJi-m - -0B 6e3 MaCKiIpOBaH3lK. Haqo B3STS HBe UIEKBOTH~IX 

-P=-om MeTUUlOB. 3 0,UHOM H3 PaCTEWpOB OUpeI#JWoT CyMW’ TOPHK I! APyrEX 

-0BTETpOBaHSIeMC jJTl-IA. gropaiftpaneopoepa~~~cKOOMMeKCOMZIln~. 
Tombxo TOpHit, obpa3ytOorn(H8 KOMMcxc 1: 1 C TlXA, BbITeCHKeT Ll;naxq~ era MOJ’lJQWIOe 

K- UBHKa H3 KOMIUWUX, B To BpeMK K8K 2lpyrHe 3JICMeiiTbl BblT- TOJIbKO 

3KBHMOJteKyJUipHOe KOJlFfCCTBo LUlHK& Kommc~no TOPHK COOTBeTcTByeT pa3mrLUi PaCXOnO- 

BaHHblX TETpOBaHHblX paCTBopOB B 3TXX AByX THTpOBaHHXX. 

3--BuropogopM c =ofopLoIQ -- -w- 
xmamu: J. ADAM and R. Pkm~, Tukmta, 1974,21, 113. 

Pewme - Cpa~mmwmcb ne&mfe @ximyrcyc~oP, A~&HEJIYKCYCHO~, wufmy~cyc~oil H 

2-H@TOKC#lyKcycliO~ KHCJIOT B KaYecTBe CpelGTJ3 JJJU 3KCrparHpOB&tISfK HOHOB A3 M- 

HalmH, ¶To t#EHEJQ’KCycHaK KHcJIoTa Ha hmoro IlPeBOCXOJJllT npymie KxJIoTbt. 
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On tbe properties of Calcein Blue: GERALDINE M. HUITINK. DONALD P. POE and HARVEY DIEHL. 
Talanta. 1974. 21, 1221. (Department of Chemistry. Iowa State University, Ames, Iowa, U.S.A. 
50010). 

Summary-A satisfactory method for the preparation of Calcein Blue has been devised. Elemental 
analysis. equivalent weight by neutralization, and the NMR spectrum show the compound to be 
4-methylumbelliferone-8-methyleneiminodiacetic acid .0,25H,O. The ultraviolet absorbance and 
fluorescence have been studied as a function of pH and combined with potentiometric titration 
and solubility data. have yielded for the acid dissociation constants the values pK, = 3.0. pK2 = 
69, and pK, = 11.3. These acid functions are identified respectively as carboxyl, phenol, and 
ammomum ion. the free Calcein Blue being a zwitter-ion. Calcein Blue fluoresces in both acidic 
and basic solution when excited at a suitable wavelength. The fluorescence of the doubly-charged 
anion formed on the neutralization of the phenol group, when excited at 360 nm, reaches a maxi- 
mum at pH 9. and decreases to zero with the neutralization of the ammonium ion; the wavelength 
of maximum emission is 455 nm. In the presence of calcium the fluorescence increases with alka- 
linity up to pH 9 and then remains constant. The calcium derivative is a 1: 1 compound, formation 
constant 10’ *. The fluorescence of Calcein Blue at all pH values is quenched by copper(H). The 
calcium derivative is changed on standing in highly alkaline solution, presumably by ring opening 
to another fluorescent material; thus Calcein Blue,although satisfactory as an indicator, is not use- 
ful for the direct fluorometric determination of calcium. 

Plutonium and uranium determination in environmental samples: combined solvent extrnctiorhiquid 
scintillation method: W. J. MCD~WLLL. D. T. FARKAH and M. R. BILLINGS Talantn. 1974,tl. 1231. 
(Chemical Technology Division. Oak Ridge National Laboratory. Oak Ridge. Tennessee 37830. 
U.S.A.) 

Summary-A method for the determmation of uranium and plutonium by a combined high-resolu- 
tion hquid scintillation-solvent extraction method IS presented. Assuming a sample count equal 
to background count to be the detection limit. the lower detection limit for these and other alpha- 
emitting nuclides is 1.0 d.p.m. with a Pyrex sample tube. 0.3 d.p.m. with a quartz sample tube using 
present detector shielding or 0.02 d.p.m. with pulse-shape discrimination. Alpha-counting efficiency 
IS loo”,, With the counting data presented as an alpha-energy spectrum an energy resolution of 
0.2-0.3 MeV peak half-width and an energy identification to +O.l MeV are possible. Thus. within 
these limits. identification and quantitative determination of a specific alpha-emitter, independent 
of chemical separation. are possible. The separation procedure allows greater than 98‘:” recovery 
of uranium and plutonium from solution samples containing large amounts of iron and other inter- 
fering substances. In most cases uranium even when present in IO’-fold molar ratio. may be quan- 
titatrvely separated from plutonmm without loss of the plutonium. Potential applications of this 
general analytical concept to other alpha-counting problems are noted. Special problems asso- 
ciated wrth the determination of plutonium m soil and water samples are discussed. Results of tests 
to determine the pulse-height and energy-resolution characteristics of several scintillators are pre- 
sented. Constructron of the high-resolution liquid scintillation detector is described. 

lodometric submicro determination of z-amino-alcohols by an amplilkation reaction: AMIR BESADA 
and Y. A. GAWARGIOUS Talarm. 1974. 21.1247. (Microanalytical Research Laboratory. National 
Research Centre. Dokki. Cairo. Egypt (A.R.E.) 

Summary-New methods are described for the iodometric submicro determination of z-ammo- 
alcohols possessmg primary. secondary or tertiary amino-groups which involve 6-, 12-. and 18-fold 
amplificanon reactions (relative to parent compound). respectively. The methods are based on reac- 
tion of the r-ammo-alcohols with an excess of potassium periodate in a slightly alkaline medium. 
maskmg of the unreacted periodate with molybdate at pH 3.2 and. after addition of iodide. iod- 
ometric determination of the equivalent amounts of iodate released. In addition to being simple 
and rapid. the methods are sufficiently selective and specific and also highly accurate. bemg particu- 
larly siutable for the analysis of submicro amounts (50-150 pg); the average recovery is 99.99~. 

vii 
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Determination of gold in copper-bearing sulphide ores and met%llurigcal flotation products by atomic- 
absorption spectromt?try: B. STRONG andR. MURRAY-SMITH, Talanta,1974,21,1253.(Charter Con- 
solidated Metallurgical Laboratory. Ashford, Kent. England). 

Summary-A method is described which is specific for the determination of gold in sulphide cop- 
-per ores and concentrates. Direct decomposition with aqua regia was found to be incomplete. A 
carefully controlled roasting stage followed by treatment with hydrochloric acid and then aqua 
regia was effective for dissolving all the gold. The gold is extracted into 4-methylpentan-2-one 
(methyl lsobutyl ketone) then aspirated into a very lean air-acetylene flame and the gold determined 
by atomic-absorption spectrometry. No interferences were observed from large concentrations of 
copper. iron or nickel. 

On the reduction of oxygen in aqueous solution by electrolytically precipitated cadmium: FOLKE 
NYDAHL. Talatm. 1974. 21, 1259. (Department of Analytical Chemistry, University of Uppsala, 
Box 531. S-751 21 Uppsala. Sweden.) 

Summary-The reduction of oxygen in aqueous solution by electrolytically precipitated cadmium, 
used in a reductor column, has been studied in two ways. First, by analysis of the efffuent for the 
hydrogen peroxide formed as a reaction intermediate. the conditions for quantitative reduction 
have been found. Attention IS called to the fact that an effluent free from hydrogen peroxide also 
implies quantitative reduction of all dissolved oxygen. The practical consequences are pointed out. 
A comparison IS also made with some other reductors. Secondly. the oxidation of electrolytically 
precipitated cadmium by hydrogen ion is strongly inhibited, so at pH 7 it is possible to determine 
oxygen as the equivalent amount of cadmium ion produced in the reductor column. The conditions 
of quantitative reduction of oxygen are determined and found to be in agreement with those 
obtained by the first method. From the results the solubility of oxygen in water in equilibrium 
with air is estimated and found to agree with a published result considered as reliable. An outline 
is given of a method for determination of oxygen in aqueous solution by measurement of the 
amount of cadmium Ions produced. 

Titrations using an apparatus for recording the antilogarithm of pH or pM: AXEL JOHANSSON, 
Talanra. 1974, 21, 1269. (Royal lnstitute of Technology, Stockholm, Sweden). 

Summar!--A tltratlon apparatus plotting either the concentration of sample ion or the con- 
centration of tltrant ion has been tested. An antilog apparatus, converting measured e.m.f. values 
into concentrations IS connected to ordinary titration equipment. The instrument has been_ tested 
by means of acid-base titrations (titrations of mixtures of weak acids and of a weak and a strong 
acid). precipitation titrations (determination of the chloride concentration in tap-water, titration 
of mixtures of halides), titrations with ion-selective electrodes (determination of the fluoride content 
of toothpaste) and complexometric titrations (determination of copper with EDTA, using mercuric 
ion as indicator ion and amalgamated silver rod as indicator electrode, or using a copper-selective 
indicator electrode). The method considerably simplifies the evaluation of the results as compared 
to conventional potentiometric titrations. 

Preconcentration and determination of cadmium in water by reversed-phase column chromatography 
andatomic absorption: JOSEPH J. TOPPING and WILLU~M A. MACCR~AN, Talanta. 1974.21, 1281. 
(Chemistry Department. Towson State Colle8e. Towson. Maryland 21204. U.S.A.). 

Summary-Studies were made of the solvent extraction of cadmium(H) from hydrochloric acid into 
a tri-n-octylamine-cyclohexene mixture. Distribution ratios as a function of amine and acid con- 
centration. were determmed and this information was used to establish optimum extraction condi- 
tions and the probable nature of the extracted species. This system was used as the basis for the 
development of a reversed-phase column chromatographic technique for preconcentrating Cd(H). 
The amine-cyclohexcne phase was coated on an inert macroreticular resin (XAD-2) to provide a 
stable column. With tins system. Cd(lI) in acidified water samples as large as 3 1. may be concen- 
trated to 10 ml and determmed by conventional atomic absorption. Interferences were studied, and 
the method aas apphed to the analysis of fresh-water streams for Cd(l1). 
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Dispositif de pr&vement microaaalytique de prod&s alt&ables: BERNARD COUSIN and COLETTL 
MULLEK. Tnlartra. 1974, 21. 1287. (Service Central de Microanalyse du Centre National de la 
Recherche Scientifique, 2, rue Henry Dunant 94320 Thiais, France). 

Summary-A small glass device is described for microanalytical or submicroanalytical sampling of 
unstable solid or liquid substances. in an argon atmosphere. 

New type of blue ternary complex of arsenam I with plutonium(W) in the presence of hydrogen per- 
oxide: J. A. PEREZ-BUSTAMANTL 7ulur~. 1974. 21, 1291. (Departamento de Quimica Analitica. 
Facultad de Ciencias, Universidad Complutense, Ciudad Universitaria. Madrid-3, Spain). 

Summary-The preparation and spectrophotometric properties of a new type of complex com- 
pound of arsenazo I with Pu(IV) in the presence of H202 are described. The new compound has 
a blue colour. derived from a wide absorption band with a maximum at 610 nm. and a correspond- 
ing molar absorptivity of 4 x lo4 1. mole- ’ .cm- ‘. From 2 hr after its preparation this curious 
new compound undergoes for several days a steady decomposition accompanied by decolorization. 
The formation of similar peroxy Pu(IV) complexes has not so far been shown to take place with 
arsenazo III or with any other “arsenazo-type” reagent. 

Onho-etTects of carboxyl. sulpho and armno groups on the protonation and dissociation constants of 
mono-am and b&au, chromotmpis acid derivatives: A. A. MUK, V. N. NIKOLIC and T. V. PETROVA, 
Tnlanm, 1974. 21, 1296. (Boris KidriE Institute of Nuclear Science~Vin&, Beograd. Yugoslavia.) 

Summary-The eflect of carboxyl, sulpho and arson0 groups on the protonation and dissociation 
constants of mono-azo and bis-azo chromotropic acid derivatives has been investigated. From the 
value obtained for the effect of the substituents the equation 

ortho-effect = log &,-log K,, 

has been derived. The causes of the effect are dieussed. 

Precipitation of lead as lead sulplmte by destructive oxidation of EDTA: J. RAJAGOPALA RAO, A. 
SURYANARAYANA and B. R. SANT. Talanta, 1974, 21, 1300. (Regional Laboratory, Bhu- 
baneswar-4. India.) 

Summary-Gravimetric determination of lead (S-100 mg) by homogeneous precipitation of lead 
sulphate from a solution containing lead(II), EDTA and sulphate by destructive oxidation of 
EDTA with hydrogen peroxide or sodium bromate is described. Aluminium(IIIX iron(III), zinc(II). 
manganese(II), copper( nickel(II), tin(I1) and antimony(II1) do not interfere in the method. The 
method can successfully be- applied to the analysis of type metal. 

Elheats de fluorimkrie organique fonctionnell~IX. Fluorim&ie de d&iv&s nit& ammatiques: 
J. BART~L_ Talnnm. 1974. 21. 1303. (Centre de Recherches Roussel-Uclaf. 93-Romainville, France). 

Summary-Aromatlc nitro compounds are reduced to aromatic amines by iroc(I1) in alkaline 
medium. The dye obtained by reacting the amine with I .2-naphthoquinone4sulphonic acid is 
extractable mto methylene chloride. Reduction by potassium borohydride yields a fluorescent 
o-dlphenol. thus allowmg the fluorimetric estimation of aromatic nitro compounds on the 
microgram scale. 

Sur une colorimktrie d’aldkhydes aromatiques par l’intertnkdiaire de leurs thiosemicarbamnes: J. 
BARTOS and M. PESEZ. 7alar1ra. 1974.21, 1304. (Centre de Recherches Roussel-Uclaf, 93-Romain- 
ville. France). 

Summary-The thiosemicarbazone obtained by reacting an aromatic aldehyde with thiosemicar- 
bazide in acidic medium is extracted into methylene chloride. The colour developed by adding 2,3- 
dichloro-Wnaphthoquinone to the organic extract allows the calorimetric determination of a few 
micrograms. 



SUMMARIESFOR CAKDINDEXES xiii 

!3ur une colorimhie des acides carboxyliques par hydroxamation directe: M. PESEZ and J. BARTXX, 
Talarua. 1974. 21, 1306. (Centre de Recherches Roussel-Uclaf, 93-Romainville, France). 

Summary-Carboxylic acids react with hydroxylamine hydrochloride in the presence of dicyclo- 
hexylcarbodi-imide to give the corresponding hydroxamic acid which is developed with iron(III), 
thus allowing calorimetric determinations on the tenths of a milligram scale. Esters do not reacf 
and acetic acid can be determined in butyl acetate at a concentration of about 0.17;. 

Spectropbotometric determination of molybdenum by extraction of its thiosulpbate complex: V. 
YATIRAJAM and JASWANT RAM, 7ulanra. 1974.21.1308. (Chemistry Department. Kurukshetra Uni- 
versity. Kurukshetra. 132119. India. 

Summar)-A simple and rapid spectrophotometric determination of molybdenum is described. 
The molybdenum thiosulphate complex is extracted into isoamyl alcohol from 1$)-1.5M hydro- 
chloric acid containing 3640 mg of Na,S20s.5H20 per ml. The absorbance at I,,, = 475 nm 
obeys Beer’s law over the range (r32 pg of MO per ml of solvent phase. Up to 5 mg/ml of Ti(IV), 
V(V). Cr(VIX Fe(III). Co(II), Ni(II), U(VI), W(V1). Sb(II1). I mg/ml of Cu(II), Sn(II), Bi(V) and 10 
pg,/ml of Pt(IV) and Pd(I1) do not interfere. Large amounts of complexing agents interfere. The 
method has been applied to analysis of synthetic and industrial samples. 

Dissociation constants of carboxymethyloxysuccinic acid: C. E. RODRIGUEZ and C. D. DEVINE, Ta- 
lanta. 1974.21. I3 13. (Lever Brothers Company Inc.. Research and Development Division, 45 River 
Road. Edgewater. New Jersey 07020. U.S.A.) 

Summary-The dissociation constants of carboxymethyloxysuccinic acid (CMOS) have been mea- 
sured at 25 and an ionic strength of O.lM in sodium perchlorate. The values found were: pK, = 
2.52. pkz = 3.77 and pK, = 500. CMOS is thus seen to be rather stronger than its isomer citric 
acid. 

Comparison of an instrumental and a modified Kjeldahl technique for determination of nitrogen in 
niobium and tantalum alloys: EMERY J. MERKLE. JUDSON W. GRAAB and WARREN F. DAVIS, Tdanta, 
1974. 21.1317. (Lewis Research Center. National Aeronautics and Space Administration. Cleve- 
land. Ohio. L’8.A.) 

Summar!-Results obtalned for the determmation of nitrogen in two tantalum alloys and six nio- 
bium alloys by moddied Kjeldahl and Leco TC-30 nitrogen-oxygen determinator are compared. 
In the 5-25 ppm range. for tantalum alloys. the relative standard deviation was 3-97, by the Kjel- 
dahl procedure and 9-l l”, by the instrumental technique. In the range 30-80 ppm for mobium 
alloys. the relative standard deviation was Z-8”,, by the KJeldahl procedure and 5-7”, by the mstru- 
mental techniqur 
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